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Effect of pressure on optical phonon modes and transverse effective charges in GaN and AlN
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The pressure behavior of phonon modes of the hexagonal and cubic modifications of GaN and hexagonal
AlN was investigated experimentally. The mode pressure coefficients were determined from Raman measurements at hydrostatic pressures up to 6 GPa. The low-frequency E 2 phonon in GaN exhibits a weak softening
which is qualitatively similar to that of zone-boundary transverse acoustic modes of zinc-blende III-V semiconductors. In AlN the E 2 共low兲 phonon frequency is essentially constant under pressure. For both materials an
increase of the LO-TO splitting is observed, which results from the interplay between the pressure dependence
of the high-frequency dielectric constant and Born’s transverse dynamical effective charge. The latter turns out
to be nearly constant under pressure, a behavior deviating from that of other III-V semiconductors. The
experimental findings are compared to results of ab initio calculations.
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I. INTRODUCTION

The group-III nitrides GaN and AlN are used in optoelectronic semiconductor devices1 and therefore are the current
subject of intense investigations in basic and applied research. At ambient conditions the thermodynamically stable
phase of GaN and AlN is the hexagonal wurtzite (2H) modification. Under nonequilibrium conditions the growth of the
zinc-blende (3C) GaN has been achieved.2 The nitrides are
characterized by high bond ionicity, short bond length, low
compressibility, and high thermal conductivity. All these
properties are desirable for utilization in a variety of applications involving high-temperature and high-power
operation.3 High-pressure Raman experiments are particularly suitable for studying the relationship between bonding
and lattice-dynamical properties and their scaling with the
lattice constants.4 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.
Previous Raman measurements and theoretical investigations of GaN and AlN obtained, in part, contradictory results.
One concerns the softening under pressure of the lowfrequency E 2 modes in the hexagonal materials and whether
it is more pronounced in GaN or in AlN.5,6 The E 2 共low兲
modes are related to the transverse acoustic 共TA兲 phonon
branch of the cubic modification. Due to the different stacking sequence in the hexagonal structure, the cubic Brillouin
zone is folded along the 关111兴 direction. Thus, the cubic
zone-edge transverse acoustic TA(L) phonon folds back
onto the hexagonal zone center (⌫ point兲 giving rise to the
E 2 共low兲 mode.7 For the cubic III-V and II-VI semiconductors it is well known that zone-edge TA phonons exhibit
negative mode Grüneisen parameters.8,9 A correlation between the degree of mode softening and the critical pressure
for first-order structural phase transitions has been pointed
out.8,10 A relation between the E 2 -mode shift under pressure
and phase stability for the hexagonal modifications of the
0163-1829/2001/64共3兲/035205共6兲/$20.00

nitrides, however, has not been established. Moreover, a
structural stability analysis based on calculations of both total energies and phonon dispersion curves of tetrahedrally
coordinated compounds has revealed a more complex
situation.11
The pressure dependence of the LO-TO splitting in GaN
is another issue of controversy. In a polar lattice, the splitting
of the optical phonon modes is determined by two parameters, Born’s transverse dynamical effective charge e T* 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 a recent paper,
it was claimed that the LO-TO splitting of GaN decreases
with pressure,12 as is the case for many zinc-blende III-V
compounds. However, our preliminary experimental results
for 2H-GaN clearly indicate a small increase in the LO-TO
separation at reduced volumes.13
In this work we report results of high-pressure Raman
experiments on the hexagonal and cubic GaN phases as well
as on hexagonal AlN. We also present ab initio calculations
of the corresponding vibrational spectra, which help to
clarify the existing discrepancies about the pressure dependence of the E 2 modes, the LO-TO frequency splitting, and
the effective charge e T* . In particular, we show that for the
group-III nitrides studied many of these quantities display an
unusual pressure behavior as compared with other tetrahedrally coordinated III-V compounds.
II. EXPERIMENTAL DETAILS

A 50  m thick hexagonal crystal of GaN was grown on
6H-SiC by hydride vapor phase epitaxy.14 For high-pressure
experiments the SiC substrate of the 2H-GaN sample was
completely removed by mechanical polishing. The AlN
samples were synthesized in the form of needle-shaped
single crystals 共whiskers兲 by a direct reaction between
evaporated aluminum and nitrogen at high temperature and
pressure.15 An AlN whisker was cut into small pieces of
about 50⫻100⫻100  m3 in size. For comparison we have
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GOÑI, SIEGLE, SYASSEN, THOMSEN, AND WAGNER

PHYSICAL REVIEW B 64 035205

FIG. 1. Representative Raman spectra of 2H-AlN and 2H-GaN
measured at room temperature and ambient pressure. Mode assignments are indicated.

also studied a 1  m thick cubic GaN epilayer grown on
GaAs using molecular beam epitaxy.16,17 The GaAs substrate
was thinned down to a final thickness of about 50  m. Results of low-temperature studies of optical excitations in the
cubic GaN samples were reported in Ref. 17.
Raman-scattering experiments under high hydrostatic
pressure conditions were performed at room temperature by
using a diamond-anvil cell with a 4:1 methanol-ethanol mixture serving as pressure-transmitting medium. Pressure was
measured in situ by the ruby luminescence method.18 The
458 and 514 nm lines of an Ar2⫹ -ion laser were used for
excitation. The scattered light was detected in backscattering
geometry and analyzed by a triple-grating spectrometer
equipped with a liquid-nitrogen-cooled charge coupled device detector.
III. THEORETICAL APPROACH

The calculations of the dielectric and dynamic properties
are based on density-functional theory with the exchangecorrelation energy treated in the local-density approximation.
We used a plane-wave pseudopotential method including
nonlinear core corrections in the Ga pseudopotential.19 The
dielectric constant, Born’s effective charge, and phonon frequencies of GaN and AlN were calculated within the framework of linear-response and density-functional perturbation
theory.20 In order to obtain converged structural parameters
at a given pressure, a value of 75 共80兲 Ry was required for
the kinetic-energy cutoff of the plane-wave expansion for the
wurtzite 共zinc-blende兲 structure. For the convergence of the
dynamical quantities a 60 Ry cutoff was sufficient in all
cases. Further computational details including structure optimization procedures are given elsewhere.21,22
IV. RESULTS AND DISCUSSION

Figure 1 shows representative Raman spectra of the hexagonal GaN and AlN samples in the frequency range of the
high-frequency E 2 mode measured at ambient temperature

FIG. 2. Measured zone center optical phonon frequencies 共symbols兲 versus hydrostatic pressure for 2H-AlN 共left panels兲 and
2H-GaN 共right panels兲. Solid lines represent the results of ab initio
calculations. Dashed lines are linear fits to the experimental data.

and pressure conditions. Although forbidden by symmetry,
the A 1 (TO) and E 1 (TO) modes appear in the spectra, in
addition to the allowed E 2 and A 1 (LO) phonons. This is due
to a non-strictly-backscattering configuration in the
diamond-anvil cell. The measured frequencies of the GaN
and AlN Raman-active phonons are displayed in Fig. 2 as a
function of pressure together with the results of the ab initio
calculations. With increasing pressure the phonon frequencies shift to higher energies, with the remarkable exception
of the lower E 2 mode which for GaN exhibits a softening.
Measured and calculated mode frequencies  0 at ambient
pressure, their linear pressure coefficients  /  P, and mode
Grüneisen parameters ␥ ⫽⫺  ln / ln V⫽(B0 /0)/P are
listed in Table I. To obtain the experimental Grüneisen parameters we used bulk modulus values of B 0 ⫽200 GPa for
GaN,23 and 208 GPa for AlN.24 Experimental data for GaN,
though, scatter between 188 and 245 GPa.25 Therefore, the
errors of the ␥ values listed in Table I are mainly determined
by the uncertainty in the experimental bulk moduli. The calculated ␥ values, in contrast, were obtained directly from the
theoretical volume dependence of the mode frequencies. The
calculated B 0 values at the theoretical equilibrium volumes
are 207 GPa for GaN and 210 GPa for AlN.
Data for cubic GaN are also listed in Table I. We point
out that, although for the cubic GaN samples the GaAs substrate has not been removed, we have no evidence of built-in
strain whatsoever.13 In fact, within experimental uncertainty
no broadening or splitting of the Raman lines is observed
under pressure.
The overall agreement between measured and calculated
vibrational properties 共see Table I兲 is satisfactory. For the
zero-pressure frequencies the calculations deviate by only
about 2% from the experimental data. The calculated linear
pressure coefficients, however, systematically underestimate
the experimental values by about 20%. The observed differences between theory and experiment partly result from the
difference in equilibrium lattice constants, the theoretical
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TABLE I. Fitting parameters used for the pressure dependence of the phonon frequencies in GaN and
AlN and the resulting Grüneisen parameters ␥ .
Mode

 (cm⫺1 )
Expt.
Calc.

E 2 (low)
A 1 (TO)
E 2 (high)
E 1 (TO)
A 1 (LO)
E 1 (LO)

247.5⫾0.5
608.5⫾0.5
655.5⫾0.1
669.3⫾0.1
891
910.1⫾0.4

241
618
667
677
898
924

E 2 (low)
A 1 (TO)
E 1 (TO)
E 2 (high)
A 1 共LO兲
E 1 共LO兲

144.1⫾0.2
531.7⫾0.3
558.2⫾0.1
567.0⫾0.1
736.5⫾0.2
742⫾0.2

142
540
568
576
748
757

553⫾2
743⫾2

560
750

TO
LO

 /  P(cm⫺1 /GPa)
Expt.
Calc.
2H-AlN
0.12⫾0.05
4.4⫾0.1
4.99⫾0.03
4.55⫾0.03
4.6⫾0.1
2H-GaN
⫺0.3⫾0.1
3.9⫾0.1
3.94⫾0.03
4.24⫾0.03
4.4⫾0.1
3C-GaN
4.0⫾0.2
4.5⫾0.2

values being about 1.5% smaller than the measured ones.
There is a noticeable difference in the behavior of the
lower E 2 modes between the two hexagonal nitrides. We find
that for GaN the lower E 2 phonon frequency decreases with
pressure at a small rate of ⬇⫺0.3 cm⫺1 /GPa, whereas for
AlN the frequency of this mode remains almost constant
under compression 共see Table I兲, as was also observed in
wurtzite-type BeO.26 For comparison, Gorczyca et al.6 calculated a softening of ⫺0.29 cm⫺1 /GPa for the lower E 2
mode of AlN. A mode softening could signal a tendency
toward a dynamical instability of the crystal structure. For
zinc-blende semiconductors a correlation has been discussed
between the often very pronounced softening of the zoneboundary TA modes and the pressure at which structural
transitions are observed.8,10 The mode Grüneisen parameters
of the E 2 (low) mode in AlN and GaN are essentially zero or
weakly negative, such that a tendency toward a structural
instability is not really evident from the mode behavior under
pressure. AlN and GaN transform to rocksalt at 23 GPa 共Ref.
24兲 and 30–50 GPa,27 respectively. For GaN, the energetics
of a hypothetical deformation path from wurtzite to rocksalt
was recently investigated by Limpijumnong and Lambrecht
using ab initio theoretical methods.28
The pressure behavior of the E 2 modes for the two nitrides studied can be understood in terms of the critical balance between central and noncentral elastic forces associated
with the stretching and bending of bonds, respectively,
which also determines the sign of the Grüneisen parameter
for the TA(L) zone-boundary phonons of tetrahedrally coordinated cubic semiconductors.29 For the shear-type TA(L)
modes the angular forces tend to make this mode stiffer under pressure, whereas central elastic forces act in the opposite way. For instance, the sign of the mode Grüneisen parameters of zone-edge TA phonons 共and consequently of the

␥
Exper.

Calc.

⫺0.03
3.0
4.2
3.8
3.5
4.0

0.10⫾0.05
1.51⫾0.05
1.58⫾0.01
1.41⫾0.01

⫺0.02
1.02
1.34
1.18
0.82
0.91

⫺0.24
3.1
3.3
3.6
3.5
3.6

⫺0.4⫾0.1
1.47⫾0.04
1.41⫾0.01
1.50⫾0.01
1.20⫾0.05

⫺0.35
1.21
1.19
1.28
0.98
0.99

3.2
3.7

1.4⫾0.1
1.20⫾0.05

1.19
1.02

1.06⫾0.03

thermal expansion coefficient at low temperatures兲 is positive for diamond ( ␥ TA ⫽0.4), for which angular forces are
dominant,29 but negative for Si ( ␥ TA ⫽⫺1.4) and Ge ( ␥ TA
⫽⫺1.53).8 For GaN the compensation between central and
noncentral forces is such that it exhibits a much smaller
mode softening than Si. In the case of AlN, the stronger
directional 共covalent兲 bonding gives rise to a more balanced
situation, intermediate between GaN and diamond. Nevertheless, the pressure coefficients of the E 2 共low兲 phonons of
the nitrides are rather small as compared to other semiconductors, for which the marked ionic character of the former
might play a role. The Madelung term due to Coulomb interactions tends to make the E 2 mode stiffer under pressure,
thus partially compensating the softening induced by elastic
forces.11
We now turn to a discussion of the frequency splitting
between LO and TO phonon modes. Figure 3 displays the
LO-TO splittings of the E 1 and A 1 modes of 2H-AlN and
2H-GaN, respectively, as a function of pressure. In both
cases, the LO-TO splitting increases slightly with increasing
pressure. The calculated pressure slopes 共solid lines兲 are in
good agreement with the experimental data except for a
small offset due to the slight overestimation of the phonon
energies in the calculation.
The linear pressure coefficients of the mode splittings are
summarized in Table II. We point out that our findings are in
contrast to the results of Perlin et al.12 They reported a
pressure-induced decrease of the LO-TO separation in hexagonal GaN (⫺0.35⫾0.15 cm⫺1 /GPa). They obtained the
pressure dependence of the LO and TO modes independently
from measurements on two different samples, which may be
the reason for the discrepancy. From our data we thus conclude that both GaN and AlN show a behavior different from
other III-V compounds, which exhibit negative pressure co-
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FIG. 3. Experimental LO-TO splittings 共symbols兲 as a function
of pressure for 共a兲 the 2H-AlN E 1 modes, 共b兲 the 2H-GaN A 1
modes, and 共c兲 3C-GaN. Solid lines represent the results of ab
initio calculations. Dashed lines are linear fits to the experimental
data.

efficients for the LO-TO splitting.30
The transverse dynamic effective charge can be determined experimentally from the energy splitting of LO and
TO phonon modes. This splitting is related to tensor components of the effective charge e T* and the dielectric constant
 ⬁ . While in the cubic case one deals with only one independent tensor component, because of the lower symmetry
of the wurtzite structure one has to distinguish between components parallel and perpendicular to the hexagonal c axis.
For modes of the same symmetry with atomic displacements
along a direction ␣ one finds for the corresponding component of e T* 共in SI units兲
2
2
2
⫽ 0 共  ⬁ 兲 ␣␣ V  关  LO
共 e T* 兲 ␣␣
共 ␣ 兲 ⫺  TO
共 ␣ 兲兴 ,

共1兲

where  0 is the vacuum permittivity,  is the reduced mass
of an anion-cation pair, V is the available volume per pair,
and  is the angular mode frequency given in hertz.
The change of the dynamical effective charge under compression can be determined from the measured frequencies of
the optical phonons using Eq. 共1兲. The reduction of the unitcell volume with hydrostatic pressure is described by the
Murnaghan equation of state.31 For the pressure variation of
the high-frequency dielectric constant of group-III nitrides

FIG. 4. Born’s transverse effective charge 共symbols兲 normalized
to its ambient pressure value versus relative volume change for 共a兲
for 2H-AlN 共perpendicular tensor component兲, 共b兲 2H-GaN 共parallel tensor component兲, and 共c兲 3C-GaN 共cubic兲, as determined from
the mode frequencies using Eq. 共1兲. Solid lines represent the results
of ab initio calculations. Dashed lines are linear fits to the experimental values. For comparison, the dependence of e T* for 3C-SiC
共dot-dashed兲 and GaAs 共double-dot-dashed兲 is also shown.

there is unfortunately a lack of experimental data. Thus, we
used the results of ab initio calculations22 for the logarithmic
volume derivative r⫽  ln ⬁ /lnV with r⫽0.8 共0.9兲 for the
hexagonal 共cubic兲 modifications of GaN and 0.4 for 2H-AlN.
For comparison, an exponent of r⫽1.2 has been determined
for hexagonal GaN at around 2 eV by the opticalinterference method32 共using a bulk modulus of B 0
⫽200 GPa). The resulting values for e T* are plotted in Fig. 4
as a function of the relative change in volume 共data points兲
together with the theoretical results 共solid lines兲. In order to
compare the values obtained for all three materials 共Table II兲,
we have normalized e T* in Fig. 4 to its value at ambient
pressure. The agreement between experiment and theory is
very satisfactory. Our results for GaN agree also well with
those from previous calculations.12
The effective charge appears to remain nearly constant
under compression for the two nitrides investigated, in clear
contrast to the behavior of 3C-SiC 共Ref. 33兲 and GaAs 共Ref.
34兲 共see Fig. 4兲. Our findings indicate that the increase of the

TABLE II. Pressure coefficients of the LO-TO splitting ⌬  and transverse dynamical effective charge e T*
共in units of the elementary charge e).
Material

Mode

⌬  (cm⫺1 )
 (⌬  )/  P (cm⫺1 /GPa)
Expt.
Calc.
Expt.
Calc.

2H-AlN
E 1 240.8⫾0.5
2H-GaN
A 1 205.3⫾0.2
3C-GaN 共cub.兲
189⫾1

247
208
190

0.10⫾0.12
0.4⫾0.1
0.45⫾0.05

0.21
0.39
0.50
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 e T* /  P (10⫺3 e/GPa)
e T* (e)
Expt.
Calc.
Expt.
Calc.
2.63⫾0.05 2.54
2.73⫾0.03 2.74
2.65⫾0.03 2.65

0.15⫾0.70
⫺1.3⫾0.7
0.0⫾0.5

⫺1.0
⫺2.0
⫺1.9
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LO-TO splittings in the group-III nitrides at high pressures is
mainly due to the reduction of the dielectric constant, which
is a signature of strong covalent bonding and the related
overall increase of direct optical gaps with pressure. The
only known example of a tetrahedrally coordinated semiconductor exhibiting a larger Born effective charge at reduced
volume is SiC. In this case the lack of p electrons in the
carbon core allows for a larger penetration of the Si wave
functions into the carbon core regions, leading to an increase
in ionicity and hence of e T* under pressure.35 This situation
holds also for the nitrides since the nitrogen and carbon
atomic cores look alike. Thus, the dynamical effective
charges of GaN and AlN exhibit under compression a similar
but less marked behavior to that of SiC. For other III-V
compounds like GaAs both the LO-TO splitting and the dielectric constant decrease with pressure giving rise to a reduction of e T* .
In summary, we observed both experimentally and theoretically that certain lattice-dynamical properties of GaN and
AlN show an anomalous pressure behavior if compared to
the zinc-blende III-V compounds. The mode Grüneisen parameter of the lower E 2 Raman-active phonon is nearly zero
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