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Lattice dynamics of wurtzite and rocksalt AIN under high pressure: Effect of compression
on the crystal anisotropy of wurtzite-type semiconductors
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Raman spectra of aluminum nitride (AIN) under pressure have been measured up to 25 GPa, i.e., beyond the
onset of the wurtzite-to-rocksalt phase transition around 20 GPa. The experimental pressure coefficients for all
the Raman-active modes of the wurtzite phase are reported and compared to those obtained from ab initio
lattice dynamical calculations, as well as to previous experimental and theoretical results. The pressure coef-
ficients of all the Raman-active modes in wurtzite-type semiconductors (AIN, GaN, InN, ZnO, and BeO), as
well as the relatively low bulk modulus and phase transition pressure in wurtzite AIN, are discussed in the light
of the pressure dependence of the structural crystal anisotropy in wurtzite semiconductors. On pressure release,
AIN partially returns to the wurtzite phase below 1.3 GPa but the presence of a rocksalt phase in AIN was
observed at pressures as low as 1.3 GPa, as evidenced by comparing the experimental Raman spectra to

calculated one- and two-phonon densities of states of the rocksalt phase.

DOLI: 10.1103/PhysRevB.77.205204

I. INTRODUCTION

Aluminum nitride (AIN) is an important semiconductor of
the group III-V nitride family for the fabrication of optoelec-
tronic devices operating in the deep UV range.! It crystallizes
in the wurtzite structure and in the past years, there has been
considerable interest in the characterization of this wide band
gap semiconductor. Particular attention has been paid to the
behavior under pressure of wurtzite AIN (w-AIN) both in
bulk and nanocrystalline forms.>* It has been found that
w-AIN bulk crystals undergo a pressure-induced wurtzite-to-
rocksalt phase transition near 20 GPa that is fully completed
above 30 GPa, as observed by x-ray diffraction mea-
surements.*~7 Furthermore, theoretical studies on AIN have
shown that its wurtzite structure behaves under pressure dif-
ferently in comparison with other group-III nitrides, such as
GaN and InN, and this leads to a different path for the
wurtzite-to-rocksalt phase transition.®?

The wurtzite structure has four atoms per unit cell and the
group theory predicts two E,, two B, one A;, and one E,;

1098-0121/2008/77(20)/205204(16)

205204-1
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optical modes plus one A; and one E| acoustic modes. Figure
1 shows the atomic vibrations for each mode. The two modes
with B, symmetry [B,(low) and B, (high)] are Raman forbid-
den, while the other four optical modes are Raman active.
The crystal anisotropy of the wurtzite structure induces split-
ting of the A; and E; modes and the long-range Coulomb
interaction splits both the A; and E| polar modes into trans-
versal optical (TO) and longitudinal optical (LO) compo-
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FIG. 1. (Color online) Scheme of the displacement vectors for

the six different modes in w-AIN.
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nents; the modes of E, symmetry are usually denoted
E,(low) and E,(high). In total, there are therefore six
Raman-active optical modes.

The first Raman scattering studies on w-AIN under pres-
sure were performed in thin films up to 10 GPa by Sanjurjo
et al.'® These authors reported the pressure dependence of
the TO and LO modes and the pressure coefficients of the
LO-TO splitting for both the A; and E| modes; however, the
E,(high) mode was incorrectly assigned to the A;(TO) mode.
Later on, Raman scattering measurements under pressure in
w-AIN single crystals up to 13 GPa reported estimations of
the pressure coefficients of several Raman-active modes, but
the LO-TO splittings were not reported.!! More recently, Ra-
man experiments under pressure up to 10 GPa suggested a
slightly decreasing LO-TO (A;) splitting and an increasing
LO-TO (E,) splitting with increasing pressure.'>!3 This was
later confirmed in measurements of the Raman-active modes
of w-GaN and w-AIN under pressures of up to 6 GPa,'#
which found a small increase in the LO-TO (E,) splitting
with increasing pressure in both materials. Finally, a very
recent study reported the pressure dependence of all the
Raman-active modes in w-AIN up to 20 GPa and showed
that (i) there was a decrease in the LO-TO splitting for both
A, and E; modes and (ii) there was a strong dependence of
the E,(low) mode frequency on the pressure-transmitting
medium above 15 GPa.!’

Concerning the rocksalt phase of AIN (rs-AIN), Ref. 15 is
the only work, to the best of our knowledge, that has ex-
plored the experimental behavior of the Raman modes of
w-AIN upon application of pressure up to the wurtzite-to-
rocksalt phase transition. However, there is no available in-
formation regarding the behavior of the vibrational proper-
ties of AIN on decreasing pressures upon reaching the phase
transition.

As regards to theoretical calculations of the lattice dynam-
ics of w-AIN, full-potential linear muffin tin orbital (FP-
LMTO) calculations were used to predict the frequencies and
pressure coefficients of Raman-active modes, but the pres-
sure coefficients for the LO modes were not reported.'® Ab
initio lattice dynamical calculations were the first to estimate
the frequencies and pressure coefficients of all the Raman-
active modes of w-AIN and predicted an increase in the
LO-TO splitting for both the A, and E; modes.'”'8 Further-
more, a theoretical work was devoted to the explanation of
the strange positive pressure coefficient of the E,(low) mode
in w-AIN.'? Since then, several groups have performed ab
initio lattice dynamical calculations for wurtzite and zinc
blende AIN (zb-AIN) at ambient pressure’>?!' and, recently,
for rs-AIN.?? To our knowledge, there is no report on the ab
initio calculated two-phonon density of states in any of the
three phases.

In this work, we report on the pressure dependence of the
Raman-active modes of wurtzite AIN up to 25 GPa, i.e.,
above the transition to the rocksalt structure observed here at
20 GPa. We also discuss the effect of pressure on the
Raman-active modes of w-AIN and rs-AIN on the upstroke
and the downstroke, respectively. In order to understand the
pressure dependence of the phonons in the wurtzite phase
and to identify the possible phases during the downstroke,
we have performed ab initio lattice dynamical calculations of
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the wurtzite, zinc blende, and rocksalt phases at different
pressures, including the calculation of zone-center phonons,
phonon-dispersion curves, and one- and two-phonon (sum
and difference) densities of states. Finally, in the light of the
experimental and theoretical results, we discuss the effect of
the crystal anisotropy on the pressure coefficients of the Ra-
man modes in w-AIN and its comparison to those in other
wurtzite semiconductors. A preliminary report on the present
work using density-functional theory (DFT)-local density
approximation (LDA) calculations was previously pub-
lished.?? In this work, we report a more detailed discussion
on the experimental results in the light of DFT—generalized
gradient approximation (GGA) calculations, which we found
to be more accurate than the previous LDA calculations.

II. EXPERIMENTAL DETAILS

Waurtzite AIN single crystals of 100 um diameter and
30 um thickness were loaded in a diamond anvil cell
equipped with 500 wm culet-size diamonds. The sample
chamber was formed by drilling a 200 um diameter hole in a
350 um Inconel gasket that had been preindented to a thick-
ness of 45 um. A 4:1 methanol-ethanol mixture was used as
a pressure-transmitting medium ensuring hydrostatic condi-
tions up to 10 GPa and quasihydrostatic conditions between
10 and 20 GPa.>* The sample pressure was determined by
using a ruby chip as a pressure sensor.”> Raman experiments
at room temperature were performed in the backscattering
geometry by using the 514.5 nm line of an Ar*-ion laser and
a Jobin-Yvon T64000 triple spectrometer in combination
with a multichannel charge coupled device detector. The
spectral resolutions were around 1 cm™!. Argon and neon
plasma lines were used to calibrate the spectra. The measure-
ments were performed with a laser power below 50 mW at
the sample position in order to avoid thermal effects.

III. AB INITIO CALCULATION DETAILS

Our calculations rely on the DFT, with a plane-wave basis
set and norm-conserving pseudopotentials. We have used the
ABINIT code?®2?® to calculate the structural and electronic
properties, phonon frequencies, and interatomic force con-
stants for AIN. The exchange-correlation energy was com-
puted in the GGA by using the Perdew-Burke-Ernzerhof
exchange-correlation  functional.?’ The pseudopotentials
were generated by using the scheme implemented in the
OPIUM project®® with s and p electrons for the valence
states of both Al and N. They correspond to nonrelativistic
optimized pseudopotentials obtained by following the proce-
dure explained in Ref. 31.

To describe the electronic properties and approximate the
integrals on the wave vectors of the electronic wave function
over the entire first Brillouin zone (BZ), a Monkhorst-Pack
grid of 10X 10X 8 for the wurtzite and 8 X8 X 8 for the
rocksalt and zinc blende unit cells*> was used. With respect
to this grid and the corresponding cutoff of 60 Ry,
this choice gives an energy convergence better than
1 mhartree/f.u. and pressure accuracy of better than
0.001 GPa. The optimization of the unit cell at a given pres-
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sure was performed in three steps: (i) Relaxation of the lat-
tice parameters (a and ¢ in the wurtzite phase and a in the
zinc blende and rocksalt phases) at a given pressure with a
fixed value of the internal parameter in the case of the wurtz-
ite structure; (ii) relaxation of u at the above obtained cell
parameter values; and (iii) relaxation of both the internal
parameter and the lattice constants at the target pressure.

The dynamical matrices were computed by using a varia-
tional formulation of the density-functional perturbation
theory.’3* This formulation allows the calculation of the
phonon response directly from the unit cell without the use
of supercells and with the possibility of calculating the dy-
namical matrix of an arbitrary g vector. The force constants
were extracted from a Fourier transform of the dynamical
matrices obtained for the predefined grid in the BZ. These
matrices were then employed to obtain the phonon frequen-
cies at arbitrary points in reciprocal space and the phonon-
dispersion relations by Fourier interpolation. The one- and
two-phonon densities of states were also calculated by using
the same approach® with the initial grid and then a subse-
quent and increasing size was calculated until the change in
the total vibrational density of states was less than 0.1.

In order to check the accuracy of our lattice dynamical
calculations, Fig. 2 shows the calculated pressure depen-
dence of the relative volume (V/V,), the axial c¢/a ratio, and
the internal parameter u in w-AIN. The comparison with the
experimental pressure dependence of the relative volume and
c/a ratio obtained from fits of data reported in the literature’
is satisfactory. To our knowledge, no information has been
reported regarding the experimental pressure dependence of
the parameter u in w-AIN.

IV. RESULTS AND DISCUSSION
A. Experimental and theoretical results for the wurtzite phase

Raman spectra of w-AlIN at different pressures on the up-
stroke up to 20 GPa are shown in Fig. 3. The Raman spectra
correspond to samples with good crystalline quality and dis-
play the six Raman-active modes of the wurtzite phase in
order of increasing frequency: E,(low), A;(TO), E,(high),
E(TO), A(LO), and quasi-longitudinal-optical mode,
which, for simplicity, is denoted in the following as E,(LO).
In fact, the Raman scattering of the E,(LO) mode measured
is a quasi-longitudinal-optical mode formed by the E;(LO)
mode with a slight mixture of the A;(LO) mode.'?> The
A(LO), E;(low), and E,(LO) notes can be tracked up to 9,
12, and 14 GPa, respectively. The other three Raman peaks
of the wurtzite phase vanish above 18 GPa, as was already
observed in Ref. 15. X-ray diffraction measurements show a
wurtzite-to-rocksalt phase transition between 14 (Ref. 6) and
18 GPa (Ref. 5) and ab initio calculations predict the same
phase transition between 8 and 13 GPa.3?3%3% The disap-
pearance of the A;(LO) mode above 9 GPa and that of the
E,(low) mode above 12 GPa are in good agreement with the
phase transition pressure estimated from theoretical calcula-
tions.

The pressure dependence of the measured and calculated
phonon frequencies of the Raman-active modes in w-AIN
are shown in Fig. 4. The measured and calculated zero-
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FIG. 2. Pressure dependence of the calculated structural param-
eters (V/Vy, ¢/a, and u) in w-AIN (lines). The experimental results

at different pressures as obtained from fits to data of Ref. 5 are also
plotted for comparison (filled circles).

pressure frequencies and their pressure coefficients are sum-
marized in Table I. The agreement between the measured and
calculated values is reasonably good. The calculated frequen-
cies slightly underestimate the experimental data, which is
likely due to overestimation of the lattice parameters as is
usual in DFT-GGA calculations. Also, the calculated pressure
coefficients are typically 10% smaller than the experimental
ones, except for the A;(LO) mode, whose calculated pressure
coefficient is 12% higher than that experimentally observed.
Table T also shows the Raman frequencies and pressure co-
efficients obtained in previous experimental and theoretical
works. In general, the agreement between the pressure
coefficients of the modes reported in different experiments
is rather good, with the small discrepancies possibly related
to differences in sample preparation and pressure environ-
ment,’® as was already suggested by Yakovenko et al.'®
For instance, the weak intensity of the A;(TO) mode in Ref.
10 might have impacted the accuracy of the determination of
its pressure coefficient, which is much smaller than the rest
of the reported values for this mode.

The comparison of the different theoretical results shows
reasonable agreement between our frequencies and pressure
coefficients and those of previous ab initio calcula-
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FIG. 3. (Color online) Detail of the room-
temperature Raman spectra of w-AIN (a) in the
low-frequency region up to 11 GPa, (b) in the
middle-frequency region up to 20 GPa, and (c) in
the high-frequency region up to 8 GPa.
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tions, which were obtained with the LDA approx-

imation.!%17-18.2021 Tn fact, our calculations closely follow
the experimental data available from Raman and inelastic
x-ray scatterings,%*? as will be shown in Sec. IV C, and the
larger pressure coefficients obtained with the DFT-GGA cal-
culations show better agreement with experimental results
than the previous DFT-LDA calculations.'*!® In this sense,
several works have reported that DFT-GGA calculations are
superior to DFT-LDA in calculating the lattice dynamical
properties, in particular, in nitrides.*' Only the calculated
pressure coefficient of the A;(LO) mode is more similar to
the experimental one in DFT-LDA than in our DFT-GGA
calculations. Although not included in Table I, the frequen-
cies and pressure coefficients for the silent B,(low) and
B;(high) modes were also calculated. They are 535 and
2.25cm™'/GPa for the B;(low) mode and 707 and
3.78 cm™!/GPa for the B,(high) mode, respectively. The
two calculated frequencies are in good agreement with the
values of 540 and 732 cm™' reported by inelastic x-ray
measurements’**’ and Raman scattering data on Al,_,Ga,N
samples along the full composition range,** respectively.
Several common trends for the measured and calculated
results for w-AIN shown in Table I are apparent: (i) the pres-
sure coefficient for the E,(high) mode is similar to that of the
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FIG. 4. Pressure dependence of the experimental (symbols) and
calculated (lines) vibrational modes in w-AIN.

E,(TO) mode and (ii) the pressure coefficients for the A;
modes are smaller than those for the E; modes irrespective of
their transverse or longitudinal character. This increase in the
A-E, splitting with pressure evidences an increase in the
crystal anisotropy under compression in w-AIN. In this
sense, it has been pointed out that the phonon frequency ratio
[wE, (r0)= ®a,(10)}/ @E (10) 18 proportional to the structural
anisotropy of a given structure.!” For the wurtzite structure,
the crystal anisotropy, A(c/a), is determined by the deviation
of the c¢/a ratio from its ideal value (1.633), A(c/a)=c/a
—1.633.%3 Figure 5(a) shows the relationship between the
measured [, (r0)~ @4, (10)]/ @, (10) Phonon frequency ratio
at different pressures and the crystal anisotropy A(c/a), as
obtained from high-pressure x-ray diffraction measure-
ments.” Indeed, a linear relationship is found and a fit of
the experimental data (solid line) to an equation of the form
[wE,(t0) = @, (r0))/ @E, (10) = sA(c/a) (1)
yields a slope s=1.7+0.2. Figure 5(b) also illustrates the
evolution of the experimental and calculated [wE,(To)
—wAl(TO)]/ g, (10) phonon frequency ratio with pressure.
There seems to be a nonlinear increase in the crystal aniso-
tropy with pressure, which is clearly underestimated in our
calculations due to the larger underestimation in the pressure
coefficient of the E,(TO) mode than that of the A,(TO)
mode, despite the correct pressure dependence of the calcu-
lated ¢/a ratio observed in Fig. 2(b). In the following sec-
tion, we will discuss that the discrepancy between the experi-
mental and calculated pressure dependences of the crystal
anisotropy may be related to the underestimation in the cal-
culated pressure dependence of the internal parameter u.
The pressure dependence of the measured and calculated
frequencies of the LO-TO splittings for the A, and £, modes
in w-AlIN is shown in Fig. 6 and summarized in Table II. Our
measurements show a decreasing LO-TO splitting for both
the A; and E; modes with increasing pressure and our calcu-
lations yield an increase of both LO-TO splittings with in-
creasing pressure. The measured decrease in the LO-TO (E))
splitting is very small and is within errors coincident with
our calculations. However, the measured decrease in the
LO-TO (A)) splitting disagrees with our calculations beyond
our experimental and theoretical uncertainties. These results
will also be discussed in the next section. We want to stress
that our experimental LO-TO splittings compare nicely to
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TABLE I. Zero-pressure frequencies (o, in cm™') and pressure coefficients at zero pressure (dwy/dP in cm™'/GPa) of the Raman-active
optical modes of wurtzite AIN. Experimental (Expt.) and theoretical (Theor.) results are compared. Theoretical results based on the LDA or

GGA formalism are also indicated in parentheses.

wq d(l)o/dp wq dwo/dP (O d(!)o/dP [ON)) d(l)o/dp (O d(l)o/dp [ON) d(l)o/dp Reference
245(2) 0.07(2) 608(1) 4.35(3) 653(1) 5.40(4) 666(1) 5.33(4) 893(2) 3.70(2) 908(2) 4.77(3) Expt.*
611 3.5 659.3 4.97 671.6 4.84 888 3.80 895 4.84  Expt
610 4.08 656 5.39 669 5.07 890 4.00 911 551  Expt©
247.5 0.12 608.5 4.40 655.5 4.99 669.3 4.55 891 910.1 4.60  Exptd
249 0.05 610 4.05 657 4.78 669 4.52 890 4.00 910 3.60  Expt.*©
241 607 4.63 660 3.99 924 1.67  Exptf
237 -0.02 594 3.83 636 4.95 649 4.48 860 4.15 885 4.57  Theor. (GGA)?
241 -0.03 618 3.00 667 3.80 677 3.80 898 3.50 924 4.00  Theor. (LDA)#
236 -0.29 629 4.29 631 4.79 649 4.36 Theor. (LMTO)"
#This work.

PReference 10. In this reference, the E,(high) mode was incorrectly assigned to the A,(TO) mode. The frequency and pressure coefficient of
the real A{(TO) mode can be estimated from the data reported in Ref. 10.

‘References 12 and 13.
dReference 14.
®Reference 15.
fReference 11.
gReferences 14 and 18.
hReference 16.

those of Yakovenko et al.!> and disagree to a certain level
with other experimental data summarized in Table II for
comparison. From the inspection of the Raman scattering
spectra reported in Refs. 10, 12, and 13, we believe that the
weak intensity of some of the optical modes might have
limited the accuracy of the determination of the pressure co-
efficients of the LO-TO splittings. Furthermore, the pressure
dependence of the LO-TO (A,) splitting in Ref. 10 was not
measured since the E,(high) mode was incorrectly assigned
to the A;(TO) mode. Unfortunately, no high-pressure Raman
spectra are shown in Ref. 14, preventing a direct comparison
with our spectra. The dispersion in the measured pressure
coefficients of the LO-TO splittings is very high and it is
difficult to draw any conclusion; however, we might point
out that our negative measured pressure coefficients for both
LO-TO (A, and E)) splittings are in qualitative agreement
with the negative values of the pressure coefficients obtained
from the average of the different experimental splittings re-
ported (=0.17 and —0.4 cm™!/GPa for the A, and E, modes,
respectively). Furthermore, the comparison of the experi-
mental and theoretical results for the LO-TO splittings points
out that our DFT-GGA calculations give pressure coefficients
that are in better agreement with experimental results than
previous DFT-LDA calculations and suggest that both
LO-TO splittings in w-AIN have smaller pressure coeffi-
cients than those previously calculated.

B. Discussion of the results obtained for the wurtzite phase

In this section, we will show that the larger pressure co-
efficients of the frequencies for the E£; modes with respect to
the A; modes in w-AlIN is a consequence of the increase in

the crystal anisotropy with increasing pressure. The pressure
dependence of the TO and LO modes in w-AlIN is also dis-
cussed and the relative pressure coefficients of the different
modes are shown to scale with the relative pressure coeffi-
cients of the two inequivalent Al-N distances of the wurtzite
structure. Finally, the decrease in the LO-TO splitting for
both the A, and E| modes with pressure is illustrated to be a
consequence of the decrease in the bond polarizability in
AIN on compression.

1. Structural anisotropy: A-E splittings

Table III shows the pressure coefficients and the relative
pressure coefficients for the Raman-active optical modes in
wurtzite-type AIN, GaN, and InN. In GaN, the pressure co-
efficients for the A;(TO) and E;(TO) are very similar, thus
pointing toward an almost pressure-independent A;-E; (TO)
splitting. Unfortunately, the only Raman measurements of
InN under pressure** have not reported the pressure depen-
dence of the A;-E; splitting. Note that we have considered
that the measured frequency of the A;(LO) mode in InN
rather correspond to the E|(LO) (see Ref. 45). The [wEl(TO)
_wA](TO)]/wEl(TO) phonon frequency ratio at ambient pres-
sure yields 0.048, 0.061, and 0.087 for GaN, InN, and AIN,
respectively.'**® These values qualitatively agree with the
variation in A(c/a) in the three compounds at ambient pres-
sure, known from structural data,>*’ which shows that the
crystal anisotropy in w-AIN is much larger than that in
w-InN and that in w-GaN. Concerning the pressure depen-
dence of A(c/a), structural data show that the crystal aniso-
tropy is almost independent of pressure in w-GaN and
w-InN,347 unlike in w-AIN. Therefore, the large difference in
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FIG. 5. (a) Dependence of the [wg, (10)~ wa,(r0))/ @E,(10) Pho-
non frequency ratio in w-AIN as a function of the crystal aniso-
tropy, A(c/a), as obtained from a fit of data from Ref. 5. The sym-
bols correspond to experimental data and the solid line is a linear fit
of experimental data to Eq. (1). (b) Pressure dependence of the
crystal anisotropy given by the [a)El(TO)_wAl(TO)]/wEl(TO) phonon
frequency ratio in w-AIN. The symbols correspond to experimental
data, the solid line is a fit of experimental data to a quadratic law,
and the dashed lines correspond to calculated data.

the pressure coefficients for the E; and A; modes and the
increase in the A;-E; splitting for both the TO and LO modes
in w-AIN (compared to the known values in w-GaN) may be
related to the increase in the crystal anisotropy with increas-
ing pressure in w-AlIN.

In order to understand the different pressure behavior of
AIN with respect to GaN and InN, the evolution under pres-
sure of the two inequivalent nearest-neighbor bond lengths
present in the wurtzite structure in AX compounds is ana-
lyzed. One A-X bond is along the c¢ direction with bond
length RW=uc, with u being the internal parameter. The
other A-X bond is in the hexagonal plane and is threefold
degenerate with bond length R?=a 1/3+(1/2-u)*(c/a)>.
In the ideal wurtzite structure [c/a= |(8/3) and u=3/8], the
two bond lengths are equal and the relationship u
=a®/(3¢?)+1/4 between the c/a ratio and the internal pa-
rameter u, or equivalently, u-c/a=(3/8), holds.!” In real
wurtzite compounds, there is always a deviation from the
ideal structure and it is experimentally found that the u and
c/a parameters are strongly correlated and that a pressure-
induced decrease in the c¢/a ratio is accompanied by
an increase in u according to the expression A(u)=

PHYSICAL REVIEW B 77, 205204 (2008)
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FIG. 6. Pressure dependence of the experimental (symbols) and

calculated (lines) LO-TO splitting for both the A; and E; modes in
w-AIN.

—(3/128)"2¢A(c/a), with ¢ being the bond-bending
parameter.43 As a result, the variation in the relative bond
lengths [RV(P)/RMV(0) and RP(P)/RP(0)] are relatively
similar despite the distortion of the tetrahedral angles.'”
However, the FP-LMTO calculations found that the internal
parameter u abnormally increased with pressure in w-AIN.*
This result has been confirmed by ab initio calculations, like
ours [see Fig. 2(c)] and those of Refs. 8 and 18, which have
obtained an even larger increase in u with pressure than that
of Ref. 48. This result implies that the relative bond length
RY(P)/RM(0) decreases with increasing pressure less
quickly than the relative bond length R?(P)/R?)(0).
Figure 7 shows the pressure dependence of the two cal-
culated relative bond lengths in w-AIN (symbols). Experi-

TABLE II. Zero-pressure LO-TO splittings and pressure coeffi-
cients in wurtzite AIN.

A,(LO-TO) E,(LO-TO)

w dw/dP g dw/dP
(em™)  (em™'/GPa) (cm™!) (cm~'/GPa) Reference
284(3) -0.60(5) 241(3) -0.45(7) Expt.?

277 0.30 223.4 -0.84 Expt.b

280 -0.10 242 0.10 Expt.©

241 0.10 Expt.4

280 -0.30 241 -0.95 Expt.¢

267 0.32 236 0.09 Theor. (GGA)?

280 0.50 247 021 Theor. (LDA)!
4This work.

PReference 10.
“References 12 and 13.
dReference 14.
“Reference 15.
fReferences 14 and 18.
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TABLE III. Experimental pressure coefficients and relative pressure coefficients in wurtzite GaN, InN,
and AIN. The values of AIN show the maximum reasonable dispersion values. The Griineisen parameters can
be evaluated by considering the bulk modulus of AIN (207.9 GPa) after Ref. 5, InN (125.5 GPa) after Ref.
47, and GaN (202.4 GPa) after Ref. 49.

AIN? GaNP InN¢

dw/dP dIn w/dP dw/dP dIn w/dP dw/dP dIn w/dP
Mode (cm™!/GPa) (GPa™!) (cm™!/GPa) (GPa™) (cm™!/GPa) (GPa™")
E,(low) 0.07(1) 0.0003(1) -0.30 -0.002
A,(TO) 4.35(3) 0.0070(1) 3.90 0.007 5.81 0.013
E,(TO) 5.33(4) 0.0080(1) 3.94 0.007
E,(high) 5.40(4) 0.0080(1) 4.20 0.007 5.56 0.011
A,(LO) 3.70(2) 0.0040(1) 4.40 0.006
E,(LO) 4.77(3) 0.0050(1) 5.96 0.010
#This work.

PReference 14.
“Reference 44.

mental values are not available for w-AIN because the inter-
nal parameter u has not been measured under pressure to
date. Neither has it been measured for w-GaN and w-InN.
However, since the c/a ratio and u parameter are considered
to be almost pressure independent in these two com-
pounds,®474% the pressure dependence of the relative bond
lengths in both compounds is shown in Fig. 7 for comparison
because it can be calculated from the known experimental
values of the c/a ratio at different pressures and from the u
parameter at ambient pressure in GaN (Refs. 8 and 49) and
InN.347 Note that the pressure coefficients for both relative
bond lengths are equal both in GaN and InN, so only one line
is plotted for each compound. Furthermore, Fig. 7 shows the
estimated pressure dependence of the average relative bond
length in w-AIN, despite lack of experimental data for the
bond distances in AIN under pressure, by calculating the cu-

1.00

0.99

0.98

Relative bond length

0.97 1

0 5 10 15 20
Pressure (GPa)

FIG. 7. Calculated relative pressure dependence of the RW
(filled squares) and R® (empty squares) bond lengths in w-AIN.
The pressure dependence of the cubic root of the relative volume of
the unit cell in AIN is also depicted (dashed line) as obtained from
Ref. 5. The relative pressure dependence of both bond lengths in
GaN (solid line) and InN (dashed-dotted line) calculated from the
known experimental values of the c/a ratio at different pressures

(Refs. 46 and 48) and assuming a constant u parameter with pres-
sure in both compounds are also shown.

bic root of the experimental variation in the relative unit cell
volume V(P)/V(0) reported in Ref. 5 [see Fig. 2(a)]. One can
observe that the average relative bond length in AIN de-
creases with increasing pressure at a similar rate to that of
the relative bond lengths in GaN due to the similar bulk
moduli of both compounds. Similarly, the pressure coeffi-
cients of the relative bond distances in InN are much higher
than those in GaN and AIN due to the smaller bulk modulus
(see Table III). The main result of Fig. 7 is that the pressure
coefficient of the calculated relative axial bond length R in
AIN is smaller than that of the average relative AI-N bond,
while that of the calculated in-plane bond length R® is larger
than that of the average relative Al-N bond distance. We will
show below that the different relative compressibilities of the
two inequivalent Al-N bond lengths influence the different
relative pressure coefficients of the Raman modes in the
wurtzite structure depending on the atomic displacements for
each mode.

2. TO modes

With regards to the TO modes, a correlation between the
relative pressure coefficients of the frequency of the A;(TO)
mode (see Table IIT) and the bond length R™W in GaN and
AIN is apparent. Therefore, the similar relative pressure co-
efficient of the bond length RV in GaN and AIN likely ac-
counts for the similar relative pressure coefficients of their
A(TO) modes. This relationship comes from the fact that the
TO modes under consideration are bond-stretching modes
and that in the A; mode, the atomic displacements occur
along the ¢ axis (see Fig. 1), which is the direction of the RV
bond. As shown in Table III, the relative pressure coefficients
of the A,(TO) modes in GaN and AIN are similar
(0.007 GPa™!) and correlate with the similar pressure
coefficients for the relative bond length R around
—0.014(1) GPa™! in both compounds. Furthermore, the rather
large relative pressure coefficients of the A;(TO) mode in
InN (0.013 GPa™!) could be explained by the much larger
pressure coefficient of the relative bond length R in InN
[around —0.022(1) GPa~'] than those in GaN and AIN. In the
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light of the above reasoning, we suggest that the relative
pressure coefficient of the A;(TO) modes in wurtzite semi-
conductors is given by a phenomenological equation of the
following form:

dInwro(z)  1dInRY
P~ 2 4P

: 2)

where we have introduced the notation wro(a), with «
=x,z referring to the frequencies of the E;(TO) and A,;(TO)
modes, respectively.

Similarly to the case of the A;(TO) mode, the larger pres-
sure coefficient of the in-plane relative bond length R® than
that of the axial bond length R" in w-AIN may be respon-
sible for the larger pressure coefficients of the E, modes
relative to those of the A; modes in w-AIN. The correlation
of the pressure coefficient of the £, modes with that of the
in-plane relative bond length R® is also coherent with the
similar relative pressure coefficients for the E;(TO) and
E,(high) modes in w-AIN and also in w-GaN. In fact, for
both these TO modes, the atomic displacements occur in the
plane perpendicular to the ¢ axis (see Fig. 1). This also holds
for the E,(low) mode, which, however, exhibits a completely
different behavior due to the bond-bending nature of this
mode. Again, Table III evidences that the relative pressure
coefficients for the E,(TO) and E,(high) modes in AIN
(0.008 GPa™') and those in GaN (0.007 GPa™') are similar
and correlate with the pressure coefficients for the relative
bond length R, which are around —0.016(2) and —0.014(1)
in AIN and GaN, respectively. Also in InN, the measured
relative pressure coefficient for the E,(high) mode
[0.011 GPa™' (Ref. 44)] and for the bond length R®
[-0.022(1) GPa™'] obtained from Fig. 6 follow the same cor-
relation. We anticipate that the pressure coefficient of the
E(TO) mode in InN should be similar to that for the
E,(high) mode. As before, the relative pressure coefficient of
the E,(TO) and E,(high) modes is —1/2 times the relative
pressure coefficient of the bond length R?. Consequently,
the relative pressure coefficient of the E,(TO) and E,(high)
modes in wurtzite semiconductors is given by the following
quantitative correlation:

dln wro(x) 4N Op gy  1dInR?
ap dpP T2 4P

3)

The validity of Egs. (2) and (3) for the group IIl-nitrides
and other wurtzite semiconductors is based on the fact that
most of the optical modes are bond-stretching modes (see
Fig. 1). Tt is well known that the frequency of a bond-
stretching mode is proportional to the square root of the bond
spring constant and inversely proportional to the square root
of the reduced mass of the cation and the anion. Besides, the
bond spring constant is given by the ratio of the bond force
and the bond distance. With these considerations, Egs. (2)
and (3) can be obtained by differentiation with respect to the
pressure P if one considers that the pressure dependence of
the bond force F is negligible, as seems to be the case in
wurtzite semiconductors, and that only the bond distance de-
pends on P. The argument used above for deriving Egs. (2)
and (3) is also valid for LO modes. However, the behavior of
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the LO modes is more complicated due to the effects of the
macroscopic polarization associated with them, as will be
discussed later on.

Equations (2) and (3) and Fig. 7 allow us to understand
the pressure dependence of the A;-E; (TO) splitting in the
three nitrides. In GaN and InN, the equal pressure coeffi-
cients for the relative axial and in-plane bond lengths R
and R explain the similar relative pressure coefficients for
both the A;(TO) and E;(TO) modes and, consequently, of
their absolute pressure coefficients. In AIN, the larger pres-
sure coefficient of the relative bond length R® compared to
R explains the larger relative and absolute pressure coeffi-
cient of the E,(TO) compared to that of the A;(TO) mode.
The A;-E;(LO) splitting increases in AIN also due to the
larger pressure coefficient of the E;(LO) compared to that of
the A;(LO) mode. In fact, the smaller pressure coefficient of
the A; modes with respect to the E; modes is a consequence
of the increase in the internal parameter u with increasing
pressure, which is in good agreement with theoretical
calculations.3!

The fact that A;(TO) phonons in wurtzite AIN, GaN, and
InN follow Eq. (2) allows us to explain the similar Griineisen
parameters, y=(B,/wy)(dw/dP), with B, being the bulk
modulus, in the three nitrides (around 1.4 in GaN and AIN
and around 1.6 in InN according to the data of this work and
Refs. 14 and 44). The reason for such similarity is that the
relative bond lengths in the nitrides scale with the average
compressibility (or with its inverse, which is the bulk modu-
lus); therefore, in the calculation of the Griineisen parameter,
the larger relative pressure coefficient of the TO modes in
InN compared to those in AIN and GaN is counterweighted
by its smaller bulk modulus, leading to a similar Griineisen
parameter in the three nitrides. In the same manner, Eq. (3)
can explain the similar Griineisen parameters of the E,(TO)
and E,(high) modes in GaN and InN [around 1.4 (Refs. 14
and 44)], and the considerably large Griineisen parameter
(1.66) for these two modes in AIN.

The similarity of the Griineisen parameters for the A;(TO)
modes in the three nitrides and the similarity of the Grii-
neisen parameters for the E,(high) modes in GaN and InN
just described indicates a close relationship between the rela-
tive pressure coefficients of the TO modes and the bulk
modulus. The Griineisen parameter of the average TO mode
in nitrides can be described by the following relationship:

dIn (I)TO .

dpP L @

Yro= By
with t=1.45*+0.15 being a nondimensional constant, and
opo being the average TO frequency, @ro=[wro(2)
+3wro(x)]/4, obtained after considering that there is one
cation-anion bond along the ¢ axis and three in the plane
perpendicular to the ¢ axis. The above expression can be
transformed to approximately estimate the bulk modulus in
the following way:

1 ~l[ldlnwm(z)

3dl
L2 ano(X)]

B, 1|4 aP 4  dp
1{1dinRY 3dInR?
=-—- += (5)
2t 4 dp 4 4dpr

By using Eq. (5) and the relative pressure coefficients of the

205204-8



LATTICE DYNAMICS OF WURTZITE AND ROCKSALT AIN...

TO modes in Table III, we have estimated the bulk moduli of
AIN, GaN, and InN to be 200, 207, and 126 GPa, respec-
tively. These values compare reasonably well for the three
nitrides according to experimental and theoretical values
summarized in Table IIT and reported in Refs. 8, 47, and 49.
Curiously, the most striking feature of this simple calculation
is that by using the same ¢ value for the three nitrides
it yields a slightly higher bulk modulus for w-GaN than
for w-AIN, which is in agreement with the FP-LMTO
calculations.> It remains to be proved whether the constants
s and 7 in Egs. (1) and (4), respectively, are related to each
other. Note that both constants are within the estimated error
interval and both are a kind of normalized frequency with
respect to the crystal anisotropy and with respect to the av-
erage compressibility, respectively.

3. LO modes

As regards the LO modes, a larger relative pressure coef-
ficient for the E,(LO) than that for the A;(LO) mode in
w-AIN was obtained, which is in agreement with the previ-
ous discussion that accounts for a larger relative pressure
coefficient of the £| modes than that of the A; modes in AIN
due to the larger pressure coefficient of the relative in-plane
bond distance than the relative axial bond distance. Addition-
ally, a smaller relative pressure coefficient for the LO modes
than that for the TO modes in w-AIN was determined. On the
other hand, one can observe in Table III that (i) the relative
pressure coefficient for the A;(LO) mode in AIN is smaller
than that in GaN, despite the similar relative pressure coef-
ficient for the A,(TO) mode in both compounds, and (ii) the
relative pressure coefficient for the £,(LO) in AIN is consid-
erably smaller than that in InN. A full comparison of the LO
modes in the three nitrides cannot be performed here because
the pressure coefficients of the E,(LO) mode in GaN and the
A,(LO) in InN have not been reported. However, if one con-
siders that in GaN and InN both relative bond lengths com-
press at the same rate, it can be expected that similar relative
pressure coefficients for the A;(LO) and E;(LO) modes in
both GaN and InN exist.

The Lyddane-Sachs-Teller relationship e(a@)/e.(a)
= wj o(@)/ wio(a) for wurtzite semiconductors relates the fre-
quency of the polar modes to the static e(a) and high-
frequency dielectric constants &,(a) for the different polar-
izations (@=x,z). By using the above relationship and Egs.
(2) and (3), the relative pressure coefficients of the A;(LO)
and E;(LO) modes in wurtzite semiconductors can be de-
scribed as

dIn wo(a) 1dmR“”+ldms&0 1dIne.(a)
P 2 dP 2 dpP 2 dP

1dinRY  1dInA(a)
_ Lo
2 dP 2 dP

; (6)

with A(@) being a function of &(«) and &.(a) that is related
to the bond polarizability, and where the pairs (R, a=z)
and (R®, a=x) apply for the A;(LO) and E,(LO) modes,
respectively. Equation (6) allows one to understand the
smaller relative pressure coefficients of the LO modes with
respect to the TO modes in AIN by considering that there is
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a decrease in the bond polarizability in wurtzite AIN with
increasing pressure, which is similar to what occurs in most
tetrahedral semiconductors.'3%3 It also allows one to un-
derstand that the smaller relative pressure coefficient of the
A,(LO) in AIN compared to that in GaN is related to a much
larger decrease in the bond polarizability in the former than
that in the latter.

As regards the LO modes in GaN and InN, the small
decrease in the relative pressure coefficients of the LO
modes with respect to the TO modes in GaN can be under-
stood by a small decrease in the bond polarizability with
pressure. A similar small decrease in the polarizability is ex-
pected to hold for InN on the basis of (i) the similar elec-
tronic configuration of Ga and In atoms (both with d elec-
trons) and (ii) the similar pressure behavior of the anisotropy
with increasing pressure in both compounds. The larger de-
crease in the bond polarizability in AIN than that in GaN and
InN could be related to the increase in the crystal anisotropy
with pressure in the former while the crystal anisotropy is
basically constant in the latter. In this sense, Ueno et al?
noted that the decrease in the c/a ratio in AIN leads to an
increase in the distortion of the tetrahedra forming the wurtz-
ite structure, which may lead to charge transfer between the
atoms in the wurtzite structure. Recent works have evidenced
that the charge transfer is a general stabilization process for
the wurtzite structure and is strongly coupled to geometric
distortions.>>>® The suggested charge transfer and the de-
crease in the bond polarizability could therefore lead to the
observed decrease of the relative pressure coefficient of the
E,(LO) [A,(LO)] mode with respect to that of the E,(TO)
[A,(TO)] mode, which could explain the almost constant or
even decreasing LO-TO splitting for both the E; and A,
modes in w-AIN. In this sense, it is worth mentioning that
our measured pressure dependence of the LO-TO splitting
for both the A; and E; modes in w-AIN agrees with the
decrease in the LO-TO splitting caused by pressure in most
I1-V and II-VI semiconductors.’

Concerning the Griineisen parameters of the LO modes,
they are similar for the A;(LO) mode (1.2) in GaN (Ref. 14)
and for the E;(LO) mode (1.3) in InN.** This result is con-
sistent with a similar negative relative pressure coefficient
for the A(a) function in both compounds due to the similar
decrease in the bond polarizability. The Griineisen param-
eters of the LO modes in AIN (around 1.0) are considerably
smaller than those in GaN and InN due to the larger decrease
in the A(a) function in AIN with increasing pressure. Equa-
tion (6) also allows one to explain why in w-AIN the Grii-
neisen parameter of the E,(LO) mode (1.1) is larger than that
of the A;(LO) mode (0.9), the reason being the larger pres-
sure coefficient of the relative in-plane bond length R® than
that of the relative axial bond length RV,

Tables IV and V summarize the frequencies and pressure
coefficients of the calculated zone center phonons of zb-AIN
and rs-AIN at ambient pressure. A curious feature is that the
calculated LO-TO splitting in the rocksalt phase decreases
with pressure but the contrary is observed in the wurtzite and
zinc blende phases. Wagner and Bechstedt'® suggested that
the reason for the increase in the LO-TO splitting in zb-AIN
(and also for w-AIN and w-GaN) is the reduced screening.
An increase in the LO-TO splitting with pressure was also
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TABLE IV. Calculated zone-center frequencies, pressure coefficients, and LO-TO splitting in zinc blende

AIN at ambient pressure.

TO LO LO-TO
g dw/dP g dw/dP ) dw/dP
(ecm™) (cm™'/GPa) (cm™) (cm™'/GPa) (cm™) (cm™'/GPa)
631 4.70 868 4.83 237 0.13

observed in zb-BN and zb-GaN.!%!# Furthermore, the pres-
sure coefficients of the LO-TO splitting in zb-BN and
zb-AIN are 0.06 cm™'/GPa (measured; Ref. 10) and
0.13 cm™!/GPa (calculated; this work), respectively. These
values seem to scale reasonably well with the bulk compress-
ibility. In this sense, we might conjecture that the negative
pressure coefficient for the LO-TO splitting measured in
w-AIN and w-GaN (Ref. 58) (despite that the negative pres-
sure coefficient in w-GaN was obtained from measurements
in two different samples) and the positive pressure coeffi-
cient measured in zb-BN and zb-GaN, and here calculated
for zb-AIN, could be related to a mechanism of charge trans-
fer from the anion to the cation present in the wurtzite struc-
ture that might operate in a different way in the zinc blende
structure. However, the charge transfer mechanism will be
unclear until accurate measurements of the pressure depen-
dence of the dielectric constants are performed.

An explanation for the slight increase in the LO-TO (A,)
splitting in our ab initio calculations could be the underesti-
mation in the pressure coefficient of the u parameter in
w-AlN, as already commented in the discussion of Fig. 5(b).
Therefore, we consider that our ab initio calculations under-
estimate the pressure dependence of the internal parameter u,
thus leading to overestimation of the A;(TO) and A;(LO)
pressure coefficients and to underestimation of the E; and
E,(high) pressure coefficients. Furthermore, our calculations
likely underestimate the pressure dependence of the charge
transfer effect, leading to an even larger overestimation of
the pressure coefficient of the A;(LO) mode with respect to
the A,(TO) mode. All these effects may cause a sign reversal
in the pressure coefficient of the LO-TO (A;) splitting, thus
explaining the opposite sign obtained in the calculations
compared to that of the experiment.

4. Pressure dependence of the TO and LO modes
in other wurtzite-type semiconductors

In this section, we would like to remark that the above
equations giving the pressure behavior of the TO and LO
modes in wurtzite nitrides are also valid for other wurtzite

semiconductors, such as BeO and ZnO. In the former, the
relative pressure coefficient for the A;(TO) mode is around
0.008 GPa™!,>® which is in good agreement with its bulk
modulus (212 GPa). Furthermore, the relative pressure coef-
ficients of the A;(TO) and E;(TO) modes are similar in
w-BeO, suggesting a constant anisotropy with increasing
pressure, as in the case of w-GaN and w-InN. Similarly, the
relative pressure coefficient of the E,(TO) and E,(high)
modes in w-ZnO are around 0.012 GPa™!, which is in good
agreement with its similar bulk modulus to w-InN.%%6! In the
case of w-ZnO, the DFT-LDA calculations give a larger rela-
tive pressure coefficient for the A,;(TO) mode than that for
the E,(LO) and E,(high) modes;®> however, the average ex-
perimental relative pressure coefficients of the Raman modes
in the only two known experimental works are very similar,
suggesting that the two Zn-O bond lengths R"") and R® have
similar relative pressure coefficients, like in w-GaN and
w-InN. The controversy regarding the pressure dependence
of the relative axial and in-plane Zn-O distances in w-ZnO is
far from being resolved since several works have reported
contradictory data. A rather large decrease in the c¢/a ratio in
w-ZnO with pressure similar to that in w-AIN has been re-
cently measured®®® and also an increase in the u parameter
in ZnO with pressure has been calculated® and measured.®
These results contrast with the small decrease in the c/a ratio
and an almost constant # parameter with increasing pressure
previously reported on the basis of experimental and theoret-
ical results.®® As regards the LO modes, a decrease in the
LO-TO (A,) splitting has been measured in w-BeO,> which
is in agreement with our results for w-AIN; however, a small
increase in the LO-TO (A,) splitting has been measured in
w-Zn0.%06! Therefore, we consider that Egs. (1)—(6) can be
applied to wurtzite oxides, but it remains to be proved
whether the s and ¢ constants in Egs. (1) and (4) are the same
for wurtzite nitrides and oxides, such as ZnO or BeO.

5. Pressure dependence of the wurtzite structure
in nitrides and oxides

The different behavior under pressure of wurtzite AIN
compared to GaN and InN and the mechanisms of the

TABLE V. Calculated zone-center frequencies, pressure coefficients, and LO-TO splitting in rocksalt AIN

at ambient pressure.

TO LO LO-TO
[oN dw/dP IoN dw/dP g dw/dP
(cm™) (cm™!/GPa) (cm™) (cm™!/GPa) (cm™) (cm™!/GPa)
437 4.87 860 391 423 -0.96
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wurtzite-to-rocksalt pressure-induced phase transition are in
debate today. Saitta and Decremps® and Cai and Chen’® sug-
gested that this phase transition goes through different paths
in the three nitrides. In AIN, the transition occurs through an
intermediate hexagonal path; in GaN, it goes through an in-
termediate tetragonal path; and in InN, there is a controversy
regarding the final mechanism of the phase transition but,
initially, it goes through a tetragonal path. Saitta and
Decremps’® considered that the different paths in the three
nitrides could be related to the lack of d levels in the Al
cation and its presence in Ga and In; however, Cai and
Chen?® considered that the different paths can be explained
in terms of ionic radii of the cations. The different path for
the wurtzite-to-rocksalt phase transition in AIN with respect
to those in GaN and InN is consistent with the crystallization
of BN in the hexagonal graphitelike phase at ambient condi-
tions and indicates that AIN is a compound in the borderline
between the crystallization in the wurtzite or in graphitelike
structure. The tendency of AIN toward the hexagonal graphi-
telike structure is confirmed by recent calculations in
wurtzite-type binary semiconductors that have found that the
highest stable number of graphitelike layers previous to their
transformation in the wurtzite structure correspond to AIN.%
In fact, the increase in the crystal anisotropy reflected in the
decrease in the c/a ratio and the increase in the internal
parameter u with pressure is a signature of the hexagonal
intermediate phase previous to the wurtzite-to-rocksalt phase
transition.8:%7 With this picture in mind, we can understand
many of the strange properties observed in wurtzite AIN
when compared to other nitrides. For instance, the small bulk
modulus of AIN compared to the extrapolated value that one
would obtain from the series InN-GaN-AIN is due to the
small ¢;; and ¢33 elastic constants of AIN, which are similar
to those of GaN.% The values of these elastic constants in-
dicating softness of AIN with respect to distortions along the
wurtzite ¢ axis are related to the cyy elastic constant that
affects the B;(low) mode, as suggested by Saitta and
Decremps.” In fact, our calculated pressure coefficient for the
B,(low) mode in AIN is much smaller than the rest of the
optic modes at I' with the exception of the E,(low), which is
in agreement with this picture. Similarly, the small wurtzite-
to-rocksalt phase transition pressure in AIN, as compared to
that in GaN, might be related to the tendency of AIN toward
the graphitelike phase. On the other hand, wurtzite GaN has
soft ¢4y and cq elastic constants;’ i.e., they show negative
pressure coefficients due to the tendency toward a tetragonal
phase on increasing pressure. The soft cgq elastic constant is
responsible for the negative pressure coefficient of the
E,(low) mode® in GaN, InN, and ZnO. This is not the case
for AIN, which shows a nearly zero but positive pressure
coefficient, in good agreement with the calculated pressure
coefficient of the cgq elastic constant.” Wurtzite BeO also
exhibits positive pressure coefficients for the E,(low)
mode,>® and the same is expected for w-SiC, so the positive
pressure coefficients for the E,(low) modes in AIN, BeO,
and SiC could be related to the tendency of these semicon-
ductors toward the intermediate hexagonal phase in the
wurtzite-to-rocksalt transition in the absence of d cation
levels.>°
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FIG. 8. (Color online) Room-temperature Raman spectra of AIN
on decreasing pressure from 25 GPa. The solid lines are guides to
show the behavior of certain features of the rocksalt phase. The
arrows show the positions of peaks likely corresponding to the
methanol-ethanol mixture.

C. High-pressure phase

On increasing pressure above 18 GPa, the Raman peaks
of the wurtzite phase of AIN completely disappear and a
rather flat Raman spectrum is observed up to 25 GPa. How-
ever, on decreasing pressure from 25 GPa down to ambient
pressure, some features appear in the Raman spectra, espe-
cially below 14 GPa, with a progressive increase in the Ra-
man scattering intensity of the high-pressure phase as we
decrease pressure (see Fig. 8). The Raman spectra are then
dominated by several peaks (marked with arrows in Fig. 8),
which show no pressure dependence and that we tentatively
attribute to the methanol-ethanol mixture. We point out that
these bands were not observed on the upstroke but were re-
corded over a long integration time on the downstroke due to
the small Raman intensity of the high-pressure phase. Below
14 GPa, one can distinguish three features: (1) peaks attrib-
uted to the methanol-ethanol mixture on top of a broad band
that increases in intensity with decreasing pressure, (2) the
observation of new bands near 300, 400, 550, and 650 cm™!
whose pressure dependence has been indicated with lines
between 1.3 and 14 GPa, and (3) a progressive shift in the
frequency of the above bands, especially the broad band cen-
tered at 650 cm™! (which exhibits two maxima) at 1.3 GPa.
The Raman scattering intensity of this band reaches its maxi-
mum at 1.3 GPa. The Raman spectrum at ambient pressure
after releasing pressure appears rather different from that of
1.3 GPa, thus suggesting a phase transition taking place be-
low 1.3 GPa.
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FIG. 9. w-AIN at ambient pressure: (a) Phonon-dispersion rela-
tions and one-phonon density of states. Experimental data are from
inelastic x-ray scattering after Ref. 40. (b) Two-phonon density of
states (sum and difference).

First-order Raman scattering on the rocksalt structure is
symmetry forbidden. Therefore, observation of a Raman
scattering signal in the rocksalt phase can be due to either
second-order scattering, reflecting the two-phonon density of
states (2-PDOS), which is not symmetry forbidden, or to
first-order Raman scattering because of defects, reflecting the
one-phonon density of states (1-PDOS) of the rocksalt phase.
The 1-PDOS nature of the Raman spectra in rs-GaN (Ref.
70) and rs-InN (Refs. 44, 71, and 72) after a pressure-
induced transition has been already reported. First-order Ra-
man scattering showing the 1-PDOS can be observed after a
pressure-induced transition due to defect-assisted Raman
scattering (DARS); i.e., first-order Raman modes are ob-
served because the selection rules are broken due to loss of
the translational symmetry of the samples due to the excess
of defects in the samples. This situation occurs after a
pressure-induced transformation with a great volume col-
lapse, like the wurtzite-rocksalt transition (AV/V,~20%),
because of the nanometer size of the grains in the high-
pressure phase.

In order to understand the behavior of the Raman spectra
in AIN after the high-pressure wurtzite-to-rocksalt phase
transition, we compare the experimental Raman spectra to ab
initio calculations of the 1-PDOS and 2-PDOS for the wurtz-
ite, zinc blende, and rocksalt phases at different pressures.
Figures 9, 10, and 11 show the phonon-dispersion curves,
1-PDOS, and 2-PDOS (sum and difference) for the wurtzite,
zinc blende, and rocksalt phases of AIN at ambient pressure
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and 7=0 K, respectively. The phonon-dispersion curves and
1-PDOS of w-AIN are very similar to those previously re-
ported in Refs. 15, 17, and 18, and our phonon-dispersion
curves closely follow the experimental data available from
Raman and inelastic x-ray scattering.”>* Our phonon-
dispersion curves and 1-PDOS for zb-AlIN are also similar to
those reported by Karch and Bechstedt.!” Finally, as regards
our calculations for rs-AIN, they are similar to those recently
repor’ted;22 however, our calculations do not show the strange
dispersion of the LO phonon branch along the I'-X and I'-L
directions present in the previous calculations.”> The
1-PDOS of the rocksalt phase will be discussed later on;
however, the 2-PDOS (difference) of the rocksalt phase is
shown in Fig. 11(b) and the most significant feature is a
narrow and intense peak near 220 cm~!, which corresponds
to the TO-TA(X) and LO-LA(X) modes near the X point of
the BZ, which are located near 330 and 310 cm™' in both
wurtzite and zinc blende phases, respectively [see Figs. 9 and
10(b)]. Some minor contributions near 300 and 400 cm™!
arise from the LO-TO(L) and LO-TO(I') modes, respec-
tively. Finally, contributions between 100 and 200 cm™' are
due to TO-LA(X-K) modes. On the other hand, the more
extended 2-PDOS (sum) of the rocksalt phase also shown in
Fig. 11(b) has several contributions: 2TA(X-L) modes at the
X and L points of the BZ near 600 cm™'; TA+TO(L) near
700 cm™!; a prominent band around 760 cm™' comes from
the TA+TO(I'-K-X); while the 2TO (I'-K-X-L) modes
mainly contribute to the band around 890 cm™'; the peaks
between 1000 and 1100 cm™' are due to LA+TO(X-L)
and TA+LO(X) contributions; peaks between 1100 and
1200 cm™' come from the TO+LO(X-L), while that of
1230 cm™! comes from LO+LA(X). Finally, the band cen-
tered around 1300 cm™ is due to the TO+LO contribution
near the I" point of the BZ.

Figure 12 shows the measured Raman spectra of AIN at
1.3 GPa and at ambient pressure on decreasing pressure from
25 GPa. The spectra are compared to the calculated 1-PDOS
of wurtzite and rocksalt phases at ambient pressure and with
the 1-PDOS of wurtzite AIN obtained by time-of-flight neu-
tron spectroscopy with a High-Resolution Medium-Energy
Chopper Spectrometer (HRMECS-AIN) after Ref. 73. The
calculated 1-PDOS for wurtzite AIN compares reasonably
well with the experimental 1-PDOS if we take into account
that calculated frequencies are typically 3% smaller than the
experimental ones. A comparison of the experimental Raman
spectra with the calculated 1-PDOS of the wurtzite, zinc
blende, and rocksalt phases suggests that the Raman spec-
trum at 1.3 GPa is rather similar to the 1-PDOS of the rock-
salt structure, whereas the Raman spectrum at ambient pres-
sure resembles the calculated and measured 1-PDOS of the
wurtzite structure.’”>4

In order to interpret the Raman spectra of the rocksalt
phase of AIN, there are several clear features in the Raman
spectrum at 1.3 GPa in Fig. 12. One is the marked peak near
300 cm~!, which is attributed to the contributions from the
transverse acoustic branch along the X-L direction of the
rocksalt phase. Another is the broad band between 400 and
550 cm™!, which may correspond to the contribution of the
LA(X) and TO(I'-L) modes of the rocksalt phase. The last
one is the broad band between 550 and 750 cm™!, which
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FIG. 12. (a) Comparison of the 1-PDOS of w-AIN measured by
HRMECS after Ref. 73; (b) the 1-PDOS of w-AIN calculated at
1 atm; the experimental Raman spectrum on the downstroke at (c)
1 atm and at (d) 1.3 GPa; and (e) the 1-PDOS of rs-AIN calculated
at 1 atm. The lines are guides for the comparison among the differ-
ent peaks.

stems from the TO(W) region of the rocksalt phase (low-
frequency maximum) and from the contribution of the
LO(X) region of the rocksalt phase (high-frequency maxi-
mum). The measured pressure coefficients for the broad
bands discussed here are considerably smaller than those of
the nearest bands in the 1-PDOS of the wurtzite phase and
much closer in value to those calculated for the rocksalt
phase. However, at present, the reason for the large discrep-
ancy between the measured pressure coefficients and the cal-
culated ones that are summarized in Table VI is not known.
Contributions of second-order features of the rocksalt phase
to the experimental Raman spectrum have not been clearly
observed.

Features of the wurtzite phase in the experimental Raman
spectrum at ambient pressure can be similarly interpreted. In

TABLE VI. Measured and calculated frequencies and pressure
coefficients in rocksalt AIN at 1.3 GPa on decreasing pressure. Ten-
tative assignments are also included.

Experimental Theoretical
w dw/dP g dw/dP
(em™)  (ecm™!'/GPa) (ecm™!)  (cm™!/GPa) Assignment
300 0.30 300 1.66 TA(X)
500 1.50 450 2.90 LA(X)
500 4.40 TO(I'-L)
620 2.50 620 4.20 TO(X-K)
700 2.60 710 3.80 LO(X)
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this Raman spectrum, the broad bands around 250 and
500 cm™! correlate with the maxima of the 1-PDOS corre-
sponding to the TA(I') and the LA(I’-K-M) modes of the
wurtzite phase. Finally, the two marked maxima of the band
that extends from 550 to 700 cm™' can be assigned to con-
tributions of the TO branches since the contribution of the
LO branches are considerably smaller. Therefore, we con-
clude from the comparison between experimental and theo-
retical data that the rocksalt phase in AIN is preserved down
to 1.3 GPa on decreasing pressure and that there is a partial
transformation to the wurtzite phase below 1.3 GPa. This
result seems to contradict the previous experiments that
quenched the rocksalt phase after a high-pressure treat-
ment;>”> however, it agrees with the rocksalt-to-wurtzite
backtransformation found in InN.** This backtransformation
to the wurtzite phase in AIN can be understood if we con-
sider that the full wurtzite-to-rocksalt phase transition is only
completed above 30 GPa (Ref. 4) and that we have only
reached a pressure of 25 GPa in our experiments. Therefore,
some microcrystals or nanocrystals of the wurtzite phase
could remain at 25 GPa, which leads to nucleation of this
phase on decreasing pressure. As regards the band near
320 cm™! in the spectrum at ambient pressure, it can come
either from rests of the rocksalt phase or from the difference
TO-TA second-order mode of the wurtzite phase already
present at ambient pressure. We can also note that the in-
creasing contribution of the 1-PDOS of the rocksalt phase in
AIN with decreasing pressure is in agreement with the back-
transformation to the wurtzite phase. As pressure decreases
below 14 GPa, there is a gradual increase in the intensity of
the Raman scattering due to DARS of the rocksalt phase
likely due to progressive transformation of the sample from
the rocksalt to the wurtzite structure. Finally, we can mention
that the wurtzite-to-rocksalt transition measured on the up-
stroke at 18 GPa and on the downstroke below 1.3 GPa in-
dicate that the middle of the hysteresis cycle is somewhat
below 9.6 GPa. This value is in good agreement with the
pressure of the coexistence of both phases (9.2 GPa) re-
ported by Serrano et al.®

V. CONCLUSIONS

We have performed Raman scattering measurements in
w-AIN at room temperature up to 25 GPa. The pressure de-
pendence of the phonon frequencies of AIN in the wurtzite
and high-pressure phases are reported and compared to ab
initio lattice dynamical calculations performed for the wurtz-
ite, zinc blende, and rocksalt phases. Our theoretical results
using DFT-GGA calculations show pressure coefficients for
wurtzite-type modes that are in better agreement with experi-
mental Raman data than previous calculations. We have mea-
sured much larger pressure coefficients for the E; and
E,(high) modes in w-AlIN than for the A; modes. This result
is a consequence of the bond-stretching nature of the modes
and of the different compressibilities of the two inequivalent
Al-N bond distances in the wurtzite structure. We have
shown that the relative pressure coefficients of the TO modes
in wurtzite materials scale with the relative compressibility
of their cation-anion distances. Furthermore, we consider
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that the relatively small bulk modulus and phase transition
pressure as well as the counterintuitive positive pressure co-
efficient of the E,(low) in w-AIN are consequences of the
tendency of the wurtzite AIN structure toward the hexagonal
graphitelike structure of BN with increasing pressure previ-
ous to the wurtzite-to-rocksalt phase transition. The tendency
toward the graphitelike structure in w-AIN is manifested
through a decrease in the c/a ratio and the increase in the
internal parameter u under compression. This tendency to-
ward an intermediate hexagonal phase in w-AIN is contrary
to that of other wurtzite semiconductors, such as GaN and
InN, which tend to an intermediate tetragonal phase and
show a pressure-independent anisotropy and, consequently,
similar relative pressure coefficients for the E; and A,
modes.

We have measured a negative pressure coefficient for the
LO-TO splitting for both the A; and E; modes in w-AIN that
curiously agrees with the average of the pressure coefficients
reported in the literature. The decrease in the LO-TO split-
ting is attributed to a decrease in the ionicity of AIN under
compression. Our theoretical results for the LO-TO splittings
do not agree with the experimental data but the deviation is
within errors in the case of the LO-TO (E;) splitting. The
discrepancies may be related to the underestimation of the
pressure coefficient of the internal parameter u in the calcu-
lations and deviations regarding the pressure dependence of
the charge transfer. Curiously enough, the calculations pre-
dict an increase in the LO-TO splitting in zb-AIN, which is
in agreement with the predictions for other nitrides. It re-
mains to be proved whether the increase or decrease in the
LO-TO splitting with increasing pressure in nitrides and
other semiconductors with anions of the first row (C, N, and
0) is related to the different behaviors of the bonds under
pressure in the zinc blende and wurtzite structures.

Finally, we have observed a weak Raman scattering ap-
pearing below 14 GPa on decreasing pressure from 25 GPa
and lasting down to 1.3 GPa. Such Raman scattering has
been attributed to the one-phonon density of states of the
rocksalt phase. Below 1.3 GPa, there is a partial return to a
disordered wurtzite phase likely due to its nucleation from
wurtzite microcrystals still present at 25 GPa due to the in-
complete wurtzite-to-rocksalt phase transition.
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