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High-pressure Raman spectroscopy study of wurtzite ZnO
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The high-pressure behavior of optical phonons in wurtzite zinc oxide (w-ZnO) is studied using room-
temperature Raman spectroscopy andab initio calculations based on a plane-wave pseudopotential method
within the density-functional theory. The pressure dependence of the zone-center phonons (E2 , A1, andE1)
was measured for the wurtzite structure up to the hexagonal→cubic transition near 9 GPa. Above this pressure
no active mode was observed. The only negative Gru¨neisen parameter is that of theE2

low mode.E1(LO) and
~TO! frequencies increase with increasing pressure. The corresponding perpendicular tensor component of the
Born’s transverse dynamic chargeeT* is experimentally found to increase under compression likeeT* (P)
52.0216.431023P, whereas calculations giveeT* (P)52.09 –2.531023P ~in units of the elementary
chargee, P in GPa!. In both cases, the pressure variation is small, indicating a weak dependence of the bond
ionicity with pressure. The pressure dependence of the optical mode energies is also compared with the
prediction of a model that treats the wurtzite-to-rocksalt transition as an homogeneous shear strain. There is no
evidence of an anomaly in theE2 andA1 mode behaviors before the phase transition.
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Zinc oxide belongs to the wide-band-gap semiconduc
family, with large ionic characters of chemical bonds.1 The
ionic size or relative electronegativity has been used to
plain high pressure structure changes inANB82N semicon-
ductors. First-principles calculations have shown that
zinc-blende ~or wurtzite!→rocksalt→b-Sn transition se-
quence is a common feature for most semiconductors. H
ever, a recent experimental identification of intermedi
phases~like cinnabar in CdTe for example! and the system-
atic absence of some phases@rocksalt (rs) for covalent com-
pounds andb-Sn for all except the most covalent# invalidate
the traditional transition sequence and, consequently, q
tion the standard theoretical approach. In a recent pa
Ozoliņš and Zunger2 suggested that phase transitions are
companied by phonon softening, whose instability has to
taken into account in the calculation to correctly predict
phase diagram. The latter outcome can also be discuss
terms of the transition mechanism, where the presenc
negative Gru¨neisen parameters of phonon modes may p
an important role. Recently, an intermediate structure w
proposed in the wurtzite to rocksalt transformation path
GaN, along which the opticalA1 and E2

high modes are ex-
pected to be affected by the bond formations.3 Wurtzite ZnO,
which transforms under pressure into theRSphase at 9 GPa
may provide a good example of this trend.

Wurtzite ZnO belongs to theC6v
4 (P63mc) space group.

The primitive cell includes two formula units, with all atom
occupying 2b sites of symmetryC3v . At the G point of the
Brillouin zone, group theory predicts the existence of t
following optic modes:Gopt5A112B11E112E2. The fre-
quency from theB1

low andB1
high silent modes has been ca

culated at 260 and 540 cm21 respectively.A1 , E1, andE2
modes are Raman active. In addition,A1 andE1 are infrared
active, and therefore split into longitudinal and transve
optical ~LO and TO! components. The mode assignment
ambient conditions is well established in the literature.4 To
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the best of our knowledge, no calculation and only two e
perimental attempts have been made to study thew-ZnO
phonon frequency shift under pressure.5,6 In the first refer-
ence, the authors reported the evolution of two phonon
quenciesE2

high andE2
low over a relative small pressure rang

~0–1 GPa!. In the second reference, the pressure depende
of four Raman modes@E2

high,E2
low ,A1(TO), and E1(TO)#

are given up to;7.5 GPa. However no experimental deta
is described, neither on the sample nor on the appar
~high-pressure cell, pressure-transmitting medium, or p
sure measurement!. This lack of information is detrimental to
any discussion, especially in our case where, on compres
at room temperature, non hydrostatic stresses are know
affect the phonon response of the crystal considerably. H
we report results on the high-pressure behavior of opt
phonons inw-ZnO from both Raman experiments andab
initio calculations.

For the high-pressure Raman experiments, two sam
were cut as platelets from a large, colorless, and transpa
single-crystalline cube ofw-ZnO purchased from SPC Good
will. The sample was tailored to have a 30320 mm2 surface
and to be 20mm thick. One crystal was polished with plan
parallel surfaces normal to the hexagonalc axis, and the
other one with surfaces normal to thea axis. The high pres-
sure cell was a membrane diamond-anvil cell~DAC!.7 A
stainless-steel gasket was preindented to 50mm, and a
200 mm hole was drilled in the center by spark erosio
Neon gas loaded at high pressure~0.15 GPa! was used as a
pressure-transmitting medium because~i! it is hydrostatic up
to 16 GPa,8 ~ii ! it is chemically inert, and~iii ! it has no
luminescence and no Raman activity. Pressure was sys
atically measured before and after each Raman spectra u
the fluorescence emission of a ruby sphere9 placed close to
the sample into the gasket hole. The accuracy was better
0.1 GPa at the maximum pressure reached. Raman sp
were excited with the 514.5 nm line of an Ar1 laser focused
©2002 The American Physical Society01-1
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BRIEF REPORTS PHYSICAL REVIEW B 65 092101
down to 5 mm with a power level of about 500 mW at th
entrance of the DAC. The scattered light was analyzed w
a Dilor XY triple spectrometer and a liquid-nitrogen-coole
CCD multichannel detector. All spectra were recorded in
backscattering geometry with unpolarized light. In this g
ometry,E2 , A1(TO), andE1(TO) are allowed with incident
radiation perpendicular to thec axis, andE2 and A1(LO)
with light parallel to thec-axis. The Raman frequencies we
determined from a computer fit of the peaks with a Lore
zian profile. The accuracy was better than 1 cm21.

Phonon frequencies, Born effective charges, and the
electric constante` were calculated from first-principles i
the framework of density-functional theory and local-dens
approximation, by using thePWSCFcode.10 We adopted the
density-functional pertubation theory~DFPT! approach11 and
a standard local-density approximation plane-wa
pseudopotential scheme. Norm-conserving pseudopoten
of the Troullier-Martins form12 have been used, with the in
clusion of 3d electrons of Zn in the valence shell. Tes
carried out with zinc 3d electrons in the core and nonline
core correction gave an unsatisfactory accuracy of pho
frequencies. We used a cutoff of 70 Ry and a 83834 mesh
of specialk points for the Brillouin-zone integration. At eac
pressure,w-ZnO is relaxed with respect to thec/a ratio and
the internal parameteru, and phonon frequencies are calc
lated at these optimized structural parameters. Because o
polar character of ZnO, the dynamical matrix displays
nonanalytical behavior in the limitq→0, arising from the
long-range character of the Coulomb forces. The calculati
of LO modes is nonetheless straightforward, since
LO-TO splitting only depends on the phonon frequenci
the dielectric constant, and the Born effective charges, wh
can all be directly calculated in the DFPT framework.

Before performing the high-pressure experiment we
amined the optical zone-center phonons ofw-ZnO at ambi-
ent pressure, with light parallel and perpendicular to thc
axis. We employed the large single crystal from which t
micrometric samples used in the high-pressure experim
were extracted. TheE2 , A1(TO), and E1(TO) modes are
clearly seen in the spectra. Conversely theA1(LO) mode is
hardly observable and not seen at high pressure~crystal in
the DAC!. The frequency assignment, as well as a comp
son withab initio results and previous works, is presented
Table I. The Raman spectra in both configurations also sh
additional features at 331 and 552 cm21. In Ref. 4 they

TABLE I. Experimental and theoretical Raman-activew-ZnO
G-point phonon frequencies~in cm21) at ambient conditions.

Mode This work~exp.! This work ~theo.! Ref. 13 Ref. 4

E2
low 99 92 101 101

E2
high 439 449 444 437

A1(TO) 382 397 380 380
E1(TO) 414 426 413 408
A1(LO) 574 559 579 574
E1(LO) 580 577 591 584
09210
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were tentatively assigned to second-order structures by c
parison with flat regions in the dispersion curves.

Under pressure, with incidence parallel to thec axis, only
an E2 single phonon mode was apparent when focusing
the center of the sample. In the same configuration,A1(TO),
E1(TO) and a mode at 580 cm21 appear, with the laser ligh
focused on the sample border. This mode is much more
tense than theA1(LO) found in ambient conditions. Its fre
quency is also slightly higher. TheE1(LO) mode is forbid-
den in the backscattering geometry. However, it w
observed in ZnO in the forbiddenX(ZZ)X̄ geometry.4 We
have thus assigned the mode appearing at 580 cm21 to the
E1(LO) mode. Our assignment should be considered as
tative since this mode is observed only when we focus on
sample border. In this situation, the incidence direction w
respect to the crystal axes is not defined, and mixed mo
may be obtained. In this geometry, typical Raman spectra
ZnO at various pressures are shown in Fig. 1.

The pressure dependences of the phonon frequencie
the two high-pressure runs are shown in Fig. 2. No differe
between the two runs is observed. Around 8.7 GPa, the
appearance of all Raman peaks reflects the onset of
wurtzite-rocksalt structural transformation in excellent agr
ment with the previous high-pressure studies.E2

low is the
only mode which exhibit a negative pressure dependen

FIG. 1. Raman spectra of single-crystalline ZnO under differ
hydrostatic pressures in the backscattering geometry. The sp
are shifted upward for clarity.
1-2
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The frequency shift ofE2
high , A1(TO), E1(TO), andE1(LO)

modes increase with pressure, and no anomaly up to
transition pressure is detected. The frequency dependen
E2

low and E2
high are in perfect agreement with the low

pressure values obtained from Mitraet al.5 On the other
hand, while our frequency data seem to agree with thos
Minomura6 @exceptA1(TO)#, the discrepancy in the corre
sponding Gru¨neisen parameters is important@except for
E1(TO); see Table II#. It is difficult to account for this dis-

FIG. 2. Top: Pressure dependence of the observed op
phonons. Open~full ! symbols: propagation of light perpendicula
~parallel! to c. Bottom: (nLO2nTO) E1 phonon mode splitting vs
pressure. Solid lines are linear least-square fits to the experim
points.

TABLE II. ZnO mode Grüneisen parametersg i of the zone-
center phonons

Symmetry This work~expt.! This work ~theo.! Ref. 6

E2
low 21.6 21.67 21.75

E2
high 2.0 1.84 1.62

A1(TO) 2.1 1.70 1.70
E1(TO) 1.8 1.80 1.76
E1(LO) 1.4 1.30 -
09210
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agreement, since no calculation details was given in Ref
We suspect that the author used a different bulk modu
Here the mode Gru¨neisen parametersg i are defined as:g i

52(dlnn i /dlnV)P505(B0 dn i /n idP). The isothermal
Birch-Murnaghan equation of state was used to determ
B05170 GPa andB854 from the x-ray-diffraction data
V(P).14

The experimental LO-TO splitting of theE1 phonon
mode increases with a small pressure dependence (12% at
5 GPa, see Fig. 2!, in good agreement with theoretical resu
where no variation of theE1 or A1 LO-TO splitting is ob-
tained in the same pressure range. It is noteworthy that
splitting increases~nearly constant from calculations! with
pressure, an uncommon behavior forANB82N semiconduc-
tors except SiC,15 AlN, and GaN.16 The change of the Born
transverse dynamic chargeeT* under compression can be d
termined from the measured frequencies using~in S.I. units!
(eT* )254p2Vm«0«`(nLO

2 2nTO
2 ), whereV is the volume per

formula,m is the reduced mass,«0 is the vacuum permittiv-
ity, and «` is the high frequency~optical! dielectric
constant.17 At ambient pressure, and with«`(P50)
53.95«0, the experimental effective charge values are 2
and 2.4~in units of the elementary chargee) for the E1 and
A1 modes respectively. The evolution of the high-frequen
dielectric constant«` under high pressure has not been me
sured. To our knowledge only the dependences of the o
nary (no) and extraordinary (ne) refractive indices at
0.5893 mm were measured.18 In order to estimate the pres
sure behavior ofeT* from our measurements, we suppose th
the pressure dependences of«` and no

2 are equal. With
this assumption, we obtain~in S.I. units! (]«` /]P)P50

52n0(]n0 /]P)P50520.014«0 GPa21. The behavior un-
der pressure of the normalized perpendicular tensor com
nent eT* /eT* (0) is plotted in Fig. 3. The effective charge i
w-ZnO increases under compression with]eT* /]P56.4
31023 ~in units of the elementary chargee per GPa!. Theo-
retically, «` and the effective charge have been found
decrease linearly with pressure: (]«` /]P)P50

520.025«0 GPa21 and ]eT* /]P522.531023. However,
if we constrain the calculations to use the experimental p
sure dependence of«` , we obtain]eT* /]P.0. These results
may indicate a small variation of thew-ZnO bond ionicity
when compressed between 0 and 4 GPa. In comparison
]eT* /]P experimental value for SiC~Ref. 15! is 5.331023,
0.1531023 for AlN,16 and21.331023 for GaN.16 Above 4
GPa, Fig. 3 shows a saturation ofeT* . However, the refrac-
tive indices~and thus the dielectric constant! have only been
measured between 0 and;1 GPa,18 which means that our
eT* (P) values above that pressure range have been obta
from an extrapolation of«`(P).

We now turn the discussion to the simple homogene
orthorhombic shear strain path proposed to picture thew to
rs mechanism of transition.3 This model predicts that, unde
pressure, a relaxation of the structural parameteru from
; 3

8 up to 1
2 is expected to occur in the wurtzite structu

~i.e., below the phase transition! which gives rise to a new

al

tal
1-3
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FIG. 3. Experimental pressure and volume d
pendence of the perpendicular componenteT* un-
der compression normalized to its ambient pre
sure valueeT* (0)52.02. For comparison, dotted
lines represent the experimental values ofeT* for
SiC ~Ref. 15!, AlN ~Ref. 16!, and GaN~Ref. 16!.
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intermediate phase isomorphic toh-MgO. In addition to the-
expected ~and experimentally observed! negative mode
Grüneisen parameter of Elow

2 at G, the previous model pre
dicts the opticA1 andE2

high modes atG to be affected by the
w→h-MgO transition. However, in the pressure ran
probed during the present work~from atmospheric up to the
transition pressure, i.e., 9 GPa!, no instability of these mode
is observed. Our results show a discrepancy with theA1 and
E1 anomaly expected from calculations, and agree with
conclusions derived from long-range order probe~x-ray-
diffraction experiments! by Desgreniers,19 where the evalua
tion of the normalized integrated intensity of the~002! and
~101! diffraction lines indicated no deviation of theu param-
eter from its ideal value.

In summary, the LO-TO splitting of theE1 phonon mode
has been experimentally and theoretically found to
weakly pressure dependent. This unusual behavior is re
to a small variation of the chemical bonds ionicity ofw-ZnO
with pressure. Moreover, the present observation of an o
cal phonon under pressure does not show any softenin
the opticA1 andE2

high modes as theoretically expected.3 All
t
a

ed
c
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Grüneisen parameters show positive values except tha
E2

low , which is a quite common feature in II-VI compound
However, from first-principles calculation onw-ZnO, we
predict ~in good agreement with Ref. 3! the u parameter to
shift up to 0.5 at a volume of 24.08 Å3 ~i.e., ;21 GPa).
Experimentally, thew-to-rs first-order transition limits the
pressure range ofw structure existence and, consequen
does not allow the second-order process observation~via
optical-phonons instabilities for example!. However, if we
refer to the phase diagram of ZnO,20 it may be possible to
constrain the structure to still be tetrahedrally coordinate
low temperature in order to cause the wurtzite→ NaCl tran-
sition to occur at higher pressure, rendering the second-o
process directly observable in semiconductors.
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