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Considerable attention has been devoted recently to the dependence of the widths of the Raman pho-
nons of semiconductors on pressure and on isotopic mass. The dependence on pressure is usually small
and monotonic unless the phonon happens to be close to a singularity of the two-phonon density of
states (DOS) which determines its width. In the latter case, strong nonmonotonic dependences of the
phonon width on pressure and on isotopic mass can appear. We have investigated the Ehigh

2 phonons of
ZnO crystals with different isotopes and observed a wide range of FWHM depending on isotopic
masses. Ab initio calculations of the two-phonon DOS provide an explanation for this variation of the
FWHM: the Ehigh

2 frequency falls on a sharp ridge of the 2-DOS corresponding to combinations of TA
and LA phonons. Changes in isotopic mass result in a motion of the Ehigh

2 frequency up and down that
ridge which produces the changes in FWHM. These phenomena suggest a decrease of the FWHM with
pressure which seems to be present in existing data obtained at 300 K. Similar phenomena are dis-
cussed for the Elow

2 phonons. Applications of the isotope and pressure techniques to the elucidation of
two-phonon spectra will be presented.

Introduction Since the pioneering work of Weinstein for GaP [1] it is known that the widths and
lineshapes of phonons can, in some cases, be strongly modified by application of pressure. The dia-
mond anvil cell is an excellent tool for such investigations [2] which yield detailed information about
the anharmonic decay mechanisms responsible for linewidths and lineshapes. The reason for the dras-
tic lineshape changes observed by Raman spectroscopy in CuCl [3], CuBr [4], GaP [5] and, to a lesser
extent Si [6] and CuI [7] is that, in these cases, the anharmonic self-energy is determined by decay
into two phonons close to Van Hove singularities at the edge of the Brillouin zone. The fact that the
corresponding two-phonon density of states (DOS) has strong singularities near Raman LO (CuBr) or
TO (CuCl, GaP) phonons, together with strong anharmonic coupling constants, gives rise to complex
lineshapes which are determined not only by the imaginary part but also by the real part of the self-
energy. Similar effects have been observed for the Raman LO phonons in CuBr. In these examples the
application of hydrostatic pressure leads to a ‘‘hardening” of the optical modes, which then shift to
higher frequencies, and a ‘‘softening” of the transverse acoustic (TA) ones.
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The near-resonance of the Raman mode with a two-phonon state, involving at least a TA mode, can
thus be strongly modified by pressure. In the cases just mentioned, the so-called Fermi resonance of
the one-phonon with the two-phonon states is offset by the shift of these states in opposite directions,
a fact which leads to a decrease in the width of the Raman phonon and the evolution of the lineshape
towards a standard Lorentzian. Recent results for GaP [5] are shown in Fig. 1.

Since the fall of the Iron Curtain stable isotopes of many elements which are constituents of the
tetrahedral semiconductor crystals have become available at affordable prices. With them, crystals of
variable isotopic composition have been grown [9, 10]. Variation of the isotopic composition of a
crystal leads to changes in phonon frequencies. Small disorder-induced self-energies may also appear
but drastic effects on phonon linewidths are neither expected nor observed. For monatomic crystals
(e.g. Si [11]) variation of the mass leads simply to a scaling of the frequency in the dispersion rela-
tions within the harmonic approximation. For binary (or even more so for multinary) crystals, isotopic
substitution can lead to a non-affine deformation of the dispersion relations and the two-phonon DOS.

The DOS used here is that which corresponds to two-
phonons with q-vectors which add up to the q-vector
of the decaying phonon whose width is under consid-
eration: q0 ¼ q1 þ q2; for Raman phonons q0 ’ 0. At
high temperatures two-phonon difference modes, with
q0 ¼ q1 � q2, may also play a role [12].

As an example we mention GaP and CuCl. For
these materials, the Raman frequencies (TO and LO)
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Fig. 1 Raman spectra of the anomalous TO phonons of
GaP at different pressures. The TO peak sharpens with in-
creasing pressure due to the different Gr�neisen parameters
for the Van Hove singularity and the optical phonons. The
spectra were reported recently by Ves et al. in [5].
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Fig. 2 Low temperature (6 K) Raman spectra of the TO
phonons of GaP for different gallium isotopic compositions,
reported in [13]. Besides the isotopically pure 69GaP (a)
and 71GaP (d), the spectra of natural GaP (69Ga0:671Ga0:4P)
(b) and its complementary composition (69Ga0:471Ga0:6P),
denoted by natGaP (c), are also shown. The solid lines are
fits to the experimental data (symbols) using the two-pho-
non DOS, q2ðwÞ, displayed by the dashed lines. The verti-
cal lines represent the d-function peaks of the harmonic TO
phonons (see Ref. [13] for details).
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are mainly determined by the lighter anion mass whereas the TA frequencies at the edge of the Bril-
louin zone are determined by the cation mass. By increasing the mass of the cation and decreasing
that of the anion, effects on the above mentioned Fermi resonances, qualitatively similar to those
induced by a hydrostatic pressure, are produced. We show in Fig. 2 [13] recent measurements of those
isotopic effects on the TO Raman phonons of GaP. Notice that the peak sharpens considerably when
69Ga is replaced by 71Ga (Fig. 2d), thus simulating the effect of high pressure, Fig. 1, whereas the
broadest peak is obtained for 69GaP when the TO phonon is nearly degenerate with the (TA þ LA)X
Van Hove singularity.

Note that in 69GaP the peak is actually a doublet, corresponding to the strong hybridization of TO
with (TA þ LA)X. Unfortunately, phosphorus (like aluminum, arsenic and iodine) only has one stable
isotope but the gallium substitution suffices to make the point. For similar effects on the TO phonons
of CuCl see Figs. 3 and 4 of Ref. [8].

The wurtzite crystal structure is a tetrahedral structure adopted by a number of technologically
important binary semiconductors (e.g. GaN, CdS, CdSe, ZnO). It has four atoms per primitive cell,
which lead to the doubling of the number of phonons at q ¼ 0, thus adding two doubly degenerate
Raman active phonons of E2 symmetry to the IR- and Raman-active LO and TO phonons of the zinc
blende structure. The hexagonal crystal field also induces splittings of the TO and LO phonons de-
pending on the direction of vibration with respect to the c-axis and the q-vector. The increase in the
number of phonons enhances the possibility of observing ‘‘accidental” Fermi resonances with the two-
phonon DOS. Nevertheless the investigations of pressure and isotope effects on the lineshapes per-
formed for wurtzite-type materials are rather scarce (ZnO [14, 15], CdS [16], GaN [17]).

In this paper we present Raman spectra measured at 6 K and 300 K for wurtzite ZnO prepared with
different zinc (64Zn, 68Zn) and oxygen (16O, 18O) isotopes and also with natural elements. The most
interesting effect discovered is a strong dependence of the width of the Ehigh

2 peak on the isotopic
masses (it varies from 0.8 cm�1 to 5 cm�1, FWHM, at 6 K). This effect can be described in terms of
a Fermi resonance with the two-phonon DOS. For a quantitative interpretation we have performed an
ab initio calculation of the lattice dynamics of ZnO because existing inelastic neutron scattering meas-
urements and model calculations are rather unsatisfactory [18–20] (see Fig. 3 and Ref. [21]). The
corresponding two-phonon sum and difference DOS have been evaluated. The Ehigh

2 phonon appears at
the upper flank of a two-phonon sum band, a fact which can account for the measured changes in the
Ehigh
2 phonon width. These results, and also calculations, suggest that the FWHM of the Ehigh

2 phonons
of ZnO should decrease with increasing hydrostatic pressure. Recent measurements performed at room
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Fig. 3 Ab initio phonon dispersion relations calculated for ZnO along directions of high symmetry.
The solid and open circles represent inelastic neutron data at room temperature from Refs. [19]
and [20], respectively, and the open diamonds represent our Raman data for natural ZnO at 6 K.
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temperature [14, 15] qualitatively confirm this conclu-
sion. In order to obtain more quantitative results, pres-
sure measurements on several isotopically modified
samples are under way.

Experimental details We performed Raman meas-
urements of ZnO at 6 K and 300 K in samples of sev-
eral isotopic compositions (natZn16O, 64Zn16O,
68Zn16O, 64Zn18O, 68Zn18O). These samples were
grown by chemical vapor transport at a source tem-
perature of �900 �C, using ammonium chloride as

transport agent. Purification, synthesis, and crystal growth were performed in the same ampoule for
small quantities of the materials.

We used for excitation the 676 nm and 406 nm Krþ laser lines for low and high temperature
measurements, respectively (due to laser availability). The scattered light was analyzed with a triple
grating XY Dilor spectrometer operated in the subtractive mode, and detected with a charge-coupled-
device (CCD). The Raman signal was calibrated with laser plasma lines which were fitted with a
Gaussian, yielding a spectral resolution of 0.6 cm�1 and 2.9 cm�1, for 6 K and 300 K, respectively.
Several polarization configurations as described in [22] were used to identify the different modes
observed in the spectra.

Ab initio calculations The experimental data reported by Raman and neutron scattering for the
phonon dispersions of ZnO do not allow the reliable use of semiempirical models to obtain the two-
phonon DOS. Therefore, we have undertaken ab initio calculations of the phonon dispersion relations
of ZnO.

The calculations were performed with the code ABINIT [25], employing pseudopotentials [26] and
a plane wave basis, within the framework of density functional perturbation theory. The linear re-
sponse method [23, 24] was used to obtain the phonon frequencies and eigenvectors. The details of
the calculations and a comprehensive report on the lattice dynamics at several pressures will be pub-
lished elsewhere [21].

We use a cutoff of 60 Hartree in the kinetic energy for the basis expansion, and a 6� 6� 3 Monk-
horst-Pack grid [27] for integration in reciprocal space. With these parameters, a convergence better
than 1 mHartree in the total energy was achieved. We calculated the dynamical matrices for a grid of
14 points in the Brillouin zone. This allowed us to calculate by Fourier transform the interatomic
force constants for any arbitrary q-vector, which we used to obtain the two-phonon DOS for both sum
[qð2Þþ ðwÞ] and difference [qð2Þ� ðwÞ] processes, needed to analyze the phonon linewidths. Using a conju-
gate-gradient algorithm, we performed a relaxation of both internal parameters and lattice constants
obtaining a ¼ 3:198 �A, c ¼ 5:167 �A, and u ¼ 0:379, in agreement with the reported experimental
data: aexp ¼ 3:249ð6Þ �A, cexp ¼ 5:204ð2Þ �A, and uexp ¼ 0:3819ð1Þ [28].

Figure 3 displays the calculated phonon dispersion relations of ZnO along the high symmetry direc-
tions. There is good agreement with the Raman and neutron data, represented in the figure by open
diamonds and circles, respectively.
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Linewidths of the Elow
2 and Ehigh

2 phonons As a wurt-
zite crystal, ZnO possesses two Raman active E2 phonons
(Ehigh

2 at � 438 cm�1 and Elow
2 at � 100 cm�1 for natural

ZnO at 6 K) [29–31]. The Raman spectra of the Ehigh
2

phonons are shown in Fig. 4 for several isotopic composi-
tions.

The frequency shift with Zn isotope is small, whereas
that with oxygen isotope is large, a fact which indicates the predominance of oxygen-motion in the
corresponding eigenvector. Following Ref. [17], we determined from these shifts the eigenvector com-
ponents eO ¼ 0:65, eZn ¼ 0:27, in good agreement with the calculations (eO ¼ 0:653, eZn ¼ 0:272).
Most striking in this figure is the strong dependence of the linewidth on isotopic composition, from
0.8 cm�1 for 68Zn16O to 5 cm�1 for 64Zn18O. Its origin is illustrated in Fig. 5b, where the two-phonon
DOS is plotted multiplied by a fitted factor of 39 which represents an anharmonic coupling constant
to the Ehigh

2 phonon (jV3j2 ¼ 39 cm�2, see also [8]).
This scaled DOS is meant to represent the linewidths of the Ehigh

2 phonons which are displayed by
points with the frequency shifted so as to compensate for the shift of the DOS with Zn mass, thus
assuming that this does not shift with oxygen mass in the considered region. In this manner, the DOS
can be taken to be independent of the isotopic masses and can be shifted rigidly along the frequency
scale so as to obtain the best fit to the experimental widths, thus compensating errors in the ab initio
calculations of the dispersion relations. The overall agreement of the measured widths with the calcu-
lated ones is excellent, the coupling constant jV3j2 being close to that found for the TO phonons of
GaP [13].

Figure 5b suggests that a considerable variation of the width should also take place upon applica-
tion of pressure: The DOS (corresponding to TA þ LA phonons) should shift down with pressure
while the Ehigh

2 frequency should shift up [14, 15]. This should result in a sharpening of the Ehigh
2 peak

264 J. Serrano et al.: Dependence of phonon widths
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Fig. 6 Raman spectra of the Ehigh
2 phonon of natural ZnO at 300 K

displaying the decrease in FWHM with increasing pressure
(7.9 cm�1 at 0 GPa and 5.5 cm�1 at 3 GPa). The data are basically
those in Fig. 1 of [14]. We are thankful to A. Polian for an ex-
panded plot of these data and other data in [14].
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with increasing pressure which can be observed, with a
trained eye, in Fig. 1 of [14] and of [15], although these
data were not obtained with the problem at hand in mind.
We have replotted in Fig. 6 the original spectra measured
by Decremps et al. [14] for 0 GPa and 3 GPa at 300 K
for a natural sample. These data clearly show the shar-
pening of the Ehigh

2 peak with increasing pressure inferred
from Fig. 5.

We have tried to investigate possible effects of the isotopic mass on the width of the Elow
2 phonon

without success. This phonon is very sharp, around 0.3 cm�1 FWHM at 300 K [31] and less than
0.1 cm�1 at 6 K (our work). Recent work for the TA phonons of germanium at the edge of the
Brillouin zone (FWHM � 0:2 cm�1 at 300 K [12]) show that the width is mainly determined by
decay into the difference of two phonons (TO � LA) and should vanish at low temperature. On the
basis of the DOS of Figs. 5a and 7a we conjecture that a similar amount of sum and difference
processes may determine the rather narrow width of the Elow

2 phonons. Measurements with different
isotopic compositions indicate a contribution of isotope scattering to the linewidth of about 0.05 cm�1

for the Elow
2 phonons of ZnO.

We show in Fig. 7b a portion of the two-phonon spectrum of ZnO at room temperature which can
be attributed to scattering by TO � TA phonon differences since it vanishes at 6 K. This assignment is
confirmed by the isotopic substitution: an increase in the oxygen mass should lead to a decrease of
the TO frequency, i.e., a decrease of that of the difference peak. An increase in the Zn mass, however,
should result in a decrease of the TA frequency, i.e., an increase in the frequency of the difference
peak. These conjectures are confirmed by the measured spectra shown in Fig. 7b. This assignment to
TO � TA scattering has been confirmed by measurements under pressure: since the TO frequency
increases with increasing pressure while that of the TA phonon decreases, the application of pressure
results in a strong increase in the frequency of the TO � TA peak; this is in agreement with the large
value of the pressure derivative observed in [15], where this mode was assigned to Ehigh

2 � Elow
2 .
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