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Lifetime of Phonons in Semiconductors under Pressure
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We have measured the pressure dependence of the width of the first-order Raman lines in Si and G
low temperature. The width increases linearly with hydrostatic pressure, which implies a decrease of
lifetime of the long-wavelength optical phonons. The results are compared with recent first-principl
calculations of anharmonic decay into two phonons of lower energy, based on third-order dens
functional perturbation theory. Provided the calculations are slightly adjusted so that the releva
frequencies agreeexactlywith the measured ones, the agreement for the linewidths between theory a
experiment is excellent. [S0031-9007(97)02433-2]

PACS numbers: 63.20.Kr, 62.50.+p, 78.30.–j, 81.40.Vw
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The homogeneous width of first-order Raman lines
an important physical parameter, as it reflects anharmo
interactions of the Raman-active optical phonons caus
their decay into combinations of phonons of lower energ
Such decay determines the lifetime of nonequilibriu
phonons usually probed by time-resolved spectrosco
The full width at half maximum (FWHM,G) of Raman
lines has been measured repeatedly in the past for vari
materials, particularly for diamond-type crystals [1]. Th
measurements include the temperature (T) dependence
of G and of the optical phonon frequencyvR. The
T dependence ofG is governed by changes in phono
occupation numbers. On the other hand, the depende
of G on hydrostatic pressuresPd is expected to reveal the
influence of the phonon dispersion on decay process
due to changes in phonon frequencies throughout
Brilloiun zone. Data on the phonon FWHM vsP are
not available, with the exception of early work on GaP
300 K [2].

In this Letter we report measurements of the FWHM o
optical phonons in Si and Ge for pressuresP # 9.2 GPa
at low temperature (6 K). The present experiments r
vealed zero-pressure linewidths smaller than all previo
experimental values. We observe that in both cases
FWHM increases linearly under pressure. We compa
our results with recentfirst-principlescalculations [3] and
show that in order to reproduce the experimental data
GsPd, the calculations for Si have to be slightly adjuste
so that all relevant phonon frequencies are brought to c
incidence with the measured ones.

Different experimental conditions and methods of nu
merical analysis used by different authors have led to co
siderable discrepancies in theT -dependent data forGsPd
[1]. Discrepancies exist also in the results of various the
retical works, mostly semiempirical, due to the differ
ent models used. A critical review has been presen
in Ref. [1]. Several articles have been published ev
since where the theoretical results [3–8] appear to co
verge towards the most recent and most reliable expe
mental values forvR , G, and theirT dependence. The
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work in Ref. [3], in particular, has shown that throug
parameter-freecalculations based on third-order densit
functional perturbation theory it is possible to reach re
sonable agreement between theory and experiment foG

in Si, Ge, and diamond at ambient pressure. Only thr
phonon processes were found to be necessary. At z
pressure, energy conservation allows the zone-center o
cal phonons to decay into only acoustical branches,
most relevant modes being TA and LA near the zo
boundary.

In order to simulate the effect ofP on G, the authors of
Ref. [3] performed their calculations for different crysta
volumes. According to these results, asP increases from
1 atm to 10 GPa, the FWHM for Si increases by mo
than a factor of 2, for Ge by,50%, while for diamond it
remains almost unchanged. The variation withP is linear
for Ge, whereas Si shows a linear region up to,7 GPa,
after which G exhibits a change in slope. The linea
slopes obtained from the present experiments are ne
equal to the initial ones computed in Ref. [3]. Howeve
we have no evidence of nonlinear regions in Si. W
discuss the extent of validity of the theoretical approach
Ref. [3], and suggest refinements based on supplemen
density-functional calculations.

The experiments were performed at 6 K in backsc
tering geometry. Commercial (100)-oriented samples
high purity were mechanically polished to a thickne
of 100 mm, and then etched down to,25 mm by im-
mersing Si for 8 min in CH3COOHs96%d : HNO3s65%d :
HFs49%d (volume ratio 5:15:2), and Ge for 2 min in
HNO3s65%d : HFs49%d (3:1). The pressure was applie
using a diamond anvil cell with helium as pressure tran
mitting medium. In order to ensure fully hydrostatic con
ditions, the cell was heated to a temperature above
melting line of He each time before changing the pre
sure, and then cooled to 6 K for the next measureme
The pressure was measured to within60.03 GPa using
the ruby luminescence method [9] with temperature c
rections according to Ref. [10]. The maximum pressu
applied was kept below 9.2 GPa in order to avoid possi
© 1997 The American Physical Society 1283
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defect formation related to structural phase transitions
Si and Ge above 10 GPa.

The 647.1 nm line of a Kr1 ion laser was used for
excitation at low power densities (200 Wycm2) to avoid
sample heating. The scattered light was analyzed b
JY T64000 triple spectrometer in the additive dispe
sion mode using single-channel photon counting. The e
trance and exit slits were kept at200 mm (150 mm) for
Si (Ge), corresponding to an instrumental resolution
1.15 cm21 (0.9 cm21). For each Raman spectrum, an a
ditional spectrum of a nearby Ne line was measured,
order to check the exact values of the resolution as w
as the phonon frequencyvR . The spectrometer profile
corresponded to a Gaussian line shape. The incident li
was always polarized parallel to the spectrometer sl
For backscattering along [100], only LO phonons partic
pate, and the scattered light is polarized perpendicula
to the slits. Our tests showed substantial deviation fro
the Raman selection rules, partly because of polarizat
scrambling by the diamond windows. The spectral pr
files, however, were independent of the analyzer orien
tion. Therefore, the spectra were taken mainly witho
analyzer.

The Raman intensity observed for Si decreased by
factor of ,3 at 9 GPa due to increased absorption.
Ge, the intensity also decreased slightly with increasi
pressure, but above 8 GPa it increased by at least
order of magnitude, owing to theP-shiftedE0 gap which
at 9 GPa coincides [11] with the excitation energy
1.916 eV.

Figure 1 shows Raman spectra of Ge at zero press
and near 9 GPa. The observed line shape correspond
the convolution of a true Lorentzian with the Gaussia
instrumental profile. The result of this convolution i
known as the Voigt profile [12]. The FWHM of the
Lorentzian component (G) was obtained by fitting a Voigt
profile to the experimental data using a fixed wid
for the Gaussian component, as obtained from the
line spectrum. The Lorentzian width found in this wa
was tested with various slit widths at fixed pressur
Within error (60.05 cm21 for Si, 60.07 cm21 for Ge)
the FWHM was independent of the slit width.

Figures 2 and 3 showvR and G, respectively, as a
function ofP, both for increasing and decreasing pressu
The results were fully reversible, and the zero-pressu
spectra before and after the pressure cycle were identi
The error bars correspond to the statistical distribution
at least six measurements at each pressure. Solid l
represent least squares fits of quadratic (linear) functio
to the data forvR (G). The relations forvRs6 K, Pd are,
in cm21,

vSi
R sPd ­ 523.88s10d 1 5.10s4dP 2 0.062s4dP2, (1)

vGe
R sPd ­ 304.64s13d 1 4.02s7dP 2 0.059s8dP2, (2)

whereP is in GPa. Within error, the pressure coefficien
in Eq. (1) agree with those of Ref. [13] at 300 K. Usin
1284
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FIG. 1. Normalized Raman spectra of Ge at 6 K unde
ambient and high pressure, measured with 647.1 nm excitatio
The dash-dotted curves correspond to the computed true Ram
lines (Lorentzian) obtained from Voigt profiles fitted to the
experimental data. The Ne calibration line was used t
determine the spectrometer response function. For clarity, th
spectra have been displaced along the frequency axis.

the bulk modulusBSis6 Kd . 99 GPa [14], we obtain a
mode Grüneisen parameter ofgSis6 Kd ­ 0.96s1d, which
is nearly the same asgSis300 Kd ­ 0.98s6d [13]. For Ge
we findgGes6 Kd ­ 1.00s1d usingBGes4 Kd ­ 75.8 GPa
[15], as compared togGes300 Kd ­ 1.12s2d given in
Ref. [16].

The dash-dotted lines in Fig. 2 correspond to ou
calculations based on the model of Ref. [3]. For Ge, th
agreement is excellent. In Si, we find a parallel downwar
shift of ,15 cm21 or 3%, and this indicates limitations of
the model, which will be discussed below.

Next we consider theP dependence ofG (Fig. 3). The
fitted linear relations forGs6 K, Pd are, in cm21,

GSisPd ­ 1.08s5d 1 0.137s2dP , (3)

GGesPd ­ 0.51s7d 1 0.037s3dP . (4)

Neither of these pressure coefficients has been measu
before. Also, the zero-pressure linewidths are smalle
than all experimental values reported previously. Com
pared to the results of Menéndezet al. [1,17] we be-
lieve this is due mainly to the chemical etching of our
samples. Fuchset al. [18] found, for natural Ge,G ­
0.89s2d cm21 using the 514.5 nm laser line, a result which
we reproduced when we used the same laser line. W
have actually found systematically larger linewidths in Ge
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FIG. 2. Optical phonon frequencies for Si and Ge, measur
for increasing (filled squares) and decreasing (open squa
pressure. The solid lines correspond to the fitted relatio
Eqs. (1) and (2) for Si and Ge, respectively. The dash-dott
lines represent the results of the present calculations.

for excitations near.500 nm. This can be attributed to
the very small light penetration depth (,20 nm) at these
wavelengths, resulting in both a sampling of Raman sc
tering from a largerk-vector region near the zone cente
and a higher sensitivity to strains in the surface region.

The dashed curves in Fig. 3 represent the calcula
Raman linewidths of Ref. [3]versuscalculated pressure.
In the case of Ge the agreement can be conside
excellent, taking into account the fact that the higher-ord
anharmonic force constants were calculated from fi
principles. The FWHM for Si, apart from a parallel shift
shows a noticeable nonlinearity at,7 GPa. According
to Ref. [3], no new decay channels are activated in
at low pressures, and the functionGsPd should be nearly
linear. At higher pressures new channels, e.g., LO1 TA,
are predicted to become allowed, causing the change
slope of the calculatedGsPd at ,7 GPa [3]. Our data for
Si do not show any such nonlinearity and, within erro
evolve quasilinearly in the entire range of pressure; th
means that the new decay channels involving an opti
branch do not actually participate in the decay process.

We believe that the parameter-free calculation
Ref. [3] is more realistic than all previous models
while nevertheless being susceptible to refinemen
The nonlinearity ofGsPd in Si calculated at,7 GPa
is a consequence of the differences between compu
and experimental phonon frequencies. AtP ­ 0 the
computed value ofvR is lower in frequency by15 cm21
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FIG. 3. Pressure dependence of the full width at half max
mum of the Raman lines in Si and Ge. Filled and open squa
refer to increasing and decreasing pressure, respectively.
solid lines represent the fitted Eqs. (3) and (4). The dash
lines are calculated results from Ref. [3]. The dash-dotted li
represent the results of the present calculation for Si.

compared to the experimental one (see Fig. 2). Su
discrepancies are different for other phonon modes su
as those into which theG phonons decay; the error in
the frequency of the LO1 TA phonon sum mentioned
above is20 cm21. The equation used in Ref. [3] forG,
assuming three-phonon processes and energy-momen
conservation, is written in the simplified form

GsvRd ­
b

vR

X
q,i,j

fsq, i, jddsvR 2 viq 2 vjq̄d, (5)

where b is a constant,i, j ­ 1 2 6 are branch indices,
and fsq, i, jd is a function of phonon amplitudes and
frequencies (viq from all over the Brillouin zone). To
check the sensitivity ofGsvRd to different choices ofvR ,
we have evaluated Eq. (5) as a function ofvR in the
region of the experimental values ofvRsPd. The results
are shown in Fig. 4 by dashed lines. The dashed and so
vertical lines indicate the computed and experimen
values ofvR , respectively.

For P ­ 0, the functionGsvRd exhibits three quasilin-
ear regions,AB, BC, and CD of different slopes. The
region BC is due to the activation of the decay pai
LO 1 TA mainly around theL point, with frequency
for LO 1 TA at L (point B) of ,515 cm21 [3]. Ac-
cording to neutron scattering [19] this sum should b
,535 cm21 at 6 K, i.e.,20 cm21 higher in frequency than
point B. This suggests to shift the entire curveAD to
1285
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FIG. 4. The FWHM of the Raman line of Si as a function
of phonon frequencyvR at zero pressure and at 8.6 GPa
The dashed curves represent the computed results based
the model of Ref. [3]. Solid curves are obtained by rigidly
shifting the dashed ones (see text). Vertical dashed (sol
line: computed [3] (present experimental)vR . For P fi 0, the
crossing pointb lies in the linear regionA0B0.

higher frequency by20 cm21 (solid curve). At the
experimental frequency524 cm21 (point b) we then find
Gb ­ 1.35 cm21, a width closer to the experimental value
Gc than the calculated (unshifted) valueGa.

The same procedure (a20 cm21 rigid shift) is now
applied to the dashed curve forP ­ 8.6 GPa, assuming
that the theory represents correctly the pressure shi
The new crossing pointb lies in the linear region
A0B0; furthermoreGb is closer toGc than the calculated
(unshifted) valueGa. Combining the facts that (i)GsvRd
is linear in vR in the regionA0B0, (ii) vRsPd is nearly
linear in P in the same region (Fig. 2), and (iii) the poin
b lies in A0B0, we conclude that in the region 0 to 8.6 GP
the function GsPd should be linear, in contrast with
Ref. [3] and in agreement with the present experimen
results. The same arguments hold for other values ofP
in the region from 7 to 10 GPa, where the nonlinearitie
of Ref. [3] are developed.

In conclusion, we have shown that the measured R
man linewidths of Si and Ge depend linearly on hy
drostatic pressure. The decrease of the phonon lifetim
with increasing pressure is attributed to pressure-induc
changes in the density of final states of the two-phono
spectrum governing the anharmonic decay. We have a
demonstrated that density-functional perturbation theo
offers a realistic basis forab initio calculations of the
anharmonic phonon decay, provided its details are ri
orously tested against all available experimental info
mation. It is unlikely that an experiment with diamond
would produce any measurable changes in the FWHM
1286
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underhydrostaticconditions such effects are expected b
yond 100 GPa [3], presently impossible to attain throug
conventional diamond-anvil cells. However, difference
in the phonon decay mechanisms of LO and TO modes
III-V crystals under pressure, as well as pressure effe
on the line shapes of second-order Raman spectra, m
help to further elucidate the physical picture of phono
lifetimes in semiconductors.
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