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A complete set of transverse acoustic phonon frequencies of Ge has been measured at pressures up
to 9.7 GPa by inelastic neutron scattering and studied byab initio calculations using density functional
perturbation theory. At theX and L points, the pressure dependence of the phonon frequencyv in
the cubic structure is shown to be that of a classical soft mode withv2 strictly linear in pressureP.
This finding is in contrast with previous interpretations that associated the pressure dependence of the
zone boundary modes with the occurrence of the first order transition at,10 GPa and represented the
pressure dependence of its frequencies by a polynomial inP. [S0031-9007(97)03824-6]

PACS numbers: 63.20.Dj, 61.12.Ex, 62.50.+p
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The transverse acoustic phonons of cubic semicond
tors show characteristic features, which have been ext
sively discussed in the past: (1) Their dispersion curv
are low in energy and become flat away from the zo
center, although the corresponding sound velocities
rather high. (2) Experimentally, these modes show neg
tive Grüneisen parametersgjsqd  2≠ ln vjsqdy≠ ln V ( j,
mode;q, wave vector;v, frequency;V, volume) at zone
boundary points (X and L) [1]. This behavior explains
the negative thermal expansion coefficient at low tempe
tures [2] but was also associated with their high pressu
phase transitions from fourfold to higher coordination [3
Whereas various theoretical approaches have succee
in correctly reproducing the ambient pressure dispersi
curves [4], the situation is far from being settled concer
ing their pressure dependence. This is due mainly to
lack of experimental data. Until very recently, inelasti
neutron scattering, the only technique which is able to pr
vide phonon energies over the entire zone, could not
performed at the high pressures required to measure sh
with sufficient precision. Recent progress in high pressu
and neutron scattering techniques have lifted these limi
tions [5,6]. Single crystal samples of several 10 mm3 may
be compressed up to 10 GPa and phonon dispersion cu
determined on triple axis neutron spectrometers.

This technique has been applied to the study of t
pressure dependence of the dispersion curves of transv
acoustic (TA) phonon modes of germanium up to its tra
sition pressure at,10 GPa. Germanium was chosen du
to its excellent neutron scattering properties. Howeve
since the characteristic features of the phonon dispers
curves of germanium are common to most tetrahedra
bonded semiconductors, our results will also apply to t
lattice dynamics of most of these systems.

Single crystals of 25 mm3 volume were compressed
up to 9.7 GPa [7] in three different runs with the Paris
Edinburgh cell [9] using lead as the pressure transmitti
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medium as previously described [5]. The crystals were
recovered undamaged after the experiments. The neutr
scattering measurements were performed at the 2T1 tripl
axis spectrometer of the Orphée reactor (Laboratoir
Léon Brillouin, Saclay, France) using horizontally and
vertically focusing monochromator and analyzer crystal
[6]. Constant-Q scans were recorded at 300 K with a
fixed final energy of 14.7 meV (3.55 THz) in the energy-
loss mode. Figure 1 shows typical scans at reduced wav
vectors (0.2 0 0)sj  0.2d and (1.0 0 0)sj  1.0d across
the D5 mode at ambient and maximal pressures. Th
fitted peak positions show standard errors of60.5% for
most of the points reported here. The ambient pressu
frequencies before and after compression were found
be identical within these errors. They are approximately
2% higher than those measured at 80 K by Nilsson an
Nelin [10]. Differences of this order are commonly found
under such experimental conditions (small samples, ope
collimation), but this will not affect the values of the
pressure coefficients.

FIG. 1. Raw data of constantQ scans across theD5 mode
along [100] at z  0.2 and z  1.0 (X point) at ambient
pressure and 8.8 GPa. The solid line is a least squares fit to
Gaussian, including a linear background.
© 1997 The American Physical Society 1313
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Scans were performed across theD, S, andL branches
along the [100], [110], and [111] directions, respectivel
Data were collected at 0, 5.3, 8.8 GPa forD5, at 0, 5.4,
and 8.7 GPa forS3, at 0, 5.8, 8.0 and 9.7 GPa forS4,
and at 0, 5.2, 7.6, and 9.3 GPa forL3. In addition, the
S4 mode was investigated at 0 and 2.3 GPa forj  0.8
and j  1.0 (point X). Figure 2 shows the frequency
variations of theD5 and S4 modes for small and large
wave vectors. For phonons close toG, frequencies initially
increase with pressure, in agreement with ultrasonic resu
[12]. The data reveal, however, a pronounced nonlinear
in the frequency shifts, which leads to a decrease of m
frequencies at high pressures. This primarily affects t
S4 and L3 modes, to a lesser extent theD5, and least of
all theS3 frequencies. In fact, theS4 phonon frequencies
decrease phonon beyond 6 GPa for all wave vectors (
Fig. 2) and theL3 beyond 8 GPa. For theD5 mode, the
same effect is observed only forj . 0.3, and forS3 only
for j . 0.6.

Figure 3 illustrates the mode Grüneisen paramete
obtained from the frequency shifts to,5 GPa and also
shows other experimental data presently available. F
small wave vectors our results agree reasonably well w
the ultrasonic measurements, and our value forgTAsXd
is in good agreement with published Raman data [1
In contrast, the decrease of the TA(L) frequency is at
least twice as large as indicated by previous tunneli
spectroscopy measurements [14]. Figure 3 shows that
measured values forgTAsXd andgTAsLd of Ge are equal
within the experimental uncertainty, a situation which
also found in Si, GaAs, GaP, InP, ZnSe, and ZnTe [15]

FIG. 2. Frequency as a function of pressureP and relative
volume changesV0 2 V dyV0 for theD5 modes (see also Fig. 1)
and S4 modes at different wave vectors. Lines are guides
the eye through experimental (solid dots) and calculated (op
dots) values. The triangles represent published [10] ambi
pressure frequencies. The arrows indicate the thermodyna
transition pressure to theb-tin phase [11].
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The pressure dependence of the phonon dispersion
germanium was also investigated byab initio calculations
using density functional theory. Our calculations were
performed in the framework of the local density approxi-
mation using the plane wave pseudopotential metho
The analytical forms of the exchange-correlation en
ergy and the potential were taken from Ref. [16]. Sof
norm-conserving pseudopotentials were generated f
germanium using the scheme proposed by Troullier an
Martins [17]. Different pseudopotentials were con-
structed for different values of the angular momentum o
the electronssl  0, 1, 2d in order to reproduce the correct
tails for the atomic wave functions, energy levels, and ex
citation energies for a number of electronic configuration
of the single atom. The sums over electronic eigenstate
in the Brillouin zone (BZ) were performed using
28 Chadi-Cohen special points in the irreducible wedg
[18]. The dimension of the plane-wave basis set a
a given q point in the first BZ was fixed through the
condition sq 1 Gd2 # Ecut, where G is a reciprocal
lattice vector andEcut is the kinetic energy cutoff.

The dynamical properties within the harmonic
approximation, i.e., the phonon frequencies and eigen
vectors, were determined using self-consistent densi
functional perturbation theory (DFPT) [19]. Within
DFPT, the atomic displacements from their equilibrium
positions are considered as a static perturbation actin
on the valence electrons. A detailed description o
DFPT and of its application to the lattice dynamics of
covalent semiconductors is given in Refs. [19] and [20]
A set of five dynamical matrices was obtained along th
high-symmetry directions [100], [110], and [111], and the
phonon eigenvectors and phonon dispersion curves alo
these directions were determined via a one-dimension
deconvolution.

For the calculation of the static and dynamical proper
ties at the equilibrium volume,Ecut  18 Ry was used in

FIG. 3. Mode Grüneisen parameters of germanium. Soli
and open dots are values derived from measured frequen
variations to,5 and 2.3 GPa, respectively.
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order to ensure convergence of the calculated phonon
quencies to within2 cm21 (0.06 THz). In order to avoid
spurious effects related to the change of the dimension
the basis set for each of the different crystal volumes (u
der pressure), the kinetic energy cutoff was chosen in su
a way that the number of plane waves per atom is fixe
More details will be published elsewhere [21].

The results of these calculations are included in Figs
and 3. The calculated frequencies for ambient pressure
with the experimental values within,2%, and the non-
linear volume dependence of the phonon frequencies
reproduced. The zero pressure Grüneisen parameters
extracted from the calculated frequencies, are plotted
Fig. 3. The calculated value forgTAsXd  21.36 is in
excellent agreement with our experimental resultss1.31 6

0.15d. For gTAsLd the theoretical value is21.18, which
is ,20% smaller than the neutron results21.52 6 0.1d.
We note, however, that these calculations give Grüneis
parameters at zero pressure, whereas the measuremen
erage over a finite pressure range of,5 GPa in most cases.
In fact, if gTAsLd is evaluated from the calculated frequen
cies at 0 and 5.2 GPa (i.e., in the same way as the
perimentalgTAsLd was determined), a value of21.56 is
obtained. This clearly shows that there is no discrepan
between theoretical and experimental findings. Our c
culations also provide data on the pressure dependenc
the optical mode of Ge [21] which fit to less than 1% wit
recent measurements by Ulrichet al. [22].

The excellent agreement between calculated and m
sured data at all wave vectors and pressures thus valid
the calculations to a high degree of accuracy. Thus, t
theory can be taken as reliable in reproducing the beh
ior of cubic Ge even beyond 10 GPa, whether the stru
ture is actually stable or not. This allows, in particula
the study of the pressure dependences of the TA(X) and
TA(L) modes well beyond 10 GPa, which is not possib
experimentally due to the transition to theb-tin phase.
Up to the present, the limited pressure range has not
lowed the realv(P) relationship to be determined, and th
pressure dependence of these modes has been describ
far with an empiricalv  v0 1 aP 1 bP2 law (where
a andb are fitting parameters) with no physical justifica
tion. Such an analysis was applied to a wide range
tetrahedrally bonded semiconductors, such as Si [1],
(Ref. [13] with b  0), GaP [1], GaAs [23], and also to
the chalcopyrites CuGaS2 [24,25] and AgGaS2 [24]. The
TA(X) mode in the diamond and zinc-blende structur
correspond to theG5 frequency in chalcopyrite.

Figure 4 shows the results of the calculations up
P0  25 GPa, where the TA(X) frequency is seen to drop
to zero atsV0 2 V dyV0  18% [7], whereas the TA(L)
energy has decreased to 40% of its ambient pressure va
The dependence of these modes on pressure is foun
be extremely simple: The squared frequencies are stric
linear in P. Such behavior is predicted in the Landa
theory of soft mode transitions for either temperature
fre-
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FIG. 4. Main figures: TA(X) (top) and TA(L) (bottom) fre-
quencies as a function of volume change. Insets: square
frequencies as a function of pressure. Solid and open do
represent experimental and calculated values, respectively.

pressure as the relevant variable [26]. Whereas softenin
of modes as a function of temperature has been studie
in many compounds, examples of pressure induced mod
softening withv2 , sP0 2 Pd are much fewer. Such soft
mode behavior has been established, to our knowledg
only for zone center phonons of ionic crystals, clearly
in the ferroelectric SbSI [26] and possibly in PbTiO3

[27]. We believe that our finding in Ge is quite general
for tetrahedrally bonded semiconductors, even for ionic
compounds. Preliminary calculations on GaAs do show
v

2
TA to be quasilinear inP at theX andL points, and the

predicted frequencies compare well (within 1%) with two-
phonon Raman scattering results up to 7.2 GPa [23].

By symmetry, the decrease of the TA(X) or TA(L)
frequency cannot induce the first order phase transitio
to the b-tin phase at 10 GPa and is hence not directly
related to it. Instead, it seems to be associated wit
a second order transition at higher pressures, which
hidden by the first order transition to theb-tin phase: The
diamond lattice tends to become unstable with respect
this type of shear all over its domain of existence with
no pretransitional effects occurring close to the first orde
transition. Moreover, our theory clearly predicts that the
ad hocdescriptionv  v0 1 aP 1 bP2 is artificial, and
1315
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the agreement of our theory with the available data up
9.7 GPa supports this.

Finally, we want to remark that a displacive transitio
mechanism from the diamond to theb-tin structure in
Ge involves the acousticS4 mode at long wavelengths
(zone center). Such a mechanism was actually propos
for the archetypala-b transition in Sn at 286 K. In Ge,
the pressure coefficient of theS4 branch atG is indeed
negative at the thermodynamic transition pressure [11],
previously shown by ultrasonic measurements [28], b
no anomalous behavior occurs either in this mode or
any other mode over the entire Brillouin zone. Since th
restoring forces which govern the lattice dynamics hav
an electronic origin, this implies that no redistribution o
the charge density occurs, as a pretransitional effect, clo
to the phase transition [29]. This is confirmed directly b
the evolution of the charge density which comes out
the present calculations [21].
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