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Pressure Induced Frequency Shifts of Transverse Acoustic Phonons in Germanium to 9.7 GPa
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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 studiedlbjnitio calculations using density functional
perturbation theory. At th& andL points, the pressure dependence of the phonon frequenity
the cubic structure is shown to be that of a classical soft mode adtistrictly linear in pressuré.

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 transitierl@tGPa and represented the
pressure dependence of its frequencies by a polynomial ifS0031-9007(97)03824-6]

PACS numbers: 63.20.Dj, 61.12.Ex, 62.50.+p

The transverse acoustic phonons of cubic semiconduanedium as previously described [5]. The crystals were
tors show characteristic features, which have been extemecovered undamaged after the experiments. The neutron
sively discussed in the past: (1) Their dispersion curvescattering measurements were performed at the 2T1 triple-
are low in energy and become flat away from the zonexis spectrometer of the Orphée reactor (Laboratoire
center, although the corresponding sound velocities arkéon Brillouin, Saclay, France) using horizontally and
rather high. (2) Experimentally, these modes show negavertically focusing monochromator and analyzer crystals
tive Griineisen parameteys(q) = —dlnw;(g)/0InV (j, [6]. ConstantQ scans were recorded at 300 K with a
mode;q, wave vector,w, frequency;V, volume) at zone fixed final energy of 14.7 meV (3.55 THz) in the energy-
boundary points X andL) [1]. This behavior explains loss mode. Figure 1 shows typical scans at reduced wave
the negative thermal expansion coefficient at low temperavectors (0.200)¢ = 0.2) and (1.000)¢ = 1.0) across
tures [2] but was also associated with their high pressurthe A5 mode at ambient and maximal pressures. The
phase transitions from fourfold to higher coordination [3].fitted peak positions show standard errors+di.5% for
Whereas various theoretical approaches have succeedeubst of the points reported here. The ambient pressure
in correctly reproducing the ambient pressure dispersiofrequencies before and after compression were found to
curves [4], the situation is far from being settled concern-be identical within these errors. They are approximately
ing their pressure dependence. This is due mainly to th2% higher than those measured at 80 K by Nilsson and
lack of experimental data. Until very recently, inelastic Nelin [10]. Differences of this order are commonly found
neutron scattering, the only technique which is able to prounder such experimental conditions (small samples, open
vide phonon energies over the entire zone, could not beollimation), but this will not affect the values of the
performed at the high pressures required to measure shiftsessure coefficients.
with sufficient precision. Recent progress in high pressure
and neutron scattering techniques have lifted these limita-
tions [5,6]. Single crystal samples of several 10 fmay 300 e emgeere I 140
be compressed up to 10 GPa and phonon dispersion curve: .
determined on triple axis neutron spectrometers.

This technique has been applied to the study of the
pressure dependence of the dispersion curves of transversi
acoustic (TA) phonon modes of germanium up to its tran- 120

200

cts/3 m

100

sition pressure at-10 GPa. Germanium was chosen due £ i

to its excellent neutron scattering properties. However, I

since the characteristic features of the phonon dispersion © |

curves of germanium are common to most tetrahedrally % o.‘e o.la 110 1.|2 1i4.1‘l6 118 1.4115115 z:o 2224 zjsz..ssfo %
bonded semiconductors, our results will also apply to the  (THz) @ (THz)

Iatthe dynamics of most ofé?ese systems. FIG. 1. Raw data of constar® scans across thds mode
Single crystals of 25 mmvolume were compressed along [100] at{ = 0.2 and ¢ = 1.0 (X point) at ambient

up to 9.7 GPa [7] in three different runs with the Paris-pressure and 8.8 GPa. The solid line is a least squares fit to a
Edinburgh cell [9] using lead as the pressure transmittingsaussian, including a linear background.
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Scans were performed across the3, andA branches The pressure dependence of the phonon dispersion of
along the [100], [110], and [111] directions, respectively.germanium was also investigated &ly initio calculations
Data were collected at 0, 5.3, 8.8 GPa o, at 0, 5.4, using density functional theory. Our calculations were
and 8.7 GPa for2,, at 0, 5.8, 8.0 and 9.7 GPa f&,, performed in the framework of the local density approxi-
and at 0, 5.2, 7.6, and 9.3 GPa fag. In addition, the mation using the plane wave pseudopotential method.
3, mode was investigated at 0 and 2.3 GPador 0.8  The analytical forms of the exchange-correlation en-
and ¢ = 1.0 (point X). Figure 2 shows the frequency ergy and the potential were taken from Ref. [16]. Soft
variations of theA; and X, modes for small and large norm-conserving pseudopotentials were generated for
wave vectors. For phonons closdtpfrequencies initially germanium using the scheme proposed by Troullier and
increase with pressure, in agreement with ultrasonic resultdlartins [17]. Different pseudopotentials were con-
[12]. The datareveal, however, a pronounced nonlinearitgtructed for different values of the angular momentum of
in the frequency shifts, which leads to a decrease of moghe electrong! = 0, 1,2) in order to reproduce the correct
frequencies at high pressures. This primarily affects theails for the atomic wave functions, energy levels, and ex-
>, and A; modes, to a lesser extent thg, and least of citation energies for a number of electronic configurations
all the 35 frequencies. In fact, th&, phonon frequencies of the single atom. The sums over electronic eigenstates
decrease phonon beyond 6 GPa for all wave vectors (sée the Brillouin zone (BZ) were performed using
Fig. 2) and theA; beyond 8 GPa. For thAs mode, the 28 Chadi-Cohen special points in the irreducible wedge
same effect is observed only fé¢r> 0.3, and for2; only ~ [18]. The dimension of the plane-wave basis set at
for £ > 0.6. a given g point in the first BZ was fixed through the

Figure 3 illustrates the mode Griineisen parametersondition (q + G)> < E.,,, where G is a reciprocal
obtained from the frequency shifts t85 GPa and also lattice vector andE is the kinetic energy cutoff.
shows other experimental data presently available. For The dynamical properties within the harmonic
small wave vectors our results agree reasonably well witlapproximation, i.e., the phonon frequencies and eigen-
the ultrasonic measurements, and our value @x(X) vectors, were determined using self-consistent density
is in good agreement with published Raman data [13]functional perturbation theory (DFPT) [19]. Within
In contrast, the decrease of the TA(frequency is at DFPT, the atomic displacements from their equilibrium
least twice as large as indicated by previous tunnelingositions are considered as a static perturbation acting
spectroscopy measurements [14]. Figure 3 shows that th@n the valence electrons. A detailed description of
measured values foyra(X) and yra(L) of Ge are equal DFPT and of its application to the lattice dynamics of
within the experimental uncertainty, a situation which iscovalent semiconductors is given in Refs. [19] and [20].
also found in Si, GaAs, GaP, InP, ZnSe, and ZnTe [15]. A set of five dynamical matrices was obtained along the

high-symmetry directions [100], [110], and [111], and the
phonon eigenvectors and phonon dispersion curves along
P (GPa) P (GPa) these directions were determined via a one-dimensional
deconvolution.

For the calculation of the static and dynamical proper-

ties at the equilibrium volumes.,, = 18 Ry was used in
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FIG. 2. Frequency as a function of pressiteand relative - ooleulation
volume changéV, — V)/V, for the As modes (see also Fig. 1) 20 MR I L
and 3, modes at different wave vectors. Lines are guides to r f10] K X 00 I g L

the eye through experimental (solid dots) and calculated (open

dots) values. The triangles represent published [10] ambierflG. 3. Mode Grineisen parameters of germanium. Solid
pressure frequencies. The arrows indicate the thermodynamand open dots are values derived from measured frequency
transition pressure to thg-tin phase [11]. variations to~5 and 2.3 GPa, respectively.
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order to ensure convergence of the calculated phonon fre- S . . T
quencies to withir2 cm ! (0.06 THz). In order to avoid \. filled: exp.
spurious effects related to the change of the dimension of 20L °\. hollow: cale. |
the basis set for each of the different crystal volumes (un- °\
der pressure), the kinetic energy cutoff was chosen in such s s T T T 3 ° TAM)
a way that the number of plane waves per atom is fixed. Ol = \
More details will be published elsewhere [21]. £ Ti_‘ Ar i \

The results of these calculations are included in Figs. 2 ® 10 N“s 2l _ \ T
and 3. The calculated frequencies for ambient pressure fit 8
with the experimental values within2%, and the non- 05 %5 510152025 \ 4
linear volume dependence of the phonon frequencies is

. P (GPa) °
reproduced. The zero pressure Griineisen parameters, as 0.0

extracted from the calculated frequencies, are plotted in \: . :
\o\o\

o\.
\\o.
\

Fig. 3. The calculated value fopra(X) = —1.36 is in
excellent agreement with our experimental res{ili31 =+
0.15). For y1a(L) the theoretical value is-1.18, which
is ~20% smaller than the neutron resii1.52 + 0.1).
We note, however, that these calculations give Griineisen
parameters at zero pressure, whereas the measurements av-
erage over a finite pressure range-df GPa in most cases.
In fact, if y14(L) is evaluated from the calculated frequen- o5 b o i
cies at 0 and 5.2 GPa (i.e., in the same way as the ex- ’ %0 5 10152025
perimentalyra (L) was determined), a value 6f1.56 is P (GPa)
obtained. This clearly shows that there is no discrepancy 0.0 ; \ .
between theoretical and experimental findings. Our cal- 0 5 10 15 20
culations also provide data on the pressure dependence of (Vo=V)/Vo (%)
the optical mode of Ge [21] WhiCh fit to less than 1% with FIG. 4. Main figures: TAX) (top) and TAL) (bottom) fre-
recent measurements by Ulriehal. [22]. quencies as a function of volume change. Insets: squared
The excellent agreement between calculated and meg@equencies as a function of pressure. Solid and open dots
sured data at all wave vectors and pressures thus validatespresent experimental and calculated values, respectively.
the calculations to a high degree of accuracy. Thus, the
theory can be taken as reliable in reproducing the behav-
ior of cubic Ge even beyond 10 GPa, whether the strucpressure as the relevant variable [26]. Whereas softening
ture is actually stable or not. This allows, in particular,of modes as a function of temperature has been studied
the study of the pressure dependences of thexXJafd in many compounds, examples of pressure induced mode
TA(L) modes well beyond 10 GPa, which is not possiblesoftening withw? ~ (Py — P) are much fewer. Such soft
experimentally due to the transition to th®tin phase. mode behavior has been established, to our knowledge,
Up to the present, the limited pressure range has not abnly for zone center phonons of ionic crystals, clearly
lowed the reakw (P) relationship to be determined, and thein the ferroelectric SbSI [26] and possibly in PbTiO
pressure dependence of these modes has been described2f). We believe that our finding in Ge is quite general
far with an empiricale = wo + aP + bP? law (where for tetrahedrally bonded semiconductors, even for ionic
a andb are fitting parameters) with no physical justifica- compounds. Preliminary calculations on GaAs do show
tion. Such an analysis was applied to a wide range ofv3, to be quasilinear ifP at theX andL points, and the
tetrahedrally bonded semiconductors, such as Si [1], Gpredicted frequencies compare well (within 1%) with two-
(Ref. [13] with b = 0), GaP [1], GaAs [23], and also to phonon Raman scattering results up to 7.2 GPa [23].
the chalcopyrites CuGa$24,25] and AgGag[24]. The By symmetry, the decrease of the TA(or TA(L)
TA(X) mode in the diamond and zinc-blende structuredrequency cannot induce the first order phase transition
correspond to thé's frequency in chalcopyrite. to the B-tin phase at 10 GPa and is hence not directly
Figure 4 shows the results of the calculations up taelated to it. Instead, it seems to be associated with
Py = 25 GPa, where the TA() frequency is seen to drop a second order transition at higher pressures, which is
to zero at(Vy — V)/Vy = 18% [7], whereas the TA()  hidden by the first order transition to tifetin phase: The
energy has decreased to 40% of its ambient pressure valudiamond lattice tends to become unstable with respect to
The dependence of these modes on pressure is found tiois type of shear all over its domain of existence with
be extremely simple: The squared frequencies are strictlgio pretransitional effects occurring close to the first order
linear in P. Such behavior is predicted in the Landautransition. Moreover, our theory clearly predicts that the
theory of soft mode transitions for either temperature omd hocdescriptionw = wo + aP + bP? is artificial, and
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o
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the agreement of our theory with the available data up to[7] Pressure values were determined from the measured

9.7 GPa supports this. change in the lattice parameter (precision better than
Finally, we want to remark that a displacive transition 0.1%) and Musnaghan’s equation of state, wibly =
mechanism from the diamond to th@-tin structure in 74.37 GPa andB’ = 4.76 according to Ref. [8].
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