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Self-energy of zone-boundary phonons in germanium: Ab initio calculations versus neutron
spin-echo measurements
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We presentab initio calculations and spin-echo measurements of the anharmonic self-energy of phonons at
the X point of the Brillouin zone for germanium. The mechanisms that contribute to these self-energies are
different from those usually displayed by phonons at the center of the Brillouin zone. Each mode shows trends
representative of the variety of anharmonic mechanisms that are responsible for the scattering and the decay of
phonons. The transverse acoustic phonons at theX point are very long lived at low temperatures; i.e., their
probability of decay approaches zero, as a consequence of an unusual decay mechanism allowed by energy
conservation. We have identified the microscopic processes that determine these self-energies. The calculated
self-energies and their temperature dependence agree well with experiment.
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I. INTRODUCTION

The anharmonic self-energies of phonons in semicond
tors have recently attracted considerable interest,1–3 stimu-
lated byab initio calculations.4–7 These self-energies dete
mine two properties of collective excitations in the crys
which depend on the anharmonicity of the adiabatic int
atomic potentials: the temperature~T! dependence of the fre
quencies of phonons and their lifetimes. The latter prov
the main mechanism that governs the evolution of exc
solids towards thermal equilibrium. As an effect of anh
monic interaction, a nonequilibrium phonon population~cre-
ated either by the annihilation of hot carriers or by elect
magnetic radiation! decays into phonons of lower energy
is scattered by thermal phonons into modes of different
quencies. For these reasons the phonon self-energies
been the subject of many experimental studies.8 The poor
resolution achieved with conventional inelastic neutron sc
tering ~INS!, however, has restricted such work mainly
first-order Raman spectroscopy, to which only phonons cl
to the center of the Brillouin zone~BZ! are accessible. De
velopments in the neutron spin-echo~NSE! technique9,10

have recently opened the way to more accurate determ
tions of the real and imaginary parts of the phonon s
energies at other points in the BZ.

Here we report calculated~ab initio! and measured~by
NSE! self-energies at theX point of the BZ for isotopically
pure germanium. The calculated real part agrees with N
results as well as with data obtained by INS.11 Agreement
between the calculated imaginary part and the neutron s
echo data is excellent. Each of the three phonon modesX
exhibits different decay mechanisms that originate in anh
monic processes which are more varied than those displa
by the BZ center phonons investigated up to date. We sh
that in germanium a nonequilibrium transverse acoustic~TA!
phonon population at the X-point is rather stable at low te
perature. The trends of anharmonic decay processes fo
transverse optical~TO! and acoustic~TA! phonons as well as
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for the degenerate longitudinal modes~LA and LO! are dis-
cussed. We analyze the microscopic processes involve
the decay and scattering of these phonons. The results le
guidelines for the anharmonic behavior of similar, hithe
uninvestigated phonons in other tetrahedral semiconduct

II. PHONON SELF-ENERGY

Phonons in an isotopically pure harmonic crystal are n
interacting and live forever.12 Phonon-phonon interaction
originate from crystal anharmonicity that is characterized
the phonon self-energy,D(v)2 iG(v).13 For a phonon of
peak frequencyV the real partD(V) represents the fre
quency shift due to scattering and is responsible for the t
perature dependence ofV. The probability of phonon decay
described byG(V), determines the phonon lifetime (t21

52G). It can be measured in time-resolved Ram
experiments14,15 or obtained from the linewidth measured b
Raman spectroscopy8,16 ~equal to 2G if the peak displays a
Lorentzian line shape!. Here we use equivalently both term
lifetime and linewidth@i.e., 2G is the full width at half maxi-
mum ~FWHM! of the experimental peak#, to describe the
imaginary part of the self-energy. To the lowest order in t
expansion of the total energyEtot with respect to the mode
amplitudeej ~eigenvector of the harmonic Hamiltonian! the
width of a phonon of frequencyv and wave vectorq in the
j th branch is17

G j~q;v!5
p

2\2 (
G,q1 ,q2 , j 1 , j 2

U ]3Etot

]ej~q!]ej 1
~q1!]ej 2

~q2!
U2

3d~Àq1q11q21G!$@nj 1
~q1!1nj 2

~q2!11#

3d„v2vj1
~q1!2v j 2

~q2!…12@nj 1
~q1!2nj 2

~q2!#

3d„v1v j 1
~q1!2v j 2

~q2!…%, ~1!
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whereG is a reciprocal lattice vector andnj (q) is the Bose-
Einstein factor of thej th phonon mode with wave vectorq
and harmonic frequencyv j . The first term within$•••% on
the right-hand side of Eq.~1! is responsible for the deca
into two phonons of lower energy~downconversionor sum
processes!; the second term for the processes in which
nonequilibrium phonon with a thermal phonon are destro
while a phonon of higher energy is created~upconversion14

or difference processes!.
The real part of the self-energy is composed of three c

tributions D j (q;v)5D j
(0)(q)1D j

(3)(q;v)1D j
(4)(q). The

term D j
(0)(q) corresponds to the change in frequency due

thermal expansion~the so-called quasiharmonic approxim
tion!; D j

(3)(q;v) represents three-phonon decay proces
and it is obtained through the Hilbert transform ofG j (q;v)
~we call it the third order term!; D j

(4)(q) is related to the
fourth derivative of the total energy and represents the s
of the phonon frequency due to elastic scattering by
thermal phonon~the fourth order term!. The frequencyV j
that includes the anharmonic contributions is the solution
a Dyson equation; in the usual case of smallD j (v) it can be
simplified toV j5v j1D j (V j ). The temperature dependen
of D and G is computed by density functional perturbatio
theory6 and plane-wave pseudopotential techniques.18,19 The
anharmonic force constants are obtained as described in
7. We use a plane-wave expansion of the electronic den
with a kinetic energy cutoff of 20 Ry and an 888-poi
grid20–22 for q-space integration.

III. EXPERIMENTAL TECHNIQUE

Our experiments have been performed using the s
echo option TASSE~Ref. 9! on the IN20 polarized neutron
three-axis spectrometer at the Institut Laue-Langevin
Grenoble. The sample was a single crystal of about 5 c3,
Czochralski grown from material enriched to 96.8% of t
74Ge isotope. This high isotopic purity eliminates phon
scattering due to mass disorder.15 The spectrometer was op
erated with a fixed final neutron wave numberkf
54.1 Å 21. The exact position of the@0, 0, 0.8# TA mode to
be investigated was placed in the@3, 3, 1# BZ by conven-
tional Q5const scans with precession fields off. Next, t
spectrometer was kept at a fixed configuration correspon
to the maximum of the phonon peak atQ5@3, 3, 1.8# with
an energy transfer ofDE59.8 meV so that only currents in
the coils of the spin-echo setup have been driven in the
of the experiment.

The NSE technique10 employs the Larmor precession
precisely measure small changes in energy of each neu
upon scattering in the sample. The variation of the me
energy transferDE is reflected by the shift of the spin-ech
phase,Dw5tFDE/\, wheretF is the Fourier time, a param
eter characterizing the sensitivity of the given instrum
configuration. It is proportional to the field integral in th
coils and to the cube of the neutron wavelength. A fin
intrinsic width of an excitation line introduces an addition
energy spread into the scattered neutrons, resulting in an
hanced precession phase spread and hence in stronger d
ing of the echo amplitude. We have used two measurem
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modes. First, recording a sequence of spin-echo scan
various Fourier times, but at otherwise unchanged con
tions, permitted to deduce the intrinsic linewidth@i.e.,
2G(V)] from the damping of the echo signal. Second,
cording the spin-echo phase variations as a function of t
perature at a fixed Fourier time, optimally chosen on
basis of the preceding linewidth measurements, we have
lowed the thermal variation of the excitation energy@i.e.,
D(V)].

A typical spin-echo amplitude versustF is shown in Fig.
1. If the line profile were described by a Lorentzian, an e
ponential damping would be observed. The more com
cated dependence observed suggests that the real profi
more complicated. A histogram in the inset of Fig. 1 displa
the distribution of frequencies of the investigated TA mo
corresponding toq vectors lying within the resolution vol-
ume. Indeed, in addition to the almost singular compon
corresponding to the chosen flat part of the dispers
branch, there is a broad shoulder corresponding to point
the periphery of the resolution volume. Although the integ
weight of this broad part is even higher than that of t
narrow central peak, the two components can be resolve
the Fourier spectrum thanks to the difference in their widt
As the IN20 spin-echo setup does not permit measurem
at tF,0.002 ns to characterize the broad component and
the calculations themselves have estimative power only~the
‘‘broad’’ component still represents an energy spread be
1% of the nominal excitation energy!, we have assumed
tail of a Gaussian profile having an FWHM of 73 GHz and
fixed amplitude ratio to the Lorentzian part to provide
adequate representation of this effect.

IV. RESULTS AND DISCUSSION

We report data for the self-energy of germanium phono
at or near theX point of the BZ. The experimental data refe
to the (0,0,0.8)2p/aL point of the conventional cell of side
aL , while the computation was performed for theX point

FIG. 1. ~Color online! The spin-echo amplitude as a function
the Fourier time atT5280 K. The inset displays the calculate
density of TA phonon states within the resolution volume of t
IN20 NSE setup. The lettersA and B label its narrow and broad
components, respectively, and point to the corresponding slope
the main part.
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SELF-ENERGY OF ZONE-BOUNDARY PHONONS IN . . . PHYSICAL REVIEW B69, 045209 ~2004!
(0,0,1)2p/aL ~Ref. 23!. In Fig. 2 we display the real part o
the phonon self-energy versus temperature. The results o
calculations for the three lowest-order contributions are a
shown, added up (DTOT, solid line! and compared with mea
surements by spin-echo~diamonds! or INS ~stars!.11 The cal-
culations yield absolute values for zero temperature whe
the measurements yield only the shift with respect to
renormalized frequency forT50. We have therefore shifte
the experimental data by the self-energy calculated for ab
lute zero.24 As displayed in Fig. 2, the contribution to th
shift due to the thermal expansion (D (0)) is positive for the
TA mode, whereas it is negative for the other modes~the TO
contribution is roughly twice the LA-LO one!, reflecting the
sign and magnitude of the corresponding mode Gru¨neisen
parameters. For TA modes this positive contribution is ad
to the negative ones of third and fourth order, resulting i
small temperature dependence of the phonon frequency

According to Fig. 2, at absolute zero,D (4) is negative for
the TA mode, it is almost negligible for LA-LO, and sma
and positive for the TO modes; this follows from the fact th
each mode weighs differently the positive and negative c
tributions associated with the scattering of theX phonon by
either optical or acoustic modes: generally the former is p
tive while the latter is negative. At room temperature, wh
acoustic modes become thermally populated,D (4) is negative
for all the modes under consideration. For the TA modeD (3)

FIG. 2. ~Color online! D(X;V) of germanium vs temperature
Diamonds: NSE measurements. Stars: INS experimental data
Ref. 11. Solid lines:ab initio results. The low-order contributions t
the real part of the self-energy are displayed as dotted, dashe
dot-dashed lines.
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is much smaller thanD (4), while the opposite is true for the
TO mode. For the latter~the highest-frequency mode amon
those investigated here!, the low-order anharmonic term
display a behavior similar to that already noticed for B
center modes in most of the III-V semiconductors,6 while
they become progressively different as the frequency of
mode under investigation~LO-LA and TA! decreases. Thes
regular trends suggest that our results for phonons atX are
representative of the different anharmonic mechanisms
sponsible for scattering and decay of phonons of nonvan
ing wave vector in tetrahedral semiconductors. The co
puted real part of the self-energy agrees well w
experiment, also at high temperature where higher-or
terms neglected here are expected to be important.

In the main panel of Fig. 3 we display the decay pro
abilities 2G(V) ~FWHM! vs T over the whole temperatur
range investigated, while in the inset we report our data
the modes of lower FWHM up to 300 K. The first importa
consequence of Fig. 3 is that the 2GTA(V) nearly vanishes a
absolute zero: the phonon is long lived and its lifetime is n
likely to be related to anharmonic components of the pot
tial energy but to other mechanisms.25 The vanishing of the
decay probability when the temperature tends to zero refl
the absence of thermal phonon population. Here the o
microscopic process allowed by energy conservation is
decay into acoustic phonons of lower energy whose w
vector is close to the BZ center. Not only is the density
final states small for such processes, but as a consequen
translational symmetry, the corresponding matrix eleme
must vanish forq→0.26 According to our calculations, for
TA phonons the downconversion contribution remains ne
gible in the entire range of temperatures studied. The o
significant contributions arise from upconversion process
this also explains the narrow linewidths~less than the experi

m

or

FIG. 3. ~Color online! 2G(X;V) of germanium vs temperature
Diamonds: experimental results for TA phonons when spurious c
tributions are subtracted. Circles: the original spin-echo meas
ments.Ab initio data are displayed as the solid line~TA mode!,
dashed line~LO-LA modes!, and dot-dashed line~TO mode!.
9-3
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mental resolution! measured by INS.11

The decay of the TO phonons, on the contrary, is alm
entirely governed by downconversion processes, as has
been found for center-zone phonons. As noticed during
discussion ofD(V), the LA~LO! mode is an ‘‘intermediate
case’’ between the TO and TA: both upconversion and do
conversion processes contribute to the temperature de
dence of the decay probability~at 300 K they are of the sam
size!; however, the combined effects remain smaller than
the TA phonons except below 80 K. We explain these tre
with the frequency-resolved final-state spectrum4 g(v) dis-
played in Fig. 4 for the LA-LO and TO modes atT50 @at
absolute zerogTA(v)50] together with the one-phonon den
sity of states~PDOS!. g(v) is the probability per unit time
that the phonon decays into one mode of frequencyv, the
frequency of the other mode given by energy conservatio27

by definition, 2G5*dvg(v), and the peaks ofg(v) are
placed symmetrically around one-half of the frequency of
decaying mode. AtT50 only the downconversion process
are active.gTO(v) is mainly determined by processes th
involve decay into a TA and an LA~LO! phonon: the main
peaks correspond to frequencies of large PDOS~the peak at
;5.8 THz coincides with a van Hove singularity!. On the
contrary,gLA-LO ~magnified in the figure! is very small be-
cause the allowed decay processes are not supported
significant density of final states. For this reason, the do
conversion contribution of this mode remains small also
higher temperature. At finite temperature the upconvers
mechanism becomes active. The corresponding process
stroys the LA-~LO! phonon atX together with a therma
acoustic one and creates a phonon in the optical branc

*Present address: Groupe de Physique des Materiaux UMR C
6634, Universite´ de Rouen, Rouen, France.
1F.J. Manjón, J. Serrano, I. Loa, K. Syassen, C.T. Lin, and

Cardona, Phys. Rev. B64, 064301~2001!.
2A. Debernardi, C. Ulrich, K. Syassen, and M. Cardona, Ph

Rev. B59, 6774~1999!.

FIG. 4. Solid and dot-dashed lines: frequency-resolved fin
state spectrumg(v) calculated for LA-LO~multiplied by 30! and
TO modes at theX point in germanium at absolute zero. Dotte
line: one-phonon density of states~arbitrary units!.
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energy conservation constrains the thermal phonon to a
quency in a region of very low PDOS, and the decay pro
ability of the LA~LO! modes remains rather small even
500 K. Energy conservation allows upconversion of the
mode into an optical mode of higher frequency by destroy
mainly thermal phonons in theK-W region of the BZ, where
there is a singularity in the PDOS. For this reasonGTA(X)
becomes larger thanGLA(LO) (X) as soon as the temperatu
populates the phonon states that are to be destroyed in
upconversion process. This situation differs radically fro
that found for the optical mode at the BZ center where o
the downconversion mechanism is significant.4,6

V. CONCLUSIONS

We have presented experimental and theoretical res
for the self-energy of phonon modes of germanium at thX
point of the BZ. The mechanisms that contribute to the s
energy of TO modes are similar to those previously found
zone-center phonons of tetrahedral semiconductors whe
the decay of the TA modes is related to anharmonic p
cesses that are different from those of the TO modes. At
temperature this mode has a long lifetime corresponding
the vanishing of decay probability forT→0. Trends of the
self-energy have been discussed in detail in terms of mic
scopic mechanisms responsible for the decay and scatte
processes. The upconversion process is also dominant fo
low E2 mode of wurtzite semiconductors.28 This mode can
be regarded as a TA mode folded from the edge of the BZ
zinc-blende structure. We conjecture that the results p
sented here may also shed light upon the correspon
modes of other tetrahedral semiconductors~i.e., those with
zinc-blende, wurtzite, or chalcopyrite structures! for which
no information is available.

Note added in proof. After the completion of our work we
have noticed the publication of a paper by G. Deinz
et al.,29 in which the imaginary part of phonon self-energy
Si and Ge is computed by the method employed in Refs
12. In order to compute the temperature dependent pho
line widths, Deinzeret al. approximate the frequency of th
decaying mode by its zero-temperature harmonic va
while in the present study the frequencies of theX-phonon
modes are taken consistently weith the computed ther
shifts displayed in Fig. 2, which include the temperature
pendent anharmonic contributions.
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