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The transverse acoustic excitation modes were detected by inelastic x-ray scattering in liquid Ga in the

Q range above 9 nm�1 although liquid Ga is mostly described by a hard-sphere liquid. An ab initio

molecular dynamics simulation clearly supports this finding. From the detailed analysis for the SðQ;!Þ
spectra with a good statistic quality, the lifetime of 0.5 ps and the propagating length of 0.4–0.5 nm can be

estimated for the transverse acoustic phonon modes, which may correspond to the lifetime and size of

cages formed instantaneously in liquid Ga.
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Lattice modes, or collective modes, are modes of vibra-
tion of the entire systems. In the long wavelength limit,
they may be described by the classical theory of elasticity
in which the system is treated as a continuum possessing
macroscopic elastic constants. As the wavelength gets
shorter, approaching the distance between atoms, the mi-
croscopic structure of the system and the forces between
individual pairs of atoms become the dominant features in
determining the nature of the modes of vibration.

In simple liquids, longitudinal acoustic phonon modes
are always observed by ultrasonic, optical, or inelastic
scattering experiments because the density fluctuations
can occur due to a strong repulsive force between the atoms
when they approach each other. However, transverse pho-
non modes usually cannot be detected in liquids by ultra-
sonic or optical measurements because the shear force in
the long spatial range is very weak if the liquid has no long-
range network such as covalent glass-forming materials
like SiO2 [1].

When the atomic vibration wavelength in a liquid ap-
proaches the atomic nearest neighbor distance, i.e., in the
terahertz frequency region, the situation changes. There
may be a solidlike cage effect on the nanometer scale that
acts as a restoring force for acoustic transverse modes. If
the above speculation is correct, transverse acoustic modes
could be realized experimentally even in liquid metals in
dynamic structure factor SðQ;!Þ measurements by inelas-
tic x-ray or neutron scattering (IXS or INS) which covers
the terahertz-nanometer range.

The transverse acoustic modes in simple liquids have
been discussed theoretically for more than 30 years.

Levesque and co-workers [2] performed a molecular dy-
namic (MD) simulation using a Lenard-Jones potential,
which revealed the existence of the transverse acoustic
modes in simple liquids. Hansen et al. [3] presented a
MD work of time-dependent correlation functions of a
classical one-component plasma and pointed out the exis-
tence of high-frequency transverse modes for large Q
values. This has been reviewed in several textbooks on
simple liquids [4–6]. Shimojo et al. [7] and Kahl and
Kambayashi [8] performed MD simulations using more
realistic potentials for liquid Na and Rb, respectively.
However, the contribution of the transverse acoustic modes
to SðQ;!Þ was negligible since their magnitudes are rela-
tively small and they are highly damped. Thus, the trans-
verse modes in liquid alkali metals may have been masked
by the strong and broad longitudinal acoustic excitations
and/or quasielastic peaks.
In a previous IXS study on liquid Ga, narrow longitudi-

nal acoustic phonon modes were observed, indicating a
positive deviation from the hydrodynamic velocity of
sound by about 13% [9]. In addition, subpicosecond cor-
relations between the neighboring atoms or short-living
covalent bonds were found in the feature of quasielastic
lines at the first structure factor SðQÞ maximum [10].
Moreover, transverselike low-energy excitations were ob-
served as shoulders of the quasielastic peak [10]. This
finding may be related to the appearance of the short-living
covalent bonds. However, the fit results were scattered as a
function of Q due to the insufficient statistics, and it was
impossible to discuss the dynamical properties of the trans-
verselike excitations in detail. In order to confirm the
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existence of the transverse acoustic modes and to obtain
transverse elastic properties, we have precisely measured
IXS on liquid Ga at 40 �C at the beam line BL35XU with
an excellent energy resolution of about 1.5 meV and in-
tense x-ray photon flux of about 4� 109 photons s�1.
Details of the IXS spectrometer were given elsewhere
[11]. The Q resolution was set to be �0:5 nm�1.

The Ga sample was contained in a thin-walled
(0.25 mm) single-crystal sapphire cell, which is the so-
called Tamura-type cell [12]. The high x-ray absorption
of liquid Ga was handled by reducing the sample thick-
ness to about 50 �m. The cell was placed in a vessel [13]
equipped with single-crystal Si thin windows capable
of covering the scattering angles between 0� and 25�. It
was applied with 1.5 bar of high purity grade He gas. The
temperature of 40 �C was achieved by using a Mo re-
sistant heater and monitored and controlled with two
W-5%Re–W-26%Re thermocouples. The liquid phase of
the sample was confirmed by measuring SðQ; 0Þ spectra
during the experiment.

Figure 1 shows the results of SðQ;!Þ=SðQÞ at Q ¼
6:7–10:6 nm�1 together with the resolution function
shown by the dashed curve at the bottom of the figure.
At these Q values, longitudinal acoustic excitations are
clearly seen as peaks at about 12–18 meV. Besides the
longitudinal excitations, small but clear extra excitations
can be observed at Q ¼ 9:2 and 10:6 nm�1 as shoulders
between the quasielastic peak and longitudinal acoustic
excitation peaks at about 5–8 meV. With decreasing Q,
these extra modes become invisible below Q ¼ 7:9 nm�1.

The SðQ;!Þ data were analyzed by using a damped
harmonic oscillator (DHO) model [14] expressed as
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for two excitation modes each and a Lorentzian for the
quasielastic line. Here AQ and !Q are the amplitude and

energy of the inelastic excitation modes, respectively, and
�Q is the width close to half width at half maximum.

The solid curves in Fig. 1 indicate the best fits and
residuals (multiplied by two) of the single and double
DHO (1DHO and 2DHO, respectively) models, convolved
with the resolution function, to the experimental data. At
Q ¼ 10:6 nm�1, the residual for the 1DHO model has
large minima at about �3 meV as indicated by arrows
and broad maxima in the larger ! range up to �10 meV,
which means that the experimental quasielastic peak is
narrower than the 1DHO model and an extra excitation
mode is necessary at 5–8 meV. At Q ¼ 9:2 nm�1, the
1DHO model is still insufficient as shown in the residuals,
although the inconsistency of the 1DHO fit becomes small.

The 2DHO model reproduces well the experimental
SðQ;!Þ data beyond Q� 9 nm�1. The dotted curve is a
Lorentzian for the quasielastic peak, and the dashed and
chain curves are, respectively, the DHO functions for the
longitudinal and transverselike inelastic modes. As shown

in the transverselike contribution curves given by the chain
curves, the height and area of the transverselike modes
seem to largely decrease with decreasing Q. Below Q�
8 nm�1, fits using a 1DHO function were sufficient, with
the fit routines giving the transverselike mode intensity
nearly zero. Thus, the transverselike excitation modes
may either merge into the quasielastic peak or rapidly
decrease in intensity.
Figure 2 shows the dispersion relation of the transverse-

like (open circles) and longitudinal (solid triangles) pho-
non excitation modes obtained from the fits. The present
longitudinal results agree well with previous ones
[9,15,16]. The velocity of the transverselike mode would
be slightly larger than 1050 m=s, much less than half of the
longitudinal sound velocity. If it is the transverse mode, the
shear modulus G is obtained to be about 6.5 GPa.
Low-energy excitations located between the quasielastic

line and the longitudinal acoustic phonon modes were
hinted at in the SðQ;!Þ spectra of liquid Ga obtained by
an ab initio MD simulation [17] at 429 �C and 709 �C.
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FIG. 1 (color online). SðQ;!Þ=SðQÞ at Q ¼ 6:7–10:6 nm�1

(circles with error bars) together with the resolution function
(dashed curve at the bottom). Solid curves indicate the best fits
and residuals of 1DHO and 2DHO models. See the text for
details.
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Recently, González and González carried out an orbital-
free ab initio MD simulation on liquid Ga at 100 �C and
discussed the transverse current correlation functions [18].
This simulation has now been repeated at 40 �C, and the
solid curve in Fig. 2 represents the transverse phonon
excitation energies !Qt obtained. These theoretical values

are slightly smaller than the present experiment values and
continue to the lower Q values.

There have been mainly two reasons why the transverse
phonon modes were not experimentally studied so far. The
first is that they are believed to be difficult to observe at low
momentum transfers. Generally, the signal in a typical IXS

or INS measurement scales ~u � ~Q, where ~u is the displace-
ment of the atom. For the transverse modes in the first
Brillouin zone, this product is zero since ~u is always

orthogonal to ~Q. For crystals, transverse modes are acces-
sible in the second or higher Brillouin zone, with the

intensity being proportional to ~u � ð ~Q� 2� ~HÞ, ~H being a
reciprocal-lattice vector chosen along the direction of
atomic motion. In the present liquid Ga case, a first
pseudo-Brillouin-zone [19] can be introduced up to Q�
12:5 nm�1, half of the first peak positions in SðQÞ, analo-
gous to the crystal. The periodicity of the dispersion rela-
tion at the higher Brillouin zones is, however, broken in
disordered materials. TheQ range where the transverselike
phonon modes are detected in the present experiment is
inside the first pseudo-Brillouin-zone but near the zone
boundary. Because of the lack of the periodicity in the
liquid, however, the boundary of the first and second
pseudo-Brillouin-zones may not be strictly divided. Thus,
it is possible that the transverse phonon modes can be
detected near the pseudo-Brillouin-zone boundary.

The second and the most serious reason is that the
transverse phonon modes do not cause directly the density
fluctuations, which can be detected by inelastic scattering.
Transverse acoustic phonon excitations in liquid water
were discussed by Ruocco and Sette [20] using IXS com-
bined with MD simulations. In liquid water, the transverse
phonon modes are visible in the IXS spectra in theQ range
down to �3 nm�1, far inside the first pseudo-Brillouin-
zone, while for solid ice they are seen only beyond 7 nm�1

in the second Brillouin zone. From the analysis of MD
simulations, they evaluated the longitudinal and transverse
current spectra, both of which show the existence of two
excitations, quasilongitudinal and quasitransverse sound
branches at Q> 4 nm�1. Because of the lack of the trans-
lational invariance, the pure symmetry character of the two
modes is rapidly lost at larger Q values, and both of the
modes contribute to similar extents to both of the current
spectra. Thus, the transverse modes can be detected
through the quasitransverse sound branches in the longitu-
dinal current correlation spectrum. In addition, they con-
cluded that the appearance of the propagating transverse
dynamics occurs at the same time when the increase of the
longitudinal sound velocity takes place from the hydro-
dynamic to the high-frequency viscoelastic values.
In liquid Ga, the above-mentioned orbital-free ab initio

MD simulation also reveals the quasitransverse branch in
the longitudinal current spectra as small peaks or should-
ers, the energies of which are shown by the dotted curve in
Fig. 2 and almost coincide with the peak positions in the
transverse current spectra (solid curve). This is clear evi-
dence of the existence of the transverse phonon mode in
liquid Ga measurable by IXS. Thus, it is reasonable to
speculate that the detected transverse modes in liquid Ga
would be mainly from the quasitransverse branch of the
longitudinal current spectra, causing the density fluctua-
tions. The mixing of the transverse and longitudinal modes
in disordered systems would always occur inside the vis-
coelastic or fast-sound regime for the longitudinal pho-
nons. Whether they are observable or not may depend on
the width of the quasielastic line and the excitation ener-
gies and widths of the longitudinal mode and transverse
mode itself. In the present Ga case, the data atQ ¼ 9:2 and
10:6 nm�1 may satisfy the good conditions for the
observation.
Figure 3(a) shows the widths of the inelastic excitations

of the transverse (open circles) and longitudinal (closed
triangles) excitations together with the previous longitudi-
nal data (full circles) [9]. The widths of the transverse
excitations �Qt are about 5–6 meV comparable to its

energy !Qt value, 7–8 meV, indicating a highly damped

feature, and increases with increasing Q as is the width of
the longitudinal phonon excitation width �Ql. The �Qt

values are slightly larger than �Ql, although !Qt is less

than half of !Ql at the same Q.

Using the �Q values, the lifetime of these phonon ex-

citations �ðQÞ can be estimated to be proportional to the
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FIG. 2 (color online). Dispersion relation of transverselike
(open circles) and longitudinal (solid triangles) modes obtained
from the fits. The solid curve gives the peak energies of the
transverse current spectra, and the dotted curve is those of the
quasitransverse branch seen in the longitudinal current spectra,
both obtained by an orbital-free ab initioMD simulation. See the
text for details.
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inverse of �Q, i.e., �ðQÞ ¼ h=ð2@�QÞ ¼ �=�Q, where h is

the Planck constant and @ ¼ h=2�. Figure 3(b) shows the
lifetime of the transverse and longitudinal acoustic pho-
nons. The lifetime of the transverse phonons is about
0.5 ps, which is almost the same as that of the longitudinal
acoustic phonons. Interestingly, this time scale matches
that obtained from the linewidth of the quasielastic peak
near the SðQÞmaximum (0.39 ps at 100 �C) [10]. This time
scale was interpreted as the lifetime of short-lived covalent
bonds. Such short-living bonds may also indicate the life-
time of the cages formed in liquid Ga instantaneously.
Another time scale obtained from the present experiment
is the Maxwell relaxation time �M [4,6], which can be
evaluated from the G value and the shear viscosity. The
estimated �M is about 0.30 ps, which is again in the same
range as the other microscopic values.

The propagating lengths of the phonons LðQÞ can be
approximated by multiplying the velocity of sound !Q=Q,

expressed as L ¼ ð�=�QÞð!Q=QÞ ¼ �!Q=Q�Q. Fig-

ure 3(c) shows the LðQÞ values of the transverse (open
circles) and longitudinal (closed triangles) acoustic pho-
nons. The propagation length of the transverse excitations
Lt is about 0.4–0.5 nm. The dashed curve in this figure
indicates the Ioffe-Regel criterion (LIR ¼ 2�2=Q) [21],
which is considered as a boundary between the propagating
and localized modes. Since the Lt values are much shorter
than LIR, the transverse mode can be judged as a localized

mode. Thus, the Lt value may correspond to the size of the
cages formed in liquid Ga, where the phonon packets are
localized.
In conclusion, we have detected the transverse acoustic

excitation modes by IXS in liquid Ga although liquid Ga is
mostly described by a hard-sphere liquid [15]. An orbital-
free ab initio MD simulation clearly supports this finding.
From the detailed analysis for the SðQ;!Þ spectra with a
good statistic quality, the lifetime of 0.5 ps and the prop-
agating length of 0.4–0.5 nm can be estimated for the
transverse acoustic phonon modes, which may indicate,
respectively, the lifetime and size of cages formed instan-
taneously in liquid Ga.
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FIG. 3 (color online). (a) The width, (b) lifetime, and
(c) propagation length of the transverse (open circles) and
longitudinal (closed triangles) excitations together with the
previous longitudinal data (full circles) [9]. The dashed curve
indicates the Ioffe-Regel criterion [21].
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