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Abstract. The Neutron Brillouin Scattering technique has been used to measure longitudinal
excitations in a magnesium–zinc glass at momentum transfers,Q, within the first pseudo-Brillouin
zone. The measurements were performed at room temperature and at constant momentum transfer,
down toQ = 6.2 nm−1, and an energy transfer ofE = 16 meV. The experimental one-phonon
spectral functions for the glass have been extracted and compared directly to theoretical predictions.
At the first Brillouin zone boundary (QP /2 = 13 nm−1) experiment and theory show some
agreement, but at lower momentum transfers there is a shift of several meV in the peak position of
the neutron intensity, towards lower energies. Evidence for the two observed modes is presented
and the possibility of mode mixing is discussed. In conclusion, the need for new simulations is
highlighted.

1. Introduction

The investigation of properties of elementary collective excitations such as phonons and
magnons in glasses using neutron scattering techniques can provide information that is directly
comparable to theory. In particular, neutron inelastic scattering measurements made at
momentum transfers ¯hQwithin the first pseudo-Brillouin zone, a technique known as Neutron
Brillouin Scattering (NBS), can be used to measure the dynamical structure factor where the
dispersion of such excitations may be observed [1–6]. Here ¯hQ is the momentum transfer in
a scattering experiment. Generally, inelastic scattering experiments on crystals are performed
in higher-order Brillouin zones in order to gain intensity, and the results are presented after
reduction to the first zone. In disordered materials, however, this is considerably more difficult,
as there is no reciprocal lattice. Nonetheless, provided these systems have short and/or medium
range order, low-order pseudo-Brillouin zones can be defined close to the origin of reciprocal
space. Here, the first maximumQP in the static structure factorS(Q) can be regarded as the
first broadened reciprocal lattice point, such that the first pseudo-Brillouin zone extends up to
QP/2 in reciprocal space [1, 2].

Information on the collective dynamics in liquids and amorphous materials is typically
obtained through the extraction of single-excitations (phonons in harmonic solids), represented
by S1(Q,ω), from the measured dynamic structure factorS(Q,ω), where h̄ω is the
experimentally observed energy transfer. This is because the peaks inS1(Q,ω), which contain
information on the dynamical modes of the system, are more easily accessible to theoretical
analysis and more reliably interpreted than structure inS(Q,ω) itself. AsQ is increased
beyond the first pseudo-Brillouin zone these peaks become less pronounced, and atQ > 2QP
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the structure ofS(Q,ω) is dominated by the vibrational density of states, describing single
particle motion [1–3].

Strictly speaking, neutrons only couple directly to the longitudinal vibrations within
the first Brillouin zone and to transverse vibrations via Umklapp type processes outside
the first Brillouin zone. This provides a tool in NBS experiments for distinction between
longitudinal and transverse excitations; however, due to the nature of disordered systems it
has been suggested that some mixing of modes may occur [7]. NBS experiments impose
uncompromising kinematic constraints on a spectrometer, since they require a sufficiently
largeω-range at the smallestQ values. A full picture of the dispersion curve demands the
use of high energies for the incident neutrons at scattering angles close to the straight-through
beam, where there are a large amount of associated background and multiple scattering events
[8].

The metallic glass Mg70Zn30 can be melt spun in continuous ribbons, from which a suitable
neutron scattering specimen may be made. Since the scattering amplitudes for Mg and Zn are
similar (5.38 and 5.69 fm, respectively) and the coherent scattering is about 98% of the total,
this is a suitable sample for the investigation of collective excitations. We may represent,
therefore, the scattering cross section by an approximate formula, usingS for the average of
Mg and Zn,

d2σ

d�/dω
= b̄2

(
k

k0

)
S(Q,ω) (1)

whereb̄ is the average scattering amplitude for Mg and Zn.k0 andk are the incident and
scattered wavevectors, respectively. Moreover, this metallic glass has been the subject of
investigation in previous experimental studies with momentum transfer values down to 8 nm−1

at energy transfers of 25 meV [1–6]. We note that the first pseudo-Brillouin zone boundary
QP/2 is at 13 nm−1 for glassy Mg70Zn30. In addition, there are extensive computer simulations
usinga priori potentials and other theoretical work [9].

Previous experimental and theoretical work on this glass has demonstrated that general
features of the dispersion curves for the longitudinal modes are in approximate agreement.
However, whilst the measurements have been performed at a constant angle the calculations
have been made at constantQ. The intention of this paper is to present our NBS results for
glassy Mg70Zn30 in which the accessibleQ-range is well inside the first pseudo-Brillouin zone
and the data are taken at constant momentum transfer rather than constant angle. The improved
resolution data measured at the lowest momentum transfers provide an accurate measurement
of the energy dispersion of the main phonon intensity. To achieve this experimentally it is
necessary to use a relatively high incident energy (0.184 eV or a neutron velocity of 6000 m s−1),
so that the neutron velocity will be greater than the velocity of sound, and scattering angles
will be as low as 1◦. In addition, a high energy resolution is required under these conditions.
A further goal of this experiment was to examine the spectral shape of the longitudinal modes
asQ is decreased. These new data are compared to existing theoretical predictions [9].

2. Theoretical background

It is the structure (peaks and shoulders) of the single-excitation partS1(Q,ω) of the dynamic
structure factorS(Q,ω) (equation (1)) that contains important information about the collective
dynamics of the atoms. Thus, we separate this function into three parts as:

S(Q,ω) = S0(Q,ω) + S1(Q,ω) + Sm(Q,ω) (2)

whereS0 represents the elastic scattering,S1 the single-excitation component andSm multiple-
excitation contribution. The smallestQ-values which can be reached in an NBS experiment
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at a givenω depend on the scattering angleθ and the incident energyE0 necessary for the
excitation of the modes. These quantities are related by the conditions for conservation of
momentum and energy, namely,

Q2 = k2
0 + k2 − 2kk0 cosθ and ω = h̄

2m
(k2

0 − k2) (3)

wherem is the neutron mass andk andk0 are the moduli of the neutron wave vector mentioned
above. By eliminatingk, these equations become:

h̄Q = [2m(E0 − h̄ω)− 2
√
E0(E0 − h̄ω) cosθ ]1/2. (4)

In this section we assume the experimental conditions are such that these equations yield values
in the first pseudo-Brillouin zone of the Mg70Zn30 glass.

If we considerS1(Q,ω) for a simple isotropic polycrystal with atomic massM, the single
longitudinal excitation scattering in the first Brillouin zone [10] can be written as:

S1(Q,ω)− e−2We(−h̄ω/kBT )[Aδ(Q− q)δ(ω − ωq)ρ(ωq)] (5)

where

A = h̄2Q2e(−h̄ω/kBT )

6Mω(1− e(−h̄ω/kBT ))

e−2W is the Debye–Waller factor,(q, ωq) are the wave number and frequency of a longitudinal
phonon in the first Brillouin zone andρ(ωq) is the density of states normalized to unit area.
For a linear branch, with a sound velocityc, we would haveωq = cq. It is clear that for low
values ofQ the amplitude factorA is small and the density of states (which varies initially
asω2

q) is also small. However, in this limit the productAρ(ω) becomes independent ofω if
the dispersion is linear [11]. In addition, as the modes in a crystal are expected to be long
lived they are represented asδ-functions. For damped modes in an amorphous material they
might be represented as Lorentzian functions, with a peak width0 proportional toQ2 in the
(smallQ) hydrodynamic limit. Provided that they have sufficient intensity these peaks are
therefore easiest to detect, and their width0 is smallest at momentum transfers within the
first pseudo-Brillouin zone. For a full mixed mode treatment, functions of interest include the
symmetrized functionSsym1 (Q,ω) given by [3],

S1(Q,ω) = e(h̄ω/2kBT )Ssym1 (Q,ω) (6)

and the one phonon spectral functionf1(Q,ω), which can also be calculated directly from
theory:

f1(Q,ω) =
∑
αβ

e−2Wfαβ(Q,ω)cαcβ√
MαMβ

(7)

wherecα andcβ are the concentrations of the Mg and Zn and

fα,β(Q,ω) = ω(1− e(−h̄ω/kBT ))
h̄Q2

S1
αβ(Q,ω) (8)

whereSαβ(Q) are the partial dynamic structure factors related to the Mg–Mg, Zn–Zn and
Mg–Zn correlations; of these,SMgMg dominates in this experiment (see figure 5). Function
(8) is similar to that used in the theory of crystals [10], and a superscript is used here in place
of the subscript in equations (2)–(7).
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3. Experimental

The Mg70Zn30 sample and neutron spectrometer have been previously described in reference
[5]. Shortly before this experiment, both x-ray and neutron checks were made on the
sample used in [5] to ensure that the glassy nature of the sample was unchanged. This
Mg70Zn30 sample (of mean density= 1.72 g cm−3), was fabricated from high purity elements
by melt spinning. The sample container was a flat aluminium alloy vessel of volume
8.0 (height) × 5.5 (width) × 2.0 (thick) cm3 intersected by a square grid of 0.5 mm thick
cadmium blades forming multiple cells of 6mm× 6 mm sides.

This experiment was performed with the sample at 297 K, using epithermal neutrons.
An incident beam energy of 0.184 eV (close to the absorption maximum for neutrons in Cd)
was chosen to provide a neutron velocity greater than the velocity of sound, and to maximize
the absorption of the grid and thereby reduce the (otherwise) large background of multiply
scattered neutrons. An identical grid was also used for the empty sample container run, and
two halves of the same grid construction were placed at either side of a 3 mm vanadium
plate at room temperature for the calibration run. All sets of measurements were carried out
under identical experimental conditions and temperature fluctuations were kept to within 3◦C
between runs. The sample alignment was set at 4◦ to the beam, in a plane perpendicular to it.

PHAROS is a direct geometry inelastic chopper spectrometer, ideal for NBS experiments
requiring highω-resolution work. The fast Fermi chopper was run at 467 Hz for these
experiments, giving a measured resolution of 4.6 meV FWHM at the elastic line. This chopper
frequency was optimum for this instrument. The resolution was a factor of two better than that
of our previous experiment using PHAROS [5] at a loss of only half the count rate.

A boron carbide mask defined the incident beam of 7.5 cm× 5.0 cm at the sample
position, and at the time of the experiment the detector grid comprised five banks of linear
position sensitive3He detectors covering 1.3–8.8◦ in the forward scattering direction. The
position sensitivity gave anx–y distribution for the detector cells. The spatial resolution was
2.5 cm in thex- andy-directions. Due to the relatively low flux at high incident energies, low
scattering angles and attenuation of the scattered beam by the cadmium grid, a sample run time
of 6.5 days at 297 K was required to obtain useful statistics.

The dynamicalQ–ω range of the experiment is given in figure 1. This figure shows the
range of the low angle detector coverage by full lines, together with theoretical curves from
[9] (dashed lines) for the two longitudinal modes in Mg70Zn30 glass. The curvature inQ–ω
space arising from the limits to the angular range is clearly shown. A locus of constantQ

would intersect the solid lines in figure 1 and show the range of energy transfer over which a
particularQ could be observed. The pixels of thex–y detector were grouped into constantQ

data sets and energy bands of such a width that reasonable counting statistics were obtained
and a direct comparison to theory could be made.

4. Analysis of the data

A new software program [12] was employed to group the detector data at constant momentum
transfer on the PHAROS instrument. Thex–y data were directly binned into constantQ data.
In order to compare directly with the theoretical predictions of Hafner [9] identical constant
Q cuts were taken at 6.2, 9.4 and 12.6 nm−1†, each with a finite bandwidth of 3.2 nm−1. The
program was also used to rebin time-of-flight data to energy transfer data on a linear scale, and
provide a correction for neutron capture efficiency in these cylindrical detectors. The data sets

† The theoretical calculations were performed atQ = 12.5 nm−1 rather than 12.6 nm−1.
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Figure 1. The region inQ–ω space along whichx–y data were collected using the low angle
detector banks on the PHAROS spectrometer (area between the solid lines). The dashed lines
correspond to the theoretical curves for the two longitudinal modes (see text) calculated by Hafner
[9] for the metallic glass Mg70Zn30. (LA = longitudinal acoustic; LO= longitudinal optic). Also
shown is the first pseudo-Brillouin zone boundaryQP /2 (dotted line).

were normalized to the similarly treated vanadium spectra, using the number of counts in the
elastic peak of these spectra. The neutron data were corrected for empty container scattering,
attenuation and multiple scattering effects (see figure 2). The multiple scattering correction
was performed with the help of the Monte Carlo simulation program DISCUS [13] using the
measured vibrational density of states from reference [3] as an input model calculation for
S(Q,ω). Corrections for multi-phonon effects (known to be broad in glasses and generally
at higher energy transfers) and the finite resolution of the spectrometer were neglected in this
analysis.

The symmetrized functionSsym1 (Q,ω) was also evaluated (see equation 6) to ensure that
the correct amount of multiple scattering had been subtracted in the data reduction and condition
of detailed balance was obeyed, i.e. the plus and minusω sides should have the same intensity,
but the minus side should exhibit a higher resolution. An example of some symmetrized data
are shown in figure 3 forQ = 9.4 nm−1. The data show a clear division between two modes
on the energy loss side of the spectra. In addition, it was noted that the peaks in the structured
componentS1(Q,ω) were broader than the resolution function. This implies either that the
excitations are strongly damped or that there are a number of closely spaced sharp peaks. If
the excitations were long-lived (i.e. excitation lifetime> 0.1 ps), the latter assumption would
be correct.

5. Discussion and conclusions

The improved energy resolution obtained using PHAROS and constant momentum transfer
measurements have yielded data which can be compared directly to both our previous
experiments and to constantQ theoretical calculations. Thus, the constantQ results obtained
here allow a direct comparison to be made with existing theories on the dynamics of Mg70Zn30

glass for the first time. The line-shapes and positions of the experimental and theoretical
excitations are compared in two representations to emphasise the low and high energy transfer
regions. The low energy transfer region is best compared through the functionS1(Q,ω); this
is shown in figure 4, which shows three constantQ plots. Although the data were not explicitly
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Figure 2. The background corrected inelastic neutron intensity for Mg70Zn30 glass (circles with
error bars) at three constant momentum transfersQ = 6.2 nm−1,Q = 9.4 nm−1 (shifted by +80),
Q = 12.6 nm−1 (shifted by +200). The solid line represents the elastic line,S0(Q,ω), plus the
multiple scattering contribution to the measured spectra (see text).

corrected for resolution effects or multi-phonon terms it is assumed that the peaks in figure 5
provide a reasonable measurement of the position and shape of single mode scattering events.
In figure 4, comparison ofS1(Q,ω) from experiment and theory show general disagreements
at all threeQ values, with the exception of the peak widths and the occurrence of a 40 meV
peak atQ = 12.6 nm−1. A noticeable discrepancy is the additional peak at low energy
transfers predicted by the simulation forQ = 12.6 nm−1 which is absent in the experimental
data.

Usually, the theoretically calculated quantity is the one-phonon spectral function given
by f1(Q,ω), which emphasises the higher energy transfer region, shifting the peak position
up in energy by 2–3 meV compared toS1(Q,ω). In our analysis we attempt to extract the
same quantity experimentally through equations (2)–(7). The results are shown in figure 5.
The theoretical curves have been normalized to the experimental peak heights of thef1(Q,ω)

function. In this representation both the experimental and theoretical spectral line-shapes and
widths are in good agreement; however, the position of the experimental peak at the lowerQ

values is shifted towards lower energy transfers. The additional feature in the simulation at
low energy transfers forQ = 12.6 nm−1 (which was mentioned previously) is still present
but greatly de-emphasised in this representation. From the constantQ results forQ = 6.2,
9.4 and 12.6 nm−1, the peak positions (inω andQ) in f1(Q,ω) were read off and have
been plotted in figure 6. Suprisingly, the constantQ data points lie on a straight line and do
not tend towards the speed of sound curve at lowQ. This may be a feature of two modes
merging or coupling to give an erroneous dispersion curve. Also shown in this figure are
our earlier data on longitudinal modes in Mg70Zn30 glass measured at constant angle, and the
predicted dispersion curves of the longitudinal optic and acoustic modes by Hafner [9]. The
dispersion curves obtained from the constantQ data presented in this paper clearly highlight



Longitudinal excitations in Mg70Zn30 glass 7085

Figure 3. The symmetrized dynamic structure factorSsym1 (Q,ω) for Mg70Zn30 glass atQ =
9.4 nm−1 (circles and error bars). The solid line was obtained by fitting a high order Chebyshev
polynomial to the data points as a guide to the eye.

the problem of comparing structures inS(Q,ω) andf (Q,ω) and in the representation of the
data at constant angle instead of constantQ curves.

It is expected [9] that only at the lowest momentum transfers (Q 6 3.1 nm−1) can the
acoustic and optic modes be clearly identified. We observe two separate (but undefined) modes
at somewhat higher values ofQ. For largerQ-values, towards the first pseudo Brillouin zone
boundary (Q > 6.2 nm−1 in [9]) it has been predicted that the acoustic and optic modes will tend
to be dominated by the vibrations of the Zn and Mg atoms, respectively. A comparison of these
calculations with the experimental data suggest that the main phonon intensity measured near
the first pseudo-Brillouin zone boundary originates from the longitudinal optic mode, which is
related to the larger amplitude vibrations of the lighter Mg atoms. However, asQ is decreased
the neutron intensity is shifted towards lower energies compared to the simulation. In figure 5
the calculated contribution only from the longitudinal acoustic mode due to the Zn atomic
vibrations atQ = 6.2 nm−1 have been scaled up and plotted, showing reasonable agreement
with experiment. One possible explanation for this similarity is that there is a coupling between
modes in which the Zn mode is amplified. The measurement atQ = 9.4 nm−1 is in agreement
with our previous data taken at constant angle showing a peak and shoulder on both the energy
loss and energy gain sides of the spectra. The principal peak position lies mid-way between
the two predicted longitudinal modes suggesting that this may be a combination of modes. If
true, this may explain the unexpected experimental dispersion seen in figure 6, especially at the
lowestQ value. Unfortunately, the predicted longitudinal one phonon spectral functions from
the simulation are inconsistent with the experimental data throughout the first pseudo-Brillouin
zone, making mode assignment difficult. Consequently, until the correct mode assignments
at each measuredQ value can be made unambiguously, the degree to which mode mixing
occurs in glassy Mg70Zn30 is unclear. For a better understanding of the phonon dispersion in
this metallic glass new simulations and higher resolution experiments at smaller momentum
transfer intervals are required.
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Figure 4. The single excitation part of the dynamical structure factorS1(Q,ω) (circles and
error bars) for Mg70Zn30 glass measured atQ = 6.2 nm−1, Q = 9.4 nm−1 (shifted by +50),
Q = 12.6 nm−1 (shifted by +150). These were obtained assuming the multi-phonon process to be
negligible, i.e.Sm(Q,ω) = 0 in equation (2). The lines represent the expected neutron intensity
from the theoretical phonon calculations of Hafner [9]. The dashed line is the contribution from
the Mg–Mg interactions alone and the solid line includes all three contributions, obtained using
equations (6) and (7). The closeness of these two lines is due to the Zn mass being much greater
than the Mg mass.

Recently, molecular dynamics simulations have been used to interpret inelastic x-ray
scattering in water, and it has been suggested that the mixing of transverse and longitudinal
modes may occur atQ > 4 nm−1 [7]. We note that although transverse modes are forbidden
in the first Brillouin zone in the case of crystals, it is probable that transverse and longitudinal
mode mixing in the first pseudo-Brillouin zone occurs to some extent in all amorphous systems.
Another avenue for further research may be x-ray Brillouin scattering, a new and successful
method for studying lowZ materials, e.g. [7] (and references herein). However, as yet little
work has been carried out on glasses containing heavier elements. Preliminary experiments
have shown that the contribution from the tails of the instrumental resolution can make
interpretation difficult [14]. Also, the strong absorption at the K- and L-edges of heavier
elements and corresponding low inelastic scattering intensity make the access to collective
excitations more difficult than for lowZ materials†.

In summary, the Neutron Brillouin Scattering technique has been used to measure
longitudinal excitations in Mg70Zn30 glass at momentum transfers within the first pseudo-
Brillouin zone. A comparison of the experimental results with existing theory at constant
momentum transfer (in figures 4–6) shows a shift of several meV in the peak position of
the neutron intensity, towards lower energies. Evidence for two modes is presented and
the possibility of mode mixing is discussed. However, new calculations are required before

† JS has performed a preliminary inelastic x-ray experiment on Mg70Zn30 glass in which the inelastic part of the
spectra were largely washed out by the strong Lorentzian-like tails of the instrumental resolution function.
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Figure 5. The one-phonon spectral functionf1(Q,ω) (see equation (7)) for Mg70Zn30 glass at
297 K andQ = 6.2, 9.4 and 12.5 nm−1 emphasising the higher energy transfer part of the spectra.
The circles (with error bars) represent the experimental data, whilst the full line represents the
theoretical calculations of Hafner [9]. The dashed line represents the contribution offMgMg(Q,ω).
The single dash–dot line shown forQ = 6.2 nm−1 is the theoretical contribution of thefZnZn(Q,ω)
interactions alone scaled by a factor of 15.

Figure 6. A Q–ω plot for the peaks inf1(Q,ω) for the metallic glass Mg70Zn30. The results
of the present investigation are shown as filled circles for the 297 K data. The open symbols
correspond to the previous results on peaks inS(θ, ω) on the same metallic glass [1–4]. The solid
line corresponds to the theoretical peak positions inf1(Q,ω) derived from the calculations of
Hafner [9]. The dotted line represents the first pseudo-Brillouin zone boundaryQP /2.

unambiguous mode assignments can be made. It has also been demonstrated that modes
can be observed for wavenumbers up to 7 nm−1. Thus, the combination of relatively high
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energy inelastic scattering and constantQ analysis ofx–y detector data has both extended
and improved the experimental work on metallic glasses. Moreover, the way is now open
for significant improvements using more advanced instruments on the new generation of high
intensity pulsed neutron sources.
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