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Collective dynamics of liquid sulfur scrutinized over three decades in frequency
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Liquid sulfur consists mainly of eight-membered rings and hence can be regarded as a model of a molecular
liquid. A liquid, which is built from different molecular structures, will demonstrate a wide range in relaxation
processes and excitation modes. Three inelastic neutron scattering experiments have been performed to study
the collective dynamics of liquid sulfur over three decades in frequencies. A wide range of wave vectors was
studied to reveal the response of density fluctuations over different lengthscales. A viscoelastic model with a two-
times memory function was applied to the data. The analysis revealed a slow relaxation mode, an acoustic-type
excitation, and a high-frequency mode, which resembles an optic-type excitation. The wave-vector dependence
of the slow relaxation mode width exhibits the signs of a de Gennes narrowing around the wave vector where
the structure factor has a shoulder. This slow relaxation process could be related to diffusive particle movements.
The acoustic-type modes evidence a viscoelastic reaction with a 50% enhancement of the sound velocity. This
enhancement of the sound velocity and the spectral line shape is qualitatively similar to spectra of molecular
liquids. The two relaxation times of the memory function are separated by about two orders of magnitude and
underpin the need for a wide frequency range investigation of this complex liquid. The high-frequency response

can be interpreted as optic-type modes in the liquid.
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I. INTRODUCTION

Elemental sulfur is a bright yellow, crystalline solid at
room temperature. It is the element with the most known
crystalline forms in the solid state [1,2]. The orthorhombic
structure at room temperature consists of Sg rings with a bond
length of 2.055 A [3]. At T = 368.5 K, below its melting
temperature, the structure changes from «-sulfur to the mon-
oclinic B-form [1]. The melting occurs at 7,, = 392.9 K [1,2].
It is believed that the Sg rings survive in the liquid and form a
liquid with a dominating fraction of eight-membered sulfur
rings. At T =432 K, sulfur has a further phase transition
to a state with a huge increase in viscosity [4,5]. From den-
sity measurements it was concluded that a similarity with
the A-transition in helium exists and hence this transition
was coined the A-transition [6]. The cause for this transition
is supposed to be a transformation of the rings into long
polymerlike chains [7-10]. With a further increase of tem-
perature, the viscosity starts to drop until the boiling point
of sulfur is reached at T = 718 K. This large increase of the
viscosity and the underlying structural evolution during the
polymerization transition is still under debate; see, for exam-
ple, Refs. [11-16]. Also the diffusion coefficient [17] mirrors
that transition as well as light absorption properties [18] and
heat capacity [19]. Including pressure as a variable, the phase
diagram of sulfur becomes even richer [20]. Density changes
in the phase diagram of sulfur have been related with a poten-
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tial liquid-liquid phase transition and the existence of a further
critical point [21].

In addition to this fundamental interest in the properties
of sulfur, it occurs with high abundance and is used on a
large scale in industry [22]. For industrial applications, the
relevant temperature range of sulfur is the liquid range be-
low the A-transition, when liquid sulfur has a low viscosity.
Sulfur has been relevant in the field of geoscience for several
decades [23], and more recently it has attracted attention as
an abundant cheap material in the field of energy research for
novel batteries [24].

Neutron and x-ray diffraction experiments have been per-
formed to reveal the microscopic structure of the liquid
state below and above the A-transition; see, for example,
Refs. [25-28]. The structure factor S(Q) is composed of
a main structure factor peak at about Q ~ 1.7 A~! and a
shoulder at Q &~ 1.2 A~! [29]. This type of structure is not
compatible with a simple hard sphere modeling, and it calls
for a more sophisticated liquid structure model. The next-
nearest neighbor distance was found to be 2.053 A [29],
identical to the value for the crystalline state. This fact is com-
patible with the idea that liquid sulfur consists of mainly Sg
rings, similar to the crystalline state. With rising temperature,
the main peak decreases and the prepeak shoulder increases
around the A-transition [25]. Through analyzing and modeling
the pair correlation functions g(r), it was concluded that the
A-transition is related to a reduction of Sg rings [26,30] and
the polymerized state contains a large fraction of chainlike
structures [29]. However, modeling of the measured and then
Fourier-transformed structure factor delivered sometimes con-
flicting interpretations about the atomic structure in liquid
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sulfur [31,32]. The liquid sulfur structure may not be describ-
able with stable molecular units [33], which differentiates
liquid sulfur from a molecular liquid.

Classical MD-simulations have been performed to reveal
the structure and dynamics of liquid sulfur [34]. The pic-
ture with Sg rings in the liquid state, which then eventually
break up with rising temperature, was confirmed. Ab initio
molecular dynamics calculations were also applied, and it was
concluded that the main elements of the liquid structure are Sg
rings [35], which are then transformed into a mixture of long
and short chains at high temperature [36].

To shed light on the question of how the molecular
constituents in liquid sulfur can affect thermodynamic and
transport quantities, such as the specific heat and viscos-
ity, an investigation is needed of the collective dynamics on
molecular lengthscales. In particular, the collective dynamics
can provide valuable information about the interrelation of
structure and dynamics due to their connection between wave
vector and excitation frequency, coined the dispersion rela-
tion. In recent years, the collective dynamics of many liquids,
in particular so-called simple ones, have been investigated.
One common feature was the observation of dispersing exci-
tations, which resemble high-frequency sound modes. Liquid
alkali metals demonstrated quite clearly propagating acoustic
modes over a wide range in wave vectors [37—41]. For more
complex liquids, further excitation modes have been pro-
posed, such as the so-called fast sound [42], and for charged
liquids optic-type modes were predicted by MD simulation
and evidenced experimentally [43—45]. For nonionic liquids,
only a few experimental studies exist related to optic-type
excitations [46—49].

Liquid sulfur might be regarded as a model system to study
the fundamental excitations of a molecular-type liquid with
the added difficulty that there is a mixture of molecular units.
The dynamics of liquid sulfur was investigated by inelastic
neutron scattering and inelastic x-ray scattering. In one of the
first inelastic neutron scattering experiments, the vibrational
density of states was studied with rising temperature [50]. It
was reported that the vibrations do not change very much with
melting, which was interpreted to indicate that the underly-
ing structure of Sg-rings survives. A further study reported a
change in the sharp distinct vibrations during melting [33].
The wave-vector-dependent dynamics was studied with in-
elastic x-ray scattering, mostly over only a small wave-vector
range excluding the main structure factor peak [51,52]. The
measurements focused on the low-frequency acoustic-type
excitations, and they were analyzed with a simple damped har-
monic oscillator model. In a further investigation to elucidate
the A-transition, a viscoelastic reaction of liquid sulfur was
assumed in the data analysis [53]. Also Raman spectroscopy
was used, and bond-bending vibrations of Sg rings have been
identified in the liquid [54].

Here we present a comprehensive study of the collec-
tive dynamics of liquid sulfur. This elemental liquid has the
advantage that the analytic difficulties of a molecular lig-
uid with differing scattering properties of the particles are
avoided. To reveal details about the collective movements of
a molecular-type liquid, the dynamics should be investigated
over a wide wave vector and frequency range. To cover a
wide range of frequencies and wave vectors, three inelastic
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FIG. 1. Two spectra measured with the IRIS spectrometer at
Q = 0.8 and 1.16 A" are plotted together with the peak normalized
energy resolution (dashed line). Included as lines are the fit result of
the quasielastic contribution.

neutron scattering experiments have been performed on liquid
sulfur. The presented analysis is based on a viscoelastic model
with two relaxation times in the memory function. The in-
clusion of low-frequency relaxation dynamics in the analysis
allows a holistic approach in describing the dynamics of this
molecular-type liquid. Furthermore, the extension to high fre-
quency measurements opens the door to potential optic-type
modes.

II. EXPERIMENTAL DETAILS AND DATA ANALYSIS

Three different experiments have been performed to cover
a large frequency range. On the indirect tof-backscattering
spectrometer IRIS at the ISIS Facility, UK, a high-resolution,
low-frequency measurement with PG0O02 reflection was per-
formed. The final energy was £y = 1.84 meV, with an energy
resolution of a full width at half-maximum (FWHM) of
0.018 meV. A small dynamic range +0.5 meV around the
elastic line and Q vectors between 0.5 and 1.8 A~! were cov-
ered. The sulfur sample was kept in a cylindrical aluminum
container with a diameter of 22 mm and a wall thickness of
0.5 mm.

For sulfur, the coherent neutron cross section is ocop =
1.02 barn and the incoherent one is negligibly small, oj,c =
0.008 barn [55]. In fact, sulfur has one of the smallest neu-
tron cross sections of all elements in the Periodic Table, and
hence quite large sample amounts can be used. The sample
dimensions correspond to a scattering power of about 6%,
and only a small contribution of multiple scattering needs
to be considered. Sulfur of 99.998% purity, based on metal
trace analysis, was filled into the can. The temperature was
controlled by a cryofurnace to 7 =400 =3 K. In Fig. 1,
two spectra at Q = 0.8 and 1.16 A~ are plotted from the
IRIS measurement. The intensity of the line increases strongly
when the shoulder in the structure factor around Q = 1.2 A~!
is approached. Included in one spectrum is the resolution
function as a dashed line, measured with a vanadium stan-
dard. It clearly demonstrates the relaxation dynamics of liquid
sulfur on this frequency range. To reveal the broadening of
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the quasielastic line, a fit with a sum of a § function and a
Lorentzian line shape convoluted with the energy resolution
was performed. A sloping linear background was added here
in the fit model. The Lorentzian contributions from this slow
relaxation process are included as lines.

A further experiment was performed with the three-axis
spectrometer IN8 at the ILL, Grenoble, France. The spec-
trometer was operated with a final wave vector ky = 3.84 Al
corresponding to a final energy £y = 30.5 meV using a Cu200
reflection on the monochromator and a Culll reflection on
the analyzer. A tight collimation with 30'/20"/20'/30" Soller
collimators was used. The cryofurnace, holding the sample,
was mounted in a 1-m-diam vacuum box to reduce air scatter-
ing at small scattering angles. Due to the installed vacuum box
and the tight collimation, scattering angles down to 1.5° could
be accessed, which is a necessity for observing excitations at
small wave vectors. A pyrolytic graphite filter was installed
between sample and analyzer to reduce the amount of A/2
neutrons. The sulfur sample was the same as for the IRIS
experiment, a cylindrical aluminum can with a diameter of
22 mm. The experiment was performed at one temperature
T = 400 +£ 3 K. The energy resolution, measured with a vana-
dium standard, in this set up was FWHM = 0.8 meV with
a Gaussian line shape. Constant Q-scans from Q = 0.3 to
1.9 A~ were performed with energy transfers £8 meV in
0.2 meV steps, except at the smallest O, where the dynamic
range was constrained by the kinematics. Up to four runs have
been performed for some Q-vectors to increase the statistical
quality of the data. For all wave vectors, empty can runs were
performed in addition. To cover the high frequency range,
the configuration was changed to £ = 48 meV. In this setup
with opening up to an open/60’ /60’ /open collimation, the en-
ergy resolution increased to FWHM = 4.9 meV with a large
increase in neutron flux to detect the weak inelastic signal
at large energy transfers. Two wave vectors were scanned at
Q =1.7 and 2.0 A~! over a wide range of energy transfers
up to 40 meV with the sulfur sample and the empty can.
No second-order filter was used in this configuration, because
the amount of higher-order neutrons from the monochromator
(larger than 200 meV) is reduced in the Maxwell-Boltzmann
distribution of the water moderator.

A third experiment was performed at the three-axis spec-
trometer IN3 of the ILL, Grenoble, France. That experiment
focused on the small-wave-vector region only. A vacuum
box was installed on the sample position to reduce the air
scattering. As final energy, £y = 30 meV was chosen. Scat-
tering angles down to 1.5° could be measured in a setup
with a 40’ /40’ /60’ collimation and using a Cul11 monochro-
mator and a PG004 analyzer reflection. The sample was
enclosed in an 30-mm-diam aluminum cylinder, which pro-
vided 10% scattering power. A transmission measurement
confirmed this value in perfect agreement. The heating con-
sisted of heating elements at the bottom and on top of the
cell. The temperature was set to T = 400 £2 K. Five Q-
vectors have been measured, including empty cell runs: Q =
0.25/0.3/0.35/0.4/0.5 A=, The energy resolution measured
with a vanadium standard was FWHM = 1.12 meV. The
larger energy resolution caused by a more relaxed collimation
and the larger sample diameter are needed due to a much
lower flux of the IN3 spectrometer compared to IN8. About
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FIG. 2. Raw measured data from the IN8 spectrometer of the
sulfur sample at 400 K for Q = 0.8 A=, the empty can and a peak
normalized vanadium scan are plotted.

five scans per Q-vector have been performed. With a typical
scan time of 10 min per point, up to 1 h measurement time
was therefore used for one scan point. Further measurements
keeping the energy transfer at zero and changing the scattering

angle to scan S(Q, w ~ f 865.25 dw) were performed. That mea-
sured intensity is related to the structure factor S(Q). Several
scans were undertaken during the whole experiment to check
for changes in the sample.

The data reduction of the IN8 and IN3 data sets in-
cluded monitor normalization and an empty can subtraction.
In Fig. 2 we plot raw data at Q = 0.8 A~ from the IN8
liquid sulfur measurement and from the empty can. Note that
the peak at about —5 meV energy transfer originates from
the instrumental background and appears in the sample and
empty cell measurement. It can be subtracted properly, as
can be seen later in the spectra; see Fig. 7. The line depicts
the peak normalized measured resolution from vanadium.
An absolute calibration was achieved by comparison with a
vanadium standard. The wide energy spectra from the INS§
measurements were symmetrized through multiplication with
exp(—/fiw/2kgT). With a scattering power of 6% or 10%, the
amount of multiple scattered neutrons is consequently quite
small. However, the fraction of multiple scattered neutrons
into small wave vectors is relatively high compared to other
wave-vector ranges. For this reason, a multiple scattering cor-
rection for the IN3 and IN8 spectra was performed. The twice
scattered signal was computed using as input a viscoelastic
model for the single scattering S(Q, w) spectrum [41,56]. The
obtained twice scattered signal was then intensity-calibrated
against the absolute measured signal and subtracted.

To describe the low-frequency excitation spectra, a model
function with two components in the memory function was
chosen. The Zwanzig-Mori memory function formalism pro-
vides a powerful framework to define the dynamics of dense
liquids [57,58]. The Laplace transformed relaxation function
can be presented in a continued fraction representation:

S
FQ.o=—2 (1

)
z+ z+M(Q,z)
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where a)(z) is the normalized second frequency moment of
S(Q, w), and M(Q, z) is the Laplace transform of the memory
function M(Q, t). The dynamic structure factor is related to
the real part of F(Q, z = iw) through

S0, ) lRe[F(Q,z)]_

S 7 L S0

A simple approach applies an exponential decaying mem-
ory function M(Q,t) =M(Q,0)exp(—1t/7(Q)) = (cul2 —
w%) exp ( —t/7(Q)), where the relaxation time t(Q) is known
as the Maxwell relaxation time. wlz is the ratio of the fourth
to the second frequency moment of the dynamic structure
factor [57]. In contrast, the normalized second moment a)(z) =
mkSB(TQ) is given by the thermal energy and relates to the fluidity
of the liquid. The appearance of the structure factor in the
denominator reflects the influence of structure on dynam-
ics at larger wave vectors. This single exponential decay in
the memory function is the so-called viscoelastic model. An
extension of this model adds the contribution from thermal re-
laxation processes. A specific-heat ratio of ¢, /cy = 1.14 [59]
for liquid sulfur has been reported, and therefore thermal
relaxation processes are not considered relevant for liquid
sulfur in contrast to molten salts [45,56]. A straightforward
extension of this model consists in adding a further decay

J

2

S(Q.w) 1

process with a scaling factor « in the memory function:
M(Q, 1) =M(Q,0)[(1 —a)exp(—T1(Q))
+aexp(—I2(0))] 3

with M(Q, 0) = w? — w}. A model with two relaxation times
is necessary to describe the complex dynamics of liquid sulfur.
A single relaxation time model would not be able to describe
the dynamics of collective excitations in the meV range (see
Fig. 2) together with the slow relaxation processes shown in
the strong quasielastic line; see Fig. 1. The dynamics in this
molecular-type liquid covers several decades in frequency and
hence needs at least a two-times relaxation model within the
memory function.

The Laplace transformed memory function M(Q, z) be-
comes

(1—a) o
M ,z:a)z—wz[ i|
(©.2) (l 0) z+ 1 z+ 1
. )
T oz4 4+,

with A} = (o — 03)(1 — ) and A; = (o] — w})a. Intro-
ducing the memory function into the Eq. (1) and then deriving
the real part of F(Q, z), an expression for S(Q, w) might be
obtained; see also [45,56,60]:

w*(f283 — f184 — f382) + f384

S(Q)

The f and g parameters are abbreviations for terms in-
volving @3, ®?, «, I' =1/7;, and T, = 1/7,. They are
givenby fi =1 + I, o =il + Ay + Ao, f3 = AT +
ATy, g =TT+ A1+ A+ d, g3=A T2+ AT +
a)(z)(l"l +Iy),and g4 = a)(z)[‘ll“z.

Figure 3 presents fits with the one-time relaxation model
and the two-times relaxation model. Panel (a) shows the Q =
0.8 A data set with the two fits as lines. The two-times model
fits the data better and the x2 is about a factor 2 smaller.
The one-time relaxation model is not capable of describing
the slow relaxation process of the strong quasielastic peak
together with a rather fast dynamics for the heavily damped
excitations. When the fit reduces the least-squares sum around
the quasielastic line, the relaxation time becomes too long
for a strongly damped inelastic excitation. As a consequence,
the fit cannot describe the line shape properly. In contrast,
the dynamics of a simple monatomic liquid such as rubidium
can be described quite well through a one-time relaxation
model, because the quasielastic line amplitude is much more
modest compared to the inelastic excitations, which are well
expressed and hence not so much damped as in liquid sul-
fur [41]. The Q = 0.4 A~! data set in panel (b) also shows
a better fit with the two-times model, but with a smaller im-
provement in x 2. This result evidences that towards a smaller
wave vector, a single relaxation time model might be suffi-
cient.

This two-times fit model has six fit parameters—
a)lz(Q), a)(z,(Q), ' (Q), I'2(0), (Q)—and an amplitude. To

B w(f2 — 2g2) + w*(g3 + 284 — 2f183) + 0? (&3 — 28284) + &5

&)

(

obtain a stable fit over all Q-vectors, the second component
of the memory function I';(Q), responsible for the slow decay
of the quasielastic line, was kept fixed during the fit procedure.
The value for this slow decaying part was obtained from the
analysis of the high-resolution measurements on IRIS. A fit
of the two-times viscoelastic model to IRIS data gave ', =
0.02 meV. This value was then used as a fixed parameter for
the fit procedure of the IN8 and IN3 spectra, and hence only
five fit parameters are used. No background was added in the
fit procedure. The reduction of the number of fit parameters
resulted in a stable fit procedure that delivered a smooth Q-
dependence of the fitted parameters.

In Fig. 4, the measured intensity at the elastic line
S(Q, w = 0) is plotted, obtained through scans at zero en-
ergy transfer on the IN3 spectrometer. The intensities are
energy-resolution-integrated around the elastic energy, and
they illustrate structural changes with temperature. At room
temperature, several Debye-Scherrer lines from the polycrys-
talline structure can be seen. At T =400 K a liquidlike
structure appears with a prepeak around Q ~ 1.2 A~! and the
main structure factor peak at Q ~ 1.7 A~!. These structural
peaks can be understood as the structural pair correlations be-
tween the supposed molecular entities in the liquid state [31].
The disorder in the liquid state blurs the well-defined Debye-
Scherrer lines from the polycrystalline state.

Several runs at 400 K have been recorded to check for
stability of the measurement, and two runs are included
in the figure with a few days between them. When the
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FIG. 3. Panel (a) shows the IN8 data from Q = 0.8 A~! with
fits from the single-time and two-times viscoelastic model. In panel
(b) the same is plotted for Q = 0.4 A~".

temperature is raised above the A-transition (the 530 K run),
further characteristic changes appear with a reduction in peak
height at the main structure factor position and an increase
near the shoulder peak, similar to the reported structural inves-
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FIG. 4. S(Q, w = 0) spectra are shown for different tempera-

tures. The two runs at 400 K have been taken separated by a few
days to demonstrate the stability of the measurement.
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FIG. 5. Two spectra of the high-resolution experiment on IRIS
are shown on a logarithmic scale. The solid line depicts the total fit,
and the dashed line denotes the quasielastic contribution.

tigations with rising temperature [31]. These measurements
confirm that all the spectra have been taken in the liquid state.

III. LOW-FREQUENCY REGION

In Fig. 5, two spectra of liquid sulfur at Q = 1.16 and
1.5 A~1 are plotted together with the fit result on a loga-
rithmic scale. Included are the quasielastic component of the
fit as a dashed line, which demonstrates the slow relaxation
process. The Q-dependence shows that at Q = 1.16 A~! the
line shape is sharper and hence the relaxation process slower
than at the larger momentum transfer. Relaxation times of
around 20-30 ps are quite different from the dynamics to be
observed with acoustic-type excitations later on, which are on
the sub-ps timescale. This slow relaxation process indicates
that a single relaxation process in the memory function will
not be sufficient to describe the dynamics over a wide range
of frequencies, and hence for a sufficient good modeling
of the quasielastic part of the spectrum a further relaxation
process needs to be taken into account. There remains still
an elastic part in the spectra, which evidences further slow
relaxation processes which cannot be resolved with the IRIS
spectrometer resolution. Whether this even slower relaxation
process might be linked to movements of chainlike structures
or whole ring elements needs to be investigated. In Fig. 6, the
FWHM of the fit with the Lorentzian line shape and the energy
integrated intensity are plotted. A Lorentzian line shape is
the simplest approximation for quasielastic relaxations. How-
ever, for Q-values around the structure factor maximum, it
has been shown that the structural relaxation within the vis-
coelastic model can be approximated by a Lorentzian line
shape with a characteristic relaxation parameter, related to w;
and wq [57]. Therefore, the Lorentzian line shape used here
originates from the viscoelastic model and not from thermal
relaxation process as expected for low Q from hydrodynam-
ics. The integrated intensity is a measure for the structure
factor S(Q) and shows the expected behavior with a shoulder
around Q ~ 1.2 A~! and a further increase towards the main
structure peak at about Q & 1.7 A~'. The FWHM values
agree well with the reported smaller linewidth from an earlier
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FIG. 6. The FWHMs of the fit with a Lorentzian line shape to the
IRIS data are presented. Included is the energy-integrated intensity,
which is a measure for the structure factor S(Q). The line depicts the
expected Q-dependence of the linewidth according to Eq. (6).

investigation, including the observation of the minimum at
0 ~ 1.2 A~! [50]. The second reported larger linewidth is at
the limit of our dynamic range and cannot be resolved. The
widths show a characteristic dependence with Q with a min-
imum where the shoulderlike prepeak of the structure occurs
at about QO ~ 1.2 A~! and a further minimum is indicated at
Q ~ 1.7 A~'. This reduction in linewidth is the signature of
the de Gennes narrowing in collective liquid dynamics [61].
In a dense elemental liquid, the particles need time to move
to a position that is occupied by another particle, and this
increased time is reflected in a reduction of the linewidth. This
movement is correlated with movements of other particles that
need to create a place for the particle to move. Within kinetic
theory for a hard-sphere fluid, the linewidth at the structure
factor maximum has been related to a diffusion process, which
enables the density fluctuations to decay [62]. Within this
formulation, a connection between the Enskog self-diffusion
coefficient Dg of a hard-sphere fluid and the measured half-
width at half-maximum I'(Q) was established [62]:

DpQ*d(Qo)
rQ) = ==,
©) =55

where d(Qo) =[1 — jo(Qo) +2j2(Qc)]~! is given by a
combination of spherical Bessel functions j; of order /,
and o denotes the hard-sphere diameter. No Q-limits are
known for the validity of Eq. (6) around the minimum, and
hence we applied the equation just at the minimum of the
linewidth. That relation has successfully been used for el-
emental and binary liquids [63,64]. The equation strongly
resembles the hydrodynamic description of the self-diffusion
process, where the structure factor S(Q) takes into account
the slowing down of a diffusion process at next-neighbor
distances. About 70 years ago, diffusion coefficients from
liquid sulfur were reported [17] with a diffusion coefficient
of D=2.52x10"% cm?/s at T =413 K and D = 1.52 x
1076 cm?/s at T = 399 K. From the measurement (see Fig. 6)
we obtain a HWHM of T'(Q ~ 1.2 A~') = 0.037 meV, and
anS(Q=1.2 A") = 0.7 has been reported [29,31]. A hard-
sphere sulfur diameter of o = 2.06 A can be deduced from

(6)

the covalent bond length in an Sg ring. This value agrees
with the first peak in the pair correlation function of liquid
sulfur [31]. Using these values, we obtain a diffusion co-
efficient of Dy =3.45+0.06 x 107% cm?/s. In Fig. 6 we
included the calculated Q-dependent width from Eq. (6) as a
line. It demonstrates the correspondence between the structure
factor and the width perfectly and also evidences the ap-
proximate character concerning the Q-dependence away from
the minimum of the linewidth. A diffusion coefficient larger
by about 20-30 % can be expected near the melting point,
because this hard-sphere approximation only takes binary
collisions into account and neglects processes connected to
density fluctuations [58,63]. Taking this reduction in diffusion
mobility into account, the diffusion coefficient obtained herein
agrees reasonably well with the previous macroscopic tracer
diffusion measurement. The agreement might be regarded as
fortuitous because here a hard-sphere-based theory is applied
to a system whose structure factor is only poorly described by
a hard-sphere-type model. In addition, a part of the density
fluctuation relaxation might stem from a localized rotational
motion of the rings and will not contribute to a translational
diffusive motion.

IV. THE 1 THz REGIME

Now we will focus on the dynamics with about 1 THz
frequency. In Fig. 7 we present several spectra from the mea-
surements with the IN§ spectrometer, and in Fig. 8 spectra
from the IN3 instrument are plotted. Included in all the plots
are the results from fits with the two-times viscoelastic model.
The model describes quite well all measured spectra from both
experimental runs.

The spectra are strongly damped, and a distinct excitation
is barely visible. The spectral shape is similar to the reported
spectra from inelastic x-ray scattering [52]. These strongly
damped acoustic modes resemble the excitation spectra of
noble gases such as argon [65,66]. The spectra from the col-
lective dynamics of molecular liquids, such as methanol [67],
methane [68], or CCly [69], also do not show distinct exci-
tations and resemble the spectra from liquid sulfur. However,
the line shape is in contrast to the ones found in liquid alkali
metals (see, for example, Refs. [37-41]), where well-defined
excitations have been observed over a wide range in wave
vectors. Hence the spectra of liquid sulfur are in line with the
expected line shape for an insulating liquid.

In Fig. 9 the resulting fit values for w; and wy are plotted.
The line depicts the adiabatic sound velocity of liquid sulfur
at 400 K, which is ¢, = 1350 m/s. The adiabatic sound ve-
locity agrees well with the fit results for wy. The frequencies
decrease to zero frequency at small wave vectors, which iden-
tifies these excitations as acoustic-type modes. The dispersion
of w; saturates around 7 meV with weak evidence for a re-
duction in frequency around Q ~ 1.7 A~!. Overall there is
a good agreement between the two different measurements,
except maybe at Q = 0.5 A=, The difference between the
two measurements might be related to the different energy
resolutions in both experiments. A further reason for the dif-
ferences might be that over time the amount of ring and chain
structures evolve in the melt. Because the IN3 measurements
needed up to an order of magnitude longer counting time
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FIG. 7. The plot shows several spectra from the IN8 measurements and included as a line the fit with the two-times viscoelastic model.
Note the changing intensity scale for the different wave vectors.
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FIG. 8. The plot shows four spectra from the IN3 measurements and included as a line the fit with the two-times viscoelastic model.
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FIG. 9. The results from the fits for w; (circles) and wy (stars) are
presented from both measurements. The line depicts the adiabatic
sound velocity of liquid sulfur. Included are also the fit results for the
damping of the memory function I'; (triangles).

per wave vector due to lower flux on this spectrometer, it
might be possible that during the experiment time the exact
composition of liquid sulfur has changed. The excitation fre-
quencies are in good agreement with results from inelastic
x-ray experiments, even though the energy resolution and data
analysis procedures were different [51,52]. The w;-values are
exceeding the frequency values expected from the adiabatic
sound velocity by about 50%. This behavior is called positive
dispersion, and it has been observed in many liquids. The rea-
son for this increase in sound propagation is the viscoelastic
reaction of the liquid towards higher frequencies [57]. When
the propagation frequency of the sound excitation exceeds the
relaxation rate of the viscous liquid, the liquid reacts solidlike
to the density fluctuations and the propagation velocity for
sound is shifted to a higher solidlike value. In a previous study,
a maximum sound speed of ¢ = 1870 m/s was reported [52],
whereas we obtain a maximum sound speed of ¢ = 2200 m/s.
The difference can be understood through the different meth-
ods to extract excitation frequencies. For orthorhombic sulfur,
phonon dispersion curves have been measured and mod-
eled [70,71]. The range of mode frequencies is very similar
to that reported here for the liquid. This agreement supports
the idea that a significant number of Sg rings survive in the
liquid state. For liquid Se, a similar enhancement of the sound
velocity was reported [72].

The wq values from the IN8 measurement are smaller than
the values from the IN3 experiment, and the same applies for
I';. This result might be caused by the better energy resolution
within the IN8 experiment in combination with a restricted
dynamic range in the low-Q region. A dedicated experiment
with contradicting requirements such as high energy resolu-
tion and wide dynamic range should be performed to resolve
this question. Note that the w( values from IN8 in this low-Q
range are smaller than the ones expected from the adiabatic
sound velocity. Theory predicts that within the viscoelastic
model, wy represents the wave-vector generalized sound ve-
locity [57]. The deviation from these expected values could
be an indication that the chosen fit model is not capable of
describing fully the collective dynamics in liquid sulfur.
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FIG. 10. The relaxation time 7;(Q) of the memory function from
the fit with the two-times viscoelastic model is plotted against the
wave vector for both experiments.

Included in Fig. 9 are the relaxation rates I';(Q) for both
experiments. At small wave vectors I'| increases linearly, and
around the shoulder in the structure factor (Q ~ 1.2 A~1)
it shows a minimum. We observed a similar behavior with
the slow relaxation process; see Fig. 6. For the molecular
liquid CCly, an enhancement in the sound velocity above
the adiabatic value of 37% was reported from inelastic x-ray
scattering measurements [69]. The similarity in the line shape
and the amount of sound velocity enhancement evidence that
the dynamics of liquid sulfur shows elements typical for a
molecular liquid.

In Fig. 10 the relaxation time 71 (Q) of the memory function
is plotted against the wave vector for both experiments. The
relaxation times of both experiments agree very well. The
values for the fast relaxation times are about a factor 100
smaller than the slow process identified in the high-resolution
experiment, which has a relaxation time of about 10-30 ps.
Furthermore, this fast relaxation process is influenced by the
structure of the liquid. The resulting small t;(Q) values, con-
trasting the large values from the slow relaxation process,
emphasize the wide rate of relaxation processes involved in
the liquid sulfur dynamics. In Fig. 11 the contribution o of
the second slow relaxation process 1, is presented. This slow
additional process is needed to describe the small quasielastic
linewidth, which hides the slow relaxation dynamics shown
in Fig. 1. There is only a small amount needed for this slow
process. However, as demonstrated in Fig. 3, without the
second relaxation rate in the memory function, no satisfac-
tory line-shape description is possible. Apparently there is a
difference in the « value for Q = 0.3 A~! between the IN3
and IN8 measurement, which might be due to different energy
resolutions. The reduction in « towards small Q indicates that
one relaxation process might be enough in the small-Q regime
towards hydrodynamics.

V. THE HIGH-FREQUENCY REGIME

Finally, we are considering the dynamic response at en-
ergy transfers beyond 10 meV in liquid sulfur. Two spectra
have been obtained in a configuration with a relaxed energy
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FIG. 11. The contribution of the slow relaxation process « is
plotted against the wave vector for both experiments.

resolution to focus on the large energy transfer range. In
Fig. 12, spectraat Q = 1.7 A~! (a) and Q = 2.0 A~ (b) are
plotted on a logarithmic intensity scale. The spectra demon-
strate between 15 and 35 meV a further broad excitation in
liquid sulfur. To quantify the excitation, a fit with a damped
harmonic oscillator (dho) function has been applied. In the
inset, the inelastic part is presented on a linear scale with a fit
(line) applying a dho-function [60]. For the mode excitation
frequency wgno, we obtain 28.5 + 1.4 and 30.0 £ 2.4 meV.

The vibrational density of states has been measured for
different states of sulfur [33,50], and some spectra in the
fluid state have been recorded [52]. However, no specific
inelastic measurements over a wide range of energy trans-
fers and wave-vector resolved exist for liquid sulfur. The
vibrational density-of-states measurements identified several
bending modes of the Sg rings from 18 meV up to 30 meV in
solid sulfur [33]. After melting, these well-structured modes
merge into one broad excitation peak ranging from 18 meV to
about 35 meV [33,50]. These frequency values agree with the
broad inelastic excitation we observe.

Another dynamic quantity is the current j(Q, w). The lon-
gitudinal current correlation function is directly linked to the
dynamic structure factor through j(Q, w) = g—iS(Q, ). Due
to the suppression of the quasielastic intensity around zero-
energy transfer, inelastic features in the spectra are enhanced.
In Fig. 12(c), j(Q, w) spectra are plotted, which indicate a
further excitation between 20 and 35 meV. The damping of
the excitation from the dho-fit is 18 +2.4 and 17.6 & 4 meV
and hence it is on the same magnitude as the mode frequency.
The strongly damped excitation will oscillate only a few times
before dying out.

In a molecular crystal, the force constants between the
molecules will determine the acoustic modes. The stronger
force constants within the molecules lead to nearly constant
frequency optic modes, which represent the internal vibra-
tional modes of the molecule. In solid sulfur, optic modes exist
in the range from 18 to 30 meV, which originate from bond-
bending modes of the Sg rings [33]. After melting, a large
fraction of ring units survive and the broad excitation between
15 and 35 meV reflects optic-type modes in liquid sulfur. No
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FIG. 12. S(Q, w) is plotted for two spectra on a logarithmic
scale. The inset shows the high frequency inelastic part on a linear
scale including a fit with a dho-model as a line. Panel (c) shows the
current correlation functions j(Q, w) for Q = 1.7 and 2.0 At

individual excitation mode can be recognized anymore, and
the lifetimes of these modes are quite short in the liquid state.

For the next neighbor in this group of the Periodic Ta-
ble, selenium, more experimental data exist concerning the
high-frequency dynamics. Vibrational density-of-states mea-
surements on liquid Se indicated a broad peak around the
region where bond-bending modes are expected [73]. From
inelastic neutron scattering experiment on liquid Se, it was
concluded that the high-frequency excitation around 31 meV
has an optic-type character [46,74]. These statements agree
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with our conclusion that we observe optic-type modes in
liquid sulfur.

VI. CONCLUSIONS

We performed three inelastic neutron scattering experi-
ments on liquid sulfur above the melting point and below
the transition to a high-viscous polymerized state. The three
experiments covered three decades in relaxation and excita-
tion dynamics and revealed collective dynamics from about
30 neV to 30 meV in energy. The wide range of frequencies
can be traced back to the nonsimple structure of this elemental
liquid. A slow relaxation process with a relaxation rate of
about 10 GHz was identified in a high-resolution experiment.
It showed a wave-vector dependence typical for de Gennes
narrowing. Identifying this relaxation process with a diffusion
step, a diffusion coefficient could be obtained, which agrees
reasonably well with a result from macroscopic tracer diffu-
sion measurements. A further localized rotational movement
of the eight-membered sulfur rings might be hidden in this
signal. Evidence exists that even slower movements occur in
liquid sulfur.

The low-frequency excitations in the 1 THz regime can be
described as strongly damped acoustic modes. Their descrip-
tion needs a viscoelastic model with two relaxation processes
in the memory function. The two timescales are separated by
two orders of magnitude, where the slow one is near the re-

laxation process identified in the high-resolution experiment.
The fast and dominating process is responsible for the damp-
ing of the acoustic modes. The spectral line shape and the
enhancement of the sound velocity is in accord with reports
from typical molecular liquids and evidences that liquid sulfur
can be regarded as a molecular liquid.

At high frequency, around 10 THz, a broad mode was
identified, which lies where the crystal shows several distinct
optic modes. We interpret this excitation as the reminiscence
of optic modes in the liquid. In summary, a quite broad and
detailed description was presented for the collective dynamics
of liquid sulfur, which could instigate more detailed studies
from scattering experiments and MD-simulation. In particular,
the nature of even slower relaxation processes needs clarifi-
cation. With the presented results, the foundations are there
for an approach to study the changes with crossing the poly-
merization transition in detail. Our study might also provide
some insight into the collective dynamics of a wide range of
molecular liquids.
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