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The dynamics structure factor S(Q, E) of liquid ammonia ¢-NH; at 7 = 200 K and at its vapor
pressure has been measured by inelagtic x-ray scattering (IXS) in the 1-15 nm~! momentum transfer
(Q) range. Contrary to previous I1XS studies on other associated liquids and glasses, in ¢-NH; a large

inelastic signal is observed up to Q = 15 nm™.

This, enabling S(Q, E) measurements as a function

of Q at constant E transfer, alows us to demonstrate experimentally the transition from a propagating
dynamics regime, where the acoustic excitation energy linearly disperses with Q, to a high-Q regime,
where it is no longer possible to observe a dominant excitation in the S(Q, E).

PACS numbers: 63.50.+x, 61.10.Eq, 78.70.Ck

The advent of the inelastic x-ray scattering (IXS) spec-
troscopy with meV energy resolution has widened the pos-
sibility to study collective atomic dynamics in disordered
systems, such as liquids and glasses, in the momentum
transfer (Q) region approaching the inverse of the interpar-
ticle separation, Q, [1,2]. A common feature in studies of
glasses, glass-forming systems, and molecular liquidsisthe
observation of propagating collective modes up to a maxi-
mum Q transfer, Q,,, which is arelevant fraction of Q,:
0/0,, = 0.1-0.5 [1]. At Q,, the excitation width, I'(Q),
becomes equal to the excitation energy, )(Q), and there-
fore the excitation spectrum becomes a featurel ess broad-
band. At Q larger than Q,,, in the systems studied so far,
the increasing elastic component in the S(Q, E) strongly
hidesthe presence of aninelastic signal, often aready diffi-
culttodetectat Q = Q,,. Thisexperimenta scenario casts
different opinions on how well one can define a propagat-
ing collective excitation in the considered high-Q regime.
There are in fact different interpretations which could de-
pend on the specific model chosen to represent the S(Q, E)
and to derive the spectroscopic parameters [3].

In this Letter we report a study of the S(Q, E) of liquid
ammonia, ¢-NHs, a moderately hydrogen-bonded liquid.
In this system, an inelastic signal is observed up to the
highest investigated value, 0 = 15 nm~!, corresponding
to 0/0, = 0.75. Moreover the experimental determina-
tion of the S(Q, E) as a function of Q for three different
values of energy transfer E shows the following character-
istic features: (i) negligible intensity at low Q, (ii) awell
defined Brillouin line for small values of E, which gets
increasingly broader and then disappears with increasing
E, and (iii) a 0- and an E-independent plateau at Q val-
ues above the Brillouin peak position. These data give
a qualitative but model-independent picture of the short-
wavelength dependence of the Brillouin line in a disor-
dered system: specifically, it shows that the observed
modes lose their plane-wave character with increasing en-
ergy transfer. This qualitative analysis confirms similar
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results previously obtained on different systems such as
simulated glasses [4,5]. Further on, the S(Q,E) VS E is
measured at different constant Q values and is put on an
absolute scale. This alows us to reconstruct the S(Q, E)
vs Q at selected constant E values. this analysis confirms
the direct measurements, and, most importantly, it alows
us to observe a crossover from a dynamic regime charac-
terized by the presence of the Brillouin line to one where
this feature can no longer be observed; thistransition takes
place at a crossover momentum, Q., which turns out to
agree quantitatively with the value, Q,,, derived using the
damped harmonic oscillator (DHO) model [6] to represent
the S(Q, E) of this system.

The experiment has been carried out at the very high en-
ergy resolution IXS beam line ID16 at the European Syn-
chrotron Radiation Facility. The instrument consists of a
backscattering monochromator and five independent ana-
lyzer systems, held one next to each other with a constant
angular offset on a 7 m long analyzer arm. The utilized
Si(111111) configuration gives an instrumental energy
resolution of 1.6 meV full width half maximum (FWHM)
[2] and an offset of 3 nm~! between two neighbor analyz-
ers. The momentum transfer is selected by rotating the an-
alyzer arm. The spectra at constant Q and as a function of
E were measured with a Q resolution of 0.4 nm™~! FWHM.
Those at constant E and as a function of Q were mea-
sured using the analyzer number two, which is provided of
movable apertures. The Q resolution was set to 0.2 nm™~!
FWHM for Q =4 nm™!, and to 0.4 nm~' FWHM for
Q = 4 nm™!. The E scans at constant Q were performed
by varying the monochromator temperature with respect
to that of the analyzer crystals. The Q scans at constant
E were performed by setting a constant temperature off-
set between the monochromator and the second analyzer
crystal and by rotating the analyzer arm to vary the scat-
tering angle. Each spectrum, either at constant Q or E,
took about 150 min, and each fixed-Q or fixed-E point
was obtained by typicaly averaging five scans. The data
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were normalized to the intensity of the incident beam. The
liquid sample was obtained by condensation in situ of high
purity ammoniain astainlesssteel cell heldat 7 = 200 K

in a cryostat and with =4 cm?® volume. The cell and cryo-
stat were operated in a vacuum chamber, mounted on the
sample diffractometer. The x-ray beam passed through two
50 wmthick Kapton windows with a6 mm diameter aper-
ture. The sample length along the x-ray beam was 20 mm.
The transverse dimensions of the focused x-ray beam were
0.15 X 0.3 mm?.

The evolution as a function of Q of the XS spectrarep-
resenting the S(Q, E) vs E is exemplified in Fig. 1 for the
2.8-14.8 nm~! Q range. Aninelastic signal can beclearly
observed at the two sides of the quasielastic line, which is
themain feature centered at E = 0 and aligned with the ex-
perimentally determined energy resolution function. Each
one of these five spectra has been measured with one of
the five analyzers, and the spectrum at 5.8 nm~! was ob-
tained with analyzer number two. The inelastic signa is
structured at the low-Q values, and it becomes broad and
featureless at the higher Q's, athough it isstill well visible
on top of the tails of the quasielastic peak.

The spectrain the low-Q region have been analyzed fol-
lowing the same procedure used in previous work on liquid
water. Namely, the S(Q, E) data were fitted by the convo-
lution of the experimentally determined resolution function
with amodel function made by the sum of aL orentzian and
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FIG. 1. Selected examples of IXS spectra of €-NH; taken at
the indicated Q values. The IXS data (o) are reported together
with their error bars. The dashed lines represent the experimen-
tal resolution functions of the five analyzers, which have been
aligned with and scaled to the elastic peak. The full line on the
three top spectra is the result of the DHO fit.

a damped harmonic oscillator [2,7]. The Lorentzian ac-
counts for the quasielastic contribution to the S(Q, E) and
the DHO for the two side peaks, whose energy position is
Q(Q) and width parameter isI'(Q). Thisfitting procedure
gave good results up to Q = 9 nm~!, and the dispersions
of both Q(Q) and I'(Q) are reported in Fig. 2. At the O
vaue Q,, = 7.0 = 0.5 nm~! we observe that Q(Q,,) =
I'Q,) = 13 = 3 meV, and therefore for larger-Q val-
ues the collective modes become strongly overdamped.
We aso notice the basically linear dispersion of Q(Q)
corresponding to a speed of sound of 2600 + 50 m/s, a
value sensibly higher than the value of 2080 m/s found at
low frequencies in the hydrodynamic limit [8]. This “fast
sound” phenomenon resembles the similar effect found in
liquid water. There, its thorough study has shown that the
fast sound reflects the elastic behavior of the collective
dynamics which comes out when the excitation frequency
corresponds to a time scale shorter than that of the struc-
tura («) relaxation process. In the water case, and thisis
very likely to be true also in ¢-NHs;, the analysis of the
shape of the S(Q, E) by aviscoelastic approach in a broad
temperature range has shown that the principal relaxation
process responsible for the transition from the hydrody-
namic to the “fast” value of the sound velocity is governed
by acharacteristic time, 7, whose activation energy iscom-
parable to the hydrogen bond’' s energy [7,9]. In the case of
liquid ammonia at low temperature, the fact that the sound
velocity lies on the fully unrelaxed side at the investigated
Q vaues strongly supports the use of the DHO analysis,
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FIG. 2. Parameters of the DHO fit to the IXS spectra. Upper
panel: Q(Q), the dashed line is the linear fit to the data and
indicates a sound velocity of ¢ = 2600 * 50 m/s; the dotted
line is the extrapolation of the hydrodynamic sound dispersion
(co = 2080 m/s[8]). Lower panel: T'(Q), the dashed lineisthe
quadratic fit to the data, I'(Q) = dQ?, withd = 0.29 meV nm?.
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being the DHO shape the expression for S(Q, E) obtained
in the viscoelastic framework in the E7 < 7 limit. Fi-
nally, the I'(Q) shows aquadratic Q dependence, asfound
in the high frequency dynamics of all disordered systems
studied so far [1].

The main points that have been questioned so far on the
analysis of high-Q spectra in disordered systems as those
presented here are (i) how much the results depend on the
specific model chosen to represent the S(Q, E), especialy
at QO values around and above Q,,, where the indastic
signal becomes very broad and almost hidden in the tails of
the quasidlastic peak, and (ii) what governsthe evolution of
awell defined Brillouin line into a broadband, and, in this
respect, what could be the physical meaning of Q,,. One
also hasto consider that, in many of the systems previously
studied, Q,, coincided with the highest-Q value where an
inelastic signal could be observed at all.

Liguid ammonia, thanks to the clear observation of an
inelastic signal below and above Q,,,, seemsto be an ideal
system to investigate these points. Along this line, spec-
tra were recorded as a function of Q and at four constant
energy transfer values, E*: E* = 0, 5, 10, and 15 meV.
These spectra are reported in Fig. 3, after normalization
by an arbitrary intensity factor. The spectrum at E* = 0
gives the O dependence of the quasielastic line in the con-
sidered Q region and is shown here to demonstrate that this
contribution to the spectra at E* # 0 does not introduce
artificial features, but it gives an aimost Q-independent
background. This alows a clean detection of the Brillouin
peak at low E*, contrary to the case in the S(Q, E) vs
E spectra, where this peak can be deduced only by a fit-
ting procedure. Thisisevident at E* = 5 meV, where the
peak is centered at 0* = 2.8 nm™!, in agreement with the
dispersion relation reported in Fig. 2. In the spectrum at
Q = 2.8 nm~! shown in Fig. 1, however, the energy po-
sition of the inelastic line (E = 5 meV) can be obtained
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FIG. 3. IXS spectra, shown with error bars, taken as a func-

tion of Q at the indicated constant energies. The inelastic data
(open symbols) have been normalized imposing similar values
a Q0 = 15 nm~!. The elastic spectrum (full symbol) has been
normalized to the other spectra in the low-Q region.
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only after the fit. These data, therefore, provide a direct
experimental evidence of aBrillouin linein the considered
high-Q region. With increasing energy, this peak moves
towards a higher-Q vaue with a linear dispersion char-
acteristic of propagating sound waves; it becomes increas-
ingly broader and finally, at the highest-E* value of Fig. 3,
disappears leaving a“ steplike” feature to mark its position
and broadening.

The qualitative analysis of the IXS intensity measured
at constant £ cannot be pushed further. Few experimen-
tal artifacts, as well as the QO dependence of the molecular
form factor, do not allow usto put the experimental dataon
an absolute intensity scale. On the contrary, the measure-
ments taken at constant Q can be reported on an absolute
scale, exploiting the first moment sum rule for S(Q, E)
[10], [ES(Q.E)dE = h*Q?/2M, to normalize the data
From the normalized spectra, measured on adense Q grid,
we havereconstructed the S(Q, E) vs Q at constant E at the
desired E* values. The E* has been chosen equally spaced
(AE* = 2 meV) and, in order to improve the signal-to-
noise ratio, the S(Q, E) has been averaged over an energy
range AE = =1 meV around the mean value E*. These
constant-E cuts of the S(Q, E) are reported in Fig. 4, for
selected E*. These spectra confirm the findings of Fig. 3
and show the following general features: (i) the absence of
intensity on the small Q side of the Brillouin peak, (ii) a
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FIG. 4. Constant energy cuts of the S(Q,E) reconstructed
from the constant-Q cuts as explained in the text and normalized
to their plateau value. The data (o), E* = 2, 4, 6, 8, 10, 12,
14, 16, 20, 26 meV from top to bottom, are reported together
with their error bars and their DHO best fit (full lines). The
inset shows the E* dependence of the inflection point Q, (the
Q value where the normalized spectra equal 0.5). The spectra
are shown with a background increasing by 0.25 arbitrary units

steps.
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well defined Brillouin line for small values of E*, which
getsincreasingly broader and then disappears with increas-
ing E*, and (iii) aplateau at Q values above the Brillouin
peak position. Moreover, at high-E* values, when the Bril -
louin peak is no longer visible, a step marks the transition
from the zero intensity at low Q towards the plateau at
high Q. The step position, Oy, defined as the Q position
wherethe S(Q, E¥) is half the value of the plateau and de-
termined by linear interpolation, is reported in the inset in
Fig. 4. The position of this step changes with E*, with a
rate that is different in the low- and high-E* limits. The
linear extrapolation of Q allows us to find a threshold
value, Q. =~ 7 nm™!, separating the low-Q and high-Q
behaviors. The low-Q behavior reflects the linear disper-
sion of the Brillouin line and, therefore, the persistence of
a propagating collective dynamics. The almost constant
high-Q behavior, on the contrary, confirms the transition
towards a localized dynamical regime.

The determination of Q., independently from any spe-
cific model of S(Q, E), alows a direct comparison with
0., the parameter obtained from the DHO analysis of the
data of Fig. 1 and from the relation Q(Q) = I'(Q). We
find that Q. and Q,, are basically identical, and there-
fore this provides a strong indication that the DHO can
give a good representation of the S(Q, E) in liquid am-
monia, and that the relation L(Q) = I'(Q) can be used
to define the threshold QO value where the sound waves
change character. This observation is supported by the
solid lines in Fig. 4, obtained using the DHO to fit the
data. Here, the O dependence of the parameters (Q)
and I'(Q) has been imposed using the functional forms
Q(Q) = hcQ and T'(Q) = dQ?. The vaues of ¢, d,
and that of an overall intensity factor have been left as
E*-dependent free parameters. The ¢ values turn out to be
E™ independent and coincide with the previously derived
value c = 2600 m/s, while d isfound to belarger than the
valued = 0.29 meV nm? derived from Fig. 2b because of
the increased energy broadening of the spectra reported in
Fig. 4.

A final noteworthy implication of the datain Figs. 3 and
4 comes from the presence of the high-Q plateau, present
even when one can observe awell defined Brillouin peak.
This implies that, besides a dominant plane wave compo-
nent with Q(E*) = E*/hc, there is dways a further rele-
vant component at Q > Q(E*) which persists even at
those high energies when the plane-wave character is lost.

In this respect, it is particularly interesting to observe that
the S(Q, E), asshown in Fig. 4, hasastriking resemblance
to that found in model glasses[11,12]. Pushing this obser-
vation even further, one can rel ate the shape of the S(Q, E)
to the spatial pattern of the eigenmodes in disordered sys-
tems. In fact, as found in harmonic glass models [4], the
plateau can be associated with the “random” component of
the eigenvectors.

In conclusion, the study of constant-E and constant-Q
cuts of the S(Q, E) in liguid ammonia—a system with a
large inelastic intensity at high-Q values—shows that it
is possible to determine experimentally a threshold mo-
mentum which marks the transition between two dynamic
regimes, characterized, respectively, by the persistence or
lack of propagating sound waves.
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