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Coherent structural relaxation of water from meso- to intermolecular scales measured using
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By means of the recent implementation of neutron polarization analysis on a wide-angle time-of-flight
spectrometer, we have been able to separately measure coherent and incoherent dynamic structure factors of
heavy water with sub-meV resolution in a wide scattering vector (Q) range. The observed decorrelation of
collective fluctuations at mesoscales hardly depends on Q. In the crossover towards intermolecular scales, the
coherent dynamics is nicely described by the convolution of a Q-independent mode and diffusion, in addition to

collective excitations.
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The collective dynamics of water in the terahertz range
has been a topic of intense activity since the 1970s when
the classic work of Rahman and Stillinger was published
[1]. Most of the work following this focused on the double
peak structure of the inelastic part of the spectrum of density
fluctuations—the so-called, at the time, question of “fast”
and “normal” sound dispersion in water. Although the first
experimental investigations were carried out using inelastic
neutron scattering [2,3], since the 1990s most studies were
performed using inelastic x-ray scattering (IXS) (see the
recent review, [4]). The current consensus is that the terahertz
density fluctuations in water at the mesoscopic scale, and
in particular the question of the acoustic propagation, can
be explained in terms of a viscoelastic model (see [4], and
references therein). This model assumes the existence of a
“structural” relaxation process which should control the vis-
coelastic transition. The presence of such a relaxation implies
that acoustic propagation in water will depend on how the
sound-wave frequency compares with 1/t where 7 is the
structural relaxation time. A direct observation by IXS of this
relaxation process in the coherent spectra of water is difficult
due to the current resolution of IXS (=>1.5 meV). Values of ©
of 1-2 ps at 300 K are usually deduced by modeling the IXS
measurements by suitable viscoelastic equations, including,
obviously, some assumptions. A simple Maxwell relationship
also delivers viscoelastic times in the range of picoseconds
[5]. Apart from a few exceptions [6,7] the IXS measurements
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are usually limited to mesoscopic scales (scattering vector Q
in the range 0.2 A~! < 0 < 0.7 A~"). Thus, the crossover
towards the intermolecular scale (Q ~ 2 A~! for water) where
a “de Gennes-like” renormalization [8] is expected for the
coherent structural relaxation, has not been well explored up
to now.

Quasielastic neutron scattering (QENS) is the ideal tech-
nique with which to directly observe the structural relaxation
of water in a wide Q range, due to the high energy resolutions
currently available. However, the problem is that the measured
neutron-scattering (NS) intensity always contains a combina-
tion of coherent and incoherent contributions, corresponding
to pair- and self-correlations, respectively. In the case of
molecules like water with a high content of hydrogen atoms,
the incoherent contribution, Iy, is dominant due to the large
incoherent NS cross section of 'H nuclei (o, ~ 80 barn). It
is generally assumed that when replacing 'H by deuterium,
’D (o2 ~ ol /40), the scattering of (heavy) water becomes
mainly coherent. However, this is only true at the maximum
of the static structure factor, S(Q), where the coherent con-
tribution, I, amounts to about six times [, [see Fig. 1(a)].
At lower Q values I.on = I, such that the total scattering
is dominated by diffusive contributions [9]. Coherent and
incoherent NS contributions can be unambiguously separated
using uniaxial neutron polarization analysis (PA) [10]. Unfor-
tunately, this technique poses many technical difficulties espe-
cially for wide-angle diffractometers and time-of-flight (TOF)
spectrometers (see, e.g., [11,12]). Furthermore, the limited
polarized neutron flux available limits both the available en-
ergy resolution and the statistical accuracy, and only static
(diffraction) studies are routinely attempted [13—15]. Only
recently have a few multidetector spectrometers demonstrated
the capability of performing neutron spectroscopy with PA
and sub-meV resolution [16—18]. In this work, we report on
an experimental investigation of coherent structural relaxation

Published by the American Physical Society


https://orcid.org/0000-0002-5137-4649
https://orcid.org/0000-0002-0148-0486
https://orcid.org/0000-0003-0053-0178
https://orcid.org/0000-0002-7038-0315
https://orcid.org/0000-0001-6570-4218
https://orcid.org/0000-0002-2440-4953
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevResearch.2.022015&domain=pdf&date_stamp=2020-04-17
https://doi.org/10.1103/PhysRevResearch.2.022015
https://creativecommons.org/licenses/by/4.0/

ARANTXA ARBE et al. PHYSICAL REVIEW RESEARCH 2, 022015(R) (2020)
™ ' ] The experiments were carried out on the LET direct ge-

" [ (a) 1.5 ometry TOF spectrometer at the ISIS Neutron and Muon

~F 5l ]l » Source, Oxfordshire, UK. Incident energies E; of 3.84, 1.81,

% & and 1.05 meV were selected by the chopper system running

& 4T 1= in an intermediate resolution setting, yielding full-width half-

t;; 3L 2 maximum (FWHM) resolutions of AE = 131 ueV (3.4%E)),

a’ R . AE =45 peV (25%E;), and AE =22 peV 2.1%E)), re-

% I ,;1 10.5 spectively, at the elastic line. Here, E = hv is the energy trans-

< et fer (h: Planck’s constant). Polarization, flipping, and analysis

100 |

Intensity (arb.units)

10.0

100 ¢

Intensity (arb.units)

100 ik

FIG. 1. (a) The ratio between coherent and incoherent differen-
tial cross sections (00 /92)con /(00 /02 )ine 0of DO at 298 K (hollow
dots) as a function of Q obtained by diffraction with PA (D7 at
the Institute Laue Langevin, Grenoble, France) [9], and calculated
from MD simulations (solid line, see SM [19]). The figure also
includes the additional y-axis scale (right) corresponding to S(Q) =
(00 /9Q)con/[0con/ (4)] Where oeon/(47) = limg—. 00 (30 /92)con-
Squares represent the QENS amplitudes (rescaled to match the D7
data) obtained from the application of the model to the LET results
(filled, E; = 3.84 meV; empty, E; = 1.81 meV). (b) and (c) Com-
parison of the coherent and incoherent dynamical structure factors
measured by LET on D,0 at 295 K at the Q values indicated, and the
total spectra (coherent + incoherent). Vertical dotted lines represent
the resolution FWHM.

of heavy water by means of QENS with uniaxial PA in a wide
Q range from meso- to intermolecular scales.

of the beam were achieved using a supermirror polarizer,
precession coil flipper, and hyperpolarized *He spin filter
analyzer, respectively. The data collected with the flipper on
and off were corrected for the finite polarizing efficiency of
the instrument using a procedure detailed in the Supplemental
Material (SM) [19], and the results combined to yield the co-
herent and incoherent dynamical structure factors Scon(Q, v)
and Sinc(Q, v). Three temperatures, 280, 295, and 350 K,
were investigated. Complementary molecular dynamics (MD)
simulations have also been carried out (see SM [19]).

Figures 1(b) and 1(c) show the coherent and incoherent
spectra measured for D,O at 295 K at the two Q values
indicated in the figure. In the case of Q =0.52 A~!, the
coherent contribution is very broad in comparison with the
incoherent one. As this broadening is a measure of the inverse
of the corresponding relaxation time (FWHM ~1/7), this tells
us, without any fitting, that the coherent characteristic time
7. is of the order of ten times smaller than the incoherent
(diffusive) relaxation time. The latter is close to that deduced
from the total (incoherent plus coherent) spectra that would
have been measured if PA was not used. Since the relaxation
time at Q ~ 0.5 A~ reported from measurements on D,O at
298 K without PA is ~20 ps [9], then 7, should be ~2 ps.
As expected, the situation is very different in the Q range
of the maximum of S(Q), Omax. Figure 1(c) shows that at
Omax = 1.95 A=, the total scattering almost coincides with
the coherent contribution. This first simple qualitative com-
parison confirms that (i) PA is absolutely essential to obtain
an accurate description of the coherent dynamic structure
factor in the low Q range below the maximum of S(Q), even
when using D,0; and (ii) the expected values of the collective
relaxation time in this Q range are in the picosecond range.

The NS data have been analyzed in terms of the imagi-
nary part of the corresponding susceptibility x”(Q, v). This
can be calculated as x"(Q, v) = 7S(Q, v)/[1 + n(v)] where
n(v) = (¢"/*T — 1)~ is the Bose occupation factor (k: Boltz-
mann constant) [19]. This analysis of QENS data better
distinguishes between the different processes involved in
S(Q, v) [9]. Figure 2 shows some representative constant-Q
cuts of x,(Q,v) at 295 K. We shall consider 295 K as
the showcase temperature in the following, and the thermal
behavior will be discussed later.

The term “structural relaxation” is used with different
meanings by diverse authors. Here, we will denote as struc-
tural relaxation the component of the coherent dynamic struc-
ture factor that is not of “vibrational” origin.

First we will focus on the mesoscopic low-Q range
(© <07 A=1). To avoid the influence of the vibrational
contribution, we have restricted the fitting range to v <
100 GHz. In this range, we have described x” . (Q, v) by a sin-

coh
gle Lorentzian function x/ . (Q, v) o 2wz, /[1 + Qrvt.)?]
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FIG. 2. Imaginary part of the dynamical susceptibility corre-
sponding to the coherent dynamical structure factor of water at
295 K at the Q values indicated. Results in (a) have been obtained
with E; = 1.81 meV and in (b) with E; = 3.84 meV. For Q = 0.44
A~ the description in terms of a single Lorentzian up to 100 GHz
is shown by the solid line (extrapolated to higher frequencies by
the dotted line). For the rest of the data, solid lines are fits with
the proposed model. For Q = 1.05 A, the dashed, dashed-dotted,
and dotted lines in (b) display the diffusive, effective Q’-mode and
vibrational contributions, respectively.

representing the relaxational contribution. The description of
the experimental curves by this simple expression is rather
good. An example of this kind of fitting is shown in Fig. 2(a)
for Q =0.44 A~!. The obtained coherent relaxation time
7.(Q) displays little Q dependence for the three temperatures
investigated and ranges between 1.5 and 2 ps at 295 K [see
Fig. 3(b)]. Our MD-simulation results at 300 K (see SM [19])
support the simple analysis carried out in this low-Q range,
confirming that (i) the vibrational and structural relaxational
contributions are well separated; (ii) the vibrational contribu-
tion can be avoided at v < 100 GHz; and (iii) the relaxational
contribution can be well described by a single exponential
decay (Lorentzian in the frequency domain) with an almost
Q-independent characteristic time 7.(Q) in the picosecond
range.

0l % 78T g diffusive]
g 00T efft 7
R . mﬁ PN
£ 04l
FR LI j
'«% 0.2 V1brat10na1
il ¢
& | % ]
oL@ .IH.& B
I [l
I o b
L ,/A
P
). e
10 058 33234 56
. f 1000 / T(K) ]
& [ ]
= *% 295K ]
- [ (3 1 280K oseey
:@_ - — -— - - \ﬁ
PL T '
1 o -\‘:
r Y il 350K ]
03 04 0506 08 1 >
Q(A)

FIG. 3. (a) Relative contributions of the diffusive [C(Q)A(Q),
circles], effective Q° mode [C(Q)[1 — A(Q)], squares] and vibra-
tional [1 — C(Q), diamonds] processes to x/,/S(Q) at T =295 K
(filled symbols, E; = 3.84 meV; empty symbols, E; = 1.81 meV).
MD-simulation results are also included (x, vibrational; H, struc-
tural contributions). (b) Q dependence of the characteristic relaxation
times: 7, (circles) and 7. (squares). The 7, values have been obtained
from incoherent scattering (T‘"C) with E; = 1.81 meV (Q) and E; =
1.05 meV (®), and from the fit of the coherent scattering results to
the model (@), all at 295 K. Solid line: fit of D~'Q~? to 7™, with
D =0.20040.016 A%/ps in agreement with [24]. The 7. values
correspond to E; = 1.81 meV (1J), E; = 3.84 meV (M), and E; =
1.05 meV (X)) obtained at T = 295 (green), 280 (blue), and 350 K
(magenta) and simulations (H). . and (t) values calculated with the
model at 295 K are shown by the dashed and dashed-dotted lines,
respectively. Inset: Arrhenius plot of t? (M), the structural time from
IXS (Q) [4], Brillouin light scattering (V) [25] and Brillouin UV
scattering (A)[26], (t(Omax)) (crosses), and the laws describing the
Arrhenius fit of t7 (dashed line), the viscosity dependence /T (solid
line), and the NMR rotational time for D,O [27] (dotted line).

Still in this low-Q range (Q < 0.7 A1), a similar analysis
but now of y;’ (Q,v) and restricted to v < 50 GHz (see
SM [19]) delivers the diffusion time rinC(Q) D107 Fig-
ure 3(b) shows that lnc(Q) is well separated from 7.. This
indicates that diffusion does not play a role in the decay
of collective correlations in this Q range. Thus, the results
obtained until now suggest the existence of a Q-independent
coherent mode in the very low Q range, in agreement with
the recent finding of Sciortino er al. at Q < 0.3 A~' by
simulations [28]. Following their terminology, we shall denote
this mode as Q” mode, and call its characteristic time 77. With
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increasing Q, T mC(Q) approaches 7.(Q) [see Fig. 3(b)] and
we can expect (i) some influence of diffusion on the above
introduced Q° mode and (ii) the progressive opening of a
new pure diffusive channel of density-density relaxations, that
would dominate in the vicinity of the maximum of S(Q).

To describe x/, (Q,v) at Q 2 0.7 A~!, where diffusion
could start to play a role, we cannot apply the simple model
(single Lorentzian function) used in the low-Q range. We
have applied a general model, which has been used previ-
ously to describe the merging of the o and B processes in
glass-forming polymers [29-31] and more recently to analyze
the incoherent NS and NMR results of water [9,24]. This
model considers a vibrational and a relaxational contribution.
The latter consists of two processes, a diffusive and a Q-
independent one, taking place simultaneously. Accordingly,
the corresponding scattering functions in the frequency do-
main are combined with a convolution. The formulation of the
model is simpler in the time domain, where the convolution
becomes a product. In this domain, the function F(Q, t), rep-
resenting either the intermediate incoherent scattering func-
tion or the normalized dynamic structure factor S(Q, t)/S(Q),
is expressed as

FQ,1) =[1-COIFQ. 1)+ CQF(Q.1) (1)

with Fy(Q, t) the vibrational contribution, weighted by the
amplitude [1 — C(Q)], and Fr(Q, t) the relaxational contribu-
tion, weighted by C(Q). Fr(Q, t) results from the combination
of two independent processes: Fr(Q,t) = F;(Q, t)F.(O,1).
Here the diffusive contribution is F;(Q, t) = e~"/™ with 7;(Q)
a diffusive time. F.(Q, t) is the Q-independent mode contribu-
tion (in our case, the Q°-mode introduced above) parametrized
as F.(Q,1) = A(Q) + [1 — A(Q)]e™"/% with amplitude [1 —
A(Q)] and Q-independent relaxation time 7. Then, Fz(Q, t)
reads

Fr(Q,1) = [1 — A(Q)]e™"/™ + A(Q)e ™™, )
where . = (T,, L ) I'is a time characterizing the Q-
independent mode affected by diffusion. Inserting Eq. (2) into
Eq. (1) we obtain
F(Q.1)=[1—-CQIF(Q.1)+ C(QI[1 —A(Q)]e™"/™
+ C(QA(Q)e /™. 3)

Taking into account that the imaginary part of the susceptibil-
ity corresponding to a Debye function with characteristic time
T is 2mvt/[1 4+ (27v7)?] and the expression for a damped
resonance term for the vibrational contribution [3], we can
write

vgv(ko/Zn)
[(vg — u2)2 + (vk0/27'r)2]
2T VT,
[1+ Q2rvz.)?]
2nvTy
(14 Qrvry)?]

Here, v, is the frequency and k, is the damping coefficient of
the damped resonance. The values of the low-frequency sound
dispersion for water are basically constant for Q0 > 0.7 A~!
[4]; for D,0, v, = 1.75 THz and k, = 22.5 THz.

x"(Q,v) o [1 = C(Q)]

+C(QI1 - A(Q)]

+C(Q)A(Q) “

Before applying the model at Q > 0.7 A~!, we note that
it is perfectly consistent with the analysis of the low-Q re-
sults previously presented We recall that there the diffusion
time 7; = r"‘c = D7 'Q7? is very large and hence we do not
expect a dlrect contrlbutlon from diffusion in the relaxation
of density-density correlations. Then, in the framework of
the proposed model the single Lorentzian function previously
used to fit the low-frequency part of x 7, (Q, v) is now identi-
fied with the t.-Lorentzian term and thus in the low-Q range
the deduced time 7.(Q) equals (DQ*+ 1/t2)~!. This law
nicely describes both the experimental and MD-simulation
results [see Fig. 3(b)], leading to 77 = 1.8 £ 0.2 ps at 295 K.
Once we have determined the value of 72, we are in the
position to apply the model for Q = 0.7 A- i Imposmg this
value of 2 and the incoherent diffusive time 7; = D~'Q72,
all parameters of the model are fixed apart from the two am-
plitudes, A(Q) and C(Q), plus a total amplitude factor, which
should follow S(Q). This approach reproduces the experimen-
tal results very well for Q values up to Q ~ 1.2 A~!. At higher
Q values, approaching the S(Q) peak, the description of the
spectra requires considering a kind of S(Q) modulation of the
diffusive relaxation time, as expected from a de Gennes—like
renormalization [8]. Fitting the experimental data in that Q
regime leaving 7, as a free parameter yields the values of 7,
included as filled circles in Fig. 3(b). Then, assuming that 7,
crosses over from incoherent pure diffusive behavior towards
those times, the description of the experimental susceptibility
in a wide Q range by the model function is excellent (see
Fig. 2), with total amplitude factors that follow S(Q) per-
fectly [see Fig. 1(a)]. The resulting relative amplitudes of the
processes are represented in Fig. 3(a). They are in excellent
agreement with the hypothesis of the model. As expected, the
maximum of the diffusivelike contribution takes place in the Q
range of the maximum of S(Q). This contribution decreases at
lower Q values, becoming almost negligible at 9 < 0.8 A=,
The values obtained for these contributions from the analysis
of the MD-simulation results (see SM [19]) agree with the
experimental trend [see Fig. 3(a)]. Furthermore, the average
characteristic time of the relaxational contribution

() =/0 Fr(Q,t)dt = [1 —AQ)lze +A(Q)a  (5)

is represented by the dashed-dotted line in Fig. 3(b). It nicely
reflects how the structural relaxation crosses over from being
dominated by the Q-independent collective mode in the low-Q
mesoscale to be mainly driven by diffusion at intermolecular
scales.

The results obtained for 280 and 350 K follow the same
trend with Q (see SM [19]), although the relative amplitude of
the effective Q° mode increases with temperature. The values
of 77 at the three different temperatures are included in the
inset of Fig. 3(b). They agree rather well with those of the
so-called “structural” time obtained from the analysis of the
IXS measurements extrapolated to Q = 0 [4] and with other
characteristic times of water dynamics [see inset of Fig. 3(b)
and the corresponding caption]. An Arrhenius fit of 7 delivers
an apparent activation energy of ~4 Kcal/mol, which is in
the range of values from different low-frequency, and usually
low-temperature, measurements: ultrasonic (=4 Kcal/mol
[32]); hypersonic (4.2 Kcal/mol [33]; 5.2 Kcal/mol [25]);
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and time-resolved spectroscopy (=6 Kcal/mol [34]) and
inelastic ultraviolet (UV) scattering (*5.5 Kcal/mol [26]).
These values are larger than that of a simple hydrogen bond
(HB) (2.8 Kcal/mol). As discussed in Ref. [9] for 300 K,
at t ~ 2 ps (=17) the mean-squared displacement of water
molecules corresponds to the broad crossover range between
local processes—involving breaking and forming of HBs—
and diffusion. This suggests that this kind of motions is behind
the decorrelation of density fluctuations at low Q (Q° mode).
We note that in the framework of a Mori-Zwanzig formalism
the coherent time at Q — 0 but not yet in the hydrodynamic
range (i.e., t/ in our terminology, can be expressed as 7 ~
(M1 /Kp)t,(0) [35], where M| is the longitudinal modulus,
Kp the bulk modulus, and 7, an a-relaxation time associated
with a typical Q = 0 correlation function (e.g., viscoelastic
response). Since for liquids M /Kp ~ 1 [35], we could also
identify 2 with the so-called a-relaxation time of water. In
the framework of a generalized hydrodynamic approach at
the explored frequency range, t7 could also be considered
of the order of the time driving the generalized viscosity
[36].

In summary, we have been able to measure separately the
coherent and incoherent dynamical structure factor of heavy
water in a wide Q range. In the low-Q mesoscale, the observed

decorrelation of the collective fluctuations hardly depends
on Q. In the crossover range towards intermolecular scales,
where the structural relaxation is dominated by diffusion, the
experimental results are nicely described by the convolution
of a O-independent mode and diffusion. Additional processes,
sometimes invoked from IXS measurements, seem not to be
needed. This work opens a way of approaching the unknown
territory of coherent scattering, from meso- to intermolecular
scales, not only in water under different conditions but also in
H-bonded liquids, glass-forming liquids, and biological sys-
tems where water plays an important role. It also convincingly
proves the power of recently implemented neutron-scattering
polarization analysis capabilities, which can hugely impact
the progress of microscopic dynamics investigations in fields
such as soft matter or biology.
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