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Dielectric Susceptibility of Liquid Water: Microscopic Insights from Coherent
and Incoherent Neutron Scattering
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The analysis of neutron scattering results on H dynamics (H2 O) and the dynamic structure factor (D2 O)
around the intermolecular peak and at intermediate length scales in terms of the susceptibilities reveals
three processes (diffusive, local relaxational and vibrational) at frequencies below 3 THz, to which the
contributions commonly invoked in dielectric studies can be directly mapped. We achieve a unified
description of the results from both techniques, clarifying the nature of the molecular motions involved in
the dielectric spectra and their impact on the structural relaxation.
DOI: 10.1103/PhysRevLett.117.185501

Water dynamics has paramount importance in many
areas of research and industrial applications. One of the
main techniques used from the early times to investigate
water dynamics is dielectric spectroscopy (DS) [1]. Thanks
to the development of the terahertz (THz) techniques [2–4]
it was recently possible to fill the gap between dipolar
relaxation and intermolecular stretching vibrations at
≈5 THz, and to have a full picture of the dielectric
permittivity ε⋆ ðνÞ of liquid water in a broad frequency
range. This is displayed in Fig. 1(a), which includes data
from different sources at 298 K [2,5]. The main contribution to the imaginary part of ε⋆ ðνÞ, ε00 ðνÞ, is the well-known
Debye peak centered at νmax ≈ 20 GHz, which corresponds
to a single exponential decay of the sample polarization
with a characteristic time τD ¼ ð2πνmax Þ−1 ≈ 8.3 ps. This
peak—which is also present in other hydrogen-bond (HB)
liquids at different frequencies—is associated with the
~
collective
relaxation of the dipole moment MðtÞ
¼
P
μ
~
ðtÞ,
with
μ
~
ðtÞ
the
dipole
of
the
ith
water
molecule.
i
i
i
Figure 1(a) also shows that this peak is strongly suppressed
in the susceptibility χ ⋆ ðνÞ measured by light scattering
(LS) [6,7]. In addition to this main contribution, other
low amplitude processes have recently been invoked to
describe the high-frequency part of the spectrum [2,5,6,8].
In Fig. 1(a) we have reproduced the most recently proposed
description [5], which includes two additional Debye-like
processes with characteristic times τ2 ≈ 1 and τ3 ≈ 0.18 ps.
Despite the evident need for two additional contributions to
the main Debye peak to properly describe ε00 ðνÞ, the
situation is still confused. The values of τ2 and τ3 are
rather scattered (see Ref. [5] for a recent compilation)
and strongly depend on the model function used for
process 3 [5]. Moreover, the interpretation of the molecular
motions involved in the different processes is very unclear,
0031-9007=16=117(18)=185501(5)

mainly because DS is a “macroscopic” technique, which
~
follows the total dipole moment MðtÞ
without spatial
resolution.
The relevant frequency range for the dielectric response
of water can also be covered by neutron scattering (NS), a
technique delivering microscopic information with space
and time resolution. NS has advantages for identifying
processes at the THz range, avoiding interferences from the
peak at 5 THz, which is barely visible by NS. More
importantly, by measuring D2 O samples NS reveals the
dynamic structure factor SðQ; νÞ, with Q the wave vector,
i.e., it allows following the actual structural relaxation [9].
However, apart from a few exceptions [10,11], most of the
NS studies of water dynamics, from the paper of Teixeira
et al. [12], have been focused on incoherent scattering from
protonated samples (see Ref. [13] for a critical discussion
of the works carried out). Although the synergetic combination of NS and DS has proven to be a powerful tool in
different but likely related problems as, for instance,
polymer melt dynamics [14], this methodology has never
been explored for water dynamics. With these ideas in
mind, we have considered incoherent and coherent NS in a
wide Q range covering the first maximum of the static
structure factor SðQÞ (Qmax ≈ 2 Å−1 ) and the so-called
intermediate Q range (0.3 Å−1 ≲ Q ≲ Qmax ). The NS data
were analyzed in terms of the corresponding susceptibility
χ ⋆Q ðνÞ. Its imaginary part can be calculated as χ 00Q ðνÞ ∝
SðQ; −νÞ=nðνÞ from the scattering function corresponding
to ‘system energy loss’ with nðνÞ ¼ ðehν=kT − 1Þ−1 the
Bose occupation factor (k: Boltzmann constant) (see the
Supplemental Material [15]). This less conventional analysis of NS data allows distinguishing better the different
processes involved in SðQ; νÞ and a more direct comparison
with spectroscopy data.
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origin. We note that the vibrational density of states of
liquid water measured by NS has a low-frequency main
peak centered at ≈2 THz [19], which was identified with
bending fluctuations of O-O-O units in the water-molecule
network. The presence of a third intermediate process is
more evident in the low-Q coherent data. This process
seems to be also roughly Q independent, suggesting some
kind of localized process. Based on these qualitative
arguments, to fit the data we have first considered the
addition of a vibrational and a relaxational contribution. In
the time domain this general expression reads
FðQ; tÞ ¼ ½1 − CðQÞFV ðQ; tÞ þ CðQÞFR ðQ; tÞ: ð1Þ

FIG. 1. Imaginary part of water susceptibility at 298 K. (a) DS
(closed [5] and open [2] circles), Raman [6] (diamonds) and LS
[7] (squares; T ¼ 293 K) results. Lines are fitting curves of DS
results from Ref. [5] and respective components: dashed-dotted
lines correspond to the fit proposed in Ref. [5] with processes 1
(main Debye), 2, and 3; solid line to the fit obtained in this work
with process d for Q⋆ ¼ 0.7 Å−1 and processes ld and V (dashed
lines). Inset: difference between the DS results and our fit, and
model resonance given in Ref. [3] (line). (b) Incoherent NS
results. (c) Coherent NS results. In (b) and (c), black solid lines
are fits with the three components (red, diffusive; green, effective
local; blue, vibrational) to the data at Q ¼ 0.7 Å−1 (circles,
dashed lines) and 2.0 Å−1 ≈ Qmax (squares, dotted lines).

The NS experiments were carried out at 298 K on H2 O
and D2 O samples for incoherent and coherent scattering,
respectively, by the time-of-flight instrument IN5 [16] at
the ILL. Diffraction measurements with polarization analysis [17] were also performed at 298 K on the D7 (ILL)
instrument [18]. See the Supplemental Material for experimental details [15].
The χ 00Q ðνÞ obtained for the incoherent and coherent case
and two Q values are shown in Figs. 1(b) and 1(c),
respectively. A first qualitative inspection of χ 00Q ðνÞ (see
Figs. S2 and S3 for other Q values) suggests the presence of
three different processes. The one dominating at low
frequencies shows dispersion in Q, indicating diffusive
behavior. In the other extreme of the spectra, the relevant
process shows a Q-independent and rather high characteristic frequency (≈THz) suggesting an inelastic vibrational

FðQ; tÞ represents either the intermediate incoherent scattering function for H nuclei Sinc;H ðQ; tÞ or the normalized
dynamic structure factor SðQ; tÞ=SðQÞ—functions related
through Fourier transformation with those measured on the
protonated and deuterated samples, respectively. For the
relaxational contribution we have assumed the convolution
of two independent processes: a diffusive contribution
Fd ðQ; tÞ and a local—restricted in space—contribution
Fl ðQ; tÞ. In the time domain this convolution reduces to a
simple product: FR ðQ; tÞ ¼ Fd ðQ; tÞFl ðQ; tÞ. We note that
a similar procedure was previously used to describe both
NS [20] and DS data [21] of a qualitatively similar
problem: the merging of the α relaxation and the local β
process in glass-forming polymers. The same scheme has
also been applied to describe MD-simulation data of water
[13,22]. Here we assume that Fd ðQ; tÞ ¼ e−t=τd with τd ðQÞ
a diffusive time. For Fl ðQ; tÞ we take Fl ðQ; tÞ ¼
AðQÞ þ ½1 − AðQÞe−t=τl , where τl is a Q-independent
relaxation time. Then, the relaxation contribution becomes
FR ðQ; tÞ ¼ ½1 − AðQÞe−t=τld þ AðQÞe−t=τd , where the first
term—with the effective local time τld ≡ð1=τl þ1=τd Þ−1 —
means the local process modified by the presence of
the diffusive process and AðQÞ the relative amplitude of
the pure diffusive process. According to Eq. (1) with this
FR ðQ; tÞ, χ 00Q ðνÞ has three contributions: χ dQ 00 ðνÞ ¼ CðQÞ ×
00
AðQÞ2πτd ν=½1 þ ð2πτd νÞ2 , χ ld
Q ðνÞ ¼ CðQÞ½1 − AðQÞ ×
2
2πτld ν=½1 þ ð2πτld νÞ , and the vibrational contribution
χ VQ 00 ðνÞ. To represent the latter, we have assumed a resonance
term as χ VQ 00 ðνÞ ¼ ½1 − CðQÞν0 νðk0 =2πÞ=½ðν20 − ν2 Þ2 þ
ðνk0 =2πÞ2 . Here, ν0 is the frequency and k0 is the damping
coefficient of theP
damped resonance. For incoherent scattering, χ 00Q;inc ðνÞ ¼ χ αQ;inc 00 ðνÞ, and for coherent scattering,
P
χ 00Q;coh ðνÞ ¼ SðQÞ χ αQ;coh 00 ðνÞ, with α ¼ d, ld, V.
The fitting curves of χ 00Q ðνÞ are shown in Figs. 1(b)
and 1(c) (and for more Q values in Figs. S2 and S3). They
nicely describe the experimental results. The values
obtained for the vibrational parameters are ν0H2 O ¼ 2.64
and k0H2 O ¼ 38.7 THz; ν0H2 O ¼ 1.75 and k0H2 O ¼ 22.5 THz.
They translate in a characteristic frequency νVmax,

185501-2

PRL 117, 185501 (2016)

PHYSICAL REVIEW LETTERS

corresponding to the maximum of χ VQ 00 ðνÞ, of νVmax ¼
1.3 THz for H2 O and νVmax ¼ 0.975 THz for D2 O.pﬃﬃTheir
ﬃ
ratio is, as expected from the isotopic effect, about 2. On
the other hand, the τl values of D2 O and H2 O samples
scattered around 1.3 ps. Then we fixed τl ≡ 1.3 ps for both
cases. The rest of the parameters involved [CðQÞ, AðQÞ,
and τd ðQÞ] depend on Q and are presented in Fig. 2. This
figure also includes for comparison the ratio between
coherent and incoherent differential cross sections of the
D2 O sample as a measure of SðQÞ. Panel (a) shows CðQÞ
and AðQÞ. For the incoherent case a Debye-Waller factor
(DWF) like approach [CðQÞ; AðQÞ ∝ exp ð−hu2 iQ2 =3Þ]
delivers mean-squared-amplitudes (MSA) hu2V i¼0.22Å2
(vibration) and hu2l i ¼ 0.28 Å2 (local process). Within this
approximation, hu2V i þ hu2l i would mean the MSA of the
total nondiffusive process. We note that, although AðQÞ
may be regarded as the EISF of the local process [13], the
available data do not allow going beyond an effective
DWF interpretation. The coherent amplitudes display a
more complex Q dependence involving some modulation

FIG. 2. Q dependence of the parameters characterizing χ 00Q;inc
(open symbols) and χ 00Q;coh (closed symbols). (a) Amplitudes
CðQÞ (squares) and AðQÞ (circles). Lines: DWF-like fits. (b):
Characteristic times corresponding to the diffusive (circles),
vibrational (squares), effective local (diamonds), and local
(dashed line) processes. Solid line: fit of the low-Q incoherent
times to τd ∝ Q−2 . D7 results for D2 O are shown for comparison
(dots) in both panels [in arb. units in (a)].
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with SðQÞ. The local component is highly visible in the
intermediate Q regime [1-AðQ ≈ 1 Å−1 Þ ≈ 0.32] as it was
predicted in the above mentioned scenario for the αβ
merging [20,21]. Figure 2(b) shows τd ðQÞ, τl , and the
vibrational time τV ¼ ð2πνVmax Þ−1 . This time is τV ¼
0.16 ps for D2 O and τV ¼ 0.12 ps for H2 O. In the lowQ range where SðQÞ is almost flat, τd ðQÞ obtained either
from coherent or from incoherent scattering is the
same, within the uncertainties. τd ðQÞ from incoherent
scattering deviates from the purely diffusive behavior at
high Q values, where it approaches τl . The collective
τd ðQÞ exhibits—as expected—some kind of “deGennes
narrowing” [23] in the vicinity of Qmax . We note that in
the glass-forming community the α relaxation is identified with the structural relaxation leading to the decay
of SðQ; tÞ at the intermolecular distances, i.e., at Qmax .
Therefore, τα is the average relaxation time of the
relaxation contribution to SðQmax ; tÞ=SðQmax Þ. According to
FR ðQ; tÞ, τα ¼½1−AðQmax Þτld ðQmax ÞþAðQmax Þτd ðQmax Þ,
where all the parameters correspond to coherent
scattering. Taking AðQmax Þ ¼ 0.77 [see Fig. 2(a)]
τα ¼ 0.23τld ðQmax Þ þ 0.77τd ðQmax Þ ≈ 1.7 ps. Then, τα
has contributions from both local (through τld ) and
diffusive processes, although it seems to be dominated
by τd at least at 298 K.
Comparing now the time scales identified by NS with
those reported in the DS studies [5], we observe that
(i) τD ¼ 8.37 ps coincides with τd ðQ ¼ Q⋆ ≈ 0.7 Å−1 Þ;
(ii) τl and τV are in the range usually reported for the
additional high-frequency processes of ε00 ðνÞ. Then, we
have tried to fit the DS spectrum by the same model used
for the neutron susceptibility at Q⋆ ≈ 0.7 Å−1 . We have
fixed the two time scales involved [τD ¼τd ðQ⋆ ¼0.7Å−1 Þ;
τl ¼ 1.3 ps] and the vibrational contribution of H2 O.
Thereby, the only free fitting parameters were the two
amplitude factors C and A. As in Ref. [5], the fitting was
restricted to ν ≤ 1 THz to minimize the influence of the
peak at ≈5 THz not included in the model. Figure 1(a)
shows the perfect description of the DS spectrum in the
considered frequency range. Moreover, the subtraction of
the fitting curve from the experimental data at ν > 2 THz
(shown in the inset) can be well described by the expression
and the parameter values given by Yada et al. [3] for the
intermolecular stretching vibrational peak. These are
remarkable results taking into account that 4 out of 6
fitting parameters were already fixed. The values obtained,
A ¼ 0.98 and C ¼ 0.98, translate into relative amplitudes
to the DS spectrum (96.04% for the Debye peak, 1.96% for
the effective local process, and 2% for the vibrational
contribution) that are in the range of those previously
reported [5]. Figure 1(a) also shows the three contributions
of our model. Our effective local process (ld) and our
vibrational contribution almost coincide with the processes
called 2 and 3 in Ref. [5]. This agreement allows the
univocal identification of these DS contributions; in particular, the vibrational nature of process 3, due to

185501-3

PRL 117, 185501 (2016)

PHYSICAL REVIEW LETTERS

intermolecular fluctuations of the HB network—mainly
O-O-O bending modes [19,24,25]. As expected [19], the
relative contribution of this process for NS is larger than for
DS. On the other hand, the above introduced Q⋆ –which
means a link between molecular diffusion and dipolar
relaxation–can be expressed (see SM [26]) as
Q⋆ ¼ ½DτD −1=2 , where D is the diffusion coefficient.
With the values of DðTÞ [13] and τD ðTÞ [8,30], Q⋆ ≈
0.7 Å−1 independent of temperature in the range 270K–
330K (see SM [26]). With some approximations Q⋆ can also
be expressed as Q⋆ ≈ ½ð2=3Þa2 GK =J K −1=2 , i.e., in terms of a
“single-molecule” magnitude—the effective radius, a—and a
factor, GK =J K , measuring the strength of many-body-effects
on dipolar relaxation (GK is the Kirkwood static parameter and
JK the Kirkwood dynamical coupling [31]). If we use Q⋆ ¼
0.7 Å−1 and reported values [32,33] for a (∼1.3–1.44 Å) the
above expression delivers GK =JK ∼ 1.5–2, in the range
usually reported [34,35].
To get information about the atomic displacements at the
time scales of the different processes, we have calculated
the H mean squared displacement (MSD) hr2H ðtÞi from
Sinc;H ðQ; tÞ, by assuming the Gaussian approximation:
hr2H ðtÞi ¼ −6 ln½Sinc;H ðQ; tÞ=Q2 . The results obtained

FIG. 3. (a) MSD experimentally obtained for H atoms (different
symbols for different Q values in the range 0.19 ≤ Q ≤ 2.0 Å−1 )
and calculated from the simulations for H (solid line) and O
atoms (dashed-dotted line). The computed α2 ðtÞ are shown as
dashed (H atoms) and dotted (O atoms) lines. (b) Effective power
exponent y for H (solid line) and O atoms (dashed-dotted line)
and mean displacement of O atoms ξO (dashed line) as functions
of the mean displacement of H atoms ξH . Gray dotted line:
ξO ¼ ξH -law.
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from different Q values are shown in Fig. 3(a). Within
the uncertainties, they lead to the same hr2H ðtÞi for t ≥ 1 ps,
supporting the approximation in this range. This figure also
includes the MSD and the non-Gaussian parameter α2 ðtÞ ¼
3hr4 ðtÞi=ð5hr2 ðtÞi2 Þ − 1 corresponding to H and O atoms
calculated from the MD simulations carried out by us and
described in the Supplemental Material [36]. In the time
scale of the Debye peak, hr2 ðτD ¼ 8.37 psÞi ≈ 11.3 Å2 for
both atomic species. Thus, the collective dipolar relaxation
can only take place
when the
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ﬃ atoms move in average large
2
distances ξD ¼ hr ðτD Þi ≈ 3.4 Å, of the order of the
intermolecular distance 2π=Qmax . Large atomic displacements of ≈3.3 Å were proposed in Refs. [38,39]—the socalled “tetrahedral displacement mechanism”—for explaining the Debye peak. Although our results prove the
involvement of such large atomic displacements in
the Debye peak, they cannot be identified with a characteristic hopping length as proposed for such a mechanism (see
the Supplemental Material [40]).
The different dynamic regimes displayed in Fig. 3(a) are
highlighted in Fig. 3(b), where we have represented the
effective power exponent y for H and O atoms, defined as
y ¼ d½loghr2 ðtÞi=d½log t, as a p
function
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ of the mean
H
displacement of H atoms, ξ ¼ hr2H ðtÞi. We note that
y ¼ 2 corresponds to ballistic motion and y ¼ 1 to pure
diffusion. A deep minimum in yðtÞ would mean a spatial
localization or delocalization process. Hydrogen
atoms
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2
show a well-defined deep minimum at ξH
¼
hr
ðτ
V
H V Þi≈
0.5 Å. This first “cage” is vibrational and the decaging
would likely involve HB breaking. In fact, the critical time
separating “fluctuation and breaking” of the HB network
has been estimated as τc ≈ 0.3 ps [44,45], which roughly
corresponds to the end of this caging [see Fig. 3(a)].
Figure 3(b) also shows that this vibrational caging for H
atoms is hardly reflected for O atoms. The second cage
corresponds to mean displacements in the range of the local
O
processes where ξH
l ≈ ξl . This cage, which is visible for
both H and O atoms, is less defined, likely due to the
convolution of local and diffusive processes. Delocalization
from this smooth cage leads to pure diffusive behavior,
which for O atoms are established at t ≳ τD (ξO ≳ ξD ). In
fact, the maximum of αO
2 ðtÞ, usually marking the crossover
to diffusive behavior [46], takes place at ≈τl . Since the total
~
reorientation of MðtÞ
(collective Debye peak) requires large
O displacements (≈3.3 Å), it is expected that the motions
inside this cage (ξO
l ≈ 1.4 Å) only contribute to hindered
~
rotations of MðtÞ,
which translate into the low amplitude
dipolar relaxation observed in this short-time–highfrequency range. In conclusion, we have achieved a unified
description of NS and DS susceptibilities of liquid water,
which (i) allows a microscopic interpretation of the different processes; (ii) identifies the molecular motions involved
in the DS spectra; (iii) clarifies the nature of the actual
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structural relaxation time, τα ; and (iv) provides a link
between molecular diffusion and collective dipolar relaxation through Q⋆ . This description also opens a new way of
approaching dynamics of water under different conditions
(supercooled, confined, etc.) and that of other H-bonded
liquids.
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