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H I G H L I G H T S

• Broadband THz spectroscopy measurements on supercooled water.

• Debye wing is a clear signature of increasing cooperativity of the hydrogen-bond network dynamics.

• Debye wing cannot be directly associated with the structural α-relaxation of water.
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A B S T R A C T

Broadband terahertz time-domain spectroscopy measurements of liquid water are presented in the 0.3–12 THz 

frequency range from 360 K down to the supercooled regime at 255 K. The probed spectral window allows the 

characterization of the intermediate-frequency region linking the main Debye relaxation to intermolecular vibra­

tional modes. The dielectric response is analysed using two alternative fitting schemes, yielding consistent fits 

despite the different parametrizations. Upon cooling, the dielectric response shows a progressive transfer of spec­

tral weight from librational motions toward intermediate-frequency contributions demonstrating an enhancement 

of collective hydrogen-bond network dynamics. Comparison with depolarized Raman spectra reveals a separa­

tion between the fast dielectric components and the structural relaxation. The observed evolution is compatible 

with an increasing prevalence of tetrahedrally coordinated, LDL-like local environments. Our findings indicate 

that the apparent multiplicity of relaxation processes reflects a continuous spectrum of correlated hydrogen-bond 

network dynamics evolving toward increasingly cooperative behaviour upon cooling. 

1 . Introduction

The dielectric response of liquid water has been extensively inves­

tigated over several decades since the pioneering work of Debye [1]. 

Despite the large amount of theoretical, experimental and simulation 

work [2], its microscopic interpretation remains a subject of ongoing de­

bate. The dielectric spectrum is dominated by a strong Debye relaxation 

with a peak in the GHz region, which explains water’s exceptionally high 

static dielectric constant. Despite its apparently simple exponential form, 

this relaxation originates from a highly complex and heterogeneous 

hydrogen-bond (HB) network, whose dynamics extend over multiple 

spatial and temporal scales. Recent advances in high-frequency dielec­

tric spectroscopy and broadband THz time-domain spectroscopy have 

extended experimental measurements over the 0.5–15 THz frequency 

range, bridging the gap between conventional dielectric spectroscopy 

and infrared spectroscopy [3–7]. These experiments have clearly re­

vealed new features in the dielectric spectrum of liquid water; in 
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particular, a high–frequency “Debye wing” of the dielectric function ex­

tending from about 0.5 to 2 THz, where it merges into a spectral band 

centered around 4 THz. These findings demonstrate that the fast dy­

namical processes of liquid water, in addition to the well–known Debye 

relaxation, must be properly accounted for to explain the dielectric–THz 

spectrum  [3–5,7–11].

Liquid water dynamics is an extremely complex process due to its in­

trinsically collective nature, governed by the molecular hydrogen-bond 

(HB) network. This complexity is clearly reflected in the dielectric spec­

trum of water, and previous studies have employed a wide variety of 

models to reproduce the experimental observations. In the following, 

we summarize the main approaches.

A large number of studies have adopted a phenomenological de­

scription of the dielectric spectrum. According to these phenomenological 

models the spectrum is represented as a sum of independent spectral 

functions, each tentatively associated a posteriori with a specific dy­

namical process of liquid water. In some of these studies [4,7–9,12], 

the dielectric spectrum is described as a sum of ad hoc Debye relax­

ations; one or two additional Debye terms are typically required to 

reproduce the spectral wing. Moreover, vibrational contributions are 

often included alongside the relaxation processes to account for the spec­

trum at higher frequencies [4,5,13]. However, such decompositions are 

not unique and frequently lead to inconsistent parameter values and 

temperature trends across different studies. This ambiguity reflects the 

intrinsic difficulty of representing a continuous spectrum of relaxation 

processes with a discrete set of separated contributions. In particular, it 

has been shown that fitting the high-frequency excess with additional 

Debye terms can be problematic and model-dependent [2].

More recently, a series of dynamic models has been introduced, in 

which the dielectric spectrum is computed directly from a specific water 

model. These approaches aim to identify, within the complex dynamics 

of water, the key processes that determine its dielectric response. In this 

context, Popov and coworkers [11] proposed that the primary Debye 

relaxation originates from the migration of defects within the HB net­

work, while deviations from ideal Debye behavior at high frequencies 

arise from collective fluctuations of the same network. Similarly Gaiduk 

and co-workers [14,15] suggested that this faster dynamic response is 

associated with vibrational dynamics of hydrogen bonds, involving cou­

pled bending and stretching motions rather than nearly free molecular 

rotations. Within this framework, the Debye wing, more generally the 

dielectric spectrum lying at relatively high frequencies, appears as the 

high-frequency manifestation of HB network dynamics that give rise to 

the primary Debye relaxation. Alternative approaches based on semi-

microscopic models have also been proposed to describe the dielectric 

response of water over a broad frequency range. In particular, mod­

els developed by Artemov, Volkov and coworkers [16,17] interpret the 

dielectric spectrum in terms of coupled diffusive and oscillatory mo­

tions, often involving charge transport and proton dynamics. In these 

frameworks, the Debye relaxation and the higher-frequency response 

are described as manifestations of distinct processes related to molecular 

diffusion and ion dynamics.

In our opinion, many of the phenomenological models give an over­

simplified interpretation of the spectral functions by associating them 

directly with uncoupled water dynamic processes. Nevertheless, despite 

the evident difficulties of phenomenological descriptions in extracting 

unique spectral parameters and in unambiguously linking them to wa­

ter dynamics, they remain a very useful approach to experimental data, 

providing a first valuable insight into the properties of water. Dynamic 

models certainly represent a step forward compared to phenomenologi­

cal models in the interpretation of the dielectric spectrum, as collective 

and coupling effects can be explicitly taken into account. However, 

given the intrinsic complexity of water dynamics, the underlying phys­

ical models often fail to adequately reproduce the collective molecular 

phenomena present in liquid water.

Moreover, a significant limitation of both phenomenological and dy­

namic models is the lack of a convincing comparison with more recent 

physical models of liquid water dynamics [18–22]. Within this broader 

framework, liquid and supercooled water have often been interpreted 

in terms of the coexistence of distinct local structural environments, 

commonly referred to as high-density liquid (HDL) and low-density liq­

uid (LDL) [18–21]. These local configurations extend over nanoscopic 

lengths [23,24] and dynamically interconvert on very fast timescales 

[22,25] and are characterized by different degrees of tetrahedral orga­

nization of the hydrogen-bond network, as well as different levels of 

intermolecular cooperativity. Such a picture should be taken into ac­

count when describing the distribution of relaxation processes observed 

in the dielectric response.

From the experimental point of view, a major limitation of many 

previous studies is the restricted spectral window and limited signal-to-

noise ratio, which can bias the fitting procedure and lead to ambiguous 

interpretations of the intermediate frequency response. The apparent in­

tensity and temperature dependence of secondary Debye processes are 

in fact highly sensitive to the accessible frequency range and to the 

specific fitting model adopted. Extending the characterization of the di­

electric function to higher frequencies, up to a few THz, and including 

intermolecular modes in the far-infrared with a better signal-to-noise ra­

tio, would allow for a more accurate assessment of this weak dynamic 

contribution, which is partly masked by the dominant Debye relaxation.

In this work, we report measurements of the absorption coeffi­

cient and refractive index of water as a function of temperature, down 

to the supercooled temperature of 255 K, over a broad frequency 

range, of 0.3–12 THz. To widen the measured spectral window, we 

performed measurements using two complementary THz-Time Domain 

Spectroscopy (TDS) setups. One used two photoconductive antennas 

(PCAs) for THz generation and detection [26], covering the spectral 

range 0.3–3.5 THz, and another used THz plasma generation and Air-

Biased Coherent Detection (ABCD) [27,28], which allowed us to cover 

the 0.5–12 THz frequency range. Data were collected in transmission 

configuration, on a water sample with a thickness of only 27 µm, and 

in an ATR configuration. The dielectric response of water was system­

atically compared with numerical evaluations obtained using different 

fitting models. We demonstrate that the dielectric response undergoes a 

continuous evolution from more local molecular dynamics at high tem­

perature to increasingly collective behaviour upon cooling. This trend is 

consistently observed with two different phenomenological fitting mod­

els, indicating that it reflects an intrinsic property of the hydrogen-bond 

network rather than a model-dependent artifact. This interpretation is 

also supported by recent simulations [29,30] in which the cooperative 

character of the THz part of the spectrum is clearly shown. Within 

this framework, the observed increase of cooperativity upon cooling 

is consistent with a progressively larger contribution of LDL-like local 

structures, characterized by a more tetrahedral hydrogen-bond network 

and enhanced dynamical correlations.

Finally, by comparing the dielectric loss with the depolarized Raman 

susceptibility [22,31] at low temperatures in the supercooling region, we 

are able to identify the different frequency windows in which the fast 

relaxation and structural relaxation processes of water take place. The 

distinct temperature–dependent evolution observed suggests that the 

Debye wing is not directly identifiable with the 𝛼-structural relaxation 

and it may arise from different microscopic mechanisms.

Ultimately, the need to introduce additional relaxation processes 

should be interpreted as the manifestation of a continuous spectrum 

of correlated hydrogen-bond network dynamics, rather than as evi­

dence for distinct independent molecular relaxations. This interpretation 

reconciles apparently conflicting results reported in the literature and 

highlights the crucial role of broadband measurements in capturing the 

intrinsically multi-scale and cooperative nature of water dynamics.

2 . Experimental aspects

To cover a broader spectral range, we combined two THz-TDS 

setups based on different generation and detection schemes (further 
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experimental details are provided in the Supplemental Material (SM)). 

The low-frequency region (0.3–3.5 THz) was measured using a stan­

dard THz-TDS configuration [26], where THz pulses are generated 

and detected via optical excitation of low-temperature GaAs PCAs by 

an Er-doped fiber femtosecond laser. The high-frequency portion of 

the spectrum (up to 12 THz) was measured using a broadband THz-

TDS setup based on two-colour laser-induced air plasma generation 

combined with Air-Biased Coherent Detection (ABCD) [27,28]. In this 

configuration, intense femtosecond pulses from a Ti:sapphire Chirped 

Pulse Amplification system are focused in air to generate a plasma 

filament by mixing the fundamental and second harmonic fields. The 

resulting nonlinear interactions produce ultra-broadband THz radiation 

with a spectral bandwidth comparable to the optical pulse bandwidth. 

Detection of the THz electric field is achieved through the ABCD tech­

nique, in which the THz pulse and a synchronized optical probe pulse 

are collinearly focused in air, generating a second-harmonic signal via 

the third-order nonlinear response of the gas. The THz electric field is 

retrieved in both experiments through heterodyne detection. THz-TDS 

experiments provide simultaneous measurements of both the amplitude 

and phase of the THz transient electric field over a very broad spectral 

range. All THz beam paths, in both setups, were enclosed in a nitrogen-

purged chamber in order to minimize absorption by atmospheric water 

vapour.

Transmission measurements were performed using a home-built liq­

uid cell consisting of two diamond windows separated by a 27 µm spacer 

defining the optical path length. The cell was temperature controlled 

by a closed-cycle helium cryostat with stability of ±0.1 K, allowing 

measurements down to the supercooled region (255–360 K). The small 

optical path length is required due to the strong absorption of wa­

ter in the THz range, which would otherwise severely attenuate the 

transmitted field [6,32].

ATR measurements were performed using a 45◦ silicon prism 

mounted in a custom-made Teflon cell with separate sample and refer­

ence compartments. Temperature control was achieved using a thermo­

electric liquid chiller with stability of ±0.1 K, enabling measurements in 

the range 279–365 K. It was not possible to take measurements in the su­

percooling region in the ATR geometry, since water rapidly crystallized 

below the melting point.

The standard THz-TDS setup based on PCAs was mainly used in 

ATR configuration, while the broadband air-plasma setup was primarily 

employed in transmission geometry. The combination of transmission 

and ATR measurements enables reliable determination of the dielectric 

function over a broad spectral range and a wide temperature interval.

In both experimental setups, the sample cells are placed on a mo­

torized translation stage to allow insertion into and extraction from 

the THz path. A reference measurement is taken for each single sam­

ple measurement. This reduces the effects of signal differences between 

reference and sample that can occur on very slow timescales, such as 

those due to temperature fluctuations, which are not related to the sam­

ple’s optical properties (more details about THz-TDS data are reported

in the SM).

To extract the optical parameters of water from the acquired trans­

mission THz data, we performed a complex analysis, which compares 

the experimental transfer function with the theoretical transfer function 

of the sample cell. This is considerably more complex than the transfer 

function of a single-layer sample because it has to take into account the 

three-layer window-water-window system. Our transfer function must 

include, in addition to the propagators in the individual layers and 

the reflection and transmission coefficients through the various layers, 

also all the Fabry-Perot terms arising from the multiple reflections be­

tween the involved surfaces. To build the transfer function we follow the 

derivation reported in [33] where Fabry-Perot terms are considered with 

an infinite number of reflections. The analysis for the optical parameter 

extraction is similar to that used and reported in our previous paper [26] 

for two-layer samples. The analysis relies on an accurate knowledge of 

the optical parameters and thickness of the diamond windows, which 

Fig. 1. Frequency dependence of refractive index of water as a function of tem­

perature measured with broadband THz-TDS setup in transmission configuration 

and with the PCA THz-TDS setup in ATR configuration. The agreement between 

the data obtained with the two different THz-TDS setups is very good extending 

the probed spectral range from almost 0.3 to 12 THz. The lower panel shows a 

magnified view of the low-frequency region. For visual clarity, only a subset of 

PCA markers is displayed.

have been, therefore, previously measured by performing the THz-TDS 

experiment on the diamond windows alone.

Measurements on water in ATR configuration, with both the THz-

TDS setups, were carried out using the silicon prism cell previously 

described. For optical parameter extraction we used the calibration and 

analysis procedure reported in [34].

In Figs. 1 and 2, we show the frequency behaviour of refractive index 

and absorption coefficient of water as a function of temperature mea­

sured with broadband THz-TDS setup in transmission configuration and 

with the PCA THz-TDS setup in ATR configuration. In these figures, we 

omit the data in the overlapping frequency range to avoid overcrowding; 

these data are instead reported in Fig. S7 in SM for room temperature. 

The quality of the measured values is excellent, and the agreement be­

tween the data obtained using the two different THz-TDS configurations 

is outstanding, with a spectral analysis range spanning approximately 

0.3 to 12 THz.

3 . Data analysis and discussion

As a check of the reliability of the optical parameters extracted from 

the broadband transmission measurements, we also made a measure­

ment in ATR configuration with the broadband THz-TDS setup at room 

temperature. ATR measurements, even if in our case noiser than those in 

transmission mode (see Fig.S7 of SM), do not suffer from uncertainties 

related to the sample thickness or Gouy shift [35–38] errors and gener­

ally provide more reliable values of the refractive index and absorption 

coefficient. Comparison between the optical parameters obtained by the 

broadband THz-TDS setup with the two configurations, transmission and 
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Fig. 2. Frequency dependence of the absorption coefficient of water as a function 

of temperature measured with broadband THz-TDS setup in transmission config­

uration and with the PCA THz-TDS setup in ATR configuration. The agreement 

between the data obtained with the two different THz-TDS setups is very good 

extending the probed spectral range from almost 0.3 to 12 THz. The lower panel 

shows a magnified view of the low-frequency region. For visual clarity, only a 

subset of PCA markers is displayed.

ATR, and the most important data reported in the literature at room 

temperature is shown in Fig.S7 of SM. Some of the literature data were 

obtained by Fourier-Transform Infra-Red (FTIR) spectroscopy measure­

ments in ATR, reflection or transmission configuration. It is worth noting 

that in these measurements the values of the refractive index are not 

directly measured but calculated from the values of the absorption co­

efficient through the Kramers-Kronig relations and this procedure relies 

on the complete knowledge of 𝛼(𝜔) at all the frequencies. We would 

like to emphasize the importance of performing THz-TDS measurements 

for the simultaneous measurement of optical parameters. Furthermore, 

other literature data are obtained by THz-TDS setups in ATR or re­

flection configuration only in a narrow THz range (0.1–2 THz). Only 

one paper reports measurements in transmission configuration, on a 

free-standing film of water, with a broadband THz-TDS setup similar

to ours [6].

From the experimental values of 𝑛 and 𝛼 we can calculate the real 

and imaginary parts of the dielectric constant of water and compare 

them with the models usually employed to describe the frequency evo­

lution of the dielectric constant. THz-TDS spectroscopy, like dielectric 

spectroscopy and infrared absorption spectroscopy, is sensitive to col­

lective dynamics and it is directly connected to the complex dielectric 

constant, 𝜀(𝜔). This response function can be expressed, in the lin­

ear response approximation, as a correlation function of equilibrium 

properties [39,40]:

𝜀̃(𝜔) − 1
𝜀𝑆 − 1

= ∫

∞

0
𝑒𝑖𝜔𝑡

[

−
𝑑Φ(𝑡)
𝑑𝑡

]

𝑑𝑡 (1)

where

Φ(𝑡) =
⟨𝐌(𝑡) ⋅𝐌(0)⟩
⟨𝐌(0) ⋅𝐌(0)⟩

, (2)

M (𝑡) is the total dipole moment of the system defined as [39]:

𝐌 (𝑡) =
∑

𝑗
𝐦𝑗 (𝑡) (3)

with 𝐦𝑗  the effective molecular dipole moment containing the perma­

nent molecular dipole moment and the induced dipole moment.

Usually, for water the correlation function appearing in Eq. (1) 

has been described as a sum of exponential relaxations and damped 

harmonic oscillators [3–5,9,13,41,42] with a variable number of contri­

butions depending on the explored time relaxation window or frequency 

range. In particular, translated into the frequency domain in the GHz-

THz range, water shows a main relaxation absorption peak around 

20 GHz, well reproduced by a Debye relaxation [1], a second fast Debye 

relaxation, and sometimes a third one, necessary for reproducing the 

high-frequency excess wing around 1 THz not well reproduced by the 

first Debye mode, and two vibrational contributions at 5 THz and 15 THz 

ascribed to the intermolecular stretching and librational modes respec­

tively. The intermolecular bending mode at around 2 THz (60 cm−1) 

clearly visible in the depolarized Raman spectroscopy [22,31] is strongly 

hindered. In some literature on dielectric spectroscopy this mode has 

been considered although with very weak weight [2,5]. In his review 

article [2], Elton shows that describing the THz excess of the dielec­

tric response of water by introducing multiple additional relaxation 

terms beyond the main Debye process and the intermolecular vibrational 

modes is often redundant and not uniquely justified. In particular, he em­

phasizes that modelling such a complex relaxation spectrum, in which 

diffusional and vibrational dynamics continuously merge due to the het­

erogeneous nature of the hydrogen-bond network, is mathematically 

ill-posed when represented as a discrete sum of independent processes. 

Molecular dynamics simulations have shown that this frequency win­

dow (≈20–200 cm−1) is dominated by collective intermolecular modes 

involving correlated motions of several molecules within the hydrogen-

bond network. In particular, Heyden et al. [29] demonstrated that the 

THz spectrum arises from spatial correlations extending over multiple 

hydration shells, while more recent simulations by Sharma et al. [30] 

have shown that the spectral features in this region originate from the in­

terplay between permanent and induced dipole correlations acting over 

different length scales. These results support the view that the Debye 

wing reflects cooperative hydrogen-bond network dynamics rather than 

a superposition of independent molecular relaxations.

We fit the measured complex dielectric response using two alter­

native models: (Model 1) two Debye relaxations plus two damped 

harmonic oscillator (DHO) contributions, and (Model 2) one Debye 

relaxation plus three DHOs: 

𝜀(𝜔) =
2
∑

𝑖=1

Δ𝜀𝑖
1 + 𝑖𝜔𝜏𝑖

+
2
∑

𝑗=1

𝐴𝑗 𝜔2
𝑗

𝜔2
𝑗 − 𝜔2 + 𝑖𝜔𝛾𝑗

+ 𝜀∞, (4)

𝜀(𝜔) =
Δ𝜀1

1 + 𝑖𝜔𝜏1
+

3
∑

𝑗=1

𝐴𝑗 𝜔2
𝑗

𝜔2
𝑗 − 𝜔2 + 𝑖𝜔𝛾𝑗

+ 𝜀∞, (5)

here, Δ𝜀𝑖 and 𝜏𝑖 are the amplitudes and relaxation times of the Debye 

processes, while 𝐴𝑗 , 𝜔𝑗 , and 𝛾𝑗  are the amplitudes, resonance frequen­

cies, and damping constants of the DHO contributions. Depending on 

the selected model, these terms account for the slow Debye relaxation, a 

possible fast Debye relaxation, the intermolecular stretching and libra­

tional modes, and the bending–umbrella mode [29], which is included 

when a third DHO replaces the second Debye term, as in the second 

model. In what follows, we will use the subscripts 𝑆, 𝐿, and 𝐵–𝑈  for 

the parameters of these three DHOs. Finally, 𝜀∞ is an effective high-

frequency dielectric constant, approximately equal to the square of the 

Journal of Molecular Liquids 460 (2026) 129935 

4 



A. Taschin, P. Bartolini, L. Caminiti et al.

Fig. 3. Frequency behavior of real (upper) and imaginary (lower) parts of the 

complex dielectric constant of water at 300 K obtained from experimental values 

of 𝑛 and 𝛼 along with the fitting results obtained using the model 1. The indi­

vidual contributions are also shown: slow first Debye relaxation (dark yellow), 

second Debye relaxation (purple), stretching DHO mode (green), librational 

DHO mode (cyan), and 𝜖∞ (magenta).

refractive index at optical frequencies (𝜀∞ = 𝑛2𝑣𝑖𝑠), which has been kept 

fixed at the value of 1.78 in all the fits.1

Within the frequency window covered by our measurements, the 

data do not allow a reliable determination of the slow relaxation time 

and the librational mode frequency. These parameters were therefore 

fixed to the literature values. In particular, 𝜏1 was obtained from the in­

terpolation and extrapolation of the values tabulated in [7], while the 

librational frequency was taken from [4]. The remaining model param­

eters were allowed to vary freely during the fitting procedure. Finally, 

considering that in the limit 𝜔 → 0 Eqs. (4) and (5) become:

𝜀𝑆 =
2
∑

𝑖=1
Δ𝜀𝑖 +

2
∑

𝑗=1
𝐴𝑗 + 𝜀∞, (6)

and

𝜀𝑆 = Δ𝜀1 +
3
∑

𝑗=1
𝐴𝑗 + 𝜀∞, (7)

with 𝜀𝑆  being the static dielectric constant. We constrained all ampli­

tudes to satisfy the above relations by fixing 𝜀𝑆  using the empirical ex­

pression adopted in Ref. [4]. This expression is consistent with available 

static-permittivity data over the investigated temperature range includ­

ing direct low-frequency measurements in the stable liquid [43], and the 

1 𝜀∞ should not be confused with 𝜀(∞), which is the response at infinite fre­

quency. In any physical system 𝜀(∞) = 1, 𝜀∞ is instead the response arising 

from electronic resonances when we measure well below them, its value may be 

different depending on the probed frequency window and the employed fitting 

model.

Fig. 4. Frequency behavior of real (upper) and imaginary (lower) parts of the 

complex dielectric constant of water at 300 K obtained from experimental values 

of 𝑛 and 𝛼 along with the fitting results obtained using the model 2. The indi­

vidual contributions are also shown: slow first Debye relaxation (dark yellow), 

bending–umbrella DHO (black), stretching DHO mode (green), librational DHO 

mode (cyan), and 𝜖∞ (magenta).

critically evaluated supercooled-water data compiled in Ref. [44]. The 

amplitudes were constrained using a normalized-weight parametrization 

based on the softmax transformation [45], as described in detail in the 

SM. This procedure enforces the static-limit condition, 
∑

𝑘 𝑆𝑘 = 𝜀𝑆 − 𝜀∞, 

where 𝑆𝑘 denotes the dielectric strength of each active Debye or DHO 

contribution, while keeping the relative spectral weights of the active 

components adjustable and preventing unphysical negative amplitudes. 

The values adopted for 𝜏1, 𝜔𝐿, and 𝜀𝑆  as a function of temperature, 

together with the full set of fitted parameters obtained from both mod­

els, are reported in the SM. For both fitting models, the intermolecular 

stretching mode exhibits the expected blue shift upon cooling, while the 

damping constants of both the stretching and librational modes decrease 

monotonically with decreasing temperature (see Figure S9 in the SM), 

indicating a physically consistent temperature evolution of the fitted 

DHO parameters.

In Figs. 3 and 4 we report, on a log–log scale, the experimental 

data for the real (upper panel) and imaginary (lower panel) parts of 

the dielectric function together with the corresponding fits obtained 

from Eqs. (4) and (5) at T = 300 K. The frequency range has been ex­

tended beyond the experimentally accessible window in order to better 

highlight the relative contributions of the different fitting components. 

Both models reproduce the experimental spectra with comparable accu­

racy, yielding nearly indistinguishable fits over the entire investigated 

frequency range. This result indicates that the experimental data do 

not allow for a clear distinction between a representation based on 

one Debye term plus three DHO terms and one based on two Debye 

terms plus two DHO terms. As Elton has already pointed out in his in-

depth analysis [2], the excess dielectric response at THz frequencies 

can be described equivalently by different functional decompositions, 

reflecting the inherent difficulty of representing a broad and continuous 
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Fig. 5. Temperature behaviour of the relaxation times of the fast Debye compo­

nent extracted from the fitting analysis based on model 1 is compared with the 

literature values: Yada et al. [4], Rønne et al. [3], and Buchner et al. [9], who 

use two Debye terms; Beneduci [10] and Vinh et al. [7], who use three Debye 

terms.

distribution of relaxation processes with a limited number of discrete 

terms.

As a first step, we analyse the temperature dependence of the relax­

ation time associated with the fast Debye process obtained from the fit 

using the first model (Mod.1), see Eq. (4). The resulting values of 𝜏2 are 

shown in Fig. 5, together with literature results obtained using the same 

formalism and alternative parametrizations including three Debye con­

tributions. Specifically, we compare our results with those reported by 

Yada et al. [4], Rønne et al. [3], and Buchner et al. [9], who use two 

Debye terms, as well as with Beneduci [10] and Vinh et al. [7], who use 

three Debye terms. What immediately emerges is the wide spread of val­

ues reported in the literature for 𝜏2 and 𝜏3. This variability arises both 

from the different functional forms used to describe the Debye wing con­

tribution and from the different spectral windows explored in the various 

studies. This observation further confirms that these dynamics cannot 

be simply represented as the sum of independent additional relaxation 

processes. Instead, it highlights the importance of measuring over a 

sufficiently broad spectral range and with a very high signal-to-noise 

ratio in order to properly resolve the weak intermediate-frequency dy­

namics, which are partially masked by the dominant Debye relaxation. 

Interestingly, our results show that the relaxation time associated with 

the fast Debye process, 𝜏2, remains nearly constant over the investigated 

temperature range. This behaviour indicates that the fast component 

cannot be interpreted as an independent diffusive relaxation that pro­

gressively slows down upon cooling, as observed for the main Debye 

process. Rather than representing a distinct molecular relaxation with 

its own temperature-dependent time scale, this contribution likely pro­

vides an effective description of a broader distribution of intermolecular 

dynamics of the hydrogen-bond network.

In this framework, the marked increase in the corresponding am­

plitude Δ𝜖2 (see Fig. 6) upon cooling suggests that this spectral com­

ponent becomes progressively more relevant at lower temperatures. 

Furthermore, the simultaneous decrease in the amplitude of the li­

brational mode, typically associated with the less tetrahedral high-

density liquid (HDL) form of water, suggests that upon cooling the 

balance progressively shifts toward the low-density liquid (LDL) frac­

tion. Within this interpretation, LDL-like local environments would 

correspond to a more extended hydrogen-bond network and a higher 

degree of cooperativity among the different dynamical contributions. 

Fig. 6. Temperature dependence of the amplitudes associated with the different 

modes for both fitting models. The progressive increase in the intermediate-

frequency component (Δ𝜖2 for model 1 and 𝐴𝐵−𝑈  for model 2), with decreasing 

temperature, and the simultaneous decrease of the librational amplitude (𝐴𝐿) 

indicate a redistribution of spectral weight toward more collective and coop­

erative intermolecular dynamics upon cooling. (solid symbols: model 1, lighter 

symbols: model 2.)

Consistently, the amplitude of the intermolecular stretching mode shows 

only a weak temperature dependence. Distance-resolved molecular 

simulations indicate that the intermolecular stretching band is dom­

inated by hydrogen bond dynamics within the first solvation shell, 

although contributions from longer range dipolar correlations are not 

excluded [29,30]. Within the present single DHO representation, this 

broad contribution may contain unresolved dynamics associated with 

different local hydrogen bond environments. Its total spectral weight is 

therefore not expected to scale directly with the relative populations 

of HDL- and LDL-like configurations. Instead, cooling mainly affects 

the dynamical parameters of the stretching contribution, as reflected 

by the progressive blue shift of its resonance and the reduction of 

its damping, consistent with increasing hydrogen-bond stiffness and a 

narrower distribution of local dynamics. The almost temperature in­

dependent stretching amplitude therefore indicates that the dominant 

spectral-weight redistribution observed in our fits occurs between the li­

brational and intermediate frequency contributions, rather than through 

a substantial change in the total stretching spectral weight. 

As a second step in our analysis, we fitted the data using the second 

model (Mod.2); see Eq. (5). As noted earlier, the quality of the fit is com­

parable to the previous one. When we replace the second Debye term 

with a DHO, which we identify as the bending–umbrella mode, a very in­

teresting feature emerges. In contrast to the parameters associated with 

the other DHO contributions, which exhibit the expected temperature 

evolution (see Figure S9 of the SM), this third DHO shows a transition 

from critical damping to an increasingly overdamped character as the 

temperature decreases (see Fig. 7). This behavior suggests the emer­

gence of an enhanced cooperative character in the THz intermediate 

dynamics upon cooling. The transition from a critical to an overdamped 

regime indicates that the oscillation of the bending–umbrella mode be­

comes heavily coupled with the surrounding environment. As reported 

for the previous model, this reflects the progressive strengthening and 

increasing correlation of H-bonds within the network. Once again, this 

is compatible with a scenario where, upon cooling, the balance between 

HDL and LDL forms progressively shifts toward the LDL fraction. This 

scenario is further supported by the temperature-dependent trends of 

the amplitudes for both the bending–umbrella and librational modes 
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Fig. 7. Temperature dependence of the frequency 𝜔𝐵−𝑈  and half the of damp­

ing constant 𝛾𝐵−𝑈∕2 for the bending-umbrella DHO mode. As the temperature 

decreases, the damping constant increases relative to the frequency; this DHO ex­

hibits critical damping at high temperatures, becoming increasingly overdamped 

as the temperature decreases. This behaviour highlights the emergence of an 

increasingly cooperative nature in the system’s intermediate THz dynamics.

(see Fig. 6). The redistribution of spectral weight between these con­

tributions suggests a structural reorganization of the H-bond network, 

consistent with the progressive dominance of the LDL-like environment 

at lower temperatures.

To quantify the redistribution of dielectric strength between the 

intermediate-frequency and librational contributions, we introduce the 

normalized ratios 

𝐶1(𝑇 ) =
Δ𝜀2(𝑇 )

Δ𝜀2(𝑇 ) + 𝐴𝐿(𝑇 )
, (8)

for Model 1, and 

𝐶2(𝑇 ) =
𝐴𝐵−𝑈 (𝑇 )

𝐴𝐵−𝑈 (𝑇 ) + 𝐴𝐿(𝑇 )
, (9)

for Model 2. In the present parametrization, Δ𝜀2, 𝐴𝐵−𝑈 , and 𝐴𝐿 rep­

resent contributions to the static dielectric constant and are therefore 

proportional, through the zero-frequency Kramers–Kronig relation, to 

the corresponding dielectric-loss spectra integrated over logarithmic 

frequency [46]. These ratios quantify the redistribution of dielectric 

strength and should not be interpreted as microscopic structural frac­

tions or direct measures of cooperativity. The dynamical character of 

the bending–umbrella contribution is examined separately through its 

damping ratio, 

𝜁𝐵−𝑈 (𝑇 ) =
𝛾𝐵−𝑈 (𝑇 )
2𝜔𝐵−𝑈 (𝑇 )

. (10)

Fig. 8 shows the temperature dependence of the normalized dielectric-

strength ratios 𝐶1(𝑇 ) and 𝐶2(𝑇 ) in the upper panel, while in the lower 

panel it reports the corresponding evolution of the damping ratio 

𝜁𝐵−𝑈 (𝑇 ).
As shown in Fig. 8, both 𝐶1(𝑇 ) and 𝐶2(𝑇 ) exhibit a marked over­

all increase upon cooling. Despite the different parametrizations of the 

dielectric response, the two definitions show similar temperature de­

pendences. A sensitivity analysis, performed by systematically varying 

the fixed parameters 𝜀𝑆  and 𝜏1 within their estimated uncertainties, 

shows that these variations moderately affect the absolute values of 

𝐶1(𝑇 ) and 𝐶2(𝑇 ) without altering their overall increase upon cooling.

Fig. 8. Temperature dependence of the normalized dielectric-strength ratios 

𝐶1(𝑇 ) and 𝐶2(𝑇 ) obtained from Eqs. (8) and (9), respectively (upper panel). 

These quantities describe the relative dielectric strength of the intermediate-

frequency contribution with respect to the sum of the intermediate-frequency 

and librational contributions. The lower panel shows the damping ratio of the 

bending–umbrella contribution, as defined in Eq. (10). The increase of both 

𝐶1(𝑇 ) and 𝐶2(𝑇 ) upon cooling, together with the increasing 𝜁𝐵−𝑈 (𝑇 ), indicates a 

redistribution of dielectric strength toward the intermediate-frequency dynamics 

accompanied by an increasingly overdamped response.

In particular, the enhanced relative dielectric strength of the 

intermediate-frequency contribution in the low-temperature region re­

mains robust under all tested variations (see Fig. S10 of the SM). These 

results indicate that the progressive enhancement of hydrogen-bond-

network cooperativity represents a robust physical feature rather than a 

model-dependent artifact.

Within structural scenarios describing water in terms of a continuous 

distribution of local environments with different degrees of tetrahedral 

order, this behavior is qualitatively consistent with the commonly ob­

served increase of tetrahedral configurations at lower temperature [47]. 

These local configurations should not be regarded as static structural 

species, but rather as dynamically evolving arrangements continuously 

reshaped through hydrogen-bond rearrangements. The progressive in­

crease of the intermediate-frequency spectral weight, together with the 

crossover of the bending–umbrella mode from near critical to over­

damped behavior, indicates that the Debye wing reflects the increasing 

cooperativity of intermolecular motions within a dynamically evolving 

hydrogen-bond network. Within this framework, the enhanced preva­

lence of LDL-like local configurations upon cooling does not imply the 

emergence of distinct molecular species, but rather a gradual shift in the 

balance between local environments characterized by different degrees 

of tetrahedral order.

We also tested the theoretical framework proposed by Popov 

et al. [11], in which dielectric relaxation originates from the migra­

tion of orientational defects within the hydrogen-bond network. When 

applied to the present dataset, and combined with broadband spectra 

from Vinh et al. [7], the Popov relaxation function systematically con­

verges to the Debye limit, thereby preventing a reliable separation of the 

two intrinsic time scales predicted by the model. In this situation, the 

additional intermolecular contribution is effectively accounted for by 
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the same DHO component identified within the simpler phenomenolog­

ical models. This result does not imply a failure of the Popov model, 

which provides a physically appealing microscopic description of di­

electric relaxation in terms of defect-mediated hydrogen-bond network 

dynamics. Rather, it suggests that the spectral signature associated with 

the predicted distribution of relaxation times is extremely weak and re­

quires an even broader spectral window and an improved signal-to-noise 

ratio in the THz region in order to be unambiguously resolved.

For completeness, we also considered the stochastic frequency mod­

ulation (SFM) approach proposed by Shiraga et al. [5], in which both 

the main Debye and fast relaxation are described in terms of over­

damped vibrational dynamics rather than Debye-like relaxations. The 

authors introduced this model to address the issue that Debye re­

sponses contribute in a non-physical way to the dielectric response at 

high frequencies. Within this framework, the intermediate contribu­

tion is intrinsically represented in an overdamped regime at all the 

temperatures and therefore does not explicitly display the critical-to-

overdamped crossover observed when the bending–umbrella mode is 

treated as a pure DHO. Nevertheless, the temperature evolution of the 

spectral weight remains consistent with the behaviour obtained from 

the phenomenological models discussed above. This comparison fur­

ther supports the conclusion that the observed increase of cooperativity 

reflects an intrinsic property of the hydrogen-bond network dynamics 

rather than a consequence of the specific parametrization adopted.

To further clarify the physical nature of these intermediate dynamics, 

we compare the dielectric response with depolarized Raman suscepti­

bility measurements in the supercooled region. In Fig. 9 we report the 

third–order susceptibility at 253 K obtained from the imaginary part of 

the Fourier transform of the optical Kerr effect signal measured in our 

previous works [22,31], together with the imaginary part of the com­

plex dielectric response at 255 K. The structural relaxation observed 

in the Raman susceptibility exhibits a strong temperature dependence 

and shifts rapidly toward lower frequencies upon cooling, while the 

characteristic time associated with the intermediate dynamics remains 

comparatively weakly temperature dependent. This observation indi­

cates that the increase in cooperativity inferred from the dielectric 

spectra is not directly associated with the structural 𝛼–relaxation it­

self, but rather with intermediate-frequency collective motions of the 

hydrogen-bond network. Moreover, the structural relaxation observed 

in the Kerr effect signal displays a non-exponential character, which is 

well reproduced by a stretched exponential function, a behaviour that 

appears largely hidden in the dielectric response.

4 . Conclusion

This study presents a comprehensive analysis of the optical prop­

erties of water using broadband Terahertz Time-Domain Spectroscopy 

(THz-TDS) over a wide frequency range (0.3–12 THz) and at various 

temperatures, extending into the supercooled phase. Using two distinct 

THz-TDS setups, we measured the absorption coefficient and refrac­

tive index of water with high precision. These two systems enabled 

broadband spectral measurements performed both in transmission and 

in attenuated total reflection (ATR) modes. The results obtained from 

the two techniques show excellent consistency and significant spectral 

overlap.

The dielectric response of water in the low-THz region is often de­

scribed by introducing a secondary Debye relaxation to account for the 

high-frequency excess (the so-called “Debye wing”). However, such a 

phenomenological decomposition does not uniquely identify distinct 

molecular populations and may lead to ambiguous interpretations. 

In the present work, broadband dielectric spectra with high signal-

to-noise ratio allow us to track the evolution of the spectral weight 

across different dynamical contributions. Two fitting approaches (two 

Debye plus two oscillators and one Debye plus three damped har­

monic oscillators) consistently indicate a progressive redistribution of 

the response upon cooling: the contribution associated with librational 

Fig. 9. Frequency behavior of the imaginary part of the complex dielectric con­

stant of water at 255 K with the fitting curve obtained with model 2 (upper 

panel) and the third-order susceptibility at 253 K obtained from the Fourier 

transform of the optical Kerr effect signal [22,31] (lower panel) (𝜏𝑆  denoting 

the structural 𝛼-relaxation and 𝑉𝐵  the bending mode). The comparison clearly 

shows that, at low temperatures, the fast relaxation component of the dielectric 

response and the structural relaxation measured by depolarized Raman scatter­

ing may reflect different molecular dynamics, contrary to what might be inferred 

from a comparison at room temperature.

(local rotational) motion decreases, while the intermediate-frequency 

component, often modeled as a second Debye term, gains spectral 

weight. This behaviour points to a gradual transition from predomi­

nantly local molecular dynamics at high temperature to increasingly 

collective dynamics at lower temperature. This is further supported 

by the transition from an almost critical vibrational character to an 

overdamped relaxational regime of the bending-umbrella mode in the 

second model. In this framework, the intermediate-frequency response 

is interpreted as a manifestation of the vibrational dynamics of the 

hydrogen-bond network. This interpretation is consistent with the pic­

ture proposed by Gaiduk, where the high-frequency wing originates 

from coupled bending–stretching fluctuations of hydrogen bonds, and 

with the model of Popov, in which deviations from Debye behavior arise 

from collective fluctuations of the same hydrogen-bond network respon­

sible for the primary relaxation. Therefore, the apparent second Debye 

contribution can be understood as a convenient parametrization of a 

continuous spectrum of correlated hydrogen-bond network dynamics. 

The observed temperature dependence reflects an increasing coopera­

tivity of the hydrogen-bond network, rather than the emergence of a 

distinct molecular relaxational channel. This scenario is compatible with 

a progressively larger contribution of LDL-like local environments, char­

acterized by a more tetrahedral hydrogen-bond network and enhanced 

dynamical correlations.

Finally, a comparison between the dielectric loss spectra and depo­

larized Raman susceptibility at lower temperatures clearly reveals the 

spectral separation between the fast relaxation process and the struc­

tural relaxation dynamics in water, a distinction particularly evident in 

the supercooled regime. This separation suggests that the Debye wing 

cannot be directly identified with the structural 𝛼-relaxation itself.
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S1. EXPERIMENTAL DETAILS

A. Broadband THz-TDS experiment

The two color laser-induced air-plasma THz-TDS system employs high energy femtosecond pulses produced by a
Ti:Sapphire Chirped-Pulse-Amplification (CPA) laser (Coherent Legend). Following Fig.S1, a 40 fs 3 mJ laser pulse
with a wavelength of 800 nm and repetition rate of 1 KHz is divided in two parts, one for the THz pulse generation,
the pump, an another one for the detection, the probe. The vertically polarized pump pulse passes thought a focusing
lens (f = 200 mm) and after that into a 100 µm BBO crystal for the second harmonic (SH) generation. A dual-
wavelength half-wave plate rotates the SH polarization allowing vertical parallel polarization for both the 800 nm
and 400 nm pulses. These are together collinearly focused on air to produce an air plasma filamentation of some mm
length. High power THz pulse (some µJ) is produced by different nonlinear phenomena, namely, four wave mixing,
photo-ionization current, and plasma wave by ponderomotive force [1, 2]. Depending on the intensity level of the
optical impulses involved, these effects can be more or less relevant and, generally, induce THz radiation at different
frequency bands. Overall, the THz pulse generated has the spectral bandwidth equivalent to the optical bandwidth.
Then, the THz pulse is guided into the sample and in the detection area by a traditional four parabolic mirrors THz-
TDS configuration [3]. A 6 mm silicon plate after the first parabolic mirror removes all the residual optical radiation
from the THz beam. The measurement of the THz field is based on the Air Biased Coherent Detection (ABCD)
technique. The probe beam is focused by another lens (f = 300 mm) through a hole on the last parabolic mirror,
which focalizes the terahertz beam. Thus, terahertz and optical beams, with parallel polarizations, are collinearly
focused on air on a same spot to induce a second harmonic pulse by third order nonlinear response of the air. A pair
of electrodes with a 1 mm gap, with 3 kV, 500 Hz ac bias, synchronized with the laser repetition rate, is placed across
this spot. The 500 Hz oscillating electric field and the optical probe field, both parallel, produce a second harmonic
signal by the same nonlinear phenomena on air. This SH signal constitutes the local field for the heterodyne detection
of the second harmonic pulse generated by the THz pulse. Second harmonic radiation is then filtered by a 400 nm
bandpass filter and sent into a photomultiplier tube, whose signal is measured by a lock-in amplifier referenced to
the 500 Hz bias modulation frequency, its output is finally digitalized by an acquisition board. Time evolution of the
THz pulse electric field is then obtained recording the output at changing of the time delay between the pump and
probe pulses. A home-made software acquires the processed signal together with the reading of the delay line encoder
retracing the final time dependent THz field. All the THz beam path is contained in a nitrogen purged chamber to
reduce water vapor absorption.
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FIG. S1. Broadband THz-TDS setup with THz pulse generation by two colors laser-induced air-plasma and ABCD technique.
The labeled elements are: M mirror, BS beam splitter, PM off axis parabolic mirror, L1-L3 lenses, BBO β-barium borate
crystal, λ/2 half-wave plate, DW λ/2 dual-wavelength half-wave plate.
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B. PCA THz-TDS experiment

PCA THz-TDS setup (see Fig.S2) uses a similar configuration for the THz beam guiding, with the only difference
that THz emission and detection are obtained by two low-temperature-GaAs photoconductive antennas. THz pulses
are produced by exciting the PCA with optical laser pulses with energy of around 1 nJ, at 780 nm, with pulse duration
of 120 fs and a repetition rate of 100 MHz (produced by a T-light 780 nm fiber laser from MenloSystems). PCA
is biased with sinusoidal voltage of 0-30 V at a frequency of 10 kHz. The antenna is coupled with a hemispherical
silicon lens to extract the THz radiation from the chip more efficiently. The THz pulse after the sample is focused by
an off-axis parabolic mirror on a identical PCA. Another hemispherical silicon lens optimizes the coupling between
the THz field and the dipole of the detection antenna. The THz field, in this case, acts as a bias for the free carriers
produced by a second optical pulse focused on the gap dipole. Electric field time evolution of the THz pulse is again
obtained recording the photocurrent amplitude at varying of the time delay between the pump and probe pulses.
Then the acquisition chain is very similar to that already described for the other setup. Even in this case, the whole
THz set-up is enclosed in a nitrogen purged chamber.

Optical delay line

M

M

M

CC
Bias 0-30 Volt
At 10KHz

Silicon
Prism

Lock-in 
amplifier

PM

PM

Acquisition
board

Input 
Voltage

Computer

Output
Voltage

BS

PM

M

Pu
m

p
Pc

A

Laser
source

Probe

M

M

M

PcA

Nitrogen Purged Chamber

Reference

THz pulse

FIG. S2. PCA THz-TDS setup with THz pulse generation and detection by two photoconductive antennas. The labeled
elements are: M mirror, BS beam splitter, PM off axis parabolic mirror, PcA photoconductive antenna.

C. Sample cells

The transmission measurements have been realized using a homemade cell (see Fig.S3) build with two circular
diamond windows, 1 mm thick with diameter of 5 mm, and a 27 µm thick brass spacer washer with internal diameter
of 3 mm. Two copper rings with six through screws closed and held the cell together. The cell was temperature
controlled by a close cycle helium cryostat with a temperature stability of ± 0.1 K. The cell is filled with double
distilled water. The thinness of the sample enable us extending the temperature range down to the supercooled
region. Measurements were acquired in the range 255-360 K. Diamond is transparent to THz radiation as silicon,
but it has the additional advantage to be transparent to the infrared or visible light giving access to spectroscopy
experiments using mixed wavelength radiations.

The ATR measurements were done with a typical configuration using a 45◦ silicon prism. The home made cell for
ATR measurements is shown in Fig.S4. The cell is constituted in the lower part by the surface of the silicon prism
and in the remaining part by a Teflon septum with two chambers: one for containing the water sample for the water
ATR signal and the other, left empty, for the reference measurement. Finally, an aluminum cap seals the cell. The
whole cell holder was then temperature controlled by a thoermoelectric liquid chiller with a temperature stability of
± 0.1 K. We explored the temperature range 279-365 K. No measurements in the supercooled region were possible
due to the instant crystallization of water in the ATR cell below the melting point temperature.

Water samples was taken from bi-distilled water sealed vials usually employed for pharmaceutical purpose.
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Water 27 µm
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windows 1 

mm

FIG. S3. Sample cell for transmission measurements: two circular diamond windows 1 mm thick and a 27 µm thick brass spacer
washer in the middle are held together by two copper rings with six through screws. The cell is filled with double distilled
water and temperature controlled by a close cycle helium cryostat with a temperature stability of ± 0.1 K.

Sample holder

Liquid flux for 
temperature 
stabilization

Silicon prism

FIG. S4. Sample cell for ATR measurements. The cell is constituted in the lower part by the surface of the silicon prism and
in the remaining part by a Teflon septum with two chambers, one for containing the water sample and the other, left empty,
for the reference measurement. Finally, an aluminum cap seals the cell. The whole cell holder was temperature controlled by
a thoermoelectric liquid chiller with a temperature stability of ± 0.1 K.

S2. MEASURED DATA

In Fig.S5 we show, in the upper panel, the typical time evolution of the THz electric field of the reference (blue
line) and water cell signal (red line) obtained with the broadband THz setup at 255 K. Amplitude spectra of the
reference and sample cell, obtained by Fourier transforms of the temporal signals, are shown in the lower panel. The
dense regular oscillations visible across the water spectrum are due to internal reflections in the diamond windows.
These reflections are not shown in the time evolution of the upper panel because they occur at times greater than
13 ps. This effect is, anyway, accounted for in the transfer function of the whole window-water-window system. The
absorption peaks at around 8.4, 10.7 and 12.2 THz, more clearly visible in the reference spectra, are due to phononic
resonances of silicon wafer used to block the pump beam. Fig.S6 shows in the upper panel the time evolution of
THz electric field of reference (blue line) and water ATR signal (red line) measured by the PCA THz-TDS setup.
Amplitude spectra of the reference and water temporal signals, obtained by their Fourier transforms, are shown in
the lower panel. In both experimental setups, the sample cells are placed on a motorized translation stage to allow
insertion and extraction of the cells into the THz beam. A reference measurement is taken for each single sample
measurement. This reduces the effects on signal differences between reference and sample that can be occur on very
slow times, such as those due to the temperature fluctuations, which are not related to the sample optical properties.
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FIG. S5. Upper graph: time evolution of the THz electric field of the reference and water signal in transmission configuration
with the broadband THz setup at 255 K, the delay accumulated by the sample pulse is mainly due to the diamond windows of
the cell; lower graph: amplitude spectra obtained by Fourier transform of the signals on the top. The dense regular oscillations
visible across the water spectrum are due to internal reflections in the diamond windows (in the upper graph these reflection
pulses appear at times greater than 13 ps). This effect is accounted for in the transfer function of the whole window-water-
window system. Absorption peaks at 8.4, 10.7 and 12.2 THz, more clearly visible in the reference spectra, are due to phonon
resonances of silicon wafer.
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FIG. S6. Upper graph: time evolution of the THz electric field of the reference and water signal in ATR with the PCA THz
setup at 298 K; lower graph: amplitude spectra obtained by Fourier transform of the signals on the top.

A. Coomparison with literature data

Our refractive index and water absorption coefficient values, n(ω) and α(ω), were compared with the most important
data reported in the literature. Some of these were obtained by Fourier-Transform Infra-Red (FTIR) spectroscopy
measurements in ATR, reflection or transmission configuration. It is worth noting, that in these measurements the
values of the refractive index are not directly measured but calculated from the values of the absorption coefficient
through the Kramers-Kronig relations and this procedure relies on the complete knowledge of α(ω) at all the fre-
quencies. We would like to emphasize the importance of performing THz-TDS measurements for the simultaneous
measurement of optical parameters. Other literature data are obtained by THz-TDS setups in ATR or reflection
configuration only in a narrow THz range (0.1-2 THz). Only one paper report measurements in transmission con-
figuration, on a free-standing film of water, with a broadband THz-TDS setup similar to ours [4]. In particular, we
compare our results with those reported in the works of: Afsar and Hasted [5] that make FTIR measurements in
reflection configuration, Thrane et al. [6] that use a THz-TDS experiment in reflection configuration, Zelsmann [7]
that makes FTIR measurements in transmission configuration in a cell with a thin water sample, Rønne et al. [8] that
make a THz-TDS in reflection configuration and finally Wang et al. [4] that performs a THz-TDS on a free standing
water thin film in a broadband frequency range. Only in a few works the measurements were done as a function of
temperature with more or less wide temperature ranges that only partially overlap our range, furthermore, for some
studies, only measurements taken at a single temperature are reported. Thus we decide to compare the data at the
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temperature T = 295 K at which Wang et al. [4] made the measurements (see Fig.S7). Our values and those of
the literature for this temperature were obtained by interpolation when the temperature range allowed. When the
measurements were done at only one temperature, we report the data without any manipulation as in the case of
Afsar [5], Thrane et al. [6] and our ATR measurements with the Broadband THz-TDS setup.
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FIG. S7. Refractive index (upper panel) and absoption coefficient (lower panel) of water as function of frequency obtained from
our measurements compared with the most important data reported in the literature [4–8]. The insets show the comparison in
the low frequency range.
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S3. DATA ANALYSIS

A. Fitting parameters

We report here the temperature dependence of the fixed fitting parameters obtained from literature and all the
fitting parameters extracted from the data analysis with the two fitting models

T (K) εS τ1 (ps) ωL (THz)

255 95.5300 38.0000 98.1273

260 93.3672 30.8125 97.4048

270 89.1875 20.3400 95.9596

280 85.1948 14.2000 94.5145

300 77.7377 8.1210 91.6242

320 70.9333 5.1865 88.7340

340 64.7245 3.5865 85.8437

360 59.0592 2.5550 82.9534

TABLE S1. Values of ϵS , τ1 e ωL used as fixed parameters in the fitting analysis and obtained respectively from [9], [10],
and [11].
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FIG. S8. Temperature dependence of the amplitudes associated with the different modes for both fitting models. Amplidute
of the second Debye exists only for Model 1, and amplitude for bending-umbrella only for Model 2. Solid symbols for fitting
Model 1, lighter symbols for fitting Model 2. The ∆ϵ1 values obtained from the two models are nearly identical and overlap in
the figure, so only one set of data points is visible.
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in good agreement with those reported by [7]. Lower panel: damping constants of the DHOs describing bending-umbrella,
stretching and librational modes in the two fitting applied models.

̸=

B. Implementation of the static-limit amplitude constraint

In the fitting procedure, the amplitudes of the different spectral contributions were constrained to satisfy the static
dielectric limit. For both models used in the main text, the zero-frequency limit of the complex dielectric function
can be written as

εS − ε∞ =
∑
i∈A

Ai, (S1)

where εS is the static dielectric constant, ε∞ is the high-frequency electronic contribution, and A denotes the set
of active spectral contributions in the chosen fitting model. The amplitudes Ai include the strengths of the Debye
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relaxation terms and of the damped harmonic oscillator contributions, consistently with the definitions adopted in
Eqs. (4) and (5) of the main text.

The condition in Eq. (S1) was not imposed by determining one amplitude as the residual difference between εS−ε∞
and the other fitted amplitudes. Instead, we used a normalized-weight parametrization. For each active component,
an unconstrained fitting variable ai was introduced and transformed into a positive normalized weight through a
softmax transformation [12],

wi =
exp(ai)∑

j∈A exp(aj)
, i ∈ A. (S2)

Components not included in a given model were excluded from the normalization.
The physical amplitudes were then defined as

Ai = wi (εS − ε∞) , i ∈ A. (S3)

This parametrization automatically gives∑
i∈A

Ai = (εS − ε∞)
∑
i∈A

wi = εS − ε∞, (S4)

since
∑

i wi = 1 by construction. Therefore, the static-limit condition fixes only the total dielectric strength, while
the relative spectral weights of the active components remain adjustable fitting parameters.

For Model 1, the active amplitudes are

A1 = {∆ε1, ∆ε2, AS , AL} , (S5)

corresponding to the slow Debye relaxation, the fast Debye relaxation, the intermolecular stretching mode, and the
librational mode. The bending–umbrella contribution is inactive in this model.

For Model 2, the active amplitudes are

A2 = {∆ε1, AB−U , AS , AL} , (S6)

corresponding to the slow Debye relaxation, the bending–umbrella mode, the intermolecular stretching mode, and the
librational mode. The fast Debye contribution is inactive in this model.

This procedure has two practical advantages. First, it enforces the correct zero-frequency dielectric limit for each
temperature. Second, it prevents unphysical negative amplitudes, since all weights wi are positive by construction.
Importantly, the constraint does not impose fixed relative weights among the intermediate-frequency and vibrational
contributions; only their total static strength is normalized to εS − ε∞.

C. Sensitivity of the fitted amplitudes to the static constraint

To evaluate the possible influence of the static dielectric constraint on the extracted amplitudes, we repeated the
fitting procedure by varying the input value of εS within a conservative range representative of the scatter among
available literature data. In addition, we tested the influence of the high-frequency tail of the primary Debye relaxation
by varying the fixed value of τ1 within the uncertainty of the literature relaxation times.
Specifically, the fits were repeated using

ε±S (T ) = εS(T ) (1± δε) , (S7)

and

τ±1 (T ) = τ1(T ) (1± δτ ) , (S8)

where δε and δτ were chosen as conservative estimates of the uncertainty of the literature data, δε = 0.01 and δτ = 0.02.
The variations of εS mainly affect the absolute scale of the fitted amplitudes, as expected from Eq. (S3), since

the total dielectric strength is proportional to εS − ε∞. However, the relative temperature evolution of the different
spectral contributions is preserved. In particular, the intermediate-frequency contribution increases upon cooling,
whereas the librational contribution decreases. The same qualitative behaviour is obtained when varying τ1, showing
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that the reported trends are not dominated by small uncertainties in the extrapolated high-frequency tail of the
primary Debye relaxation.

The amplitudes ratios, C1(T ) and C2(T ) were also recomputed for all sensitivity tests. Their monotonic increase
upon cooling is preserved within the tested uncertainty range (see Figure S10). This confirms that the main conclusion
of the manuscript, namely the progressive enhancement of cooperative hydrogen-bond network dynamics upon cooling,
does not arise from the specific implementation of the static-limit constraint.
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FIG. S10. Sensitivity of the normalized dielectric-strength ratios C1(T ) (upper panel) and C2(T ) (lower panel) to systematic
variations of the fixed parameters εS and τ1. Filled circles represent the nominal fits, while diamonds and triangles show
the results obtained by varying εS by ±1% and τ1 by ±2%, respectively. Squares indicate the results obtained when the two
parameters are varied simultaneously within the same intervals. The overall temperature dependence of both ratios is preserved
under all tested variations.
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