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Water has many kinetic and thermodynamic properties that
exhibit an anomalous dependence on temperature1–5, in particu-
lar in the supercooled phase. These anomalies have long been
interpreted in terms of underlying structural causes, and their
experimental characterization points to the existence of a singu-
larity at a temperature of about 225 K. Further insights into the
nature and origin of this singularity might be gained by com-
pletely characterizing the structural relaxation in supercooled
water6. But until now, such a characterization has only been
realized in simulations7–9 that agree with the predictions of
simple mode-coupling theory10; unambiguous experimental sup-
port for this surprising conclusion is, however, not yet avail-
able11–14. Here we report time-resolved optical Kerr effect
measurements15 that unambiguously demonstrate that the struc-
tural relaxation of liquid and weakly supercooled water follows
the behaviour predicted by simple mode-coupling theory. Our
findings thus support the interpretation7–9 of the singularity as a
purely dynamical transition. That is, the anomalous behaviour of
weakly supercooled water can be explained using a fully dynamic
model and without needing to invoke a thermodynamic origin.
In this regard, water behaves like many other, normal molecular
liquids that are fragile glass-formers.

The shear viscosity, self-diffusion coefficient and relaxation times

of water above melting and in the supercooled state all exhibit a
temperature dependence following a diverging power law1–5 of the
type ðT=TS 2 1Þ2x, independent of the measurement method used.
Thermodynamic properties such as heat capacity, compressibility
and thermal expansion coefficient similarly show a temperature
dependence characterized by an anomalous increase upon cooling.
Different experimental determinations of the singularity tempera-
ture TS converge on values of about 223–228 K. Although the nature
and physical origin of this singularity are still debated16–18, the
observed anomalous phenomena suggest that modifications of
structural properties of water occur around this temperature.
Characterizing the correlation functions of water and their time
evolution, at temperatures below melting and approaching T S,
might therefore yield new insights. But although simulation
results suggest that the features of the investigated dynamic corre-
lation functions agree well with the predictions of mode-coupling
theory7–9, unambiguous experimental support for this surprising
conclusion is not yet available11–14.

Several recent time-resolved optical Kerr effect (OKE) experi-
ments on water have revealed11,19–23 an oscillation on short time-
scales (for delay time shorter than 1 ps) in the time profile of the
measured signal; at longer times, the signal shows a monotonous

 

Figure 1 Signal decay measured in the time-resolved HD-OKE experiment on

supercooled water at T ¼ 257 K. a, HD-OKE signal in the short time region. An oscillatory

component occurs in the decay trace for time shorter than 1 ps. b, HD-OKE signal over the

whole time region measured. For longer time the relaxation shows a monotonous decay.

The plot illustrates the procedure used for improving the sensitivity. The entire time decay

scan was divided into three sections. Short laser pulses (60 fs) were used for the short

time scan (black line); for the intermediate time delay intervals (red line) the laser pulse

duration was stretched up to 120 fs; for the longer time (blue line) we used stretched laser

pulses of 500 fs duration. In this procedure we increased the pulse energy to keep the

peak power roughly constant. Care was taken to ensure a large time overlap between

subsequent scans, to allow an accurate rescaling of the intensities and a proper

reconstruction of the entire decay curve.
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decay for which various interpretations have been proposed. The
oscillatory part of the signal shows a limited dependence on
temperature, while the long time decay slows down as temperature
is lowered. So far, attention has mostly focused on the initial
oscillatory component of the OKE signal, which provides infor-
mation about intermolecular hydrogen-bond dynamics and might
be directly compared with the low-frequency Raman spectra. But
this focus also reflects practical considerations: the intensity of the
OKE signal of water is very low, making it very difficult to determine
its relaxation profile accurately at times longer than a very few
picoseconds.

Here we present the results of an extensive investigation by means
of heterodyne detected OKE experiments (HD-OKE) of the relaxa-
tion in liquid and supercooled water, using the experimental set-up
described in ref. 24. The low noise level and the large dynamic range
provide data of sufficiently high quality to extend measurements by
almost twenty degrees into the supercooled region. The procedure
adopted in our experiments is based on the use of laser pulses of
variable duration and energy (see Fig. 1). It allows us to measure the
OKE signal relaxation over a large time interval: at the lowest
temperature (254 K), we follow the decay of the OKE signal over
40 ps. We can thus provide the first unambiguous measurement of

the entire correlation function in liquid water and perform a full
mode-coupling theory (MCT) analysis of the slow dynamic regime.

An important aspect to be considered in interpreting OKE and
depolarized light-scattering experiments on liquid water is the
microscopic origin of the measured signal. The molecular polariz-
ability of water is almost isotropic and the optically induced
polarization is therefore dominated by intermolecular (collision-
induced) contributions. This holds not only for the high-frequency
(.10 cm21) part of the light-scattering spectrum (corresponding to
the short time OKE signal), but also for the very-low-frequency
part25 that corresponds to the long time relaxation tail of our time-
domain data. In other words, the OKE and depolarized-light-
scattering techniques are mostly sensitive to the intermolecular
dynamics of water. In the short delay time limit, this corresponds to
the intracage vibrational dynamics; the long time decay, in contrast,
is prevalently associated with rearrangement of local (cage) struc-
tures, which represents the first step of the overall structural
relaxation. More precisely, the measured signal in a OKE experi-
ment is defined by the material response function15, that is, by the
time-derivative of the dielectric-constant correlation function26,27

which, in water, is dominated by the intermolecular contribution.
Figure 2a collects several HD-OKE data measured at different

temperatures (314–254 K). The log–log plots clearly show the
marked slowing down with decreasing temperature of the overall
relaxation, and the slight temperature dependence of the fast

 

 

 

Figure 2 Temperature dependence of the HD-OKE signals on water and fits based on the

stretched exponential function. a, A log–log plot of the HD-OKE signals as a function of the

temperature. The red curves are best fits performed with the time-derivative of the

stretched exponential function; the values of the t and b parameters are listed.

b, Master plot obtained by rescaling the time and intensity axes of the HD-OKE signals

showed in a; the reported red line is the master curve corresponding to the time-derivative

of the stretched exponential with t ¼ 1 and b ¼ 0.6.

 

 

Figure 3 HD-OKE signals on liquid and supercooled water with a detailed analysis of the

relaxation time profile. a, HD-OKE signal at T ¼ 273 K. The difference between fits

performed with the time-derivative of the double exponential (blue dashed line) and time-

derivative of the stretched exponential (red dotted line) is hardly observable owing to the

noise and time limitations. b, HD-OKE signal at T ¼ 254 K. The time-derivative of the

double exponential curve (blue dashed line) is clearly unable to reproduce the data for time

delays longer than 8 ps—instead the time-derivative of the stretched exponential function

is able to fully fit the experimental decay in the complete time region investigated.
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component (for t , 1 ps). Figure 2b shows the master plot obtained
from the data of Fig. 2a by rescaling the time and amplitude axes of
each curve. The perfect coincidence of the different curves demon-
strates that the slow relaxation of water follows a unique decay law
in the entire temperature range considered. We found, for all the
temperatures, that the time-derivative of the stretched exponential
function, f ðtÞ ¼2d=dt expð2ðt=tÞbÞ, allows a very satisfactory
fitting of the HD-OKE data: the values of the parameters t and b
obtained at the different temperatures are collected in the box of
Fig. 2a.

The comparison of the two fittings in Fig. 3 clearly demonstrates
that at 273 K, the difference between a double exponential and a
stretched exponential function is hardly detectable owing to the
limited time interval explored. At 254 K, on the other hand,
the wider time window accessible to the experiment shows that
the double exponential function is unable to account for the OKE
signal decay in the last 20 ps.

A second important conclusion from the data of Fig. 2a is that the
stretching parameter b has a constant value of 0.6 throughout the
entire temperature range considered.

As shown in Fig. 4, the temperature dependence of the measured
relaxation time t is well reproduced by a power law of the type
t(T) ¼ a(T 2 T S)2g. The best fit is obtained using values of
TS ¼ 221 ^ 5 K and g ¼ 2.2 ^ 0.3 for the power-law parameters.
The TS we obtain thus coincides with the singularity temperature
obtained from measurements of other dynamic and transport
properties.

The two important new results obtained from our OKE experi-
ment are the stretched exponential nature of the relaxation and the
invariance of the stretching parameter with the temperature. The
large stretching effect (b ¼ 0.6) indicates that water dynamics is
characterized by a distribution of different timescales, suggesting
the presence of a variety of relaxing structures6 whose distribution
does not, according to our results, change notably with
temperature.

Our data also allow for a comprehensive comparison with the
predictions of simple MCT10 concerning the slow dynamics in
liquid water. MCT, which is a dynamic model providing a descrip-
tion of the temporal evolution of the correlation functions related to

density, predicts that the long time decay (a relaxation) follows a
stretched exponential law with a temperature-independent stretch-
ing parameter. Furthermore, the a relaxation time increases on
cooling according to a power law, from which a critical temperature
T S can be derived. These predictions fully agree with our experi-
mental observations. In the simple MCT, TS represents the tem-
perature of dynamical structural arrest, although recently extended
versions propose a new definition of TS, involving a crossover or
avoided-singularity temperature corresponding to a sudden vari-
ation of the dynamic nature of the supercooled liquid.

A purely dynamic water model clearly cannot account for the rich
and anomalous thermodynamic behaviour of water, which calls for
other model types such as the much debated16–18 second critical
point hypothesis28 (SCP). But the predictions of thermodynamic
models usually do not cover dynamic properties, such as the
temporal evolution of the correlation functions we have measured.
Although some recent computer simulations29 attempt to bridge
this gap, we are at present unable to compare our experimental
results directly against the predictions of thermodynamic models
such as the SCP hypothesis.

On the other hand, our data fully support the MCTscenario, both
in terms of the form of the correlation function and in terms of its
scaling with temperature. This agreement provides unambiguous
evidence that the anomalous behaviour of weakly supercooled water
at atmospheric pressure can successfully be described by a fully
dynamic model, with no need for a thermodynamic origin for the
observed anomalous behaviour. In this picture the singularity
temperature TS, inferred from a range of different dynamic and
transport properties of water, is the signature of an avoided
dynamical arrest. Despite its strongly hydrogen-bonded nature,
weakly supercooled water behaves in this context like a fragile
glass-former, as seen for many other molecular liquids. A

Received 31 October 2003; accepted 4 February 2004; doi:10.1038/nature02409.

1. Angell, C. A. in Water: A Comprehensive Treatise (ed. Franks, F.) Vol. 7 1–81 (Plenum, New York,

1982).

2. Angell, C. A. Supercooled water. Annu. Rev. Phys. Chem. 34, 593–630 (1983).

3. Mishima, O. & Stanley, H. E. The relationship between liquid, supercooled and glassy water. Nature

396, 329–335 (1995).

4. Debenedetti, P. G. Metastable Liquids Ch. 4 305–335 (Princeton Univ. Press, Princeton, 1996).

5. Speedy, R. J. & Angell, C. A. Isothermal compressibility of supercooled water and evidence for

thermodynamic singularity at 2458C. J. Chem. Phys. 65, 851–858 (1976).

6. Debenedetti, P. G. & Stillinger, F. H. Supercooled liquids and the glass transition. Nature 401, 259–267

(2001).

7. Sciortino, F., Gallo, P., Tartaglia, P. & Chen, S.-H. Supercooled water and the kinetic glass transition.

Phys. Rev. E 54, 6331–6343 (1996).

8. Fabbian, L. et al. Molecular mode coupling theory for supercooled liquids: Application to water. Phys.

Rev. E 60, 5768–5777 (1999).

9. Sciortino, F. Slow dynamics in supercooled water. Chem. Phys. 258, 307–314 (2000).
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The ability to deposit and tailor reliable semiconducting films
(with a particular recent emphasis on ultrathin systems) is
indispensable for contemporary solid-state electronics1–3. The
search for thin-film semiconductors that provide simultaneously
high carrier mobility and convenient solution-based deposition
is also an important research direction, with the resulting
expectations of new technologies (such as flexible or wearable
computers, large-area high-resolution displays and electronic
paper) and lower-cost device fabrication4–11. Here we demon-
strate a technique for spin coating ultrathin (,50 Å), crystalline
and continuous metal chalcogenide films, based on the low-
temperature decomposition of highly soluble hydrazinium pre-
cursors. We fabricate thin-film field-effect transistors (TFTs)
based on semiconducting SnS22xSex films, which exhibit n-type
transport, large current densities (>105 A cm22) and mobilities
greater than 10 cm2 V21 s21—an order of magnitude higher than
previously reported values for spin-coated semiconductors. The
spin-coating technique is expected to be applicable to a range of
metal chalcogenides, particularly those based on main group
metals, as well as for the fabrication of a variety of thin-film-
based devices (for example, solar cells12, thermoelectrics13 and
memory devices14).

Recent research on solution-processed semiconducting films
has primarily focused on organic systems4–9, with mobilities as
high as 0.89 cm2 V21 s21 reported for p-type TFT channels com-
posed of solution-processed pentacene6. Analogous n-type
materials have proved more challenging, and have generally yielded
much lower mobilities8,9. Although promising with regard to
processing, cost and weight considerations, the weak van der
Waals interaction between organic moieties imposes an upper

bound on mobility9, thereby limiting organic semiconductors to
lower-end applications. Spin-coated organic–inorganic hybrid
films have also recently been used as the semiconducting element
in TFTs10,11, yielding saturation regime mobilities as high
as 1 cm2 V21 s21 (ref. 11). Although promising, current tin(II)-
iodide-based hybrids are air-sensitive, requiring all processing and
characterization to be performed under rigorously inert atmos-
pheric conditions. Additionally, although the pentacene and tin(II)-
iodide-based systems are p-type, n-type analogues are also desirable
to enable applications involving complementary logic.

Metal chalcogenide films provide an opportunity for higher
mobility than the organic and hybrid semiconductors, as a result

Figure 1 Crystal structure and thermal properties of the hydrazinium precursor. a, Crystal

structure of (N2H5)4Sn2S6, determined using single-crystal X-ray diffraction. Hydrogen

atoms are not shown for clarity. Unit cell (outlined by dashed lines): orthorhombic

(P212121), a ¼ 8.5220(5) Å, b ¼ 13.6991(8) Å, c ¼ 14.4102(9) Å, V ¼ 1,682.3(2) Å3

and Z ¼ 4. Further details of the structure determination for both (N2H5)4Sn2S6 and the

analogous selenide precursor will be published elsewhere. b, Thermogravimetric analysis

(TGA) and differential scanning calorimetry (DSC) scans for the (N2H5)4Sn2S6 precursor

(2 8C min21 ramp rate). Exothermal peaks are down along the heat flow axis. Inset, the

powder X-ray diffraction pattern for the precursor after a TGA run terminated at various

temperatures (200–350 8C) (listed along the right side of the plot), demonstrating good

agreement with the expected diffraction pattern for SnS2 (berndtite, PDF 23-0677; the

reflection indices are shown in parentheses).
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