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Multicomponent dynamics in amorphous
ice studied using X-ray photon correlation
spectroscopy at elevated pressure and
cryogenic temperatures
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Knowing the pressure dependence of glass forming liquids is important in various contexts. Here, we
study the case of supercooled water, which has at least two different amorphous states with different
densities. The pressure dependencies of the two glass transitions are predicted to show opposite
behaviour, crossing in the P-T plane at elevated pressure. The experimental identification of the glass
transition at elevated pressure and cryo-conditions is technically difficult. Moreover, in the case of
amorphous ices, the glass transition is interrupted by crystallization, which makes it even more
challenging.Weshow the feasibility of performingX-ray photon correlation spectroscopy experiments
at elevated pressure using a diamond anvil cell at cryogenic temperatures. We observe two dynamic
components when approaching the glass transition temperature. For high-density amorphous ice at a
pressure of around (0.08 ± 0.02) GPa we determine the glass transition to be at higher temperatures
compared to ambient conditions.

Amorphous ices are solid states of water which lack long-range order.
At least two distinct types of amorphous ices are known: low- and high-
density amorphous ices (LDA, HDA)1. Such polyamorphism of water
could potentially explain water’s anomalous properties even at tem-
peratures above 0 °C, like the density maximum at 4 °C, based on the
two-states model of water proposed in the early 1990s2. The model
suggests the existence of two liquid states of water, low- and high-
density liquid (LDL, HDL), at deep supercooled temperatures and
slightly elevated pressure. These liquids are connected through a glass-
liquid transition to the amorphous ices LDA andHDA. The anomalous
behavior of water is related to a critical point at temperatures around
230 K and pressure over 1 bar, and fluctuations in the region above this
critical point3.

Furthermore, experiments and theory both have found that water
behaves differently as simple liquids, regarding its compressibility, heat
capacity, glass transition, viscosity, etc. Formost liquids, the glass transition
temperature (Tg) and viscosity (η) tend to increase with higher pressure
values. Not only does water have two glass transitions (with respective Tg)

4,
it is also remarkable that the respective transition temperatures show an
almost opposite pressure dependence leading to a crossing at elevated
pressures, somewhere below 0.3 GPa5. The pressure dependence of water’s
Tg is derived from very few experimental data points4,6,7, combined with
computational studies8. The lack of experimental data is due to the difficulty
of using existing experimental techniques at elevated pressures. The cross-
overwas found by recovering the amorphous states at ambient pressure and
liquid nitrogen temperatures. Consequently, HDA can be studied even in
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the stability region of LDA. While HDA’s glass transition temperature
shows a positive slope with pressure, LDA’s Tg decreases with increasing
pressure5. In the same pressure range the melting curve of water9 shows a
negative slope,with aminimum in the Ih-III-liquid triple point at�0.2 GPa;
whether or not these phenomena are connected remains unclear. Liquid
water’s viscosity as a function of pressure10,11 has a negative slope up to
around 0.2 GPa11 and a subsequent positive slope at higher pressures, while
this minimum in the pressure dependence is most pronounced at super-
cooled temperatures.

Thenatureof the glass transition in supercooled liquids, not onlywater,
is highly debated and differentmechanisms are discussed in literature12,13. A
combinationof different tools and approaches is needed to shed light on this
debate. Most experimental methods used to investigate the glass transition
measureing changes in heat capacity (calorimetry), relaxation and rotation
(dielectric spectroscopy, NMR, light scattering), or volumetric changes
(dilatometry). X-ray photon correlation spectroscopy (XPCS) is a powerful
tool to investigate collective dynamics in glass-forming systems on a time-
scale of microseconds to minutes (or hours)14. XPCSmakes use of coherent
X-ray radiation—available only at modern synchrotron radiation and free-
electron laser (FEL) facilities—and studies the time evolution of the speckle
pattern originating from interferences of the coherent X-ray beam scattered
by the disordered molecules in the sample. XPCS is the X-ray analogue to
dynamic light scattering (DLS), suitable formeasuringdiffusionprocesses in
transparent samples down to microsecond timescales. We have previously
successfully applied XPCS to measure the dynamics of amorphous ice at
ambient pressure conditions, demonstrating a crossover in the dynamics at
the same temperature where calorimetry observes an increase in heat
capacity15.We relate these dynamics tomainly translationalmotion ofwater
molecules, as the photons couple to the electron cloud and are not sensitive
to rotationalmotion. In addition,we recently investigateda free-standing ice
layer in vacuum, where a heterodyne signal was detected in XPCS mea-
surements, which is presumably related to LDA regions “floating” inside a
HDLmatrix16,17. Thiswould only be possible due to different glass transition
temperatures at ambient pressure. Referring to structural data, in recent

years new in situ studies using X-ray scattering during compression and
decompression of amorphous ice inside a diamond anvil cell (DAC) dis-
cussed their relation to the corresponding liquid states18,19. Experimental
evidence of low-density liquid water was found upon rapid
decompression20. In addition, relaxation dynamics at high pressures have
been measured via XPCS only recently for metallic glasses21,22 also using a
DAC, as well as gelation of a protein solution using a hydrostatic pressure
cell23, both at room temperatures or above.

In this work, we investigate the dynamics of equilibrated high-density
amorphous ice (eHDA) at elevated pressure using XPCS. We use ex-situ
prepared samples re-pressurized in aDAC. Setup and detector arrangement
are shown in Fig. 1. We demonstrate that it is possible to combine XPCS
with a DAC inside a cryostat, and follow the dynamics in eHDA during
heating at an elevated pressure of around 0.08GPa. The error in pressure
determination is at least ± 0.02 GPa, due to limitations of the used method
(see SI for details).We further discuss the experimental challenges related to
this approach.

Results and discussion
We study the transition in amorphous ice by increasing increments of
temperature fromhigh-density amorphous ice (HDA) at elevated pressures.
Collective dynamics of thewatermolecules are investigated by following the
intensity fluctuations of the coherent diffraction signal. In total, we mea-
sured three samples and determined the transition temperature at different
pressures. The XPCS analysis focuses on samples A and B, because Pseudo-
Kossel lines (streaks in small-angle X-ray scattering [SAXS] image in
Fig. 1A) become stronger at higher pressures and overlap with the speckles
on the detector (see also SI, Table S1 and Fig. S3). Here, we compare the two
samples measured at a pressure of (0.08 ± 0.02) GPa at different flux den-
sities. In Fig. 2A thewide-angleX-ray scattering (WAXS) signal of sampleA
is shown during heating. At the lowest temperature (93 K) it shows the
characteristic halo peak of HDA centred around 2.1 Å−1. At 114 K the
sample transforms to LDA resulting in a shift of the diffraction signal to
lower Q. While the diffraction pattern of the first measurement at 114 K

Fig. 1 | Details of the high-pressure XPCS experiment under cryogenic condi-
tions. A Experimental setup for XPCS in SAXS (small-angle X-ray scattering)
geometrywith simultaneousWAXS (wide-angle X-ray scattering)measurements. In
both detector images Pseudo-Kossel-lines are visible, which are caused by the

diamonds32. B Customized DAC-cryostat setup at beamline P10 (PETRA III).
CRubyfluorescence spectra of samples (A,B) at 93 K,Gaussian fits to data points are
drawn as solid lines.
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shows a coexistence of eHDA and LDA, the transformation is complete at
the second dataset (also 114 K). The WAXS (Fig. 2A) and SAXS (Fig. 2B)
I(Q) data are averaged over the first 300 s of a series, since temporal het-
erogeneities have been observed at longer timescales (see SI Fig. S9). The
curve shape of the SAXS signal changes with the appearance of LDA at
114 K.We further calculate the temporal intensity autocorrelation function
g2 as previously described24,25. The software is based on a multi-tau algo-
rithm thatnaturally results in an almost logarithmic binning of the
Δt values.

g2ðQ;ΔtÞ ¼
hIðQ; tÞIðQ; t þ ΔtÞi

h IðQ; tÞð i2 ð1Þ

Here, I(Q, t) is the scattered intensity at time t and I(Q, t+Δt) is the
scattered intensity after a lag time Δt. The averaging is done over all times t
and over all pixels of the detector within a certain Q-range. (g2 - 1) is
proportional to the square of the intermediate scattering function
jFðQ;ΔtÞj2, with β being the speckle contrast.

g2 Q;Δtð Þ ¼ 1þ β FðQ;ΔtÞ
�� ��2 ð2Þ

The computed jFðQ;ΔtÞj2 functions are analysed by fitting a dis-
tribution of exponential functions with a Kohlrausch–Williams–Watts
(KWW) exponent γ to the data.

jFðQ;ΔtÞj2 ¼ e�2ðΔtτ Þγ ð3Þ

where τ is the relaxation time. Stretched correlation functions (γ<1) are
typically found in supercooled liquids, while Brownian diffusive processes
are characterized by γ ¼ 1. Glasses usually show compressed exponentials
(γ>1), usually assigned to stress relaxation phenomena14,24. Please note, that
the here derived relaxation time is measured in SAXS geometry at a
momentum transfer range of 0.002 Å−1 < Q < 0.02 Å−1 and hence probes a
collective motion at length scales from 10 nm to several 100 nm rather than
the molecular self-diffusion. A relaxation time of 100 s therefore does not
automatically relate to the glass transition, as known e.g., from dielectric

measurements. In our analysis we relate the glass transition temperature to
the above described KWW exponent γ as well as to the Stokes-Einstein
diffusion coefficient14,25 D, following our previous approach at ambient
pressure15–17.

In contrast to the temporally averaged g2 function, the two-time
intensity correlation (TTC) function can resolve temporally heterogeneous
dynamics by providing the temporal evolution of the intensity
correlation24,26.

C Q; t1; t2
� � ¼

I Q; t1
� �

IðQ; t2Þ
� �

pix

IðQ; t1Þ
� �

pix IðQ; t2Þ
� �

pix

ð4Þ

Within the TTC function CðQ; t1; t2Þ the . . .h ipix denotes averaging
over pixels within a certain Q-range.

The intermediate scattering functions F Q;Δtð Þ
�� ��2, derived from g2

(Eq. 2) of the corresponding runs are shown in Fig. 2C for a momentum
transfer Q = 0.0033 Å−1. Correlation functions were calculated as well for
the first 300 patterns of a series. Data are normalized to the speckle contrast
value measured from a static aerogel sample prior to the experiment. We
observe the decay of F Q;Δtð Þ

�� ��2 getting faster while heating eHDA until its
transformation and a subsequent slowing downwith the formation of LDA.
The Q-dependent relaxation rate 1=τ was obtained from fitting a KWW
function (Eq. 3) to the data, plotted for different temperatures at
Q = 0.0033 Å−1 in Fig. 2D. The correlation functions and related fits are
shown in the SI (Fig. S8). The temperature dependence of the relaxation
time demonstrates an initial acceleration and subsequent slowing down of
the motion when the sample has transformed to LDA.

To understand the time-dependence of the dynamics in sample A,
we looked at two-time correlation (TTC)maps, calculated according to
Eq. 4 for the first 300 s of a series (Fig. 3). TTCs for 1000 s are shown in
the SI (Fig. S9).While the sample showsmostly stable dynamics at 93 K
(Fig. 3A) throughout the 300 s, at 104 K (Fig. 3B) an acceleration of the
dynamics is visible over time, as indicated by a reduced width of the
diagonal line24,26,27. This acceleration is not related to major structural
changes, as the WAXS signal is constant during this time interval of
300 s (Figs. 2A and S7). At 114 K (Fig. 3C), with the partial appearance

Fig. 2 | Results from sample A (eHDA) at
~0.08 GPa at different temperatures. The given
temperatures reflect the sample temperature (see
SI).AWAXS I(Q), B SAXS I(Q), both averaged over
the first 300 s of a measurement series. In (C) the
intermediate scattering functions calculated at
Q = 0.0033 Å−1 are shown, data are vertically offset
for clarity. D Relaxation time of the exponential
decay as a function of temperature. Data was taken
at a photon flux density of 1.3 × 107 photons/
(s µm2).
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of LDA (green line in Fig. 2), the dynamics of the sample are overall
faster and display only minor heterogeneities over time. For the second
run at 114 K (Fig. 3D) the TTC is slightly slower but similarly het-
erogeneous, while Fig. 2A shows a clear LDA signal (yellow line) at this
temperature. Lastly, at 117 K (Fig. 3E) the transformation to LDA
seems to be almost finished and thus the dynamics become much
slower, especially after the first 100 s.

A second sample spotwithin sampleAat 104 K (Tsample)wasmeasured
(Fig. 4), where the sample transforms fromHDA to LDA during the 1000 s
duration of the measurement (Fig. 4A). The transition is clearly visible by
the shift of the first diffraction maximum from 2.1 Å−1 to 1.7 Å−1 in the
WAXS I(Q). At this low temperature, eHDA is usually expected to not
transform to LDA within such a short timescale28. The evolution of the
diffracted intensity over time is displayed in a 2Dmap in Fig. 4B. The HDA
to LDA transition is reflected in a dynamical crossover throughout the
1000 s and can be derived from the TTC (Fig. 4C). The TTC is derived for a
Q of 0.0035 Å−1. Since the structure changes over time, we calculated the
intermediate scattering function (Fig. 4D, F) for the first and last 200 s,
respectively. During this time interval the WAXS intensity was constant,
hence no major structural changes are observed, which allowed us to
determine the relaxation dynamics of HDA at a temperature of 104 K
during the first 200 s. The derived relaxation time as a function of
momentum transfer follows a linear Q-dependence, characteristic for bal-
listic (non-Brownian) motion (Fig. 4E). However, the linear behaviour
exhibits an offset, which implies that there might be another process
involved and the data might not be fully explained by a single exponential
decay. After the transition to LDA the dynamics clearly slowed down
(Fig. 4F). This effect was already observed for such samples measured at
ambient pressure15. However, the transition temperature itself is unusually
low, compared to our previous measurements at ambient pressure. We
therefore measured a second sample (sample B) using a lower X-ray flux
density.

For sample B (Fig. 5), we used a photon flux density of 6.5 × 106

photons per s µm2 i.e., half of the flux density used for sample A (1.3 × 107

photons per s µm2). As previously stated, the pressure for both samples was
almost identical (~ 0.08 GPa). The diffraction maximum of the WAXS
signal shows a shift from HDA to LDA(L), followed by crystallization
(Fig. 5A). The higher thermal stability of sample B compared to sample A is
obvious, as the transition to the low-density state now takes place at tem-
peratures above Tsample = 123 K, consistent with literature data28. The
crossover is also visible in the SAXS I(Q) (Fig. 5B). The corresponding
correlation functions over 1000 s are plotted for each temperature in Fig. 5C.
As for the previous data of sample A, a faster decay can be observed with
increasing temperature, followed by a slow-down when the sample trans-
forms to LDA(L) (orange curve at 133K). The red curve at 143 K shows a
multi-step decay, which might be caused by the onset of crystallization, the
related TTC shows a deceleration over time (Fig. S12). Figure S12 in addi-
tion shows theXPCSanalysis after the transition toLDLorLDAand ice I.At
128 K the data let us assume a liquid-like character of the sample (LDL). A
separate measurement on pure LDA over the whole temperature range
would be necessary to confirm the location of the glass transition in LDA
and the here observed liquid-liquid transition free of doubt. A detailed
discussion of the LDL state can be found in the SI. We here focus on the
analysis of the diffusive process related to the formation of HDL.

Figure 6 shows the relaxation data of sample B, related to the four
lowest temperatures where the sample is still eHDA, based on the WAXS
intensity (Fig. 5A). We observe an acceleration at times > 500 s (TTCs in
Fig. 6), therefore the relaxation rate was calculated only for the first 500 s.
Once more, we observe a clear acceleration of the dynamics at higher
temperatures. The correlation functions (Fig. 5C) can be described by a
KWWfunction (Fig. S11) similarly to sample A; however, this describes the
data with restrictions. At low temperatures a weak Q-dependence is visible,
while the Q-dependence at higher temperatures is clearly offset from the
origin (Fig. S11).

Fig. 3 | Two-time correlation (TTC) maps of sample A at four different tem-
peratures, calculated for 300 s at Q= 0.0033 Å−1, at a pressure of ~0.08 GPa.
TTCs for 1000 s are shown in the SI. The given temperatures reflect the sample

temperature (see SI), with stable dynamics at 93 K (A) and an acceleration at 104 K
(B). Two consecutivemeasurementswere taken at 114K (C,D). At 117K the sample
fully transformed to LDA (E), dynamics are slower.
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Some correlation curves cannot be described by a single stretched or
compressed exponential function, as given in Eq. 3. There is at least a second
dynamical component present, the origin of the different components
remains unclear. In order to shed light on the underlying processes, we
modelled the intermediate scattering function (see F Q;Δtð Þ in Eq. 2) as a
linear combination of a ballistic and a diffusive component:

g2 Q;Δtð Þ ¼ b Qð Þ þ β Qð Þ � Ae� vQΔtð Þ2 þ 1� Að Þe� DQ2Δtð Þγ� �2
: ð5Þ

The diffusive term features a KWW-exponent, allowing for a stretched
exponential decay (0 < γ < 1), while the ballistic term is a purely Gaussian
decay29. The parameters b and β are Q-dependent to account for shifted
baselines and early decays that are not captured well at our 1 Hz frame rate.
As thismodel postulates a specificQ-dependence, it is fitted to curves for all
Q-values simultaneously. This results in a single best fit velocity (v) and
diffusivity (D) per experimental run (similar to Provencher’s and Štěpánek’s
MULTIQ approach30). Note that we did not—as is commonly done—omit
the cross-term that arises when expanding the squared expression. Addi-
tional information on thismodel, thefitting procedure and their parameters
is available in SI (Fig. S13). Figure 6 (lower row) shows the related fits for
117 K to 123 K. At the lowest temperature (93 K) this model gives a poor
overall fit (not shown). With increasing temperature, we observe that the
diffusion coefficient (D) rises sharply (i.e., the decay rate increases) between
120 K and 123 K, while the ballistic velocity (v) remains almost constant
(Fig. 6, lower right panel).

Conclusion
Water´s phase diagram is extraordinarily complex, leading to the ongoing
debate of whether or not the amorphous states are connected to their liquid
counterparts, and at which temperature and pressures the glass transition

appears. In total, we cryo-loaded three different eHDA samples to a DAC,
the results are summarized in Fig. 7. The transition to the low-density state
LDA(L) (red-shaded area) at lower pressures and crystallization to ice IX at
higher pressure (black triangle) defines the area where eHDA is metastable
(blue shaded area in Fig. 7). We see a clear pressure dependence of the
crystallization temperature, which is in good agreement with literature31.

With the goal to determine relaxation dynamics at cryogenic tem-
peratures and elevated pressure, we combined XPCS with a DAC. Of the
three samples loaded, we were only able to study the intrinsic dynamics of
two samples (A, B) at ~0.08 GPa using XPCS, as at higher pressures we
observed strong Pseudo-Kossel lines presumably caused by the used dia-
monds of type Ia (see also SI)32. This evidences that one of the challenges of
the method is the choice of diamond type and thickness, to avoid scattering
background effects and X-ray absorption. Still, the XPCS method bears a
highpotential. In thisfirst study, the effect of X-ray induced dynamics is also
discussed.

We used different X-ray fluences, and observed at the higher photon
flux density only one dynamic component, while at lower photon flux
density two dynamic components appear when approaching the glass
transition temperature. For sample A, measured with a higher photon flux
density, the phase transition from HDA to LDA appears unexpectedly at
aroundTsample = 114 K (red square), additionally the relaxation rate shows a
linear Q-dependence, indicative for a ballistic, non-Brownian motion. The
observation can be interpreted as an X-ray induced transition, although
other factors, like the thermal history, cannot be fully excluded. We con-
clude that the phase transition from HDA to LDA has been accelerated by
the X-ray flux, as the sample transforms at a temperature more than 10 K
lower than sample B. Such acceleration effects, without structural damage,
have also been observed in hydrated proteins33, where normalizing the g2
time axis with respect to the flux density was possible, but cannot be applied
here, due to the narrow temperature window. For sample A, once, the

Fig. 4 | Results from sample A measured at a second spot at 104 K (Tsample) and
~0.08 GPa. A IntegratedWAXS intensity.B Intensity map showing the evolution of
the diffraction maxima during heating, displaying high intensity with red and low

intensity with blue. C TTC over 1000 s displaying heterogeneous dynamics during
heating. D Correlation functions calculated from the first 200 s and (E) the corre-
sponding relaxation rates. F Correlation functions calculated from the last 200 s.
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complete transformation even occurred within the 1000 s duration of a
measurement at a constant temperature of 104 K. In contrast, the sample
measured at a lower photon flux density (sample B) showed a higher
thermal stability, as the transformation occurred at around Tsample = 123 K.
Still, we observed in the two-time correlation maps an acceleration of the
dynamics at longer timescales. If a diffusivemotion is present, 1/τ (Q)would
show a linear relationshipwithQ2 by 1/τ (Q) =DQ2, whereD represents the
Stokes-Einstein diffusion coefficient14,25. By simultaneously fitting the sum
of twocomponents to allQ-values of the g2 functions, namely adiffusive and
aballistic component, we observe that duringheating ofHDA thediffusivity
increases. While the velocity of the ballistic component remains almost
constant (Fig. 6), the strength of the ballistic component grows. The nature
of the ballistic component can bemanifold.One possible explanation relates
to earlier findings at ambient pressure, were the ballistic component seems
to be related to the growth of static LDA domains, as the transition to LDA
also involves a volume change of almost 20%16. Strain release or growth of
crystalline domains might be another origin. While the domains grow in

size, this might explain the increasing strength of the ballistic component
with constant velocity.At a sample temperature of 123 K, theWAXSpattern
of sample B (Fig. 5A) shows that the sample does not transform to LDA
within the investigated 500 s, but crystalline Bragg peaks appear. At this
temperature the relaxation dynamics become dominated by Brownian
motion, causing the faster decay. The diffusion coefficient D is found to be
40 Å2/s, which must be related to the appearance of an ultraviscous com-
ponent,HDL.This value ofD is similar to our resultsmeasuredpreviously at
ambient pressure in the vicinity of the glass transition temperature16. Based
on this finding, Tg at ~0.08 GPa was estimated to be at 123 K (black spot,
Fig. 7). To summarize, sample A follows a direct (presumably beam driven)
transition HDA→ LDA, while sample B undergoes the pathway HDA→

HDL → LDL/LDA. Literature as well as the here presented data, let us
assume, that sample B proceeds through a liquid-liquid transition (HDL
→LDL) at this pressure and temperature range. Our data demonstrate that
the glass transition temperature Tg for HDA, as measured by XPCS, has a
positive pressure dependence. This is consistent with other findings in

Fig. 6 | Results for sample B. Upper row: TTCs for 4 different temperatures (color
code as in Fig. 3); Lower row: The corresponding correlation functions calculated for
the first 500 s and the relaxation times derived from FðQ;ΔtÞ by amulti-fit approach,
simultaneously fitting (solid lines) all Q-values in the range 0.002 Å−1 < Q < 0.02 Å−1

with a linear combination of a ballistic (dotted lines) and a diffusive component
(dashed lines). Extracted velocities v and diffusion coefficients D are shown as a
function of temperature in the lower-right panel.

Fig. 5 | Results from sample B (eHDA) at ~0.08 GPa, using a photonflux density of 6.5 × 106 photons per (s µm2). AWAXS andB SAXS I(Q), both averaged over 1000 s.
C Correlation functions at Q = 0.0035 Å−1.
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literature, which determined the glass transition temperature from volu-
metricmeasurements using a piston cylinder setup6, dielectric spectroscopy7

andMD simulations8. The experimental data are compared directly within
Fig. 7 (open circles and open diamond, respectively). The offset between the
datasets, e.g., to the volumetric data, is well-founded by the distinct mea-
sures, different pathways (isobaric vs. not), heating rate and corresponding
crystallization temperatures. Despite the offset, all methods show the same
trend, demonstrating that the glass transition temperature increases with
pressure.

Methods
Sample preparation
Equilibrated high-density amorphous ice samples (eHDA) were prepared
on a Zwick Z-100mechanical press at StockholmUniversity (for details see
refs. 34,35). Five hundred microliter of ultrapure deionized water (Milli-Q
water) were loaded into a cylinder-shaped indium container and mounted
in a liquid nitrogen (LN2) precooled piston-cylinder setup. The sample was
compressed at 78 K in a LN2 bath to form unannealed high-density
amorphous ice (uHDA)36,whichwas thenannealed at 160 Kunder constant
pressure of 1.1 GPa to a more densified form of HDA and finally decom-
pressed at 140 K. The eHDA sample was quench-recovered at 0.08 GPa and
stored in a LN2 dewar. Just before the XPCS experiment, a small fraction of
the sample was carefully sliced and slightly ground under liquid nitrogen to
produce a small piece of ice, and then transferred into the sample cavity of a
pre-cooled diamond anvil cell, while keeping the temperature below 100 K,
as described below. All samples have been prepared following the same
protocol.

Diamond-anvil cell (DAC) setup
The DAC setup consists of a cryostat, a ruby fluorescence system, and the
DAC(Fig. S3).The symmetricDACcontains twoopposite seateddiamonds

(Boehler-Almax Design, purchased from Almax EasyLab) with a thickness
of 1mm each and a culet diameter of 800 μm. This rather thin and flat
diamond design allows for a high X-ray transmission at a pressure range of
up to 2–3 GPa. A 250 μm thick steel gasket, pre-indented to around 60 μm,
was used to confine samples in a cylindrical chamber with a 500 μm hole.

Cryo-loading procedure
As a pressure marker, a ruby sphere (BETSA, ~5 μm) was used37,38 and
loaded into the cell at room temperature after which theDACwas cooled to
77 K in LN2. The eHDA sample was ground in a LN2 bath. A single small
piece of ice was placed inside of the gasket hole onto the lower piston of the
DAC. Both parts of the cell and the gasket were pre-cooled in a LN2 bath
prior tomounting.After carefully covering the samplewith theupper part of
the cell the screws were tightened. The DACwasmounted on a customized
copper holder by sliding it into the Cu-block (Fig. S3-B1) inside a LN2 bath.
This might lead to a positional uncertainity of ±1mm. The Cu-block was
screwed to the coldfinger of a cryostat,whichwas subsequently inserted into
the vacuum chamber at the beamline (Fig. 1B).

Cryostat and sample temperature
Weused a JANIS ST-400 cryostat (runwith LN2). Two Si-Diodes are placed
at the bottomof the cold finger, one buried inside the cold finger close to the
heater element (DiodeA), as provided by the company, and a secondDiode
Bmountedon the copper holder (Fig. S3). Bothdiodeswere used tomonitor
the temperature throughout the experiments. Due to the current cryostat /
sample-holder design, a small gap in the order of several 100 micrometers
remains between the Cu-sample holder and the DAC, which cannot be
avoided when cold loading the DAC (Fig. S3-B1). The temperature of the
sample is therefore consistently higher than the reading of the two diodes.
We estimate an offset of about 12–15 K between themeasured temperature
(Diode A) and that of the sample inside the DAC by using an additional
thermocouple. Temperatures given throughout the manuscript are offset-
corrected. Details to this temperature calibration are described in the SI, see
Figs. S4 and S5 and Table S2.

Pressure determination
Wemeasured ruby fluorescence spectra at 93 K (sample temperature) prior
to the XPCS measurements (Fig. 1C). Our customized ruby fluorescence
setup consists of a microscope (Navitar M5DC-KIT-CYL 5 MP), a laser
(Roithner CW532-100, 532 nm) and a spectrometer (Ocean Optics
HR4000). The position of the rubyfluorescence line shifts with pressure and
temperature. Themethod is commonly used in diamond anvil experiments
and well calibrated and documented in the literature38–40. Wemeasured the
position of the ruby R1 line at 93 K to be 693.360 ± 0.004 nm for sample A
and <693.366 ± 0.003>nm for sample B (see Fig. S1-B). The shift of the ruby
line is very small at the low pressures investigated here, a detailed discussion
can be found in SI.We admit that this leads to a quite large error bar. Future
experiments might consider to use an alternative pressure gauge3. The
pressure, however, is also estimated from the X-ray scattering measure-
ments (see details provided in SI). Given the uncertainty in temperature and
peak position, we determined the pressure of both samples to be around
0.08 ± 0.02 GPa. The fact that both samples exhibit the same (or very
similar) pressure is also reflected by the identical position of the first dif-
fraction maximum (Fig. S2). Also note that the pressure is measured at the
lowest temperature. During heating inside the DAC the P-T pathway will
not be isobaric. We expect a small decrease in pressure (~ 11% in the range
93 K–123 K, see Fig. S1-C) within the investigated temperature range. Since
the given pressure anyway carries a large error bar, we relate to the initial
pressure throughout themanuscript. In-situ pressure determination during
the XPCS experiments was not possible for technical reasons (see SI).

X-ray photon correlation spectroscopy (XPCS)
We performed XPCS measurements in SAXS geometry at beamline P10 at
PETRA III of the Deutsches Elektronen-Synchrotron (DESY) in Hamburg,
Germany. We recorded SAXS patterns using an EIGER 4M detector at a

Fig. 7 | A schematic phase diagram showing the transition- and crystallization
temperatures of three eHDA samples measured at different pressures. Sample A
(red) and B (green) transform predominantly to LDL (and ice I). Sample D (black
triangle) crystallizes directly to ice IX. From sample B, Tgwas determined byXPCS at
~0.08 GPa and 123 K (black spot). Other literature values for the glass transition Tg

are shown for comparison, determined by different experimentalmethods as cited in
the references.
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sample-detector distance of 5m, a photon energy of 12 keV, and a focused
X-ray beam of 14.6 μm× 8.5 μm (horizontal × vertical). Usually, a series of
1000 images with 1 s exposure each was taken. As attenuators we used
different stacks of polished siliconwafers adding up to a thickness of 300 µm
or 450 µm of silicon, to mitigate radiation damage. This corresponds to an
X-ray transmission of 0.27 and 0.14, respectively. Prior to each measure-
ment the sample was equilibrated for 20min. To monitor the molecular
structure of the cold loaded sample, a second detector (EIGER 500 K) was
mounted close to the chamber, covering a range of 1.4 Å−1 <Q < 2.9 Å−1

(Fig. 1A). LaB6 was used for calibration. However, the WAXS detector is
tilted with respect to the beam path and we estimate the uncertainty inQ to
be ± 0.013 Å−1 for the WAXS measurements. Wide angle scattering
(WAXS) and SAXS data were collected simultaneously. Pseudo-Kossel
lines32 which appear on the detector images (Fig. 1A), aremasked before the
XPCS data analyses is performed. Data are analyzed using a software
available at beamline P10.

Data availability
Raw data from the X-ray measurements are stored on the cluster at the
DESY infrastructure and are available upon request. Processed data and
selected raw data are available on ZENODO via https://zenodo.org/doi/10.
5281/zenodo.13766786.
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