A RTl C L E W) Check for updates

Q-dependent collective relaxation dynamics of
glass-forming liquid Cag 4Kg ¢(NO3)4 4 investigated
by wide-angle neutron spin-echo
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1

The relaxation behavior of glass formers exhibits spatial heterogeneity and dramatically
changes upon cooling towards the glass transition. However, the underlying mechanisms of
the dynamics at different microscopic length scales are not fully understood. Employing the
recently developed wide-angle neutron spin-echo spectroscopy technique, we measured the
Q-dependent coherent intermediate scattering function of a prototypical ionic glass former
Cap.uKo.6(NO3)1 4, in the highly viscous liquid state. In contrast to the structure modulated
dynamics for Q < 2.4 A-1 i.e, at and below the structure factor main peak, for Q > 2.4 A-1,
beyond the first minimum above the structure factor main peak, the stretching exponent
exhibits no temperature dependence and concomitantly the relaxation time shows smaller
deviations from Arrhenius behavior. This finding indicates a change in the dominant
relaxation mechanisms around a characteristic length of 2x/(2.4 A=1) ~ 2.6 A, below which
the relaxation process exhibits a temperature independent distribution and more Arrhenius-
like behavior.
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lassy materials are ubiquitous in nature and important for

various technologies, however, our understanding of the

nature of a glass and the physical mechanisms underlying
the process of glass formation remains elusive even after decades
of intensive study. What is behind the core problem, is the fact
that upon cooling liquids towards the glass transition, the
relaxation time (or viscosity) exhibits extraordinary growth but
the microscopic structure undergoes only minute changes!.
Starting from the microscopic equations of motion of a correlated
liquid, the mode-coupling theory?~* predicts a two-step relaxa-
tion process in a moderately viscous liquid state, introduces the
ergodicity parameter, the plateau level separating the two
dynamic processes as a defining parameter of the glass transition,
and makes quantitative predictions on the dynamical behavior
approaching the glass transition at the critical temperature T..
However, it cannot account properly for some complex dyna-
mical phenomena in the high-viscosity regime approaching the
experimentally observed glass transition temperature. It has been
proposed that the relaxation dynamics of supercooled liquids are
spatially heterogeneous, where the individual relaxing units have
distinct, site-specific relaxation times, with a characteristic length
scale that grows with decreasing temperature®~!2. Previous stu-
dies have suggested that the length scale associated with dynamic
heterogeneity of supercooled liquids is in the region of 1-3 nm
upon approaching the glass transition temperature!3-16. To
establish a detailed atomic-level description of the complex
relaxation dynamics of glass-forming liquids, a direct measure-
ment of the relaxation processes at different microscopic length
scales beyond the hydrodynamic regime!” is required.

Another example indicating the imperative importance of
the length scale dependence study is the reported crossover from
microscopic dynamics dominated by the slow a-relaxation, to the
Johari-Goldstein (JG) p-relaxation at a certain length scale as the
temperature is decreased in the intermediate supercooled liquid
region. Via neutron spin-echo (NSE)!8-20 and nuclear resonance
X-ray scattering (NRXS)21-23, this slow a and JG B crossover
which occurrs in the time scale of =10 ns to =103 ns has been
directly observed, and its occurrence has been found to be
wavevector (Q)-dependent. This crossover occurs in the Q-range
of the first minimum above the primary peak of the structure
factor S(Q), but around the primary peak it is either not
observed2!:22 or is too weak to be appreciated?3, due to the local
length scale of the JG B-process. The technique of NSE, which
encodes the dynamic signal in the spin of the neutrons and
measures the Q-dependent intermediate scattering function (ISF)
directly in time domain, offers the highest energy resolution
among all neutron spectroscopy techniques and thus has been
extensively employed for studying the relaxation dynamics of a
wide variety of materials on the pico- to nanosecond time
scale!®24-36_ Traditional NSE instruments only measure one Q at
a time, thus limiting the number of accessible Q values in a given
experiment. Thus, the question still remains as to what the
underlying mechanism of the relaxations is at different micro-
scopic length scales.

In this work, we employed the recently developed and com-
missioned Wide-Angle Spin-echo (WASP) instrument’” at the
Institut Laue-Langevin (ILL), which employs anti-Helmholtz coils
to allow the simultaneous measurement of the coherent ISF over
a broad Q-range with unprecedented high data rate and
accuracy’’, to scrutinize the collective relaxation dynamics of
Cay 4K 6(NOs); 4 [CKN, onset glass transition temperature T, =
336 K as measured using differential scanning calorimetry
(Supplementary Fig. 1) and liquidus temperature 77 =483 K
(Ref. 31)], in the highly viscous liquid states, over the full range of
the structure factor main peak and the following valley, specifi-
cally between Q=1.08 A~! and Q=2.82 A~1. The measured

S(Q) (arb. units)

Fig. 1 Static structure factor of CKN obtained from neutron scattering.
The measurements were performed at five different temperatures from the
glass (300 K) up to the low-viscosity liquid (530 K) states. The inset is an
illustration of CKN structure with indicated correlation lengths; the triangles
represent nitrate ions NOs~ with oxygen atoms as red circles and nitrogen
atoms as blue circles, the sky-blue and green circles are potassium ions K+
and calcium ions Ca2™, respectively; the arrow lines represent the length
scales corresponding to the primary peak around Q;~1.86 A~" originating
mainly from the correlation of neighboring nitrate ions, and the broad peak
at Q, ~2.85 A=1 manifesting mainly the ionic oxygen-cation correlations.
The illustration for the length scale corresponding to the pre-peak at

Qo = 0.8 A~ arising from the intermediate-range aggregates of nitrate ions
is not shown. Error bars represent one standard error and are smaller than
the symbol size. Source data are provided as a Source Data file.

coherent ISF is comprised of both the self and distinct compo-
nents, and therefore reflects motions that are not necessarily
cooperative®®3°. CKN represents a prototypical fragile glass-
former in which coherent neutron scattering dominates, therefore
its relaxation dynamics has been extensively studied using neu-
tron scattering?®-30:40-43 However, due to the limited range of the
Q-t-T space and data accuracy probed by previous measurements,
the questions such as whether and how the relaxation dynamics
are modified at different length scales, still remain unclear4-41,
The data reported here with high accuracy and full mapping of a
wide range of time, temperature, and length scale, reveal inter-
esting phenomena for the microscopic relaxation dynamics and
shed new light on the microscopic dynamics evolution of glass-
forming liquids upon cooling towards the glass transition.

Results

Static structure factor of CKN. Figure 1 shows the static struc-
ture factor S(Q) of CKN at various temperatures between the
glassy (300K) and the low-viscosity liquid (530K) states,
obtained by integration of the dynamic structure factor in the
energy range of [—5, 0] meV measured on the cold-neutron disk-
chopper spectrometer AMATERAS*445 at J-PARC Japan, using a
neutron wavelength of 3.26 A. In agreement with the previous
neutron and X-ray diffraction studies*24647, three broad peaks
are observed in S(Q) of CKN: A pre-peak at Q,=0.8 A-1 indi-
cative of intermediate-range ordering, the primary peak at
Qi ~18A"1to 1.9 A~ depending on temperature, and another
broad peak at Q,~2.85A~L. Since nitrogen and oxygen have
much larger neutron scattering cross sections (see Supplementary
Table 1) as well as higher concentrations in CKN than calcium
and potassium, the neutron scattering signals in CKN are mainly
from nitrogen and oxygen. The previous study on CKN by
Tengroth et al.¥’ employing neutron diffraction and reverse
Monte Carlo modeling suggests that, the pre-peak at 0.8 A—1
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could arise from the chainlike aggregates formed by orienta-
tionally correlated neighboring nitrate ions such that the oxygen
atoms are facing each other; the primary peak is to a large extent
the structure of the nitrate ions, and the third peak at 2.85 A~!
manifests mainly the ionic oxygen-cation correlations.

Intermediate scattering functions. Wide-angle NSE measure-
ments for CKN were carried out using the WASP spectrometer at
various temperatures between 383 K and 519 K. Additional NSE
measurements extending the Q-range to the pre-peak of S(Q) at
Q= 0.8 A~1 were performed using the NGA-NSE spectrometer*
at the National Institute of Standards and Technology (NIST)
Center for Neutron Research (NCNR). To access shorter times to
complement the NSE data, Fourier deconvoluted time-of-flight
spectra measured on the AMATERAS neutron spectrometer444>
at the J-PARC facility were compared with the ISFs collected on
the WASP spectrometer. Nuclear neutron scattering is composed
of a coherent component yielding information on the relative
position and motion of couples of atoms, and an incoherent
component related to the single particle dynamics of the
atoms?449, Polarized diffraction that can separate coherent and
incoherent contributions to the scattering signal was performed
for CKN on the NGA-NSE spectrometer at the NCNR. The data
confirmed that coherent scattering overwhelmingly dominates in
the NSE measurements of CKN over the studied Q-range (see
Supplementary Fig. 2 and related calculation in the Supplemen-
tary Information). More details about the experimental methods
are included in the Methods part.

Figure 2 shows representative ISFs, I(Q,t)/1(Q,0), of CKN at
T=444K for various Q’s [Fig. 2a], and at the structure factor
maximum of Q =1.86 A~! at various temperatures [Fig. 2b]. In
comparison to previous data over the same time window#%41, our
data collected on the WASP spectrometer show much improved

T=444K
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Fig. 2 Representative intermediate scattering functions of CKN.
a T= 444K at various Q's between .08 A=1and 2.82 A-1, b Q=186 A~
at various temperatures between 383 K and 519 K. The solid lines represent
fit to Eq. (1). Error bars represent one standard error and are smaller than
the symbol size. Source data are provided as a Source Data file.

statistics and signal-to-noise ratio and reveal unambiguously the
existence of a two-step relaxation. As can be seen from Fig. 2a,
both the shape and amplitude of the slow a-process are highly
dependent on Q, indicating a length scale relevant relaxation
dynamics. Figure 2b indicates that even in the liquid state
(T> Ty), the relaxation of CKN exhibits a well-defined two-step
process. The ISFs collected on the NGA-NSE spectrometer are
reported in Supplementary Fig. 3.

Fitting model for intermediate scattering functions. In previous
pioneering studies of CKN by Mezei®4!, it was shown that fits
using a single stretched exponential function to account for a
combination of a fast process and the slow a-process, were
invalid. Therefore, for the data from this work we employ a fitting
procedure?3°%51 which combines two exponential functions, a
simple exponential that describes the initial fast process and a
stretched exponential function that describes the slow a-process:

(Q,t) t t\*
iig 0= 1= Mlew[ (o) +sew {‘ (o) } "

where f is the amplitude of the slow a-relaxation (the effective
Debye-Waller factor), 7ge and 7qow are the relaxation times of
the fast and the slow a-process respectively, and f the shape
exponent of the a-relaxation. The fittings were performed leaving
all the four parameters free. Attempts to fit the data with only a
stretched exponential function was not successful even for the
highest temperature at 519 K.

Q-dependence of the relaxation dynamics. The fitted f, Tqow»
and f are plotted against Q in Fig. 3, which indicates that all
parameters describing the density correlations are significantly
Q-dependent and exhibit pronounced characteristic oscillations
in phase with S(Q). For the lowest temperatures of 383 K and
394K, and at Q=1.08 A~! and T=402K, the a-relaxation is
outside the accessible time window of the measurement, there-
fore, the values of 7y, and 8 were excluded. However, since the
initial plateau of the a-process is observed directly in these cases,
the determination of f is possible.

The a-relaxation time 7y, follows an S(Q)/Q? dependence
above Q=1.6A"1 at all temperatures, see Fig. 3a, and
Supplementary Fig. 4 of the normalized data. This is in agreement
with the previous observations in other glasses3%°2, and suggests
a local order modified diffusive-like process at the length scales of
Q>1.6 A~1, Such a behavior is similar to the so-called de Gennes
narrowing®>, an effect predicted from the short time expansion of
the time correlation function and therefore not expected for the
slow processes; more theorical efforts would be needed for a
rigorous explanation of these observations on the time scale of the
a-relaxation. Below 1.6 A~1, 7., is larger than that predicted by
the S(Q)/Q? dependence, an occurrence likely related to the
additional influence of the intermediate range ordering as
indicated by the pre-peak of S(Q) around Q =0.8 A-1 (Fig. 1).
It has been previously suggested by Mezei et el.>* that around the
pre-peak the flow of ionic groups occurs in a string-like fashion,
consistent with the observation of chain-like aggregates of nitrate
ions by Tengroth et al.#’.

Figure 3b shows that at the studied temperatures 3 also varies
in phase with S(Q), between =0.45 and =0.75, being largest
around the maximum of S(Q). Such a behavior has also been
observed in metallic supercooled liquids close to T, by X-ray
photon correlation spectroscopy55, suggesting a universal dyna-
mical property across a large timescale range covering 16 orders
of magnitude (from =1 ps to >10%s). The Q-dependence of 8 was
also observed in ortho-terphenyl32, isopropanol®®, hard-sphere
system®’ and binary soft-sphere mixture®$, indicating again the
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Fig. 3 Q-dependence of the relaxation dynamics at different temperatures. (a) relaxation time 4., (b) exponent 3, and (c) effective Debye-Waller
factor f as a function of Q at various temperatures. The legend in ¢ applies to all three panels. The solid line in a represents S(Q)/Q2, and those in b and
c are S(Q), the static structure factor measured at T= 480 K. Error bars represent one standard error and where not seen they are smaller than the symbol

size. Source data are provided as a Source Data file.

important effect of particle-particle correlations on the collective
relaxation dynamics. At the length scale specified by the structure
factor peak, a narrower distribution of possible relaxation
processes and thus larger 8 is observed, reflecting the more
pronounced structure correlations of the liquid at this Q.
However, at Qs outside this length scale, the structural
correlations become weaker, leading to a wider distribution of
the relaxation processes as manifested by the decreased value of 5.
As shown in Fig. 3c, f varies between =0.45 and =0.85 and shows
a systematic variation in phase with S(Q), which is consistent with
the previous NSE measurements of Mezei et al.30.

T-dependence of the relaxation dynamics. Figure 4 reports the
temperature dependence of the fitting parameters for the data
measured on both the WASP spectrometer and the NGA-NSE
spectrometer. To improve readability, some of the data for $ and
Tgow are reported in Supplementary Figs. 5 and 6, and the plot of
B as a function of temperature is divided into two panels. The left
panel in Fig. 4a shows f as a function of temperature for
Q<2.33 A~1, where one can see that at T>470 K  is unaffected
by temperature change, while it decreases with decreasing tem-
perature at T<470K; these findings indicate an increased dis-
tribution of the relaxation time, in agreement with the enhanced
dynamic heterogeneity of the a-relaxation in the highly viscous
liquid state’. This behavior is fully confirmed by the NSE mea-
surements at NCNR, at Q=0.80 A~! and 1.75 A~! (half-filled
triangles). However, in stark contrast, we can see in the right
panel of Fig. 4a that, for Q=249 A~1 f also decreases with
decreasing temperature at T <470 K, but at a much slower rate
than that at lower Q’s; eventually, for Q >2.60 A1, B shows no
systematic change with temperature. The slope of the linear fit to
the temperature dependence of B (df/dT) at T<470K for
Q<249 A1 and at the entire temperature range for Q >2.49 A
~1 is shown in the lower panel of Fig. 4d.

As reported in Fig. 4b we can see that at each Q the effective
Debye-Waller factor f shows a linear decrease with increasing
temperature until T=470K, above which it levels off. This
observation is confirmed by the NSE measurements at NCNR at
Q=080A""1 and 1.75 A~ (half-filled triangles), albeit with a
small offset to the WASP data. Our data corroborate the previous
result of a continuous decrease of f with increasing temperature
by Mezei et al.3? (open diamonds), and further demonstrate that a
constant f indeed exists but only at temperatures above 470 K,
which was not established from the previous results of
CKN3040,41

Figure 4c is the Arrhenius plot of 7y, fitted with the
Vogel-Fulcher-Tammann (VFT) law®?,

DT,
Tslow — Aexp T—T
0

where A, D, and T are the fitting parameters. In Angell’s fragility
classification, CKN is a typical fragile glass-former in which the
relaxation dynamics deviate from the Arrhenius behavior
significantly>®. In the studied temperature range, 7y, can be
well fitted by the VFT law [Fig. 4c]. The resulting Q-dependent D
and T, are plotted in Fig. 4d as red circles, together with dash
lines that represent respectively D=153+0.15 and
To=340.0+3.5K as obtained by VFT fit to the macroscopic
shear relaxation time (7) = #/G.. in the temperature range of the
present study [Supplementary Fig. 7a], using the previously
reported shear viscosity # (Ref. ©%01) and limiting high-frequency
shear modulus G.. (Ref. ©2). We can see that the D and T, obtained
from the macroscopic shear relaxation time agree with the
mean value of those at the lower Q’s, indicating that the
macroscopic relaxation in CKN reflects the average of the processes
at the different microscopic length scales. At Q<24 A~1, the
Q-dependence of D follows the shape of the static structure factor
8(Q), and that of T and df3/dT follow the shape of —S(Q), i.e., the
opposite trend of S(Q). While at Q >2.4 A-1 D shows a rapid
increase with increasing Q, and T, and dB/dT a rapid decrease.
Forcing either T or D to take constant values like those obtained
from the macroscopic shear relaxation time, prevents a satisfactory
fit of the data, see Supplementary Fig. 8 for example, confirming
that Ty and D are inherently Q-dependent.

Note that at Q> 2.4 A~! the exponent 3 shows rather weak or
absent temperature dependence (df/dT = 0), in contrast to that
at lower Q’s [Fig. 4a]. Therefore, to consider the influence of 3, we
calculated the mean relaxation time,

slowr l)
G

<TSIOW> = B

being I'(x) the gamma function, and fitted it with the VFT
expression (Supplementary Fig. 9). As the black squares in Fig. 4d
indicate, the influence of  on the evaluation of D and T, is negligible,
the in-phase variation of D with S(Q) and of T, with —S(Q) at
Q< 2.4 A~1, as well as their rapid changes at Q > 2.4 A~ are retained
for the case of (Tyew). These results, as manifested by the Q-
dependence of D, Ty, and d3/dT in Fig. 4d, indicate a transition of
the relaxation behavior of the liquid at a characteristic spatial length
of 2m/Q=26A (Q=24A1).
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2.33 A1, right panel: Q =2.49 A=Tand 2.60 A~, solid lines are representative linear fit and dash lines are guide for the eye). b Temperature dependence
of effective Debye-Waller factor f at various Q's. The open diamonds are adapted from Ref. 30 at Q =1.86 A=". ¢ Logarithmic relaxation time 7o

as a function of 1000/T with VFT fits (Eq. (2)). To make it easier for the reader to discern the curves, the data for only representative Q's are shown
in a and ¢, the rest of the data can be found in Supplementary Figs. 5 and 6. The half-filled triangles in a-c represent the results measured on NGA-NSE.
d Q-dependence of D (upper panel) and Ty (lower panel) obtained from the VFT fit to 70w (red circles), (zgow) (black squares), and the macroscopic
shear relaxation time (z) =#/G,, (dash lines) [see Supplementary Figs. 7a and 9 for the VFT fit to (z) and (zgow)], diamonds in the lower panel are
Q-dependence of dB/dT (right axis). The solid line in the upper panel of d is the static structure factor S(Q) measured at T= 480K, and that in the lower
panel is —S(Q). Error bars represent one standard error and where not seen they are smaller than the symbol size. Source data are provided as a Source

Data file.

Discussion
Previous mechanical spectroscopy suggested that the JG
B-relaxation, which follows Arrhenius behavior, exists in CKN®3,
However, for all Q’s studied here, 7., follows a non-Arrhenius
VFT behavior in the entire studied time range. Thus, our
observation of contrasting behaviors of dB/dT, D, and
T, beyond the first minimum above the primary peak of S(Q)
(i.e., Q>2.4 A—1) with respect to that around the primary peak,
indicate that the modifications of relaxation mechanisms at the
local length scales of 2m/Q < 2.6 A, are not trivial at all even at
temperatures well above the a to JG P crossover, which was
estimated to be around 375K for CKN by extrapolating the
reported data from macroscopic measurements®0-%4 [see Sup-
plementary Fig. 7b]. The increase of D and the concomitant
decrease of T, at Q>2.4 A1 indicate smaller deviations of the
relaxation dynamics from Arrhenius behavior, that is, a more
Arrhenius-like behavior at the local length scales. This can also
be directly appreciated without the VFT fit as in Fig. 5, reporting
the Arrhenius plot with the relaxation time normalized to
a reference temperature (T'=402K). In agreement with the
VFT fitting results, less discrepancies from the Arrhenius
behavior (black dash line) are evident at larger Q’s (2.49 A-1land
2.82 A1), in both cases of Tygy [Fig. 5a] and (tgow) [Fig. 5b],
reinforcing the conclusion that the dynamics at the local length
scales behave more Arrhenius-like than at larger length scales.
Deviations from Arrhenius behavior indicates a temperature
dependent activation energy. A smaller deviation from Arrhenius

behavior observed for the higher Q’s (Q > 2.4 A—1Y indicates that
the activation energy at the local length scales is less temperature
dependent than at larger length scales, i.e., at higher temperatures
the activation energy at the local length scales is larger than at
larger length scales, in contrast, at lower temperatures it is
smaller. This could be associated with the fact that the local
environment is relatively more stabilized against temperature
change due to the Coulombic interactions, leading to a more
Arrhenius-like behavior, as it will be discussed more in details in
the following. Moreover, the rather slow decrease or even
invariant exponent  with decreasing temperature below T for
Q> 2.4 A1, suggests that the dynamic heterogeneities at the local
length scales are unaffected by temperature, in contrast to the
slow a-relaxation at Q<2.4 A—1, Analogously, the observation
that, D reaches a maximum and, T, and df/dT reaches a mini-
mum around the primary peak of S(Q) [Fig. 4d], indicates
that the activation energy for the structural relaxation
and the relaxation processes distribution are less temperature
dependent. It means that, not only the parameters that describe
the relaxation process at a constant temperature (Fig. 3), but also
their temperature behavior, could be affected by the inter-particle
correlation of the nitrate ions which gives rise to the primary
peak of S(Q), further evidencing the strong structure-dynamics
correlation at the microscopic length scales.

We note that the information gathered from our results was
not available in previous NSE studies, where a Q-independent
and/or T-independent 3 was often assumed a priori owing to the
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Q's. Smaller deviations from Arrhenius behavior (the straight dash line) are
evident at larger Q's in both cases. Error bars represent one standard error
and where not seen they are smaller than the symbol size.

limited data even with an extended time window!81%30,33,40.41
Furthermore, the previous NSE results of CKN were not able to
resolve reliable values of f for higher temperatures, e.g., at
T'> 400 K30:4041,

The previous study of CKN by Tengroth et al#” revealed that,
while the decrease in the N-N coordination number at larger dis-
tances is the same as that expected from thermal expansion, at local
distances it is much larger. They attributed this to an inhomoge-
neous thermal expansion in the material; the nitrate-cation dis-
tances are stabilized by the Coulombic interactions and will not
increase as much as nitrate-nitrate ion distances upon heating. This
difference is local (it extends not far beyond the nearest nitrate-
nitrate ion distance) and is expected to be averaged out at larger
distances. In this regard, the decreased scattering intensity above the
structure factor main peak at Q> 1.8 A=! upon increasing tem-
perature (Fig. 1) is likely a result of the anomalous decrease of the
N-N coordination number at local distances. Therefore, our
observation of a weaker temperature dependence of the dynamics
(both the activation energy and the exponent ) at length scales
corresponding to the ionic oxygen-cation correlations, can be
explained by the stabilization mechanism of the local environment
due to Coulombic interactions, not contradicting the decreasing
intensity of S(Q) upon increasing temperature.

The intrinsic correlations between neighboring particles may
give more in-depth understanding of the microscopic relaxation
dynamics of viscous liquids. A good comparison to CKN would
be ZnCl,, a prototypical strong ionic glass former>?, consisting of
Zn(Clys,), tetrahedral motifs®>. Similar to CKN, previous NSE

measurements on ZnCl, liquid®® revealed different temperature
dependence of the a-relaxation time at different Q. But in con-
trast, an anomalous increase of 8 towards a simple exponential
(B=1) upon decreasing temperature was observed in ZnCl,
liquid, probably related to the the formation of a network
structure on cooling which favors homogeneous dynamics®®. It
has been well documented that the structure factor of CKN as
observed by neutron scattering is dominated by the planar tri-
angular nitrate ions which seem to orientationally cluster in
chainlike aggregates, and the cations take up space in between the
aggregates of the nitrate triangles*’. We argue that the dynamical
behavior at the length scales of >2.6 A (ie, Q<24 A1) reflects
to a large extent the relaxations of the inter-particle correlation of
the nitrate ions which gives rise to the primary peak of S(Q);
while at the length scales of <2.6A (e, Q>24A71) the
dynamics are dominated by the nitrate-cation (mostly oxygen-
cation) correlations where the local environment is relatively
more stabilized against temperature change due to the Coulombic
interactions, leading to the disappearance of temperature
dependence of  and the fact that the relaxation time becomes
more Arrhenius-like. The dynamic features at Q > 2.4 A—1 are not
a result of the contribution from the incoherent scattering, as
indicated by our polarized neutron diffraction data (detailed
discussion can be found in the Supplementary Information fol-
lowing Supplementary Fig. 2). Interestingly, a strong temperature
dependence of § and non-Arrhenius behavior have often been
observed at Q values below the main structure factor peak in
multicomponent glass-forming systems, like alloy liquids, even
when incoherent neutron scattering dominates®”. Whether these
effects are universal in other glass forming systems with distinct
nature of interatomic/molecular interactions would be an intri-
guing question.

The spin-echo measurements provide detailed information on
the slow a-process, however, the fast process associated with the
relaxation of particles before escaping from the cages formed by
the nearest neighbors is not fully covered in the spin-echo time
window, as shown in Fig. 1. To access short time scales less than
1 ps, we performed quasi-elastic neutron scattering measurements
for CKN on the AMATERAS spectrometer at J-PARC. The
measured time-of-flight spectra were Fourier deconvoluted into
the time domain ISF I(Q,t)/I(Q,0). In Fig. 6 we plot representative
data from the two measurements, the AMATERAS data at
T=420 and 480 K and the WASP data at T=424K and 483K,
at Q= (1.26, 1.86 and 2.60) A—1, respectively. Note that the 3-4 K
temperature discrepancy between these two sets of data is trivial
since the fast process is much less affected by temperature
compared to the slow a-process. The match of the AMATERAS
and the WASP data is unambiguously evident in the overlapping
time range between 2.6 ps and 6 ps. We emphasize that we did
not make any artificial adjustments to the data to force the match,
in contrast to that done in previous studies2:68:%%. Note that for
time-of-flight measurements the neutron scattering signal is given
by the sum of coherent (I.,) and incoherent scattering (Ij,c), by
Ion + Iine while for spin-echo measurements, the dynamic signal
is encoded in the polarization of the beam and given by I, — 1/
3L, where the incoherent scattering is highly suppressed.
Therefore, the agreement between the AMATERAS and the
WASP data also indicates that the incoherent scattering in CKN
is negligible even at Q values away from the peak of S(Q). As seen
in Fig. 6, these combined data can be well fitted to Eq. (1) with the
same parameters. The values of 7 from the fits are in the sub-
picosecond time scale, which will be reported in detail elsewhere,
thus not discussed in the present work.

In summary, important insights into the relaxation dynamics
in the glass-forming liquid CKN have been obtained by fully
mapping the Q- and T-dependence of the collective ISFs, only
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Fig. 6 Joint intermediate scattering functions of CKN covering a broad
time window at three representative Q's: (1.26, 1.86, and 2.60) A—1. The
data presented by open symbols from t = 0.1 ps to 6 ps are Fourier
deconvoluted time-of-flight spectra measured on AMATERAS, those
presented by solid symbols from t = 2.6 ps to 1.2 ns are the WASP data.
The AMATERAS data are measured at T=420K and 480K, and the
WASP data are at T=424K and 483 K. These two sets of data match in
the overlapping time range without any artificial adjustment. The solid lines
represent fit to Eq. (1) of the joint intermediate scattering functions. Error
bars represent one standard error and where not seen they are smaller than
the symbol size. Source data are provided as a Source Data file.

possible using the recently developed WASP neutron spectro-
meter at the ILL, France. Our study in CKN liquid in a wide range
of temperatures and covering the full range of length scales across
the structure factor peak and valley, reveals, unambiguously, a
two-step relaxation. The fast exponential decay process is fol-
lowed by a slow a-process of a stretched nature. The relaxation
time, amplitude, and stretching exponent of the a-relaxation
show remarkable Q-dependence and vary in phase with S(Q). For
all studied Q’s the amplitude of the a-relaxation decreases with
increasing temperature and plateaus at T>470 K. For Q<24 A
~1, the stretching exponent f3 increases with increasing tem-
perature and levels off at T>470K, and the temperature
dependence of 7, and § as quantified by D and Ty, and dB/dT,
respectively, follow S(Q)- or —S(Q)-like Q-dependence; however,
for Q> 2.4 A=1, B increases rather slower and eventually becomes
temperature independent at higher Q’s, accompanied by less
deviations from Arrhenius behavior of 7. These contrasting
behaviors indicate distinct relaxation mechanisms at the different
microscopic length scales, and reveal the characteristic spatial
length of =2.6 A: Above 2.6 A, the relaxation is dominated by the
inter-particle correlation of the nitrate ions; while below 2.6 A,
the relaxation exhibits localized feature manifested as tempera-
ture independent heterogeneity and more Arrhenius-like beha-
vior, due to the stabilization mechanism of the Coulombic
interaction between nitrates and cations.

Methods

Sample preparation. As CKN is a hydroscopic material, much care should be
taken in the preparation process. The CKN sample was obtained by mixing
appropriate weight of high-purity calcium nitrate tetrahydrate (Ca(NOs),+4H,0,
99.95% purity) and potassium nitrate (KNOs, 99.995% purity) purchased from
Sigma-Aldrich; the mixture was heated slowly up to above the melting point and
dried in a vacuum oven at T=523 K for over 48 h. The dehydrated mixture was
then transferred immediately to a glove box and heated again up to T= 523K for
12 h under vacuum to remove any possible water absorption from the atmosphere
that may have occurred during the transfer. Then an appropriate amount (=10 g)
of molten mixture was sealed into a standard vanadium annular can (12.7 mm
inner diameter and 1.2 mm thickness) in the glove box filled with high-purity
helium.

Neutron spin-echo measurements. Wide-angle NSE measurements were per-
formed using the high-intensity WASP spectrometer?” at the ILL, France, which
enables high-precise measurements for multiple wavevector transfer (Q) at the
same time. To enable access to the Q-range from 1.08 A~1 to 2.82 A~ which

covers the structure factor peak (at Q= 1.86 A-1yand valley of CKN, the incoming
neutron wavelength A was set to 4 A. The data were collected at temperatures
between 383 K and 519 K. The temperature was controlled with an orange cryostat
(“wet” liquid He cryostat). Before measurement at each temperature, the sample
was first heated to T'= 530 K and equilibrated for 30 min, then directly cooled in an
identical fashion each time to the target temperature and equilibrated for another
30 min, allowing sample equilibration and well-defined thermal history for each
run. We run diffraction measurements after each data set to ensure that no crys-
tallization occurred in the sample. All these measurements on the WASP spec-
trometer were finished within a total beam time of 4 days. The data were reduced
by using an ILL developed software based on the commercial software package Igor
Pro 8%7.

Additional NSE measurements were performed using the NGA-NSE
spectrometer at the National Institute of Standards and Technology (NIST) Center
for Neutron Research (NCNR)*, USA. An incoming neutron wavelength of 5 A
was used and the measurements were performed for two Q’s, 0.8 A=1and 1.75 A—1,
near the pre-peak and the main peak of S(Q). The software DAVE? was used for
the NGA-NSE data reduction and the Fourier deconvolution of the
AMATERAS data.

The transmissions of the sample (=77.1%) and the empty can (=90.7%) were
measured at T'= 100 K on the NGA-NSE spectrometer at NCNR using 5 A neutron
beam, which indicates a self-shielding factor of ~85%, hence we estimate that
double scattering would account for at most ~15% of the measured scattering at
some Q’s and therefore multiple scattering corrections have been deemed
unnecessary.

Time-of-flight inelastic neutron scattering measurements. Inelastic neutron
scattering measurements were carried out on the cold-neutron disk-chopper
spectrometer AMATERAS*+45 at J-PARC in Japan, using a neutron wavelength of
3.26 A. The time of flight data of AMATERAS are processed by using the software
suite Utsusemi’!. A measurement of the empty vanadium can at =300 K was
used as the instrument energy resolution for the data deconvolution. Normalized
Fourier deconvoluted time-of-flight spectra were compared with the intermediate
scattering function collected on the WASP spectrometer. The static structure factor
S(Q) was obtained by integration of the dynamic structure factor at the energy
range of [—5, 0] meV.

Data availability

Source data are provided with this paper. The raw data generated in this study is
accessible under https://doi.org/10.5291/ILL-DATA.DIR-202. Source data are provided
with this paper.

Received: 21 September 2021; Accepted: 29 March 2022;
Published online: 19 April 2022

References

1. Debenedetti, P. G. & Stillinger, F. H. Supercooled liquids and the glass
transition. Nature 410, 259-267 (2001).

2. Bengtzelius, U., Gotze, W. & Sjolander, A. Dynamics of supercooled liquids
and the glass transition. J. Phys. C. Solid State Phys. 17, 5915-5934 (1984).

3. Leutheusser, E. Dynamical model of the liquid-glass transition. Phys. Rev. A
29, 2765-2773 (1984).

4. Das, S. P, Mazenko, G. F,, Ramaswamy, S. & Toner, J. J. Hydrodynamic
theory of the glass transition. Phys. Rev. Lett. 54, 118-121 (1985).

5. Ediger, M. D. Spatially heterogeneous dynamics in supercooled liquids. Annu.
Rev. Phys. Chem. 51, 99-128 (2000).

6. Xia, X. & Wolynes, P. G. Microscopic theory of heterogeneity and
nonexponential relaxations in supercooled liquids. Phys. Rev. Lett. 86,
5526-5529 (2001).

7. Richert, R. Heterogeneous dynamics in liquids: fluctuations in space and time.
J. Phys. Condens. Matter 14, 201 (2002).

8.  Widmer-Cooper, A. & Harrowell, P. Predicting the long-time dynamic
heterogeneity in a supercooled liquid on the basis of short-time
heterogeneities. Phys. Rev. Lett. 96, 185701 (2006).

9. Kob, W., Donati, C., Plimpton, S. J., Poole, P. H. & Glotzer, S. C. Dynamical
heterogeneities in a supercooled Lennard-Jones liquid. Phys. Rev. Lett. 79,
2827-2830 (1997).

10. Kob, W., Rolddn-Vargas, S. & Berthier, L. Non-monotonic temperature
evolution of dynamic correlations in glass-forming liquids. Nat. Phys. 8,
164-167 (2012).

11. Berthier, L. et al. Direct experimental evidence of a growing length scale
accompanying the glass transition. Science 310, 1797-1800 (2005).

12. Weeks, E. R, Crocker, J. C., Levitt, A. C., Schofield, A. & Weitz, D. A. Three-
dimensional direct imaging of structural relaxation near the colloidal glass
transition. Science 287, 627-631 (2000).

| (2022)13:2092 | https://doi.org/10.1038/s41467-022-29778-4 | www.nature.com/naturecommunications 7


https://doi.org/10.5291/ILL-DATA.DIR-202
www.nature.com/naturecommunications
www.nature.com/naturecommunications

ARTICLE

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

Tracht, U. et al. Length scale of dynamic heterogeneities at the glass transition
determined by multidimensional nuclear magnetic resonance. Phys. Rev. Lett.
81, 2727-2730 (1998).

Albert, S. et al. Fifth-order susceptibility unveils growth of thermodynamic
amorphous order in glass-formers. Science 352, 1308-1311 (2016).

Qiu, X. H. & Ediger, M. D. Length scale of dynamic heterogeneity in
supercooled D-sorbitol: comparison to model predictions. J. Phys. Chem. B
107, 459-464 (2003).

Reinsberg, S. A., Qiu, X. H., Wilhelm, M., Spiess, H. W. & Ediger, M. D.
Length scale of dynamic heterogeneity in supercooled glycerol near Tg. J.
Chem. Phys. 114, 7299-7302 (2001).

Scopigno, T., Ruocco, G. & Sette, F. Microscopic dynamics in liquid metals:
the experimental point of view. Rev. Mod. Phys. 77, 881-933 (2005).
Richter, D., Frick, B. & Farago, B. Neutron-spin-echo investigation on the
dynamics of polybutadiene near the glass transition. Phys. Rev. Lett. 61,
2465-2468 (1988).

Richter, D. et al. Decoupling of time scales of motion in polybutadiene close to
the glass transition. Phys. Rev. Lett. 68, 71-74 (1992).

Rossler, E. Comment on ‘Decoupling of time scales of motion in polybutadiene
close to the glass transition’. Phys. Rev. Lett. 69, 1620-1620 (1992).

Saito, M. et al. Slow processes in supercooled o-terphenyl: relaxation and
decoupling. Phys. Rev. Lett. 109, 115705 (2012).

Kanaya, T., Inoue, R,, Saito, M., Seto, M. & Yoda, Y. Relaxation transition in
glass-forming polybutadiene as revealed by nuclear resonance X-ray
scattering. J. Chem. Phys. 140, 144906 (2014).

Caporaletti, F. et al. Experimental evidence of mosaic structure in strongly
supercooled molecular liquids. Nat. Commun. 12, 1867 (2021).

Gardner, J. S., Ehlers, G., Faraone, A. & Garcia Sakai, V. High-resolution neutron
spectroscopy using backscattering and neutron spin-echo spectrometers in soft
and hard condensed matter. Nat. Rev. Phys. 2, 103-116 (2020).

Chakraborty, S. et al. How cholesterol stiffens unsaturated lipid membranes.
Proc. Natl Acad. Sci. 117, 21896-21905 (2020).

Nagao, M., Kelley, E. G., Ashkar, R., Bradbury, R. & Butler, P. D. Probing
elastic and viscous properties of phospholipid bilayers using neutron spin echo
spectroscopy. J. Phys. Chem. Lett. 8, 4679-4684 (2017).

Senses, E. et al. Small particle driven chain disentanglements in polymer
nanocomposites. Phys. Rev. Lett. 118, 147801 (2017).

Kofu, M. et al. Heterogeneous slow dynamics of imidazolium-based ionic
liquids studied by neutron spin echo. J. Phys. Chem. B 117, 2773-2781 (2013).
Mezei, F., Knaak, W. & Farago, B. Neutron spin echo study of dynamic
correlations near the liquid-glass transition. Phys. Rev. Lett. 58, 571-574 (1987).
Mezei, F., Knaak, W. & Farago, B. Neutron spin echo study of dynamic
correlations near liquid-glass transition. Phys. Scr. T19B, 363-368 (1987).
Petry, W. & Wuttke, J. Quasielastic neutron scattering in glass forming viscous
liquids. Transp. Theory Stat. Phys. 24, 1075-1095 (1995).

Tolle, A. Neutron scattering studies of the model glass former ortho-
terphenyl. Rep. Prog. Phys. 64, 1473-1532 (2001).

Arbe, A. et al. Study of the dynamic structure factor in the B relaxation regime
of polybutadiene. Phys. Rev. Lett. 76, 1872-1875 (1996).

Arbe, A. et al. Non-Gaussian nature of the a relaxation of glass-forming
polyisoprene. Phys. Rev. Lett. 89, 245701 (2002).

Gooflen, S. et al. Sensing polymer chain dynamics through ring topology: a
neutron spin echo study. Phys. Rev. Lett. 115, 148302 (2015).

Farago, B. et al. Activated nanoscale actin-binding domain motion in the
catenin—cadherin complex revealed by neutron spin echo spectroscopy. Proc.
Natl Acad. Sci. 118, €2025012118 (2021).

Fouquet, P., Ehlers, G., Farago, B., Pappas, C. & Mezei, F. The wide-angle
neutron spin echo spectrometer project WASP. J. Neutron Res. 15, 39-47 (2007).
Van Hove, L. Time-dependent correlations between spins and neutron
scattering in ferromagnetic crystals. Phys. Rev. 95, 1374-1384 (1954).

Bée, M. Quasielastic neutron scattering: principles and applications in solid
state chemistry, biology and materials science. (Adam Hilger, 1988).

Mezei, F. Scaling behaviour of structural relaxation near the glass transition: a
critical. Anal. Ber. der Bunsenges. f.iir. Phys. Chem. 95, 1118-1126 (1991).
Mezei, F. Scaling behaviour of structural relaxation near the glass transition: a
critical analysis. J. Non Cryst. Solids 131-133, 317-326 (1991).

Kartini, E., Collins, M. & Collier, B. Inelastic-neutron-scattering studies on
glassy and liquid Ca0.4K0.6(NO;)1.4. Phys. Rev. B 54, 6292-6300 (1996).
Russina, M., Mezei, F., Lechner, R., Longeville, S. & Urban, B. Experimental
evidence for fast heterogeneous collective structural relaxation in a supercooled
liquid near the glass transition. Phys. Rev. Lett. 84, 3630-3633 (2000).
Nakajima, K. et al. AMATERAS: a cold-neutron disk chopper spectrometer. J.
Phys. Soc. Jpn. 80, SB028 (2011).

Nakajima, K. et al. Recent update of AMATERAS: a cold-neutron disk-
chopper spectrometer. JPS Conf. Proc. 33, 011089 (2021).

Kartini, E., Collins, M. E., Collier, B., Mezei, F. & Svensson, E. C. Neutron-
diffraction studies on liquid, glassy, and crystalline Ca 0.4 K 0.6 (NO;) 1.4.
Can. J. Phys. 73, 748-754 (1995).

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Tengroth, C., Swenson, J., Isopo, A. & Borjesson, L. Structure of Ca0.4K0.6NO;1.4
from the glass to the liquid state. Phys. Rev. B 64, 224207 (2001).

Rosov, N., Rathgeber, S. & Monkenbusch, M. Neutron spin echo spectroscopy
at the NIST center for neutron research. ACS Symp. Ser. 739, 103-116 (1999).
Walter, N. P., Jaiswal, A., Cai, Z. & Zhang, Y. LiquidLib: a comprehensive
toolbox for analyzing classical and ab initio molecular dynamics simulations
of liquids and liquid-like matter with applications to neutron scattering
experiments. Comput. Phys. Commun. 228, 209-218 (2018).

Yamamuro, O., Yamada, T., Kofu, M., Nakakoshi, M. & Nagao, M.
Hierarchical structure and dynamics of an ionic liquid 1-octyl-3-
methylimidazolium chloride. J. Chem. Phys. 135, 054508 (2011).

Kofu, M., Faraone, A., Tyagi, M., Nagao, M. & Yamamuro, O. Two inherent
crossovers of the diffusion process in glass-forming liquids. Phys. Rev. E 98,
42601 (2018).

Horbach, J. & Kob, W. Relaxation dynamics of a viscous silica melt: the
intermediate scattering functions. Phys. Rev. E 64, 041503 (2001).

De Gennes, P. G. Liquid dynamics and inelastic scattering of neutrons. Physica
25, 825-839 (1959).

Russina, M. & Mezei, F. Intermediate range order dynamics - key to
understanding of the glass transition. Phys. B Condens. Matter 276-278,
437-439 (2000).

Ruta, B. et al. Wave-vector dependence of the dynamics in supercooled
metallic liquids. Phys. Rev. Lett. 125, 055701 (2020).

Zhai, Y. et al. Relevance of hydrogen bonded associates to the transport
properties and nanoscale dynamics of liquid and supercooled 2-propanol.
Phys. Chem. Chem. Phys. 23, 7220-7232 (2021).

Fuchs, M., Hofacker, 1. & Latz, A. Primary relaxation in a hard-sphere system.
Phys. Rev. A 45, 898-912 (1992).

Fuchs, M. & Latz, A. a-relaxation in a supercooled binary mixture. Phys. A
201, 1-13 (1993).

Bohmer, R, Ngai, K. L., Angell, C. A. & Plazek, D. J. Nonexponential relaxations
in strong and fragile glass formers. J. Chem. Phys. 99, 4201-4209 (1993).
Rhodes, E., Smith, W. E. & Ubbelohde, A. R. Melting and crystal structure:
association in nitrate melts. Proc. R. Soc. Lond. Ser. A 285, 263-274 (1965).
Weiler, R,, Blaser, S. & Macedo, P. B. Viscosity of a vitreous potassium nitrate
- calcium nitrate mixture. J. Phys. Chem. 73, 4147-4151 (1969).

Torell, L. M. & Aronsson, R. Brillouin scattering study of elastic properties in a
glass forming KNO; -Ca(NOs), mixture. J. Chem. Phys. 78, 1121-1125 (1983).
Mai, C., Etienne, S., Perez, J. & Johari, G. P. Mechanical relaxation in an ionic
glass. Philos. Mag. B 50, 657-663 (1984).

Howell, F. S., Bose, R. A., Macedo, P. B. & Moynihan, C. T. Electrical
relaxation in a glass-forming molten salt. J. Phys. Chem. 78, 639-648 (1974).
Lucas, P. et al. Structure of ZnCI2 Melt. Part II: fragile-to-strong transition in a
tetrahedral liquid. J. Phys. Chem. B 121, 11210-11218 (2017).

Luo, P. et al. Neutron spin-echo studies of the structural relaxation of network
liquid ZnCl, at the structure factor primary peak and prepeak. J. Phys. Chem.
Lett. 12, 392-398 (2021).

Chathoth, S. M., Damaschke, B., Koza, M. M. & Samwer, K. Dynamic
singularity in multicomponent glass-forming metallic liquids. Phys. Rev. Lett.
101, 037801 (2008).

Kiebel, M. et al. Secondary relaxation in the glass-transition regime of ortho-
terphenyl observed by incoherent neutron scattering. Phys. Rev. B 45,
10301-10305 (1992).

Wauttke, J. et al. Relaxation and phonons in viscous and glassy orthoterphenyl
by neutron scattering. Z. f.iir. Phys. B 91, 357-365 (1993).

Azuah, R. T. et al. DAVE: a comprehensive software suite for the reduction,
visualization, and analysis of low energy neutron spectroscopic data. J. Res.
Natl Inst. Stand. Technol. 114, 341-358 (2009).

Inamura, Y., Nakatani, T., Suzuki, J. & Otomo, T. Development status of
software “Utsusemi” for chopper spectrometers at MLF, J-PARC. J. Phys. Soc.
Jpn 82, SA031 (2013).

Acknowledgements

We thank Tanya J. Dax, Yamali Hernandez, Donna A. Kalteyer and Michihiro Nagao for
their help on the experiments. This work is supported by the U.S. Department of Energy,
Office of Science, Office of Basic Energy Sciences, Materials Sciences and Engineering
Division, under Award Number DE-SC0014084. The NSE measurements on the WASP
spectrometer at ILL were performed under proposal number DIR-202. Access to the
NGA-NSE spectrometer at NCNR was provided by the Center for High Resolution
Neutron Scattering, a partnership between the National Institute of Standards and
Technology and the National Science Foundation under agreement No. DMR-1508249.
The inelastic neutron scattering measurements on AMATERAS at J-PARC were per-
formed based on the approved proposal No. 2019B0216.

Author contributions
YZ and A'F. initiated the research. P.L. prepared the sample. P.F. performed the wide-
angle NSE measurements on the WASP spectrometer at the ILL. P.L., A.F.,, MK, and

| (2022)13:2092 | https://doi.org/10.1038/s41467-022-29778-4 | www.nature.com/naturecommunications


www.nature.com/naturecommunications

ARTICLE

K.N. performed the time-of-flight inelastic neutron scattering measurements on the
AMATERAS spectrometer at J-PARC. P.L,, Y. Zhai, and A.F. performed the NSE
measurements on the NGA-NSE spectrometer at NCNR. P.L. analyzed the data and
wrote the manuscript. V.G.S., P.F,, M.H,, AF,, and YZ contributed to the writing and
editing of the paper. All authors engaged in useful discussions throughout the experi-
ments and preparation of the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41467-022-29778-4.

Correspondence and requests for materials should be addressed to Antonio Faraone or Y. Z.

Peer review information Nature Communications thanks the anonymous reviewers for
their contribution to the peer review of this work. Peer reviewer reports are available.

Reprints and permission information is available at http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
BY

Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2022

| (2022)13:2092 | https://doi.org/10.1038/s41467-022-29778-4 | www.nature.com/naturecommunications 9


https://doi.org/10.1038/s41467-022-29778-4
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications
www.nature.com/naturecommunications

	Q-dependent collective relaxation dynamics of glass-forming liquid Ca0.4K0.6(NO3)1.4 investigated by wide-angle neutron spin-echo
	Results
	Static structure factor of CKN
	Intermediate scattering functions
	Fitting model for intermediate scattering functions
	Q-dependence of the relaxation dynamics
	T-dependence of the relaxation dynamics

	Discussion
	Methods
	Sample preparation
	Neutron spin-echo measurements
	Time-of-flight inelastic neutron scattering measurements

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




