This is an open access article published under a Creative Commons Attribution (CC-BY)
License, which permits unrestricted use, distribution and reproduction in any medium,
provided the author and source are cited.

pubs.acs.org/journal/apchd5

Article

Flash Brillouin Scattering: A Confocal Technique for Measuring Glass
Transitions at High Scan Rates
Konrad Rolle,* Hans-Jürgen Butt, and George Fytas
Cite This: ACS Photonics 2021, 8, 531−539

Downloaded via MPI POLYMERFORSCHUNG on March 26, 2021 at 11:41:28 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

ACCESS

Read Online

Metrics & More

Article Recommendations

ABSTRACT: Glass transition temperatures Tg are most commonly measured by diﬀerential scanning calorimetry, a method
that has been extended to the ﬂash scanning calorimetry (FSC)
regime by reducing sample volumes. However, signiﬁcant manual
preparation eﬀort can render FSC impractical for, e.g., local
probing of spatially heterogeneous specimens. Another strategy can
be to select a small volume by focusing down a laser beam, where
Brillouin Light Scattering (BLS) is a proven method for confocal
Tg measurement. Here, we introduce Flash Brillouin Scattering,
which extends BLS to fast scan rates, achieved by periodically
heating the probed region with an infrared laser. For comparison
with conventional BLS, we ﬁrst characterize Tg of pure glycerol,
and show how rapid quenching produces a less packed glass with downshifted sound velocity. We then turn toward its aqueous
solutions, which crystallize too fast for a nonﬂash approach, and demonstrate scan rates in excess of 105 K/s. These results are of
interest not only because glycerol is a model system for hydrogen-bonded glass formers, but also because of its applications as a
cryoprotectant for frozen biological samples. Light scattering studies of the latter, currently limited to cryo-Raman spectroscopy, are
likely to be complemented by the technique introduced here.
KEYWORDS: Brillouin light scattering, glass transition, crystallization, time-resolved, thermometry, cryoprotectant
for examining Tg in the speciﬁc case of ultrathin ﬁlms on a glass
substrate,2,3 where Tg is deduced from a temperaturedependent change in diﬀerential ﬁlm thickness. For more
general cases, however, frequency-domain Brillouin Light
Scattering (BLS)4 is preferred, which is not limited to thin
ﬁlms or other sample geometries. While the context of these
early studies were conﬁnement eﬀects on length scales less
than 100 nm, we will aim to show here how the same
technology can be repurposed for “ﬂash” experiments for
which FSC is ill-adapted. Indeed, by focusing down a laser
beam with an appropriate objective lens, μm-sized volumes can
easily be selected in BLS, akin to other confocal microscopy
techniques. Though confocal Brillouin spectroscopy has seen a
surge of interest over the past decade for mechanical
bioimaging,5,6 its potential utility for ﬂash Tg determination
has seemingly not been noticed yet. Compared with FSC, a
confocal technique would be particularly advantageous for

S

everal techniques exist for characterizing the glass
transition temperature Tg, most of which, however, are
limited to quasi-static scan (heating and cooling) rates. This
not only belies the dynamic identity of any assigned Tg value,
but becomes a deﬁnite obstacle once systems with high
crystallization rates are to be investigated. Thus, diﬀerential
scanning calorimetry (DSC), the most widely available Tg
analysis method, has to be extensively modiﬁed for so-called
“Flash Scanning Calorimetry” (FSC)1 experiments: Due to
ﬁnite thermal diﬀusion, small (typically, nanogram) sample
volumes are required to achieve rapid quenching and ﬂash
heating of, e.g., semicrystalline polymers. This not only
increases constraints on the sensor, manufactured with
MEMS technology from fragile single-use silicon nitride
membranes. It also has to be accompanied by a signiﬁcant
manual preparation eﬀort, which involves cutting the specimen
down to μm-dimensions and positioning it on the ∼100 nm
thin substrate. As a result, if the measurement has to be
repeated many times due to, for example, large statistical
variations, or nondestructive in situ probing is the objective, an
alternative to FSC is needed.
Optical Tg measurement, by virtue of its noncontact
character, was quick to achieve results on samples with
extreme dimensions long before nanocalorimetry gained
prominence. Ellipsometry is widely available and convenient
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Figure 1. Flash Brillouin Scattering (FBS) setup with pure glycerol sample conﬁguration in cryostat, comprising a polystyrene (PS) thin ﬁlm. The
thin green line represents the beam path of the visible (“532 nm”) probe-laser in backscattering conﬁguration, showing microscope objective
(“50×”, f = 4 mm), polarizers (“P”), half-waveplate (“λ/2”), beamsplitter (50:50), and a lens (f = 200 mm) with focal point on the spectrometer
entrance pinhole. The thick red line represents the beam path for the ampliﬁed infrared (“1550 nm”) heating laser, with chopper and focusing
asphere (f = 7.5 mm). A multichannel analyzer (MCA) registers chopper and scanning etalon (mirror) positions on each count from the
photomultiplier tube (PMT), which are then processed into a bidimensional histogram (inset MCA-frame plot, showing central portion of 50 wt %
case 2D-histogram for Ti = 123 K, with a thin red line marking Lorentzian peak position).

and, hence, material properties. However, while Raman looks
at individual molecular vibrations, BLS is sensitive to lower
frequency GHz acoustic phonons (“sound waves”) from the
collective motion of the solid, whence its main use for elasticity
measurement. However, this also renders it superior to
Raman19−21 at detecting cooperative phenomena like the
glass transition. Accordingly, it has been widely used for this
purpose22,23 as well as the related one of deducing GHz
structural relaxation times from temperature scans for the
frequency at which the hypersonic loss maximum (phonon
lifetime minimum) occurs.24 While for bioimaging applications
a dispersive spectrometer design based on a prism called
“virtually imaged phased array” (VIPA) is adopted,25,5 only
tentative steps26 have been undertaken to exploit VIPA for Tg
studies, which remain dominated by instruments based on
scanning Fabry−Perot etalons. The latter, while signiﬁcantly
slower than VIPA because detectors are not multichannel, oﬀer
optimum frequency-resolution and contrast ratio, as well as
proven27 time-resolved measurement capabilities; both instrument variants can be easily28,29 made to share the beam path
with a Raman spectrometer. In the particular context of lowtemperature biology, Raman has already established itself30 as
a tool for mapping cryoprotectant and ice distribution31,32 and
even for studying phase transitions.33 Due to their technical
similarity, we expect FBS to eventually come to extend the
cryo-Raman toolbox, particularly if complementary lowtemperature biology uses for BLS (e.g., strain sensing34−36)
can be found.

local probing or imaging of a structure with spatially
heterogeneous Tg distribution, since several points on the
same sample can easily be checked this way.
A spatial Tg map can be constructed using atomic force
microscopy (AFM), an approach that often goes by the name
of local thermal analysis (LTA),7,8 boasts resolution below 100
nm9,10 and is commercially available.11 Setting aside the
question of how such a quasi-static Tg probe translates to high
scan rates,12 AFM is limited to probing the sample surface,
with which contact has to be established. Hence, rather than
polymers, we will concentrate on molecular liquids, using
glycerol as a model glass former. Indeed, confocal microscopy
is much better adapted for studying liquids than AFM, since
the liquid can be enclosed in a transparent cell, while the
exposed liquid/gas interface probed by AFM is susceptible to
evaporation13 (a drawback also of the open-air14 FSC sensor).
Furthermore, glycerol has widely featured not only in
fundamental Tg studies, but is also of practical interest for
applications as a cryoprotectant when freezing, e.g., embryos15,16 or other biological material for preservation at
liquid-nitrogen temperatures. Finally, by choosing glycerol, we
can ﬁrst validate our technique by comparing results with
existing BLS data,17 as measured by quasi-static methods. By
adding water, we then produce an aqueous solution which, for
compositions of typically less than 75 wt % glycerol (termed
the “maximally freeze concentrated solution” or MFCS18) will
crystallize if the quench is not suﬃciently rapid. Hence, the
mixed system cannot be examined by conventional BLS and
requires a new method of Tg determination, to be introduced
in this paper and referred to as “Flash Brillouin Scattering”
(FBS) by analogy with FSC in what follows.
BLS is an inelastic light scattering technique similar to
Raman spectroscopy insofar as an incident laser beam interacts
with vibrations (“phonons”). Resolving scattered light in a
spectrometer then allows for deduction of vibration frequency

■

EXPERIMENTAL SECTION
The BLS setup is based on a tandem-triple-pass Fabry−Perot
(TFP) interferometer (JRS TFP-2HC) equipped with a
narrow-linewidth laser (532 nm, 300 mW, Spectra-Physics
Excelsior). Separation of the mirror pairs (etalons) inside the
TFP is piezoelectrically scanned to analyze scattered light
532
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Figure 2. FBS data for pure glycerol: (a) time-evolution of the glycerol frequency-shift in backscattering geometry, obtained from the Lorentzian
representation of the BLS spectra; the inset shows selected spectra, sampled on the heating cycle (diﬀerential time interval for sampling Δt ∼ 0.07
ms) and displaying two phonon peaks assigned to polystyrene (PS, low frequency) and glycerol (high frequency); (b) time-evolution of PS peak
area ∼IPS(t)/IPS(t0) and the two variables used for temperature calibration, PS frequency-shift f PS(t) (note negative frequencies) and integrated
detector counts I(t)/I(t0), the latter due to both PS and glycerol inelastic scattering; identifying left- and right-hand y-axes, the diﬀerential
frequency shift α for f PS(T) is deduced; (c) glycerol temperature calibrated using the frequency-shift f PS(T) from the PS thin ﬁlm (see top right
inset), with heating and cooling cycles distinguished by color for convenience; at high temperature, agreement of the heating cycle with reference
data from quasi-static BLS (tilted crosses) is improved (upright crosses) by a linear transformation of the x-axis at ﬁxed Ti, so that the glass point
can be found from the intersection of the linear ﬁts for regions above and below Tg (bottom left inset); (d) similar to (c), but with glycerol
temperature calibrated using time-evolution of integrated detector counts I(t)/I(t0); legend applies to both (c) and (d).

bidimensional histogram by MATLAB (see inset of MCAframe in Figure 1) with adjustable bin numbers (typical timebin number up to 500), and Lorentzian ﬁts (peak position
given by red line in histogram plot) performed for the spectra
corresponding to each time instant.
For FBS, the external reference signal follows a periodic
temperature cycle induced by heating pulses in the sample. In
order to preserve the BLS advantages of noncontact,
nondestructive, and high spatial resolution measurement,
sample heating is accomplished by a second laser at 1550
nm, ampliﬁed to 1−2 W by an erbium-doped ﬁber ampliﬁer
(EDFA, civillaser.com). Heating pulses and their corresponding reference signal are then generated by a chopper (Thorlabs
MC2000B) with an adjustable duty cycle blade (MC1F10A)
set at 25%. This duty cycle is low enough to provide the system
time to relax to its initial temperature, Ti. The latter is imposed
by means of a Linkam (HFS 350EV-PB4) liquid nitrogen stage
vertically mounted by a custom holder in the spectrometer,

within a conﬁgurable frequency interval (free spectra range,
FSR). In order to add time-resolved measurement capabilities,
the manufacturer-provided one-dimensional multichannel
analyzer (MCA) for spectrally resolving scattered light as a
function of the scanning etalon position is replaced with a
time-stamped MCA. The latter is custom-built from a
programmable timer-counter board (NI PCIe-6612), similar
to what can be found in photon correlation spectroscopy
(PCS).37 Two counters are set up for the scanning etalon and
an external asynchronous reference signal, where the latter is
incremented every 50 ns. The current counter tallies are saved
each time the TFP photomultiplier tube (Hamamatsu H10682,
1.3 ns jitter, quantum eﬃciency 14%) registers a pulse, and
each counter is reset by its respective control signal. MCA
input is blocked by an RF-switch (Mini-Circuits ZYSWA-2−
50DR+) during the central scan portion, when a shutter unit
(JRS LM-2) rejects elastically (Rayleigh) scattered sample
light. The obtained 2D-array can then be processed into a
533
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values are then obtained from a Lorentzian representation of
the glycerol phonon peak in the experimental spectra at ﬁxed
time. As mentioned, pure glycerol does not absorb at the
heating wavelength of 1550 nm, so a spin-cast polystyrene
(PS) ﬁlm (Figure 1) containing infrared dye is heated in its
stead. Accordingly, it is necessary to distinguish the glycerol
from the PS signal, and a double Lorentzian ﬁt to the
longitudinal phonon peaks of PS (lower) and glycerol (higher
frequency) has to be performed. This is illustrated in the inset
of Figure 2a, where spectra are recorded on the heating cycle,
that is, the portion before the 4 ms mark. The glycerol phonon
peak is seen to broaden and approach, but not cross, the more
weakly temperature-dependent peak of the glassy PS.
In order to extract Tg from this plot, the time variable has to
be eliminated and replaced with temperature, yielding the
temperature-dependent phonon frequency f(T). Hence, knowledge of not only the time-dependent Brillouin frequency-shift
f(t), but also temperature time-evolution T(t) is necessary.
There are several approaches to obtaining this information:
Since the initial temperature Ti = T(t0) = 123 K is known and
the behavior of f(t) at temperature above Tg in the equilibrium
liquid is not expected to depend on scan rate, it might be
tempting to ﬁt a curve between Ti and the deduced maximum
temperature values. Unfortunately, there does not seem to be
an easy analytical formula for T(t). Indeed, some models43
predict an indeﬁnite temperature rise with square-root of time,
and simulations of laser heating of water ﬁlms have been
shown to disagree44 with experiment for higher powers.
Experimentally, a number of time-resolved optical thermometry methods exist,45 with ﬂuorescent ones44 being particularly
popular and Raman-based ones46,47 holding maybe the most
long-term promise here. However, Brillouin spectrometry also
oﬀers options for temperature measurement,48 based mainly
on monitoring frequency-shift f(t) and intensity I(t).
In order to determine T(t), we ﬁrst use the Brillouin
frequency-shift for temperature sensing, where the PS ﬁlm
provides a convenient additional phonon frequency f PS for
reference. Indeed, for heating not exceeding Tg, amorphous
polymers show a weak but linear temperature-dependence of
the frequency, independent of scan rate; above Tg, sensitivity
increases, but photomechanical ablation49 can become an
issue. Accordingly, we plot f PS(t) from the double-Lorentzian
representation of the BLS spectra (inset of Figure 2a) to obtain
a ﬁrst temperature reference, which produces a time-evolution
curve as in Figure 2b (green symbols). However, while f(t) of
glycerol is monotonically decreasing, f PS(t) saturates in spite of
rising temperature. The former, alongside increasing IPS(t) in
Figure 2b (red broken line), indicates that PS temperature
does rise concomitantly, so an explanation might be change of
f PS(t) at high scan rate. In order to estimate T(t) from f PS(t), it
is also necessary to know the PS frequency-shift temperature
diﬀerential α, where f PS(T) = f 0(1 − αT). In principle, the
slope α is a material property but in practice values ranging
from 3 × 10−4 K−1 to 8 × 10−4 K−1 have been reported50,51 for
the glassy state (<373 K). Hence, we only exploit the linearity
of f PS in temperature and adjust the slope until glycerol
frequencies at high temperature from FBS overlap with those
from quasi-static BLS, while the known Ti controls the oﬀset.
The result can be seen in Figure 2c, where quasi-static BLS
data points (upright pink crosses) reported in the temperature
scale provided by the top x-axis with α = 3.6 × 10−4 K−1 (see
next paragraph for bottom x-axis) achieve coincidence on the
heating cycle at least (f 0 = 15.8 GHz). Horizontal error bars

while the sample is pressed against the stage body by the
spring-force of an L-shaped handle with magnetic base.
Thermal contact is assured by a Panasonic pyrolitic graphite
sheet, and air/nitrogen are blown across both front and back
windows to prevent condensation.
Two systems are investigated, pure glycerol and an aqueous
mixture (50 wt %). For both, the sample consists in a drop of
liquid sandwiched between two coverslips, separated by 2 μm
ultrathin aluminum spacer foil (Alfa Aesar). For the aqueous
mixture, the 1550 nm laser can heat the system under study
directly, due to the proximity of its wavelength to the 1480 nm
water absorption peak. For pure glycerol, absorption is low, so
an additional ∼2 μm polystyrene (molecular weight MW =
200 kDa) thin ﬁlm is spin-cast38,39 from toluene solution to
which a broadband infrared dye (Epolight 1125) has been
added at less than 1 wt %. Also, for conﬁning pure glycerol in
the sample cell, the coverslips are preheated, which reduces
glycerol viscosity and makes it easier to achieve the target
thickness.40 For both systems, overnight vacuum drying at 100
°C is used to remove any excess water prior to sample
assembly; for the mixture, Milli-Q water is then readded to
achieve the desired concentration. Finally, the stage is ﬂooded
with nitrogen atmosphere and the samples are cooled down to
Ti = 123 K at the maximum rate of 30 K/min permitted by the
cryostat. For the aqueous mixture, Ti = 88 K was also
examined.
Back scattering geometry, where incident and scattered light
pass through a single objective (Nikon CFI T Plan Epi SLWD
50×), is used for the probe laser, polarizer orientations (see
Figure 1) being the same in both paths. The Linkam stage is
orientated at 15° to avoid sending the reﬂection from the
sample toward the spectrometer entrance; this reduces laser
noise and thereby obviates the need for a cleanup ﬁlter (e.g.,
JRS TCF-1). FSRs were set to 25 and 40 GHz for pure and
aqueous (50 wt %) glycerol systems, respectively. In the
absence of an infrared objective,41 the 1550 nm laser is focused
normally through the Linkam front window (working distance
<5 mm) by a separate aspheric lens with f = 7.5 mm (Thorlabs
A375TM-C). In order to ﬁnd the probe focus, the heating laser
is scanned over the sample surface and the spectrum observed
in real-time until the optimal position is reached. The chopper
frequency is then set between 100 and 500 Hz with a view to
maximizing the transient temperature rise contribution to the
cycle, and the acquisition is run for some 3−6 h. Checks for
any stability issues (alignment, cryostat failure, etc.) are
conducted both during the experiment and on the ﬁnal data
ﬁle.

■

RESULTS AND DISCUSSION
Comparison data from quasi-static BLS is only available for the
higher viscosity system i.e. pure glycerol, which is hence the
starting point for demonstrating FBS feasibility. The timeevolution of the Brillouin frequency-shift of glycerol (Figure
2a, with heating at 100 Hz chopper frequency and 25% duty
cycle) is the basic quantity in FBS for deducing the
temperature-dependent phonon frequency (and, hence, Tg).
Considering ﬁlm dimensions (∼2 μm) Brillouin scattering
occurs from phonon modes of the bulk material, here
associated with the longitudinal sound velocity; for thinner
supported ﬁlms, multiple reﬂections from surface and interface
can form standing acoustic waves and the BLS spectrum
consists of several interference controlled peaks.42 Similar to
conventional BLS at ﬁxed temperature, the reported frequency
534
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Figure 3. Representative FBS data for aqueous (50 wt %) glycerol: (a) time-evolution of the phonon frequency f(t), for both Ti = 88 (blue, 100
Hz) and 123 K (red, 250 Hz), obtained from the Lorentzian representation of the BLS spectra; inset: selected spectra (Ti = 88 K), sampled on the
heating cycle (Δt = 0.02 ms); (b) time-evolution of temperatures deduced from integrated detector counts I(t), for both the glass substrate
according to (I/Ii) × Ti (in green) and the glycerol/water mixture according to the formula on the left-hand y-axis (in blue and red), with ΔT(Ti)
for the latter matched to glass substrate temperatures; (c) frequency-shift f(T) of glycerol/water mixture against temperature, calibrated using
temperatures from (b), for Ti = 88 K (blue) and Ti = 123 K (red); reasonable agreement with quasi-static BLS points (crosses) above the melting
point, but somewhat low Tg = 161 K (upper right inset, showing Ti = 123 K case) are found; (d) similar to (c), but showing line width Δf on the yaxis, with the inset illustrating how direction of incident light (thick green line) is randomized (and, hence, line width broadened) through
scattering by ice nanocrystals.

are large, but the Tg “kink” is clearly in evidence and leads to a
value of Tg = 191 K (inset to Figure 2c). While in good
agreement with Tg = 187 K from quasi-static BLS,17 the Tg
upshift at high scan rate seems too low considering the large
frequency diﬀerence between the quenched and nonquenched
glasses measured by FBS and quasi-static BLS respectively. The
lower sound velocity for the former is due to less dense
packing (larger fraction of free volume),52 a circumstance
conﬁrmed by previous22 BLS studies of time-dependent
material response to a shallow (2−5 K) temperature step.
Time-evolution in these cases, however, occurred over several
hours, while entirely diﬀerent time-scales are accessed by FBS.
Other than frequency-shift, tracking intensity of light
scattered by an acoustic phonon can be a means of
temperature calibration.48 Due to linearity in kBT, intensity
can be expected to show much higher temperature sensitivity
than the ∼10% increase observed in Figure 2b for f PS.
Moreover, while for the latter only f i = f(Ti) is known due to
large uncertainty on α, for intensity we can conveniently
assume I(T = 0 K) = 0, in addition to Ii = I(t0) = I(Ti); hence,
T ≈ I(t) × (Ti/Ii), meaning that not only relative but also

absolute temperature information is gained. On the other
hand, intensity also depends on density ρ and isothermal
compressibility, both of which are potentially functions of
temperature. For the PS ﬁlm at least (as, e.g., for silica glass48),
high linearity can be assumed, and it is accordingly interesting
to compare peak area from the Lorentzian representation (red
broken line in Figure 2b), which corresponds to intensity
IPS(t), with frequency-shift evolution. On the heating cycle,
there is good agreement for lower temperatures, whereas a
rapid drop-oﬀ not mirrored by the frequency-shift is in
evidence for the quench. The reason may be the more
homogeneous temperature distribution during heating, since
the laser heats dye distributed throughout the depth of the
polystyrene, and heat does not have to diﬀuse ﬁrst through the
ﬁlm. Using typical thermal diﬀusivity values of D ∼ 10−7 m2/
s,53 we would however not expect the relevant diﬀusion time
scales following formula w2/4D to much exceed the chosen
histogram time-bin width (∼10 μs), for ﬁlm thickness w = 2
μm at least. Finally, identifying frequency shift with I/Ii (righthand axis of Figure 2b) translated to temperature as above,
another estimate for α = 4.4 × 10−4 K−1 (f 0 = 16.0 GHz) can
535
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temperatures Ti = 88 and 123 K set on the cryostat. With
oﬀsets ﬁxed by the two known Ti, we can then expect the two
curves to coincide at high temperatures, for correctly calibrated
slopes.
Figure 3a shows the time-evolution of the Brillouin
frequency-shift f(t) for the glycerol/water (50 wt %) mixture,
considering both initial temperatures. Chopper frequency
(Figure 3a,b) was slightly increased for the FBS run at Ti =
123 K, in order to allow for higher resolution sampling.
Representative spectra (heating cycle for Ti = 88 K) are shown
in the inset and represented by a single Lorentzian line (in
view of broad spectra at intermediate times, to be discussed
further below, a double Lorentzian ﬁt was also attempted but
not found to more consistently capture the shape deformation,
which might additionally be inﬂuenced by Mie scattering); the
glass substrate phonon at frequencies higher than 30 GHz was
excluded from the ﬁt. Time-evolution of integrated counts
from aqueous glycerol I(t), intended for use as the timeresolved temperature probe, is shown (blue and red lines) in
Figure 3b, and compared with results from the reference peak
(green lines). The latter is now provided by the glass substrate
integrated counts (peak above 30 GHz) rather than the PS ﬁt,
but its density ρ and compressibility can be expected to be at
least as constant with temperature as for the glassy polymer.
Shape-wise and for Ti = 88 K, there is good agreement; for Ti =
123 K, glass substrate ﬁnal temperature Tf seems too close to
Tf of the Ti = 88 K case considering 35 K diﬀerence in their Ti,
but temperatures from aqueous glycerol overestimate Tf, far
from Tg. In contrast to what we did for Figure 2b, however,
this comparison only concerns normalized values I/Ii for the
glass substrate, to which the two temperature rise values ΔT =
Tf − Ti for the aqueous glycerol curves are then matched.
Though ΔT(Ti = 88 K) = 227 K, but ΔT(Ti = 123 K) ∼ 260
K, which might be, for example, due to temperature-dependent
absorption at 1550 nm or transmission at 532 nm, lowtemperature behavior is reasonably robust to uncertainties on
Tf. Thus, convincing agreement in the vicinity of Tg is obtained
in spite of the large uncertainties of density ρ and sound
velocity further out. Considering only the heating cycle,
elimination of the time-variable thus leads to traces of phonon
frequency against temperature f(T) for the two Ti, as in Figure
3c. As stated above, spatial microheterogeneity renders any
comparison with quasi-static BLS dubitable even where data
points for the latter (crosses in Figure 3c) pertain to
temperatures above the melting point of ice. Nevertheless,
conﬁrmation of the technique can be obtained by comparing
the curves from two diﬀerent Ti. At high temperature, the two
ΔT chosen above produce convincing correspondence, while
at low temperatures, behavior is clearly diﬀerent regarding
slope, even though they intersect near the same Tg (inset to
Figure 3c). Along with the bumpiness of the f(T) curve for Ti
= 88 K in the sub-Tg region, this might hint at the existence of
a kinetic process allowing for structural changes even in the
glassy state, as reported57 for phase change materials, likewise a
class of systems with high crystallization rates. Another
hypothesis might be that heating to lower Tf for Ti = 88 K
allows a greater fraction of ice to remain, resulting in lower
plasticization by water.
More numerically, from Figure 3c, below Tg, we ﬁnd slopes
α = 2.1 × 10−3 K−1 and 2.7 × 10−3 K−1 for Ti = 88 and 123 K,
respectively; above Tg, the slope is 3.9 × 10−3 K−1 for both.
While this seems huge compared to glassy pure glycerol (α =
2.8 × 10−4 K−1 in Figure 2d) or, for example, PS slopes as

be obtained, corresponding to the bottom x-axis in Figure 2c.
This value, however, seems to underestimate the glycerol
temperature rise, since quasi-static BLS data points (tilted
crosses in Figure 2c) lie too far right of the FBS curve, and the
corresponding Tg = 178 K is somewhat low.
While temperature-calibration based on PS intensity has got
a solid methodological foundation, the signal is rather noisy,
presumably due to diﬃculties with the Lorentzian ﬁt upon
growing proximity of PS and glycerol phonons (Figure 2a).
Hence, it is interesting to see if summing detector counts at
each time instant can replace the need for the Lorentzian. For
the sake of simplicity, we do not distinguish intensities of
glycerol and PS, but integrate over both, heuristically
neglecting any potentially nonlinear behavior of the former
in temperature. The result is shown as a solid blue line in
Figure 2b: On the heating ﬂank, detector counts I(t) match the
PS reference intensity IPS(t) surprisingly well, though again
there are deviations on the cooling cycle. In contrast to what
we saw for f PS(t) (Figure 2c), this good correspondence
concerns not only shape, but also dimensionless I/Ii values
reported on the right-hand axis of Figure 2c. Trivially, a
temperature estimate is then obtained from (I/Ii) × Ti and
leads to the bottom x-axis calibration in Figure 2d.
Alternatively, and as before, we can also impose agreement
with quasi-static BLS data (crosses) of glycerol for higher
temperatures, which leads to the top x-axis calibration (tilted
crosses refer to bottom x-axis, upright crosses to top x-axis).
For the latter, there is clearly a zone of good agreement close
to Tg, though further out, the detector count calibration
method seems to overestimate temperatures (again, only the
heating cycle is considered). A reason might be overall change
in sample optical properties that aﬀect scattered light
transmission. From the zone of good agreement, our Tg
estimate is Tg = 200 K, which is higher than the literature
value (Tg = 187 K as above) for quasi-static BLS, but
compatible with the expected inﬂuence of quench rate due the
low fragility54 of glycerol (Tg = 185 K from the bottom x-axis
in Figure 2d).
The pure glycerol case is useful for demonstrating FBS
feasibility and to establish the procedure of temperature
calibration. More interesting, however, is the case of the
aqueous glycerol solution (50 wt %, equivalently 15 mol % or
5.5 M), which cannot be measured at low temperature by
conventional BLS. This is a widely studied55,56 but not trivial
system. Indeed, a particular diﬃculty often arises from spatial
heterogeneity in glycerol distribution,31 control of which was
outside the scope of the present experiment. The procedure is
similar to that for the pure glycerol, with two adaptations: First,
to obviate need for the double Lorenztian, the PS ﬁlm is
removed, since the 1550 nm laser can now heat the system
under study directly. In order to have a reference against which
to check that aqueous glycerol solution intensity still gives a
good calibration variable, the FSR is widened to 40 GHz. This
allows for the glass substrate longitudinal phonon to be
observed, which replaces PS as intensity-based reference
thermometer. Second, due to spatial heterogeneity, high
temperature results from quasi-static BLS (which, involving
the liquid state, present a spatial average) can no longer be
expected to necessarily correspond with those from FBS.
However, as we have seen (crosses in Figure 2d), absolute
temperatures from (I/Ii) × Ti are not always reliable, so a
means of counterchecking is desirable. To this end, the same
measurement is run twice in a row, with two diﬀerent initial
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above, from ultrasonic data58 we graphically estimate a slope of
∼2 × 10−3 K−1 for 68 mol %, above Tg (though ultrasonic
behavior can be expected59 to slightly deviate from hypersonic). This large disparity expressed in the values of α reﬂects
the diﬀerent H-bonded structures of the two systems.
Alternatively, it might relate to plasticization eﬀects also
observed in diblock copolymers.60 A greater cause of concern
is the Tg value obtained: The “kink” (inset to Figure 3c) is
around 161 K, but literature indicates a value of 170 K,61,56,62
which should be independent of concentration for less than 60
wt % solutions. One possible origin might be to suppose that
part of the water was able to crystallize out, leaving behind a
higher concentration glycerol solution (e.g., the MFCS).
Indeed, the quench rate of 30 K/min permitted by our
cryostat is slightly below the reported63 critical cooling rate for
50 wt % solution. This explanation could account for values Tg
∼ 160 K. Alternatively, the reason could simply be poor ﬁt
quality (larger error bars above Tg in Figure 3c) of the single
Lorentzian model for some of the spectra (inset of Figure 3a),
probably due to residual ice, which causes ill-deﬁned laser
incidence direction (inset of Figure 3d), as well as additional
acoustic losses. Ice formation is somewhat surprising for 50 wt
% glycerol because critical heating rate at this concentration is
said to be around 103 K/s,63 while our rates exceed 105 K/s.
However, its presence is conﬁrmed by a small high frequency
shoulder around ∼20 GHz, which remains immobile and
emerges from the much stronger main peak at high
temperatures (in the intermediate region, it is not clearly
resolved, whence preference of the single over the double
Lorentzian ﬁt). This frequency range is consistent with
reported64 low-temperature sound velocities of ∼4000 m/s
for hexagonal ice crystals with sizes exceeding the eﬀective
medium phonon wavelength (∼180 nm). In this case, FBS
operates as an elastic impedance contrast based imaging
technique with submicrometer spatial resolution.65 In part,
however, this hypothesis on ice-crystal formation is also
corroborated by the proximity to Tg of the hypersonic loss
maximum (Figure 3d) seen at 200 K. The latter should not be
confused with the typical structural relaxation driven loss peak,
which would be expected around 250 K based on dielectric
data.66,56 Other than scattering laser light (inset of Figure 3d),
ice crystals increase hypersonic attenuation in analogy to what
has been reported67 for concentrated colloid dispersions. This
circumstance can possibly have a detrimental knock-on eﬀect
on axial spatial resolution at least, coupled to phonon lifetime
as we just mentioned.68 Above Tg but below the freezing point
of water, the initially huge line width decreases again, maybe
because of nanocrystal disappearance enabled by their
depressed melting point at small size.69 Otherwise, the
nanocrystals might belong to a metastable ice precursor
phase reported70,71 for this temperature range. The resemblance of the step-like Δf shape (Figure 3d) to the f(T) curve
between 100 and 125 K corroborates the notion of the
presence of suﬃcient ice nanocrystals that can increase the
hypersonic attenuation. The second increase of Δf above 150
K marks the glass transition temperature, sensed here via a
change of the dynamic viscosity η at Tg following Δf ∼ η/ρ.
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probing. Proof-of-principle was accomplished by comparing
results on pure glycerol with data from quasi-static Brillouin
scattering. Temperature calibration was recognized to be the
main challenge, but an easy if possibly not universally
applicable method, based on integrating detector counts and
exploiting the glass substrate as reference, was found to give
credible results. Turning toward its aqueous mixture (50 wt
%), feasibility of FBS could thus be proven notwithstanding
various system-speciﬁc issues, to be attributed probably to its
spatial heterogeneity and imprecise control. However, in the
practical context where glycerol/water is often studied, namely,
cryopreservation of biological material by vitriﬁcation, our
Brillouin-spectroscopy based “ﬂash Tg” method would likely be
integrated into a Raman confocal microscope,31 as already in
use in the discipline. In this conﬁguration, Raman data would
allow for precise concentration knowledge and oﬀer various
additional thermometry options. On the Brillouin front as well,
however, we hope that the present study will spur improvements in temperature-sensing capabilities, for example, by
identifying materials with high frequency-shift diﬀerentials.
Also, the main drawback of the current experiment with a
Fabry−Perot interferometer (FPI) are very long acquisition
times, incompatible with any potential imaging applications.
Though in part to blame on FPI-parameters such as detector
choice,29 a factor of at least 50 could be gained72 if a prismtype (“Virtually Imaged Phased Array”) spectrometer could be
employed.26 By minimizing laser ﬂash exposure duration, the
latter strategy would also allow for exploring systems where
high scan rates can lead to photomechanical ablation, not an
issue in the present study, but a concern with, e.g., polymer
thin ﬁlms.49 Considering its out-of-the-box high temporal
resolution and otherwise excellent performance, FPI-based
FBS is however likely to remain the reference solution for the
foreseeable future.
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