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Depletion of two-level systems in highly stable
glasses with different molecular ordering

Manuel Moratalla® 2, Marta Rodriguez-Lépez>4, Cristian Rodriguez-Tinoco® 34, Javier Rodriguez-Viejo® 34,

Rafael J. Jiménez-Riobdo® > & Miguel A. Ramos@® 2>

Recent findings of structural glasses with extremely high kinetic and thermodynamic stability
have attracted much attention. The question has been raised as to whether the well-known,
low-temperature “glassy anomalies” (attributed to the presence of two-level systems [TLS]
and the "boson peak”) persist or not in these ultrastable glasses of much lower configura-
tional entropy. To resolve previous contradictory results, we study a particular type of
ultrastable glass, TPD, which can be prepared by physical vapor deposition in a highly-stable
state with different degrees of layering and molecular orientation, and also as a conventional
glass and in crystalline state. After a thorough characterization of the different samples
prepared, we have measured their specific heat down to 0.4 K. Whereas the conventional
glass exhibits the typical glassy behaviour and the crystal the expected Debye cubic
dependence at very low temperatures, a strong depletion of the TLS contribution is found in
both kinds of ultrastable glass, regardless of their layering and molecular ordering.
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nomenon of the glass transition (the solidification of a

liquid without crystallization) and many of the physical
properties of glasses continue to be the subject of controversy and
lively discussions!~14.

Glasses are liquids that have been supercooled out of ther-
modynamic equilibrium, avoiding crystallization. The glass
transition in the laboratory is a kinetic transition. However, when
thermodynamic magnitudes are measured, the glass transition
looks like a second-order phase transition, with finite dis-
continuities in second derivatives of the Gibbs free energy, such as
the specific heat. Hence, in contrast to the first-order divergence
for the melting of a crystal, glass transitions are typically observed
as a jump in heat capacity with a small overshoot depending on
the employed heating rate. Nonetheless, there are complicated
unsolved questions related to this apparent phase transition. For
instance, if one cools the liquid at a slower rate, the deviation
from the equilibrium curve occurs at a lower glass-transition
temperature T,. This is a serious problem to consider it a proper
phase transition temperature. Furthermore, since the glass is in a
non-equilibrium state, it exhibits time-dependent relaxation. So,
by isothermal annealing of a glass below T, (or simply by aging at
room temperature), the thermodynamic magnitudes can be
relaxed to lower, more stable values.

There is not a unique, widely accepted theory of the glass
transition. The essential reason of the problem is probably that
the glass transition is a complex combination of kinetics and
thermodynamics. There is, nevertheless, a very useful framework
often employed for interpreting the complex phenomenology of
glasses and supercooled liquids: the potential-energy landscape
(PEL)!>16 illustrated, for instance, in Fig. 3 of ref. 7. In brief, the
PEL is a schematic topographic view of the potential-energy
hypersurface of any glass-forming material. It is plenty of local
minima and saddle points for thermal energies below the melting
point (T,,) of the crystalline state, which is associated with the
absolute energy minimum. Much has been speculated about the
existence of an “ideal glass” which should correspond to the best
and most stable possible glass achievable, associated with the
lowest relative minimum, of course still above the energy of the
crystalline absolute minimum. Moreover, this "ideal glass" may
well correspond to the limiting case of zero configurational
entropy of a liquid eventually supercooled down to the Kauz-
mann temperature!$, where an underlying thermodynamic phase
transition might occur.

Besides the abovementioned supercooled-liquid to glass-state
transition and related relaxational effects at higher temperatures,
also in the solid state at very low temperatures the situation is
complex and not well understood. It is well likely that the origin
of such complexity is that most of the “anomalous” glassy features
are interrelated. Among the particular physical properties of non-
crystalline solids, one of the most conspicuous issues is that of the
low-temperature properties of glasses (comprising thermal,
vibrational, acoustic or dielectric properties), unexpectedly very
different from those found in their crystalline counterparts, and at
the same time very similar among themselves. For instance, the
specific heat at the lowest temperatures is dominated by a linear
term ascribed to the existence of tunneling states or two-level
systems (TLS) in glasses, whereas the thermal conductivity
exhibits a quadratic T> dependence, followed by a plateau, both
behaviors clearly deviating from the Debye theory fulfilled by
crystalline solids!»14. Most of these properties are independent of
the type of substance or its chemical bonding, hence the usual
reference to “universal properties of glasses”’21419  These
“anomalies” were initially only ascribed to structural glasses, i.e.,
amorphous solids, but soon other materials such as mixed crystals
or orientationally-disordered crystals (often also named as

Q fter more than one century of intense research, the phe-

“orientational glasses”), and even many other more or less dis-
ordered crystals, were found to exhibit this ubiquitous and
striking “glassy behavior” at low temperatures!.

Since the 1970’s, many experiments were devoted to investi-
gating whether those low-temperature anomalous excitations
would gradually decrease or even disappear, when decreasing
enthalpy and entropy of the glass by means of typical annealing
or aging stabilization processes. Due to the obvious limitations of
time (many millions of years are expected to be necessary to
stabilize a glass with minimal entropy), the obtained results from
those modest thermal treatments were usually unclear or even
contradictory.

Nevertheless, highly-stable glasses have recently been identified
or prepared, raising interest and hope of successfully addressing
these issues. Previous works on amorphous silicon films
reported? an absence of the glassy features at low temperatures
mentioned above, that were later shown to be dependent on
deposition conditions?122.  Furthermore, ultrastable glasses
obtained by physical vapor deposition (PVD) of typically organic
molecular substances, by employing particular deposition rates
(~0.1 nm/s) and temperatures (=0.85 T,), were demonstrated to
exhibit extremely high thermodynamic and kinetic
stability!723-26, Then, specific-heat measurements of ultrastable
indomethacin (IMC) glasses prepared by PVD were published??,
where the linear term attributed to TLS was completely sup-
pressed in samples deposited under high stability conditions,
while a usual linear term was observed for samples of the same
material with ordinary deposition conditions. This behavior has
been recently supported by swap Monte Carlo computer simu-
lations, which have found a depletion of the TLS in computer
glasses with increasing stability2%2°, Nonetheless, the very nature
of computer glasses is not straightforwardly related to that of real
structural glasses.

It should be noted, however, that there is a notable exception
to this behavior in highly stable glasses. A significant linear
coefficient on the specific heat at the lowest temperatures,
ascribed to the “universal” presence of TLS in glasses, was found
to persist invariant in geologically hyperaged glasses of amber (a
typical polymer glass)39-32, when comparing the pristine sam-
ples (up to 110 My aged) to the rejuvenated samples. One
possible difference to take into account between standard glasses
and PVD glasses is that the former are essentially homogeneous
and isotropic, whereas the latter typically exhibit anisotropic
packing and layered structures33-36 that can play a role in dif-
ferent properties3’~42. In fact, the anisotropy of IMC ultrastable
glasses was argued in ref. 27 as a possible origin of the sup-
pression of TLS in opposition to the case of highly-stable amber
glasses.

Beyond the fundamental interest of this topic in condensed
matter physics, the presence and behavior of TLS in disordered
solids have recently been found most relevant for quantum
technological applications, such as superconducting qubits for
quantum computation or gravitation wave detectors*3-47. Speci-
fically, the major source of noise and decoherence in super-
conducting circuits typically made from aluminum or niobium,
comes from the losses generated by these TLS or atomic tun-
neling excitations within the amorphous oxide layers
encasing them.

Therefore, the natural conclusion is that more experiments on
this matter are needed, mainly where the issue of anisotropy or
any other variable deemed relevant could be controlled inde-
pendently. To shed light on this issue, we have identified a sub-
stance, namely N,N—bis(3-methylphenyl) N,N-bis(phenyl)-
benzidine (TPD), an organic molecular solid, where various
relevant parameters can be tuned separately. Besides, it presents a
very convenient T, slightly above room temperature$4,
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Results and discussion

As described in Methods more in detail, we have studied TPD
glasses grown by PVD in three different conditions: anisotropic
glass with the highest stability (deposited at 285 K); isotropic glass
but also with high stability (deposited at 300 K); and isotropic,
conventional glass (deposited at T, =333 K). Control samples
grown simultaneously with the ones for low-temperature mea-
surements were characterized by Differential scanning calori-
metry (DSC), X-ray diffraction (XRD), ultraviolet/visible (UV/
Vis) spectroscopy and high-resolution Brillouin spectroscopy
(HRBS).

Differential scanning calorimetry. Figure 1 shows the calori-
metric scans obtained at 10 K/min from the two most stable
samples, deposited at 285K (0.85T;) and 300K (0.9 Ty),
respectively. The small difference in the onset of devitrification
(built by intersection of the dashed lines as shown) of the sample
grown at 0.9 T, (Ton = 360 K) with respect to the one grown at
0.85 Ty (Ton = 363.3 K) indicates its slightly lower kinetic stabi-
lity. The left wing of the devitrification peak of the 285 K sample
is caused by the front transformation initiating at the many
surfaces that emerge from cracking when the Al foil is wrapped to
fit it in the Al pan. This is more evident in the more stable glass
due to its retarded bulk glass transition temperature. The
respective second upscans, measured after the previous heating to
380K and immediate cooling down at —10K/min, are also
shown, which correspond to the conventional glass state, where
the devitrification onset T, shifts down about 30 K and the big
overshoot due to the huge enthalpy release characterizing stable
glasses has disappeared, as expected.

X-ray diffraction. The glassy nature of the sample and the pre-
sence of layering was investigated by Wide angle X-ray Scattering
(WAXS) as shown in Fig. 2. The most remarkable feature of the
XRD spectra is the difference in the intensity and position of the
low-angle peak (vertical dotted blue lines) located at around
20 = 5—6° from samples grown at 285 and 300 K. This peak has
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o)
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Fig. 1 Differential Scanning Calorimetry. DSC curves for stable glasses
deposited at 0.85 T, (black lines) and 0.9 T, (red lines), where Ty is the
glass transition temperature. Both first upscans at 10 K/min up to 380 K
—exposing the thermodynamic history of the stable glass— and second
upscans —after the sample has transformed into the conventional glass by
cooling the liquid at —10 K/min— are depicted. The corresponding
devitrification temperatures T,, of each case (assessing the degree of
kinetic stability) are graphically shown.

been related to the existence of layering in the z direction®®. The
sample grown at 0.9 T, has the peak maximum at 26 = 5.340°
which accounts for an average vertical distance of 16.55 A, while
the sample grown at 0.85 T, has the maximum at 6.15° which
translates into 14.35 A of Vertlcal separation. The low-angle fea-
ture of the former Ty, = 300 K sample is also more intense which
may be indicative of stronger layering in this sample. We note
that the conventional glass exhibits a similar diffraction pattern to
that of the sample grown at 285K (0.85 T) in terms of intensity,
with the lowest angle peak maximum at 20 =5.340°. This is
indicative of a similar level of layering as the most stable glass.

Ultraviolet/visible spectroscopy. For TPD, two main electronic
transitions can be observed in the UV-Vis spectra, at 355nm
(3.50eV) and 315nm (3.95eV), as shown in Fig. 3a. The lower
energetic transition is associated to the HOMO-LUMO transi-
tion. The HOMO state of the molecule is electronically dis-
tributed along the molecule, having contributions from the
amines, the biphenyl core and the C rings at the peripheral ends
of the molecule. The LUMO of this low energetic transition is
heavily centered on the biphenyl core, implying that the transi-
tion dipole moment of the molecule will be oriented along the
long axis of the molecule. On the other hand, the higher energetic
transition comprises two almost degenerated transitions, arising
from HOMO-(LUMO + 2) and HOMO-(LUMO + 3). In this
case, (LUMO + 2) and (LUMO + 3) are electronically localized at
the peripheral C rings of the molecule. This transition has two
different associated transition dipole moments, both oriented in
the perpendicular plane of the long axis and having opposite
directions®1>2. For this reason, the intensity of this transition at
355 nm (3.50 eV) is used to determine the molecular orientation
of the molecule in comparison to an isotropic sample. The
absorption of this electronic transition is associated to the degree
of horizontal orientation of the molecules with respect to the
substrate.

We use the order parameter, S,, to quantify the degree of
orientation of the molecules®>->°. S, is generally derived from the
angle between the transition dipole moment and the surface
normal, 0, but can be simplified to a simple fraction between

Intensity (a.u.)

0‘5“.10‘15.‘20125.30
2Theta (°)

Fig. 2 Diffraction patterns for conventional and ultrastable glasses.
Wide-angle XRD spectra for the two stable glasses with the corresponding
deposition temperatures indicated in the legend and the one of the
conventional glass (CG) deposited at Ty = 333 K. Blue dotted lines mark the
positions of the main diffraction peaks.
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Fig. 3 Order parameter S, from UV/Vis spectra. a Ultraviolet/Visible spectra for glasses grown at different deposition temperatures as indicated in the
legend. See Sample preparation in Methods for more details. b Solid black squares (left scale): S, obtained from UV/Vis spectra of samples grown at
temperatures spanning 235 to 333 K. Open black squares: S, values measured by ellipsometry in refs. 5055, Solid red squares (right scale): devitrification
onset temperature (T,,,) measured by calorimetry on TPD glasses grown at different deposition temperatures. Solid stars correspond to samples obtained
by cooling from the liquid state. Dashed lines are guides to the eye. The uncertainty in the S, value is obtained from the standard deviation of three
absorption measures per each deposition temperature, after error propagation of the maximum absorption value in the UV-Vis spectra.

absorbances®®:
3(cos*8) — 1 A
, = < > — SZ = _—— (1)
Aiso
where A is the absorption of the deposited film and A, is the

absorption of a film that has exactly the same number of
molecules as the original one, but randomly oriented. This is
obtained after annealing the vapor deposited film during 30s at
350K (Tg+27K) in Ar atmosphere. A value of S,=-0.5
corresponds to a transition dipole moment of the molecule
aligned parallel to the substrate, then indicating horizontal
orientation of the molecule; S,=0 means that the molecules
are randomly oriented, and S, =1 that molecules are preferen-
tially aligned with the long axis perpendicular to the substrate.

According to Fig. 3b the sample grown at the lowest
temperature has an order parameter S, (UV/Vis) of —0.029
while for the one grown at 0.9 T is —0.002. This indicates that
the sample grown at 0.85 T, has on average a slightly larger face-
on orientation with molecules lying with their long axis parallel to
the substrate compared to the sample deposited at 300 K that is
much more isotropic, as also shown from HRBS experiments in
Supplementary Fig. 2a. These results are slightly lower but
compatible with previous ellipsometry (open squares in Fig. 3b)
and Grazing-Incidence Wide-Angle X-ray Scattering measure-
ments on TPD or closely related organic semiconductor
molecules>®>3.

Overall, the thermokinetic and structural investigation of the
two stable samples leads to the following conclusions: samples
grown at 0.85 T, have slightly larger thermodynamic and kinetic
stability, lower layering (similar to the conventional glass) but
more molecular anisotropy towards face-on orientation with
respect to the sample grown at Ty, = 300K (0.9 Ty), which is
essentially isotropic, as depicted in Fig. 3b.

Sound velocity. In Fig. 4, longitudinal (vi) and transverse (vr)
sound velocity for the three different glasses, determined from
HRBS measurements down to low temperatures, are presented.
As usual, transverse sound waves give much weaker Brillouin
peaks with lower frequency shifts, thereby resulting in more
scattered data points than for longitudinal sound waves. Data
obtained from both cooling and heating runs (same symbols with

slightly different colors) are depicted together, showing good
reproducibility.

It is important to stress at this point that HRBS measurements
do not average in all three directions of the sample as calorimetric
methods do. HRBS measures the elastic properties in the
direction of the acoustic wave vector (see Supplementary Fig. 1).
If the sample under study is really isotropic, as usually canonical
glasses are, this difference in averaging will become irrelevant, but
if the sample is anisotropic, then discrepancies can arise, because
the averaging is different. Therefore, the absolute values for the
different samples in Fig. 4, especially for the more anisotropic
glass (0.85 Tg), must be taken with caution.

The testing of the elastic isotropy in the sample/substrate plane
of a TPD sample grown at 300K is shown in Supplementary
Fig. 2a. It is to see that there is no relevant indication of
anisotropy in the longitudinal phonon, the data show random
dispersion about f 1104 =7.859 +0.013 GHz. The acoustic wave
vector performed a circular path in the plane with 10° steps. The
2aA scattering geometry was used, with a scattering angle of 55°
(20 =110°). Supplementary Fig. 2b shows the film TPD sample
with the schematics of the different directions of the g2%A in the
sample/substrate plane.

Not surprisingly, the most stable glass (the rather anisotropic
ultrastable glass deposited at 0.85 T,;) exhibits the hardest elastic
constants, i.e., the highest sound velocities, whereas the conven-
tional glass (the one deposited at T) has the lower. Interestingly,
the intermediate glass grown at 300 K (0.9 T) behaves closer to
the latter than to the former. It seems, therefore, that the
molecular orientation in the structural network plays a more
leading role to determine the sound velocity than the degree of
stability>3. This finding will be supported by the specific heat data
to be discussed below.

Low-temperature specific heat. Specific-heat C, data, obtained
after low-temperature measurements of the heat capacity
employing the thermal-relaxation method and carefully sub-
tracting the contribution of the addenda (see Methods), are
presented in Figs. 5—7. We have measured the specific heat for
three different glasses grown as thin films on 1cm? sapphire
substrates, following the procedure detailed in Methods. In every
case, three twin samples were put together on the calorimetric cell
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Fig. 4 Longitudinal and transverse sound velocities. Sound velocity as a
function of temperature for the differently prepared glasses, as indicated in
the legend: a longitudinal sound velocity v;; b transverse sound velocity vr.
In the case of the conventional glass the darker symbols represent a cooling
run and the less dark ones represent a heating run. In the case of the
anisotropic ultrastable glasses (USG), both symbols (darker and less dark
ones) represent two different cooling runs. It is to be stressed that data in
anisotropic glasses refers only to the sound velocity measured in the
direction of the acoustic vector (see the Sound velocity subsection for more
details). Errors associated with the data points are calculated from the
frequency error values obtained from the non-linear fits to the peaks in the
Brillouin spectra and are below 1% for v, and about 2.5% for vy, making
them smaller than the symbols in the plot.

to triplicate the sample mass and improve the sensitivity of the
measurement. As a useful reference, the material in crystalline
state, in powder as received, was measured too. Additionally,
another crystal sample and another ultrastable glass grown at
0.85 T, had been previously measured in a higher temperature
range, employing a standard 4He cryostat (see all raw data, after
subtracting the corresponding addenda, in Supplementary Fig. 3).
As can be seen, the overlap between the net data from the two
different setups under so many different conditions is good,
further supporting the accuracy of these measurements. C, data
shown in Figs. 5—7 are therefore the result of statistically aver-
aging many experimental data points, from different experi-
mental runs. The final precision, that can be envisaged from the
data scatter in the most demanding C,/T 3 representation used in
Fig. 5, can be estimated to be better than 5%. Of course, the real
accuracy in absolute value of the specific heat data, which is
influenced by the subtracted, significant contribution of the
addenda, could be above that value, but it is a systematic error
that hardly affects the comparison among the different samples
measured.

T L |
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Fig. 5 Debye-reduced C,,/T3 specific heat. Specific heat for the three
different glasses (conventional, isotropic ultrastable glass and anisotropic
ultrastable glass) and the reference crystal of TPD (see the symbols in the
legend) plotted in a Debye-reduced C,/T 3 plot. Error associated with the
data points was calculated using one standard deviation and is of the size of
the data points.

As mentioned above, in Fig. 5 the whole of our specific-heat
data is plotted as C,/T 3 versus temperature in a log scale. This is
the well-known Debye-reduced plot, where deviations from the
expected cubic behavior for crystals at the lowest temperatures
are more easily observed and analyzed. Nevertheless, data appear
noisier than in other representations due to the T 3 factor in the
denominator.

The TPD crystal shows the expected C,~ T° Debye law, at
least below 2 K, with a shallow hump at 4 K, usually ascribed to a
van-Hove singularity for transverse acoustic phonons in crystals.
Strikingly, the rather anisotropic and most ultrastable glass
(deposited at 0.85 T,) exhibits a very similar behavior in C,
although with a =30% higher magnitude, which is attributable to
the lower elastic constants in the glass state. In particular, the
depletion of the TLS density (i.e., the absence of an upturn in C,/
T 3 at very low temperatures) confirms the previous observation
in ultrastable glasses of IMCZ?’. Oppositely, the isotropic and
ordinary glass (deposited at T,) shows the typical glassy behavior,
with a clear upturn in C,/T 3 below 1K featuring the presence of
TLS and a significant boson peak below 3 K, even better defined
than for the conventional glass of IMC?’. In addition, we have
measured the glass film deposited at 0.9 T, which corresponds to
a highly stable glass (albeit somewhat less stable than the 0.85 T,
one, see Fig. 1) but fully isotropic. This intermediate glass exhibits
a temperature dependence below 1K near to cubic, that is, the
TLS contribution is almost negligible, while above 1 K its specific
heat is very similar to that of the conventional glass. Therefore,
the degree of stability appears to control the density of TLS,
whereas the more-or-less anisotropic structure of the molecular
network seems to influence the elastic constants (see Fig. 4), and
hence the lattice dynamics and the C,,/T ? vibrational background
(see Fig. 5).

The previous analysis referred to Fig. 5 can be complemented
by means of the also usual C,/T vs T 2 plot for the data at the
lowest temperatures, as done in Fig. 6. By employing this
representation, the linear-term coefficients, if any, can be directly
determined from linear or quadratic least-squares fits>7->S,
Besides the numerical fits, whose obtained coefficients are
presented in the central column of Table 1, the linear coefficient
C,, is visualized as the intercept of C,/T curves with the ordinate
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Fig. 6 Linear contributions to the specific heat. Specific-heat data below
2 K for the three different glasses and the reference crystal of TPD (see the
symbols in the legend) in a C,/T vs T 2 plot. Dashed lines show the
corresponding least-squares fits: quadratic, below 2 K for the glasses; linear,
below 1K for the crystal. Error associated with the data points was
calculated using one standard deviation and is of the size of the data points.

Table 1 Linear coefficients of the specific heat from the fits.

Cris (n/; g'Kz)
TOTAL FIT (i)

Sample

EXCESS FIT (ii)

Conventional glass (Tg) 8.0£1.0 6.2+0.5
Isotropic stable glass 1.5+0.8 1.4£03
(0.90Ty)

Anisotropic stable glass 05x0.7 -03+03
(0.85Ty)

Crystal 0 0

Linear coefficients of the specific-heat determined from: (i) least-squares quadratic fits of the
total curves below 2 K for the three different glasses (see dashed lines in Fig. 6); (ii) coefficients
obtained from linear fits of the “glassy excess” AC, (T) below 1.4 K (see dashed lines in Fig. 7b).

axis in Fig. 6. Only the isotropic, conventional glass has a
significant linear coefficient, ascribed to a typical density of TLS,
whereas the stable glasses show a clear depletion of TLS,
especially the most stable glass deposited at 0.85 T, for which
its presence is null within experimental error, as in the crystal
state.

In order to enhance and better visualize the glassy features of
the specific heat, we have subtracted the reference crystal value
from the total C,(T) of each glass sample, as depicted in Fig. 7.
The left panel (a) shows this glassy excess AC,gassy OVer the
crystal curve in the C,/T 3 plot, while the right panel (b) shows
the lowest-temperature data in a C,/T vs T 2 plot.

In Fig. 7a, we can observe the typical glassy behavior for the
conventional glass, while the anisotropic, stable glass shows a flat
excess AC glassy/ T 3 signaling a mere difference in the cubic
Debye coefficient relative to the crystal one. In the intermediate
case (the more isotropic but still stable glass at 0.9 T,), a weak
upturn in AC, glassy/ T 3 below 1K is seen, together with a “boson
peak” very similar to that of the conventional glass, both in
position and height. In Fig. 7b, the corresponding data are plotted
as ACp glassy/ T vs T 2 to scrutinize more precisely the behavior at
the lowest temperatures. The linear fits performed below 1.4 K
(dashed lines) are also shown in Table 1 (right column) and show

a good agreement with the previous ones (central column) using a
different approach.

Conclusions

In summary, we have thoroughly studied several key properties of
a glass-forming substance, TPD, where both its degree of ther-
modynamic and kinetic stability, and its degree of structural/
optical anisotropy can be dramatically varied. Specifically, we
have performed calorimetric experiments, both around the glass
transition and at low temperatures, as well as elastoacoustic and
structural characterization measurements. In particular, three
representative and clearly different glass states of TPD have been
studied, depending on the deposition temperature of the PVD
films. The glass deposited at 285 K (0.85 Ty) is anisotropic, where
the molecules are preferentially oriented parallel to the substrate,
and exhibits the strongest stabilization as indicated by a large
430K shift in the devitrification temperature T,,, compared to
the conventional glass. It also shows some layering, though less
than the other stable glass, and of the same magnitude that the
conventional glass, which implies at least that the existence of
layering is not the only reason for the different properties of the
ultrastable glass. Brillouin measurements of longitudinal and
transverse sound velocities at low temperatures show that the
most stable glass (deposited at 0.85 Ty) has the highest values
among the studied TPD glasses, and hence the lowest Debye level,
in agreement with C,/T * data at low temperature. Furthermore,
this 0.85 T, ultrastable glass lacks TLS within experimental error,
as it was also observed in the ultrastable glass of IMC?7. On the
contrary, the ordinary or conventional glass (grown at T,)
exhibited the expected glassy features, namely a linear term in the
specific heat due to the presence of TLS and a boson peak C,/T 3
slightly below 3 K.

However, the most novel finding in this work has been
obtained from preparing and studying an intermediate glass state
(the glass deposited at 0.9 Tj), which is almost as stable as the
0.85 T, one, but almost as isotropic as the conventional glass.
Interestingly, it shows a linear term in C, much smaller than that
of the conventional glass, although not strictly zero within
experimental error, what we attribute to the slightly lesser stabi-
lity than the 0.85 T, glass. In short, the density of TLS appears to
inversely correlate with the degree of stability and is independent
of the anisotropy. However, the vibrational Debye-like back-
ground of C, dominating above 1K of this isotropic/stable glass,
is very similar to that of the conventional glass, but clearly higher
than that of the anisotropic glass of 0.85 T,. Hence this vibra-
tional background around the boson peak seems to be governed
by the molecular ordering influencing the network structure,
rather than by the degree of stability, oppositely to the TLS
contribution.

Finally, it can be remarked that our better understanding of the
key variables that deplete the amount of TLS in amorphous solids
is expected to be very useful in the field of superconducting cir-
cuits and quantum technologies, which are currently much lim-
ited by the losses due to tunneling states present in the
amorphous parts employed in those devices*3-47.

Methods

Sample preparation. TPD (N,N—bis(3-methylphenyl) N,N-
bis(phenyl)-benzidine, T,;=333K and T, =440K) crystalline
powders with 99% purity were purchased from Sigma-Aldrich
and used as received. The films were thermally evaporated and
deposited at three different substrate temperatures, 285K
(0.85 Ty), 300K (0.9 Ty), and 333 K (T,), within a high vacuum
chamber with a base pressure of 1x 108 Torr. An effusion cell
filled with TPD powder was heated to achieve a deposition rate of
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to determine the corresponding linear coefficients.

0.20 £ 0.05 nm/s, as measured by a quartz crystal microbalance.
Once the substrate temperature was stabilized and the desired
growth rate attained, the shutter was removed to start depositing
onto several 1 x 1 cm? sapphire substrates (Sigma Aldrich). Films
around 50 um thick were produced to enhance the signal-to-noise
ratio in the low-temperature heat capacity measurements. After
deposition the samples were stored in vacuum for few days at a
temperature of 4 °C and shipped from Barcelona to Madrid for
the low-temperature measurements. Control samples were grown
simultaneously on aluminum substrates and checked by calori-
metry just before the low-T measurement for the determination
of the thermodynamic stability of the glass, on silicon wafers
(with native oxide) for the study of molecular layering with XRD
and on quartz substrates (from Ossila) for UV/Vis analysis
devoted to the determination of molecular orientation of the as-
grown glasses. Two of the selected deposition temperatures
(285K and 300 K) were determined with the intention to have
samples of comparable stability but different molecular orienta-
tion and layering according to previous reports!7-26:3> The third
deposition temperature (333 K) was chosen to prepare a con-
ventional glass, isotropic and much less stable than the others (see
Fig. 3b), as a reference. The sample grown at Ty, =333 K is
equivalent, from the thermodynamic (onset and fictive tem-
perature) and structural (XRD and S, parameter) points of view
to a conventional (—10 K/min) liquid-cooled glass. Additionally,
the low-temperature specific heat of the reference crystal state was
also measured.

Calorimetric characterization. DSC was carried out in a Perkin-
Elmer 7 DSC with a heating rate of 10 K/min in samples of
thickness =15 pm and total mass around 8—12 mg deposited on
Al foil. The first scan corresponds to the as-deposited state, while
the second upscan is characteristic of a sample that has been
heated up to the liquid state at 380 K and subsequently cooled
down at —10 K/min. The strong variation of the onset of devi-
trification (T,,) and the enthalpy overshoot between both vapor-
deposited and liquid-cooled glasses (see Fig. 1) is related to the
enhanced kinetic and thermodynamic stability of these ultrastable
glasses.

Structural characterization. The glassy nature of the sample and
the presence of layering was investigated by WAXS.

Measurements were carried out in an X-Pert diffractometer from
Phillips in the Bragg-Brentano configuration with Cu K, radia-
tion. The samples were scanned in Bragg-Brentano geometry
from 20 =3° to 30° with an angular step of 0.05° and time per
point of 20 s for both samples. The average molecular orientation
of the samples was inferred from the variation of the UV/Vis
spectra measured in thinner (100—200 nm thick) samples,
through the order parameter, S, calculated as reported
elsewhere®®>9, see Fig. 3. The S, value of the sample deposited
directly at Tgep = 333 K (in the liquid state) and a conventional
glass obtained from the liquid (square and star black symbols in
Fig. 3b, respectively) are both isotropic within the experimental
uncertainty. This technique provides information about the
electronic transitions in the range of ultraviolet-visible wave-
lengths. As each electronic transition has associated a transition
dipole moment, the molecular orientation of the glass may yield
variations on the intensity of the transition.

Brillouin light scattering. Temperature dependent measure-
ments of the longitudinal and transverse acoustic phonons have
been performed by means of HRBS. Due to the sample geometry
(film of about 5um on Si substrate) the scattering geometry
applied in these experiments was the 2aA scattering geometry.
Supplementary Fig. 1 shows the schematics of this scattering
geometry. The most important point is that the reflecting sub-
strate acts as a virtual light source, introducing the 2aA scattering
geometry that is confined in the sample/substrate plane®. This
scattering geometry allows the observation of the longitudinal and
transverse phonons, whereas in the pure Backscattering geometry
the transverse phonons in principle do not couple to the elec-
tromagnetic field of the incoming light.

As it is shown in Supplementary Fig. 1, the acoustic wave
vector g2%A is related to the scattering angle (2a) as:

" 47 sin(«)
= &)

0
being « the angle of incidence and Ay the laser wavelength. It is
not dependent on the refractive index of the sample. Thus, the
sound velocities are given by:

LT LT
ST — 2nf _ 7
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where f&T is the measured Brillouin frequency shift of the
longitudinal (L) or transverse (T) phonons.

Low-temperature specific heat. Heat capacity of the different
samples was measured in the temperature range 0.4—8K
employing a SHe cryostat. Some complementary measurements
for a crystal and an ultrastable glass of TPD were previously
performed in a standard 4He cryostat between 2 and 20K,
showing good agreement with the others despite so many dif-
ferent experimental conditions, as can be observed in Supple-
mentary Fig. 3, where all raw data are depicted together. In all
cases the thermal relaxation method was used?”-l, with the
samples placed on the sapphire substrate (1 inch diameter) of the
calorimetric cell, with a small, carefully measured amount of
Apiezon N grease. More details of our calorimetric methods at
low temperatures can be found in refs. %03, For these experi-
ments, a 1kQ resistor chip (used as a heater) and a thermal
sensor were also fixed on the sapphire support in very good
thermal contact with the samples. The calorimetric cell was
connected to the controlled thermal sink through a thin PtW
wire, chosen to have relaxation times of tens of seconds.

For the lower temperature measurements in the 3He cryostat, a
RuO, thermal sensor was selected to minimize its contribution to
the total heat capacity. A radiation shield of polished metal was put
surrounding the calorimetric setup to allow this to reach
temperatures around 0.3 K. The contribution of the addenda
(slightly below 50% of the total heat capacity at 2K, though
gradually increasing below 1K) was carefully measured and
subtracted to obtain the specific heat of the corresponding material.
To improve the sensitivity of the heat capacity measurements, three
samples grown simultaneously were measured together, so
triplicating the sample mass, for each case. Additionally, many
different experimental runs were performed to improve data
statistics. Smoothed statistical-averaged data from the whole of
datasets shown in Supplementary Fig. 3 are presented in Fig. 5.

Data availability
All data are available in the main text or the supplementary materials, as well as from the
corresponding author on reasonable request.
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