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Vapor-deposited glasses provide clearer view
of two-level systems
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Glasses and crystals play different roles in
technology. When precise control of local
structure is required, as in silicon-based elec-
tronics, crystals are used. On the other hand,
when macroscopic homogeneity is re-
quired, as in optical fibers, glasses are used.
The pairing of local disorder and macro-
scopic homogeneity in glasses is not a co-
incidence. The range of local packing
arrangements present in glassy materials
allows “defects,” such as impurities, to be
locally accommodated in contrast to crys-
tals for which disruptive grain boundaries
are often the consequence. The flexible lo-
cal packing of glasses also provides an op-
portunity for materials engineering. Many
glasses with different structures and prop-
erties can be prepared with exactly the
same composition. This last feature is a
key element in the experiments of Pérez-
Castañeda et al. (1). Pérez-Castañeda et al.
report that two different glasses made from
the same organic molecule can have dramat-
ically different heat capacities below 1 K.
Many of us were first introduced to heat

capacity in high school chemistry. The heat
capacity was the boring part of the experi-
ment that one used to interpret the temper-
ature rise associated with a chemical reaction.
For low-temperature solids, however, the
heat capacity can provide important insights
into structure and the interactions between
atoms and molecules. The difference between
the heat capacities of glasses and crystals
below 1 K illustrates this point, as shown in
Fig. 1. Crystals follow the Debye law, with the
constant pressure heat capacity Cp propor-
tional to T3, as a result of their 3D periodic-
ity. The heat capacity of glasses is much
larger than crystals below 1 K and also has
a different temperature dependence, with Cp

roughly linear in T (2). The behavior of the
heat capacity of glasses in this regime was
unexpected and resulted in extensive re-
search, starting in the 1970s. Other properties
of glasses also differ from those of crystals in
the low-temperature regime, with glasses hav-
ing much lower thermal conductivities and
distinct phonon propagation characteristics.

Most remarkably, this set of properties is ap-
parently universal for glasses, including silica,
germania, selenium, and organic polymers
(2). These properties of low-temperature
glasses have been collectively interpreted in
terms of quantum-mechanical tunneling be-
tween two-level systems (TLS) (3–5). Al-
though some independent support for the
existence of TLS comes from single-molecule
spectroscopy experiments (6), the structural
origins of the TLS are unclear. In addition,
there is no accepted explanation as to why
the right number of TLS with the correct dis-
tribution of barrier heights arises in all these
different types of glassy materials.
Against this backdrop of the apparently

universal properties of glasses in the low-
temperature regime, the results reported by
Pérez-Castañeda et al. (1) are quite surpris-
ing. The authors studied the heat capacity of
glasses of an organic molecule (indometha-
cin) produced by physical vapor deposition.
The group produced glasses for which Cp

maintains a T3 dependence down to 0.6 K.
As a control experiment, Pérez-Castañeda
et al. heated the vapor-deposited glass into
the supercooled liquid and then cooled to
produce an ordinary glass, which exhibited
a nearly linear temperature dependence for
Cp below 1 K, as expected for glassy materi-
als. At the lowest temperature at which both
indomethacin glasses were measured, the
heat capacity of the vapor-deposited glass
was half that of the ordinary glass, indicating
very significant differences in the density of
TLS, according to the standard interpretation.
To my knowledge, this is the first example of
a glassy material for which the heat capacity
is proportional to T3 at temperatures below
1 K. As such, these results appear to challenge
the standard interpretation that TLS are in-
trinsic to the amorphous state and responsi-
ble for the low-temperature heat capacity
behavior of glasses.
To appreciate these new results from Pérez-

Castañeda et al. (1), it is important to under-
stand other properties of the indomethacin
glasses used in these experiments. In the last
7 years, it has been established that physical

vapor deposition can produce glasses that are
remarkably different from liquid-cooled
glasses of the same composition (7). For
many molecules, including indomethacin,
it has been established that deposition onto
substrates near 0.85 Tg produces glasses
with particularly striking properties (8, 9).
(Here, Tg is the temperature at which
a supercooled liquid falls out of equilibrium
upon cooling and becomes a glassy solid.)
Because organic glasses exhibit substantial sur-
face mobility even below Tg, molecules near
the surface can partially equilibrate during de-
position, allowing the formation of better-
packed glasses with higher density. Although
higher-density glasses can also be produced by
very slowly cooling a liquid, it has been esti-
mated that cooling over more than 1,000 y
would be required to match the density of
the vapor-deposited glasses (10). Many of
the properties of these vapor-deposited glasses
can be qualitatively understood as a result of
their better packing, including high kinetic
stability and low enthalpy. Previous work on
indomethacin has established two additional
properties relevant for the interpretation of
these experiments of Pérez-Castañeda et al.
(1). High-density glasses produced by vapor
deposition have slightly lower heat capacities
than the ordinary liquid-cooled glass, even

Fig. 1. Schematic representation of heat capacities of
indomethacin in three solid forms. The T 3 dependence
of Cp below 1 K for the glass prepared by physical
vapor deposition (PVD) is unprecedented.
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near room temperature, consistent with more
efficiently packed local structures (11). In ad-
dition, highly stable glasses of indomethacin
are anisotropic as measured by optical bire-
fringence and X-ray scattering (9, 12).
Pérez-Castañeda et al. (1) consider two

possible interpretations of their striking
results. The first possibility is that the better
packing of the vapor-deposited glasses (in-
dicated by higher density and lower room-
temperature heat capacity) eliminates a
large number of TLS and pushes the tran-
sition to a linear temperature dependence
to below 0.6 K. This view would be quali-
tatively consistent with recent work on
amorphous silicon that reported that
higher-density silicon samples had much
lower heat capacities (at 2 K), indicating
a much lower density of TLS (13). How-
ever, recent work on hyperaged natural am-
ber did not show any change in the density
of TLS relative to a freshly cooled sample
(14). A second possible interpretation, the
one favored by Pérez-Castañeda et al. (1), is
that the anisotropy of the vapor-deposited
glass interferes with interactions between
the TLS in such a way as to disrupt the
typical distribution of barrier heights. This
explanation builds upon work arguing that
strongly interacting TLS provide the most
natural explanation for their universal pres-
ence in amorphous materials (15, 16).
Some readers will consider a third possibil-
ity, that the vapor-deposited indomethacin
is not really glassy but rather a disordered
crystal. Arguing against this is the absence
of sharp diffraction peaks and the observa-
tion that heating yields the supercooled liquid
and not the crystal. In addition, highly stable
vapor-deposited glasses have been formed

from molecular mixtures, which would be
unlikely if their local packing requires crys-
talline order (17).

Pérez-Castañeda et al.
report that two different
glasses made from the
same organic molecule
can have dramatically
different heat capacities
below 1 K.
By identifying a new exception to the “uni-

versal” low-temperature thermal properties
of glasses, the work of Pérez-Castañeda
et al. (1) opens new and important paths
for understanding their origin. These authors

exploit the ability of physical vapor deposi-
tion to produce glasses with structures and
properties significantly different from liq-
uid-cooled glasses, without altering chem-
ical composition. As Pérez-Castañeda point
out, future experiments on highly stable
vapor-deposited glasses with more isotro-
pic packing would be particularly useful
for testing their proposed explanation for
the suppression of TLS. More generally,
the ability of vapor deposition to produce
a large range of local packing arrangements
provides an opportunity to systematically
tune the low-temperature heat capacity,
thus enabling a powerful new approach
for investigating the low-temperature ther-
mal properties of glasses and the role of
two-level systems.
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