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Low-temperature specific heat and thermal conductivity of glycerol

C. Talón, Q. W. Zou, M. A. Ramos, R. Villar, and S. Vieira
Laboratorio de Bajas Temperaturas, Departamento de Fı´sica de la Materia Condensada, C-III, Instituto de Ciencia de Materiales
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~Received 6 September 2001; published 5 December 2001!

We have measured the thermal conductivity of glassy glycerol between 1.5 and 100 K, as well as the specific
heat of both glassy and crystalline phases of glycerol between 0.5 and 25 K. We discuss both low-temperature
properties of this typical molecular glass in terms of the soft-potential model. Our finding of an excellent
agreement between its predictions and experimental data for these two independent measurements constitutes
a robust proof of the capabilities of the soft-potential model to account for the low-temperature properties of
glasses in a wide temperature range.
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It is well established1,2 that glasses or amorphous soli
exhibit thermal properties very different from those of cry
talline solids and, even more strikingly, very similar amo
themselves irrespective of the type of material, chem
bonding, etc. At temperaturesT,1 K, the specific heatCp of
nonmetallic glasses is significantly larger and the therm
conductivity k orders of magnitude lower than those fou
in their crystalline counterparts.Cp depends approximatel
linearly (Cp}T) andk almost quadratically (k}T2) on tem-
perature, in contrast to the cubic dependences observe
crystals for both properties, well understood in terms of D
bye’s theory. AtT.1 K, Cp still deviates strongly from the
expected CDebye}T3 dependence, exhibiting a hump
Cp /T3. In the same temperature range the thermal cond
tivity exhibits a universalplateau.

In 1972, Phillips3 and Anderson, Halperin and Varma4 in-
troduced independently the well-known tunneling mod
~TM!, whose fundamental postulate was the ubiquitous e
tence of small groups of atoms in amorphous solids wh
can tunnel between two configurations of very similar e
ergy. This simple model of two-level systems or tunneli
states successfully explained the low-temperature prope
of amorphous solids,5 though only forT,1 K. On the con-
trary, the also rich universal behavior of glasses above
@the hump inCp /T3 and the plateau in the thermal condu
tivity, or the remarkable feature in the vibrational density
statesg(n)/n2 at low frequencies known as theboson peak#
still remains a matter of debate. One of the best accep
approaches to understand all the general behavior of gla
in the whole range of low-energy excitations is the pheno
enological soft-potential model~SPM!, which can be re-
garded as an extension of the TM. The SPM~Refs. 6,7!
postulates the coexistence of extended lattice vibrati
~sound waves! with quasilocalized low-frequency~soft!
modes. In this model, the potential of these soft modes h
uniform stabilizing fourth-order termW. In addition, each
mode has its individual first-order asymmetryD1 and
second-order restoring force termsD2, which can be either
positive or negative. Similar to the TM, a random distrib
tion of potentials is assumed:P(D1 , D2)5Ps . The SPM
has been developed6–11 and reviewed12,13 in earlier papers
where the interested reader is referred to.

Glycerol @C3H5(OH)3# is probably the most widely
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studied14 glass-forming liquid. Its high viscosity at a meltin
point around room temperature (Tm5291 K) provides ex-
perimentalists with a very convenient temperature ran
where the supercooled liquid can be studied. Below the g
transition at Tg.185 K, the frozen-in liquid becomes
glass with a relatively weak, hydrogen-bonded netwo
structure. Despite its good glass-forming ability, glycerol c
also be obtained in an orthorhombic crystalline state,15 with
four C3H5(OH)3 molecules per unit cell, building up a struc
ture of infinite hydrogen-bonded chains.16 Several measure
ments of the specific heat of this well-known glass have b
indeed reported,17–20 though not reaching temperatures b
low 1.5 K in any case. A broad maximum inCp /T3 was
clearly observed19,20 around 8.5 K, but the expected exi
tence of tunneling states could not be determined, sinc
requires temperatures typically below 1 K. Furthermo
Calemczuket al.20 also measured the specific heat of t
crystalline state of glycerol, but only down to 5 K, hence n
reaching temperatures low enough as to assess its D
coefficient. On the other hand, there are no publish
thermal-conductivity data at low temperatures neither
glycerol nor for any other similar molecular glass. This
very probably due to the experimental difficulties of adapti
the thermal-conductivity technique to a sample which is l
uid at ambient temperature and must be thermally contro
in situ to freeze it into the glass state, maintaining at t
same time an appropriate geometry and a moderate heat
for the thermal conductivity to be correctly measured. To o
knowledge, only a few orientationally disordered~‘‘glassy’’ !
crystals from other molecular liquids have bee
measured.21,22

In this work, we report thermal-conductivity data o
glassy glycerol measured from 1.5 to around 100 K, as w
as specific-heat measurements of both glassy and crysta
glycerol between 0.5 and 25 K. In addition, we make co
current use of both thermal properties measured for
glassy state in order to test the validity of the soft-poten
model in a typical molecular glass.

In Fig. 1~a!, we show our thermal-conductivity data o
glassy glycerol obtained by coolingin situ belowTg at a rate
around21 K/min liquid glycerol ~Merck, anhydrous, used
without futher purification!, placed inside a very thin-walled
~0.2 mm! nylon tube. Standard steady-state techniques w
©2001 The American Physical Society03-1
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employed. The thermal conductivity of the empty nylon tu
was independently measured and subtracted. As can be
glycerol exhibits the thermal-conductivity behavior typic
of glasses, with a plateau around 10 K quantitatively v
similar to that of strong, network glasses as As2S3 and
GeO2,2 i.e., a relatively high thermal conductivity amon
glasses. Therefore, glycerol could be a useful heat excha
medium at low temperatures when used as a glassy ma

Let us first analyze the thermal conductivity of glycer
within the soft-potential model. According to the SPM,8 the
inverse mean-free path of the phonons carrying out the
is simply the sum of three contributions: the resonant s
tering of the sound waves by either tunneling states or bysoft
vibrational modes, and the scattering by classical rel
ational processes in the same asymmetric double-well po
tials responsible of the tunneling states. From these prem
and inserting the corresponding SPM expressions for th
three inverse mean-free paths, the thermal conductivitk
was found to be11,13

k5
2kB

3pC̄
S W

h D 2

F~z!, ~1!

FIG. 1. Low-temperature thermal conductivity of glassy gly
erol. ~a! Thermal conductivity as a function of temperature in
log-log plot. Solid line is a fit to the soft-potential model~SPM!. ~b!
Thermal conductivity divided by temperature below 10 K. T
maximum marks the crossover from tunneling states to quasilo
ized vibrations~soft modes! as dominant scattering centers for th
‘‘phonons’’ and allows a direct determination of the SPM parame
W.
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where

F~z!5E
0

`

dx
x3e2x

~12e2x!2

z2

1.1 tanh~x/2!10.7z3/41x3z3/8
.

~2!

C̄ is the usual~averaged over longitudinal and transver
acoustic modes! dimensionless constant of the TM, direct
related to the universal plateau in the internal frictionQ21

5(p/2)C, andz5kBT/W, where the energyW is the afore-
mentioned parameter of the SPM, which marks the crosso
from the tunneling-states region at the lowest temperature
the soft-modes region above it. Indeed,W can be
determined11,13 from the position of the maximumTmax in a
k/T versusT plot

W.1.6kBTmax. ~3!

Tmax therefore separates the low-temperature range wh
resonant scattering by tunneling states dominates (k}T2)
from higher temperatures (k'const) where the soft mode
are the main scatterers of acoustic phonons.

Figure 1 shows that SPM Eqs.~1!,~2! provide a good fit to
thermal-conductivity data of glycerol from the lowest tem
peratures up to the end of the plateau around 30 K. The
parametersW and C̄ are easily obtained11,13 from the k/T
plot @Fig. 1~b!#: the maximum position givesW54.3 K and
its heightC̄51.931024. The latter constitutes indeed a pr
diction for the low-temperature internal friction of glycero
never measured to our knowledge: its plateau value sho
be aroundQ21'331024, up to11,13 1.2W/kB.5 K, where
the rise due to thermal relaxation should occur.

Our specific-heat measurements of glassy and crysta
states of glycerol are presented in Fig. 2~in a log-log plot
showing the whole low-temperature range! and in Fig. 3~in
a Cp /T vs T2 plot at the lowest temperatures to address
tunneling-states range for the glass and the Debye limit
the crystal!. The heat capacity was measured in a3He cry-
ostat, employing a low-temperature quasi-adabiatic cal
metric cell, similar to one previously used in a4He
cryostat.23,24The liquid glycerol is placed in a vacuum-tigh
thin-walled copper can, with a fine mesh of copper fitt
inside to facilitate thermal equilibrium. A thin gold wire wa
used as heat switch to cool the experimental cell. The s
tracted addenda contibution to the total measured heat ca
ity at 4.2 ~1 K! was about 15~22%! for the glass and abou
30 ~50%! for the crystal. The glass state was obtained
simply cooling the liquid from room temperature down
liquid-helium temperatures. After having measured its h
capacity at low temperature, glassy glycerol was slow
heated aboveTg ~calorimetrically observed to take place
185 K! until it crystallized around 250–260 K. Once th
first-order, exothermic transition was completed, the sam
was cooled again and the heat capacity of the crystal m
sured.

In Fig. 2, published data for the glass between 1.9 and
K from Leadbetter and Wycherley19 can be seen to show
very good agreement with our data. There is also a g
agreement with data for the crystal above 5 K.20 The low-
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temperature cubic Debye contributions are also indicate
that figure: for the crystal, it has been obtained from a lea
squares linear fit below 1.5 K in Fig. 3, giving a Deby
temperatureQD5367 K; for the glass, it can be estimate
from zero-temperature extrapolations of elastic data25–27 to
be QD5317 K. In contrast to the crystal, whereCp holds
the expected Debye behavior forT<QD /50, the glass exhib-
its the typical excess over the Debye contribution in
whole low-temperature range. Within the SPM, these ad
tional excitations are understood as soft quasiharmonic
brations in single-well potentials responsible for the ‘‘bos
peak’’ in Cp /T3, together with tunneling states arising fro
related double-well potentials responsible for the quasilin

FIG. 2. Low-temperature specific heatCp /T3 of glass (s) and
crystal ~h! phases of glycerol for the whole measured tempera
range in a log-log scale. Solid triangles are published data f
Leadbetter and Wycherley~Ref. 19!. Dotted lines show the corre
spondent Debye contributions to the specific heat either meas
calorimetrically~crystal! or estimated from sound velocities~glass!.
Solid line shows the curve calculated with the soft-potential mo
~SPM!, taking the parameterW from the thermal conductivity data
Dashed line shows the same SPM calculation, but with a Gaus
cutoff of the asymmetry for soft modes at high energies~see text!.

FIG. 3. Low-temperature specific heat of glass and cry
phases of glycerol in aCp /T vs T2 plot. Symbols are as in Fig. 2
Solid lines are least-squares linear fits.
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contribution. The latter dominates below the minimumTmin
in Cp /T3 given by W'1.822kBTmin ,12,13 and is more
clearly observed in Fig. 3, where a linear coefficientg
50.13 mJ/mol K2 can be obtained~i.e., g51.4mJ/g K2 that
is very similar to those values found in typical netwo
glasses1,2,5!.

Finally, we wish to compare the specific-heat data
glassy glycerol with the behavior predicted by the SP
once we have previously obtained its basic parameterW
54.3 K from thermal-conductivity data. As said above, t
SPM postulates the coexistence of extended sound w
with quasilocalized modes, either tunneling states in doub
well potentials or quasiharmonic vibrations in single-w
potentials, with a gradual crossover between them chara
ized by the energyW. Therefore, we can write the specifi
heat for a glass as

Cp5CDebye1CTLS1Csm, ~4!

whereCsm is the contribution of soft modes~see below!, and
the contribution of the tunneling statesCTLS is determined,
as in the TM, by means of the well-known expression
two-level systems,5 using the correspondent density of tu
neling states in terms of the SPM@Eq. ~4.7! in Ref. 12 or Eq.
~9.30! in Ref. 13#.

In the standard SPM, the density of quasiharmonic s
vibrations increases continuously with frequency as

gsm~hn!5
1

8

Ps

W S hn

W D 4

, ~5!

wherePs is the distribution constant of soft potentials. In th
harmonic approximation, this leads to a specific-heat con
bution from soft modes given by13

Csm5
2p6

21
PskBS kBT

W D 5

. ~6!

The solid line in Fig. 2 shows the result of Eq.~4!, where
W54.3 K was taken from the thermal-conductivity me
surement andPs51.631019 mol21 was simply determined
to scale with experimental data.

Obviously, the real distribution of soft modes canno
grow with frequencygsm(n)}n4 unlimitedly. Gil et al.9 pro-
posed a Gaussian distribution in the asymmetry of the
potentials@hence multiplying Eq.~5! by an integral factor,
see Eq.~9.40! in Ref. 13# based in a thermal strain ansat
which without any further fitting parameter allowed them
account for the specific heat, thermal conductivity and vib
tional density of statesg(n)/n2 in the whole relevant range
including the ‘‘boson peak.’’ Alternatively, Gurevichet al.10

argued that the simple picture of independent quasilocali
harmonic vibrations coexisting with sound waves should
at the Ioffe-Regel limit, not far above the boson peak. T
interaction between soft modes would lead to a reconst
tion of the vibrational density of states at higher frequenci
where delocalized soft vibrations withgsm(n)}n should
dominate, therefore also explaining the boson-peak feat
Furthermore, hybridization of acoustic phonons with quas
calized modes has been proposed to set in around the b
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peak.28 For the sake of completeness, we also show in Fig
by a dashed line the result of the total SPM prediction for
specific heat if the above mentioned correction9,13 of Eq. ~6!
is used. As can be seen, the position of the maximum
Cp /T3 ~which only depends onW and the glass transition
temperatureTg , hence being determined without any fre
parameter! is very well predicted, though its height is not s
well accounted for. However, these quantitative agreem
or disagreements of the SPM around or above the bo
peak are perhaps not very relevant, since the low-energy
its of both independent quasilocalized modes and De
acoustic phonons~note that even in the crystal,Cp starts to
deviate from the cubic limit above 5 K! should begin to fail
there, for the reasons mentioned above. Nevertheless,
may conclude that the maximum inCp /T3 of glasses~i.e.,
the boson peak! is just the fingerprint of the end for th
low-energy distribution of independent soft modes, wh
govern low-temperature properties and low-frequency
namics of glasses.

In any case, it is noteworthy that with only a consta
factor Ps , used as free parameter to fit the height of t
g
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Cp(T) curve (W was independently determined from
thermal-conductivity data!, the SPM is able to account con
sistently for the specific heat of this glass in the lo
temperature range, from the tunneling-states region belo
K up to the broad peak inCp /T3, including the crossover
region around the minimum inCp /T3.

In summary, we have concurrently measured two lo
temperature thermal properties of a paradigmatic molec
glass, glycerol, as well as the specific heat of the crystal
phase between 0.5 and 25 K, hence being able to determ
its Debye temperature. At lower temperatures, both prop
ties for the glass exhibit a typical behavior indicative of t
existence of tunneling states. Moreover, we have used th
data as a test of the SPM, which has been shown to succ
fully explain the specific heat and the thermal conductivity
a wide temperature range, also for a molecular glass suc
glycerol.

This work was supported by MCyT~Spain! within Project
No. BFM2000-0035-C02-01.
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