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Low-temperature specific heat and thermal conductivity of glycerol
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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 establishet? that glasses or amorphous solids studied* glass-forming liquid. Its high viscosity at a melting
exhibit thermal properties very different from those of crys-point around room temperaturd {=291 K) provides ex-
talline solids and, even more strikingly, very similar amongperimentalists with a very convenient temperature range
themselves irrespective of the type of material, chemicalvhere the supercooled liquid can be studied. Below the glass
bonding, etc. At temperaturds<1 K, the specific hea, of  transition atT,~185 K, the frozen-in liquid becomes a
nonmetallic glasses is significantly larger and the thermaglass with a relatively weak, hydrogen-bonded network
conductivity « orders of magnitude lower than those found structure. Despite its good glass-forming ability, glycerol can
in their crystalline counterpart<, depends approximately also be obtained in an orthorhombic crystalline statejth
linearly (CpocT) and« almost quadratically£T%) on tem-  four C;Hs(OH); molecules per unit cell, building up a struc-
perature, in contrast to the cubic dependences observed igre of infinite hydrogen-bonded chaitfsSeveral measure-
crystals for both properties, well understood in terms of De-ments of the specific heat of this well-known glass have been
bye's theory. AtT>1 K, C,, still deviates strongly from the indeed reporteEj7,‘2° though not reaching temperatures be-
expected Cpeyyec T dependence, exhibiting a hump in low 1.5 K in any case. A broad maximum @,/T® was
Cp/T3. In the same temperature range the thermal conduclearly observetf?° around 8.5 K, but the expected exis-
tivity exhibits a universaplateau tence of tunneling states could not be determined, since it

In 1972, Phillips and Anderson, Halperin and Varfia-  requires temperatures typically below 1 K. Furthermore,
troduced independently the well-known tunneling modelCalemczuket al?® also measured the specific heat of the
(TM), whose fundamental postulate was the ubiquitous exiserystalline state of glycerol, but only down to 5 K, hence not
tence of small groups of atoms in amorphous solids whichreaching temperatures low enough as to assess its Debye
can tunnel between two configurations of very similar en-coefficient. On the other hand, there are no published
ergy. This simple model of two-level systems or tunnelingthermal-conductivity data at low temperatures neither for
states successfully explained the low-temperature propertiggycerol nor for any other similar molecular glass. This is
of amorphous solid3 though only forT<1 K. On the con-  very probably due to the experimental difficulties of adapting
trary, the also rich universal behavior of glasses above 1 Khe thermal-conductivity technique to a sample which is lig-
[the hump inCp/T3 and the plateau in the thermal conduc- uid at ambient temperature and must be thermally controlled
tivity, or the remarkable feature in the vibrational density ofin situ to freeze it into the glass state, maintaining at the
statesg(»)/v? at low frequencies known as tl®son peak  same time an appropriate geometry and a moderate heat flow
still remains a matter of debate. One of the best acceptefbr the thermal conductivity to be correctly measured. To our
approaches to understand all the general behavior of glasskaowledge, only a few orientationally disorderédlassy”)
in the whole range of low-energy excitations is the phenomerystals from other molecular liquids have been
enological soft-potential modelSPM), which can be re- measured:??
garded as an extension of the TM. The SPRREfs. 6,7 In this work, we report thermal-conductivity data of
postulates the coexistence of extended lattice vibrationglassy glycerol measured from 1.5 to around 100 K, as well
(sound waves with quasilocalized low-frequency(soft) as specific-heat measurements of both glassy and crystalline
modes. In this model, the potential of these soft modes has glycerol between 0.5 and 25 K. In addition, we make con-
uniform stabilizing fourth-order ternW. In addition, each current use of both thermal properties measured for the
mode has its individual first-order asymmety, and glassy state in order to test the validity of the soft-potential
second-order restoring force terrs, which can be either model in a typical molecular glass.
positive or negative. Similar to the TM, a random distribu-  In Fig. 1(a), we show our thermal-conductivity data of
tion of potentials is assumed?(D;, D,)=Ps. The SPM glassy glycerol obtained by cooling situ below T, at a rate
has been develop&d! and reviewet?'® in earlier papers around—1 K/min liquid glycerol (Merck, anhydrous, used
where the interested reader is referred to. without futher purification placed inside a very thin-walled

Glycerol [C3H5(OH)3] is probably the most widely (0.2 mm) nylon tube. Standard steady-state techniques were
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where
1023 o x3e X 72
F2) fo dx(l—e—X)2 1.1tankix/2) +0.723*+ x323/8
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E _
3 C is the usualaveraged over longitudinal and transverse
vl acoustic modesdimensionless constant of the TM, directly
related to the universal plateau in the internal friction!
3 =(m/2)C, andz=kgT/W, where the energW is the afore-
10°¢ mentioned parameter of the SPM, which marks the crossover
from the tunneling-states region at the lowest temperatures to
the soft-modes region above it. Indeedy can be
determined*3from the position of the maximurfi . in a
8x10* xIT versusT plot
e W=1.6Kg T max- 3)
b Tmax therefore separates the low-temperature range where
E 6x10° resonant scattering by tunneling states dominatesT¢)
2 from higher temperaturescé const) where the soft modes
L are the main scatterers of acoustic phonons.
i Figure 1 shows that SPM Eq4),(2) provide a good fit to
. thermal-conductivity data of glycerol from the lowest tem-
10 peratures up to the end of the plateau around 30 K. The two
o parameterdV and C are easily obtainéd'® from the «/T
X

plot [Fig. 1(b)]: the maximum position give#/=4.3 K and
T (K) its heightC=1.9x 10 4. The latter constitutes indeed a pre-

diction for the low-temperature internal friction of glycerol,

FIG. 1. Low-temperature thermal conductivity of glassy glyc- neyer measured to our knowledge: its plateau value should
erol. () Thermal conductivity as a function of temperature in a ), aroundQ " 1~3x 1074, up td*31.20Mkg=5 K, where

log-log plot. Solid line is a fit to the soft-potential mod&PM). (b) the rise due to thermal relaxation should oceur.

Ther.mal conductivity divided by temperature below 10 K. .The Our specific-heat measurements of glassy and crystalline
maximum marks the crossover from tunneling states to quasilocal-

ized vibrations(soft modeg as dominant scattering centers for the states of glycerol are presented in Fig(i2 a !og-!og p!ot
“phonons” and allows a direct determination of the SPM parameterShOWIng theZWhOIG low-temperature rangad in Fig. 3(in
W aC,/T vs T< plot at the lowest temperatures to address the
tunneling-states range for the glass and the Debye limit for
employed. The thermal conductivity of the empty nylon tubethe crystal. The heat capacity was measured irfkée cry-
was independently measured and subtracted. As can be seestat, employing a low-temperature quasi-adabiatic calori-
glycerol exhibits the thermal-conductivity behavior typical metric cell, similar to one previously used in &He
of glasses, with a plateau around 10 K quantitatively verycryostat?®2?*The liquid glycerol is placed in a vacuum-tight,
S|m|Ia£ to that of strong, network glasses as,&sand  thin-walled copper can, with a fine mesh of copper fitted
GeQ,” i.e., a relatively high thermal conductivity among jnside to facilitate thermal equilibrium. A thin gold wire was
glasses. Therefore, glycerol could be a useful heat exchangged as heat switch to cool the experimental cell. The sub-
medium at low temperatures when used as a glassy matrixracted addenda contibution to the total measured heat capac-
_Let us first analyze the thermal conductivity of glycerol jty at 4.2 (1 K) was about 1522%) for the glass and about
within the soft-potential model. According to the SPMhe 30 (50%) for the crystal. The glass state was obtained by
inverse mean-free path of the phonons carrying out the hea§mply cooling the liquid from room temperature down to
is simply the sum of three contributions: the resonant scattiquid-helium temperatures. After having measured its heat
tering of the sound waves by either tunneling states 8y  capacity at low temperature, glassy glycerol was slowly
vibrational modes, and the scattering by classical relaxpeated abovd, (calorimetrically observed to take place at
ational processes in the same asymmetric double-well potergg K) until it crystallized around 250—260 K. Once this
tials responsible of the tunneling states. From these premisegyst-order, exothermic transition was completed, the sample

and inserting the corresponding SPM expressions for thesgas cooled again and the heat capacity of the crystal mea-
three inverse mean-free paths, the thermal conductivity gyred.

was found to b&*? In Fig. 2, published data for the glass between 1.9 and 25
5 K from Leadbetter and Wycherl&ycan be seen to show a
:ﬁ(v_v) F(2) (1 very good agreement with our data. There is also a good
3zC\h ' agreement with data for the crystal above 3°KThe low-
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contribution. The latter dominates below the minimdiy;,

in C,/T® given by W~1.8—2KgT iy, *** and is more
clearly observed in Fig. 3, where a linear coefficient
=0.13 mJ/mol K can be obtained.e., y=1.4uJ/g K? that

is very similar to those values found in typical network
glasses?9.

Finally, we wish to compare the specific-heat data of
glassy glycerol with the behavior predicted by the SPM,
once we have previously obtained its basic parameter
=4.3 K from thermal-conductivity data. As said above, the
SPM postulates the coexistence of extended sound waves
with quasilocalized modes, either tunneling states in double-
P T — 10 a— well p_otentia_ls or quasiharmonic vibrations in single-well

T(K) potentials, with a gradual crossover between them character-
ized by the energyV. Therefore, we can write the specific

FIG. 2. Low-temperature specific he@p/T? of glass O) and heat for a glass as
crystal ((J) phases of glycerol for the whole measured temperature
range in a log-log scale. Solid triangles are published data from Cp=Coepyet Crist Com, 4
Leadbetter and WycherlefRef. 19. Dotted lines show the corre- whereCy,, is the contribution of soft modesee below;, and
spondent Debye contributions to the specific heat either measuretﬂe contribution of the tunneling stat@ s is determined,

calorimetrically(crysta) or estimated from sound velociti¢glass. . .
o A . s in the TM, by means of the well-known expression for
Solid line shows the curve calculated with the soft-potential modela Y P

(SPM), taking the parametad/ from the thermal conductivity data. tw?._levil tsyst.ertng,usm?t:]hesclzc))[lgesg()j)r;)dgn;dfenlszlty OIfE tun-
Dashed line shows the same SPM calculation, but with a Gaussia?ge Ing states In terms or the g. (4.7 n Ret. or &q.

; : .30 in Ref. 13
cutoff of the asymmetry for soft modes at high energi=e te . . .
y y g g X In the standard SPM, the density of quasiharmonic soft

. o . .vibrations increases continuously with frequency as
temperature cubic Debye contributions are also indicated in y q y

that figure: for the crystal, it has been obtained from a least- 1P,
squares linear fit below 1.5 K in Fig. 3, giving a Debye gsm(hv)=§w
temperature® =367 K; for the glass, it can be estimated

from zero-temperature extrapolations of elastic #afdto  whereP, is the distribution constant of soft potentials. In the
be ®=317 K. In contrast to the crystal, whef@, holds  harmonic approximation, this leads to a specific-heat contri-
the expected Debye behavior fo= 0 /50, the glass exhib-  bution from soft modes given E)?/

its the typical excess over the Debye contribution in the

whole low-temperature range. Within the SPM, these addi- 2 (kBT)5

C_ /T%(mJ/mol K%

P

4

, ®)

hv
W

6

tional excitations are understood as soft quasiharmonic vi- CsmzﬁpskB W
brations in single-well potentials responsible for the “boson

peak” in C,/T?, together with tunneling states arising from The solid line in Fig. 2 shows the result of E@), where
related double-well potentials responsible for the quasilineaV=4.3 K was taken from the thermal-conductivity mea-
surement andP¢=1.6x 10'° mol ! was simply determined

to scale with experimental data.

Obviously, thereal distribution of soft modes cannot
grow with frequencygq( v) = v* unlimitedly. Gil et al® pro-
posed a Gaussian distribution in the asymmetry of the soft
potentials[hence multiplying Eq(5) by an integral factor,
see EQ.(9.40 in Ref. 13 based in a thermal strain ansatz,
which without any further fitting parameter allowed them to
account for the specific heat, thermal conductivity and vibra-
tional density of stateg(»)/»? in the whole relevant range,
including the “boson peak.” Alternatively, Gurevicét al1°
argued that the simple picture of independent quasilocalized
harmonic vibrations coexisting with sound waves should fail
= at the loffe-Regel limit, not far above the boson peak. The
0.0 0.5 1.0 15 2.0 25 3.0 35 interaction between soft modes would lead to a reconstruc-

T (K% tion of the vibrational density of states at higher frequencies,
where delocalized soft vibrations withg(v)ecv should

FIG. 3. Low-temperature specific heat of glass and crystadominate, therefore also explaining the boson-peak feature.
phases of glycerol in €,/T vs T2 plot. Symbols are as in Fig. 2. Furthermore, hybridization of acoustic phonons with quasilo-
Solid lines are least-squares linear fits. calized modes has been proposed to set in around the boson

p

C. /T (mJ/mol K%

crystal
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peak?® For the sake of completeness, we also show in Fig. L, (T) curve W was independently determined from
by a dashed line the result of the total SPM prediction for thehermal-conductivity dajathe SPM is able to account con-
specific heat if the above mentioned correctibiof Eq. (6) sistently for the specific heat of this glass in the low-
is used. As can be seen, the position of the maximum inemperature range, from the tunneling-states region below 1
Cp/T? (which only depends oiW and the glass transition K up to the broad peak i, /T, including the crossover
temperaturely, hence being determined without any free region around the minimum i@p/T3_
parameteris very well predicted, though its height is not so  In summary, we have concurrently measured two low-
well accounted for. However, these quantitative agreementgmperature thermal properties of a paradigmatic molecular
or disagreements of the SPM around or above the bosoglass, glycerol, as well as the specific heat of the crystalline
peak are perhaps not very relevant, since the low-energy limphase between 0.5 and 25 K, hence being able to determine
its of both independent quasilocalized modes and Debyg&s Debye temperature. At lower temperatures, both proper-
acoustic phonongnote that even in the crystel, starts to  ties for the glass exhibit a typical behavior indicative of the
deviate from the cubic limit above 5)kshould begin to fail  existence of tunneling states. Moreover, we have used these
there, for the reasons mentioned above. Nevertheless, omata as a test of the SPM, which has been shown to success-
may conclude that the maximum @,/T* of glasses(i.e.,  fully explain the specific heat and the thermal conductivity in
the boson peakis just the fingerprint of the end for the a wide temperature range, also for a molecular glass such as
low-energy distribution of independent soft modes, whichglycerol.
govern low-temperature properties and low-frequency dy-
namics of glasses.

In any case, it is noteworthy that with only a constant This work was supported by MCy(Spain within Project
factor Pg, used as free parameter to fit the height of theNo. BFM2000-0035-C02-01.
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