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Low-Temperature Anomalies in Strong and Fragile Glass Formers
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The low-temperature anomalies of glass forming systems are analyzed focusing on the concept of
fragility. It is shown that two extremes on the fragility plot, Siénd Ca 4K ¢NOs); 4, Show a strong
difference in specific heat in the range of excess vibrational contribution. This difference cannot be
explained in the framework of the soft potential model in its present state. A relation between the
excess vibrational contribution and the amount of structural fluctuations is suggested. It is shown that
the suggested relation explains the found difference in low-temperature specific heat between strong and
fragile glass formers. [S0031-9007(97)02799-3]

PACS numbers: 63.50.+x%, 61.43.Fs, 65.40.+¢g

Low-temperature anomalies, which were found to be The aim of this Letter is a comparison of the low-
universal for different kinds of glasses [1], are still temperature specific heat in two glasses which are ex-
a puzzle in the physics of condensed matter. Firstiremes on the fragility scale [S§which is the strongest,
they show up at very low temperaturés < 1 K) as and Ca.KggNOs3);4 (CKN), which is one of the most
an anharmonic contribution, producing a linear term infragile systems], in order to test the suggested relation be-
specific heatC,. Then, at higher temperaturdd” ~  tween the low-temperature anomalies and the degree of
5-10 K), the so-called excess vibrational contributionfragility, and to test also whether the SPM predictions can
appears as a bump @, /T>. However, it is still not clear  describe the properties of fragile systems.
whether these two anomalies (anharmonic and harmonic The CKN sample was prepared in the way described in
ones) are related to each other or are two independeff]. The sample was annealed durird00 hours atl’ =
contributions, and how they are related to structuraB20-325 K. The specific heat of CKN was measured
disorder. in the way described previously in [10] and is shown

The anharmonic contribution at loweBtwas success- in Fig. 1. At7 < 1 K it is in a reasonable agreement
fully described in the framework of the two-level-systemswith the data from Stephens [11]. Estimation of the
(TLS) approach [1], although the microscopic nature oflinear term in the specific heat gived =~ 51 erg/g K2,
TLS and their universality are still not clear. Later this also in reasonable agreement with the known data [11].
approach was extended to the soft potential model (SPMAn important result is that the bump i€,/73 at
which includes also the above-mentioned excess vibraf = 6 K is hardly pronounced in the case of CKN
tional contribution [2,3]. SPM assumes that both the TLS(Fig. 1). This result seems to be general for fragile
and the excess vibrations appear from soft anharmonic p@ystems; in particular, for another extremely fragile glass
tentials, and it predicts a strong relation between these twimrmer polyvinyl chloride (PVC) the bump is even less
contributions. pronounced (see inset of Fig. 1) [10].

New interest in this problem was stimulated by recent Figure 2 shows comparison of Si@nd CKN specific
suggestions about the relation of the low-temperaturéieat data. Also the data for Se, which is some inter-
anomalies with glass transition dynamics [4—7]. Inmediate case on the fragility scale, are shown. It is not
particular, it was noted that the ratio between TLS anctlear how to do properly a quantitative comparison of
the excess vibrational contributions correlates with thehe data for systems with different chemical composition.
degree of fragility of the system [6]. Fragility is a One of the ways is the scaling of all parameters with the
property of glass forming liquids at temperature above thevalues expected in the Debye model. If the substances
glass transitiorT, [8], and thus some correlation between would differ only by density and elastic constant (sound
the low-temperature anomalies and the properties of theelocities), then after scaling with the Debye values (
supercooled melt was suggested [6]. would like to stress that both axes are scglduey should
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pendence of TLS concentration on the sample preparation
was found.
i Let us now consider briefly the main predictions of SPM.
2 The basic SPM assumption is the existence of three kinds
ﬁ of excitations in the frequency (or temperature) range of
' interest: (i) sound waves (Debye contribution), (i) TLS
o> with specific heat
100 Cp'TLS =~ 0.61772]')()”)’]z'sszVV_1
' X AIN[(texp/ 7in) " W/KTH? = €T, (1)
- and (iii) quasiharmonic soft oscillators (HO) with the
1 10 specific heat directly related to that of TLS
T K] Cpmtio = 0.097%kPon 5 (kT /W)S ~ bC\T(KT/W)*.
FIG. 1. The specific heat of CKN)O) these measurements, @)

(A) data from [11]. Dashed line shows the expected Debye

the Debye and TLS contribution witl; = 51 erg/gK. The nergy of the modeW =~ (2-2.5)kTmin, Where Tmin iS

inset shows the specific heat of another extremely fragile glas LN )
' v i X y ragle diase temperature of the minimum i@, /7?; for the other

parameters see [2,3]. Essential prediction of SPM in its

show a similar behavior. Surprisingly the TLS contribu- Present state [3] IS an increase of the ?ensﬂy of HO
tion in this presentation is rather similar in these glasseStates with energy in f(gurth_powengo = " and, as a
(a bit higher in CKN), while the excess vibrational con- CONS€AUENCE o = T°. Itis based on the assumption
tribution differs significantly. Figure 3 presents the ratio (@t the fourth order term in displacement is the leading

of the excess vibrational contribution to the Debye valug®€rm Which stabilizes the Spft potential. From comparison
Cere/Cp = (C,/Cp — 1) vs degree of fragilityF for a with experimental results it was shown that these SPM
exc )4

few glass formers. It reveals a strong correlation betweeRLed'Cﬂons dedscnbe Wﬁ” varrl]ous data 1;or %'@’3]’ 15
this ratio and the degree of fragility. A similar analysis of P %S]p ate, af[n some ot er: rather stronhg ?hasstlz)rmerséng].
the linear term in the specific heat does not show any clear € question arises, however, whether these

tendency but rather a scattering of the points (see, for e)ferd.'Ct'OnS are valid for glasses n general and, in
ample, a table in [11]); i.e., there is no direct or S,[rongpartlcular, for extremely fragile ones. According to SPM

correlation between TLS contribution and the degree (qus. 1(1) andd (IZ)] tge excess, scaled atltr:je Iineﬁr ti;m
fragility. The absence of the direct correlation was alsd=d- (1)] and plotted vs temperature scaledli, shou

deduced in [10] from the experiments on PVC, where de'ave universal behavior arouffghi, for different glasses.
However, even in this presentation (inset of Fig. 2) a

strong difference appears between S#nd CKN. The

former PVC; data from [10].

results in Fig. 2 show that there is no direct relation
between density of TLS and of the excess vibrations.
5 T T T T
Sio, @
3*Si0,-Na,O
§ 2 ®
Pt Ge02 “
S 1 B,O ]
\§ 23 ® oTP
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T/T, = CKN
FIG. 2. The specific heat scaled by the Debye valug vs 0.0 05 10 15
temperature scaled by the Debye temperatiige for SiO,
Heralux (from [12]) (solid line) and Suprasil | (from [13{p), fragility, F [kJ/mol K]

Se (from [14]) (W), and CKN (A). The Debye parameters

are taken from [11]. The inset shows the excess specific he&lG. 3. The ratio of the excess specific heat to the Debye
scaled at the linear term and plotted ¥gTmin, Tmin = 2.3 K value around the maximum (&f ~ 3—-10 K) vs degree of
for Heralux,=2 K for Suprasil | and=2.15 K for CKN. The fragility F (for definition, see [6]). All data are from [6] and
dashed lines show extrapolation of the temperature dependenceferences therein, except for CKN data, which are from the
of Cexe/T3. present work.
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This conclusion can also be supported from an analysifiee path of the vibrationF” (k) = 2/7 = 2v../L(k). It
of literature data. For example, doping of silica glassis well known from analysis of thermal conductivity data
by sodium oxide with concentration more than 20%that in the frequency range around the boson pegk
increases the linear term @, [11,16], whereas the excess decreasesk *, reaches the loffe-Regel criterid (k) ~
vibrational contribution decreases significantly [16]; if a1, and is nearly constant at large [26,27]. So, one
restricted temperature intervél’ > 0.4 K) used in [17] can writeL(k) = 1/Gk* + Ly, whereL, is a minimum
can be considered as appropriate for estimation of thealue (in different approaches it is eithép = const~
linear term inC,, quenching of BO; glass appears to 1/kp orL, ~ 1/k [26,27]) andG describes the scattering.
increase the linear term i, more than 6 times, whereas In particular, G can be derived from the amplitude of
the excess vibrational contribution increases much weakdluctuations of average sound velocityv?) together with
(less than 2 times) [17]. Another prediction of SPM the spatial correlation length of the fluctuatioRs [26]:
[3], the asymptotic behaviof ,-no = T° [Eq. (2)] which G = 8R3{(Av/v)?). Thus we assume faf’ (k)
has been found earlier in rather strong glass formers F"(k) = 2v./(1/GK* + Lo). (5)
[3,15], also does not show up in CKN (inset of Fig. 2). . ,
The behavior ofF

(k) is not clear, and we analyzed two
Unfortunately, the Debye parameters are not known forcases: (F'(k) = F"(k), because it is known that'(k) ~

PVC. BUt. even without f:letailed ana_llysis one can see th?“”(k) for the case of maximum damping due to relaxation
same deviations from this asymptotic SPM prediction for

. . o ; and (iiy’(k) = 0. Figure 4 shows results of
this very fragile system: AT > Tpi, the specific heat Proce>>€s, and (b .
increasgs ra?her Iiie‘p ~ T3 (see ir’]“é'ét of Fig. 1). numerical calculations of Eq. (3)—(5), using= vk, for

) . three sets of paramete andLy. One can see that an
There is another approach for explanation of the excess ; .
INcrease of5 leads to a strong increasegfw) in the low-

vibrational density of states [18—21]: Many authors relatefre uency ranae.  This qualitative result is independent
it to strong scattering of vibrations caused by fluctuations q Y ge. N P

: Lo of our choice of F/(k) and shows that decrease of the
of elastic constants and/or density in disordered structure§ﬁean free path of the vibrations shifts the states to lower
The scattering leads to a drastic decrease of the mean fr?r%quency (FIJ:ig 4). The choice df, (~const, or—1/k)
. g . . . . . 0o\~ ) -~

phath .Of v!bratlonsL_(w) and, n particular, can increase also does not change the qualitative result; it is important
the vibrationalg(w) in a certain frequency range [21,22]. DOIN g : .

. . thatw F' (k) first increases wittk and then at some certain
Here we propose aS|mp_Ie way to _conS|d¢r hoyva decreas(s decreases or is-const. We would like to note that
of Iﬁ (g)) gﬁgrgﬁiizetﬁg\L?t?r;(et?osr?alln dtglﬁsxlbgﬁtls?ggbs)éan btge suggested consideration is similar with the approach
nag nsity . “used for description of the phonon-fracton crossover [22],
written in terms of propagator or elastic response function - X : !
D(k, w) (see, for example, [21—24]) which was found to be in a good agreement with the light

’ ! pie, f ' scattering experiments on silica aerogels [28].
g(@) * —wlm f ? &k D(k, w)]’ 3) Thus the simple qualitative arguments suggest an ex-
0

planation for the difference in the density of vibrational

wherek), is a Debye cutoff. The elastic response functionStates between strong and fragile glass formers (Figs. 2
for acoustic vibrations in the hydrodynamic limit can be @1d 3): The amount of structural fluctuations, is larger
written as [24,25]

IM{D(k, )} « —wF"(k)/{[w? — va2k> + wF'(k)]? - . . . . . : .
+ [wF" ()T} (4)

Here v, is the sound velocity at high frequenc¥ (k) 41
is a function, which characterizes damping of the vi-
bration. In particular, the lifetime of the vibration is
7~ 2/F"(k). In an ideal crystal at low temperatures 8
F(k) — 0, Im{wD(k, w)} is essentially the delta function 2
8(w? — k*v.?), and one gets from Eq. (3) the usual De- g
bye density of stateg(w) = w?. However, the finite value

of F(k) changeg(w): The damping [Eq. (4)] gives broad-

ening and shift to lowew for the vibrational response and

also some additional response at low frequencies.

Often the damping due to elastic scattering on structural _ . .
fluctuations is neglected and only the damping due to some 00 02 04 06 08
relaxation processes is analyzed. We suggest to analyze )
frozen i fluciuatons and neglect the damping e or1S. 4. ESimation of sw)/u? assuming F'(y  F'il

) J ) ~~(solid lines) and F'(k) = 0 (dashed lines) and parameters
relaxation processes. The main problem here is to flnggi0 =1, G=10* (1), G=1 (2), and G = 10 (3); all
the damping functioF (k). One can relate it to the mean parameters are given in units k.

o
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