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Low-temperature specific heat of rare-earth-doped silicate glasses
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The specific hea€, of Pr¥*- and EZ*-doped silicate glasses has been determined between 0.1 and 10 K.
Below about 5 KC,«T1"* with »=0.0—0.3. This dependence is characteristic for the two-level-sy§ies)
contribution to the specific head,]"®. The values ofc]"° and v noticeably vary with the chemical nature and
the concentration of the glass modifiers. The number of TLS in samples of almost identical composition is
significantly larger for the P¥" doped than for the Eli doped and the undoped glass. Above 5 K, the
T3-phonon term and th&® term associated with soft localized vibrations also contribu@,to The results do
not point to a correlation between tAé*” and the higher-order terms.

The existence of a quasilinear contribution to the low-in a meandering pattern on the bottom of the sapphire plate.
temperature specific heat of glasséss usually explained A small gold wire with a length of about 5 cm and a diameter
by so-called two-level system@LS).*® It is assumed that of 40 um provided the heat link between sample holder and
these TLS arégroups of atoms or molecules tunneling from heat sink. The calculated heat capacity was corrected for the
one spatial position to anothk#*~8Recently, intensity fluc- ~contributions of the empty apparat(reasured in a separate
tuations in the autocorrelation of the fluorescence of singléxperiment and the amount of Apiezon-N grea¥e’® The
aromatic molecules in polyethylené 2 K have been inter- heating time varied between 15 s and 400 s, i.e., the experi-
preted as tunneling of individual TL%Furthermore, we Ments were performed in the long-time regitie.
have found for two different silicate glasses that both the The data of the specific he@}, as a function of tempera-
specific heat and the optical linewidth follow a quasilinear,ture T between about 0.1 and 10 K for the three samples of
T*7, temperature dependence, with the same valuefof ~ almost identical silicate glass compositidR 0.0, Pr 0.1, and
a given rare-earth/glass sample, but with differerfor the ~ Eu 3.0 are presented in Fig.(d). The specific-heat data for
two sampleg? In the present work we show that the low- the last two samples of Table I, Pr 1.0 and Eu 0.25, are
temperature specific heat depends on the composition of tH&own in Figs. tb) and 1c) together with those of Pr 0.1
silicate glass and that, for a glass with a given compositionand Eu 3.0, respectively, for comparison. The curves through
the number of TLS is significantly enhanced when dopedhe data are fits to the following expression:
with Pr3* as compared to Eli and the undoped glass.

Five samples with dimensions of approximately 0.5 cm C =CTSy by gloc
x0.5 cmx 1 cm were used. The rare-earth ions Pand Eu v oo
3+ were doped at different concentrations in silicate glasses =ansT 7+ (ap+ Aed T3+ apeT°. (1)
of varying compositior(see Table)l! The first three glasses

in the table have identical glass modifiers with very similarThe first term,C/*5=ar, sT*"", represents the TLS contri-
concentrations and differ only in the dopants. The fourthpution to the specific heat, where the parametés related
sample doped with 1 mol % Pt has the same glass modi- to the energy dependence of the TLS density of states,
fiers as the first three but with different concentrations. The\p:poEv,18 with »=0-0.3%3 The second tem(;l'? is a
last sample doped with 0.25 mol % EU, in addition, differs  T3.phonon contribution consisting of two parts, the Debye
in the composition of the glass modifiers. The names in Tablyart, a, T2, related to the elastic constants, and an additional
| refer to the concentration of the rare-earth ion, which is«excess” term characteristic for glasses ., T, which is
given in mol %. o o ~ usually of the same order as the Debye térm’ The third
The specific-heat data were obtained in a dilution refrig+erm, proportional ta®, accounts for the broad plateau often
erator using a thermal relaxation methiddn this method  gpserved irC, /T2 plots in the region of 5-10 K?19-??The
the sample is permanently linked to a heat sink. Averagegiting parameters(», atis, Ap+aee Ao are given in
temperature profiles are obtained by periodic applications ofaple I1. For comparison, the values of the pure silicate glass
a heat pulse. The heat capacity follows from the power apsyprasil-W, taken from the literatufeare also given.
plied, from the equilibrium temperature reached during the \\e can estimate the number of TLS 7.5, that contrib-

heat pulse and frosm the area of the temperature profile in gtes to the specific heat in a selected temperature interval
T-versus-time plot® The sample was thermally connected to from the entropy differenc#

the top of a sapphire plate with dimensions 1 &f.7 cm

X0.1 cm by a precisely determined amount of Apiezon-N T

grease. A ruthenium-oxide resistor was used as thermometer. AS=N 1 kg |n2:j maX(CTLS/T)dT, 2)
A NiCr heater with a resistance of about @ kvas sputtered 0 Y
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TABLE |. Compositions of the rare-earth-doped silicate glass

les. o f
samples 10 L
Name Comp. Mol %{Ref. 11) 1073 i
R 0.0 SiQ 60 otk
Li,O 275
CaO 10.0 107° L
Al ,04 25 N
107k
Pro.1 SiQ, 59.9 3
Li,O 275 1072 L
CaO 10 N
Al ,04 25 =10 T F
Pr,0 0.1 0
2v3 S 10 4 L
Eu 3.0 SiG 57 © o5l
Li,O 27.5 e ;
CaO 10.0 1077 F :
Al ,04 25 FrH——— T
EU203 30 10_2 ;_ v _;
107 (@)
Pr1.0 Sio 68.3 = ]
Li ,O 15 3 3
CaO 11 1079L 4
Al ,04 4.7 © Eu 0.25 3
Pr,05 1.0 1078 L * Eu 3.0 |
| MY | el 3
1071 10° 10t
Eu 0.25 SiQ 74.75 T (K)
Na,O 15
BaO 5 o . . .
710 5 FIG. 1. Specific heat of the silicate glasses listed in Table)l:

undoped glassR 0.0) (O), Pr 0.1 (¢), and 3.0 @), (b) Pr 1.0
(A)and Pr0.1¢), (c) Eu0.25 ¥) and Eu 3.0 @). Drawn lines
are fits of Eq.(1) to the data with the parameter values given in
Table Il. The inset of(a) is a vertical enlargement of the low-
temperature data between 0.1 and 3 K.

Eu,0; 0.25

where the upper cutoff temperatufe,,, can be rather arbi-
trarily chosen because the density of energy splittifgsof
the TLS is rather flat® We have choseffi,,,,, = 5 K because
optical dephasing experiments on the Pr 0.1 and the Eu 0.25 ) o )
samples have suggested the presence of TLS up to at led8@nifested in the orthorhombic high- superconducting

this temperaturd’ With CT-S=a;, sT'*”, we obtain compounds of the typ¥Ba,Cuz0;. ForX=Pr3* the com-
v pound is not superconducting, whereas it is for most other
a5t rare-earth iong>2®
NTLSZM- 3 The value ofN 1 s for R 0.0 is about two and a half times

larger than that for the pure silicate glass Suprasil-¥/ (

The results folNt, g are given in Table Il. By comparing the 100% SiG,), which proves that the presence of glass modi-
five glassy samples studied, we see thaf g depends fiers indeed increases the number of TLS. In Figp) Iwhere
strongly on the composition of the glass, i.e., on the glasshe temperature dependence of the specific heat of Pr 0.1 is
modifiers and their mol %, and on the rare-earth ions. compared to that of Pr 1.0, we observe that a change in the

Figure Xa) shows that of the three comparable silicateconcentration(mol %) of the glass modifiergsee Table )
glassesR 0.0 and Eu 3.0 have very similar values of theinfluences the value oN ;g more than the difference in
specific heat, whereas Pr 0.1 has a significantly higher valuBr®* concentration between 1.0 and 0.1 %. Figure) 1
of C,. This is also shown in Table I, whel 1 g is almost  shows data for Eu 0.25 and Eu 3.0 which confirm the idea
three times larger for Pr 0.1 than for the other two samplesthat the composition of the glass, which is markedly different
Furthermore,N 1 5 increases only slightly by doping the for the two samples, strongly influencls; . It is therefore
glass with EG* (compareR 0.0 with Eu 3.0. We attribute  understandable that the Eu 0.25 sample yields a ldvweg
the significantly larger value dil; g to the larger ionic ra- value than theR 0.0 sample.
dius of PP* (r=1.08 A compared to that of EU We will only comment briefly on th@® and T contribu-
(r=1.00 A).2* The influence of the rare-earth size is alsotions to the specific heat, since they are not the main subjects
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TABLE II. Parameters obtained from the fits of the expresglgr: a sT "7+ (ap+ @ exd TS+ e T O
the data. The number of TLS8l;, g, was calculated from the quasilinear contribution to the specific[lseat

Eq. 3)].
aTLS aD+ae><c aloc NTLS (T<5 K)

10°6J 10°6J 10°%J 10'8TLS
Sample v g Kz gK* gK® g
SuprasilWv  0.30+0.03 (Ref. 3 1.5+0.1 1.0-0.1
R 0.0 0.00-0.04 4.5-0.2 0.8:0.1 4+1 2.4+0.2
Pro0.1 0.29-0.02(Ref. 10 9.6+0.1(Ref. 10 1.1+0.1(Ref. 10 1+0.3 (Ref. 10 6.2+0.2
Eu 3.0 0.03:0.06 5.6:0.2 0.70.1 3*1 2.9+0.2
Pr1.0 0.05:0.05 6.0:0.2 1.2:0.1 5+2 3.2+0.2

Eu 0.25 0.0%0.02(Ref. 10 3.5+0.1 (Ref. 10 1.2+0.1(Ref. 10 303 (Ref. 10 1.8+0.1

of this paper. The experimental valuesp(ae) ~ 0.8— In summary, we conclude from these low-temperature
1.2 (see Table ) are about 1.2—1.5 times larger than the specific-heat experiments that the number of TLS in silicate
theoretical values £ 0.7-0.8 expected from the Debye glasses varies strongly with the chemical composition of the
phonon contributionC2/T3=2Vk3#?/(50°%3) in which vV glass and, for a given composition, with the nature of the
is the specific volume and is the velocity of sound® The  rare-earth dopant. Bt induces a larger number of TLS than
origin of this exces§3-dependent specific heat, peculiar to Eu®>*, probably due to its larger size. In the present samples,
the amorphous state and well documented in thehe exponent ranges between 0.0 and 0.30, implying that
literature™*"*"~%0js still unknown. the energy splitting dependence of the low-temperature den-
The fitting coefficientay,. of the T° term, which in the  sity of TLS states varies for silicate glasses of different com-
literature is interpreted either as due to soft localizedpositions. Our experiments provide no evidence for a com-
vibrations®?*??or to the onset of phonon dispersithis  mon origin of TLS states and soft vibrations.
much smaller tharay s. It varies between~10 2 and ] - . )
10 *x ar, s, depending on the glass compositiaee Table We would like to thank Y. E. Volokitin for his help Wlth
I1). There appears to be no correlation betweerithe’ and the measurements, and R. M. Macfarlane, B. Jacquier, and
the higher-order terms when comparing different sample. J. Weber for generously providing us with the samples.
and, thus, we have no indication of a common origin of theFurther we thank R. Silbey for critical comments and valu-
TLS states and soft vibratioi€? able remarks regarding the manuscript.
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