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I . INTRODUCTION 

In all calorimetric experiments with high temperature su
perconductors (HTS) a linear term of the heat capacity was 
observed at low temperatures. For YBa2 cu2o7reported data ran
ge from 4 to 80 mJ/mole·K2 111

• The sample dependent excess 
contribution above 4 mJ/mole·K2 must be attributed to other 
phases or chemical impurities. However, smaller values could 
be of intrinsic origin - for example due to the existence of 
two-level systems (TLS) like in glasses. Indeed, the results 
of dynamic experiments (thermal) conductivity 121 , sound 
attenuation and the relative variation of the sound veloci
ty13·41, are consistent with the results of amorphous solids. 
Since the broad distribution of the relaxation time r up to 
very large values (10 6 s < r) seems to be a characteristic 
feature not only of amorphous solids, but also of structural 
glasses15 ·61 , a long-time energy relaxation after rapid tem
perature changes can be expected for YBa2Cu3o7 and other HTS. 

Measuring the time and temperature dependence of the power 
Q(T1, T0 , t) released (absorbed) after rapid cooling (heating) 
the sample from the equilibrium temperature T1 to T0 , the 
density of states (DOS) of TLS, and its energy and time de
pendence can be obtained. The advantage of this method is 
that only relaxation processes with large relaxation time 
contribute to the power released or absorbed. While the con
tribution of normal electrons, magnetical impurities and -
at higher temperatures - the phonons complicate essentially 
the analysis of the heat capacity measurements, there is no 
such influence on the long-time energy relaxation, and the 
DOS of TLS with its energy dependence can be determined 
exactly. 

2. MODEL 

Low temperature long time energy relaxation observed in 
amorphous solids can be treated within the standard phenome
nological tunnelling model 17•81 . If one assumes a uniform dis
tribution of TLS, 
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P(~. A)= P = const, 

where .1 is the asynnnetry energy; and 
ter, the standard tunnelling theory 
density of states 

n(E,t) = n (t) =(P/2)1n(4t/r 
1 

), o m n 

a time dependent heat capacity 

c(T, t) = ("2k2/12) PT1n(4t/r . ) 
m1n ' 

(I) 

\the tunnelling parame
gives a time dependent 

(2) 

(3) 

and a corresponding power released or absorbed after changing 
the temperature from the equilibrium temperature T1 to T

0 

(4) 

where E is the energy difference between two levels, rmin is 
the shortest relaxation time; and V, the volume of the specimen. 

3. EXPERIMENTAL 

Forty-six cylinders of YBa2Cu3o7 (Tc = 9IK, diameter: 
I, 2 em, thickness: 0.1 + 0.3 em, mass density: 3,4 g/cm 3) were 
connected by copper foils and a copper holder with a Ge-ther
mometer, a heater and a copper wire to provide the thermal 
contact with a mechanical heat switch. The sample (42.845 g 
YBa2Cu307 and 37.615 g Cu) hung in the calorimeter on 12 kap
ron threads (0.15 mm in diameter, 30 mm long). 

The phase analysis by X-ray diffraction of our sample gi
ves the well-known superconducting ortho-rhombic phase as the 
main component. The total amount of the other phases is less 
than 5%. 

For the heat release study the resistance drift of the 
thermometer was measured as a function of the time t after 
the rapid cooling of the specimen from equilibrium tempera
ture T1 (where the specimen remained for at least 10 hr) to 
T0 = 1.5 K. The time required for the cooling from T1 down 
to T0 is shown in fig.!. 

The corresponding power release was then determined from 
the directly me~sured power release ~m' the heat leak QA and 
the background Q B as 

(5) 
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Fig. 1. The time t 0 required for 
the coo~ing the specimen from T1 
down to T

0 
= 1.5 K. 1 - YBa 2Cu 30 7 

2 - YBa2Cu 30 6 . 

where 

Qm= RC/(oR/oT), 

QA = A ( T K - T ) , 

(6) 

(7) 
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C is the heat capacity of the specimen, OR/OT is the se~siti
vity of the thermometer, A is the coupling constant between 
the specimen and the body of the calorimeter. The sample tem
perature T was chosen close to the calorimeter temperature, 
which was kept constant (10-4 K). For T(t) - T0 = 10-2K the 
temperature was set to T0 = TK by~help of the heat switch. 
The val.ues of A= 0.14 nW/mK and Q8 = 0.5 nW were determined 
experimentally. The accuracy of the measurement is limited 
by the time fluctuations of Q8 , approximately 0.1 nW. 

To estimate the heat release in the holder due to possibly 
hydrogen bubbles in copper 19 • 101 , the specimen was kept at 
4.2 K for one weak before beginning the heat release measu
rements. As was shown, the power release in copper is negli
gible for T1 < 20 K1201 • At last, the heat capacity was mea
sured. 

To convert YBa 2Cu 30 7 into the nonsuperconducting tetra
gonal YBa2Cu3o6 the cylinders were kept 7 hr at 8oooc in va
cuo, 5 hr at 800°C in a N2-atmosphere and quenched. Then the 
cylinders were mounted to the copper holder and the power 
release and the heat capacity were measured again. 

"Short heating11 experiments were performed with both samp
les: after complete power relaxation at T0 = 1.5 K the sample 
was in two minutes heated to Ta = 15.1 K and after the time 
interval tH = ) hr rapidly cooled down to T0 again, then the 
power release Q(TH, T0 , tH, t) was measured. In these experi
ments the same results were obtained as for tH = 20 hr. 

4. RESULTS AND DISCUSSION 

4.1. Heat Capacity 

Results of the heat capacity measurement between 1.2 and 
15 K for our YBa 2Cu 3o 7 and YBa 2Cu 3o 6 are shown in fig.2 as 
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Fig. 2. The heat capa
city as a !'lot c/T 
against T . 1 - eq. (8} 
with a=27 mJ/mole·K2 

and b=l.18 mJ/mole·K 4• 
2 - eq. (8) •»ith a = 
=42 mJ/mole·K 2 and 
b=0.64 mJ/mole-K 4• 

a plot of c/T against 
T2 . The upturn in c/T 
which arises from the 
presence of paramag
netic transition me
tal and rare earth 
ion impurities has 
the character of the 
high-temperature tail 
of a Schottky anomaly 
(proportional to T-2)' 
with a Schottky peak 

field 1111 • Assuming 

(8) 

in the temperature range with a linear dependence of c/T, one 
obtaines a by extrapolation to T = 0 K. The obtained values 
of the linear term a, the Debye-Temperature 00 (calculated 
from b) and the transition temperature Tc are given in table 
together with some results from ref. 12 and 13. 

The Schottky anomaly and a large linear term a = 42 mJ/mo
le·K2 (about 10 times larger than the observed minimum value) 
indicate a high concentration of chemical and phase impuri
ties. After the oxygen reduction both the Schottky anomaly 
and the linear term (a = 27 mJ/mole·K 2) decreases noticeable: 
the annealing procedure not only changes the concentration 
of the labile oxygen but also influences the impurities and 
defects. In particular, the heat treatment chan~es the low 
temperature heat capacity anomaly of BaCu 2o2 +x 131 • As was 
shown recently, even a small proportion (1%) of BaCu20 2 +x in 
YBa 2Cu 3o7 could contribute significantly to the linear term 
and the Schottky anomaly 113• 147• Therefore only an upper limit 
of the DOS can be obtained from the heat capacity measurements. 
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Tahle 1 

Transition temperature Tc, linear term of the specific 
heat a, Debye temperature On for YBa 2Cu30 7.-x 

compound Tc, K a, mJ/mole•K2 OD> K reference 

YBa 2Cu3o7 91 42 343 this work 

YB~Cu3 o6 27 280 this work 

YBa 2cu3o7 95 7.5 426 /12/ 

YBa2Cu3o6 5.6 330 /12/ 

YBa2Cu307 90.5 3.9 392 /13/ 

4.2. Heat Release 

The specific power release'q Q/m (m = 42.854 g) after 
cooling the YBa2Cu3o7 Bample from various T1 to T0 = 1.5 K 
as a function of time (t = 0 at the beginning of cooling down) 
is given in fig. 3. The power release shows a time dependence 
typical of glasses: Q is exactly proportional to t-1 for all 
T1 and t > 3tc, without any systematic deviation even after 
30 hr. 

For YBa2Cu 3o6 the same time dependence of q was observed 
with 20% larger values of q for the same T1 , T0 and t. 

Two sources of an anomalous long time heat relaxation at 
low temperatures are only known up to now: the ortho-para 
conversion of molecular hydrogen, which is present in some 
materials in form of bubbles/9/ , and the existence of TLS 
with a broad distribution of relaxation times up to very lar
ge values in glasses. The highest equilibrium temperature T1 
was about 15 K in our experiments. The power release in hyd
rogen bubbles is proportional to the square of the ortho hyd
rogen concentration/10/, which is about 5·107 times larger 
at room temperature than at 15 K. Since the sample was kept 
at helium temperature for one weak before beginning the heat 
release measurements, a possible contribution would be negli
gible. Such conclusion can be made from the exact t-1 depen
dence of the power release, since a t-2 dependence would be 
observed at large t for the ortho-para conversion. Thus the 
appearance of the low temperature long time energy relaxation 
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Fig. 3. The specific power q = Q/m re~eased in 
YBa2 Cu8 07 after rapid coo~ing from various equi
librium temperature T1 to T0 = 1.5 K as a function 
of time t. Straight ~ines: q proportiona~ to t-1

• 

is a clear evidence that TLS exist in YBa2Cus07 and YBa2CusOs 
like in amorphous solids. The t-1 dependence of the power 
release shows the validity of the tunnelling theory distri
bution of the form (I) even for very large values of the tun
nelling parameter A. 

For T1 < 3. 5 K the temperature dependence of q predicted 
by the tunnelling theory (see eq. (4) and fig. 3) was found 
and the distribution parameter P can be determined. Table 2 
shows the parameter Pm = P/p (p is the mass density) obtained 
by acoustic, heat capacity and heat release measurements for 

, YBa2 Cu30 7 , YBa 2Cu3 06 and vitreous silica. Reported minimum 
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values of the linear term of the heat capacity a = 3.9 mJ/mo
le·K2 1131 and a= 5.6 mJ/mole•K 2 1121were used to estimate the 
upper limit of P for YBa 2Cu 3o7 and YBa 2Cu3 08 respectively. 
For Pm-calculati~ns from the value Pi obtained in acous
tic13/ and vibrating read experiments141 the y-values of Gol
ding et al. 131 (y1 = 0.03 eV and Yt = 0.02 eV) were used. In 
comparison to vitreous silica (y1 = 1.6 eV and y1 = I. I eV) 1151 

the coupling constants of YBa2Cu307 are significantly smaller. 

Table 2 

The distribution parameter Pm = P)p developed from 
!z:eat cq;gacity, acoustic and heat release measurements 
Pm, 10 )Jg 

material 

vitr.silica 

YBa 2 Cua 0 7 

YBa2Cu 3o6 

acoustic heat release 

1.071.4116
'
17b.4571 .5 118

- 201 

0.974.5 13
•
41 2.4 this work 

2.9 this work 

heat capacity 

2. 473.4 1211 

< 13.7
1121 

< 16.8
1131 

According to the data of table 2 three important conclusions 
can be made: 

I. The DOS of TLS in the polycrystalline rare earth com
pounds are even larger than in vitreous silica. Therefore 
these materials are of interest for detailed study of the 
glassy behaviour of crystalline solids independently of the 
question whether the TLS are of intrinsic or extrinsic origin. 

2. The reasonable agreement between the P-values obtained 
from heat capacity, acoustic and heat release measurements 
show that the DOS is only weakly sample dependent. Higher DOS 
in our sample with ~ large linear term of the heat capacity 
(c/T = 42 oJ/mole·K ) would be otherways expected. With Pm = 
= 2.4·10 38 /Jg and ln(4t/'mtn ) = 30, eq. (3) yields c(T, 100 s)/ 
/T = 0.8·mJ/mole·K2, i.e. only 2% of the linear term observed 
for our YBa2Cua07 specimen are due to TLS. Thus, it is un
probably that the TLS are caused by chemical or phase impuri
ties. If we take into account a typical glassy behaviour of 
the sound velocity and the internal friction of all investi
gated HTS 121 , we can expect a long time energy relaxation at 
least for all high-temperature superconducting ceramics. Sys
tematical investigations of the long time energy relaxation 
in HTS seem to be reasonable. 
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3. The conversion of YBa2Cua01 to YBa2Cua does not change 
the DOS essentially. If the TLS are caused by the labile 
oxygen a decrease of the DOS after the oxygen reduction is 

, expected. However, the dependence of the oxygen concentration 
can be more complicate. If we assume that the tunnelling rate 
depends on the vacancy and oxygen concentration, a maximum 
value of the DOS appears for an intermediate oxygen concen
tration. Indeed, an increase of the internal friction plateau 
was observed even after a small reduction of the oxygen con
centration191, which could be due to an increase of the DOS. 

At temperatures T1 > 3.5 K, the temperature dependence of 
the power release disagrees with eq. (4) (see fig. 4). Simi
lar deviations were observed for all investigated glasses

151 

The simplest explanation of this behaviour would be that 
the DOS of the TLS does not extend beyond energies above a 
cut-off energy Er. Indeed,a surprisingly good agreement with 
the experimental data of all investigated glasses was obtai
ned using the energy dependent distribution function 15/ 
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0 o Y Ba2Cu307 ~ 

3 ..,. 
YBo2Cu306 ·CT • 

2 

0 oL-----~50~----1~0-0-----,~50~--~20~0~~ 

T/- To1 ( K1) 

Fig. 4. The value q·t as a function of Tf- T 2 (T0 = 
= 1. 5 K). 1 - stand=d tunnelling theory 17 .8? ( eq. ( 4) 
with Pm= 2.4·10 38/Jg. 2,3- modified tunnelling 
theory/51 based on the energy dependent DOS ~ccor
ding to e~. (9) with Erik = 13 K, Tb = 0 K, Pm = 
= 2.4·10 3 /Jg (curve 2) and Pm = 2.9·1038 /Jg (cur
ve .3). 



n(E,t) =n
0
(t)/(1+ exp((E-Er)/kTb)), (9) 

where Er and Tb are constant and n 0 (t) is determined by 
eq.(Z). Moreover, the small variation of Er fat various glas
ses (7. 5 K S. E 1/k S. 24 K) indicates an universal behaviour 
of the energy dependence. Assumption (9) with Er/k = 13 K and 
Tb = 0 K yields a good fit for YBa2Cu 3o7 and YBa2Cu30e (see 
fig. 4, curves 2 and 3), too. 

However, measurements of the T0 dependence of 4 for epoxy 
resin 1221 , and short heating ex~eriments with YBa2Cug07' 
YBa 2Cu 3o6 and various glasses 15• 31 show that assumption (9) 
is uncorrect. In particular, it was found for epoxy resin 
that the value of the power ~(T1, T0 , t) released desagrees 
with the absolute value of the power ~(T0 , T1, t) absorbed 
for the same T1, T0 and t if T0 > 2 K. For explanation of these 
results we must assume that the relaxation time or the tunnel
ling parameter became temperature dependent at higher tempe
ratures, i.e. another. temperature dependent relaxation pro
cess exist. The temperature dependence of the distribution 
function P(~,A) necessary for explanation of the long-time 
energy relaxation experiments is shown in fig.5 qualitatively. 
For low temperatures T

0 
the temperature dependent relaxation 

process influences only the distribution for large A, while 
for shorter A the distribution function believes unchanged. 
With increasing T0 the maximum of the distribution function 
shifts to lower A. From fig. 5, we can predict some unusual 
behaviour of the time and temperature dependence of the power 
release. 

Fig. 5. A qualitative plot P(E,A.Tol 
of the distribution function 
P(E, A) as a function of A for T03> To2 
various T 

0
• The parameters To2> To, 

A1 , A2 , ,\3 and Amtn see To,·OK 
text. p 1----\,--------L+-+--+~:..:..._-1 

J • A maximum value Ama.x 
and a corresponding r max 
exist in T0 

dependence. For 
high temperatures (T > T1 ), 

A 

the sample cooling is not fast enough and all excitations re
lax during the cooling procedure. This excitation with ener
gies E > E r does not contribute to the power release after 
cooling. 
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2. The main part of the power released or absorbed is due 
to TLS with T =t and the corresponding effective tunnelling 
parameter A611 = A(r) = A(t). With increase of t the effective 
.\err also increases. If .\err reaches the distribution anomaly, 
the time dependence changes, the power relaxes first slower 
(T0 = T02 , A611 =A!) and then faster than t-1 (T0 = T o2, A elf= 

=As) 0 

3. Measuring the power release after cooling from high T1 
(T0 << T1), an increase of the power release can be observed 
after an increase of T0 , changing the distribution anomaly 
in the region of A elf (A elf = A 2, T ol 4 T 02). A similar de
formation explains that the absolute value of the power re
lease 0(T 1, T0 , t) can be larger than the power absorbtion 
Q(T0 , T1, t) for the same T1, T0 

and t (T 01 = T0 , T 02 = T1, 
A eft=~) • 

4. If we heat the sample rapidly from T01 to TH = T03 and 
keep the sample at T03 for the time interval tH, the power 
released after the cooling to T01 is independent of tH for 
tH > r max , where r max is determined by >-maxCT 03 ). Thus the 
"short heating" experiments can be explained. 

The behaviour according to I. and 4. was found for 
YBa2Cu30 7, YBa 2Cu 30e and all other investigated glasses 151 

Until now, the features 2 and 3 were observed for epoxy resin 
only. For other glasses the T0 dependence was not investigated. 

If we assume that the temperature dependent transformation 
of the distribution function according to fig. 5 is correct, 
experimental parameters depending on shorter r or A will also 
show a different behaviour than predicted by the tunnelling 
theory. However, these anomalies we can expect to find at 
higher temperatures than the temperature, where the long-time 
power release deviate from the tunnelling theory. Indeed, at 
higher temperature a plateau of the thermal conductivity and 
an "unknown" relaxation peak of the internal friction was 
observed for the most investigated glasses. Thus these anoma
lies seem to be connected. In particular, the same T1 depen
dence of the power release (Tr = 13 K, Tb = 0 K) was observed 
for YBa2CugO 7 and vitreous silica /11,6/, and an increase of 
the internal friction above 5 K with a relaxation peak at 
36 K 141 and 31 K1241 respectively were found for both mate
rials. Moreover, in accordance to fig. 5, the internal fric
tion relaxation peak of vitreous silica124/ and YBa 2Cu

3
o7

125/ 
moves to higher temperatures increasing the measuring fre
quency. 

The temperature dependent relaxation process can be the 
consequence of, at least, two reasons: the Raman process 
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(interaction between the TLS and two or more phonons) and 
the thermal activation process. 

At low temperatures only the first order Raman process is 
of interest (two phonons), yielding a T7 dependence 1281 of 
the relaxation rate. However, both relaxation rates of TLS 
interactiny with one and two phonons are proportional to 
(/'J.0 /E)2 128 , where 
1'.

0 
~ 11!1exp( -.\), ( 10) 

and nn/2 is the ground state energy. 
That means that for a given energy and temperature the 

deformation of the distribution function is the same for 
small and large A, assuming the coupling constants to be A 
independent. Moreover, it was shown in the framework of the 
"soft configuration" theory 1211 

- yielding identical with 
the tunnelling theory results for low temperatures - that the 
two-and more phonon interaction can be neglected below 
100 K 1281 . Thus, the temperature dependent relaxation process 
is not or only partially caused by the Raman process. 

If we assume that the temperature dependence is due to the 
thermal activation process, an unusual distribution of the 
potential barrier heights will be obtained. Since the thermal 
activation sets in at low temPeratures only for large A-va
lues·, the potential barrier height vb must decrease with in
creasing A. However, A is determined by 

1/2 
.\ ~ d(2mVb) /11. (11) 

Thus the decrease of Vb must be compensates by a stronger 
increase of the distance d between the potential mtntma or 
the mass m of the tunnelling particles. This result is dif
ficult to be understood in the "one particle" picture of the 
tunnelling model. Since so far the nature of the tunnelling 
entity is not known neither.in general nor in specific cases, 
this result indicates ones more that the "one particle" pic
ture can be to simple for explanation of the low temperature 
anomalies of glasse·s in detail. 

For various HTS a long-time relaxation of the magnetiza
tion wa$ observed for temperatures near T c 1291 and for low 
temperatures (T«T0 /

301 , too. For example, if a small field 
H1 < H01 is applied to a Sr0.2 La 1.8 Cu04 or Ba 0.15 La 1.85 Cu0 4 
sample at T = 0.8 K, the isothermal de magnetization M is 
unstable in time, following the law 

M- M
0 

- 'IH~ln(t/t 0 ) ( 11' ) 

with n = 3 during a 10 5 sec observation 130~ 
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There is a surprising similarity between the relaxation 
behaviour of HTS and a certain class of perovskite ferroelect
rics like Pb0 .915 La 0 .085 (Zro.s 5Tio.ss)Oa (PLZT), exhibiting a dif
fuse phase transition. In these materials properties typical 
of glasses were observed at low temperatures 1St!. In parti
cular, experiments with PLZT show not only a logarithmic time 
dependence of the electric polarization after switching on 
or off an electric field for high (T ~ Tc) and low temperatu
res (T « Tc), but also a t-1 dependence of the power released 
after rapid cooling or after switching on or off an electric 
field 161 • This indicates that in both materials the glassy 
behaviour is due to structural instabilities. It seems to be 
remarkable, that these low temperature anomalies were found 
not only for ferroelectrical polycrystalline ceramics, but 
also for monocrystals as, for example, Pb(Mg033~_67 )0 3 131 ~ 
From this point of view glass like behaviour Of high tempera
ture superconducting monocrystals can be expected, i.e. this 
behaviour is of intrinsic origin. 

At last, a connection between the low temperature anoma
lies and the high Tc could exist. An attempt to explain the 
high Tc and the glassy behaviour as a consequence of struc
tural instabilities is given in Ref. 32. 

5. CONCLUSIONS 

A typical of amorphous solids and structural glasses time 
and temperature dependence of the power i!(Tb T0 , t) released 
after rapidly cooling a YBa 2Cu3 07 sample from various equi
librium temperatures T1 (2.35 K .,_ T1.,_ 15.1 K) to T0 = 1.5 K 
was observed. 

For all T1 and T
0 

= 1.5 K an exact t-1dependence was found 
for 3t0 < t < 30 hr. At low temperatures (T 1 < 3. 5 K) the re
sults agree wit~ the tunnelling theory we!l and the distribu
tion parameter Pm can be calculated. The Pm value of YBa 2Cu 307 
agrees with values obtained in acoustic experiments. The TLS 
give a contribution to the linear term of the heat capacity 
(c(T,t)/T = 0.8 mJ/mole·~), which is significantly smaller 
than the observed linear term of our sample (42 mJ/mole·K2), 
caused mainly by phase and chemical impurities. 

\-lhile the linear term of the heat capacity decreases noti
cable, the power released and the DOS of TLS increases of 
about 20% after the conversion of YBa 2Cu3 0 7 to YBa 2Cu 306. 
This result indicates that the TLS are probably not caused by 
chemical or phase impurities. 
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For T1 > 3.5 K the temperature dependence of the power re
lease disagrees with the tunnelling theory. Similar devia
tions were observed for all investigated amprphous solids 
and structural glasses. 

The assumption that the DOS of TLS does not extend beyond 
energies above a cut-off energy Er yields a good fit for the 
observed Tt dependence. However, "short heating" experiments 
indicate that an unknown temperature dependent relaxation 
process exists, probably due to the thermal activation. From 
our experiments a qualitative plot of the distribution func
tion P(E,A) as a function of T0 can be obtained. At low To 
the unknown relaxation process produces an anomaly of the 
distribution function only for large A-values. With increa
sing T0 this anomaly changes to. lower A. This relaxation pro
cess probably causes also the "unknown" relaxation peak of 
the internal friction and the plateau of the thermal conduc
tivity observed for YBa2Cus07 and the most of investigated 
amorphous solids and structural glasses. 

Astonishing similarities exist between HTS and perovskite
ferroelectrics with diffuse phase transitions in the sense 
of low temperature anomalies and relaxation phenomena. This 
indicates that in both materials the glass like behaviour is 
due to structural instabilities which probably exist also in 
monocrystals. 
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