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Anomalous isotopic effect of tunneling states in NbTi-H/D
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The thermal conductivity, heat capacity, and heat release of NbTi, NbTi-H, and NbTi-D were measured at
low temperatures. All three systems reveal low-temperature anomalies typical for structural glasses. It is shown
that above a concentration of 2% H or D the tunneling states of the NbTi matrix disappear. Therefore, for
higher concentration it is a good system to proof how the change in the mass of tunneling atoms influences the
low-temperature anomalies. For the heat capacity we found the expected isotopic effect. However, the anoma-
lous isotopic effect observed for the heat release data cannot be explained within the standard tunneling model.
A surprising result is that tunneling systems with very high barrier heights, even the systems with the maxi-
mum barrier height, influence remarkable the heat-capacity and the heat release data at low temperatures. As a
possible origin, we consider large-scale fluctuations in thermal expansion which could generate anomalous

two-level systems.
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I. INTRODUCTION

All investigated amorphous solids show quite universal
low-temperature anomalies of the acoustic, dielectric, and
thermal properties. Although most of these anomalies can be
explained within either the phenomenological tunneling or
soft potential model (SPM), their microscopic origin is not
yet cleared up. Surprisingly, a glassylike behavior was also
observed in some crystalline solids at low temperatures.'~© In
some plastically deformed crystals (Al, Ta, and Nb) the in-
trinsic properties of linear defects (dislocations) were found
to be of importance.® However, the analysis shows that this
picture is not universal. For example, it is not appropriate for
the description of observed glasslike anomalies in w-8 al-
loys.

One of the physically interesting solids is a stabilized cu-
bic zirconium dioxide.” In experiments with a Ca stabilized
ZrO, single crystal we found together with a typical glassy
behavior of the low-temperature properties (like the thermal
conductivity, heat capacity, ultrasound velocity, and internal
friction) a giant heat release, which exceeds typical values
for amorphous and other glasslike crystalline solids by
roughly two orders of magnitude. The analysis of these data
shows that the giant heat release is caused by tunneling sys-
tems with extremely large barrier heights. An interesting
question is why the relaxation time of these tunneling sys-
tems is so short that they can contribute to the heat release in
a time scale of minutes? Unfortunately, any theoretical at-
tempts to explain this phenomenon are failed. The reason is
that the giant heat release depends on many factors such as
the maximum barrier height of the distribution, a zero-point
energy of tunneling systems, cooling rates, and the thermal
expansion of the material.

In this paper, we focus on a study of the low-temperature
behavior of NbTi.® Ti atoms in NbTi act like traps for atomic
hydrogen (H) or deuterium (D). It seems that at low tempera-
tures H or D atoms can change their positions near Ti atoms
by a tunneling process thereby causing typical for structural
glasses anomalies in the heat capacity” or in the long-time
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heat release.!” Since the hydrogen in a given NbTi sample
can be easily replaced by deuterium, we are permitted to
investigate the influence of the mass of tunneling atoms on
the low-temperature anomalies, which is impossible for
structural glasses. Therefore we have measured the thermal
conductivity, heat capacity, and heat release of NbTi with
nearly the same concentration of H or D.

An additional problem is that the internal friction of pure
polycrystalline Nb,Ti;_, with 0.2<x<0.6 also shows low-
temperature anomalies typical for structural glasses.* Actu-
ally, our measurements of pure Nby 3;Ti,¢; reveal evidence
of a glassy behavior for other main thermal characteristics.
Thus, additional tunneling states are caused by atoms in the
matrix. These tunneling systems are originated from local
phase fluctuations between the 8 and @ phases, which are
close in their energy.* However, investigations of the crystal
structure of NbTi show that a small amount of hydrogen
leads to a thermally and mechanically stable single 3-phase
structure'! and we can assume that these additional tunneling
states disappear above some critical concentration of H or D.

II. MODEL

Let us start from some useful theoretical background. The
experimental data will be analyzed within the standard tun-
neling model (STM) (Refs. 12 and 13) which is based on the
assumption that there exist two-level systems (TLSs) with a
constant distribution of their asymmetry energy A and tun-

neling parameter A
P(A,N)=P=const, A<A,.-N<Nuue (1)

where P is a so-called “spectral density.” For the thermal
conductivity, k, STM yields

2k p(v v
K/Tzzﬁg(?ll+2?t>, (2)
t

where p is the mass density, vy, are the coupling constants
between TLSs and phonons, and v,, are the sound velocities
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of the longitudinal and transversal sound waves. As is seen,
the thermal conductivity is very sensitive to magnitudes of
the coupling constants.

On the contrary, the specific heat depends quite weakly on
the coupling constants. This fact allows one to extract P,
from experiment (here and below we use notation P for the
parameter P when it was extracted from the heat-capacity
measurements). Explicitly,

w7k 4t
CTLS = _chT ln_o, (3)
12 Tiin

where £, is a characteristic time of the heat-capacity mea-
surement and 7,,;, is the minimum relaxation time. 7,,;, can

be estimated from the general expression for the relaxation
time 7 of a tunneling process

7=[A(EAY/ky)coth(E/2kgT)]™ (4)

. _ A2 2
with E=VJAj+A* and

= (5)

87T3kg<ﬁ zﬁ;)

ph4 5

vy vy
on conditions that E=Ay=2kgT.

The long-time heat release is of our main interest here
because it is most sensitive to the expected isotopic effect.
After a rapid cooling of a sample from some initial (equilib-
rium) temperature 7 to a final (phonon) temperature T, the
tunneling systems with relaxation time 7 longer than the time
necessary for cooling remain in a nonequilibrium state. Their
further relaxation to a new equilibrium state leads to an en-
ergy transfer from tunneling systems to phonons'*

: kg
dQidt = Q(T,,Ty,1) = —2P V(T - To)t™ for T<T

24
(6)

and

: 772](%? (T2 _ 2y =1 :

Omax= jPQVA(T* - Tyt for T>T", (7)
where P is the tunneling parameter extracted from the heat
release measurements, V* is the volume of the sample, and
the freezing temperature T is given by!?

— Veff ) (8)
In(kpT**/ 7| R*| V1)

Here V, is the effective barrier height of TLS causing the
heat release at given time f,, R* is the cooling rate at the
freezing temperature 7%, and 7, is the constant of the thermal
activation rate. The saturation of the heat release above T™ is
a consequence of the thermal activation process which domi-
nates at high enough temperatures. The relaxation time at
higher temperatures becomes so short that TLSs with given
Vs and higher energies A~ E>2k,T" reach the equilibrium
during the cooling process and do not contribute to the heat
release.

Obyviously, within the STM P=P-=P,. Numerical calcu-
lations show that 95% of the heat release observed at fixed
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time #, is produced by tunneling systems whose relaxation
times lie in the range of 0.2715<<7<<20t,. These TLSs are
located in a quite small region of the distribution function
P(\) with AN=2.6 for a typical time of the heat release ex-
periments f,=1 h and N varying between 15 and 20. For
instance, in structural glasses this range amounts to about
20% of the effective tunneling parameter A\, determined by
the equation 7=t,. Thus, all TLSs causing the heat release at
time 7, are contained in a small range of P(\) around \g. If
we replace H by D and measure the heat release at the same
time ¢, we observe the heat release of TLSs with equal \,.
The relation between N\, and V, is given by'?

d ————
)\0 = % \r’2mVef_-f, (9)

where d is a distance between potential minima and m is the
mass of tunneling atoms. Therefore, if we replace H by D
and assume that the distribution of TLSs is completely de-
termined by NbTi matrix, the heat release at the same time 7,
will be caused by TLSs with markedly smaller barrier
heights. Indeed, at equal A one obtains Verf/ Vefo=2 as long
as m"/mP=1/2. According to Eq. (8) this results in a large
isotopic effect in the freezing temperatures

«H
% = Kgff =2. (10)
Verr

In addition, the distribution parameter should also be
changed. From Eq. (9) follows

pto\P mP

—=—F=m =14 (11)

D~ \H H ’

P Aﬂl(/UC m
since the places of D and H and the barrier heights between
them are determined by the lattice of NbTi (i.e., d=dP and
Vza)(: Vgux) and we expect for equal concentrations the same
number of TLSs (NH=NP), which is proportional to P\,

Thus we expect a drastic change in the maximum value of

the heat release

oM B P_H|: (T"H)2 — TS} B (m_D>5/2
Oh PPLA-To

~57 (12
. (12)

for To<T". In other words, the heat release caused by D
saturates at much lower temperature 7°°=7T*H/2 with an es-
sentially smaller peak value.

Assuming that the double-well potential can be formed by
two identical harmonic potentials with a shifted position of
their potential minima, the tunneling parameter is written
as16

Vv,
No=—L, (13)
Ey

where E is the zero-point energy in a single harmonic well.
One obtains

=0 _», (14)

This relation will also be tested in our experiments.
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III. EXPERIMENTAL

Three samples were prepared from the same Nby 3, Tij 43
target: a large one (V=10 cm?® and m=60.17 g) for the heat
release experiments, a small one (0.86 g) for the heat capac-
ity and a long one for the thermal-conductivity measure-
ments. First, all these samples were heated up to 650 °C for
24 h at a pressure of p=10~° mbar to reduce the concentra-
tion of trapped H, N, and O to values less than 10 ppm. After
experiments with pure NbTi the samples were charged with
H by 650 °C and different pressure of hydrogen gas. The H
concentration in the samples was calculated from the mass
difference and is given by the ratio of H atoms to the total
number of Ni and Ti atoms. In this way H concentrations
ranging between 1% and 50% were obtained. After experi-
ments with NbTi-H the hydrogen was again reduced to zero
(in fact the initial mass of the pure NbTi was obtained again)
and than charged with D in the same way.

Heat-capacity and thermal-conductivity experiments were
performed in a *He-*He-dilution refrigerator, the heat release
was measured mainly at 7,=1.34 K after cooling from dif-
ferent T, in a *He cryostat. For the heat-capacity measure-
ments both the pulse technique and the relaxation time
method were used. A special cryostat with a low and very

stable parasitic heat flow to the sample qu,=1.5 nW was
used. The rapid cooling of the sample was realized by a
mechanical heat switch. The heat release of the sample was

determined from the temperature drift of the sample T

Q = (Cp + Cad)T+ [T(t) - TO]/RhI - Qpar’ (15)

where C,; is an addendum heat capacity (the thermometer,
the heater, and the plate). The total heat capacity C,+C,,
(the time dependence of C, can be neglected) and the heat
link R;; between the sample and the sample chamber were
measured separately. The sample was fixed by thin nylon
threads, which causes by open heat switch together with the
electrical wire of the heater and the thermometer the heat
link R;;. In some experiments, where the temperature drift
was very strong, the heat switch was some times closed dur-
ing the measurement to reduce the sample temperature 71(z)
to Ty, again. Thus, T(z) was close to T, during the whole time
of the heat release measurement [7(z)—T,<10 mK at T,
=1.34 K].

IV. RESULTS AND DISCUSSION
A. Thermal conductivity

The thermal conductivity of pure NbTi is shown in Fig. 1
(black squares). Below 1 K the heat capacity is exactly pro-
portional to 72 with an absolute value close to that of vitre-
ous silica (black triangles). Thus, the thermal conductivity of
polycrystalline NbTi exhibits low-temperature anomalies
typical for structural glasses in accordance with glassy be-
havior of the internal friction, observed for the same material
in Ref. 4. When we increase H or D concentrations in NbTi
the power law remains always unchanged. At the same time,
we observed a surprising dependence of the absolute value.
Namely, the thermal conductivity of NbTi with 2% H shows
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FIG. 1. The thermal conductivity of NbTi, NbTi-H, and NbTi-D
for different concentrations of H and D. Below 1 K the thermal
conductivity is strongly proportional to 72 (solid line).

the expected result being about 6% smaller the value of pure
NbT], i.e., one has an additional scattering on the tunneling
states produced by the hydrogen atoms. However, the ther-
mal conductivity of NbTi with 10% H is 3.4 times larger the
value of pure NbTi. A similar result we get with D. A simple
explanation of this unexpected behavior is that the local fluc-
tuations, which are responsible for the tunneling states and
low thermal conductivity of pure NbTi, disappear at higher
concentrations of H or D (x>8%). In fact, above some criti-
cal concentration x, (2% <x.<8%) the hydrogen (or deute-
rium) stabilizes B phases and, as a consequence, one expects
that the glassy behavior at low temperatures disappears.'' At
the same time, H (or D) produces new tunneling states. For
this reason, the thermal conductivity is still glassylike: it is
proportional to T2 but with a much larger absolute value due
to smaller coupling constants. We can calculate the param-
eter Py’ from Eq. (2) with v;=4360 m/s, v,=2640 m/s, p
=6 g/cm?’, and (y,/7y,)*=2.5."5 The results are presented in
Fig. 2.

We see clearly the jump of this parameter between 2%
and 8% H or D. The number of the tunneling states produced
by H or D increases rapidly with the concentration for x
< 10% and slowly for higher x. Since H (or D) is trapped by
Ti atoms and changes the positions around them, it is neces-
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FIG. 2. The parameter P'yr2 of the standard tunneling model
determined from the thermal-conductivity data with Eq. (2).
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FIG. 3. The heat capacity of NbTi, NbTi-H, and NbTi-D for
different concentration H or D. Below 1 K the heat capacity of all
investigated systems is proportional to 7' (dashed lines).

sary that the new positions are free. For higher concentra-
tions this will be less and less the case and we can even
expect a maximum in the dependence of the number of tun-
neling states on the H or D concentration. Up to 50% this
maximum was not observed. Partially this could be masked
by an additional scattering on dislocations, which can appear
at high concentrations of H or D like in case of hydrogen in
copper.!”!® We did not try to introduce more than 50% H
since a too high concentration of H destroys the NbTi
sample.

B. Heat capacity

Typical results of the heat-capacity measurements are
shown in Fig. 3. Below 1 K, where the contribution of the
electron systems can be neglected, the heat capacity is pro-
portional to T (with a coefficient denoted here as a,,). This
linear term is roughly proportional to the concentration of H
or D: a,,=0.37 mJ/g K? for x>2%. For smaller x, a, in-
creases due to additional tunneling systems caused by the
B-o fluctuations in NbTi. The distribution parameter P, of
TLSs can be calculated with Egs. (3)—(5), to0=10 s. Together
with Pyt2 from the thermal conductivity we get also 7y,. The
most important parameters deduced from the heat capacity
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are given in Table I. Since the heat capacity and the thermal
conductivity were not measured exactly at the same concen-
tration, we used the corresponding extrapolated values P%z
from Fig. 2. We do not calculate the coupling parameter v,
for x=50% H since a different x dependence of Pyt2 and P,
was observed for x>10% while P)/t2 is nearly a constant for
higher x, the linear x dependence of P remains unchanged
up to 50%. In a case of H we found a different x dependence
for both long (heat-capacity) and short (thermal-
conductivity) relaxation times. This different behavior can be
explained by making an assumption that the longer relax-
ation time (with the correspondingly larger tunneling param-
eter) is caused by a longer distance between two positions
[see Eq. (9)]. Many more equivalent positions exist for the
long-distance tunneling in comparison with the short-
distance one and, therefore, a possible maximum of the tun-
neling rate will be observed at higher concentrations of H or
D.

NbTiH, s¢, contains nearly the same number of TLSs (P)
as in a case of pure NbTi. However, there appear new mark-
edly different tunneling states. The hydrogen produces addi-
tional TLSs with an essentially smaller coupling constant v,
(see Table I). Thus, 2.5% H is enough to stabilize the B phase
in NbTi.

C. Heat release
1. Heat release in NbTi

Figure 4 shows the measured heat release as a function of
time after cooling starting with different initial temperatures
T,. The final temperature 7;, was always 1.34 K. The heat
release is strongly proportional to 1/¢ (except for T
=80.8 K) in agreement with Eq. (6) and thereby with the
behavior of structural glasses. At temperatures 7; <4 K the
heat release for a fixed time (¢,=30 min) is proportional to
(T%—T%) (see the inset in Fig. 5). This allows us to obtain the
last free parameter in Eq. (6): Pp=5.3x10* J-' m™. For
higher temperatures (7; >4 K) one could expect the satura-
tion of the heat release as a function of 75— Tj;. However, we
have obtained a new linear dependence (see Fig. 5) which is
saturated at about 50 K only. Such behavior is also well
known from different structural glasses:'® at given time #,

TABLE 1. The parameter set deduced from the thermal conductivity and the heat-capacity
measurements.
Parameter NbTi NbTiH; 5¢, NbTiH (g, NbTiDy ¢, NbTiHsq,
0y (K) 243 253 280 253 303
a,; (ml/g K?) 2.0 1.3 4.2 3.1 18
p (g/cm?) 6.02 6.02 6.04 6.05 6.14
v, (km/s) 2.64 275 3.04 2775 3.29
A (1/sK?) 3.9%x10° 3.4%10° 2.1%10° 4.8%10° 1.4%x10°
Tnin(0.2 K) (us) 4 46 76 33 11
Pc (1/T7m?) 43%x10% 3.9%x10% 1.2 X 10% 8.6 X 10% 4.4%x10%
Py (J/m?) 1.7x 107 1.5X 109 5.1x10° 5.5X10°
v, (eV) 0.39 0.12 0.13 0.16
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FIG. 4. The heat release in 10 cm® NbTi after cooling from
different initial temperatures 7 to the final phonon temperature 7
as a function of time (r=0 at the beginning of cooling). The heat
release is strongly proportional to ! (dashed lines).

two kinds of tunneling systems with different freezing tem-
peratures contribute to the heat release. For NbTi these two
contributions can be easily separated since two freezing tem-
peratures are very different. At higher temperatures, the lin-
ear dependence is caused by TLSs with higher freezing tem-
perature T:=47 K, where the constant at T;-T;=0
corresponds to the maximum value of the heat release of
TLSs with the lower freezing temperature 7,=5.4 K. These
two contributions and the measured heat release as a function
of T%—T(z) are shown in Fig. 6. Two corresponding distribu-
tion parameters are P,=5.1X10% J7'm™ and P,=2.3
X 10¥ J7' m=. We will call TLSs with the lower freezing
temperature 7, the normal ones and with the higher freezing
temperature 7,, the anomalous ones.

The value of P, is very small and takes only 4% of the
total value of Py=P,+P,. However, due to very high freez-
ing temperature (7,=47 K) their maximum contribution to
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FIG. 5. The heat release in 10 cm?® NbTi at the fixed time £,
=30 min as a function of 75— T5 (Ty=1.34 K). A linear behavior is
found for T; <4 K (see the inset) and for 7;>12 K. This can be
explained by the assumption that two kinds of TLSs with different
freezing temperatures contribute to the heat release at given time.
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FIG. 6. The separated contributions of two kinds of TLSs to the
heat release in NbTi at 7,=30 min. The white and black squares
show the contribution of TLSs with the freezing temperatures T;

=5.4 K and T, =47 K, correspondingly. The sum of these two con-
tributions yields the measured heat release (black circles).

the heat release is 3.4 times larger the maximum contribution
of the normal TLSs. The heat release is very sensitive to the
presence of TLSs with a high freezing temperature.

By using of Eq. (8) one can calculate now the barrier
heights of TLSs contributing to the heat release. Since the
exact value of 7, for NbTi and NbTi-H/D is unknown, we
took for estimations the value of vitreous silica 7,=2
X 10713 .20 Further, for TLSs with 7=7, we can estimate the
corresponding tunneling energy A, by using of Eq. (4)

Ay = 1NA(T* + Ty)1,, (16)

where T+T, is an average energy of TLSs causing the heat
release after cooling from some 7', > T". Finally, one can find
from the relation between A, and \,'°

Ag=QEym[(1+ N2+ N"lexp(= VN2 +)N),  (17)

the corresponding tunneling parameter A and the zero-point
energy E,. All the calculated parameters V<7, Ay, \, and E,
for the normal (n) and anomalous (a) tunneling systems are
given in Table II. Notice that for A, and A\, we have obtained
nearly equal values. A small difference is caused by a higher
average energy of the anomalous TLSs in comparison with
the normal ones. Within the ordinary STM, the fact that
TLSs with very different barrier heights contribute to the
heat release at given time 7, could only be explained by
suggesting the existence of two kinds of TLSs with very
different values of Ej, and E,,. However, it will be shown
below (see Table III) that the needed relation for the zero-
point energy is strongly distorted for anomalous TLSs.
There is a different possibility to explain this surprising
result. Namely, since one has only to fulfill the condition
N.~ N\, we could expect some kind of instability of the ef-
fective barrier heights of anomalous TLSs. This means that
at the freezing temperature 7, the nonequilibrium state of
TLSs with the corresponding barrier height szf is frozen in
but after cooling this effective barrier height is reduced to
Vflff . It will be shown below that a strong reduction in the
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TABLE II. The parameter set deduced from the heat release

PHYSICAL REVIEW B 82, 174204 (2010)

measurements.

Parameter NbTi NbTiHgq, NbTiDgg, a-SiO,
Py (10% 7' m™) 53 45 84 2.0
Py, (10% J7' m™) 5.1 28 18.4 1.7
Py, (10% 771 m™) 0.23 17 65.6 0.3
T' (K) 54 5.9 3.1 48
T (K) 47 32 51 145
Vel kg (K) 173 193 98 155
VT kg (K) 1606 1081 1746 515
Aon/ kg (mK) 45 19.2 16.2

Aga/ kg (mK) 1.7 8.9 47

A 15.9 14.6 14.1 16.3
s 19.0 17.0 18.1 17.2
Egu/ kg 11.0 13.3 6.9 9.0
Epu/kg 87.3 63.6 96.5 25.0

dQ/dt (nW)
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® 25K
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= 18K

FIG. 8. The heat release in 10 cm? NbTiDyy, after cooling from
different initial temperatures 7' to the final phonon temperature 7,

barrier heights occurs as a consequence of local mechanical
stresses during the cooling processes. In this case, all TLSs
should have the same value of E,,.

Another interesting result follows from the comparison of
the distribution parameters deduced from the heat capacity
and the heat release. From the STM we expect that P/ P
=1. However, our experiment yields P/ P,=8 (see Tables I
and II), i.e., there is an additional contribution to the heat
capacity which does not influence the heat release. Since this
discrepancy was also observed in other materials®!*2% in-
cluding structural glasses, we will discuss this problem in
more detail in Sec. IV D 3.

2. Heat release in NbTi-H/D

Figures 7 and 8 show the heat release of NbTiHyq, and
NbTiDye, as a function of time after cooling from different
initial temperatures 7, to Ty=1.34 K. In contrast to both

10°
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o
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10'F | *
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FIG. 7. The heat release in 10 cm? NbTiHyg, after cooling from
different initial temperatures 7 to the final phonon temperature 7
as a function of time (r=0 at the beginning of cooling). The heat
release is proportional to ! (broken line) except for T;>8 K,
where at short time an additional contribution exists, which relaxes
exponentially.

as a function of time (r=0 at the beginning of cooling). The heat
release is proportional to +~! (broken line). In contrast to NbTiHgq,
the additional contribution at short time was not observed.

NbTi and NbTiDyq, an additional nearly exponential contri-
bution to the heat release was observed for NbTiHgg, at tem-
peratures 77 >8 K. Notice that this behavior is not a conse-
quence of different cooling: the cooling rate was the same for
NbTi, NbTiDgyq, and NbTiHgg,. At longer time the heat re-
lease was found to be again strongly proportional to ! in
agreement with Eq. (6). The further analysis was performed
just as described above for NbTi. Again, two kinds of TLSs
with different freezing temperatures were found. The sepa-
rated contributions of both normal and anomalous TLSs as
well as the measured values of the heat release for f,
=30 min as a function of 75—7% are shown in Figs. 9 and
10. The corresponding parameters Py, T, Vet Ay, N\, and E,
are given in Table II. Figures 9 and 10 show clearly the
markedly different behavior of the isotopic effect for the nor-
mal and anomalous TLSs. While the change in H to D leads
to a reduction in the maximum heat release of normal TLSs,
the maximum heat release of anomalous TLSs increases sig-
nificantly. This increase is mainly caused by an increase in
P, PY/PI=3.8()).

4

10
" Q T =32K
2 s °Q |
10° iy N -
£ o qQ maxQ,, =760 nW
E T =59K
2
o 10°F
S maxQ,,=40nW
5 X
[ L s 2 T2
5 10 . Q,,=073nW(T?-TK®

Q,,=12nW(T72-THK NBTiH,,

1 1 1 1 1
10° 10’ 10° 10° 10°
2 2 2y
T1 -To K

FIG. 9. The separated contributions of two kinds of TLSs to the
heat release in NbTiHgg, at #y3=30 min. The white squares and
circles show the contribution of TLSs with the freezing temperature
T:=5.9 K and T,=32 K, correspondingly. The sum of these two
contributions yields the measured heat release (black squares).
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TABLE III. Isotopic relations.

Parameter Experiment Calculated
Pou/Pop 1.47 1.41
T/ T 1.90 2.0
verr vels 1.97 2.0
Qmax) Qrax 6.3 6.6
Eq 1EQ, 1.93 2.0
PEIPR 1.40 1.41
Py 1P 0.26 141
78 0.63 2.0
Qx| Qrax 0.11 6.6
EL1ED 0.66 2.0

Notice that in the SPM the distribution parameter P is not
a constant like in the STM and decreases weakly with in-
creasing \ (see Ref. 19). In this case the absolute value of the
heat release will be smaller than expected from the STM. For
instance in vitreous silica this gives roughly a factor of 2
between the distribution parameter deduced from the heat
capacity and the heat release in better agreement with the
experimental results. In this case a different time dependence
should be observed for the heat release, i.e., the relaxation is
faster than r~!. Numerical calculation within the SPM yields
for vitreous silica !, However, the very precise heat re-
lease data of vitreous silica give exactly #~!, in agreement
with the STM (see Ref. 20). Such a faster relaxation was not
also found for all other amorphous and glasslike crystalline
solids.

At the same time, the saturation of the heat release above
the freezing temperature 7™ is exactly the same since actually
we introduce this temperature from the SPM (see Ref. 19).
Thus, the heat release data of Ca stabilized ZrO, and
NbTi-H, the unexpected isotopic effect NbTi-H/D and the
discrepancies between the distribution parameters deduced
from the heat capacity and heat release cannot be explained
within the SPM.

D. Isotopic effect

For the normal contribution to the heat release we found
the expected isotopic effect (see Table III). We also observed
the calculated isotopic effect for the distribution parameters
deduced from the heat capacity Pg/Pg: 1.40 (see Tables II
and IIT). At the same time, for the anomalous TLSs we found
a rather unexpected behavior of the distribution parameters,
freezing temperatures, and the maximum contribution to the
heat release (see Table III and the discussion below).

1. Comparison between the data of the heat capacity
and the heat release

The characteristic feature of anomalous TLSs is their sur-
prisingly high freezing temperature and, correspondingly, the
large barrier height (at least at the freezing temperature). In
amorphous dielectrics an upper limit of the barrier height
distribution was found to lie in the range of 600 K [a-SiO,
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10 3 . maxQ=7.2uW og-6-0
£ a
s 10° R Ta:51K
£
€ 10°
= ~ 2 2, 2
E Q,=285nW(T?- T/K
(<] 1
. 10 E .
Ho E mathD:6.3nW
= .
= 10 T =31K
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FIG. 10. The separated contributions of two kinds of TLSs to
the heat release in NbTiDyg, at #p=30 min. The white circles and
squares show the contribution of TLSs with the freezing tempera-
ture 77=3.1 K and T;=51 K, correspondingly. The sum of these
two contributions yields the measured heat release (black squares).

(Refs. 20 and 21)] and 3130 K [a-B,05 (Ref. 22)]. Thus, the
barrier heights of anomalous TLSs are on the order of the
maximum barrier height. After cooling, the corresponding
maximum tunneling parameter of normal TLSs is A
=V Ey, and of the anomalous ones \“*, which is essen-
tially smaller N)“*. Let us denote the effective tunneling pa-
rameter obtained in the heat release measurements as A.
Generally, one has to consider three possible cases: N
<A, N>\, and NJ*"=N\,. In the first case, the anoma-
lous TLSs will not contribute to the heat release, however,
they will increase the heat capacity, i.e., P> Py. This was
observed in NbTi, NbTi-H, and a-SiO, (see Table IV). For
)\Z"”‘>)\Q, the anomalous TLSs contribute to both the heat
capacity and the heat release and we expect that Pc=Py. In
addition, we have observed a giant heat release after cooling
from T,>T, originated from the high freezing temperature
of anomalous TLSs. This is the case for NbTi-D, where
Pc/Py=1. The most interesting case is Np=N;“* where we
expect to reveal an exponential decrease in the heat release
with time at the corresponding maximum relaxation time
7 =r(V'*). Indeed, such behavior was observed in
(Zr0,) 39(Ca0)y i (Ref. 8) (see Fig. 11).
A good fit of these heat release data was obtained with

0=0,4" exp(=1/7") + Q. (18)

At 1<7)" the giant heat release was observed and P-=P,
(see Table IV). For 1> 77" the contribution of anomalous
TLSs reduces significantly but still remains nonzero. Thus,
with the distribution functions P,(\) and P,(\) shown in Fig.
13 we can explain all results of the heat release and the
heat-capacity measurements presented in Tables III and IV.

Important questions arise: what is the origin of P, in Fig.
13 and why did we observe a reduced but nevertheless a
well-defined contribution of anomalous TLSs to the heat re-
lease for > 7/"*? Moreover, comparing the corresponding
barrier heights with V"** deduced from the acoustic experi-
ments we found that their values are always smaller. For
example, in vitreous silica V//kz=520 K while V"*/k,
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TABLE IV. Distribution parameters extracted from the heat release and the heat-capacity measurements

for different materials.

Pe Py
Material (10" J7'm™3) (10* 77 m™3) PclPg Case Ref.
a-Si0, 8.0 2.0 4.0 N < Ao 20
NbTi 43.2 5.3 8.2 )\T‘”< )

NbTiHgg, 120 45 2.7 )\Z’ax <A\o
(Zr0O,)(Ca0) 18.5 5.7 3.2 NI < ) 8
(Zr0O,)(Ca0) 18.5 19.2 0.96 N> ) 8
NbTiDgq, 86 84 1.02 NP>

=600 K. In (ZrO,)yg9(Ca0)y; we found for +<<77'“" that
V' /ky>1700 K in good agreement with V"*/kg
=1800 K deduced from the measured on the same sample
damping peak of internal friction” while for > 7 we got
V/'/kp=1300 K. This is also valid for NbTi-H/D. In
NbTi-H 7,)“* is shorter ¢ since P> Py, and the observed
contribution to the heat release is caused by P,y. Their bar-
rier height V,/kp=1300 K. For NbTi-D, 7** is larger ¢ and
the barrier height of anomalous TLSs causing the giant heat
release is V¥//ky=1750 K (t,=30 min).

In order to answer these questions one has to assume the
existence of some process leading to a drastic reduction in
Nuax to N after cooling the sample. For example, if the
origin of such process is the mechanical deformation of the
sample during the rapid cooling, we would have got some
distribution of the internal stresses in the sample. In this
case, the normal TLSs will be situated in the regions with a
minimal stresses. A maximum change in A, happens to be in
the regions with the maximum deformations. In the interme-
diated regions there will exist TLSs with N values between
Nuax and Y, which could cause P,y in the distribution
function P,(\). In principle, every process which transforms

t (min)

FIG. 11. The heat release in 14.5 cm?® (ZrO,), g9(CaO), ; after
cooling from different initial temperatures 7 to the final phonon
temperature 7} as a function of time (r=0 at the beginning of cool-
ing) (Ref. 8). The curves are calculated with Eq. (18), which corre-
sponds to the distribution P(7) of the standard tunneling model with
a step at 7" caused by the cutoff in the distribution of anomalous
TLSs. The fit parameters Q;=Q,,+Q,, Q;=0,+Q,, and 7, are
given in Figs. 12 and 14.

a part of normal tunneling systems into anomalous ones will
produce TLSs with tunneling parameters between these two
groups. The appearance of a contribution to the heat release
at 1> 7" and N\, > \;'“" is probably the consequence of this
fact. From this point of view it is not surprising that for all
amorphous and glasslike crystalline solids, where P> P, a
contribution of the anomalous TLSs to the heat release was
observed.

2. Possible nature of anomalous TLSs

As it follows from measured 7° anomalous systems
should have large barrier heights. On the other hand they are
able to relax in experiment time and give contributions to the
heat release and the heat capacity. Furthermore, in accor-
dance with Eq. (18) the edge of the distribution function
P,(\) can be extracted from the heat release measurements
in both NbTi-H and (ZrO,)(39(Ca0)y ;. N2 can be shifted
more to the left (like for NbTi and a-SiO,) or more to the
right (NbTi-D) (see Fig. 13). This is also clearly seen from
the wrong isotopic relations for anomalous TLSs (see Table
IIT) as well as from the relation P/ P, (see Table IV).

As was mentioned above this situation could be explained
by either markedly different values of E, and E;, or some
kind of instability which influences barrier heights. Since the
correct isotopic relation is not fulfilled for observed E,,, it is
naturally to suggest that Ey,=E,=E,. Therefore, the second

10*
= 1445 (T + T)K) "
10°F
) f
ép,, 10°F T=64K
10'F m (Z0),,(Ca0)
e =24s((T, +T,/K)" ° Nbﬁ:'i o
10° 10’ 10°

T +T, (K)

FIG. 12. The fit parameters 7, used to fit curves for the heat
release data of (ZrO,)39(Ca0), 1, (see Fig. 11) and NbTiHg, (see
Fig. 7) as a function of the average energy of TLSs E,,/kz=T),
+T,. The maximum relaxation time is proportional to E' for both
materials. The saturation of 77/ for NbTiHgg, at high 7| allows one
to estimate the freezing temperature 71" =64 K.
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FIG. 13. The distribution functions of normal and anomalous
TLSs as a function of the tunneling parameter A deduced from the
heat-capacity and the heat release data of NbTi-H and NbTi-D. The
regions available from the heat-capacity (C,) and the heat release

(Q) measurements are shown.

possibility looks more reasonable. Indeed, in Ref. 23 a gen-
eration of strong local mechanical stresses o during the cool-
ing of sample was suggested. In this case, the fluctuations in
thermal expansion of glasslike system can reach giant values.
According to Ref. 23, the thermal expansion coefficients
a(r) take random values inside the dilatation centers of the
sample. The dispersion in the distribution of a(r) is sug-
gested to be much bigger of its mean value: (@®)>(a)’. On
the other hand,

(@ I* DTy

@ 7D

where I" and 7 are the “global” (local) Gruneisen parameters,
respectively, and D is the deformation potential. Supposing
the normal (Gaussian) distribution of the dilatation centers,
the maximum value of a7 is estimated as

: (19)

V2(a)D

max _ | 2
T =2 T~
() VU kg

(20)

The stresses at the local thermal expansion are written as

1)

where K is the shear modulus. In accordance with the Eyring
model an applied stress results in a linear reduction in the
barrier height**

|o| = KaAT,

AV=*gV,, (22)
where V. is a so-called activation volume (a typical volume
required for a molecular shear rearrangement). Let AV"" be
the necessary reduction in the barrier height to make the
relaxation time comparable with the experiment time, i.e.,
(Vi) =1y, where VI=V"*“—AVy™" Then the minimum
value of aAT reads

PHYSICAL REVIEW B 82, 174204 (2010)

10*

0 Qas Qas=1.7p.J (T12 _Toz)/K‘2
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FIG. 14. Q,, O, and Q,; as a function of T%—Tg. The analysis
of the fit parameters Q, and Q; used to fit curves in Fig. 11 shows
that at short time Q,=Q,,+0, and at long time Q;=0,+0,. O
and Q,, determine the contribution of anomalous TLSs for short
(r<77") and long time (r>77“") and differ by a factor of 10.
Together with the reduction in the heat release caused by the
anomalous TLSs we observe a decrease in their freezing tempera-
ture: for Q,, one has 7,,>50 K while 7,,=35 K for Q. The con-
tribution of normal TLSs (Q,,) at long and short times is unchanged.

) Avmin
(aAT)™" = . (23)
KV,
Therefore, the fulfillment of the condition (a7)™%*

=(aAT)™" would be a signal that anomalous TLSs can be
produced by random local stresses. Taking typical values I'
~30, AV""/kp=1.5%10° K, (@)~10° K7!, D~1 eV,
K~10" Pa, and V,.~10 nm’, one obtains that (aT)"*
~ (aAT)™" This estimation allows us to conclude that me-
chanical deformations can generate anomalous TLSs.

By fitting with Eq. (18) the heat release data for
(Zr0O,) 39(Ca0),,; and NbTiHy, we can deduce also the
dependence of 7' on the average energy E,,/kz=T+T,
(see Fig. 14). As is seen from Fig. 14, 7' is roughly pro-
portional to T;+T. This can be explained by the fact that the
sample was repeatedly cooled and warmed during experi-
ment so that every next cycle is accompanied by a small
relaxation of internal stresses (there is a hysteresis).

3. Explanation of Isotopic effect of anomalous tunneling systems

The assumption that the cutoff in the distribution function
of anomalous TLSs is caused by the maximum barrier height
of normal TLSs V' with Ey,=E,=E,, i.e.,

mv:’lndx’

)\me ~

(24)

also explains the observed isotopic effect. Taking into ac-
count that V" and AV are defined by NbTi matrix we con-
clude that V)i7"'=V/5* being independent from the mass of
TLSs. Therefore the relation between anomalous tunneling
parameters takes the following form:
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)\Emnx mD

=\2. (25)

Jas)

)\Zlmax - m

Since Po=P,+P, and P,>P,, we expect to obtain P}CI/ PE
~\2 and this relation was indeed observed (see Table III).
Thus, according to Eq. (25) with an increase in NJ** the case
N;““<N\o (NbTi-H) is changed by NJ“*>N\, (NbTi-D). As
discussed above, in the first case we have P-=P,+P, and
Py=P,+P, with P,<P, and, hence, Pco/Py>1. In the
second case, one has P=P,=P,+P, and Pc/Py=1 and we
observe a giant heat release. All these conclusions agree with
the experimental results. Moreover, we can explain now also
the additional exponential contribution to the heat release
observed just after the cooling of NbTi-H. This behavior is
seen when 7-mex is close to the time necessary for cooling the
sample. Let us analyze the heat release data of NbTi-H with
Eq. (18) where Q, is determined by P,

2

k
g:zfmwﬁ—ﬁy (26)

and Q,=1Q for t> 7" with the only free-fitting parameter
7,zzax.

This fit describes the experimental data shown in Fig. 13
perfectly well with an energy dependence of 7' similar to
that observed for (ZrO,),s9(Ca0)y,; (see Fig. 14). Thus,
mHmar=102 s with a corresponding Nar=17. The estimation
of \Pme with Eq. (25) gives \P7er=24 with a corresponding
75""1~*=108 s, which is much larger our longest measuring
time of 103 s in the heat release experiment with NbTi-D.

Notice that the effective masses can be influenced by the
dressing effect (see, e.g., Ref. 25). However, in our case this
effect cannot give any reasonable explanation of the results,
since it is necessary that the effective mass of H must be
increased by a factor of 4, while at the same time the effec-
tive mass of D remains unchanged. In addition, the coupling
constants between the tunneling systems and the lattice are
very small for H and D (see Table I).

V. CONCLUSION

In all investigated materials, NbTi, NbTi-H, and NbTi-D,
the low-temperature anomalies typical for structural glasses
have been observed for main investigated characteristics: the
thermal conductivity, the heat capacity, and the heat release.
The thermal conductivity of NbTi-H/D increases roughly
three times for concentrations of H or D larger a critical
concentration of 2%. H or D with concentrations larger 2%
stabilize the 8 phases of NbTi. In this way, the TLSs of the
NbTi matrix which are caused by local fluctuations between
the B and w phases disappear. Thus, at concentrations higher
than the critical one, the glassy behavior of NbTi-H/D is
determined by the TLSs of H or D only and we have a good
system to investigate the isotopic effect of TLSs in glasses.

For the heat capacity we found the expected isotopic ef-
fect with the distribution parameter Plg being about 40%
larger the value Pp. Two kinds of TLSs contribute to the heat
release at a given time. This follows from their different
freezing temperatures. Consequently, TLSs with very differ-

PHYSICAL REVIEW B 82, 174204 (2010)

ent barrier heights exhibit the same relaxation time and con-
tribute at the same time to the heat release. This result agrees
with that observed in all other investigated amorphous and
glasslike crystalline materials.

For TLSs with the lower barrier heights we have observed
all isotopic effects estimated within the standard tunneling
model. Namely, the distribution parameter Pgn is about 40%
larger Pgn, the freezing temperature 7° is roughly two times
larger the value 7°P while the ratio of maximum values of
the heat release gives the expected factor close to 6.

A completely different behavior we have discovered for
the TLSs with the higher freezing temperatures, which we
call anomalous TLSs. Instead of the expected reduction in
the distribution parameter PZ in comparison with PY of
about 40% we have observed its increase with the factor of
3.8. The freezing temperature T(?* is found to be larger the
freezing temperature TaH* instead of the expected reduction
by the factor of 2 and we have observed a giant maximum
value of the heat release, roughly ten times larger the maxi-
mum value in NbTi-H, in contrast to the six times smaller
expected value. In addition, the distribution parameter Pg is
much larger the corresponding value deduced from the heat
release data Pg (P}CI/ PQ:2.7) while for NbTi-D we found an
excellent agreement between these two parameters. All these
anomalous isotopic effects cannot be explained within the
standard tunneling model.

We have suggested a simple explanation of these surpris-
ing results by making an assumption that a cutoff in the
distribution function of anomalous TLSs exists. It can be
caused by the cutoff in the distribution of barrier heights at
Vit with the corresponding maximum distribution param-
eter \7'**. We have noted three possibilities for the average
value N, of the TLSs contributing to the heat release: \}“*
<Ng:» N>\, and N*"=\,. In the first case, the anoma-
lous TLSs contribute to the heat capacity but not to the heat
release (except for a small contribution which appears also
for A>N\"" with large barrier heights, yet smaller than
V'), In this case, we have P./Py>1 observed for most of
investigated amorphous and glasslike crystalline solids in-
cluding NbTi and NbTi-H. In the second case, the anomalous
TLSs contribute to both the heat capacity and the heat re-
lease and P/ Py=1. A characteristic feature of this case is a
giant heat release due to the high freezing temperature of the
anomalous TLSs. This is the case for NbTi-D. Thus, the
anomalous isotopic effect of the tunneling states in NbTi-
H/D is caused by an increase in \** for NbTi-D in compari-
son with NbTi-H due to the larger mass of the tunneling
atoms at the same distances and maximum barrier heights.
Finally, in the most interesting case \;“*=\, the exponential
time dependence is expected. In fact, all three possible cases
were observed in (ZrO,)( go(Ca0), ;;. This is a clear experi-
mental argument that our assumption on the existence of
anomalous TLSs with high freezing temperatures and, at the
same time, small tunneling parameters is quite reasonable.
From theoretical point of view, giant large-scale fluctuations
in thermal expansion are expected in glasses and related ma-
terials. Our estimations show that arising local mechanical
deformations could produce anomalous TLSs.
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