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Self-Heating versus Quantum Creep in Bulk Superconductors
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can der Waals Z-eeman Laboratorium, Unicersity of Amsterdam, Valckenierstraat 65, lOI8 XE Amsterdam, The Netherlands

(Received 23 April 1993)

We have performed simultaneous measurements of magnetic relaxation and the accompanying power
dissipation in a number of BiSrCaCuO crystals at temperatures between 0.5 and 4.2 K. The nonvanish-
ing relaxation rate in bulk superconductors at low temperatures, recently discussed as evidence of a
quantum tunneling of vortices, is argued to be governed by self-heating of the superconductor by moving
vortices.

PACS nombers: 74.60.6e, 74.25.Bt

The search for macroscopic quantum phenomena has
recently been focused on the low-temperature movement
of vortices in superconductors. It has been found by a
number of groups that the rate by which superconductors
relax from their metastable critical state does not vanish
when temperature is lowered towards zero, as should be
expected for a temperature activated mechanism [1] of
vortex movement. Instead, the relaxation rate saturates
at a nonzero value below temperatures of the order of 1

K. This phenomenon has been observed in diAerent fami-
lies of type-I I superconductors, including the high-
temperature [2-4], heavy-fermion [5], and Chevrel-phase
compounds [6]. A number of different explanations have
been proposed [6-8], but the idea of quantum tunneling
of vortices has turned out to be the favorable one.

An important qualitative limitation of the quantum
tunneling in macroscopic systems lies in the relative im-
portance and nature of the coupling to the environment.
In macroscopic systems the coupling can be so strong that
the motion is highly damped. It has been shown by Cal-
deira and Leggett [9] that the quantum description, nev-

ertheless, can be extended to macroscopic systems, al-
though the quantum tunneling rate is suppressed by fric-
tion to the environment. A theory of vortex tunneling in

bulk superconductors in the limit of strong dissipation
and for moderate magnetic fields has been developed by
Blatter, Geshkenbein, and Vinokur [10,11]. For the ox-
ide superconductors the theory predicts a typical relaxa-
tion rate, (1/Mo)dM/d lnt, of the order of 1%. This com-
pares favorably with the experimental findings. The
second prediction of the theory, concerning the field
dependence of the tunneling rate, is, however, contradict-
ed by the experiments. Instead of the expected suppres-
sion of the quantum tunneling with increasing magnetic
field, the relaxation rate is found to rise [4].

In all previous discussions the interaction with the envi-
ronment has been regarded through its effect on the tun-
neling probability under strictly isothermal conditions.
The effect of the moving vortices on their environment
has been traditionally neglected. However, the relaxation
from the metastable state involves a release of magnetic
energy, stored within the superconductor. For a bulk
sample the dissipated energy causes a local heating,

which is not negligible at low temperatures. It is the pur-

pose of this Letter to demonstrate that the effective tem-
perature of the vortex environment in bulk superconduc-
tors does not scale down with the experimentally mea-
sured temperature of the sample's surface, but saturates
at a certain level. Vortex movement at low temperatures
is, therefore, determined by an effective local temperature
and is, practically, independent of the temperature of the
bath.

To clarify the role of the energy dissipation on the
low-temperature vortex movement, we have performed
simultaneous in situ measurements of the magnetic relax-
ation and the accompanying power dissipation for a num-

ber of BiSrCaCuO crystals at temperatures between 0.5
and 4.2 K.

When a hard type-II superconductor relaxes from its
metastable critical state, the power P, dissipated by mov-

ing vortices, can be estimated as

HdM "JdBd
dt 4v at

where H is an applied magnetic field, M the magnetiza-
tion, a a coefficient depending on the field penetration in

the sample, J the local screening current, 8 the averaged
local magnetic induction, and an integration is over the
volume in which the screening currents flow. The total
power P dissipated in our samples has been measured by
monitoring the temperature of the sample surface under
quasiadiabatic conditions. The experimental setup is the
following. The sample is mounted on a sapphire plate,
the latter one equipped with a RuO thermometer and a
heater. The vacuum in the cell is about 10 -10 torr.
A thin manganin wire provides a limited thermal link to
the frame. The temperature of the frame is controlled
and stabilized within 1 mK. A Hall probe which is

thermally coupled to the frame has been installed within
0. 1 mm above the sample's surface. The field above the
sample surface is measured with an accuracy of + 0. 1 G.
The magnetization in this case is linearly proportional to
the diAerence between the field near the surface, mea-
sured by the Hall probe, and the applied field, determined

by the current flowing through a calibrated superconduct-
ing magnet. Since only the relative variation of the mag-
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FIG. 1. The time variation of the normalized magnetization
of a single-crystalline BiSrCaCuO sample measured in a mag-
netic field of 1 T at several temperatures.
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Onetization is relevant for our discussion, we shall assume
the proportionality coeScient to be 1 and shall define the
experimentally measured signal as the magnetization of
the sample.

In thermodynamic equilibrium, the temperature of the
sample T, the dissipated power P, the specific heat of the
system C, and K, the thermal conductance to the bath
kept at temperature To, are connected by
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FIG. 2. (a) The time variation of the power dissipated by
moving vortices during the relaxation at fields of 1 T at 3 K and
at 0.5 K. (b) The time variation of the normalized dissipated
power P (solid curves) and the magnetization variation rate
dM/dt (points) at fields of 1 T at 3 K (upper pair) and at 0.5 K
(lower pair) The curves are normalized at 100 sec after the
start of the relaxation. dM/dt is calculated from M(t) data
displayed in Fig. 1. The quasioscillations in dM/dt are the ar-
tifact of the averaging procedure.

C =P —K(T —Tp) .
dT
dt

(2)

tween the power dissipation P and the rate of the magne-
tization variation dM/dt is further demonstrated in Fig.
2(b), where we plot both P and dM/dt normalized short-
ly after the start of the relaxation at 0.5 and 3 K.

The most important result of this experiment is that at
temperatures as low as 0.5 K, the power dissipated after
thousands of seconds remains on the level of 10 nW. For
the sample with linear dimensions of 3x2&0.1 mm, this
gives about 1.5 nW/mm . When the superconducting
sample is in its critical state, the dissipation per unit of
volume is expected to be even higher. The dissipated
power, being proportional to dM/dt, gradually decreases
with time. However, this reduction rate dP/dt is very
slow after a few thousand seconds and is of the order of
0. 1 pW/mm sec at 0.5 K after 5000 sec of the relaxation.

The normalized magnetization variation as a function
of time measured at 0.5 K under fields of 0.5 and 1 T is
plotted in Fig. 3(a). The relaxation rate is evidently
higher for higher magnetic field. This result confirms the
previously reported data [4] and contradicts the predic-
tions of the quantum collective creep theory [10]. How-
ever, it is consistent with the power dissipated by moving
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The specific heat C and the thermal conduction to the
frame, K, of the system have been measured in situ by
passing a known current pulse through the heater. The
dissipated power P is determined by Eq. (2).

In large crystals with dimensions of the order of 1 mm,
the critical state (i.e. , the field has penetrated in the
whole volume of the sample) can be achieved at low tem-
peratures by applying magnetic fields of several tesla.
However, for fields above 1.5 T, the magnetic state has
been found to become unstable and large Aux jumps have
been observed [12]. We, therefore, have limited the field

range up to 1 T, which implies that the samples are not in

the critical state.
The time variation of the normalized magnetization

measured in a magnetic field of 1 T at several tempera-
tures is shown in Fig. 1. Since the samples are not in

their critical state, the formal definition (1/Mp)dM/d lnt
can. be misleading. Moreover, the magnetization does not
follow strictly a logarithmic time variation. A qualitative
comparison (see Fig. 1) shows that the relaxation rate
keeps decreasing down to 0.5 K. However, the normal-
ized relaxation rate (although roughly defined) remains
of the order of 1% at 0.5 K and cannot be extrapolated to
zero for T approaching zero. This confirms the previous-

ly reported results [2-4].
The power dissipated by moving vortices during the re-

laxation is shown in Fig. 2(a). At 3 K, the dissipated
power is higher than at 0.5 K, which is consistent with a
higher relaxation rate at 3 K. The self-consistency be-
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FIG. 3. (a) The normalized magnetization variation as a
function of time measured at 0.5 K under fields of 0.5 and 1 T.
(b) The power dissipated by moving vortices during the relaxa-
tion at 0.5 K under fields of 0.5 and l T.

T; =T, +P/kl, (3)

where T; is an internal temperature within the sample; T,

vortices during the relaxation process as shown in Fig.
3(b). The power dissipated in a field of 1 T is about 2
times higher than that in 0.5 T. Following the simple
Bean model [13] consideration, the magnetic field pene-
trates twice deeper inside the sample in 1 T than in 0.5 T.
The volume, in which the dissipation takes place, and,
therefore, the total dissipated power is approximately
doubled.

The concept of quantum creep assumes the existence of
a nonzero relaxation rate at zero temperature. The quan-
tum process should dominate the vortex movement up to
the temperature at which the temperature activated
mechanism will exceed it. Let us assume that the quan-
tum regime is reached at the temperature T* and that
the relaxation rate is constant for all temperatures below
it. Assuming that the critical current, and, therefore, the
effective screening current is constant in this temperature
range, we expect a temperature-independent power dissi-
pation as well. To simplify the picture, let us assume that
all this po~er is released in the center of a sample. In the
state of thermodynamic equilibrium, the temperature in

the center of the sample is given by

is a temperature of the sample's surface, measured during
the experiment; k is the material thermal conductivity;
and 1 is the distance from the heating source to the sur-
face.

Taking, for example, a phonon dominated low-tem-
perature thermal conductivity, k =a T, with e =2500
pW/K cm [14), P=1.5 nW (measured after 5&&10 sec
of the relaxation), and l =0.5 mm, we calculate for the
intrabulk temperature T; values of 1.000012, 0.112, and
12.01 K for T, =1, 0.1, and 0.01 K, respectively. This
qualitative estimate is, evidently, exaggerated, but it illus-

trates well our claim. Namely, with the intrinsic internal
heating source an effective local temperature within the
bulk of the superconductor does not scale down with the
sample's surface temperature, but rather saturates at a
certain nonzero level.

The heating power P follows the magnetization varia-
tion rate dM/dt and, therefore, is expected to vanish

after an infinitely long time. The internal temperature of
the superconductor is expected to attain its surface tem-
perature when the heating is over. It has been mentioned
above that after 5000 sec the rate of the heating reduc-
tion dP/dt is about —0. 1 pW/mm sec at 0.5 K in the
field of 1 T. This corresponds to the internal cooling with

the rate dT/dt of about —10 K/sec. Therefore, the
steady state temperature gradient within the bulk super-
conductor does not disappear and is practically constant
(after a few thousand seconds) at the time scales of the
real experiments.

M icroscopically, the movement of vortices is not
steady. Instead, they move by short quick hops. We can
assume that during its move, the velocity of the vortex
is determined by the magnetic diffusion coe%cient of
the material. In type-II superconductors, including the
high-temperature superconductors, the magnetic diffusion
coeScient is much larger than the thermal diffusion co-
e%cient. Therefore, the vortices move in effectively adia-
batic conditions. %'ith the specific heat vanishing at low

temperatures, this effect can give a significant local
overheating of the vortex surrounding and stimulate de-

pinning of the neighboring vortices. The best illustration
of this process is the onset of a magnetic instability or
flux jump. In this phenomenon, the heat adiabatically
released by a moving vortex triggers a correlated simul-

taneous depinning of its neighbors, in this way enhancing
the dissipated power. Under favorite conditions a macro-
scopic self-accelerating avalanche reaction can start.
This instability can also remain local in which case a lim-

ited magnetization or temperature jump is traced. Tem-
perature and magnetization jumps which are associated
with macroscopic thermomagnetic instabilities are indeed
observed in thicker (2X2&&0.5 mm) crystals during the
relaxation process under an applied field of several tesla
(Fig. 4).

To conclude, we have studied the effect of moving vor-

tices on their environment. The energy released during
the relaxation process is converted into heat, which can-
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not be neglected at low temperatures. The eff'ective local
temperature within the bulk of a superconductor does not
scale down with the sample's surface temperature, but
rather saturates at a certain nonzero level. This explains
a nonvanishing relaxation rate for any bulk type-II super-
conductor at low temperatures. The self-heating by mov-

ing vortices is an essential obstacle for the observation of
the macroscopic quantum creep in bulk superconductors.

We are indebted to V. Duijn, N T. Hien, A. Menovsky,
K. Bakker, and Z. Koziol for samples and help. This
work has been supported by the Dutch Stichting FOM
within the scope of the National Program in High Tem-
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FIG. 4. Temperature jumps associated with macroscopic
magnetic instabilities in 2X 2&&0.5 mm BiSrCaCuO sample dur-
ing the relaxation under an applied field of 3.5 T. The bath
temperature is 1.6 K.
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