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Quantum Creep in Y12xPrxBa2Cu3O72d Crystals: Magnetic Relaxation and Transport
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We report transport and magnetic relaxation measurements in the mixed state of strongly underdoped
Y12xPrxBa2Cu3O72d crystals. A transition from thermally activated flux creep to temperature-
independent quantum flux creep is observed in both transport and magnetic relaxation at temperatures
T # 5 K. Flux transformer measurements indicate that the crossover to quantum creep is preceded
by a coupling transition. Based on these observations we argue that below the coupling transition the
current is confined within a very narrow layer beneath the current contacts. [S0031-9007(99)08855-9]

PACS numbers: 74.60.Ge, 74.50.+r, 74.72.Bk
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Quantum flux creep in superconductors is the only e
perimentally accessible phenomenon in which a macr
scopic metastable system, such as a persistent supercur
relaxes coherently without thermal activation. In all othe
metastable systems, the relaxation proceeds as a sequ
of a large number of uncorrelated microscopic steps, r
quiring thermal activation over an energy barrier. Yet, th
evidence of magnetic relaxation and resistance that do
extrapolate to zero at a temperatureT ! 0 has not reached
a point where experimental data begin to form a coh
sive picture of the phenomenon. While the nonvanishin
magnetic relaxation has been observed both in single cr
tals and thin films [1–3], the nonvanishing temperatur
independent resistance had been observed only in ultrat
films and multilayers [4–6]. This has contributed to the a
sertion that the temperature-independent resistance in fil
and the nonvanishing low-temperature magnetic relaxati
in single crystals are unrelated phenomena.

A second question, closely related to quantum cre
in high-Tc superconductors, is the coupling transition i
layered crystals. Several groups have arrived at conflicti
conclusions. Safaret al. [7] reported that the voltages
generated by the motion of vortices on the opposite fac
of the YBa2Cu3O72d sample (flux transformer method)
converge. However, such a strong manifestation of t
coupling transition appears to be the exception rather th
the rule. Other groups have observed that the voltag
generated on the opposite faces of Bi2Sr2CaCu2O8 [8–
11] and YBa2Cu3O72d [12] crystals diverge with lowering
temperature, rather than converge.

Here we report the results of both magnetic relaxatio
and transport measurements on strongly underdop
crystals of Y0.47Pr0.53Ba2Cu3O72d (Tc ø 17 21 K).
Our transport data indicate that the onset of quantu
creep is preceded by a coupling transition which leads
non-Ohmic dissipation. The transition to temperatur
independent creep takes place at lowerT and only in a
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very thin layer below the current contacts; the rest of t
sample continues to exhibit thermally activated creep.
picture of the low-temperature dissipation of the transp
current that arises from these observations is that
sample is divided into two macroscopic regions: a ve
thin layer, a few unit cells thick, near the upper fac
where the current contacts are located, which carries m
of the current, and the rest of the sample which rema
mostly undisturbed by the current. These two macr
scopic regions are decoupled from each other. Ins
these layers the vortices are coherent, with the correlat
length comparable to the thickness of the respective lay
Magnetic relaxation measurements confirm the transit
to T -independent relaxation at approximately the sam
temperatures as in transport.

Two strongly underdoped twinned single crystals
Y0.47Pr0.53Ba2Cu3O72d with Tc ø 17 and 21 K, respec-
tively, were prepared as described in Ref. [13]. Th
first sample was used for transport measurements w
the “flux transformer” contact configuration [inset t
Fig. 1(a)]: The currentI was injected through the contact
on one face of the sample and the voltage drop betwe
the voltage contacts on the same (primary voltageVp) and
the opposite (secondary voltageVs) faces was measured
for temperature, total current, and magnetic fieldH, ap-
plied parallel to thec axis, in the ranges1.9 # T # 25 K,
0.3 mA # I # 2 mA, and0.2 # H # 9 T. Magnetic re-
laxation measurements were performed on the sec
crystal using a SQUID magnetometer. The crystal w
cooled in zero field; a fieldH 1 DH (DH ­ 0.3 T for
all H) was applied parallel to itsc axis, and then the field
was reduced toH. The decay of the resultant paramag
netic moment was monitored for several hours (ø104 s).

Figure 1(a) gives an overview of theT and H depen-
dence ofVp and Vs normalized toI and H. The con-
vergence of these curves atT ø 9 K indicates a regime
of free flow of vortices, whereVp,syI ~ H. In a region
© 1999 The American Physical Society 2955
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FIG. 1. (a) PrimaryVp and secondaryVs voltages, normalized
to the total currentI and magnetic fieldH, plotted vs 1yT
for five magnetic fields (0.2, 0.4, 0.6, 0.8, and1 T). The slope
decreases with increasing field. Inset: Contact configurati
used in the measurements. (b) Decay timetd of magnetic
moment (see definition in text) vs1yT for H ­ 0.1, 0.2, 0.6,
0.8, and1.2 T. The slope decreases with increasing field. Th
straight line extrapolations of the Arrhenius-type dependen
converge atTcr ø 18 19 K and tesc ø 1 2 s. The saturation
of td at the level1011 1012 s is due to quantum creep.

below 9 K, Vp and Vs exhibit activatedT dependences
with field-dependent activation energies. At even low
T , the primary signal becomesT independent and scales
approximately withH, while the secondary voltage re-
mains thermally activated.

Figures 2(a) and 2(b) represent an expanded view
Vp,s vs 1yT for H ­ 0.6 T, I ­ 100 mA andH ­ 1.5 T,
I ­ 10 mA, respectively. The activation energiesEp,s ;
2d ln Vp,syds1yT d of bothVp andVs suddenly change at
a temperatureTpsHd. In addition, the dissipation become
strongly non-Ohmic belowTp. As the inset to Fig. 2(a)
shows, the primary resistanceRpsT d ; VpyI is current
independent only aboveTp. The activation energiesEp,s,
which are equal and current independent atT . Tp,
become current dependent atT , Tp. At low current,
the activation energy belowTp is greater than aboveTp

[Fig. 2(b)] so that the curvesVp,ss1yT d have a downward
curvature. However, the activation energy decreases w
2956
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FIG. 2. Arrhenius plots of the primaryVp and secondaryVs
voltages measured in two different fields and currents: (a)H ­
0.6 T and I ­ 100 mA, and (b) H ­ 1.5 T and I ­ 10 mA.
Inset to (a): Expanded view of the primary resistanceVpyI
for two values of the total current (1 and 250 mA) in an
applied magnetic fieldH ­ 0.2 T. Inset to (b): Schematic
representation of the current distribution. The current flow
mainly in the upper (shaded) layer. The vortices are couple
within each layer, but the layers are decoupled from each oth

increasing current andEpsId becomes smaller than it is
at T . Tp, so thatVps1yT d acquires an upward curvature
[Vp in Fig. 2(a) and the inset].

This evidence indicates that the vortices undergo a co
pling transition atTp. At T . Tp, the dissipation mecha-
nism is activated hopping of 2D pancakes over potenti
barriers since the activation energies are the same for
primary and secondary voltages, in spite of the nonun
form current distribution. When the pancakes begin t
form coherent lines, the activation energy increases so th
Vp,ss1yTd curve downward. However, the fact thatVp re-
mains greater thanVs (belowTp, VpyVs rapidly increases
with decreasingT ) indicates that the vortices do not ex-
tend through the whole sample.

An important fact for understanding the nature of dis
sipation belowT p is that the activation energy decrease
with increasing current and eventually becomessmaller
than that for 2D pancakes. Figure 3 displays the curre
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dependence ofU3D
p ; Ep atT , Tp for H ­ 0.2 T. The

double arrow indicates the value of the current independ
U2D ; Ep,s at T . Tp and for the same magnetic field
The fact thatU3D

p , U2D for I . 0.2 mA indicates that
the vortices remain coupled even at large currents wh
allows a new channel of relaxation to emerge and beco
dominant due to smaller activation energy. The inset
Fig. 3 is a log-log plot ofU3D

s vs H, obtained from the
secondary voltageVs (limit of very small current). The
values ofU3D

s follow an H21y2 dependence. This field
dependence ofU3D

s is consistent with a 3D plastic creep
model, whereU3D

s is estimated as the energy needed for th
formation of a double kink over the Peierls barrier [14,15
These results show that the dissipation atT , Tp is de-
termined by two parallel processes: Thermally activat
motion of correlated vortices (dominant at low current
with the activation energy greater than that for 2D pa
cake vortices and plastic motion of dislocations (domina
at higher currents) with the activation energy smaller th
that for a 2D vortex.

At lower temperatures, the primary voltageVp becomes
temperature independent forT , TqsHd and scales ap-
proximately with the field [Fig. 1(a)] whileVs remains
thermally activated, but with a noticeably smaller activa
tion energy (Fig. 2).

The high normal state resistivity of this specimen ma
be the reason that quantum creep begins to dominate
thermally activated process at relatively high temperatur
Tq , 5 K. A previous study has shown that the norma
state resistivityrnsT d of this crystal (revealed by the
suppression of superconductivity with a large magne
field) is insulating, similar to that of PrBa2Cu3O72d, so

FIG. 3. Current dependence of the activation energyU3D
p

determined asd ln Vpyd lns1yT d for T , T p in a field H ­
0.2 T. In the limit of small current,U3D

p ø U3D
s as shown by

the arrow. The value ofU2D ø 45 K is also indicated by the
double arrow. Inset: Field dependence of the activation ene
U3D

s determined asd ln Vsyd lns1yT d for T , Tp. The solid
line corresponds toH21y2 dependence.
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that rnsT d ! ` at T ! 0 [16]. The reduced dissipation
in the normal core of a vortex due to a large norma
state resistivity increases the mobility of the vortices a
facilitates tunneling [14].

The succession of the coupling transition by quantu
creep points towards the model of flux flow show
schematically in the inset to Fig. 2(b). BelowTp the
vortices begin to form coherent lines and the dissipati
becomes non-Ohmic. The transport current is mos
confined within a narrow layer below the current contac
The rest of the sample remains relatively undisturbe
These two regions of the sample are uncoupled and, ins
each of them, the vortices are coherent over a dista
comparable to the thickness of the respective layer.
this scenario, the large resistive anisotropy in the mix
state results from the loss of the phase coherence o
between two macroscopic regions of the sample, n
between all microscopic layers (such as CuO2 bilayers) as
in the 2D phase atT . Tp. The fact that atT , Tq we
observe aT -independentVp and a thermally activatedVs

indicates that the thickness of the current-carrying layer
just a few unit cells (which makes it similar to ultrathin
films and multilayers, the only other systems in whic
quantum creep was observed in transport measureme
The small length of vortices makes tunneling a domina
mechanism even at relatively high temperatures (T ø
5 K); the vortices in the lower layer (which is the bulk
of the sample) do not tunnel because of the much lon
correlation length and, therefore,Vs remains activated.

This scenario raises the possibility that the transport c
rent undergoes self-channeling atT , Tp. At tempera-
turesaboveTp, the Y12xPrxBa2Cu3O72d crystals are not
very anisotropic; for the crystal studied (lengthL ø 1 mm
and thicknessD ø 0.015 mm), the ratioVpyVs , 2 at
T . Tp, so that the transport current fills the cross secti
fairly uniformly. On the other hand, the transition to quan
tum creep, which is extremely sensitive to the length
the tunneling segments, indicates that nearTq, the current-
carrying volume collapses into a layer just a few unit ce
thick. A possible reason may be the nonlinear relatio
ship between the current density and electric field in t
mixed state belowTp. The nonlinear resistive anisotropy
may result in instability of the current distribution with
respect to formation of a very thin current-carryin
channel.

In order to confirm that theT -independent Vp

[Fig. 1(a)] is the result of quantum flux creep, we pe
formed magnetic relaxation measurements on a sim
crystal. At higher temperatures the relaxation of th
magnetic moment proceeds as a sequence of uncorrel
microscopic steps, each involving thermal activation ov
a certain energy barrierU. The decay timetd during
which the induced moment loses asubstantial fractionof
its initial value can be defined as

td ­ tesc exp

(
UsH, T d

T

)
, (1)
2957
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where the Boltzmann factor reflects the degree of ava
ability of energyU required for an average elementary
step and is essentially independent of the physics of t
relaxation process, while the preexponential factortesc is
a measure of how rapidly the relaxation would procee
had it not been limited by unavailability of thermal en
ergy. We calltesc theescape time,to distinguish it from
the microscopic attempt timeta which characterizes the
period of vibration of the vortex inside a pinning well.
The escape time may depend on the sample size, m
netic field, and temperature. Factorization oftd given
by Eq. (1) is meaningful as long as the Boltzmann facto
expsUyT d ¿ 1, so that it dominates theT andH depen-
dence oftd . With UsH, T d ­ U0sHd s1 2 TyTcr d, where
Tcr is the temperature at which the activation energy va
ishes, the decay time becomes

td ­ tesc exp

(
U0sHd

√
1
T

2
1

Tcr

!)
. (2)

We emphasize that Eq. (1) is more general than a
particular dynamic model of the relaxation process drive
by fluctuations.

Within the decade of time103 104 s, the magnetic
relaxation curves are well fitted toMirr ­ a 2 b lnstyt0d,
where t0 is an arbitrary unit of time. Because of the
slowness of the relaxation, the decay time cannot b
determined directly by monitoring the induced momen
until it loses a substantial fraction of its initial value. An
alternative method, which we will use, is to estimate th
decay time by extrapolating theMirrstd dependence to
Mirr stdd ­ 0, which gives

td ­ t0 exphaybj . (3)

With this definition,td is universal and does not depend
on the choice oft0 so that we can compare the experimen
tal td with Eq. (2). Figure 1(b) showstd calculated ac-
cording to Eq. (3) and plotted vs1yT for different values
of H. At higher temperatures the data display an Arrhe
nius dependence with a sloped ln tdyds1yT d decreasing
with increasingH. The trend is consistent with the field
dependence of the activation energy in transport measu
ments, Fig. 1(a).

According to Eq. (2), the preexponential factortesc
can be determined by the extrapolation of the Arrheniu
dependence oftdsT d to T ­ Tcr . Indeed, the straight
lines extrapolating the activated dependence converge
Tcr ø 19 K ø Tc and td ­ tesc ø 1 s. The value of
tesc is consistent with the time it takes for a vortex to
diffuse from the bulk to the outer edge of the sample
tesc , R2yDy , R2yva,2

a, whereR is the characteristic
size of the sample in the direction of diffusion, andDy

is the diffusion coefficient determined by the attemp
frequencyva and the average hopping distance,a. With
tesc , 1 s andR2 , 1022 1023 cm2 (for the crystal we
used),Dy , 1022 1023 cm2ys. This value ofDy is
consistent with an elementary step of the order of th
correlation length,a , 100 Å andva , 1011 1012 s21.
2958
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At lower temperatures, the decay time saturates at
roughlyT - andH-independent level [Fig. 1(b)]. The val-
ues ofTqsHd from transport [(Fig. 1(a)] and magnetic re-
laxation [Fig. 1(b)] measurements are very close in spi
of a very large difference in the currents involved in
these measurements. The fact that the transition to
temperature-independent dissipation takes place in bo
transport and magnetic relaxation processes, and at a
proximately the same temperature in a given field indicate
that both phenomena have the same origin. The Euclide
actionSE can be estimated asSEyh̄ ­ lnstdytescd ø 25,
which is comparable, but somewhat smaller than prev
ously reported values for other systems [3].
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