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Quantum Creep in Y- Pr,Ba;Cu3z05_5 Crystals: Magnetic Relaxation and Transport
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We report transport and magnetic relaxation measurements in the mixed state of strongly underdoped
Y -Pr,.BaCw0O,_5 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

Quantum flux creep in superconductors is the only exvery thin layer below the current contacts; the rest of the
perimentally accessible phenomenon in which a macrosample continues to exhibit thermally activated creep. A
scopic metastable system, such as a persistent supercurregitture of the low-temperature dissipation of the transport
relaxes coherently without thermal activation. In all othercurrent that arises from these observations is that the
metastable systems, the relaxation proceeds as a sequesaenple is divided into two macroscopic regions: a very
of a large number of uncorrelated microscopic steps, rethin layer, a few unit cells thick, near the upper face,
quiring thermal activation over an energy barrier. Yet, thewhere the current contacts are located, which carries most
evidence of magnetic relaxation and resistance that do naff the current, and the rest of the sample which remains
extrapolate to zero at a temperat@re-~ 0 has notreached mostly undisturbed by the current. These two macro-
a point where experimental data begin to form a cohescopic regions are decoupled from each other. Inside
sive picture of the phenomenon. While the nonvanishinghese layers the vortices are coherent, with the correlation
magnetic relaxation has been observed both in single crysength comparable to the thickness of the respective layer.
tals and thin films [1-3], the nonvanishing temperature-Magnetic relaxation measurements confirm the transition
independent resistance had been observed only in ultrathto T-independent relaxation at approximately the same
films and multilayers [4—6]. This has contributed to the astemperatures as in transport.
sertion that the temperature-independent resistance in films Two strongly underdoped twinned single crystals of
and the nonvanishing low-temperature magnetic relaxatiolv  47Pry s3BaCus O;—5 with T, = 17 and 21 K, respec-
in single crystals are unrelated phenomena. tively, were prepared as described in Ref. [13]. The

A second question, closely related to quantum creefirst sample was used for transport measurements with
in high-T,. superconductors, is the coupling transition inthe “flux transformer” contact configuration [inset to
layered crystals. Several groups have arrived at conflictingig. 1(a)]: The current was injected through the contacts
conclusions. Safaet al.[7] reported that the voltages on one face of the sample and the voltage drop between
generated by the motion of vortices on the opposite facethe voltage contacts on the same (primary voltéggand
of the YBaCu;O;-5 sample (flux transformer method) the opposite (secondary voltadg) faces was measured
converge. However, such a strong manifestation of théor temperature, total current, and magnetic fiéld ap-
coupling transition appears to be the exception rather thaplied parallel to the: axis, in the range$.9 = T = 25 K,
the rule. Other groups have observed that the voltage®3 uA =1 =2 mA,and0.2 = H = 9 T. Magnetic re-

generated on the opposite faces obBCaCuyOg [8— laxation measurements were performed on the second
11]and YBaCuw;O,_5 [12] crystals diverge with lowering crystal using a SQUID magnetometer. The crystal was
temperature, rather than converge. cooled in zero field; a fieldd + AH (AH =03 T for

Here we report the results of both magnetic relaxatiorall H) was applied parallel to its axis, and then the field
and transport measurements on strongly underdopesas reduced t@d. The decay of the resultant paramag-
crystals of Y47Prs3sBaCwkO,-s (T, = 17-21 K). netic moment was monitored for several hourd ¢* s).
Our transport data indicate that the onset of quantum Figure 1(a) gives an overview of tHe and H depen-
creep is preceded by a coupling transition which leads taence ofV, and V, normalized to/ and H. The con-
non-Ohmic dissipation. The transition to temperaturevergence of these curves At= 9 K indicates a regime
independent creep takes place at lowernd only in a of free flow of vortices, wherd/, ;/I « H. In a region
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FIG. 1. (a) Primary, and secondary voltages, normalized FIG. 2. Arrhenius plots of the primary, and secondary’,

to the total current/ and magnetic field?, plotted vs1/T voltages measured in two different fields and currentsH&y

for five magnetic fieldsQ(2, 0.4, 0.6, 0.8, and1 T). Theslope 0.6 T and/ = 100 uA, and (b)H = 1.5T andI = 10 pA.
decreases with increasing field. Inset: Contact configuratiorinset to (a): Expanded view of the primary resistarig//
used in the measurements. (b) Decay timeof magnetic for two values of the total currentl(and 250 ©A) in an
moment (see definition in text) vs/T for H = 0.1, 0.2, 0.6, applied magnetic fieldd = 0.2 T. Inset to (b): Schematic
0.8, and1.2 T. The slope decreases with increasing field. Therepresentation of the current distribution. The current flows
straight line extrapolations of the Arrhenius-type dependencénainly in the upper (shaded) layer. The vortices are coupled
converge afl,, =~ 18—19 K and 7., = 1-2's. The saturation within each layer, but the layers are decoupled from each other.
of 7, at the levell0''-10'? s is due to quantum creep.

below 9 K, V,, and V, exhibit activatedT dependences increasing current and,(I) becomes smaller than it is
with field-dependent activation energies. At even loweratT > T*, so thatV,(1/T) acquires an upward curvature
T, the primary signal become’s independent and scales [V, in Fig. 2(a) and the inset].
approximately withH, while the secondary voltage re-  This evidence indicates that the vortices undergo a cou-
mains thermally activated. pling transition afr'*. At T > T, the dissipation mecha-
Figures 2(a) and 2(b) represent an expanded view dafism is activated hopping of 2D pancakes over potential
V,sVsl/TforH =0.6T,I =100 uAandH = 1.5 T, barriers since the activation energies are the same for the
I = 10 uA, respectively. The activation energisg ; = primary and secondary voltages, in spite of the nonuni-
—dInV,,/d(1/T) of bothV, andV, suddenly change at form current distribution. When the pancakes begin to
a temperatur@*(H). In addition, the dissipation becomes form coherent lines, the activation energy increases so that
strongly non-Ohmic below™. As the inset to Fig. 2(a) V, ,(1/T) curve downward. However, the fact tHas re-
shows, the primary resistand®,(T) = V, /I is current mains greater thal, (belowT™, V,,/V; rapidly increases
independent only abovE®. The activation energies, ;,  with decreasingl’) indicates that the vortices do not ex-
which are equal and current independent7at>- T*, tend through the whole sample.
become current dependent At< T*. At low current, An important fact for understanding the nature of dis-
the activation energy belo®™ is greater than abovel'*  sipation belowrI™ is that the activation energy decreases
[Fig. 2(b)] so that the curveg, ;(1/T) have a downward with increasing current and eventually beconsesaller
curvature. However, the activation energy decreases witthan that for 2D pancakes. Figure 3 displays the current

2956



VOLUME 82, NUMBER 14 PHYSICAL REVIEW LETTERS 5 ARIL 1999

dependence df>P = E, atT < T*forH =02 T. The thatp,(T)— < atT — 0[16]. The reduced dissipation
double arrow indicates the value of the current independerih the normal core of a vortex due to a large normal-
U = E,, atT > T* and for the same magnetic field. state resistivity increases the mobility of the vortices and
The fact thatU;® < U?" for I > 0.2 mA indicates that facilitates tunneling [14].

the vortices remain coupled even at large currents which The succession of the coupling transition by quantum
allows a new channel of relaxation to emerge and becomereep points towards the model of flux flow shown
dominant due to smaller activation energy. The inset tschematically in the inset to Fig. 2(b). Belo®" the

Fig. 3 is a log-log plot oftU?P vs H, obtained from the vortices begin to form coherent lines and the dissipation
secondary voltag®’; (limit of very small current). The becomes non-Ohmic. The transport current is mostly
values of U>P follow an H~!/2 dependence. This field confined within a narrow layer below the current contacts.
dependence of/3P is consistent with a 3D plastic creep The rest of the sample remains relatively undisturbed.
model, wherd/>P is estimated as the energy needed for theThese two regions of the sample are uncoupled and, inside
formation of a double kink over the Peierls barrier [14,15].each of them, the vortices are coherent over a distance
These results show that the dissipatiorTa& 7% is de- comparable to the thickness of the respective layer. In
termined by two parallel processes: Thermally activatedhis scenario, the large resistive anisotropy in the mixed
motion of correlated vortices (dominant at low currents)state results from the loss of the phase coherence only
with the activation energy greater than that for 2D pan-between two macroscopic regions of the sample, not
cake vortices and plastic motion of dislocations (dominanbetween all microscopic layers (such as Guidayers) as

at higher currents) with the activation energy smaller tharin the 2D phase ar > T*. The fact that al” < T, we

that for a 2D vortex. observe @ -independen¥, and a thermally activated,

At lower temperatures, the primary voltayjg becomes indicates that the thickness of the current-carrying layer is
temperature independent f@r < 7,(H) and scales ap- just a few unit cells (which makes it similar to ultrathin
proximately with the field [Fig. 1(a)] whileV; remains films and multilayers, the only other systems in which
thermally activated, but with a noticeably smaller activa-quantum creep was observed in transport measurements).
tion energy (Fig. 2). The small length of vortices makes tunneling a dominant

The high normal state resistivity of this specimen maymechanism even at relatively high temperatur@s~(
be the reason that quantum creep begins to dominate ti3eK); the vortices in the lower layer (which is the bulk
thermally activated process at relatively high temperaturesf the sample) do not tunnel because of the much longer
T, ~ 5 K. A previous study has shown that the normalcorrelation length and, therefor&, remains activated.
state resistivityp, (T') of this crystal (revealed by the  This scenario raises the possibility that the transport cur-
suppression of superconductivity with a large magnetiadent undergoes self-channeling &t< 7*. At tempera-
field) is insulating, similar to that of PrBE€wu;O;-5, SO turesaboveT”, the Y;_,Pr.BaCu;O;_5 crystals are not

very anisotropic; for the crystal studied (lendth= 1 mm
and thicknessD =~ 0.015 mm), the ratioV,/V, ~ 2 at
80 —rr I, T > T*, so that the transport current fills the cross section
% - fairly uniformly. On the other hand, the transition to quan-
3D T<T - tum creep, which is extremely sensitive to the length of
60 ‘oﬁUs H=02T_] the tunneling segments, indicates that riéarthe current-
BRAAL) o, carrying volume collapses into a layer just a few unit cells
% thick. A possible reason may be the nonlinear relation-
ship between the current density and electric field in the
mixed state below*. The nonlinear resistive anisotropy
may result in instability of the current distribution with
respect to formation of a very thin current-carrying
channel.

In order to confirm that theT-independentV,

[Fig. 1(a)] is the result of quantum flux creep, we per-
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where the Boltzmann factor reflects the degree of avail- At lower temperatures, the decay time saturates at a
ability of energyU required for an average elementary roughly T- andH-independent level [Fig. 1(b)]. The val-
step and is essentially independent of the physics of thaes of7,(H) from transport [(Fig. 1(a)] and magnetic re-
relaxation process, while the preexponential faetgr is  laxation [Fig. 1(b)] measurements are very close in spite
a measure of how rapidly the relaxation would proceedof a very large difference in the currents involved in
had it not been limited by unavailability of thermal en- these measurements. The fact that the transition to a
ergy. We callr.,. the escape timeto distinguish it from temperature-independent dissipation takes place in both
the microscopic attempt time, which characterizes the transport and magnetic relaxation processes, and at ap-
period of vibration of the vortex inside a pinning well. proximately the same temperature in a given field indicates
The escape time may depend on the sample size, mathat both phenomena have the same origin. The Euclidean
netic field, and temperature. Factorization ©f given  actionSg can be estimated a& /i = In(7y/7esc) = 25,
by Eq. (1) is meaningful as long as the Boltzmann factomwhich is comparable, but somewhat smaller than previ-
explU/T) > 1, so that it dominates thE andH depen- ously reported values for other systems [3].
dence ofr;. WithU(H,T) = Uy(H)(1 — T/T.;), where This research was supported at KSU by the National
T.: is the temperature at which the activation energy vanScience Foundation under Grants No. DMR-9601839 and
ishes, the decay time becomes No. DMR-9801990, and at UCSD by U.S. Department of
1 1 Energy under Grant No. DE-FG03-86ER-45230.
Td Tesc eXp‘ UO(H) ( )]

T T, (@)
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