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Two-dimensional vortex dynamics in decoupled YBgCu;0,/PrBa,Cu;0; superlattices
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Two-dimensional2D) vortex dynamics is studied in YB&u;O,/PrBaCu;O; superlattices by measuring
the current-voltagel€V) characteristics. In the high current limit, the 2D collective creep is observed with an
activation energyJ(j)ecj~#, with j the current density. The exponentis 0.8 at low temperatures and
=0.2 at high temperatures. A dislocation-mediated vortex melting occurs when the temperature is increased. In
the low current limit, the exponential growth of the energy barrier for elastic motion is prohibited by the plastic
deformation of vortices. The observed plateau in the resistive transition is attributed to the possible quantum
tunneling of vortices.
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[. INTRODUCTION In this paper, we report on the vortex dynamics in a
YBa,Cu;0,/PrBaCu;0; (YBCO/PBCQ superlattice at
The unusual resistive and magnetic behavior of highdifferent temperatures, magnetic fields, and transport cur-
temperature superconductors has greatly stimulated the efents. We observed a crossover from collectefastio creep
forts to understand the influence of disorder, thermal fluctuato plastic creep of vortices when the elastic limit of the VL
tions, and dimensionality on the vortex dynamics in thosevas reached. A dislocation-mediated melting of the VL was
materialst The theory of collective vortex creep describesobserved in the high current limit. And the possibility of
the thermally assisted motion of vortices in a random potenguantum creep of vortices at low temperature is discussed.
tial caused by quenched disorde€entral to this model is Our results provide a comprehensive picture for the vortex
the elasticity of the vortex system. Due to the finite values ofdynamics within a 2D VL in artificial superconducting
the compress modulus;; and the shear modulugg, when — superlattices.
moving from one metastable position to another one, the
vortices have the tendency to jump in bundles with a radius
R. in order to balance the elastic energy and the energy
related to the Lorentz force. The characteristic energy barrier The c-axis oriented YBCO(12 A)/PBCO(144 A),s su-
for activation,U(j), increases exponentially with decreasing perlattices were fabricated by situ magnetron sputtering.
current becaus®; increases. However, this picture breaks The x-ray diffraction showed satellite peaks up to the third
down whenplastic motionof vortices is taken into accouft. order, indicating the high layering quality of the sample.
For a two-dimensional2D) vortex lattice(VL), due to the High-resolution transmission electron microscopy revealed
finite energy for creation of dislocations or dislocation pairs,the sharp interface between YBCO and PBCO layei&he
a plastic motion of vortices is favorable when the elasticzero-field transition temperaturg,, of the sample we re-
energy barrier exceeds a certain threshold. The plastic cregrted here was about 31.5 K. The superlattice was photo-
sets a cutoff for the exponential growth 0f(j). Linear re- lithographically patterned into a strip with a width of 0.1 mm
sistivity will persist in the plastic regime and thus there is noand a length of 1 mm; dt-V characteristics were recorded
real vortex glass in a 2D VL. The plastic motion of vortices with voltage as a function of current. The resistive transition
has been studied by a lot of research grotiged recently it p.(T) was measured by a four-terminal ac locking-in tech-
was directly observed by Lorentz microscopy in Nb films nique with an excitation current of LA at a frequency of
with artificially introduced pinning centers. 17 Hz. Resistivity and current density were calculated with
At low temperaturesguantum tunnelingf vortices is ex-  the total thickness of YBCO layers. The magnetic field
pected to replace thermal activation as the dominant dissipavas generated by a 15-T Oxford superconducting magnet.
tion mechanisni.Tunneling of vortices has been observed inDuring the measurements, the field was kept perpendicular
magnetization and transport measureméfitgnd it was to the film plane and the temperature stability was better
shown that the magnetic relaxation rate did not extrapolate tthan 10 mK.
zero whenT=0 K.’ A transition from thermally activated to Figure 1 shows representativeV characteristics mea-
a temperature independent resistance was observed $ured attemperatures ranging from 2 to 32 K at an interval of
Mo,45Ge;; ultrathin films and was attributed to the quantum 2 K in the magnetic fieldd=2 T. Eachl-V curve was mea-
creep of vortice$. sured by averaging individual current and voltage character-
Plasticity of the vortex lattice and tunneling of vortices istics four times at each temperature. Two features are clearly
are two possible contributions prohibiting the existence of avisible: (i) in the high current limit(j>5x 10° A/cm?), the
vortex glass state, which is important for future applicationsl-V curves show a downward curvature at the lowest tem-

Il. EXPERIMENTAL
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2. The activation energies are extracted from the linear parts
in the Arrhenius plot, and shown in the inset in Fig. 2. At
lower temperatures, the resistivity deviates from the TAFF
behavior and saturates.
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Ill. DISCUSSIONS

-3
10 It was found by Brunneeet al. that 96 A of PBCO is

enough to decouple the YBCO layers and thabf.YBCO is
of the order of hundreds A In our case, due to the large
PBCO layer thickness (144 A), the YBCO layers are essen-
tially decoupled and consist of only one unit cell (12 A). For
such a small superconducting layer thickndsswill be re-
duced to the thickness of the YBCO layer thickness, there-
fore, we can analyze the vortex dynamics in the 2D regime.
A ), , , The following 2D vortex dynamic scenarios can be used to
10t 102 103 10% describe the observddV characteristics.
5 It is expected that in a 2D disordered superconductor, col-

J(A/em’) lective creep of vortices plays an important role in the dissi-
pation process. The 2D collective creep theory is applicable
when the vortex bundle sizElczao(aod/Upc)(g/Zao)2 is
larger thanay~(®,/B)'? the vortex spacing. Heres,
=d>§/16772)\2 is the energy for a pancake vortex per unit
length,d the length of the vortex along the field directiah,

- Lo the coherence lengthh the penetration depth and,.
peraturefii) in the low current limit linear!-V curves were 2 N1/2 . o n . P
= (y¢&-d)~'“ the collective pinning energy for a single pan-

observed for the whole temperature region. From the linear 12 - .
. . =~ .~ “cake vortex’'? Due to a lack of sufficient experimental data
parts in thel-V curves, we can extract the linear resistivity

S - : on such a system, an exact estimatiorRpfis hard to make.
pL which is shown in Fig. 2 together with the measured ill mak h estimation b ina th
(T) in the Arrhenius plot. We find that, coincides with However, we can still make a rough estimation by using the
Pacl 1) L L~ parameters reported for YBCO films. For a two-dimensional
pac quite well. In the high-temperature regime, a thermally

3 S R vortex systeml . can be expressed &5,.=T.(j,./jo) (1
activated flux flowm(TAFF) behavior is clearly visible in Fig. —t)/GiZD, wherepGizDzTC/\/Esod i thsng Ginzt?urg um-
ber, jpc and j,=cH/3y/67\ being the pancake depinning
: 3 current density and depairing current density, respectively.
ol o Bxperimental | ] Substituting the expressions bk, and GZ° to that of R,

Fiting we have R.=ag(jo/V2(1—t)jpo)(£/2a0)% With jo~2
X10° Acm™?, j,o~10° Acm™?, ¢~15 A, anda,=320 A
for a field of 2 T, we haveR,=10a,.! Therefore, we will
assume that the 2D collective creep theory is applicable to
the system we studied here. When vortices undergo collec-
tive creep, the current density dependent energy barrier is
U(j)=(j/jo) *, wherejq is a characteristic current density.
V\/zithin the TAFF approximation, the-V curves due tdJ(j)
is

E(V/cm)

104

10

FIG. 1. Selected-V curves at different temperatures ranging
from 2 to 32 K with an interval of 2 K. Inset: temperature depen-
dence ofu at H=0.5T (filled circles and 2 T (open circleg
respectively.
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p(ue2 cm)

E:Eoe*(i/io)""_ (1)

Following the methods used by Dekkefral,™® we reformu-
late Eq.(1) by taking its logarithm and fitting the-V curves
with downward curvature to it, with 1By, j&, and u as
0 50 100 150 200 fitting parameters. The exponeatas a function of tempera-
103/T (KI) ture is shown in the inset in Fig. 1 and changes gradually
from u=0.8 to ©=0.2 as the temperature increases.
This result agrees well with the observation of Dekker

t al}* The w(T) variation is closely related to the bundle
|“12

FIG. 2. Temperature dependence @f. at difference applied

magnetic field. The solid lines are the experimental data. From leff" ) )
to right: H=0, 2, 4, 6, 8 T. Fitted circles are data pointsgf  Siz€ of the vortices, as pointed out by Vinoket a

extracted from the linear parts in Fig. 1. Inset: Activation energiesdepend?ng ~on the currgnt density, temperature, and
from a TAFF fit top,(T), filled circles are the obtained data, solid magnetic field. For medium-sized vortex bundiéde-
line is a fitting byU =329.5-247.9 IB. fined byj,~j(R¥Aa3)¥5%< | <|jmu=ic(Rc/A)®* where
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A =X\ coth@2\)], an exponenju=13/16~0.8 is expected. possibly be due to the increased interaction between vortices
Whenj<j,,, the bundle size increases and the exponpent When the field is increased. So, we conclude that in the low
~0.5. For a constant magnetic field the bundle siz&is current limit, the dissipation is governed by plastic motion of
«£/\?U . At temperatures not too close T, whereé  dislocation in the 2D VL.

and\ are nearly constant), decreases with increasing tem-  The above picture is consistent with Monte Carlo simula-
perature and thereforéy. will increase. As a result, the tions of the VL subject to random disorders under a driving
bundle size changes from medium to large, thus decreasirfgrce? It is found that at large driving force, the vortex

wn value, and explaining the decreaseraf motion is elastic. As the driving force decreases, the VL be-
As the temperature increases, dislocation-mediated vortexomes defective and the dissipation is dominated by plastic
melting occurs wheli motion.

Measurements performed in ultrathin YBCO films re-
ported |-V curves with upward curvature, while the glass
whereA~0.4-0.7 is a parameter due to the renormalizatiorcorrelation lengthé, ¢ diverged atT=0 K. The authors
of cgg from the defects in the VL and the nonlinear lattice concluded that a 2D vortex glass could not exist at any tem-
vibration1® Here, we identify the melting temperatu'l’é]D as perature. This is consistent with our results. However, in our
the one at which thé-V curves at high currents change from case, we observed, in addition, a crossover from downward
positive to negative curvature. We obtérr,iD:lZ K for H to upward curvatures. This discrepancy may be due to the

Acggasd=4mkT2P, (2)

=2 T. Shear modulusgg is given by’ different length scale involved in the experiments. It is well
) known that from a topological point of view, by applying a
Coe=BPo /(167N 1) 3 current densityj, a vortex pair of a characteristic siig

Inserting Eq.(3) into Eq. (2), with the typical values for =(ckT/j®o)"?is excited” The current probes the vortex
parameters of YBCO, we obtaik~0.43, which agrees well dynamics on a length scale &f . With j~5x10° Alcm?,
with the previously obtained valfe'® T~10 K, we obtain_;~ 1000 A<R.. Itis possible that we

Above the melting temperature, the vortices are in a liquidare probing the collective creep behavior in the high current
state pinned by available pinning centers. Thé character- limit at low temperature. In the case of YBCO ultrathin film,
istics can thus be described by the classic Anderson-Kinthe length scale was probably larger thiapand thus, lig-
model with E= Egsinh(/jo). uidlike behavior was detected.

The collective pinning theory depends critically on the As shown in Fig. 2, the resistivity gradually deviates from
elasticity of the vortex system. Due to the finite energy forthe activated behavior belo~10 K and levels off toward
the generation of dislocations or dislocation pairs in a 2D& constant valu&. The resistivity aff <10 K increases with
VL, an infinite energy barrier in the elastic limit is not ex- increasing magnetic field. To explain such a plateau within
pected. When the energy barrier reaches the characterisfidge framework of TAFF requires an activation energy
energy for a small dislocation pair, it will be cut off and a Which increases linearly witf, i.e., UpxaT. We are not
crossover from elastic to plastic motion should octlihe = aware of any mechanism that provides such a kind of acti-
motion of dislocation pairs can be well described by TAFFVvation energy. We noted that similar resistive plateau in the
with an activation energy nearly independent of the currenp-T curves was observed by Ephrenal. in Mo,;Ge; thin
density. Therefore, linedrV curves are expected in the plas- films®
tic region. As a result, the linear resistivity does not vanish ~Generally, it is believed that quantum tunneling dominates
and a 2D vortex glasdoes not exisat any finite tempera- the dissipation at temperatures below several Kelvin and that
ture. This is what we observed in owtV curves. When the resistivity from a quantum creep is nearly independent on
below a current density~5x 168 Alcm?, the |-V curves —temperaturé’~>’We are unable to explain why quantum tun-
become linear over more than two orders of magnitude in th@eling is observed at such a high temperature where the ther-
current and voltage. The typical energy for a dislocation paifnal energy of vortices is quite high. One possibility is a large

made up of two edge dislocations separateda@yss normal resistivityp, and a small coherence lengéh The
tunneling ratey is determined by the effective Euclidean

d2d action Sg'f for the tunneling processy=exp(—SE/4), and

e™ 167\2(T) In(Bo/B). (4)  st'/% in turn is proportional to &/€2)&./p, .22 Therefore,

tunneling is favored by a small coherence lendthand a
With A~1400 A, we haveU.,~500 K. This value is large normal state resistiviy,. It was mentioned by Blatter
roughly consistent with the activation energy we extractecand Geshkenbeffi that superconductors withp, /&,
from the linear part§the region withp(H,T) between 1 and =1 k() are good candidates for the observation of quantum
90 uQcm] of thep,(T) in the Arrhenius plot in Fig. 2. The creeep. In our case, with,~400 Q) cm and&(c)~3 A,
explanation based on plastic motion mediated by the generaur sample would have a,/&; value of 10 k). Ephron
tion of dislocation pairs is further supported by the InB de-et al® reported that they were only able to observe such a
pendence of the activation energies as shown in the inset iplateau in thin films with large sheet resistance, which is
Fig. 2. Such a InB dependence of activation energy has bearonsistent with the theoretical consideration.

previously reported by several grous? It is noticed that The predictions about the temperatufg at which the
there is an upward curvature at around 3 T, which coulddissipation shows a crossover from thermally activated to a
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4 TIBaCaCuO single crystaf$. We note that Blatteet al>®
found a suppression of the tunneling rate for increasing
fields. In this case the interaction between vortices increases,
the viscosity grows and more vortices are participating
in a single tunneling event. This is consistent with our
observations.

IV. CONCLUSION

Our main conclusions are summarized in Fig. 3 and show
that the vortex dynamics is essentially dependent on the
. length scale. In the high current limit, 2D collective creep is
\ observed which is elastic in nature and characterized by an
] energy barrier with an exponential growth with current den-
J sity. The 2D VL undergoes a dislocation mediated melting at

FIG. 3. A schematig-T phase diagram for a 2D VL at a certain & temperaturd 7. In the low current limit, the exponential
magnetic field. The lind, is determined by E¢2), and lineT, by ~ 9rowth of energy barrier is cut off by the generation of dis-
Eq. (4). In the quantum creep and plastic creep regions, the linealocation pairs in the VL and their subsequent motion or
resistivity does not vanish. The collective creep and Anderson-Kinfluantum tunneling. The linear resistivity at low temperatures
creep regions are characterized Iy curves withExel “ ande (=10 K) is possibly governed by quantum tunneling of pan-
«sinh(/jg), respectively. cake vortices. With increasing Lorentz force, the driven VL

recovers its elasticity at high current densities.

guantum tunneling range from hundreds of mK to tens of
Kelvin. Ivlev et al?® showed that, for the YBCO compound,

a crossover from thermally activated to quantum tunneling This research has been supported by the Hundred-talent
dissipation happens &t,~50(j.—j)Y%j¥? K. Meanwhile, program of the Chinese Academy of Science, the Belgian

Stephef? found thatT,~2 K. Experimentally, a crossover I[UAP and Flemish GOA, FWO and Bilateral Flemish-
temperature ranging from 3.5 K to 10 K was reported forChinese(BIL 97/35) programs.
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