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Phase-slip-like resistivity in underdoped YBa2Cu3O7
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We investigated the anomalous peak resistivity below the onsetTc in underdoped YBa2Cu3O7, reminiscent
of that observed in one-dimensional~1D! wires of conventional superconductors. We performed measurements
of the angular dependence of resistivityr(u) in a magnetic field and the temperature dependence of resistivity
r(T), which exhibit a peak forBi ab planes. This peak inr(T) disappears forBi c axis. The width of the
corresponding maximum inr(u) at u50° (Bi ab planes! decreases with the increasingc-axis component of
the field (B sinu). The maximum inr(u) andr(T) decreases with an increasing applied transport current. We
analyzed the data using three different models of resistivity based on a 2D resistor array, flux motion, and
thermally activated phase slips. Numerical calculations suggest that in a filamentary underdoped system, the
phase-slip events could produce an anomalous resistivity close toTc .

DOI: 10.1103/PhysRevB.67.054502 PACS number~s!: 74.78.2w, 74.40.1k, 74.72.Bk
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I. INTRODUCTION

Observation of a large resistive peak in the tempera
dependence of resistivityr(T) just below the onsetTc has
been reported in crystals of high-Tc superconductors
~HTSCs! like (Nd,Pr)1.85Ce0.15CuO42y ,1 YBCO~123!,2 and
Bi2Sr2CaCu2O8 @BSCCO~2212!#.3 In all these cases, th
magnitude of the resistive peak is higher than the resisti
at the onsetTc . The peak shows an anomalous behavior i
magnetic field applied along thec axis. Its magnitude de
creases with an increasing field, and in high enough fields
peak is completely suppressed. The applied transport cu
has the same effect on the peak, i.e., the peak’s magni
decreases with an increasing applied current.

These phenomena are of considerable interest becau
their striking qualitative similarity to those observed in co
ventional superconductors~LTSCs! like superconducting me
soscopic Al wires,4,5 thin films of Al,6,7 (NbV)N, NbV, VN,
~NbTi!N,8 and disordered metallic glasses of Zr60Cu60.9

Mosqueiraet al.2 reported the resistive anomalous peak
rab(T) of YBCO crystals ofTc(R50)589 K. This anomaly
was eliminated by successive annealing of the sample
oxygen. This annealing also led to an increase ofTc(R50)
up to 90.3 K~close to the optimal doping!. The authors con-
cluded that the peak could be related to very smallTc inho-
mogeneities nonuniformly distributed in the crystal. Th
performed computer simulations of the temperature dep
dence of the anomalous resistivity using the model of a tw
dimensional electric circuit: an array of resistors whose
sistivity depends on temperature. The nonuniform
distributedTc inhomogeneities were introduced by assum
that these resistors have different~higher or lower! Tc . The
authors stated that the uniformly distributedTc inhomogene-
ities at large length scales broaden the resistive trans
only, and do not produce a peak. A similar approach w
introduced earlier by Vaglioet al.8 to explain the resistance
peak anomaly in non-homogeneous thin films of~NbV!N,
NbN, VN, and ~NbTi!N. They concluded that ‘‘the curren
redistribution’’ caused by the sample’s inhomogeneity, is
sponsible for the observed phenomena.

Current redistribution effects in an inhomogeneo
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sample were also considered by Nordstrom and Rapp9 in
their interpretation of the resistive peak anomaly in sup
conducting amorphous thick films of Zr60Cu40. Kwong
et al.6 observed an anomalous peak in the resistive transi
of a two-dimensional~2D! 25-nm-thick aluminum film con-
taining regions of different but comparable, transition te
peratures. Disordered regions of lowerTc were produced by
the reactive-ion etching process. Their observation seem
support earlier interpretations based onTc inhomogeneities
and current redistribution effects. The authors stated, h
ever, that the anomaly could originate from a discontinuity
the superconducting potential at the normal-superconduc
metal ~N-S! interface, and for superconducting electrod
placed sufficiently close to the interface, this potential e
ceeds the normal-state value. Spahn and Keck7 found that the
anomaly appears in 2D Al films with a thickness between
and 40 nm. They argued that this effect could be caused
an interaction between the superconducting fluctuations
the conduction electrons.

Extensive studies of the resistive anomaly were also p
formed on 1D Al strips with a width less than the coheren
length and the magnetic penetration depth, by Santha
et al.4 and Moshchalkovet al.5 Santhanamet al. argued that
the Al wire could be treated~at temperatures close toTc) as
a coherent region comprising normal~N! and superconduct
ing ~S! phases. The resulting N-S interface gives rise to
quasiparticle charge imbalance induced by the bias curr
and consequently to the observed changes in resisti
Moshchalkovet al. performed quantitative analysis of th
anomaly using Langer-Ambegaokar~LA ! ~Ref. 10! and
McCumber-Halperin~MH! ~Ref. 11! models of the thermally
activated phase-slips of the superconducting order param
LA-MH models were adopted with the modification whic
assumes that in quasi-1D superconducting wires the nor
current and the supercurrent can only flow in series, and
total resistance is the sum of the normal resistanceRN and
the phase-slip resistanceRS . Good quantitative agreemen
between the experimental data and the calculated resist
R(T) was obtained.

Crusellas et al.1 and Han et al.3 proposed that the
anomaly in rab(T) of (Pr,Nd)1.85Ce0.15CuO42y and
©2003 The American Physical Society02-1
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BSCCO~2212! crystals is the manifestation of a quasiree
trant behavior, which results from the intrinsic granulari
Han et al. rejected the explanation based on non-uniform
distributedTc inhomogeneities~Ref. 2!, because of the ob
servation of an anomalous peak in theI -V characteristics,
which were measured at different magnetic fields. Howe
Crusellaset al.1 stated that the anomaly is strongly influ
enced by the distribution of defects, after it was observ
that high temperature annealing reduces the size of the r
tive anomaly in (Pr,Nd)1.85Ce0.15CuO42y crystals.

Briefly, the interpretation of the anomalous resistive pe
in HTSCs concentrates on two possible sources of this eff
nonuniformly distributedTc inhomogeneities and intrinsi
granularity. The explanation of the anomalous resistivity
LTSC films took into account the effects o
Tc-inhomogeneities~and related current redistribution!, N-S
interfaces, and the interaction between superconducting
tuations and the conduction electrons. It was also sugge
that the anomaly in 1D LTSC~Al ! strips ~wires! originates
from the presence of N-S interfaces and/or thermally a
vated phase-slips of the order parameter. These various i
pretations are the source of a number of unanswered q
tions.

~1! According to Browninget al.12 in YBCO single crys-
tals of Tc593 K and a transition width ofDTc50.2 K, a
large variation in the oxygen content 72d can occur across
the sample as revealed by high resolution scanning x
diffractometry ~which was performed using a 10-mm-wide
x-ray beam!. 72d in these crystals ranges between 6.80 a
7.00, which corresponds to a change ofTc by about 10 K. In
spite of these nonuniformTc inhomogeneities, the crystal
have small resistivities (r.40 mV cm at 100 K! and do not
show any resistive peak anomalies at the onsetTc in r(T).
These results throw doubt on whether the 2D resistive mo
alone ~as proposed in Ref. 2 for YBCO! can explain the
observed anomalies.

~2! The resistive anomalies observed in LTSC films a
wires~strips! are similar, and their interpretation suggests
link between the presence of inhomogeneit
(Tc-inhomogeneities, N-S interfaces! and the superconduct
ing fluctuations, including phase slips of the order parame
Could this explanation be also applied to HTSCs?

~3! Moshchalkovet al.5introduced the phase slip resistiv
ity ~according to the 1D LA-MH model10,11! combined with
the normal state resistivity in order to explain the anomal
resistive peak in 1D aluminum wires. Experiments
Browning et al. @see~1!# suggest filamentary phase sepa
tion and filamentary flow of the current in some YBCO cry
tals with sharp superconducting transitions, which do
show resistive anomalies. Does this mean, using the ana
to LTSCs, that the presence of nonuniformly distributed
homogeneities in HTSCs is the necessary but not suffic
condition to observe the resistive anomaly? What is the o
condition? Could this be a 1D current flow in an inhomog
neous system?

~4! What is the contribution of the magnetic flux motio
~pinning! to the observed resistive anomalies in HTSCs?

In order to answer these questions new experiments
needed. We decided to perform measurements of the ang
05450
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dependence of resistivity in a magnetic field. This decis
was stimulated by the experiments done on Pr1.85Ce0.15Cu42y
crystals,1 in which the resistive anomaly was investigated f
two different directions of the applied magnetic fiel
namely, along thec axis and along theab planes. The effect
of the magnetic field on the anomaly was completely diff
ent for these two orientations. Taking into account the f
that the presence of the nonuniformTc inhomogeneities is a
necessary but not sufficient condition to observe the resis
anomalies, we investigated the temperature dependenc
resistivity on a large number of YBCO samples. We decid
to study YBCO thin films, both optimally doped and unde
doped, because they are readily accessible from differen
search groups and can be deposited on various subst
using several different deposition techniques. The bridges
the resistive measurements can be made relatively easil
thin films using standard photolithographic techniques. T
resistive peak anomaly and the reduction of its magnitu
with an increasing magnetic field and an increasing app
current, were observed in an underdoped film after inve
gation of 15 YBCO films ofTc ranging between 79 and 90.
K. This film was then used to perform detailed measureme
of the angular dependence of resistivity in a magnetic fie
The resulting experimental data were analyzed using th
different models: a two-dimensional resistor model, a m
netic flux motion model, and the LA-MH thermally activate
phase-slip theory.

II. EXPERIMENTAL PROCEDURE

A. Sample preparation

C-axis oriented YBCO thin films were prepared using o
axis rf magnetron sputtering and laser ablation from stoich
metric YBa2Cu3O72d targets of 99.999% purity. Films wer
deposited on three different types of substrates: SrTiO3 ,
LaAlO3, and sapphire~with a CeO2 buffer layer!.

We investigated 15 YBCO thin films~both underdoped
and close to the optimal doping! of various zero-resistanc
transition temperatures~between 79 and 90.5 K! and thick-
nesses~between 100 and 600 nm!. YBCO films were pat-
terned, using conventional photolithography and wet etch
technique, into a form of a 30–60-mm wide and 6.4-mm-
long strips with six measurement probes. Large area si
contacts were deposited on the film by rf magnetron sput
ing in order to minimize Joule heating. Copper leads w
attached to silver contacts using mechanically pressed
dium. The distance between voltage probes was 0.4 mm

The anomalous resistivity was observed in an underdo
YBCO thin film. This film ~140 nm thick!, was deposited on
a ~1000!-oriented sapphire substrate~with a CeO2 buffer
layer! using laser ablation technique. X-ray diffractio
~XRD! data of this film showed the pattern of a characteris
stoichiometricc axis oriented YBCO film. The data did no
reveal any impurity phases. The XRD data gave ac-axis
lattice spacing of 11.70 Å, which corresponds to an oxyg
content of about 6.8 andTc(R50) of about 80 K.13

The sample exhibits a vanishing zero-field resistivity
Tc581.7 K and has a room temperature resistivityr300K
534.2mV cm (r300K /r100K52.4). The resistivity of this
2-2
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PHASE-SLIP-LIKE RESISTIVITY IN UNDERDOPED . . . PHYSICAL REVIEW B67, 054502 ~2003!
underdoped YBCO film is lower than that expected for op
mally doped YBCO. Normally removing oxygen from opt
mally doped YBCO decreasesTc and increases the norma
state resistivity, and vice versa, adding oxygen to an un
doped YBCO, increasesTc and decreases the resistivity, wi
the lowest resistivity expected for optimally doped sampl
However, at a fixed level of oxygen doping, differe
samples may have lower or higher resistivities depending
the distribution of chain oxygen O~1! and interchain oxygen
O~5! in the chain-layers. Our recent results14 obtained on
underdoped YBCO films~with Tc.84–85 K) revealed tha
annealing of samples in argon at 400 K (120 °C) increa
bothTc and resistivity@This annealing also transforms a no
linear temperature dependence of resistivity~with a flatten-
ing below 200 K! into a linear dependence.# Annealing
YBCO at 400 K in argon causes a redistribution of oxygen
the chain layers without affecting the overall concentrat
of oxygen in the sample.15 The resistivity of a twinned
YBCO film can be considered as the effective resistivity
the parallel combination of the plane and chain-layer re
tivities. Even optimally doped samples that were well a
nealed in oxygen, still contain a few percent of intercha
oxygen O~5!.15,16 In slightly underdoped samples, the pre
ence of interchain oxygen O~5! located between not fully
occupied chains could force the transport current in the ch
layer to flow along a path of the lowest resistance, i.e.,
zigzag between the chains via the occupied O~5! sites. An
increase ofTc and the resistivity upon annealing at 400
could then result from a thermally activated diffusion
some O~5! oxygen into empty O~1! chain sites. During this
process the chain layer could lose some of the interchain
resistance links. We therefore believe that low resistivity o
served in the underdoped film could be a consequence
chain-layer conductivity being enhanced by the presenc
interchain links. These links could be formed by O~5! oxy-
gen during fast cooling of the film down from high depos
tion temperature.

B. Measurement procedure

The investigation of the resistive anomalies was based
the following measurements:~a! the measurement of th
temperature dependence of resistivityr(T) between room
temperature andTc(R50) in a zero magnetic field;~b! the
measurement of the temperature dependence of resis
r(T) between the onsetTc and Tc(R50) in an external
magnetic field applied either parallel or perpendicular to
ab planes;~c! the measurement of the angular dependenc
resistivity r(u) as a function of the angleu between theab
planes and the direction of the fixed applied magnetic field
fixed temperatures between the onsetTc andTc(R50); and
~d! the measurement ofr(u) as a function of the magnitud
of the magnetic fieldB and the applied transport curre
densityJ. The angular measurements were performed by
tating a copper sample holder about its vertical axis in
horizontal magnetic field up to 1 T, using a combination o
step motor and backlash-free gear reducer. The angle
accurately monitored by an 8000-line optical encoder
tached to the sample, whose angular resolution was 0.0
05450
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The film was mounted with thec axis perpendicular to the
sample holder’s vertical axis of rotation, which allowed o
to change the magnetic field direction in a plane paralle
the c axis.

Resistivity was measured using the standard dc four-pr
method. The current was applied to the sample in the form
short pulses~of a duration less than 200 ms! in order to
reduce Joule heating. A dc current reversal was used to el
nate the thermal emf in the leads. The voltage was meas
using a Keithley 2182 Nanovoltmeter in tandem with a K
thley 236 Current Source, with the nanovoltmeter working
the triggering unit. The nanovoltmeter was operated in
mode~known as Delta mode! which allows the measuremen
and calculation of the voltage from two voltage measu
ments for two opposite directions of the current. Temperat
was monitored by a carbon-glass resistance thermometer
an inductanceless heater, and was controlled to better
610 mK for each single angular sweep in a magnetic fie
This was achieved by rotating the sample very slowly in
magnetic field in order to reduce variations in the emf in t
heater which could disturb the temperature reading. The t
‘‘resistivity’’ is used in this paper to denote the quantityE/J
~whereE is the electric field andJ is the transport curren
density!, and it does not imply an ohmic response.

FIG. 1. ~a! Two configurations ofB with respectJ that were
used during the measurements of the angular dependence of
tivity r(u) in a magnetic field:B is rotated in a plane parallel to
bothJ and thec axis ~left side!, or B is rotated in a plane parallel to
the c axis but perpendicular toJ ~right side!. ~b! Temperature de-
pendence of resistivity for YBCO thin film measured in a zero a
0.68 T fields at different orientations. Regions I and III denote
temperature ranges over whichr(T) is independent of the magni
tude ofB and the angle betweenB andJ for Bi ab planes. In these
regionsr(u) displays a minimum atu50° ~B parallel to theab
planes! @see Figs. 2~a! and 2~c!#. Region II represents the tempera
ture range over whichr(T) exhibits a peak@of magnitude larger
thanr(T) at the onsetTc], for B50 and for bothBiJ (u50°) and
B'J (u50°) orientations. Rotating the field from theab planes
(u50°) toward thec axis (u590°), leads to an increase inr(T) in
regions I and III, and to a suppression of the peak in region II.
2-3
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M. M. ABDELHADI AND J. A. JUNG PHYSICAL REVIEW B 67, 054502 ~2003!
All measurements were carried out with the transport c
rent J parallel to theab planes for two different orientation
of the magnetic field with respect to the current. For the fi
one, the field was rotated in a plane perpendicular to
current direction while for the other one the field was rota
in a plane parallel to the current and thec-axis directions@see
Fig. 1~a!#. All measurements were done in a field coolin
regime, with the magnetic field applied to the sample a
temperature above the onsetTc , followed by a slow cooling
down to the required temperature of measurement.

III. EXPERIMENTAL RESULTS

A. Temperature dependence of resistivity

The temperature dependence of resistivityr was mea-
sured over a temperature range of 78–300 K in a zero m
netic field. For a temperature range~78-90 K! close toTc , r
was recorded for different orientations of the magnetic fi
with respect to the direction of the current densityJ. Figure

FIG. 2. r(u) measured in 0.68 T for a temperature range
tween 82.52 and 83.83 K spanning the three regions I, II, and
Note the change inr(u) at u50° from a minimum in region I~a!
to a maximum in region II~b! and then back to a minimum in
region III ~c!. In regions I and III, identical behavior ofr(u) has
been observed forBiJ andB'J orientations, whereas in region I
the magnitude ofr(u) depends on those orientations.
05450
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1~a! shows two possible orientations of the magnetic fieldB
with respect toJ and theab plane of the film. The figure on
the left illustrates the case in which the fieldB was rotated in
a plane parallel to the direction ofJ, while the one on the
right represents the case in whichB was rotated in a plane
perpendicular toJ. For both orientationsB was rotated in a
plane parallel to thec axis. The first configuration is denote
as BiJ and the second one asB'J. Figure 1~b! shows the
temperature dependence of resistivityr(T) for a temperature
range of 79–88 K measured in a zero field and in 0.68 T. T
measurements ofr(T) in the field were carried out for the
following orientations ofB with respect toJ: BiJ andB'J
with B parallel to theab plane (u50°), and forB'J with B
parallel to thec axis (u590°). The onset transition tempera
ture ~onsetTc) is defined as the temperature above which
resistivity does not respond to the change in both magnit
and direction of the magnetic field@see Fig. 1~b!#. r(T) be-
low the onsetTc could be divided into three regions. Eac
region is identified according to the response ofr(T) to the
change in the direction of the magnetic field from theab
planes (u50°) to thec axis (u590°). Region II represents
a temperature range between 82.8 and 83.5 K over wh
r(T) exhibits a peak@of magnitude slightly larger than tha
of r(T) at the onsetTc ; see the horizontal line in Fig. 1~b!#
in a zero magnetic field, and forBi ab planes withBiJ and
B'J orientations. Note a clear separation between the p
and the onsetTc . In this region, behavior ofr(T) changes
dramatically upon rotating the field from theab planes to the
c axis. In regions I and III,r(T) was observed to increas
whenB is parallel to thec axis, while in region II~the peak
region! r(T) is completely suppressed by the magnetic fie
Bi c axis. ForBi ab planes,r(T) in regions I and III is
independent of the magnitude ofB and the angle betweenB
and J. However, in region II,r(T) is independent of the
magnitude ofB only for BiJ orientation. In this region,r(T)
was found to decrease with an increasing applied cur
densityJ. The temperature dependence of resistivity forBic
axis was measured in different magnetic fields. For fie

-
I.

FIG. 3. r(u) measured in 0.68 T at 83.23 K for an angular ran
230°,u,210°. Note the peaks atu50° and u5180° (Bi ab
planes! which are approximately 30% higher than the maximum
u590° (Bi c axis!.
2-4
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PHASE-SLIP-LIKE RESISTIVITY IN UNDERDOPED . . . PHYSICAL REVIEW B67, 054502 ~2003!
above 0.1 T, the peak in region II is completely suppress
The resistivity between the onsetTc and the room tempera
ture exhibits a linear temperature dependence.

B. Angular dependence of resistivity: Effect of temperature
and magnetic field

The angular dependence of resistivityr(u) was measured
in a constant magnetic field at different temperatures in
gions I, II, and III, for bothBiJ andB'J orientations for the
angular range from220° to 120°. The measurements re
vealed minima inr(u) at u50° in region I and III, and a
maximum in region II~see Fig. 2!. Figure 2~a! showsr(u) in
region I as a function of temperature between 82.42
82.82 K in a magnetic field of 0.68 T. At a temperature
approximately 82.82 K, which corresponds to the border l
between region I and II in Fig. 1~b!, there is a crossover from
a minimum to a peak inr(u). This peak grows with an
increasing temperature reaching a maximum value at 83
K @see Fig. 2~b!#.

The second crossover from a maximum to minimum c
be seen at 83.50 K, which corresponds to the border
between regions II and III in Fig. 1~b!. We have measured
r(u) for both B'J and BiJ in all three regions. While in
regions I and III the minimum inr(u) is independent of the
orientation ofB with respect toJ ~i.e., for B'J andBiJ), in
region II the magnitude of the peak depends on these or
tations andr(u)B'J.r(u)BiJ .

The measurements ofr(u) over an angular range betwee
230° and 210° revealed sharp maxima forBi ab planes
(u50° andu5180°) and a smaller broad maximum forBi
c axis (u590°) ~see Fig. 3!. r(u) at u50° andu5180° is
about 30% larger than that foru590°. Moreoverr(u) has
minima atu535° andu5145° for all fields.

The angular dependence of resistivityr(u) was also mea-
sured at a constant temperature in different magnetic fiel
regions I, II, and III, for bothBiJ andB'J orientations and

FIG. 4. ~a! Angular dependence of resistivity measured a
temperature of 81.43 K~region I! in different fields forB close to
the ab planes. The data reveal a minimum inr(u) at u50° ~B
parallel to theab planes!. The width of the minimum decreases wit
an in increasing field. An identical behavior has been observed
both B'J andBiJ orientations.
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for the angular range between220° and120°. Figure 4
shows the angular dependence of resistivity, at a tempera
of 81.43 K ~region I!, measured in different magnetic field
for both BiJ and B'J orientations. The data for these tw
orientations are identical, which implies thatr(u) is inde-
pendent of the angle betweenB and J. r(u) at u50° is
almost independent of the magnitude ofB. The width of this
minimum @defined as half width at half minimum~HWHM!#
decreases from a HWHM of52.3° in a field of 0.17 T down
to a HWHM of 52.0° in 0.86 T. The depth of the minimum
increases with an increasing field. The results of the m
surements ofr(u) in region III is identical in all aspects to
those obtained in region I.

Figure 5 presentsr(u) measured at a temperature
83.13 K ~in region II! in different magnetic fields for both
B'J and BiJ orientations. The width of the peak inr(u)
decreases with an increasingB for bothB'J andBiJ orien-
tations. The magnitude of the peak inr(u) for BiJ is almost
independent of the magnitude ofB; however, it increases
with B for B'J. A decrease of the peak’s width with a
increasing magnetic field means that within a certain ang
range (uuu.1.5° for B'J and uuu.0.3° for BiJ), r(u) de-
creases with an increasing field.

or

FIG. 5. Angular dependence of resistivityr(u) for 25°,u
,5°, measured in different applied magnetic fields at a fixed te
perature of 83.13 K~region II!. ~a! r(u) for B'J orientation, where
r(u) increases with an increasingB for u,1° but decreases with
an increasingB for u.1°. ~b! r(u) for BiJ orientation;r at u
50° is almost independent ofB. Note thatr(u) decreases with an
increasingB for u.0.5°.
2-5
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M. M. ABDELHADI AND J. A. JUNG PHYSICAL REVIEW B 67, 054502 ~2003!
C. Angular dependence of resistivity: Effect of the
applied current

The angular dependence of resistivity was measured
as a function of the applied current density at a cons
temperature and magnetic field. Figure 6 presents the m
surements ofr(u) in region II for a wide range of applied
current densityJ, from 0.9 to 69.4 kA/cm2, in a field of 0.68
T and at a temperature of 83.03 K. For anglesuuu.2°, r(u)
increases nonlinearly with an increasingJ, but for small
anglesuuu,2° it decreases with an increasingJ. In the an-
gular region foruuu,1°, starting at small current densit
(J<11.6 kA/cm2), the peak height initially decreases wi
an increasing current, but for J larger than 23.1 kA/cm2, a
minimum inr(u) develops. The dependence ofr(u) on J is
essentially the same for bothBiJ andB'J orientations.

Figure 7 showsr(u) measured in region I for a wide
range ofJ in a field of 0.68 T and at a temperature of 81.
K. Effect of the current on the minimum is different from
that observed in region II. The minimum atu50° decreases
with an increasingJ. The dependence ofr(u) on J is iden-
tical for bothBiJ andB'J orientations. Similar dependenc
of r(u) on J was observed over the temperature range
region III.

IV. DISCUSSION

The experimental data forr(T,B) obtained for the under
doped YBCO film are qualitatively similar to those observ
before in HTSCs.1–3 The anomalous resistive peak is locat
at a temperature approximately 1.8 K lower than the on
Tc . The peak disappears when a magnetic field is app
along thec axis of the film. Also the magnitude of the pea
decreases and its position shifts to lower temperatures
an increasing applied transport current. Our measuremen
the angular dependence of resistivity in a magnetic field p
vided very valuable additional information, which allows
to understand better the physics of the anomalous resisti

FIG. 6. Angular dependence of resistivityr(u) measured as a
function of applied current densityJ for a field of 0.68 T and a
temperature of 83.03 K~region II! . For anglesuuu.2°, r(u) in-
creases with an increasingJ, but for small anglesuuu,2° the op-
posite happens, where a minimum starts to develop with its w
increasing with an increasing applied current.
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The measurements ofr(u) in a magnetic field as a function
of temperature revealed sharp minima in resistivity atu
50° ~B parallel to theab planes! at temperatures below an
above the resistive peak inr(T), and a sharp maximum a
u50° at the peak’s temperature~see Fig. 2!.

The data forr(T) andr(u) were used to distinguish be
tween different interpretations of the resistive anomaly.
considered a two-dimensional resistor model, magnetic
motion, and thermally activated phase slips.

A. Two-dimensional resistor model

In an inhomogeneous superconductor different parts
the film or the crystal can have slightly different transitio
temperatures. Vaglioet al.8 and Mosqueiraet al.2,17 modeled
this type of superconductor as an electrical circuit array
different resistors. The anomalous peak inr(T) was pro-
duced by solving numerically, through the standard ma
method, the electrical circuit equations using large numbe
fitting parameters. Mosqueiraet al.argued that nonuniformly
distributed oxygen inhomogeneities~domains with different
oxygen content! are responsible for the anomalous resistivi
Differences between samples were taken into account
varying more than seven parameters: the domain size,
spatial distribution of domains, and the differences betwe
transition temperatures of the neighboring domains. Th
differences were incorporated into the resistor model
varying the magnitudes~as a function of temperature an
magnetic field! and the positions of different resistors with
the resistor array~different domains were represented by d
ferent resistors!. The resistor model was first used to analy

h

FIG. 7. ~a! Angular dependence of resistivityr(u) measured as
a function of an applied current densityJ in a field of 0.68 T and at
a temperature of 81.83 K~region I!. The sharpness of the minimum
at u50° decreases gradually with an increasing J.~b! Expanded
view of r(u) measured atJ557.9 kA/cm2.
2-6
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TABLE I. The relative change of resistivityDr/rB5(rP2rB)/rB , whererP is the peak’s resistivity and
rB is the resistivity measured in a magnetic fieldB* at the peak’s temperature in the absence of the peak.
broadening of the superconducting transitionDTc(B* ) in a magnetic fieldB* , at which the peak disappear
is obtained for different superconductors.

Material Tc(K)(R50) Dr/rB B* (T) DTc(B* )(K) Reference

YBCO crystal 90 0.58 1.0 2 17
YBCO crystal 89.3 0.29 0.3 2 2
YBCO film 81.7 0.44 0.08 0.5 this work
BSCCO crystal 93 1.56 0.01 ;2 3
BSCCO crystal 79 0.41 0.3 ;5 17
NdCeCuO crystal 23.5 0.28 0.1 ;4 1
PrCeCuO crystal 20.7 0.16 0.7 ,0.5 1
Al thin film strips 1.28 0.17–0.56 0.001 0 4
(Y0.7Pr0.3)BCO crystal 52.7 0.20 1.0 2 19
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the data, measured in a zero magnetic field, for an anoma
resistivity in r(T) of Nb-based LTSC films by Vaglioet al.8

Later Mosqueira and co-workers2,17 used the resistive mode
to simulate the anomalous peak-resistivity inrab(T) at dif-
ferent magnetic fields for YBCO and BSCCO crystals.
mentioned in the introduction, Browninget al.12 performed
two dimensional x-ray diffraction analysis with 10-mm spa-
tial resolution and a few micrometers sampling depth
YBCO crystals with very sharp superconducting transitio
Their data revealed the presence of nonuniformly distribu
inhomogeneities of oxygen content (72d56.8–7.0) across
YBCO crystals. A three-dimensional plot of 72d versus the
position on the crystal’s face show domain features a frac
of millimeter in size~see Fig. 12 in Ref. 12!. High energy
x-ray diffraction, in which the radiation penetrates the ent
crystal, was performed recently at Brookhaven Natio
Laboratory and revealed the presence of (72d) nonuni-
formly distributed inhomogeneities across the crystals.18 The
measurements of the temperature dependence of the res
ity did not show any resistive peak anomalies nearTc in
those crystals. In fact, those samples exhibit highTc(R50)
>93 K, sharp superconducting transitions (DTc
.0.2–0.3 K), and low resistivity (r'120 mV cm at 300
K!. These studies imply that just the presence of nonu
formly distributedTc inhomogeneities@nonuniformly distrib-
uted (72d) domains# is not sufficient to produce the resis
tive anomalies.

The reduction and subsequently suppression of the re
tive peak anomaly with an increasing magnetic field are
sociated, according to the resistive model,2,17 with the broad-
ening of the resistive transition. The broadening of t
resistive transition as well as the magnitude of the magn
field required to suppress the anomaly completely is sam
dependent~see Table I!. Mosqueiraet al.17 argued that the
resistive model is universal and could be used to exp
resistive anomalies in both HTSC and LTSC samples. Un
tunately, it was shown by Santhanamet al.4 that the elimina-
tion of the resistive peak by an applied magnetic field in
thin film strips occurs without any associated broadening
the superconducting transition~see Table I!. On the other
hand, Moshchalkovet al.5 observed the resistive anomalie
in Al thin film 1D strips ~wires! of dimensions less than th
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Ginzburg-Landau coherence length close to the onsetTc .
Their studies implied that inhomogeneities are not resp
sible for the presence of the resistive peaks in Al quasi-
wires.

The resistive model was applied by Mosquiera a
co-workers2,17 to perform computer simulations of the resi
tive anomalies in YBCO and BSCCO crystals subjected t
magnetic field which was applied in a direction perpendic
lar and parallel to theab planes. The experimental data sho
the broadening of the resistive transition for both field orie
tations and for both YBCO and BSCCO. In order to obtain
good fit to the data for BSCCO, the authors had to assum
unrealistic value for the intrinsic anisotropy factor (g
5103) which is two orders of magnitude less than the a
cepted value (g5105). It seems that the resistive mod
should not be applied to cases in which the transition wi
is not sensitive to an applied magnetic field, like the exam
of the highly anisotropic BSCCO with a magnetic field a
plied parallel to the CuO2 layers. In the case of YBCO film
as discussed in Sec. IV B, the rotation of the magnetic fi
in the ab planes fromB'J to BiJ orientations, reduces th
magnitude of the anomalous peak inr(T) without any ob-
servable broadening of the transition width, indicating th
the resistive model is not adequate to explain all the phen
ena observed in our case. According to our interpretat
nonuniformly distributedTc inhomogeneities introduced b
the resistive model are necessary but not sufficient co
tions for the resistive anomalies to occur.

B. Flux motion

In order to find the contribution of the magnetic flux m
tion to the observed resistive anomaly, we performed
measurements ofr(T) and r(u) for two different orienta-
tions of the current relative to the magnetic field, i.e., f
B'J andBiJ orientations~see Fig. 1!. The magnitude of the
peak inr(T) ~region II in Fig. 1! increases when the field i
parallel to theab planes and perpendicular to the current i.
for B'J ~compared to the case forBiJ). This situation cor-
responds to the maximum Lorenz force acting on the fl
lines along theab planes. The angular dependence ofr in a
magnetic field~Fig. 2! reveals a maximum in region II, bu
2-7
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M. M. ABDELHADI AND J. A. JUNG PHYSICAL REVIEW B 67, 054502 ~2003!
sharp minima at temperatures below and above the peak~re-
gions I and III in Fig. 1!. A very sharp minimum inr(u) at
u50° (Bi ab planes! was seen previously in a YBCO sing
crystal by Kwoket al.20 and interpreted as due to the lock-
transition of the flux lines trapped between the planes. F
system of weakly coupled CuO2 layers one expects a max
mum resistive dissipation forBi c axis and a minimum for
Bi ab planes. An increase inr(u) when the field is rotated
from theab planes to thec axis is normally attributed to the
intrinsic anisotropy of the material. We found that th
minima inr(u) at u50° ~regions I and III! are independen
of the orientation of the current relative toB ~see Fig. 4!,
suggesting a very strong flux lock-in mechanism whenB is
parallel to theab planes. Foru.0° resistivity could arise via
the nucleation and motion of kinks along the vortex lines20

In this case, one could also describe the tilted vortex line
a combination of Josephson strings aligned along theab
planes and mobile pancakes~vortex segments along thec
axis!. If the coupling between the pancake vortices is we
the Lorenz force acting on these vortices, and conseque
their motion, should be independent of the direction of
transport current in theab planes. The measurement of th
minimum inr(u) also revealed an increase of the resistiv
with an increasing transport current in theab planes~Fig. 7!,
which is independent of the orientation of the current relat
to B. This result suggests that the motion of the panca
vortices in theab planes is responsible for the observed
crease ofr(u) for u.0° in regions I and III. The maximum
in r(u) at u50° at temperatures corresponding to region
in r(T) ~Fig. 5! depends on the orientation of the curre
relative toB. For B'J orientation, the maximum is highe
than that measured forBiJ orientation. This behavior is dif-
ferent from that observed in regions I and III, and therefor
provides additional argument that the peak inr(T) cannot be
explained by the 2D resistor model alone. It also sugge
that the unknown dissipation in region II weakens fl
lock-in between the planes. Subtracting the maximum
r(u) at u50° for BiJ from that measured forB'J ~see Fig.
8! givesr(u) with a minimum similar to those observed
regions I and III, which are caused by flux motion.

The measurement of the maxima inr(u) at u50°, as a
function of magnetic field forBiJ and B'J orientations,
shows that the maxima become sharper~i.e their width de-
creases! with an increasing magnetic field. For bothBiJ and
B'J orientations, and foru.1.5°, the resistivity at a fixedu
decreases with an increasing field~Fig. 5!. On the other
hand, the maximum inr(u) at u50° also decreases with a
increasing transport current~Fig. 6!. This reduction in resis-
tivity cannot be explained by the flux motion. Chapara
et al.21 observed a small maximum inr(u), when the mag-
netic field was oriented parallel to theab planes in Tl~2212,
1223! and BSCCO~2212! crystals. The authors did no
present any data for the corresponding temperature de
dence of the resistivity. The maximum in resistivity was
tributed to the formation and motion of thec-axis-oriented
vortex-antivortex segments of the flux lines parallel to theab
planes. They assumed that the maximum is created as
sult of the interplay between the densityns and the velocity
vs of the vortex-antivortex segments. The resistive poten
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differenceV is proportional to the product of these quantitie
According to the experimental observationV}(nsvs)u50° is
larger thanV}(nsvs)u.0° . Chaparalaet al.21 argued that, at
u50°, in spite of the small density of the vortices,nsvs is
large because of the high velocity of the newly crea
vortex-antivortex pairs. Atu.0°, ns is large butvs is small,
so (nsvs)u50°.(nsvs)u.0° . According to this interpretation
increasing the applied transport current should increase
Lorenz force on these pairs, and consequently increase
velocity. This leads to an increase in the resistive dissipa
and to the growth of the maximum inr(u) at u50° with an
increasing current. Our data revealed a reduction of
maximum inr(u) at u50° with an increasing current~see
Fig. 6!, which eliminates the vortex-antivortex model as
possible explanation of the resistive anomaly. The abso
values of the resistivity in the peak observed onr(T) curve
is slightly higher than the resistivity at the onsetTc ~85 K!,
defined as the temperature above which the resistivity is
dependent of the magnitude and direction of the app
magnetic field@see the horizontal line in Fig. 1~b!#. The re-
sistive dissipation due to a vortex motion can reduce
critical current density to zero, reaching the normal state
sistivity, but it cannot exceed this value.

C. Phase-slip model

The discussion of the resistive-peak anomaly in Sec. IV
and B indicates that 2D resistor and flux motion mod

FIG. 8. ~a! Comparison betweenr(u) measured forB'J and
BiJ orientations in 0.68 T at 83.13 K.~b! The differenceDr(u)
between the peaks inr(u) for B'J andBiJ orientations measured
in 0.34 and 0.68 T.
2-8
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PHASE-SLIP-LIKE RESISTIVITY IN UNDERDOPED . . . PHYSICAL REVIEW B67, 054502 ~2003!
alone cannot fully account for the origin of this phenomen
Regarding LTSCs, Moshchalkovet al.5 argued that the resis
tive anomaly, seen in 1D Al wires, originate from therma
activated phase slips, and the observed resistive peak a
onsetTc is the result of the phase-slip resistivity and t
normal state resistivity acting in series. Observation of
similar resistive peak anomaly in LTSC disordered films i
plies that, in some disordered systems, a filamentary flow
the transport current could occur through 1D constrictio
~channels!. We believe that this could also happen in HTS
samples. Browninget al.12 revealed that in spite of a larg
variation of the oxygen content (72d56.8–7.0) measured
across YBCO crystals, they still display sharp supercond
ing transitions (;0.2 K), highTc , and low resistivity. This
implies filamentary flow of the current in the samples. Ho
ever, the resistive peak anomaly is absent in the sam
which could mean that the filamentary flow alone is not s
ficient to produce the resistive anomalies. We conclude
analogy to the case of LTSC disordered films that therm
activated phase slips could produce such an anomaly if
filamentary flow of the current occurs through 1D constr
tions. This could happen more likely in underdoped HTS
samples due to phase-separation-induced disorder. It sh
also be noted that our data show all qualitative basic cha
teristics expected by the LA-MH phase-slip model.11,10 Ac-
cording to this model phase-slip events lead to the app
ance of a resistance in 1D superconducting wires belowTc .
During a phase slip event, thermal fluctuations reduce
superconducting order parameter, defined asc(x)
5uc(x)ueif(x), where f(x) is the phase, to zero at som
point along the wire momentarily disconnecting the pha
coherence. This allows the relative phase across the wir
slip by 2p @beforef(x) recovers its finite value#, resulting
in a resistive voltage.

For a 1D thin wire with a transverse dimensiond!j and
d!l, the LA-MH theory predicts that the appearance o
resistance in the superconducting state is mainly determ
by thermally activated phase slips events as the syste
passing over a free energy barrierDF0 ~the difference in free
energy between the normal and superconducting states! pro-
portional to the cross-sectional areaA of the wire,

DF05
8A2

3
@Aj~T!Hc

2~T!/8p#, ~1!

whereHc(T) is the thermodynamic critical field.
In the absence of the current, phase slips by62p are

equally likely, and this results in a fluctuating noise volta
with a zero net dc component. The result of the applicat
of a current to the wire is to make the phase jumps m
probable in one direction than in the other. The differe
jump rates arise from a differencedF in the energy barrier
for jumps in two directions, and this difference stems fro
the electric work* IVdt done in the process. For a phase s
of 2p, the energy difference isdF5DF12DF2

5(h/2e)I s5f0I s , wheref05h/2e is the superconducting
flux quantum.dF5f0I s should be larger than the therm
energy kBT, which defines the characteristic currentI 1
5kBT/f0, above which most phase slips go in the driv
05450
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direction and the resistance is nonlinear.22 I 1 sets a lower
limit on the applied currentI s . The upper limit is set by
the critical currentI c which is the mean-field critical curren

given by I c5pA 2
3 (DF0/f0), and

I 15
kBT

f0
,I s,I c . ~2!

The average voltageVs arising from the phase slip even
is determined by the number of these events in the sam
@N(T)5L/j(T), whereL is the length of the wire#, a char-
acteristic timet(T), Boltzmann factor exp(2DF(T)/kBT),
and the factor sinh(Isf0/2kBT) derived from the difference
dF in the energy barrier for the12p and 22p phase
jumps.5,22 Vs is determined by

Vs52f0V~ I s ,T!expF2
DF~T!

kBT GsinhS I s

2I 1
D , ~3!

whereDF(T)5DF0(T)1( 2
3 )1/2I s

2kBT/3pI 1I c and V(I s ,T)
is an attempt frequency which can be approximated as

V~ I s ,T!5
N~T!

t~T!
ADF0

kBT S 12
2I s

3I c
D 15/4

. ~4!

It is very important to emphasize the fact that the ene
being supplied during the occurrence of these phase slips
rate ofIV, is dissipated as heat rather than converted into
kinetic energy of supercurrent, which would otherwise so
exceed the condensation energy.22

The magnetic field dependence of the phase-slip ev
does not appear explicitly in Eq.~3!; however, its effect on
the phase-slip voltage appears through the dependence o
critical currentI c on B @ I c}(1/B)#. Phase-slip resistivity is
present over a range of the applied currentI s betweenI 1 and
I c , according to Eq.~2!. The applied currentI s per 1D cur-
rent channel should be larger thanI 15kBT/f0. If I s is too
close toI c , phase-slip events are less likely to occur. Als
reducing,I c while keepingI s fixed, leads to the reduction o
the phase-slip events and consequently the voltageVs . For
an anisotropic superconductor, increasing the magnitud
the c-axis component ofB by increasing the angleu and/or
the magnitude ofB, reducesI c .

The angular dependence of resistivity in a magnetic fi
measured over a temperature range between 82 and 8
~Fig. 2! points out different origin of resistivity in the peak i
r(T) ~Fig. 1!, in comparison to that at temperatures belo
and above the peak. Therefore,r(T) could be treated as a
superposition of the peak and the normal resistivity near
transition, which increases almost linearly with temperat
betweenTc(R50).82 K and the onsetTc.85 K. We con-
sidered the possibility that the resistive peak originates fr
thermally activated phase slips and attempted to perform
merical calculations of the phase-slip resistivity using t
modified LA-MH theory. We assumed that in an underdop
HTSC sample the current flows throughn parallel supercon-
ducting filaments of length 0.4 mm~which is the distance
between the voltage contacts!. The widthw ~in theab planes!
and the thicknesst ~along thec axis! of a filament were
2-9
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chosen to be 2.0 and 1.0 nm, respectively. These values
much smaller than the coherence length in theab planes and
along thec axis at temperatures close toTc , and therefore
the filaments can be treated as 1D wires. In the systemn
parallel superconducting filaments, one could expect that
phase-slip event occurring in a filament would affect the
perconducting state of the neighboring filaments, because
coherence length at temperatures close toTc is much larger
than the spacing between the filaments. On the other han
an underdoped system, one could also expect that along
filament the superconducting regions are interrupted by s
ments of normal resistanceRN , so that the total resistance o
the filamentRf is the sum of the phase-slip resistance and
normal state resistance acting in series:Rf5nsRs1RN ,
wherens is the number of the superconducting segments
an average lengthl s and an average phase-slip resistanceRs .
The arguments presented above suggest that for a syste
n parallel filaments, the formula for the condensation ene
DF0 @Eq. ~1!# for phase-slip events in a 1D wire should b
modified to reflect the phase-slip events in the whole sys
of n•n̄s segments. We assumedDF0 in the form

DF05
8A2

3
@Ajab~T!Hc

2~T!/8p#•n•n̄s , ~5!

wheren is the total number of filaments, andn̄s is the aver-
age number of superconducting segments per filaments~the
average number of phase-slip centers per filament!. The
Ginzburg-Landau expression forHc(T)5Hc(0)(12T/Tc)
5Hc2(0)(12T/Tc)/A2k, and jab(T)5jab(0)/(1
2T/Tc)

1/2 close toTc were used. The phase-slip voltageVs
was calculated using Eq.~3! and the modified attempt fre
quencyV(I s ,T). The number of the phase-slip events in
segment was given by N(T)5 l s /jab(T)t(T)
5gL/jab(T)t(T), whereg5 l s /L. g andn̄s were treated as
the fitting parameters.

The result of the calculation of the phase-slip resistiv
r(T) ~phase-slip resistanceRs5Vs /I s) is shown in Fig. 9~b!
for the following parameters:I s51mA, Hc2ab(0)5674 T,23

jab(0)52.4 nm,23 k5@lab(0)/jab(0)#558,23 n54.5
3106, Tc584.4 K, L50.4 mm, A5(2nm)3(1nm), g

50.067, andn̄s58. According to Fig. 1, the peak does n
contribute tor(T) at temperatures above approximately
K, which corresponds toVs50. The LA-MH theory does not
apply at temperatures very close toTc because of the condi
tion for the applied currentI s which must be smaller thanI c
@Eq. ~2!#. Therefore in the calculation we usedTc about 0.4
K higher. A good agreement between the experimental d
and the calculated resistivity versus temperature was
tained~see Fig. 9!.

The experimental data show that the reduction of the
sistive peak magnitude inr(T) and the width of the peak in
r(u) at u50° occurs when the magnetic field direction
rotated from theab planes (u50°) toward thec axis (u
590°) ~see Fig. 1!. WhenB is rotated fromu50° position,
its c axis componentB sinu increases, and the critical curre
I c in theab planes decreases. The resistive peaks inr(T) and
r(u) at u50° also decrease in magnitude with an increas
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applied transport currentI s ~see Fig. 7!. We verified, using
numerical calculations that according to the LA-MH theo
that the phase-slip voltage decreases with an increasinI s
and a decreasingI c in the limit of very small currents~see
Fig. 10!.

V. SUMMARY AND CONCLUSIONS

We investigated the resistive peak anomaly in underdo
YBCO, which was observed in both the temperature dep
dence of resistivityr(T) and the angular dependence of r
sistivity r(u) in an applied magnetic fieldB. The resistive
peak anomaly inr(T) decreases with an increasingB ~ap-
plied parallel to thec axis! and with an increasing applie
transport currentI s . On the other hand, the width of th
resistive peak inr(u) at u50° decreases with an increasin
B, and its magnitude decreases with an increasingI s . The
resistive peak anomaly inr(T) and its dependence onB and
I s show striking qualitative similarities to those exhibited b
LTSC wires, and some LTSC thin films and HTSC crysta

FIG. 9. ~a! The assumed normal state resistivity without pha
slip resistivity contribution in a zero magnetic field.~b! The calcu-
lated phase-slip resistivity.~c! The fitting to the experimental dat
obtained by superposition of the normal state resistivity in~a! and
the calculated phase-slip resistivity in~b!.
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PHASE-SLIP-LIKE RESISTIVITY IN UNDERDOPED . . . PHYSICAL REVIEW B67, 054502 ~2003!
The YBCO film that we analyzed has a resistivity mu
lower than YBCO crystals studied by Mosqueiraet al.,2 sug-
gesting that the resistive peak anomaly is not directly rela
to the absolute value of the normal state resistivity. T
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anomaly can not be explained by thec-axis misalignments,
since they would eliminate the sharp minimum inr(u) at
u50° (Bi ab planes! observed in regions I and III.

We analyzed the data in terms of three different mod
that were developed in the past to explain the resis
anomalies. The 2D resistor model and the flux motion m
els are inadequate to explain fully our data, including t
dependence on a magnetic field and an applied transport
rent. The phase-slip~LA-MH ! model provides the best qual
tative and quantitative description of the observed resis
anomalies and their behavior as a function of temperaturT,
magnetic fieldB, the angle betweenB and theab planes, and
the applied transport currentI s . This model can be applied
under the assumption that the current flows through 1D fi
ments.
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