PHYSICAL REVIEW B 67, 054502 (2003

Phase-slip-like resistivity in underdoped YBaCu;0;,
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We investigated the anomalous peak resistivity below the ohset underdoped YBgCu;0O;, reminiscent
of that observed in one-dimensior{aD) wires of conventional superconductors. We performed measurements
of the angular dependence of resistivityf) in a magnetic field and the temperature dependence of resistivity
p(T), which exhibit a peak foB|| ab planes. This peak ip(T) disappears foB|| ¢ axis. The width of the
corresponding maximum ip(#) at 6=0° (B| ab planes decreases with the increasiogaxis component of
the field B sin 6). The maximum irp(6) andp(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 clogg.to

DOI: 10.1103/PhysRevB.67.054502 PACS nuniber74.78—w, 74.40+Kk, 74.72.Bk

[. INTRODUCTION sample were also considered by Nordstrom and Rapp
their interpretation of the resistive peak anomaly in super-
Observation of a large resistive peak in the temperatureonducting amorphous thick films of gCu,,. Kwong
dependence of resistivity(T) just below the onseT, has et al® observed an anomalous peak in the resistive transition
been reported in crystals of high- superconductors of a two-dimensiona(2D) 25-nm-thick aluminum film con-
(HTSC9 like (Nd,Pr)1_85CQ,_15CuO4,y,1 YBCO(123,2 and taining regions of different but comparable, transition tem-
Bi,Sr,CaCyOg [BSCCQ2212]3 In all these cases, the peratures. Disordered regions of lowkr were produced by
magnitude of the resistive peak is higher than the resistivitghe reactive-ion etching process. Their observation seems to
at the onsef;. The peak shows an anomalous behavior in asupport earlier interpretations based Dninhomogeneities
magnetic field applied along the axis. Its magnitude de- and current redistribution effects. The authors stated, how-
creases with an increasing field, and in high enough fields thever, that the anomaly could originate from a discontinuity of
peak is completely suppressed. The applied transport curretiie superconducting potential at the normal-superconducting
has the same effect on the peak, i.e., the peak’s magnitudeetal (N-S) interface, and for superconducting electrodes
decreases with an increasing applied current. placed sufficiently close to the interface, this potential ex-
These phenomena are of considerable interest because @feds the normal-state value. Spahn and Kémknd that the
their striking qualitative similarity to those observed in con-anomaly appears in 2D Al films with a thickness between 13
ventional superconductofkTSCs like superconducting me- and 40 nm. They argued that this effect could be caused by
soscopic Al wire$:® thin films of Al,%” (NbV)N, NbV, VN,  an interaction between the superconducting fluctuations and
(NbT)N.® and disordered metallic glasses ofcfugy.°  the conduction electrons.
Mosqueiraet al? reported the resistive anomalous peak in  Extensive studies of the resistive anomaly were also per-
pan(T) of YBCO crystals ofT;(R=0)=89 K. This anomaly formed on 1D Al strips with a width less than the coherence
was eliminated by successive annealing of the sample ifength and the magnetic penetration depth, by Santhanam
oxygen. This annealing also led to an increasd gR=0) et al* and Moshchalkowet al> Santhananet al. argued that
up to 90.3 K(close to the optimal dopingThe authors con- the Al wire could be treate¢at temperatures close #.) as
cluded that the peak could be related to very siiglinho-  a coherent region comprising norm@&) and superconduct-
mogeneities nonuniformly distributed in the crystal. Theying (S) phases. The resulting N-S interface gives rise to a
performed computer simulations of the temperature deperguasiparticle charge imbalance induced by the bias current,
dence of the anomalous resistivity using the model of a twoand consequently to the observed changes in resistivity.
dimensional electric circuit: an array of resistors whose reMoshchalkovet al. performed quantitative analysis of the
sistivity depends on temperature. The nonuniformlyanomaly using Langer-AmbegaokatA) (Ref. 10 and
distributedT . inhomogeneities were introduced by assumingMcCumber-HalperifMH) (Ref. 11 models of the thermally
that these resistors have differghigher or lowey T.. The  activated phase-slips of the superconducting order parameter.
authors stated that the uniformly distribut€dinhomogene- LA-MH models were adopted with the modification which
ities at large length scales broaden the resistive transitioAssumes that in quasi-1D superconducting wires the normal
only, and do not produce a peak. A similar approach wagurrent and the supercurrent can only flow in series, and the
introduced earlier by Vagliet al® to explain the resistance- total resistance is the sum of the normal resistaRgeand
peak anomaly in non-homogeneous thin films(bbV)N, the phase-slip resistand®s. Good quantitative agreement
NbN, VN, and (NbTi)N. They concluded that “the current between the experimental data and the calculated resistance
redistribution” caused by the sample’s inhomogeneity, is re-R(T) was obtained.
sponsible for the observed phenomena. Crusellas et al! and Han etal® proposed that the
Current redistribution effects in an inhomogeneousanomaly in p,(T) of (Pr,Nd) gC& 18CUO,_y and
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BSCCQ2212 crystals is the manifestation of a quasireen-dependence of resistivity in a magnetic field. This decision
trant behavior, which results from the intrinsic granularity. was stimulated by the experiments done ongEee, 15Cu,

Han et al. rejected the explanation based on non- umformlycrystals in which the resistive anomaly was mvestlgated for
distributed T, inhomogeneitiesRef. 2, because of the ob- two different directions of the applied magnetic field,
servation of an anomalous peak in th&/ characteristics, namely, along the axis and along thab planes. The effect
which were measured at different magnetic fields. Howeverof the magnetic field on the anomaly was completely differ-
Crusellaset all stated that the anomaly is strongly influ- ent for these two orientations. Taking into account the fact
enced by the distribution of defects, after it was observedhat the presence of the nonunifoifp inhomogeneities is a
that high temperature annealing reduces the size of the resigecessary but not sufficient condition to observe the resistive
tive anomaly in (Pr,Nd)g«Ce, ;CuUQ,_, crystals. anomalies, we investigated the temperature dependence of

Briefly, the interpretation of the anomalous resistive peakgesistivity on a large number of YBCO samples. We decided
in HTSCs concentrates on two possible sources of this effecto study YBCO thin films, both optimally doped and under-
nonuniformly distributedT, inhomogeneities and intrinsic doped, because they are readily accessible from different re-
granularity. The explanation of the anomalous resistivity inséarch groups and can be deposited on various substrates
LTSC films took into account the effects of using several different deposition techniques. The bridges for
T.-inhomogeneitiegand related current redistributiprN-S the resistive measurements can be made relatively easily on
interfaces, and the interaction between superconducting flughin films using standard photolithographic techniques. The
tuations and the conduction electrons. It was also suggesté@sistive peak anomaly and the reduction of its magnitude
that the anomaly in 1D LTSGAI) strips (wires) originates ~ With an increasing magnetic field and an increasing applied
from the presence of N-S interfaces and/or thermally acticurrent, were observed in an underdoped film after investi-
vated phase-slips of the order parameter. These various integation of 15 YBCO films ofT ranging between 79 and 90.5
pretations are the source of a number of unanswered quek- This film was then used to perform detailed measurements
tions. of the angular dependence of resistivity in a magnetic field.

(1) According to Browninget al’2in YBCO single crys- The resulting experimental data were analyzed using three
tals of T,=93 K and a transition width oAT,=0.2 K, a  different models: a two-dimensional resistor model, a mag-
|arge variation in the oxygen content-75 can occur across netic flux motion model, and the LA-MH thermally activated
the sample as revealed by high resolution scanning x-raphase-slip theory.
diffractometry (which was performed using a lom-wide
x-ray beam. 7— & in these crystals ranges between 6.80 and [l. EXPERIMENTAL PROCEDURE
7.00, which corresponds to a changeTgfby about 10 K. In
spite of these nonunifornt, inhomogeneities, the crystals
have small resistivitiesp(=40 w{) cm at 100 K and do not C-axis oriented YBCO thin films were prepared using off-
show any resistive peak anomalies at the ofigein p(T).  axis rf magnetron sputtering and laser ablation from stoichio-
These results throw doubt on whether the 2D resistive modeahetric YBgCu;O,_ 5 targets of 99.999% purity. Films were
alone (as proposed in Ref. 2 for YBOOcan explain the deposited on three different types of substrates: SyTiO
observed anomalies. LaAlO3, and sapphiréwith a CeQ buffer layey.

(2) The resistive anomalies observed in LTSC films and We investigated 15 YBCO thin filméboth underdoped
wires (strip are similar, and their interpretation suggests theand close to the optimal dopih@f various zero-resistance
link between the presence of inhomogeneitiestransition temperatureetween 79 and 90.5)Kand thick-
(T-inhomogeneities, N-S interfadeand the superconduct- nessesbetween 100 and 600 nmYBCO films were pat-
ing fluctuations, including phase slips of the order parameteterned, using conventional photolithography and wet etching
Could this explanation be also applied to HTSCs? technique, into a form of a 30—60m wide and 6.4-mm-

(3) Moshchalkovet al®introduced the phase slip resistiv- long strips with six measurement probes. Large area silver
ity (according to the 1D LA-MH modé&!') combined with  contacts were deposited on the film by rf magnetron sputter-
the normal state resistivity in order to explain the anomalous$ng in order to minimize Joule heating. Copper leads were
resistive peak in 1D aluminum wires. Experiments byattached to silver contacts using mechanically pressed in-
Browning et al. [see(1)] suggest filamentary phase separa-dium. The distance between voltage probes was 0.4 mm.
tion and filamentary flow of the current in some YBCO crys- The anomalous resistivity was observed in an underdoped
tals with sharp superconducting transitions, which do notYBCO thin film. This film (140 nm thick, was deposited on
show resistive anomalies. Does this mean, using the analogy (1000-oriented sapphire substrateith a CeQ buffer
to LTSCs, that the presence of nonuniformly distributed in-layen using laser ablation technique. X-ray diffraction
homogeneities in HTSCs is the necessary but not sufficieiXRD) data of this film showed the pattern of a characteristic
condition to observe the resistive anomaly? What is the othestoichiometricc axis oriented YBCO film. The data did not
condition? Could this be a 1D current flow in an inhomoge-reveal any impurity phases. The XRD data gave-axis

A. Sample preparation

neous system? lattice spacing of 11.70 A, which corresponds to an oxygen
(4) What is the contribution of the magnetic flux motion content of about 6.8 anfl,(R=0) of about 80 K!*
(pinning) to the observed resistive anomalies in HTSCs? The sample exhibits a vanishing zero-field resistivity at

In order to answer these questions new experiments are.=81.7 K and has a room temperature resistivityyk
needed. We decided to perform measurements of the angular34.2 uQ) cm (p3g /p1osk=2-4). The resistivity of this
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underdoped YBCO film is lower than that expected for opti-The film was mounted with the axis perpendicular to the
mally doped YBCO. Normally removing oxygen from opti- sample holder’s vertical axis of rotation, which allowed one
mally doped YBCO decreasds, and increases the normal to change the magnetic field direction in a plane parallel to
state resistivity, and vice versa, adding oxygen to an undethe ¢ axis.
doped YBCO, increasek; and decreases the resistivity, with  Resistivity was measured using the standard dc four-probe
the lowest resistivity expected for optimally doped samplesmethod. The current was applied to the sample in the form of
However, at a fixed level of oxygen doping, different short pulsesiof a duration less than 200 @ order to
samples may have lower or higher resistivities depending oRequce Joule heating. A dc current reversal was used to elimi-
the distribution of chain oxygen (@) and interchain oxygen pate the thermal emf in the leads. The voltage was measured
O(5) in the chain-layers. Our recent restftobtained on using a Keithley 2182 Nanovoltmeter in tandem with a Kei-
underdoped YBCO filmswith T,=84-85 K) re\ieale_d that thley 236 Current Source, with the nanovoltmeter working as
annealing of S"?‘m_p_'es In argon at 400 K (120°C) INCréaseg, o triggering unit. The nanovoltmeter was operated in a
bOthTC and resistivity This annealing al_so_tr_a_nsforms anon- mode(known as Delta modewhich allows the measurement
:Ir?sat:;%?vp;:)%ulr; ?n?gegdﬁr?gzrOLQSZIES%QA%&S:I?Q_ and calculation of the voltage from two voltage measure-
YBCO at 400 K in argon causes a redistribution of oxygen ipments for. two opposite directions of the current. Temperature
was monitored by a carbon-glass resistance thermometer and

the chain layers without affecting the overall concentration”™ ™
of oxygen in the samplbr’. The resistivity of a twinned an inductanceless heater, and was controlled to better than

YBCO film can be considered as the effective resistivity of = 10 MK for each single angular sweep in a magnetic field.
the parallel combination of the plane and chain-layer resis] hiS was achieved by rotating the sample very slowly in the

tivities. Even optimally doped samples that were well an-magnetic field in order to reduce variations in the emf in the
nealed in oxygen, still contain a few percent of interchainh€ater which could disturb the temperature reading. The term

oxygen @5).5518 |n slightly underdoped samples, the pres- “resistivity” is used in this paper to denote the quantifyJ

ence of interchain oxygen () located between not fully (whereE is the electric field and is the transport current
occupied chains could force the transport current in the chail€nsity, and it does not imply an ohmic response.
layer to flow along a path of the lowest resistance, i.e., to

zigzag between the chains via the occupie@)&ites. An p— :
increase ofT,. and the resistivity upon annealing at 400 K (@ B B-LJ coaxis
could then result from a thermally activated diffusion of 9 \
some @5) oxygen into empty @) chain sites. During this J s J
process the chain layer could lose some of the interchain low 15 ———— / —
resistance links. We therefore believe that low resistivity ob- (k) ] ;L <~ i
served in the underdoped film could be a consequence of a 12 F =
chain-layer conductivity being enhanced by the presence of 3 o ™)
interchain links. These links could be formed by5Doxy- ‘g‘ of | o’onset
gen during fast cooling of the film down from high deposi- % k
tion temperature. 2.0 § n ]
B=0.68 T R e
B. Measurement procedure 3t E § ; g;—o:'ms .
The investigation of the resistive anomalies was based on . j

the following measurementga) the measurement of the O s 85 34 85 56 87 B8
temperature dependence of resistivityT) between room T(K)

temperature and.(R=0) in a zero magnetic field)p) the . . .
measurement of the temperature dependence of resistivity FIG- 1. (&) Two configurations o8 with respect] that were
p(T) between the onsef, and T,(R=0) in an external used during the measurements of the angular dependence of resis-

magnetic field applied either parallel or perpendicular to thdVity (¢) in a magnetic fieldB is rotated in a plane parallel to
ab planes;(c) the measurement of the angular dependence OtLOth‘] and thec axis (left sideg), or B is rotated in a plane parallel to

resistivity p(6) as a function of the anglé between theab the ¢ axis but perpendicular td (right side. (b) Temperature de-

p_Ianes and the direction of the fixed applied magneFIC field a8.68 T fields at different orientations. Regions | and Il denote the
fixed temperatures between the on'Eg_landTC(R=0), ?”d temperature ranges over whigi{T) is independent of the magni-
(d) the measurement () as a funct!on of the magnitude ,4e of and the angle betwee andJ for B|| ab planes. In these
of thg magnetic fieldB and the applied transport current regionsp(6) displays a minimum ap=0° (B parallel to theab
densityJ. The angular measurements were performed by ropjanes [see Figs. &) and 2c)]. Region Il represents the tempera-
tating a copper sample holder about its vertical axis in gyre range over whictp(T) exhibits a peaof magnitude larger
horizontal magnetic field up to 1 T, using a combination of athanp(T) at the onseT ], for B=0 and for bothB||J (#=0°) and
step motor and backlash-free gear reducer. The angle was J (9=0°) orientations. Rotating the field from thab planes
accurately monitored by an 8000-line optical encoder at{g=0°) toward thec axis (6=90°), leads to an increase #fT) in
tached to the sample, whose angular resolution was 0.045%egions | and Ill, and to a suppression of the peak in region Il.

endence of resistivity for YBCO thin film measured in a zero and
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g
% 11 7 FIG. 3. p(#) measured in 0.68 T at 83.23 K for an angular range
%, —30°< #<210°. Note the peaks a#=0° and #=180° (B| ab
K planes which are approximately 30% higher than the maximum at
10 K §=90° (B| ¢ axis.
K 4
1(a) shows two possible orientations of the magnetic figld
with respect ta and theab plane of the film. The figure on
- the left illustrates the case in which the fi@dvas rotated in
& a plane parallel to the direction df while the one on the
% right represents the case in whiéhwas rotated in a plane
< perpendicular ta). For both orientation8 was rotated in a
plane parallel to the axis. The first configuration is denoted
as B||J and the second one &sl J. Figure 1b) shows the

0 5 temperature dependence of resistiyifyl’) for a temperature
o (degrees) range of 79—88 K measured in a zero field and in 0.68 T. The
measurements gi(T) in the field were carried out for the
FIG. 2. p(#) measured in 0.68 T for a temperature range be-fg|lowing orientations of8 with respect tal: B|J andB.L J
tween 82.52 and .83.83 K spanning the thrge reg.ions I., I, and llyith B parallel to theab plane (9=0°), and forB.L J with B
Note the change ip(¢) at =0° from a minimum in region (&) yarg|lel to thec axis (9= 90°). The onset transition tempera-
to a maximum in region Ii(b) and then back to a minimum in .o (onsetT,) is defined as the temperature above which the
region Il (¢). In regions | and Ill, identical behavior gf(6) has o qicsivity does not respond to the change in both magnitude
been obsgrved foB||J andBLJ orientations: Whe.reas in region Il and direction of the magnetic fie[see Fig. 1b)]. p(T) be-
the magnitude op(6) depends on those orientations. low the onsefT, could be divided into three regions. Each
region is identified according to the responsep(f) to the
‘change in the direction of the magnetic field from thie
lanes P=0°) to thec axis (#=90°). Region Il represents

All measurements were carried out with the transport cur
rentJ parallel to theab planes for two different orientations

of the magnetic field with respect to the current._For the firs temperature range between 82.8 and 83.5 K over which
one, the field was rotated in a plane perpendicular to the

current direction while for the other one the field was rotatedO(T) exhibits a peafof magnitude slightly larger than that

) L . of p(T) at the onsel . ; see the horizontal line in Fig.(h)]

in a plane parallel to the current and thaxis dlrec'tlons{see_ in g(ze)ro magnetic fifald, and f@{| ab planes withB||g and

F|g.. 1a)]. .A" measureme;ntg were dpne in a field cooling Bl J orientations. Note a clear separation between the peak
regime, with the magnetic field applied to the sample at

temperature above the onggt, followed by a slow coolin nd the onseT. In this region, behavior op(T) changes
P . ' y 9 dramatically upon rotating the field from tla planes to the
down to the required temperature of measurement.

c axis. In regions | and Illp(T) was observed to increase
whenB is parallel to thec axis, while in region ll(the peak
I1l. EXPERIMENTAL RESULTS region p(T) is completely suppressed by the magnetic field
B|| ¢ axis. ForB|| ab planes,p(T) in regions | and Il is
independent of the magnitude Bfand the angle betwedB

The temperature dependence of resistiyittwas mea- andJ. However, in region Il,p(T) is independent of the
sured over a temperature range of 78—300 K in a zero magnagnitude oB only for B||J orientation. In this regiorp(T)
netic field. For a temperature rang&-90 K) close toT,, p was found to decrease with an increasing applied current
was recorded for different orientations of the magnetic fielddensityJ. The temperature dependence of resistivityBgc
with respect to the direction of the current densltyFigure  axis was measured in different magnetic fields. For fields

A. Temperature dependence of resistivity
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T=8143 K % © B=0.51T
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FIG. 4. (a) Angular dependence of resistivity measured at a 1251 (b) ]
temperature of 81.43 Kregion ) in different fields forB close to )
the ab planes. The data reveal a minimum @(6) at 6=0° (B 120l ;j?iw K % ) ]
parallel to theab planeg. The width of the minimum decreases with ’ 1
an in increasing field. An identical behavior has been observed for €115/ 1
both B1 J andB||J orientations. g '
a11.0f it .
above 0.1 T, the peak in region Il is completely suppressed. Clant )
The resistivity between the onsét and the room tempera- 10.5}5a0" ¢ ]
ture exhibits a linear temperature dependence. o K
100 Il L " |
- 2.5 0 25 5
0 (degrees)

B. Angular dependence of resistivity: Effect of temperature

and magnetic field FIG. 5. Angular dependence of resistivip(6) for —5°<¢

The angular dependence of resistivit) was measured <5°, measured in different applied magnetic fields at a fixed tem-
in a constant magnetic field at different temperatures in reperature of 83.13 Kregion Il). (a) p(6) for BL J orientation, where
gions 1, 11, and 11, for bothB||J andBL1 J orientations for the ~~(¢) increases with an increasirig for §<1° but decreases with
angular range from-20° to +20°. The measurements re- &0 increasingg for 6>1°. (b) p(6) for BJ.J orientation; at ¢
vealed minima inp(6) at =0° in region | and Ill, and a .=0 |s.almost |ndeperldent &. Note thatp(6#) decreases with an

. . . . . - increasingB for 6>0.5°.
maximum in region Il(see Fig. 2. Figure Za) showsp(#6) in
region | as a function of temperature between 82.42 and
82.82 K in a magnetic field of 0.68 T. At a temperature offor the angular range between20° and+20°. Figure 4
approximately 82.82 K, which corresponds to the border lineshows the angular dependence of resistivity, at a temperature
between region | and Il in Fig.(Ib), there is a crossover from of 81.43 K(region l), measured in different magnetic fields
a minimum to a peak ip(#). This peak grows with an for both B||J and B1 J orientations. The data for these two
increasing temperature reaching a maximum value at 83.2@rientations are identical, which implies tha{6) is inde-
K [see Fig. 2)]. pendent of the angle betwedh and J. p(6) at #=0° is

The second crossover from a maximum to minimum caralmost independent of the magnitudeRfThe width of this
be seen at 83.50 K, which corresponds to the border lineninimum/[defined as half width at half minimugHWHM)]
between regions Il and IIl in Fig.(h). We have measured decreases from a HWHM of 2.3° in a field of 0.17 T down
p(6) for both BLJ andB||J in all three regions. While in to a HWHM of =2.0° in 0.86 T. The depth of the minimum
regions | and IIl the minimum ip(#) is independent of the increases with an increasing field. The results of the mea-
orientation ofB with respect taJ (i.e., forBL J andB||J), in  surements op(#) in region Il is identical in all aspects to
region Il the magnitude of the peak depends on these orierthose obtained in region |.
tations andp(60)g, ;> p(6)g)s- Figure 5 presentp(6) measured at a temperature of

The measurements pf{ 8) over an angular range between 83.13 K (in region Il) in different magnetic fields for both
—30° and 210° revealed sharp maxima 8t ab planes B.lJ and B||J orientations. The width of the peak in(6)
(6=0° and#=180°) and a smaller broad maximum B}  decreases with an increasiBgfor both B J andB||J orien-

c axis (9=90°) (see Fig. 3 p(#) at #=0° and9=180° is  tations. The magnitude of the peakdnd) for B||J is almost
about 30% larger than that fat=90°. Moreoverp(6) has independent of the magnitude &, however, it increases
minima atf=35° andf=145° for all fields. with B for BLJ. A decrease of the peak’s width with an

The angular dependence of resistivityy) was also mea- increasing magnetic field means that within a certain angular
sured at a constant temperature in different magnetic field inange (6|>1.5° forB1 J and|§|>0.3° for B|J), p(#) de-
regions |, Il, and Ill, for bothB||J andBL J orientations and creases with an increasing field.
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temperature of 83.03 Kregion Il) . For angled8|>2°, p(6) in- 621 ]
creases with an increasirdg but for small angle$6|<2° the op- 6.0 | ]
posite happens, where a minimum starts to develop with its width
increasing with an increasing applied current. 5.8 A é - . J .
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C. Angular dependence of resistivity: Effect of the
applied current FIG. 7. (a) Angular dependence of resistivip( #) measured as

The angular dependence of resistivity was measured al%functlon of an applied current densityin a field of 0.68 T and at
temperature of 81.83 Kegion |). The sharpness of the minimum

as a function of the applied current density at a constant .
temperature and magnetic field. Figure 6 presents the me&! 6=0° decreases gradually with an increasingh). Expanded

surements op(6) in region Il for a wide range of applied View of p(6) measured al=57.9 ka/cnf.
current densityl, from 0.9 to 69.4 kA/crf, in a field of 0.68
T and at a temperature of 83.03 K. For andl@ls>2°, p(6)
increases nonlinearly with an increasidg but for small
angles| 8| <2° it decreases with an increasidgIn the an-
gular region for|9|<1°, starting at small current density
(J<11.6 kA/cnt), the peak height initially decreases with
an increasing current, but for J larger than 23.1 kXcma
minimum in p(6) develops. The dependenceft) onJ is
essentially the same for bof|J andB.L J orientations.
Figure 7 showsp(#) measured in region | for a wide
range ofJ in a field of 0.68 T and at a temperature of 81.83
K. Effect of the current on the minimum is different from
that observed in region Il. The minimum @& 0° decreases In an inhomogeneous superconductor different parts of
with an increasingl. The dependence ¢f(6) onJ is iden-  the film or the crystal can have slightly different transition
tical for bothB||J andB. J orientations. Similar dependence temperatures. Vagliet al® and Mosqueirat al>*” modeled
of p(#) on J was observed over the temperature range irthis type of superconductor as an electrical circuit array of
region IlI. different resistors. The anomalous peakpg(Tl) was pro-
duced by solving numerically, through the standard matrix
method, the electrical circuit equations using large number of
fitting parameters. Mosqueist al. argued that nonuniformly
The experimental data fgr(T,B) obtained for the under- distributed oxygen inhomogeneitiédomains with different
doped YBCO film are qualitatively similar to those observedoxygen contentare responsible for the anomalous resistivity.
before in HTSC< 3 The anomalous resistive peak is locatedDifferences between samples were taken into account by
at a temperature approximately 1.8 K lower than the onsetarying more than seven parameters: the domain size, the
T.. The peak disappears when a magnetic field is appliedpatial distribution of domains, and the differences between
along thec axis of the film. Also the magnitude of the peak transition temperatures of the neighboring domains. These
decreases and its position shifts to lower temperatures wittifferences were incorporated into the resistor model by
an increasing applied transport current. Our measurements wérying the magnitudegas a function of temperature and
the angular dependence of resistivity in a magnetic field promagnetic fieldl and the positions of different resistors within
vided very valuable additional information, which allows us the resistor arraydifferent domains were represented by dif-
to understand better the physics of the anomalous resistivityerent resistorns The resistor model was first used to analyze

The measurements of 8) in a magnetic field as a function
of temperature revealed sharp minima in resistivity fat
=0° (B parallel to theab planes at temperatures below and
above the resistive peak (T), and a sharp maximum at
#=0° at the peak’s temperatu(see Fig. 2

The data forp(T) andp(6) were used to distinguish be-
tween different interpretations of the resistive anomaly. We
considered a two-dimensional resistor model, magnetic flux
motion, and thermally activated phase slips.

A. Two-dimensional resistor model

IV. DISCUSSION
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TABLE I. The relative change of resistivitX p/ pg= (pp— pg)/pg » Wherepp is the peak’s resistivity and
pg is the resistivity measured in a magnetic fi@tl at the peak’s temperature in the absence of the peak. The
broadening of the superconducting transitiofi.(B*) in a magnetic field*, at which the peak disappears,
is obtained for different superconductors.

Material T.(K)(R=0) Aplpg B*(T) AT (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 235 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
(Y.7P1529BCO crystal 52.7 0.20 1.0 2 19

the data, measured in a zero magnetic field, for an anomalouSinzburg-Landau coherence length close to the ofset
resistivity in p(T) of Nb-based LTSC films by Vagliet al®  Their studies implied that inhomogeneities are not respon-
Later Mosqueira and co-workérS used the resistive model sible for the presence of the resistive peaks in Al quasi-1D
to simulate the anomalous peak-resistivitypig,(T) at dif-  wires.
ferent magnetic fields for YBCO and BSCCO crystals. As The resistive model was applied by Mosquiera and
mentioned in the introduction, Browninet al? performed  co-workeré!” to perform computer simulations of the resis-
two dimensional x-ray diffraction analysis with }0m spa- tive anomalies in YBCO and BSCCO crystals subjected to a
tial resolution and a few micrometers sampling depth onmagnetic field which was applied in a direction perpendicu-
YBCO crystals with very sharp superconducting transitionslar and parallel to thab planes. The experimental data show
Their data revealed the presence of nonuniformly distributedhe broadening of the resistive transition for both field orien-
inhomogeneities of oxygen content{®=6.8-7.0) across tations and for both YBCO and BSCCO. In order to obtain a
YBCO crystals. A three-dimensional plot of-75 versus the good fit to the data for BSCCO, the authors had to assume an
position on the crystal’s face show domain features a fractiomnrealistic value for the intrinsic anisotropy factory (
of millimeter in size(see Fig. 12 in Ref. 12 High energy  =10% which is two orders of magnitude less than the ac-
x-ray diffraction, in which the radiation penetrates the entirecepted value y=10°). It seems that the resistive model
crystal, was performed recently at Brookhaven Nationakhould not be applied to cases in which the transition width
Laboratory and revealed the presence of-(& nonuni- is not sensitive to an applied magnetic field, like the example
formly distributed inhomogeneities across the crystalEhe  of the highly anisotropic BSCCO with a magnetic field ap-
measurements of the temperature dependence of the resistplied parallel to the Cu@layers. In the case of YBCO film,
ity did not show any resistive peak anomalies n&arin  as discussed in Sec. IV B, the rotation of the magnetic field
those crystals. In fact, those samples exhibit HigtR=0) in the ab planes fromB. J to B||J orientations, reduces the
=93 K, sharp superconducting transitions AT,  magnitude of the anomalous peakd{T) without any ob-
=0.2-0.3 K), and low resistivity (=120 ©{) cm at 300 servable broadening of the transition width, indicating that
K). These studies imply that just the presence of nonunithe resistive model is not adequate to explain all the phenom-
formly distributedT; inhomogeneitiegnonuniformly distrib-  ena observed in our case. According to our interpretation,
uted (7- 6) domaing is not sufficient to produce the resis- nonuniformly distributedT, inhomogeneities introduced by
tive anomalies. the resistive model are necessary but not sufficient condi-
The reduction and subsequently suppression of the resigions for the resistive anomalies to occur.
tive peak anomaly with an increasing magnetic field are as-
sociated, according to the resistive moti&iwith the broad-
ening of the resistive transition. The broadening of the
resistive transition as well as the magnitude of the magnetic In order to find the contribution of the magnetic flux mo-
field required to suppress the anomaly completely is sampléon to the observed resistive anomaly, we performed the
dependentsee Table ). Mosqueiraet all’ argued that the measurements g(T) and p(6) for two different orienta-
resistive model is universal and could be used to explaiiions of the current relative to the magnetic field, i.e., for
resistive anomalies in both HTSC and LTSC samples. UnforBL J andB|J orientations(see Fig. 1 The magnitude of the
tunately, it was shown by Santhanamnal? that the elimina-  peak inp(T) (region Il in Fig. 1) increases when the field is
tion of the resistive peak by an applied magnetic field in Alparallel to theab planes and perpendicular to the current i.e.,
thin film strips occurs without any associated broadening ofor BL J (compared to the case f&J). This situation cor-
the superconducting transitiofsee Table ). On the other responds to the maximum Lorenz force acting on the flux
hand, Moshchalkoet al® observed the resistive anomalies lines along theab planes. The angular dependencepdh a
in Al thin film 1D strips (wires) of dimensions less than the magnetic field(Fig. 2) reveals a maximum in region Il, but

B. Flux motion
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sharp minima at temperatures below and above the freak 13.0 - .

gions | and lIl in Fig. . A very sharp minimum irp(6) at - (@) ) T=83.13K
6=0° (B|| ab planeg was seen previously in a YBCO single 125¢ o ) B=0.68T |
crystal by Kwoket al?° and interpreted as due to the lock-in _120F f*’{' AL ]
transition of the flux lines trapped between the planes. For a E C & v." ",%%%

system of weakly coupled CyQayers one expects a maxi- gmsr IR ° OOBLJ E
mum resistive dissipation fdB|| ¢ axis and a minimum for 311 0 iroooo"o ,-'"' 000
B| ab planes. An increase ip(#) when the field is rotated T o . BIJ
from theab planes to the axis is normally attributed to the 10.5 F ',v" "v" ]
intrinsic anisotropy of the material. We found that the Y '
minima inp(6) at 6=0° (regions | and 11} are independent 10.0 25 0 25 5
of the orientation of the current relative ® (see Fig. 4, 1.0 ‘ . .
suggesting a very strong flux lock-in mechanism wiieis [ (b) T=83.13K

parallel to theab planes. Fow>0° resistivity could arise via -

the nucleation and motion of kinks along the vortex liAs. 08 [ s, Bf;ﬁik
In this case, one could also describe the tilted vortex line as T M\x‘ e

a combination of Josephson strings aligned along dhe © o6l \ f B-0.34 T
planes and mobile pancakégortex segments along the % o oo ¢ L T 0000
axis). If the coupling between the pancake vortices is weak, Sl * 0 YOt 5 °

the Lorenz force acting on these vortices, and consequently 1 0.4 R b ; ﬁo ° ]
their motion, should be independent of the direction of the & %o% iy

transport current in thab planes. The measurement of the 0.2l "% ~ S ]
minimum in p(6) also revealed an increase of the resistivity I o ‘6;

with an increasing transport current in thb planes(Fig. 7), L °

which is independent of the orientation of the current relative 0-95 ' 2‘.5' ’ ;p ' 2f5‘ 5
to B. This result suggests that the motion of the pancake- 0 (degrees)

vortices in theab planes is responsible for the observed in- .

crease op(6) for >0° in regions | and IIl. The maximum _ FIG. 8. (@) Comparison betweep(¢) measured foBL J and
in p(#) at #=0° at temperatures corresponding to region |1 BllJ orientations in _0.68 T at 83.13 Kb) Thg dlfft_arenceAp(a)
in p(T) (Fig. 5 depends on the orientation of the current petween the peaks in(6) for B.L J andB||J orientations measured
relative toB. For BLJ orientation, the maximum is higher " 0-34and 0.68T.

ﬁgsgnir}?ctmq]tehe;uorggefr?ﬂj %r'ﬁangtfg:%nl' ;—:(;SI I?egr?(\d“%relrse?c;fr_e i,[differencev is proportional to the product of these quantities.
provides additional argument that the pealp(T) cannot be According to the experimental observatig (s <) oo is

21
explained by the 2D resistor model alone. It also suggest%iggg t?r?r;Vt;ct((an;ﬁ)h(g %OﬁeithSr?;ﬁlaect)fatlheTgrLii d that,isat
that the unknown dissipation in region Il weakens flux ’ P y 98U

lock-in between the planes. Subtracting the maximum inlarge because of the high velocity of the newly created

p(6) at 6=0° for B|J from that measured fdB1 J (see Fig. vortex-antivortex pairs. Ab>0°, n is large butv g is small,

8) givesp(#) with a minimum similar to those observed in SO (Ns0'5) - 0°> (Nsv's) g-0: - According to this interpretation,
: . X increasing the applied transport current should increase the
regions | and Ill, which are caused by flux motion.

The measurement of the maxima,ig6) at 6=0°, as a Lorenz force on these pairs, and consequently increase their
function of magnetic field for8|J and BLJ orientations, velocity. This leads to an increase in the resistive dissipation

shows that the maxima become sharfier their width de- gnd to t_he growth of the maximum p(¢) at =0 W'th an
. . : L increasing current. Our data revealed a reduction of the
creasepwith an increasing magnetic field. For bdjJ and

. ) > S ! maximum inp(#) at #=0° with an increasing currericee
B J orientations, and fog>1.5%, the resistivity at a fixed Fig. 6), which eliminates the vortex-antivortex model as a
decreases with an increasing figldig. 5. On the other

hand, the maximum ip(6) at f=0° also decreases with an possible explanation of the resistive anomaly. The absolute
) T p L ; o . values of the resistivity in the peak observedgT) curve
increasing transport curreffig. 6). This reduction in resis-

L , : is slightly higher than the resistivity at the onggt (85 K),
t|V|ty2£:annot be explained by the .flux motion. Chap"’Ualadefined as the temperature above which the resistivity is in-
et al“* observed a small maximum (), when the mag-

L . : dependent of the magnitude and direction of the applied
netic field was oriented parallel to tle planes in TI(2212, e ) L e '
1223 and BSCC@212 crystals. The authors did not magnetic field see the horizontal line in Fig.(d)]. The re

: sistive dissipation due to a vortex motion can reduce the
present any data for the corresponding temperature depen-

dence of the resistivity. The maximum in resistivity was at—(:.riti.(;"?II current density to zero, r_eaching the normal state re-
tributed to the formation and motion of theaxis-oriented sistivity, but it cannot exceed this value.

vortex-antivortex segments of the flux lines parallel todbhe
planes. They assumed that the maximum is created as a re-
sult of the interplay between the density and the velocity The discussion of the resistive-peak anomaly in Sec. IV A
v of the vortex-antivortex segments. The resistive potentiahnd B indicates that 2D resistor and flux motion models

C. Phase-slip model
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alone cannot fully account for the origin of this phenomenondirection and the resistance is nonlin&at, sets a lower
Regarding LTSCs, Moshchalkat al® argued that the resis- limit on the applied currents. The upper limit is set by
tive anomaly, seen in 1D Al wires, originate from thermally the critical current ;. which is the mean-field critical current
activated phase slips, and the observed resistive peak at tBﬁ/en byl .= W\/g(AFO/%), and

onsetT,. is the result of the phase-slip resistivity and the

normal state resistivity acting in series. Observation of the kgT

similar resistive peak anomaly in LTSC disordered films im- |1=7<|s< le. 2
plies that, in some disordered systems, a filamentary flow of 0

the transport current could occur through 1D constrictions  The ayerage voltag, arising from the phase slip events
(channels We believe that this could also happen in HTSCis getermined by the number of these events in the sample
samples. Browninget al? revealed that in spite of a large [N(T)=L/&(T), whereL is the length of the wir a char-
variation of the oxygen content (76=6.8-7.0) measured acteristic time 7(T), Boltzmann factor exptAF(T)/kgT),
across YBCO crystals, they still display sharp superconductsng the factor singy/2ksT) derived from the difference

ing transitions ¢-0.2 K), highT., and low resistivity. This s in the energy barrier for ther2m and — 27 phase
implies filamentary flow of the current in the samples. How-i,mps5:22/_ is determined by

ever, the resistive peak anomaly is absent in the samples

which could mean that the filamentary flow alone is not suf- AF(T)] s

ficient to produce the resistive anomalies. We conclude by Vs=2¢oQ(|s,T)eXF{— T }Sln'{ﬁ), ()]
analogy to the case of LTSC disordered films that thermally B !
activated phase slips could produce such an anomaly if thghere AF(T)=AF(T)+ (2)Y42kgT/37l 41, and Q(I,T)

filamentary flow of the current occurs through 1D constric-ig g attempt frequency which can be approximated as
tions. This could happen more likely in underdoped HTSC

samples due to phase-separation-induced disorder. It should N(T) [AF,
also be noted that our data show all qualitative basic charac- ls,T)= ™ T
teristics expected by the LA-MH phase-slip modfel® Ac- 7 B
cording to this model phase-slip events lead to the appeatt is very important to emphasize the fact that the energy
ance of a resistance in 1D superconducting wires b&lpw  being supplied during the occurrence of these phase slips at a
During a phase slip event, thermal fluctuations reduce theate oflV, is dissipated as heat rather than converted into the
superconducting order parameter, defined @gXx) kinetic energy of supercurrent, which would otherwise soon
=|y(x)|e'*™, where ¢(x) is the phase, to zero at some exceed the condensation enefgy.
point along the wire momentarily disconnecting the phase The magnetic field dependence of the phase-slip event
coherence. This allows the relative phase across the wire tdoes not appear explicitly in E¢3); however, its effect on
slip by 27 [before ¢(x) recovers its finite valug resulting  the phase-slip voltage appears through the dependence of the
in a resistive voltage. critical currentl, on B [1.o¢(1/B)]. Phase-slip resistivity is

For a 1D thin wire with a transverse dimensioré and  present over a range of the applied currerttetween ; and
d<\, the LA-MH theory predicts that the appearance of al ., according to Eq(2). The applied currents per 1D cur-
resistance in the superconducting state is mainly determine@nt channel should be larger thay=kgT/ ¢g. If | is too
by thermally activated phase slips events as the system idose tol., phase-slip events are less likely to occur. Also,
passing over a free energy barrief, (the difference in free  reducing,|, while keepingl  fixed, leads to the reduction of
energy between the normal and superconducting $tates  the phase-slip events and consequently the voliageFor

2] s 15/4

_TC

4

portional to the cross-sectional ardzof the wire, an anisotropic superconductor, increasing the magnitude of
the c-axis component oB by increasing the anglé and/or
82 ) the magnitude oB, reduced ...
AFO:T[Ag(T)Hc(T)/BW]' (1) The angular dependence of resistivity in a magnetic field

measured over a temperature range between 82 and 84 K

whereH(T) is the thermodynamic critical field. (Fig. 2) points out different origin of resistivity in the peak in

In the absence of the current, phase slipszb7 are  p(T) (Fig. 1), in comparison to that at temperatures below
equally likely, and this results in a fluctuating noise voltageand above the peak. Therefogg(T) could be treated as a
with a zero net dc component. The result of the applicatiorsuperposition of the peak and the normal resistivity near the
of a current to the wire is to make the phase jumps moreransition, which increases almost linearly with temperature
probable in one direction than in the other. The differentbetweenT (R=0)=82 K and the onsef =85 K. We con-
jump rates arise from a differena# in the energy barrier sidered the possibility that the resistive peak originates from
for jumps in two directions, and this difference stems fromthermally activated phase slips and attempted to perform nu-
the electric workf1Vdt done in the process. For a phase slipmerical calculations of the phase-slip resistivity using the
of 2w, the energy difference iséF=AF,—AF_ modified LA-MH theory. We assumed that in an underdoped
=(h/2e)ls= ¢¢ls, Wherepo=h/2e is the superconducting HTSC sample the current flows througtparallel supercon-
flux quantum.sF = ¢l should be larger than the thermal ducting filaments of length 0.4 mrtwhich is the distance
energy kgT, which defines the characteristic curreht  between the voltage contagt¥he widthw (in theab planeg
=kgT/ ¢y, above which most phase slips go in the drivenand the thickness$ (along thec axis of a filament were
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chosen to be 2.0 and 1.0 nm, respectively. These values are 15 , , w w w w
much smaller than the coherence length indbelanes and

along thec axis at temperatures close 1@, and therefore 12}

the filaments can be treated as 1D wires. In the system of Tgl

parallel superconducting filaments, one could expect that the §

phase-slip event occurring in a filament would affect the su- S 6
perconducting state of the neighboring filaments, because the

coherence length at temperatures closd@ tas much larger 3¢

than the spacing between the filaments. On the other hand, in 0 b

an underdoped system, one could also expect that along each 6 : :
filament the superconducting regions are interrupted by seg- (b)

ments of normal resistand¢®,, so that the total resistance of

the filamentR; is the sum of the phase-slip resistance and the £
normal state resistance acting in seri€&=nRs+ Ry, 3]
whereng is the number of the superconducting segments of %
an average length and an average phase-slip resistaRge &
The arguments presented above suggest that for a system of

n parallel filaments, the formula for the condensation energy

AFg [Eq. (1)] for phase-slip events in a 1D wire should be 031 slz sls é4 55 8‘6 57 88
modiied to reflect the phase-slip events in the whole system 15 . .
of n-ng segments. We assuméd-, in the form (c)
AFoz%E[Agab(T)Hg(T)/&r].n.ﬁs, (5) z 10 | ° Ei’mh‘;ﬂa ]
Q
_ g
wheren is the total number of filaments, amg is the aver- a 5

age number of superconducting segments per filammgs
average number of phase-slip centers per filajnenhe
Ginzburg-Landau expression fdtl .(T)=H(0)(1-T/T.)
=H(0)(1-T/To)/\ 2k, and  &ap(T)=E&ap(0)/(1 0
—T/T.)Y? close toT, were used. The phase-slip voltage
was calculated using E@3) and the modified attempt fre-
quency{(l¢,T). The number of the phase-slip events in a  FIG. 9. (a) The assumed normal state resistivity without phase-
segment  was given by N(T)=Ils/&(T)7(T) slip resistivity contribution in a zero magnetic fielgh) The calcu-
=yL/&,,(T)7(T), wherey=I./L. y andﬁs were treated as lated phase-slip resistivityc) The fitting to the experimental data
the fitting parameters. obtained by superpositipn of_th_e_normal state resistivityajnand
The result of the calculation of the phase-slip resistivitythe calculated phase-slip resistivity (o).
p(T) (phase-slip resistand®,=V,/1) is shown in Fig. &) . ) N .
for the following parameterd,=1uA, Ha,(0)=674 T2 applleq transport current (see Fig. 7. We verified, using
Eap(0)=2.4 NMZ  k=[\4p(0)/&(0)]=5822 n=4.5 numerical calcula_tlons that according to t_he LA-MH the_ory,
X10°, T.=84.4K, L=0.4 mm, A=(2nm)x(1nm), y that the phase'-shp. voltagg Qecreases with an incredsing
—0.067, andn,=8. According to Fig. 1, the peak does not and a decreasinty, in the limit of very small current¢see

contribute top(T) at temperatures above approximately 84F'g' 10.
K, which corresponds t¥'s=0. The LA-MH theory does not

81 8 83 84 8 8 87 88
T(K)

apply at temperatures very closeTg because of the condi- V. SUMMARY AND CONCLUSIONS
tion for the applied currents which must be smaller than
[Eq. (2)]. Therefore in the calculation we uség about 0.4 We investigated the resistive peak anomaly in underdoped

K higher. A good agreement between the experimental datf¥BCO, which was observed in both the temperature depen-
and the calculated resistivity versus temperature was okdence of resistivityp(T) and the angular dependence of re-
tained(see Fig. 9. sistivity p(#) in an applied magnetic fiel&. The resistive
The experimental data show that the reduction of the repeak anomaly irp(T) decreases with an increasiig(ap-
sistive peak magnitude in(T) and the width of the peak in plied parallel to thec axis) and with an increasing applied
p(6) at 6=0° occurs when the magnetic field direction is transport currentg. On the other hand, the width of the
rotated from theab planes ¢=0°) toward thec axis (¢  resistive peak inp(6) at /=0° decreases with an increasing
=90°) (see Fig. L WhenB is rotated fromf#=0° position, B, and its magnitude decreases with an increasingThe
its ¢ axis componenB sin f increases, and the critical current resistive peak anomaly in(T) and its dependence d@hand
I, in theab planes decreases. The resistive peakgi) and |4 show striking qualitative similarities to those exhibited by
p(0) at 9=0° also decrease in magnitude with an increasing-TSC wires, and some LTSC thin films and HTSC crystals.
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1.2 , , , , w , ™ anomaly can not be explained by thexis misalignments,
] since they would eliminate the sharp minimum g6) at
1.0} 0=0° (B|| ab plane$ observed in regions | and lIl.
We analyzed the data in terms of three different models
0.8 that were developed in the past to explain the resistive
x anomalies. The 2D resistor model and the flux motion mod-
weE06 [ els are inadequate to explain fully our data, including the
o I dependence on a magnetic field and an applied transport cur-
0.4 rent. The phase-slii. A-MH ) model provides the best quali-
tative and quantitative description of the observed resistive
0.2 anomalies and their behavior as a function of temperakure
magnetic fieldB, the angle betweeB and theab planes, and
0.0 the applied transport currehi. This model can be applied
under the assumption that the current flows through 1D fila-
ments.
FIG. 10. The calculated phase-slip resistivity as a function of the
normalized critical currentl(/1,) at different applied currents,. ACKNOWLEDGMENTS
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