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Observation of the Andreev reflection in thec-axis transport of Bi,Sr,CaCu,0Og,, Single crystals
near T, and the search for the preformed-pair state
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We observed an enhancement of tleaxis differential conductance around the zero bias in
Au/Bi,Sr,CaCyOg, , (Bi2212) junctions near the superconducting transition temperdturaVe attribute the
conductance enhancement to the Andreev reflection between the surface Cu-O bilayer with suppressed super-
conductivity and the neighboring superconducting inner bilayer. The continuous evolution from depression to
an enhancement of the zero-bias differential conductance, as the temperature apgro&ohedelow, points
to weakening of the barrier strength of the nonsuperconducting layer between adjacent Cu-O bilayers. We
observed that the conductance enhancement persisted up to a few degree§ ahquactions prepared on
slightly overdoped Bi2212 crystals. However, no conductance enhancement was observetd dahaveder-
doped crystals, although a recently proposed theoretical consideration suggests an even wider temperature
range of enhanced zero-bias conductance. This seems to provide a negative perspective to the existence of the
phase-incoherent preformed pairs in the pseudogap state.
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I. INTRODUCTION voltage characteristics(IVC) of the HTSC's such as
Bi,Sr,CaCyOg, , (Bi2212) exhibit the features of stacked
It is now widely accepted that the dominant order param-d-wave-HTSC/insulatod-wave-HTSC 1JJ’s at temperatures
eter (OP) of high-T, superconductorsHTSC’S has a well below the superconducting transition temperafye'
dy2_2-wave (d-wave symmetry:~* along with other minor  However, the insulating layer acts as a strong interfacial scat-
component$:>® The existence of nodes and the azimuthaltering barrier and thus hinders the observation of a conven-
phase alternation of thé-wave OP in the superconducting tional AR along thec-axis direction in HTSC junctions.
Cu-O bilayers leads to novel phenomena in the electricaMoreover, the quasiparticles that are reflected from the trans-
transport such as the formation af junctions'®>’ and the verse boundary of Cu-O bilayers experience no sign change
zero-bias conductance peak® In general, the zero-bias and thus the observation of the zero-bias conductance peak
conductance peak is observed in normal-metal/HTSC junchy the formation of the ABS in the-axis tunneling cannot
tions with the tunneling direction along the plane of a Cu-Obe expected.In this study, we report the observation of the
bilayer. It results from a coherent interference of incident ancconventional AR in Bi2212 single crystafer the c-axis
reflected quasiparticles with energies lower than the supetransport at temperatures very close to the bulk supercon-
conducting gap of a HTSC electrode near the junction interducting transition temperatui@, . In our previous work? it
face. The coherent state in tHevave superconductor, which has been shown that the superconductivity of the surface
is called the Andreev bound statdBS), occurs when the Cu-O bilayer in a Bi2212 single crystal is suppressed when
quasiparticles in the Cu-O bilayer experience sign changes dhe surface layer is in contact with a normal-metal electrode.
OP upon reflection at the interface. Thus, the ABS effect isSuch suppression leads to the formation of a natNr&iD
more pronounced for a junction that is normal to one of thgunction at the crystal surface, the “surface junction,” in the
node directions of thel-wave OP. A resonant tunneling of temperature rangé,<T<T,., whereT; andT, are the tran-
quasiparticles in the normal-metal electrode to the ABS ofition temperatures of the surface and inner Cu-O bilayers,
the HTSC crystal leads to the zero-bias conductance peak. hespectively. In this surfadd-I-D junction, N represents the
contrast to the conventional Andreev reflectigdR) surface Cu-O bilayer with suppressed superconductivity and
effect®1 where maximum zero-bias conductance enhancethe normal-metallic Au electrodé,is the nonsuperconduct-
ment is obtained for negligible interfacial barrier strength, aing layers between adjacent Cu-O bilayers, dhds the
finite scattering barrier at the interface is essential for theneighboring inner superconducting Cu-O bilayers with
observation of the zero-bias conductance peak through thebwave OP symmetry. As the temperature is raised and ap-
ABS?B proachesT ., the differential conductance near the zero-bias
The c-axis electrical transport properties of the HTSC’s voltage of the surface junction develops from tunnelinglike
can be well understood in terms of tlweaxis stacking of depression to an AR-like enhancement in a continuous man-
intrinsic Josephson junctiortklJ’s), where the Cu-O bilayers ner. Such development points to gradual weakening of the
serve as thin superconducting electrodes and the layers barrier strength between adjacent Cu-O bilayers with in-
between as insulating layers. Tleeaxis tunneling current- creasing temperature. We show that the transitional feature
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can be confirmed numerically, at least in a qualitative level,
using the formalism by Blonder, Tinkham, and Klapwidjk 250 |
(BTK) for d-wave symmetry.

Recently, it has been proposed by Choi, Bang, and

Campbell® that if the pseudogap state aboWe in the 6200 - SBiui= =BiR=
HTSC's is described in terms of the phase-incoherent pre- =
formed pairs:* the AR can take place from such preformed & 150l

pairs. They suggest that experimental observation of the re-
sulting conductance enhancement in anplanar normal-

metal/HTSC junction would provide unambiguous confirma- 100 |

tion of the preformed pairs in the pseudogap state. Along L L L L

with the suggestion of Ref. 13 we utilized the appearance of 50 60 70 8 90 100
the AR effectalong the c-axis directiomearT, to investi- T (K)

gate the existence of the preformed pairs in the pseudogap _ _ _

state. We observed the zero-bias conductance enhancementF!G. 1. TypicalR(T) curve measured in a three-terminal con-

(ZBCE) in junctions prepared on the surface of as-grownf'gurat'on. of the mesa UD2, Wh.ICh was prepared on an underdoped

overdoped Bi2212 single crystals over a temperature windoVgi2212 single crystal. The maximum &(T) takes place at about

of a few degrees even abovie . However, no appreciable 82.5 K (=T,). The finite resistance beloW, was from the surface

ZBCE has been observed abo.V@ in unde,rdoped crystals junction, where no superconducting transition was detected down to

although theoretical consideration of Ref. 13 suggests an 2 K: Inset schematic view of the sample geometry and the

even wider temperature window of ZBCE. Our result is Ccm_conflguratlon for four-termina(left one and three-terminafright
: ) ) : . one measurements.

sistent with the recent observation of the nonexistence of the ®

AR effectin ab-planarnormal-metal/HTSC junctions by Da- ) _ ) _

ganet alX® and seems to provide negative perspective to th&axis resistanceR (T) and the differential conductance

existence of the preformed pairs in the pseudogap state. d1/dV were obtained by standard ac lock-in technique.

Il. EXPERIMENT Ill. RESULTS AND DISCUSSION

In this study, we used Bi2212 single crystals of different Figure 1 shows the typicat-axis tunneling resistance
doping levels. As-grown overdoped crystals were prepare®:(T) of a mesaUD2) fabricated on the surface of an un-
by the conventional solid-state-reaction method. Crystals iflerdoped Bi2212 single crystal in a three-terminal configu-
the underdoped level were grown first by traveling solventration. The bulk transition temperatufg should be close to
floating zone methods. Reducing doping level was done byhe temperature of maximuR(T) curve, that is, 82.5 K. As
annealing the crystals in a low-concentration@.1%) oxy-  Kim et al.reported earliéf the superconductivity of the sur-
gen gas mixed with nitrogen gas. The superconducting trarface Cu-O bilayer of a Bi2212 single crystal, which is in
sition temperatures of the as-grown overdoped and undegontact with normal-metallic Au electrode, is significantly
doped crystals used were about 90 K and 83 K, respectivelpuppressed. The resulting formation of the surfaté-D
For mesa fabrication, a-few-thousand-A -thick Au film wasjunction is apparent as illustrated in Fig. 1 by the strongly
deposited first on the surface of a freshly cleaved single cryssemiconducting temperature dependence oRpeurve be-
tal. A mesa structure was then formed by photolithographidow T.. For the mesa UD2 in the underdoped regime the
micropatterning and ion-beam etching. The additional pro-superconducting transition of the surface Cu-O bilayer was
cess of photolithographic patterning, metal deposition, andiot observed down te-4.2 K, which was in contrast to
lift-off was done to attach contact leads to the small mes#revious observations in slightly overdoped crystafé!’
area. Details of the mesa fabrication are describedvhere the surface bilayers usually showed the superconduct
elsewheré?!®Finally, the central mes@aefer to the insets of ing transition aff.~30—40 K. We believe that, in the case
Fig. 1) of typical lateral dimension of 1045 um? was di-  of underdoped crystals, the reduced hole doping of the sur-
vided into equal halves by further etching it with the contactface Cu-O bilaye?®'° contributes to the suppression of the
leads as masks. The dimension of each smaller mesa thgsperconductivity in addition to the proximity-induced sup-
prepared in the central mesa was<IIB um?. We adopted  pression.
the configurations in the left and right insets of Fig. 1 for the A set of differential conductancegll/dV) of the mesa
four- and three-terminal measurements, which were used todD2 for various temperatures are shown in Fig. 2. The con-
probe the lower and upper stacks of intrinsic junctions in theductance was measuréadthe first branchof the IVC, which
central mesa, respectively. The four-terminal configurationwas from the surface junction of the mesa. THédV curves
was used to monitor the intrinsic properties of the junctionsat the lower temperature range in FigaRdisplay distinct
while the three-terminal configuration prepared on the samgaplike features. An intrinsic Josephson junction in the su-
crystal was used to monitor the properties including the surpercurrent branch of its IVC usually switches prematurely to
face junction. The total thickness of the central mesa washe quasiparticle branch before the bias voltage reaches the
usually less than 200 A and the upper stack contained abogap edge. The sudden jumps of the differential conductance
5-6 intrinsic junctions. The temperature dependence of that finite voltages in Fig. @) were caused by this premature
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> PO boundary-reflected quasiparticles in the normal-metal elec-
10 |« 680K trode of the surface junctiof?:?*

. gg-%% The appearance of the zero-bias enhancement of the dif-
z £ 521K ferential conductance of thisaxis tunnelingat temperatures
'c; 8L just belowT, is very surprising. It is in clear contrast to most
«Q e of earlier results ofc-axis tunneling measurements in
- o HTSC's*?2~25where at all temperatures explored, even very
= 6L Rz, close toT;, only gaplike features have been observed. A
% Ny, © . very few cases of conductance enhancement inctagis
% F . transport were reportéd® but with much less pronounced

peaks than those observed in this study, so that earlier obser-
vation of thec-axis ZBCE was accounted for by leakage
ab-plane tunnelinghrough some surface defects.
12 v The transition from gaplike depression to enhancement of
] the differential conductance was observed earlier in scanning
tunneling microscopySTM) measurements on conventional
superconductor¥?® By reducing the spacing between the
normal STM tip and the superconductor surface, the conduc-
tion characteristics of the system turned from tunnelinglike
to a weak-link behavior until the direct contact was made
between the STM tip and the superconductor surface. The
barrier strength parameter decreased correspondingly,
along with the decrease of the tunneling resistance. Also, in a
junction of Au/BiLSrL,CuQ;(Bi2201)/Bi2212 single crystal,
which was fabricated by sequential deposition of Bi2201 and
Au films on a Bi2212 single crystal, Matsumogo al>® ob-
served excess zero-bias conductance with the temperature
approachingdl, from below. It was argued that the observed
FIG. 2. Differential conductance of tHé-1-D surface junction ~€XC€SS zero-bias conductance was caused by the conven-
(a) for a relatively low temperature range afig) for a high tem-  tional AR effect, where the effectivé value was reduced
perature range nedi, . The gaplike depression of the conductance With increasing temperature by the semiconducting tempera-
at low temperatures gradually develops into AR-like enhancemenure dependence of the Bi2201 film. We suppose that the
in a continuous manner with increasing temperature. At conventional AR effect with decreasing effectivevalue
~82.1 K and above no conductance enhancement around zero biaghtly below T, was also responsible for the observed
was detected. Inset: IVCH), and the differential conductanc®j ZBCE in our measurements. One should note, however, that
vs voltage aff~65.2 K. The shaded area marks the region of thethe increase of the resistance beldwin Fig. 1 was caused
voltage jump due to the premature switching of the surfacejunctiormaimy by the temperature dependence ofdf(E
to the quasiparticle branch as discussed in the text. —eV)/d(eV) in Eq. (3) in the zero-bias limitV=0. Thus,
the additional weak temperature dependencg should be
switching, where the Josephson coupling of the inner juncdetermined from a careful fitting as described below. The
tions broke down before the gap edge of the inner Cu-Qpossibility of an AR between Au layer and surface Cu-O
bilayer in the surfaceN-1-D junction was reached. More bilayer can be ruled out, since the latter is nonsuperconduct-
details of the situation are illustrated in the inset of Fign)2 ing at all temperatures under consideration. We assume that
for T~65.2 K, where the IVC for biases below 16.5 mV the reason for the scarcity of observation of the ZBCE in the
and above 27 mV represent the first and the second quagi-axis transport measurements of HTSC's except for the
particle branches, respectively. The shaded area in betwegases of Refs. 3 and 26 was mainly because most of the
approximately marks the region of the voltage jump in theprevious measurements were focused on the temperature
IVC. As the temperature is raised the depression of the difrange sufficiently lower thai; with resultant strong barrier
ferential conductance near the zero bias becomes shallowgptential.
[Fig. 2a)], and the conductance gradually exhibits an zero- In order to confirm the possible appearance of the AR
bias enhancemefiFig. 2(b)] between 75.9 K and 79.6 K for effect in the c-directional conduction we followed the ex-
this mesa. However, as shown in FigbR in the middle of tended BTK formalism by Tanaka and Kashiwdyahe
the superconducting transition slightly above 79.6 K, theBTK kernel for d-wave HTSC's in the case of pureaxis
magnitude of the zero-bias peak decreases with increasirignneling without any planar momentum components is
temperature and finally vanishes n@ar. The oscillations of ~ given by
the dI/dV curve with rather regular periodicity af
~75.9 K are believed to be caused either by the fluctuating 2 2 212
Josephson coupling in the inner junctions underneath the sur- 1+|A|2—|B|2:16(1+|F| )+4Z%(1—|T%4%)
face junction nearT, or by the coherent interference of |[4+2Z%(1-T2)|?

10

dI/dv (10°0Q™)
o0

@
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7=0.5, =0.96 (79.6 K) Figure 3 displays the results of E() corresponding to the
t=0.96 08, 032(759K) di/dV curves of Fig. 2 forT=52.1-79.6 K. The overall
. .87 (72.0 K) I :
1.5 1.2, 0.82(68. qualitative features of the calculated normalized conductance
}‘3 8; y curves have almost one to one correspondence to the experi-
2.2, 0. mental data. At low temperatures, where thealue is sup-

posed to be relatively large, the calculated curves show gap-
like features that are qualitatively similar to the observed
ones. With increasing temperature the barrier strength param-
eter Z decreases and both the calculated and experimental
conductance curves develop an AR-like enhancement near
the zero-bias voltage in a continuous manner. The most pro-
" nounced discrepancy between the two sets of curves, how-
0 05 1 1'5 ) ever, is the width of the AR enhancement at higher tempera-
) ) tures; the measured widths are significantly narrower than
eV/ A0 the calculated ones. The discrepancy was caused mainly by
: . the above-mentioned premature switching of a junction state
o o e e, 0 e Guasiparicle branch he swihing 0ok place befor
ductance at various temperatures to the corresponding observé%i&lgg; %iée:rff?gr?c;hrﬁe?\??/vgggga?ir(]adntgltjrivt/r(]a? Vg?ﬁgrmcg;_
ones in Fig. 2, continuously decreasing parameter value of the ba| Slities are the decrease of the AR Drocess itself'due 0 E)her-
rier strengthZ gives the best qualitative fit to the results in Fig. 2. mal excitation of sub-aap-ener Srticles o the state above
Inset: the temperature dependenc&Z i) and theZ dependence th d the th g I P ay pf h d
of the c-axis resistanc&R,(T) (®). Z is almost linearly propor- N€ gap and the thermal smearing of the gap edge at tempera-
tional to log R.(T)] andT. Lines are guides to the eye. tures very close td .. Both effects may decrease the effec-
tive OP magnitude experienced by the quasiparticles to a

where T'=E/A(T,$)— \[E/A(T,$)]>—1. To account for valué smaller than that of Eq2). _ _
the d-wave OP of Bi2212A(T,¢)=A(T)cos(2p) was cho- We also observed similar gradual reduction of the barrier
sen with ¢ as the azimuthal angle in the Cu-O lay&For potentialZ in a mesgOD1) fabricated on an as-grown over-

the temperature dependence of the OP magnitude of the uA9Ped crystal(data are not shownAt temperatures suffi-
derdoped crystal used the following empirical Ci€ntly belowT. (=89 K) the IVC exhibited typical quasi-
approximatiof* was adopted: particle branches w_|th_h|gh.hyst_ere5|s. Thus, in the Io_w
temperature range, intrinsic junctions behaved as tunneling
A(T)=A(0)tanH3.2{T./T—1). (2)  lunctions with a high barrier potential. Approaching,
however, the hysteresis gradually disappeared and the IVC
The above expression for the gap of the underdoped Bi2218ecame more or less SNS-junction like. This strongly sug-
crystal was obtained by fitting the temperature dependencgests that the intrinsic junctions négr may satisfy the clean
of the gap used in Ref. 31 to the data in Ref. 25 for underinterface condition and one may be able to observe the
doped Bi2212 crystals witiT;=83 K, where we usel  ZBCE by the AR in the c-axis conduction measurements.
A(0)~40 meV as the maximum value of the OP at zero Taking the presence a@faxis AR for granted nedF., we
temperature. Equatiof2) agrees very well with the numeri- carefully investigated the existence of tleaxis ZBCE
cal solution of the BCS gap function except ndar, where  above T, of mesas fabricated on single crystals of varied
underdoped samples are known to render a largert@p. doping levels. The inset of Fig.(d) shows the resistive tran-
With use of these parameters the normalized conductanasition of another overdoped mesa OD3, taken in a four-
was calculated according to the BTK formthas terminal configuration. The mesa contained only several
13J’s. The superconducting transition is relatively sharp and
4 © 1 (2= ) ) the temperature of maximum;(T), which should be close
U(E):waﬂfo [1+]A]*~[B[*]d¢ to T.,* is about 90.3 K. Since measurements in a four-
terminal configuration do not include the surface effect,
R.(T) does not exhibit a finite resistance beldwas in Fig.
E, () 1. Thus, the inset of Fig.(®) illustrates the intrinsic transi-
tion properties of the inner junctions. As will be described
wheref(E) is the Fermi distribution function. The values of below, the two arrows denote the temperatures above which
the barrier strength parameter at different temperatures the ZBCE in the four{left arrow) and three-terminalright
were chosen by fixing the calculated conductance of(Bg. arrow) configurations disappears.
for V=0 to the measured differential conductance in Fig. 2. Figure 4a) illustrates the differential conductance mea-
As shown in the inset of Fig. 3 the valuesdtletermined in  sured in the four-terminal configuration at temperatures very
this way are proportional to the logarithmRE{(T), whichis  close toT.. The zero-bias peak at each temperature was
consistent with earlier observatioffsin addition, the tem- caused by the Josephson pair tunneling over the stacked in-
perature dependence dfagrees with the scenario of gradu- trinsic junctions. With slightly increasing temperature the
ally weakening barrier strength with increasing temperatureconductance peak reduces rapidly and disappears completely

o
W
L Y
1l
=
=)
@
o=

normalized conductance
. —_ '

JF(E—eV)
- geV
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110 was caused by an AR in the surface junction between the
normal electrode consisting of the Au film and the surface
- 100 | Cu-O bilayer with suppressed superconductivity, and the
- “superconducting” electrode of the first inner Cu-O bilayer.
,9’: 90 ¢ Since the inner Cu-O bilayer is no more superconducting
'_cz 20 above 90.9 K, the AR effect in Fig.(8) is either from the
N i thermally fluctuating superconducting ortfeor from the
% 70 proposed preformed pairs in the pseudogap state. Then the
= i significantly reduced magnitude of the ZBCE in the three-
o 60 | terminal configuration in Fig. ) compared to the one in the
(a) ‘892K 4-terminal four-terminal configuration in Fig. (4) is ea5|!y explicable,
50 , , . . . because both the thermally quctl_Jatlng pairs and_ the pre-
30 20 -10 O 10 20 30 formed pairs in the pseudogap region are in phase-incoherent
states.
26 — 200K If the AR was genuinely from the preformed pairs as sug-
15 903K gested by Ref. 13, the temperature window of the three-
—_ 2520 909K terminal ZBCE abovel ;. should get wider for underdoped
TC} s 913K crystals. In the three-terminal configuration in Fig. 2, the
o 240 o do 919K ZBCE in the mesa of UD2 disappeared at 82.1 K, which was
< TK) in fact even lower than the transition temperaturg; (
N 90.0K 3-terminal =83.5 K) determined from the four-terminal conductance
% measurementéot shown on the same crystal. We suppose
— that this unphysical behavior obtained in mesa UD2 was
= 22 caused by the possible doping inhomogeneity along the
(b) 919K depth of the mesdower doping near the surface of crystals
21 1 1 L which was introduced during the annealing process of low-
-50 0 50 ering the doping level. Due to this doping inhomogeneity the
Vv (mV) larger lower mesa probed by the four-terminal configuration

may have shown even higher temperature of disappearing
FIG. 4. (a) The differential conductance of the mesa OD3 mea-ZBCE than the upper mesa probed by three-terminal con-
sured in the four-terminal configuration at temperatures very C|05¢iguration. No doping inhomogeneity is supposed to develop
to T.. (b) The differential conductance of the same sample as useg as-grown overdoped crystals. Since in mesa UD2 the top
in (&) but in a three-terminal configuration. Inset: the resistive tran-c ;.0 bilayer of the lower mesa was located only six layers
s_ition (_)f the oyerdoped mesa OD3_ ob_tai_ned in a f(?ur-terminal_ CoNpelow the surface Cu-O bilayé?,however, the effect of dop-
flgurz?\tlon, which represents the intrinsic properties of the .|nnering inhomogeneity should have been marginal. Thus the lack
'ZL‘SE?';;;Z‘ZS’VE ?;r;‘;‘fu?gggtgthirfgrg‘:lzr?;‘i;eestgm‘i’: aﬂ";’:(':h "6t the conductance enhancement in this underdoped crystal
right one configurations disappears in the threg—termmal co_nf|gurat|on cannot be explained by
' the doping inhomogeneity only. We conclude that, contrary
to the theoretical expectation, we have observed no appre-
at 90.9 K, which is defined as the intrinsic valueTgfof the  ciable ZBCE abovd in the underdoped crystal in the three-
crystal. We notice that the value ©f turns out to be slightly  terminal configuration.
higher than the temperature of maximurRy(T). The con- The great advantage of this measurement technique is in
cave background conductance represents the existence of tihe fact the three- and four-terminal configurations were pre-
pseudogap in this temperature rariy@he conductance data pared on the same “central” mesa in an identical piece of
measured in a three-terminal configuration from the samsingle crystal. This geometry enabled us to determine the
central mesa are shown in Figll One should note that in temperaturel . where the pair tunneling ceases to exist in a
this case the properties of the junctions in one of the smallefour-terminal configuration. Then a delicate change of the
mesas including the surface junction were measured. At 90.@mperature neaf; in the three-terminal configuration,
K, where the pair-tunneling zero-bias conductance peakvhere the ZBCE due to the possible AR from phase-
completely vanishes in the corresponding four-terminal meaincoherent Cooper pairs starts disappearing, can be moni-
surements, a clear ZBCE still persists, although its magnitored very accurately.
tude is much smaller than the four-terminal counterpart. With  In summary, we report that an AR has been observed in
increasing temperature the ZBCE gradually reduces and dighu/Bi2212 single-crystal junctions with the transport current
appears completely only around 91.9 K. Thus, in this threealong thec axis of the Bi-2212 HTSC's, in both underdoped
terminal configuration, one has a 1-K temperature window ofaind overdoped states. The features of the differential conduc-
ZBCE above thel . measured by the four-terminal configu- tance curves changed from gap-like depression at low tem-
ration. In a different mes@OD?2) fabricated on another over- peratures to an AR-like enhancement n€ar We attribute
doped crystal, a 2-K temperature window of ZBCE ab®ye such continuous evolution to the AR between the proximity-
was obtaineddata not shown We believe that the ZBCE suppressed surface Cu-O bilayer and the superconducting in-
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ner one as the barrier potential decreases with the temperéermed pairs in the pseudogap state but are in disaccordance
ture approaching . from below. We utilized this appearance with the observation of thermoelectrically induced vortites

of the AR effect neafT, to investigate the existence of the in a wide temperature range abovk, in underdoped
preformed pairs in the psudogap state abbyeln as-grown  La, ,Sr,CuQ,. We believe that more rigorous examination
overdoped mesas we have observed maximally a 2-K tenis also required on the validity of the suggested observition
perature range where the three-terminal measurements eaf the AR effect from phase-incoherent preformed pairs.

hibit the AR-induced ZBCE abové@., which was deter-
mined in a four-terminal configuration. On the other hand, no
appreciable ZBCE abovE, has been detected in single crys-
tals that were deep in the underdoped state, although theo- One of us(H.-J. Leg appreciates helpful private commu-
retical consideration suggests a wider temperature range ofcations with Y. Bang and H.-Y. Choi, and Y. Bang’s critical
ZBCE aboveT,. In light of the results from underdoped reading of the manuscript. Useful discussion with Y.-J. Doh
crystals the ZBCE itself abovE, in overdoped crystals may is also appreciated. The underdoped single crystals were pro-
have been the thermal fluctuation effect of the superconduct/ided by N. Momono and M. Ido in Hokkaido University.
ing order. If that is the case we have observed in this work nd his work was supported by Korea Research Foundation, the
ZBCE by the AR from preformed pairs in the pseudogapCenter for ExcellencySRO administered by the Korea Sci-
state. Our results then agree with the recent répdhat  ence and Engineering Foundation, and the Basic Science Re-
negates the AR effect imb-planar junctions by the pre- search Institute in POSTECH.
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