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A systematic, doping-dependent interlayer tunneling spectroscopy of Bi2212Thigbperconductor is
presented. An improved resolution made it possible to simultaneously trace the superconduct®g) gal
the normal state pseudogépG) in a close vicinity ofT, and to analyze closing of the PG&t. The obtained
doping phase diagram exhibits a critical doping point for appearance of the PG and a characteristic crossing of
the SG and the PG close to the optimal doping. This points towards coexistence of two different and competing
order parameters in Bi2212. Experimental data indicate that the SG can form a cortibigedgap with the
PG atT<T, and that the interlayer tunneling becomes progressively incoherent with decreasing doping.
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Observation of an energy gap in the electronic density ore mechanically stable and can sustain high bias in a wide
states(DOS) had a decisive role in understanding of IGw- range of temperaturgd) and magnetic fieldsH).
superconductivity. However, fifteen years after discovery of ~ Here | present a systemati®-doping-dependent inter-
high-T. superconductoréHTSO), there is still no consensus layer tunneling study of Bi2212. The spectroscopic resolu-
about HTSC energy gap. Several experiments revealed difion was improved by decreasing in-plane mesa sizes, thus
ferent energy scales in HTSC? One of those, a normal avoiding stacking faults and self-heating in the mééazis
state pseudogaPG), persists aT >T,.> 8 The origin of the ~ Way it was po_ssible to trace the SG and the_ P_Clifaﬂ'C and
PG is an intriguing open question, which is crucial for un_alzalyze “closing” of the PG at a characteristic temperature
derstanding HTSC. Currently, the scientific community is di- 1 - T"€ obtained doping phase diagram exhibits a critical
vided, believing either in superconducting or nonsupercond©Ping point for appearance of the PG and a characteristic

ducting origins of the PG. The resolution can be provided b 'ﬁzs'ggng :ge aSrdGsé::r;i ths?eifecé?ste ;0 dtprgrgﬁ:”zi%doeﬁ!gg'
a doping phase diagram, both because oxygen doping is the IS pol ward: X  two di , COmpeting
most critical HTSC parametéHTSC can be altered from a order parameters in HTSC. Expenmental <_jata indicate that

. L the SG can either form a combined gap with the PG or re-
metal to an antiferromagnetic insulator by decreasingon- ain uncombined at <T. and that the interlayer tunneling
teny and because distinctly different diagrams are expecteg1 ¢

for different scenarioS.In a superconducting scenario, the

PG represents the pairing energy, which can be finit& at AL ! ' so
>T. in a strong-coupling case. The smaller gap represents~ 401 a) OD91 q( b)uD92.8
the energy required for maintenance of a long-range = i T=4.2K
coherencéat T<T,. Those two energies shouldergein =
the overdopedOD) region, as the weak-coupling limit is 2 20 [ . - 40
approached. If, on the contrary, the PG appears abruptly az
some critical doping poinp. and the PGcrosseshe super- E Y o
conducting gagSG) at the phase diagram, it would corre- i . ) .
spond to a nonsuperconducting P@&hich develops in the 00 20 40 0 40 80 0
underdopedUD) region at the expense of the SG. — g —————1

The present state of confusion requires further studies us [\ n " " "
ing advanced experimental techniques. One of those is al_ 60 _C) Small” gap _ —d) Large” gap 100
interlayer tunneling spectroscopy, which is unique in it's > uD82 uD78
ability to measure propertiemside HTSC single crystals. & i 1T
This method is specific to strongly anisotropic HTSC, like \Z-/ 30 b JL J 50
Bi,Sr,CaCyOg 5 (Bi2212), in which mobile charge carriers ==,
are localized in double CuQayers, while the transverse ( & i 1T
axis transport is due to interlayer tunnelifd® Interlayer 0 . L 0
tunneling has become a powerful tool for studying both 0 30 60 0 50 100
electrort’’**and phonot? DOS of HTSC. It has several im- V/N (mV) V/N (mV)

portant advantages compared to surface tunneling tech-

niques:(i) it probes bulk properties and is insensitive to sur- |G, 1. Normalized IVC’s per junction &=4.2 K for Bi2212
face deterioration or surface statésii) the current direction  mesas with differen© doping. (@) OD T,=91 K, (b) slightly UD
is well defined;(iii) the tunnel barrier is atomically perfect T.=92.8 K, (c) UD T.=82 K the small-gap casdd) UD T,
and has no extrinsic scattering centgig) mesa structures =78 K the large-gap case.
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FIG. 2. dI/dV(V) curves for a slightly OD sampl&.=93 K. © 02
(a) Below and just abové@ ; (b) just below and abové,; (c) with
a subtracted parabolic background.
is predominantly coherent in OD samples, but becomes pro-
gressively incoherent with decreasing doping. 5 FIG. 3. dI/dV curves for the large-gap case, UD sampile
Small mesa structures, with areds-10-30 um*, con-  =g4 4 K. (a) Below T, (curves are shifted for clarity (b) above

taining N=5-12 intrinsic junctions, were made on top of T_, and(c) curves with a subtracted PG background in the vicinity
Bi2212 single crystald.The fabrication was highly repro- of T.. Note different scales ifa), (b), and (c).
ducible: all mesas on the same crystal exhibited similar be-
havior, independent oA andN. UD crystals were prepared structure remains, representing the persisting®PG: de-
by annealing in vacuum at 600 °C. pendencies of the pedlarge symbolsand the humgsmall
Figure 1 shows current-voltage characteristis4C’s) per ~ symbols + lines) voltages for four samples with different
junction at 4.2 K for different doping. A characteristic knee doping are shown in Fig. 4.
in IVC’s is clearly seen, followed by a normal resistance For OD samplesy ¢, can be clearly traced up . and
branchRy . The knee is strongly suppressed bothToyand Vpeak—0 at T¢, see Figs. @) and 4. Note thaV ¢, T
H,” while Ry is almostT,H independent. Such behavior is <T.) is substantially larger than the hump voltage
typical for SIS-type tunnel junctions, in which the knee oc-VymdTc) in the OD mesa. At~150 K, V,m, Starts to
curs at a sum-gap voltageA2 /e, whereAgg is the maxi-  decrease and vanishesTdt~200 K[see Figs. ) and 4.
mum SG. Multiple branches at low bias correspond to oneinterestingly, IVC’s are nonlinear even aboVé, see Fig.
by-one switching of junctions from a supercurrent to a2(b) ando(V) has an inverted parabola shape, which might
guasiparticle(QP) branch. QP branches carry important in- indicate the presence of van Hove singularity close to Fermi
formation: (i) the maximum spacing between QP branchedevel in slightly OD sample$® Details of the PG closing at
dVqp is an additional parameter for estimation of the SG;T* are important for understanding the origin of the PG. At
(i) the extent of QP branches along the vertical axis in Fig. the first glanceVy,m{ T—T*) resembles a BCS-like depen-
represents thé;Ry product per junction, which is a critical dence, typical for a phase transition due to an onset of charge
parameters of a Josephson junction. or spin-density wave¥ However, a different perspective
Figures 2 and 3 show tunneling conductarncedl/dV  opens when the parabolic background Tat T* is sub-
curves for slightly OD and UD samples, respectively. Belowtracted, see Fig.(2). In such a plot the PG simply “fills in”
T, a sharp peak, corresponding to the knee in IVC’s, is seerat T*=Apg without a significant change iV,yyp. This
The peak voltageV ..« decreases ab—T.. AboveT.the  may indicate that there is a smooth crossover rather than a
peak disappears, but a distinctly different dip-and-humpgrue phase transition at*.
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FIG. 4. T dependencies O%Vpeak (~SG, large symbo)sand Q 90 - ' -
%thmp (~PG, small symbolst lines) for slightly OD (triangles = - /
and UD (diamond$ samples and for UD samples with small &~ 8ol - T (K)=95[1-82.6(p-0.16)’] |
(squaresand large(circles gaps. Insetsa), (b) show scenarios for &L e e .
formation of small an_d large gaps at four different temperatures 010 012 014 016 0.18 020
from 0 to T, (dashed lines O-doping (p)
The behavior of the SG in UD samplesTat T, is one of FIG. 5. Doping dependencies @) T., (b) J., andlRy. Itis

the most important and yet controversial issti@dor UD  seen that Ry decreases dramatically with doping, due to progres-
samples the peak is much weaker than for OD samples eveatvely incoherent nature of the interlayer tunnelit@. p. at large
at low T, cf. Figs. Za) and 3a), and it rapidly smears out bias; (d) the doping phase diagram of Bi2213V 042 K)
with increasingT. The contrast of the peak can be increased©Pen squaresVium{100 K) (solid circles, Vqp(4.2 K) (tri-
by subtracting the background PG dip-and-hum atT, an_glesx. A charg_cterlstlc_cross_lng of the SG and the PG and the
as shown in Fig. &). ThusV,a, can be located af~T. existence of critical doping poinp.=0.19, are clearly seen.
UD samples showed two distinct types of behavior, which
| refer to as “small” and “large” gap cases, cf. Figs(d and  atT., which might interfere with the opening SG. Therefore,
1(d). d1/dV curves for the large gap case are shown in Figthe peak indl/dV represents the bar@incombinedl SG,
3. The behavior of large and small gaps is differditfor ~ which vanishes af;, while the dip-and-hump represent a
large gaps, the dip-and-hump is strongly enhanced at th&ormal” background, which is hindered by the growing
expense of the peak. In Fig. 3 the PG dip-and-hump iSG. Such behavior was observed for OD, optimally ddped
clearly recognizable even at low. For the largg(UD84.4  and UD samples with the small gap, see Figs) 2nd 4.
and small(UD85) gap samples, in Fig. 4, ratios of hump to  On the other hand, in the large-gap case the SG is devel-
dip conductancesr(Vyymp/o(0) at 100 K are~5.2 and  oped on top of a true gaf,, see insetb) in Fig. 4. Indeed,
1.8, whileo(Vpead Ry at 4.2 Kis~1.6 and 10, respectively. from Fig. 3b) it is seen that the PG dip-and-hump flatten
(i) For small gapsVpea—0 at T, and decreases with UD with increasingT in a state-conserving manner, characteristic
together withT, while for large gap¥,¢.xremains finite at ~ for a “true” energy gap in DOS, an@(V) curves intersect
T. (even though it drops considerably Bf) see Figs. &) in one point, indicating approximately constant value of the
and 4, and both peak and hump voltages increase with uRG in the measured@ range. BelowT this causes formation
derdoping despite the decreaseTqf (iii) Noticeably, other of the combined 4, andAsg) large gap. In agreement with
parameters, such as, J., andl Ry are similar, implying  this assumption(i) the large gap does not vanish, but ap-
that the tunneling barrier is not affected. proaches\, at T, see Figs. @) and 4.(ii) The peak com-
The observed differences can be explained by the scepletely disappears &t but does not transform into the hump
narios for formation of small and large gaps, shown schebecauseeVy,,ms>A,, see the dashed line in Fig(k3. (iii)
matically in insetsa) and (b) of Fig. 4. The volume of the peatsuperfluid densityis small because
The small gap is developed on top of a modest supprest builds up from an initially suppressed DO®) The open-
sion of the DOS at Fermi level, i.e., when there is no true gapng of the SG ail <T, shifts all DOS features, including the
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hump, as shown in Fig.(8) of Fig. 4. Thecorrelatedshift of ~ shows a clear tendency to vanish at the critical doping point,
both the peak and the hump withfor UD84.4 sample, as p.=0.19. This speaks in favor of a nonsuperconducting ori-
shown in Figs. 3 and 4, is a strong argument in favor of thegin of the PG consistent with earlier observations of differ-
combined scenario of the large gap. Similatycorrelated  ent T2 andH’ dependencies of the SG and the PG. Within
T-dependent peak and-independent hump in the OD93 gych a scenario, a suppression of superconductidégrease
sample, see Figs. 2 f'ind 4, suggests tha_t the small gap repg-T., Agg, the superfluid density, elcin UD HTSC is
sents the uncombined SG. Interestingly, if we take.g,sed by appearance of the competing order parameter
Vpeal 42 K)=VpealTc) @s a measure of the SG part of the (pg) e g., due to strengthening of antiferromagnetic correla-
combined gap, it will coincide with the small gap for a simi- tions and formation of spin-density waves. Note that a simi-

!ﬁ(r:r((jaggg]%} ?hseshhuoévg ebr?/e%r)rlov\ilvitshige'(::irge(g:rn; ts)ys/:tr(\a/? dag(;/ lar phase diagram, attributed to competition between super-
ARPES? would have been consistent with the combined Sce_conductmg and antiferromagnetic orders, was reported for

nario of the large gap if not for the lack of correlatéd heaA\:y l;ee;n;ﬁn ;]Zp?ézzgiug (rﬁ? earance of either small or
dependence of the coherence peak. | P . ’UD les i p? H ! it td
Figure 5 show®© doping dependencies di) T, dashed arge gaps in Samples IS unclear. However, 1t1s not due

line represents the empirical expression, used for estimatiol iMeproducibility of fabrication(all mesas on the same
of p; (b) the critical current densityl, , and thel .Ry product crystal show the same behavioor macroscopic defects

per junction; (¢) the tunneling resistivity at large bigs, ~ (fegular QP branches are observed in both das&esum-
—RWA/(NS). ThelRy is an important parameter of a Jo- ably; the ambiguity is colnnected with a microscopic inho-
sephson junction. As Bi2212 is likely to be dwave Mmoginiety of UD crystal$® The presence of ambiguity ob-
superconductol’ the | Ry depends both omgg and the Scures identification of the genuine HTSC behavior in the
coherencdin-plane momentum conservatjoof c-axis tun-  UD region. However, there is no ambiguity for overdoped
neling (another highly debated issue in HT@I:TheICRN is and optimally doped samples. Therefore, conclusions that
maximum =Agg/e for coherent, and zero for completely there is a critical doping point in HTSC phase diagram and
incoherent tunneling® For OD mesad,Ry~10 mV is a that the SG and the PG cross rather than merge near the
considerable fraction-0.6 of Agg/e, indicating predomi- optimal doping are robust.

nantly coherent nature of the interlayer tunneling. With un- In summaryO doping dependence of Bi2212 was studied
derdoping, thd .Ry decreases dramatically at a much fasterusing high-resolution interlayer tunneling spectroscopy. We
rate thanAgg. This indicates that the interlayer tunneling were able to simultaneously trace the superconducting gap

becomes progressively incoherent in UD Bi2212. and thec-axis pseudogap &t~ T, and analyze “closing” of
Figure d) shows the obtained doping phase diagram ofthe PG afl*. The obtained doping phase diagram exhibits a
Bi2212. Here I plot %Vpeak(4-2 K)~Agg/e, critical doping point for appearance of the PG and a charac-

%thmp(loo K>T.)~Apg/e, andéVqp(4.2 K). Itis seen teristic crossing of the SG and the PG close to the optimal
that the small gap SG) shows a similar tendency & doping, indicating a competing nature of two coexisting or-
and decreases both on OD and UD sides. This is also supler parameters in HTSC. In UD samples, the SG can either
ported by a correlated behavior @Vqp. In contrast, the form a combined gap with the PG or remain uncombined at
large gap PG) increases approximately linearly with un- T<T., but the bare SG vanishes at=T. for all studied
derdoping, as shown by the solid line. The PG and the SGloping levels. Analysis of Ry vs Agg indicates that the
lines cross at about the optimal dopimgs0.16. On the OD interlayer tunneling is predominantly coherent in OD, but
side the PG becomes considerably less than the SG armcomes progressively incoherent in UD samples.
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