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Interlayer tunneling spectroscopy of Bi2Sr2CaCu2O8¿d : A look from inside on the doping phase
diagram of high-Tc superconductors

V. M. Krasnov
Department of Microelectronics and Nanoscience, Chalmers University of Technology, S-41296 Go¨teborg, Sweden

~Received 2 January 2002; published 22 March 2002!

A systematic, doping-dependent interlayer tunneling spectroscopy of Bi2212 high-Tc superconductor is
presented. An improved resolution made it possible to simultaneously trace the superconducting gap~SG! and
the normal state pseudogap~PG! in a close vicinity ofTc and to analyze closing of the PG atT* . 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 combined~large! gap with the
PG atT,Tc and that the interlayer tunneling becomes progressively incoherent with decreasing doping.

DOI: 10.1103/PhysRevB.65.140504 PACS number~s!: 74.50.1r, 74.25.2q, 74.72.Hs, 74.80.Dm
o

f
s
d

l

n
di
on
b
t

a

te
e
t
n
g

s
y

-

u

t’s

ke
s

th
-
ec
ur

t

ide

-
lu-

thus

re
cal
istic
ing.
ing
that
re-

g

Observation of an energy gap in the electronic density
states~DOS! had a decisive role in understanding of low-Tc

superconductivity.1 However, fifteen years after discovery o
high-Tc superconductors~HTSC!, there is still no consensu
about HTSC energy gap. Several experiments revealed
ferent energy scales in HTSC.2–7 One of those, a norma
state pseudogap~PG!, persists atT.Tc .2–8 The origin of the
PG is an intriguing open question, which is crucial for u
derstanding HTSC. Currently, the scientific community is
vided, believing either in superconducting or nonsuperc
ducting origins of the PG. The resolution can be provided
a doping phase diagram, both because oxygen doping is
most critical HTSC parameter~HTSC can be altered from
metal to an antiferromagnetic insulator by decreasingO con-
tent! and because distinctly different diagrams are expec
for different scenarios.6 In a superconducting scenario, th
PG represents the pairing energy, which can be finite aT
.Tc in a strong-coupling case. The smaller gap represe
the energy required for maintenance of a long-ran
coherence2 at T,Tc . Those two energies shouldmerge in
the overdoped~OD! region, as the weak-coupling limit i
approached. If, on the contrary, the PG appears abruptl
some critical doping pointpc and the PGcrossesthe super-
conducting gap~SG! at the phase diagram, it would corre
spond to a nonsuperconducting PG,6 which develops in the
underdoped~UD! region at the expense of the SG.

The present state of confusion requires further studies
ing advanced experimental techniques. One of those is
interlayer tunneling spectroscopy, which is unique in i
ability to measure propertiesinside HTSC single crystals.
This method is specific to strongly anisotropic HTSC, li
Bi2Sr2CaCu2O81d ~Bi2212!, in which mobile charge carrier
are localized in double CuO2 layers, while the transverse (c
axis! transport is due to interlayer tunneling.9,10 Interlayer
tunneling has become a powerful tool for studying bo
electron3,7,11and phonon12 DOS of HTSC. It has several im
portant advantages compared to surface tunneling t
niques:~i! it probes bulk properties and is insensitive to s
face deterioration or surface states;13 ~ii ! the current direction
is well defined;~iii ! the tunnel barrier is atomically perfec
and has no extrinsic scattering centers;~iv! mesa structures
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are mechanically stable and can sustain high bias in a w
range of temperatures~T! and magnetic fields (H).

Here I present a systematicO-doping-dependent inter
layer tunneling study of Bi2212. The spectroscopic reso
tion was improved by decreasing in-plane mesa sizes,
avoiding stacking faults and self-heating in the mesas.14 This
way it was possible to trace the SG and the PG atT;Tc and
analyze ‘‘closing’’ of the PG at a characteristic temperatu
T* . The obtained doping phase diagram exhibits a criti
doping point for appearance of the PG and a character
crossing of the SG and the PG close to the optimal dop
This points towards coexistence of two different, compet
order parameters in HTSC. Experimental data indicate
the SG can either form a combined gap with the PG or
main uncombined atT,Tc and that the interlayer tunnelin

FIG. 1. Normalized IVC’s per junction atT54.2 K for Bi2212
mesas with differentO doping.~a! OD Tc591 K, ~b! slightly UD
Tc592.8 K, ~c! UD Tc582 K the small-gap case;~d! UD Tc

578 K the large-gap case.
©2002 The American Physical Society04-1



pr

of
-
be
d

e
ce

is
c

ne
a

n-
e
G
.
l

ow
e

m

t

e

ht
rmi
t
At
-

arge
e

n a

ity

RAPID COMMUNICATIONS

V. M. KRASNOV PHYSICAL REVIEW B 65 140504~R!
is predominantly coherent in OD samples, but becomes
gressively incoherent with decreasing doping.

Small mesa structures, with areasA510–30 mm2, con-
taining N55 –12 intrinsic junctions, were made on top
Bi2212 single crystals.3 The fabrication was highly repro
ducible: all mesas on the same crystal exhibited similar
havior, independent ofA andN. UD crystals were prepare
by annealing in vacuum at 600 °C.

Figure 1 shows current-voltage characteristics~IVC’s! per
junction at 4.2 K for different doping. A characteristic kne
in IVC’s is clearly seen, followed by a normal resistan
branchRN . The knee is strongly suppressed both byT3 and
H,7 while RN is almostT,H independent. Such behavior
typical for SIS-type tunnel junctions, in which the knee o
curs at a sum-gap voltage 2DSG/e, whereDSG is the maxi-
mum SG. Multiple branches at low bias correspond to o
by-one switching of junctions from a supercurrent to
quasiparticle~QP! branch. QP branches carry important i
formation: ~i! the maximum spacing between QP branch
dVQP is an additional parameter for estimation of the S
~ii ! the extent of QP branches along the vertical axis in Fig
represents theI cRN product per junction, which is a critica
parameters of a Josephson junction.

Figures 2 and 3 show tunneling conductances5dI/dV
curves for slightly OD and UD samples, respectively. Bel
Tc a sharp peak, corresponding to the knee in IVC’s, is se
The peak voltage,Vpeak, decreases asT→Tc . AboveTc the
peak disappears, but a distinctly different dip-and-hu

FIG. 2. dI/dV(V) curves for a slightly OD sampleTc593 K.
~a! Below and just aboveTc ; ~b! just below and aboveTc ; ~c! with
a subtracted parabolic background.
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structure remains, representing the persisting PG.3 T2 de-
pendencies of the peak~large symbols! and the hump~small
symbols1 lines! voltages for four samples with differen
doping are shown in Fig. 4.

For OD samples,Vpeak can be clearly traced up toTc and
Vpeak→0 at Tc , see Figs. 2~a! and 4. Note thatVpeak(T
!Tc) is substantially larger than the hump voltag
Vhump(Tc) in the OD mesa. At;150 K, Vhump starts to
decrease and vanishes atT* ;200 K @see Figs. 2~b! and 4#.
Interestingly, IVC’s are nonlinear even aboveT* , see Fig.
2~b! ands(V) has an inverted parabola shape, which mig
indicate the presence of van Hove singularity close to Fe
level in slightly OD samples.15 Details of the PG closing a
T* are important for understanding the origin of the PG.
the first glanceVhump(T→T* ) resembles a BCS-like depen
dence, typical for a phase transition due to an onset of ch
or spin-density waves.16 However, a different perspectiv
opens when the parabolic background atT.T* is sub-
tracted, see Fig. 2~c!. In such a plot the PG simply ‘‘fills in’’
at T* .DPG without a significant change inVhump. This
may indicate that there is a smooth crossover rather tha
true phase transition atT* .

FIG. 3. dI/dV curves for the large-gap case, UD sampleTc

584.4 K. ~a! Below Tc ~curves are shifted for clarity!, ~b! above
Tc , and~c! curves with a subtracted PG background in the vicin
of Tc . Note different scales in~a!, ~b!, and~c!.
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The behavior of the SG in UD samples atT→Tc is one of
the most important and yet controversial issues.3,8 For UD
samples the peak is much weaker than for OD samples e
at low T, cf. Figs. 2~a! and 3~a!, and it rapidly smears ou
with increasingT. The contrast of the peak can be increas
by subtracting the background PG dip-and-hump atT.Tc ,
as shown in Fig. 3~c!. ThusVpeak can be located atT;Tc .

UD samples showed two distinct types of behavior, wh
I refer to as ‘‘small’’ and ‘‘large’’ gap cases, cf. Figs. 1~c! and
1~d!. dI/dV curves for the large gap case are shown in F
3. The behavior of large and small gaps is different:~i! for
large gaps, the dip-and-hump is strongly enhanced at
expense of the peak. In Fig. 3 the PG dip-and-hump
clearly recognizable even at lowT. For the large~UD84.4!
and small~UD85! gap samples, in Fig. 4, ratios of hump
dip conductancess(Vhump)/s(0) at 100 K are;5.2 and
1.8, whiles(Vpeak)RN at 4.2 K is;1.6 and 10, respectively
~ii ! For small gapsVpeak→0 at Tc and decreases with UD
together withTc , while for large gapsVpeak remains finite at
Tc ~even though it drops considerably atTc) see Figs. 3~c!
and 4, and both peak and hump voltages increase with
derdoping despite the decrease ofTc . ~iii ! Noticeably, other
parameters, such asrc , Jc , and I cRN are similar, implying
that the tunneling barrier is not affected.

The observed differences can be explained by the
narios for formation of small and large gaps, shown sc
matically in insets~a! and ~b! of Fig. 4.

The small gap is developed on top of a modest supp
sion of the DOS at Fermi level, i.e., when there is no true g

FIG. 4. T dependencies of12 Vpeak (;SG, large symbols! and
1
2 Vhump (;PG, small symbols1 lines! for slightly OD ~triangles!
and UD ~diamonds! samples and for UD samples with sma
~squares! and large~circles! gaps. Insets~a!, ~b! show scenarios for
formation of small and large gaps at four different temperatu
from 0 to Tc ~dashed lines!.
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at Tc , which might interfere with the opening SG. Therefor
the peak indI/dV represents the bare~uncombined! SG,
which vanishes atTc , while the dip-and-hump represent
‘‘normal’’ background, which is hindered by the growin
SG. Such behavior was observed for OD, optimally dop3

and UD samples with the small gap, see Figs. 2~a! and 4.
On the other hand, in the large-gap case the SG is de

oped on top of a true gapD0, see inset~b! in Fig. 4. Indeed,
from Fig. 3~b! it is seen that the PG dip-and-hump flatte
with increasingT in a state-conserving manner, characteris
for a ‘‘true’’ energy gap in DOS, ands(V) curves intersect
in one point, indicating approximately constant value of t
PG in the measuredT range. BelowTc this causes formation
of the combined (D0 andDSG) large gap. In agreement with
this assumption:~i! the large gap does not vanish, but a
proachesD0 at Tc , see Figs. 3~a! and 4.~ii ! The peak com-
pletely disappears atTc but does not transform into the hum
becauseeVhump.D0, see the dashed line in Fig. 4~b!. ~iii !
The volume of the peak~superfluid density! is small because
it builds up from an initially suppressed DOS.~iv! The open-
ing of the SG atT,Tc shifts all DOS features, including th

FIG. 5. Doping dependencies of~a! Tc , ~b! Jc , andI cRN . It is
seen thatI cRN decreases dramatically with doping, due to progr
sively incoherent nature of the interlayer tunneling.~c! rc at large
bias; ~d! the doping phase diagram of Bi2212:1

2 Vpeak(4.2 K)
~open squares!, 1

2 Vhump(100 K) ~solid circles!, dVQP(4.2 K) ~tri-
angles!. A characteristic crossing of the SG and the PG and
existence of critical doping point,pc.0.19, are clearly seen.
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hump, as shown in Fig. 4~b! of Fig. 4. Thecorrelatedshift of
both the peak and the hump withT for UD84.4 sample, as
shown in Figs. 3 and 4, is a strong argument in favor of
combined scenario of the large gap. Similarly,uncorrelated
T-dependent peak andT-independent hump in the OD9
sample, see Figs. 2 and 4, suggests that the small gap r
sents the uncombined SG. Interestingly, if we ta
Vpeak(4.2 K)2Vpeak(Tc) as a measure of the SG part of th
combined gap, it will coincide with the small gap for a sim
lar doping, as shown by arrows in Fig. 5~d!. A systematic
increase of the hump energy with decreasingT, observed by
ARPES,4 would have been consistent with the combined s
nario of the large gap if not for the lack of correlatedT
dependence of the coherence peak.

Figure 5 showsO doping dependencies of:~a! Tc , dashed
line represents the empirical expression, used for estima
of p; ~b! the critical current density,Jc , and theI cRN product
per junction; ~c! the tunneling resistivity at large biasrc
5RNA/(Ns). The I cRN is an important parameter of a Jo
sephson junction. As Bi2212 is likely to be ad-wave
superconductor,17 the I cRN depends both onDSG and the
coherence~in-plane momentum conservation! of c-axis tun-
neling~another highly debated issue in HTSC18!. TheI cRN is
maximum .DSG/e for coherent, and zero for complete
incoherent tunneling.19 For OD mesasI cRN;10 mV is a
considerable fraction;0.6 of DSG/e, indicating predomi-
nantly coherent nature of the interlayer tunneling. With u
derdoping, theI cRN decreases dramatically at a much fas
rate thanDSG. This indicates that the interlayer tunnelin
becomes progressively incoherent in UD Bi2212.

Figure 5~d! shows the obtained doping phase diagram
Bi2212. Here I plot 1

2 Vpeak(4.2 K);DSG/e,
1
2 Vhump(100 K.Tc);DPG /e, anddVQP(4.2 K). It is seen
that the small gap (; SG! shows a similar tendency asTc
and decreases both on OD and UD sides. This is also
ported by a correlated behavior ofdVQP . In contrast, the
large gap (;PG) increases approximately linearly with u
derdoping, as shown by the solid line. The PG and the
lines cross at about the optimal doping,p50.16. On the OD
side the PG becomes considerably less than the SG
ns
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shows a clear tendency to vanish at the critical doping po
pc.0.19. This speaks in favor of a nonsuperconducting o
gin of the PG,6 consistent with earlier observations of diffe
ent T3 and H7 dependencies of the SG and the PG. With
such a scenario, a suppression of superconductivity~decrease
of Tc , DSG, the superfluid density, etc.! in UD HTSC is
caused by appearance of the competing order param
~PG!, e.g., due to strengthening of antiferromagnetic corre
tions and formation of spin-density waves. Note that a sim
lar phase diagram, attributed to competition between su
conducting and antiferromagnetic orders, was reported
heavy fermion superconductors.20

At present, the reason for appearance of either smal
large gaps in UD samples is unclear. However, it is not d
to irreproducibility of fabrication~all mesas on the sam
crystal show the same behavior! or macroscopic defects
~regular QP branches are observed in both cases!. Presum-
ably, the ambiguity is connected with a microscopic inh
moginiety of UD crystals.21 The presence of ambiguity ob
scures identification of the genuine HTSC behavior in
UD region. However, there is no ambiguity for overdop
and optimally doped samples. Therefore, conclusions
there is a critical doping point in HTSC phase diagram a
that the SG and the PG cross rather than merge near
optimal doping are robust.

In summary,O doping dependence of Bi2212 was studi
using high-resolution interlayer tunneling spectroscopy.
were able to simultaneously trace the superconducting
and thec-axis pseudogap atT;Tc and analyze ‘‘closing’’ of
the PG atT* . The obtained doping phase diagram exhibit
critical doping point for appearance of the PG and a char
teristic crossing of the SG and the PG close to the optim
doping, indicating a competing nature of two coexisting
der parameters in HTSC. In UD samples, the SG can ei
form a combined gap with the PG or remain uncombined
T,Tc , but the bare SG vanishes atT.Tc for all studied
doping levels. Analysis ofI cRN vs DSG indicates that the
interlayer tunneling is predominantly coherent in OD, b
becomes progressively incoherent in UD samples.
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