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Role of interelectron interaction in the pseudogap opening in highF. tunneling experiments
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The analysis of tunneling experiments showing the pseudogap-type behavior is carried out based on the idea
of the renormalization of density of states due to the interelectron interaction in the Cooper disapee!
conducting fluctuations contribution in tunneling curpent is demonstrated that the observed kink of the
zero-bias conductandg(0,T) of Y-Ba-Cu-O/Pb junctions in the vicinity of . can be explained in terms of
fluctuation theory in a quite wide range of temperatures alQveusing the values of microscopic parameters
of the Y-Ba-Cu-O electron spectrum taken from independent experiments. The approach proposed also permits
to explain qualitatively the shape of the tunneling anomalie&(,T) and gives a correct estimate for the
pseudogap position and amplitude observed in the experiments on Bi-Sr-Ca-Cu-O junctions.
[S0163-18209)50218-X

One of the most currently debated problems of the physThis scenario has its origin in the resonating valence bond
ics of high-temperature superconductdfd S’s) is the inter-  (RVB) ideas!* that were further develop&ito understand
pretation of pseudogap-type phenomena which have beeamt only the pseudogap phase, but the entire phase diagram
observed in a wide range of oxygen concentrations and tenfrom a Mott insulator to the overdoped regime.
peratures in the normal state of these matefidis.under- The purpose of this article is to demonstrate that the ac-
doped compounds such phenomena are well pronounced andunt of the interelectron interactiof&l) with small mo-
have been investigated by various probes that includenentum transfefCooper channglpermits us to explain the
photoemissio, NMR,? transport, neutron-scattering,and  main characteristic features of the pseudogap-type structures
opticaP measurements. In addition to these, recently the obgbserved in the tunneling conductance of HTS’s in the me-
servation of pseudogap structures in the conductance behaygilic part of the phase diagrafover-, optimally, or slightly
ior of the Bi-Sr-Ca-Cu-O—-based tunnel jUnCtionS in a Wideunderdoped Compounds’ where the Fermi surface is sup-
range of temperature aboVve; has been reported. These posed to be well developedThe effect of the electron
measurements were obtained by means of traditionglensity-of-state¢DOS) renormalization induced by IEI was
electron-tunneling spectroscopgs well as by scanning Wn- gy gied in Refs. 16 and 17. It was provided that near the
neling microscopy(STM) measuremerftS and interlayer —iic) temperature this correction is singular ia

tunneling spectroscopy. The remarkable experiments of —In(T/T,), sign changing and manifesting itself in the very

Ref. 8 also give evidence for pseudogap existence in the . _—
“normal” state of the overdopedmetallic samples, which harrow range of energieSE;~ yTc(T—T,) for clean, and

can be found quite surprising from the point of view of an 95d~ T~ Tc for dirty, systems. Nevertheless, it turns out
ordinary Fermi-liquid approach. that such DOS renormalization results in the appearance of

To summarize these features, a model independent phatie wide %seudogap-type structure in the tunneling
diagram has been proposEdyut there is still no consensus conductancé® Actually, this effect was observed experimen-
on the microscopic mechanism behind it. One common lindally in conventional Al-I-Sn junctions? We show below
of reasoning is that the normal state has pseudogap anomiat this analysis can be extended to HTS tunnel junctions
lies arising from pairing correlations in a state without phaseand permits us to fit the well defined “kink” aroun@, in
coherencé? In the framework of this model, the pseudogap the zero-bias conductan@(V=0,T) behavior of Y-Ba-Cu-
is a precursor to the superconducting gap as showed i®—based junction®?!as well as to explain the appearance
angle-resolved photoemission spectroscOBRPES data?  of the gaplike structures in theél/dV characteristics of in-

A different class of approaches to understand pseudogapinsic Bi-Sr-Ca-Cu-O junctions at temperatures abdye’
phenomena is related to antiferromagnetic correlation By using the Lawrence-Doniach quasi-two-dimensional
scenarios? where the pseudogap has no connection with thé2D) model for the electron spectrum, one can generalize the
superconducting energy gap. Another point of view involvesexpression for the fluctuations’ contribution to the differen-
“spin-charge separation.” Here the pseudogap is associatetial conductance of a tunnel junctidsee Refs. 18 and 22
with pairing of S=3 charge neutral fermions called spinons. with one HTS electrode being in the vicinity 8% :
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0.4 presented? It is worth mentioning that the experimentally
measured position of the minima at @8T.(Sn) is very
0.3 close to the theoretical prediction eVrT(Sn).
If pseudogap phenomena in HTS’s are related to a modi-
0.2+ fication of the normal-state DOS, tunnel spectroscopy still
~h remains one of the most powerful tools to investigate this
;: 0.1 puzzling aspect of these materials. However, the tunneling
=]

study of HTS’s is a difficult task because of many reasons.
For instance, the extremely short coherence length requires
monolayer-level perfection at the surfaces which are subject
0.1 . . . to long oxygen annealings so that they, in general, do not

0.5 0.0 05 satisfy this strict requirement. Another problem is the bias
¢ dependence of the normal background conduct&)¢¥®) in

FIG. 1. Theoretical sketch of the fluctuation induced resistance zero-biag wide range of voltage(sup to hundreds of m)/"*which is

singularity for different reduced temperatures. Inset: differential resistanc@ecessary_ to scan for the StUdy of th¥/ characteristics of
vs voltage measured in an Al-I-Sn junctiéRef. 19, at temperatures just HTS junctions.

0.0

aboveT(Sn). In spite of these difficulties, pseudogap structures in HTS
tunneling characteristics have been observed in different Bi-

5Gy(V.e) 1 [= dE Sr-Ca-Cu-O-based junctiofisi® while to our knowledge,
G ﬁf SNy (E,¢) no data have been reported for the Y-Ba-Cu-O compounds.
n ~=cosi [(E+eV)/2T] This fact seems to confirm the more relevant role that fluc-

5 1 iev tuations play in 2D systems. On the other hand, from an
— = | Rey'=——= 1 experimental point of view, it can be due to the fact that
Ve+e+r ™ Bi-Sr-Ca-Cu-O junctions are relatively easier to obtain due
_ _ _ ) _ to the better stability of the oxygen at the surface of this
where y(x) is the digamma funCthﬂE=4§l(0)/S2 is the  material. Nevertheless, we dispose of very accurate data ob-
Lawrence-Doniach anisotropy paramete; (is the c-axis  tained on high quality Y-Ba-Cu-O/Pb junctions in which
coherence lengtls is the interlayer distangavhich controls  ejastic tunneling processes occur without any interaction in
the d|menS|pnaI crossover'from the 2D to 3D regime. Bythe barrie”* The appearance of the typical kink in tB£0)
means ofGi(;, the 2D Ginzburg-Levanyuk paramefér, ys T dependence in these as well as in other group
characterizing the strength of fluctuations, is introdufed experiment®~28induced us to apply expressid) to cal-
the most interesting for our consideration, clean d@$g)  ¢yjate quantitatively the fluctuation contribution to the Y-Ba-
=T/ 14§(3)EF]', Cu-O DOS and to demonstrate that a satisfactory fitting can
One can notice that the sharp decreasel/(s) of the be obtained in a quite wide temperature range aroynd
dfensny. qf 'the electron ste}tes generated by IEI |nlthe imme- Figs. 2a) and (b) the experimental dat@dots refer to
diate vicinity of the Fermi level §E,~Tc\e) surprisingly two different Y-Ba-Cu-O/Pb planar junctions, as reported in
results in the much more moderate growth of the tunnel CONmefs 20 and 21. The theoretical fittingfsl Iir,1es) for the
ggrcntgntce Zt gf rt(k)u\e/oltsaeql;&dlon(;/ S)S]trir(]:?ulrnetri]r? ?hpgtaeirgpce géa[éormalized fluctuation part of the tunneling conductance at
yp P 9ap 9y zero bias,6G¢(0,£)/G,(0,T=140 K) by means of expres-

eV=7T>T-T,, as reported in Fig. 1 for different values ~. 1) at V=0 | ted. The iunction’ itical
of the reduced temperature. This striking contradiction to thes'on( ) at V=0, are also reported. The junction’s critica

habitual idea of the proportionality between the tunnel contemperature and the magnitude of the Ginzburg-Levanyuk
ductance and so-called tunneling density of states is thBarameter have been taken as fitting parameters. _
straightforward result of the calculation if1) of the real To this respect, it is worth noticing that the tunneling
convolution of the renormalized density-of-states functionSPectroscopy probes regions of the superconducting elec-
SN (E) with the Fermi-function derivative as the kernel trodes to a depth of (2—3) in contrast with the resistive
(which cannot be supposed in this case &functionlike ~ Measurements which sense the bulk percolating length. The
kerne) side by side with the sum rul; SN (E)dE=0. The WO cnu_caj temperatures can be quite different. In our case
sense of the last identity can be easily understood: The a¢he resistive critical temperatures measured on both the
count of IEI cannot create new electron states; it can redisY -Ba-Cu-O crystals wereT(p=0)=91.6 K, while the
tribute the existing only. This condition leads to the exact junction’s T¢"" =88.4 K and 89 K were obtained from the
cancellation of the main order contribution to the tunnel cur-fitting procedure. This fact indicates that a slightly oxygen
rent (singular in 1%), originating from the domaine  deficient Y-Ba-Cu-O layefon a scale of) is probed by the
<T.\e, and to the necessity of more delicate treatment ofUnneling measurements in both Jyncu&ﬂsﬂowever, the
the tunnel current general expression, which was really dong2mPples are still in the propémetallic) region of the phase
in order to carry out the logarithmic singularity of expressiondiagram. The magnitude of the fluctuation correction
(1). |4/ (3)|Gi2y=T./Eg is equal to 0.025 for junctioga) and

In the inset of Fig. 1, the measurements of the differential0.016 for junction(b), leading to the value 0E=0.3 eV
resistance of an Al-I-Sn tunnel junction at temperatureswhich is in the lower range of the existing estimates
slightly above the critical temperature of an Sn electrode ar¢0.2—1.0 eV).

:Gi(z)ln




RAPID COMMUNICATIONS

PRB 59 ROLE OF INTERELECTRON INTERACTION IN THE ... R11 677
-0.01 e ® 0.90
-0.02
U= . 078 ..-A
-0.03 . 076 g
;ﬁ . 30.74 // >
w s Téoyz g
004 o &, / 3
° Eo.ea
60 80 100 120 1
-0.05 ———— 0.55
“ 80 85 90T(s;2) 100 105 110 A o 20 30 40
vV (mV)
-0.01
. FIG. 3. Theoretical fittinggsolid lineg of the G(V,T) structuregdoty
-0.02 1 measured in intrinsic Bi-Sr-Ca-Cu-O tunnel junctiofRef. 10 at T
=90 K.
-0.03 _ _
- 050 well reproduced with an error of less than 5% on the maxi-
g -0.041 Lo mum position. We point out that the evaluation of the
= e gm0 maxima positions at 90 K, ey=7T=25 meV, is consis-
® .05 ;' % oos tent with the experimental results on Bi-Sr-Ca-Cu-O/Pb pla-
® Sos0 nar junction$ as well as with STM dat¥’ but is quite lower
-0.06-P N S than the value of pseudogap position observed on the experi-
. . — ments of Refs. 8 and 9.
o 85 90 95T( |1(°§’ 105 110 In this respect, two important comments are necessary

that concern the limits of applicability of the proposed ap-
FIG. 2. Theoretical fittinggsolid line§ of the measured zero-bias con- Proach. The first one is related to the magnitude of the effect.
ductance behavior vs temperatuidots for two different Y-Ba-Cu-O/Pb It is clear that expressiofi), being a perturbative result, has
junctions, as reported in Refs. 20 and 21, respectively. Insets: Experiment® be small, so the criterium of the theory applicability to the
on a larger temperature scale. HTS phase diagram i§iln(1/e)<1. From the values for the
) junction T.'s found through the fitting procedure, one can
The value of Lawrence-Doniach parameter0.08 was pgjieve in the increase @i with the decrease of the oxygen
taken from the crossover between 2D and 3D regimes in thgoncentration from the value of the optimal doping, so con-
in-plane conductivity measurements a“?'?@'ﬁ is worth  ¢yding that the role of the IEI increases in the underdoped
mentioning that another independent definitionr éfom the part of the phase diagram whose properties have to be dis-

analysis of the nonlinear fluctuation magnetizatideads to ¢ ssed in the frameworks of some different theory, not based
a very similar value =0.11. However, our fittings turn out 5, the Fermi liquid.

to be not too sensitive to the value rof We observe that the It is also important to discuss the temperature range of the

temperature range in v_vhich the express_(dmsatisfactorily pseudogap-type phenomena observability following the pro-
reproduces the behavior of the zero-bias conductance ©%osed approach. The expressidh is obtained in the mean
tends up to 110 K for junctiofe) with Tc=88.4 K, and Uup  field region In{l/T,)<1, neglecting the contribution of the
to 105 K for junction(b) with T;=89 K. _ short wavelength fluctuations and reproduces a maximum in
Noyv, we woulld like to discuss in more detail the recentonductance at the value of g¥ 7T.(1+¢). Nevertheless,
experimental evidence of pseudogap structures in the CORpg characteristic slologarithmic dependence oa of the
ductance curves of intrinsic B|-Sr—Ca—Cu—QJu_nct|&H$\s It fluctuation correction for 2D systems permits us to believe
was already mentioned, the IEI renormalization of the DOSpat the resul(1) can be qualitatively extended on a wider
at the Fermi level leads to the appearance of similar Strucfemperature range. The study of the high-temperature
tures with the charac_terlsnc maximum position de_term'nedasymptotic behaviofIn(T/T.)>1] for the e-e interaction in
by the temperaturd instead of the superconducting gap the Cooper chanr® demonstrates the appearance of the ex-
value:eVy,=T. For the HTS compounds this means a scal§remely slow In In{/T,) dependence which matches e 1h
of 20—40 meV, considerably larger than in the case of coNg,e intermediate region, and shows the importance of the
ventional superconductors. _ interaction effects up to high temperatures. In such way one
In Fig. 3 the experimental dataots refer to thin stacks .o consider the reporte* ~200-300 K in the strongly
of Bi,Sr Ca CyQg intrinsic Josephson junctions. In the \hgerdoped part of the phase diagram as the temperature
experiments;” the pseudogap opening &/dV characteris-  ynere the noticeable concentration of short-living (
tics was found for temperatures up to 180 K. The cuayén 4, T) fluctuation Cooper pairs first manifests its@if,
the f|gure.(full line) is the thepreﬂcal fitting fo'r the 90 K To conclude, the idea to relate the tunneling pseudogap-
data. In view of the strong anisotropy of the Bl-Sr-Ca-Cu-Otype phenomena observed arouRdwith the IEI renormal-
spectrum, r=0 has been assumed, while/’(3)|Gi) ization effects allows us to fit the experimental data with a
=0.0085 andT,=87 K have been extracted from the ex- minimum of microscopic parameterE{,r) consistently
pression(1). One can observe that the structure amplitude iswith the independent measurements. It is worth stressing that
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the developed approach allows us to explain in a unique wagcalesEg~0.3 eV andA~0.01 eV (extended saddle point
the set of pseudogap-type phenomena, like the increase gf the spectruth So one can suppose that as the oxygen
c-axis resistance, the sign-changimgaxis magnetoresis- concentration decreases below the optimal one, for some rea-
tance, and the opening of the pseudogap-axis optical  gons the massive part of the Fermi surface is “obliterated,”
conductivity, and NMR spectr_%.At the same time itis nec- 514 the crossover in properties related with the special role
essary to underline its restricted and schematic charactefs «gjow electrons of extended saddle points takes place.
which permits us more to attract the readers’ attention to th?ﬂormally in this case the large vall~0.3 eV in the de-

e e et e et pominator of he Ginzbur-Levanyuk parametr has (0 be
b b 9 ubstituted by smalh~0.01 eV rapidly making the pertur-

of the complete theory of the phenomena discussed. HTS . .
ation approach inapplicable.

compounds possess complex and still enigmatic properties, Th X f1h ilibrium C irs in th
such as their linear in temperature normal resistance, the '€ €xistence of the nonequilibrium Cooper pairs in the

character of the establishment of long-range phase coherenB@mal-metal phase of HTS'éhe state with(W2) #0( W) .
when passingl,, and the mechanism of its relaxation at = 0 ¢)=0) resembles the itate of preformed Cooper pairs
these temperatures. Even the use of the traditional Fermid the underdoped phaSe* ((W?)#0(¥)+0($)=0).
liquid microscopic form of the IEI for these materials is hard Both of them are determined by the presence of interelectron
to justify and it can be treated as some phenomenologicdhteraction, and it would be interesting to study the plausible
approximation only. “condensation” of the fluctuation pairs in the preformed
We have seen that moving along the phase diagram afnes at the region wher@i,~1. Such crossover qualita-
HTS’s from the metal region to poor metals, the small pa-tively was discussed by Randeffabut its systematic study
rameter of the perturbation theory grows, causing the effecteequires the formulation of the appropriate model.
discussed to be more pronounced. Nevertheless, analyzing ) )
the rapid growth of the normal-state anomalies with the de- We would like to thank M. Suzuki, T. Watanabe, and C.
crease of the oxygen content below the optimal doping conRenner for making us familiar with their experimental results
centration, one can notice that it strongly overcomes our thebefore publication. We are grateful to B. Altshuler, G. Bal-
oretical prediction. We can attribute this discrepancy to theestrino, A. Barone, C. Noce, and M. Randeria for valuable
simplicity of the Fermi-surface model, supposed above to beliscussions. This work was partially supported by NATO
isotropic in theab-plane. The ARPES study of HTS’s shows Collaborative Research Grant No. CRG941187 and INTAS
the presence of the strong anisotropy of the Fermi surface dbrant No. 96-0452. M. Cuoco wishes to thank the EU via the
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