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Observation of the Low Temperature Pseudogap in the Vortex Cores dBi;Sr;CaCuz0g+5
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Vortex cores in under- and overdoped,BihCaCuyOgs.s are studied by local probe tunneling
spectroscopy. At the center of the cores, we find a gaplike structure at the Fermi level which scales
with the superconducting gap, but no quasiparticle bound states. This low temperature pseudogap is
intimately related to the superconducting gap and shows striking similarities with the normal state
pseudogap measured abdle A possible interpretation is that both pseudogap structures reflect the
same “normal” state containing phase incoherent excited pair states. [S0031-9007(98)05816-5]

PACS numbers: 74.50.+r, 74.60.Ec, 74.72.Hs

The understanding and description of the mechanisntroscopy is carried out using an Ir tip mounted perpendicu-
driving high temperature superconductivity is one oflarly to the (001) surface of BSCCO in a scanning tunnel-
the major challenges in modern solid state physicsing microscope (STM). Experimental details are given in
Since the experimental observation of this phenomenoRefs. [4,5].
in 1986, many models have been proposed. However, The tunneling microscope measures the local (quasi-
despite large efforts, the origin of high temperatureparticle) density of states (DOS) and the observation
superconductivity is still not known. What we know of vortices by STM is based on the fact that the local
is that the superconducting state is built up of pairedOS is different inside and outside the vortex core. The
electron states and that there is strong evidence that &itst measurements of this type were performed by Hess
least in some of the compounds the pairing hakveave et al.[6] on NbSe. More recently Maggio-Aprile
symmetry. A basic property of the classic BCS state ofet al. [7] reported the first STS observation of vortices on
conventional superconductors is that the excited states aeehigh temperature superconductor, %Bas0, (YBCO).
quasiparticles resulting from broken pairs. As a result)n spite of the excellent quality of the spectra obtained on
upon heating the pairs disappear simultaneously witlBBSCCO, it was so far not possible to observe the vortices
the coherent superconducting stateTat This happens on this material by STM. It turns out that the reason
because the size of a pair given by the coherence lengfor this difficulty is that the spectra inside the vortices
is much larger than the average distance between there, surprisingly, not very different from the zero field
pairs. In high temperature superconductors, the bindingnes. In NbSg[6,8] and YBCO [7], the sharpest vortex
energy of a pair 4) is found to be much larger than in imaging contrast is obtained by mapping the conductivity
low temperature superconductors and, consequently, tret +A, normalized to the conductivity at or near zero
coherence lengtli¢é ~ 1/A) is approaching the average bias. However, the same procedure does not reveal any
distance between the pairs. The guestion can, thereforepntrast in BSCCO. As will be clear from the spectra
be raised if pairs can exist abovg, either in the form  shown below, we have found that the sharpest contrast to
of strong fluctuations or in the form of some kind of map the vortex structure on BSCCO is obtained using the
preexisting pairs [1]. The observation of a pseudogagonductivity at a negative sample voltage= —A , /e to
aboveT, [2,3] puts this question in a more acute form: define the grey scale, whess, is the peak position in the
Is this pseudogap a signature of such preexisting pairs @uperconducting tunneling spectrum. In Fig. 1 we show
does it have a different origin? such maps measured at 4.2 K in fields of 0 and 6 T. In

In this Letter we address this question from a new perthe absence of a magnetic field, we find a uniform image
spective. We report here the first observation of vorticeseflecting the uniformity of the tunneling spectra over the
in Bi,SnCaCuyOg.5 (BSCCO) by the technique of scan- surface. However, when a magnetic field is applied, dark
ning tunneling spectroscopy (STS). We focus, in particuareas corresponding to lower conductivity-ah , appear
lar, on the low temperature spectra inside the vortex coredy the image [Fig. 1(b)]. These areas do appear only
and we establish a direct connection between these speghen a magnetic field is applied, and their characteristic
tra and the pseudogap observed ab®ye The samples spectra are very different from those observed in degraded
investigated were oxygen underdopdd & 83.0 K) and  regions on the surface [5]. We, thus, identify them with
oxygen overdopedrl', = 74.3 K) BSCCO single crystals the vortex cores. The vortices do not seem to arrange in
similar to those we used for the temperature and doping regular lattice. This is not unexpected since neutron
dependence studies reported in Ref. [3]. Here we invesstudies have shown that the regular lattice disappears
tigate these crystals at 4.2 K in a magnetic field appliedabove an external field of 0.06 T even at low temperature
perpendicular to the Cu-O layers. The tunneling specf9]. However, the vortex density corresponds to the
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FIG.1. STS maps of the conductance &= —A,/e
at 4.2 K on overdoped BSCCQI. = 74.3 K); white and L1
dark correspond to large and low conductance, respectively:
@B=0T;(b)B=6T. g
applied field, and their apparent diameter is consistent 8
with the expected core siZe-2¢). S
Figure 2(a) shows a series of tunneling spectra taken at <
regular intervals along a 4.2 nm line starting at the cen-
0.5

ter of a vortex and ending outside the core on BSCCO. As
can be seen, when the tip enters the vortex core, the tunnel- =0 Vy 10 [mV] 20

ing DOS becomes highly asymmetric. The peak at posi- ample

tive sample bias shifts towards a higher voltage, whereakIG. 2. Three dimensional view of tunneling spectra mea-

the peak at negative sample bias just disappears simultang’ e((:jeﬁie?qgfa”g sg%cf‘ipé’)s't%ogs &I)(i)rﬂgl c?clall?ee g e;(\tlfg)?'?r%rgom

ously with the dlsappearance of the dip=at-24,,. Fur- the vortices at 4.2 K and 6 T. (a) 4.2 nm trace on overdoped
thermore, at low bias, between the two peaks, the DOBscCO(r, = 74.3 K). (b) 16.7 nm trace on optimally doped
does not change very much, and there is no sign of loYBCO (T, = 91 K). Note the difference by a factor of 2 in
calized quasiparticle states inside the vortex cores as olfe energy scales and the large zero bias conductance in YBCO.
served in NbSg[6,8] and YBCO [7]. Many years ago,

Caroliet al. [10] showed that there are localized quasipar-typically a factor of 2 larger than the main peak position
ticle states in a vortex core separated by an energy of tha YBCO.

order A%/Er, with a minigap of the ordeA?/Er at the There may be several reasons for the absence of quasi-
Fermi level. The pronounced zero bias peak observed byarticle states inside the vortex cores of BSCCO. One im-
Hesset al. [6] at the center of a vortex core was identified portant fact is that the gap in BSCCO is larger than in
as a signature of these low lying states. However, sinc&¥ BCO, and based on the results of Caratial. [10], this

the minigap in NbSgis of the order ofueV, it was not would put the first localized state at a higher energy than
possible to observe it directly. In contrast to the behavin YBCO. Another element is the very probatdevave

ior of NbSe,, the local DOS in the vortex core of YBCO character of the pair wave function in BSCCO. A vortex
shows split peaks at 5.5 meV, and these structures were in a pured-wave superconductor may possibly not con-
interpreted as the signature of the first localized states wittain any localized states as a consequence of the nodes in
a minigap of 11 meV [7]. This interpretation implies that the gap function. This problem was investigated by Wang
these vortex cores are in an extreme quantum limit whicland MacDonald [11] who found that suctdavave gives
means that the size of the pairs in YBCO are of the ordea zero bias peak in the vortex core spectra rather than the
of the distance between the pairs. In Fig. 2(b) we show aplit peaks expected for aawave. However, we do not
series of spectra taken along a line going from the center afee any sign of a zero bias peak. If one takes into account
a vortex to a point in between the vortices in YBCO [7]. that the pair wave function may have awave compo-
The comparison to the spectra in BSCCO is striking, alnent around a vortex even in an otherwise cleamave
though the zero bias conductivity in YBCO is much higher.superconductor [12], one obtains split peaks [13] similar
There is hardly any difference in the low bias conductivityto what is observed in YBCO [7]. If BSCCO develops a
in BSCCO inside and outside the vortex cores, whereas isimilar component, we may understand the absence of a
YBCO there is a clear signature of localized states. Howzero bias peak. In this case, the absence of the expected
ever, the behavior of the spectra around the peak positiorsplit peaks reflecting bound states at a higher energy be-
*+A, looks very similar in the two compounds, and therelow the gap may be due to the combination of the large
may even be a similar asymmetry in this part of the specgap values and thd-wave symmetry. However, neither
trum at the vortex core in YBCO. Note that the energyof the above models explains the asymmetry of the struc-
scale in Figs. 2(a) and 2(b) differs by a factor of 2, reflect-ture inside the vortex core, nor explains why the peak at
ing the fact that the reduced gap ,/kzT. in BSCCO is  positive bias shifts continuously outwards as we approach
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the vortex center. Finally, one may argue that the crystals
or their surfaces are approaching the dirty limit to explain

the absence of quasiparticle states inside the vortex cores
[14]. The difficulty with this argument is that there are

a number of evidences, including the shape of the spectra
we observe, that the superconducting gap in BSCCO has
a d-wave symmetry. In this case we should have seen a =

GQ™

reduced gap due to pairbreaking contrary to our observa- %
tions. If BSCCO is, nevertheless, smwvave superconduc- %

tor, scattering should make it isotropic and we should have
observed as-like spectrum. Moreover, the dirty limit im-
plies an extremely short mean free path [below 2 nm, see 0
Fig. 2(a)], thus, we find this limit very unlikely.

A comparison with the temperature dependent measure-
ments performed on similar single crystals [3] brings the
vortex core spectroscopy on BSCCO into a different and ==
exciting perspective. Indeed, the characteristic features of Cj
the pseudogap observed abdieare precisely the ones
we find for the DOS in the vortex core: Both the dip at
~ —2A, and the peak at-A, disappear, whereas, the
peak at+A, remains finite and shifts to a higher energy. ]
The spatial dependence of the spectra at 4.2 K through 05 ET=743K

0.5 F T=83.0K :
E (underdoped) ’ 3

dl/dv [G

a vortex core corresponds to the temperature dependence - (overdoped)
of the spectra in zero field througlﬁ'c as reportgd in 9300 200 —100 0 100 200 300
Ref. [3], if appropriate thermal smearing is taken into ac- v [mV]

count. Thus, we conclude that we are dealing here with Sample

the same pseudogap, and tunneling into the vortex corgg 3. Tunneling spectroscopy of BSCCO: The 4.2 K
corresponds to a measure of the low temperature normapectra were measured at 6 T at the center of a vortex core
state DOS. To put this observation on more quantitativésolid line) and between vortices (dashed line). The spectra
level, we compare in Fig. 3 the conductivity measured agboveT, displayed as solid lines were measured in zero field
the vortex center at 4.2 K and 6 T with the pseudogap mednd reflect the normal state pseudogap structure. The dotted

. - . curves were obtained by numerically smearing the spectra
sured abov@. in zero field. Figure 3(a) shows the SPeclrameasyred at the center of the cores at 4.2 K and 6 T to the

for the underdoped sample at 4.2 K inside and outside thgmperature(s) indicated for each doping level. They illustrate
vortex core, as well as the spectra observed in zero field #te striking resemblance of the vortex core pseudogap and the
88.7 and 98.6 K. The dotted curves are the 4.2 K vortexpormal state pseudogap. For clarity, the 4.2 K curves are offset
core spectra thermally smeared to 88.7 and 98.6 K, respeby 1.0 GQ ™" and the 88.7 K curves b§.4 GO ™.

tively. In Ref. [3] we found that the positive bias peak

position shifts outwards over a finite temperature intervalve do not have a situation where the superconducting peak
acrossT.. At 88.7 K the peak position of the thermally at +A, is simply reduced in intensity as one enters the
smeared vortex core spectrum is slightly higher than th@ortex core and, thus, makes a higher energy peak appear.
one actually measured at that temperature. However, dthe two spectral features do clearly not coexist belgw
98.6 K the peak in the spectrum abdlehas reached the away from the vortex cores; the peak-al , really shifts
same position as the smeared vortex core spectrum and tt@vards a higher energy as was also found when the tem-
two spectra reflect basically the same shape. Figure 3(lperature is raised abové [3].

shows the same behavior for the overdoped sample. Thus, The striking correspondence of the vortex core spectra
it appears that the local DOS measured at the vortex centerith the normal state pseudogap, the similarity of the low
is the normal state pseudogap structure and that the pselying excitations inside and outside the vortex cores, as
dogap structure measured abd@eis essentially the ther- well as the temperature and doping dependence of the spec-
mally smeared low temperature pseudogap structure. Thisa reported in Ref. [3], have important consequences. |If
implies that the pseudogap, like the superconducting gapne would assume that the pseudogap had an origin differ-
seen by tunneling [3,15], is temperature independent. lent from superconductivity, for instance a charge density
Ref. [3] we concluded that the pseudogap scales with thevave, then one would have to assume that superconduc-
superconducting gap as the doping is changed. Figure t8/ity develops on top of a normal state spectrum with a
clearly indicates that the same conclusion holds for thggap of the same amplitude as the superconducting gap.
pseudogap seen in the vortex core: Comparing Figs. 3(aAlthough this might happen, it would be difficult to un-
and 3(b) one sees directly that the two gap structures scatkerstand why the two gaps follow each other closely as
with each other. Furthermore, from Fig. 2 it is clear thatthe doping is changed. One would normally expect the
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inverse to happen. It would also be necessary to explaiwe go from the superconducting state to the pseudogap
why there is virtually no change of the low lying excita- state, the spectrum evolves from nearly symmetric peaks,
tions as one goes from the normal (pseudogap) state to tlas expected in a BCS picture, to clearly asymmetric peaks.
superconducting state. Although one cannot exclude thathis asymmetry, thus, puts constraints on possible models
some model, assuming the pseudogap to have an origin difer the pseudogap.
ferent from superconductivity, may explain all these facts, In summary, we have described first scanning tunneling
we are not aware of such models at this point. In any casepectroscopy studies of the vortex lattice in under- and
our results put serious constraints on such a model. overdoped BiSr,CaCuyOg- 5 single crystals. The striking

On the other hand, a picture involving some kind of pre-result is that we observe no signature of quasiparticle
existing pairs abovd'. would be in agreement with our bound states in the vortex cores, but instead we find a gap
experiments if we anticipate that the energy to break suchtructure that has all the characteristics of the normal state
pairs is similar to the energy to create (two) quasipartipseudogap abovE. in zero field. We conclude that it is
cles in the superconducting state. Among the argumenisadeed the pseudogap at low temperature. Among possible
in favor of this picture, we note first that the gap in BSCCOinterpretations, the one which appears most exciting is
happens to be very large: For underdoped samples we firttlat both pseudogap structures reflect the same “normal”
2A, /kgT, = 10-12. This suggests that & the thermal phase containing excited pairs instead of the quasiparticles
energy may not be enough to break the pairs. Another iminherent in the BCS theory.
portant fact is that as the temperature is raised alfpwe We thank B. Giovannini for his stimulating comments
as one moves across a vortex, the superconducting spesmd J.-G. Bosch for his technical assistance. This work
trum evolves in both cases smoothly into the pseudogawas supported by the Swiss National Science Foundation.
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