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STM images of a superconducting Cu-O plane and the corresponding tunneling spectrum
in Bi,Sr,CaCu,Ogq, 5
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Clear atomic images of Bsr,CaCyOg, s Cleaved surfaces have been observed a6 and 300 K by
scanning tunneling microsco@$TM). The atomic images taken for bias voltages much lower than the Bi-O
plane semiconducting gap,~100 meV, corresponding to the Cu-O plane, indicate that the conduction elec-
trons exist mainly in the Cud._,2 and O J,, orbitals. Tunneling spectra have been also measured in the
same processes as in the Cu-O plane STM image observatidns6aK. The low-temperature spectra are in
good agreement with that indrwave superconductor with an anisotropic Fermi surface on which the normal
density of statedN(kg) is largest(N,5, for the maximum gap directions and decreases-i,,,/2 for the
node directions. This, combined with the result on Nigg) anisotropy in photoemission experiments, is
consistent with al2_,2 superconducting gap.

For understanding the pairing mechanism responsible for-E;<E<Ey. This, together with the fact that the Sr-O
high-T,. superconductivity, it is of great interest to elucidate plane is insulating, means that tunneling of electrons occurs
the symmetry of the order parameter. For this reason, th&#om the metallic Cu-O plane when the bias voltagg is
low-temperature T<T.) electronic energy spectra in lower thanEy/e and the STM tip is very close to the speci-
high-T, cuprates have been extensively studied in variousnen surface. Therefore, the STM images of the Bi2212
kinds of experiment$-® Tunneling spectroscopy is a power- cleaved surfaces taken foafp<Ey/e are expected to be of
ful tool for the study of energy spectrum near the Fermi levelthe Cu-O plane. On the other hand, #¢§>E/e, tunneling
on account of its high energy resolution. Earlier tunnelingof electrons occurs mainly from the Bi-O plane, the atomic
experiments on high-, cuprates, including spectroscopy plane closest to the STM tip. Indeed, the STM images taken
STS by scanning tunneling microscogf$TM), suggested for V,>E//e agree well with the Bi-atom arrangement with
the existence of a finite gap over the entire Fermi surfacea significant modulation structure, and the tunneling spectra
that is, ans-wave superconducting g&g.On the other hand, measured in the same processes as in the STM image obser-
Barbiellini et al. have recently reported that their STS data invations are semiconducting, as shown by Kitazaatal®
Bi,Sr,CaCuyOg. 5 (Bi2212) fit well to a quasiparticle spec- and by Xianget alX°
trum calculated for a-wave superconductérFurthermore, In this paper, we report that clear STM images of the
Manabeet al. have shown tunneling spectra suggesting theCu-O plane were observed on the Bi2212 cleaved surfaces
existence of nodes in the Bi2212 superconducting gap, toby using bias voltages much lower th&g/e, and that tun-
gether with observations of the clear atomic images byneling spectra, measured while observing the Cu-O plane
STMZ? In tunneling experiments, the specimen surface is reSTM images aff=6 K, are explained very well in terms of
quired to be perfect on an atomic scale because of its shosimall pair-breaking effects in@._,2 superconducting state.
sampling depth. Observation of a clear atomic image by The Bi2212 single crystals used were grown in magnesia
STM guarantees that the specimen surface is of high qualitgrucibles by a flux method. No impurity phases for the
on the atomic scale. Therefore, STS should be performed igrown crystals were detected by x-ray diffraction experi-
the same processes as in observations of clear atomic imagesents. The grown crystals exhibited a sharp superconducting

In high-T cuprates Bi2212 has been most frequently subdiamagnetic transition af =82 K. Specimens of size-3
jected to STM-STS studies, because clean surfaces can be3x1 mnt were selected from a batch of single crystals for
obtained by cleaving. This compound is composed-@6 A  the STM-STS measurements.
half-cells along thes axis in which an insulating Ca plane at A cryogenic STM-STS systeniOlympus LTSTM-300
the center is sandwiched in turn by two metallupercon- was used in the present experiments. A Pt-Ir alloy was used
ducting Cu-O planes, by two insulating Sr-O planes and byfor the STM tip. The specimens were cleaved in air imme-
two semiconducting Bi-O planes. The semiconducting gap
Eg4 of the Bi-O plane is typically~100 meV and slightly

reduced with oxygen contefi The Bi2212 crystal is
cleaved between two Bi-O planes, which are, respectively, Vo

located at the top and bottom of the half cells; therefore, in Sl
STM experiments on the cleaved surfaces of Bi2212, the top Semiconducting Bi-O plane
atomic plane closest to the STM tip is the Bi-O plane, the Tnsulating Sr-0 planc

second the Sr-O plane and the third the Cu-O plane, as sche- " Superconducting Cu-0 pla

matlc_a”y ShOWU n Flg_. 1.The elec'{rom? density of states in FIG. 1. Schematic of the STM image observation on the Bi2212 cleaved
the Bi-O plane is considered to be zero in the energy range cilurface.
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FIG. 3. STM image of another area of the same specimen under the
same conditions as in Fig(&.

of the ~25 A period along the diagonal line directidb
axig of the squares can be confirmed in low-bias STM im-
ages for a slightly larger are@ig. 3.° STS at room tem-
perature revealed the semiconducting gap of the Bi-O plane
Ey~100 meV for the present specimens. This valu&gis
comparable to the result reported by Skital® and by Ha-
segawa and Kitazawhlt should be noted here that the bias
voltage(V,=20 mV) used for the STM image observation in
Fig. 2(a) was much lower thaky/e. In this case the density

of states in the Bi-O plane is considered to be zero in an
energy range from the Fermi levél to E-+eV,. This,
together with the fact that both the Sr-O and Ca planes are
insulating, means that the tunneling current iy<Egy/e
comes mainly from the metallic Cu-O plane, as mentioned
above. The corresponding STM image, shown in F{g),4s
therefore of the Cu-O plane.

In the Cu-O plane, the Cu atoms form a square-lattice and
the O atoms are located at the midway between two adjacent
Cu atoms. The-4 A perimeter of the squares formed by the
diately before being mounted in the STM sample chambegtomic corrugations is comparable to the Cu-O-Cu distance,
with a vacuum higher thanx10 ® Torr and cooled down to and it is clear from the direction of the weak modulation
T=6 K. The STM image observations were performed in thestructure in Figs. @) and 3 that the diagonal lines of the
constant distance mode; keeping the distance from the spedquares are along the directions 45° from the Cu-O bond
men surface constant under a bias voltslgethe STM tip is  directions. Such atomic corrugations in the low bias STM
scanning along the surface. In the course of scanning, thiemages agree well with the two-dimensional arrays of the Cu
tunneling current was recorded and displayed as a functiod,2_,2 and O 2, orbitals as schematically shown in Fig.
of the tip position. In the STS experiments, an STM image2(b). This result indicates that the conduction electrons, re-
was first taken, and the position for STS was determined osponsible for tunneling, exist in a band arising mainly from
the STM image. In the following STM image observation, these orbitals.
scanning of the STM tip was interrupted for 20 seconds at Similar STM images were also observed in another speci-
the position indicated for STS, and during this perie¥  mens forV,=10 and 20 mM(<Ey/e) at T=6 K and 300 K.
andd!/dV-V curves were measured. Thus, tunneling spectr®n the other hand, STM images takervg=500 mV, much
were obtained in the same processes as in STM image olgher thanEy/e, were rather different from the low bias
servations. STM images; the atomic corrugations of high bias STM im-

An STM image of the Bi2212 cleaved surfaceTat6 K ages are consistent with the Bi-atom arrangement which has
is shown in Fig. 2a). This STM image was taken under a a significant modulation structure along the b axis. High-
bias voltageV,=20 mV and a tip-surface distance giving resolution electron microscopy has revealed that the modu-
tunneling currentl;=1 nA at the initial position. Similar lation structure in the Cu-O plane is much weaker than in the
STM images were also observed fé6=10 mV and 50 mV, Bi-O plane!! as in Figs. 2a) and 3. This result strongly
although forV,=50 mV the images were not so clear as for supports the contention that the low bias STM images of the
V(=20 mV. In Fig. 2a) atomic corrugations are seen along Bi2212 cleaved surfaces are of the Cu-O plane, as well.
~4 A perimeters of squares. The weak modulation structure Figure 3 shows an STM image of another area of the
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FIG. 2.'(a) Low-bias STM image of the Bi2212 cleaved surface taken
for Vo=20 mV, lp=1 nA andT=6 K. (b) Schematic of two-dimensional
arrays of the Cu 8,2_,2 and O 2, orbitals.



53 BRIEF REPORTS 2255

T T ¥ T T
. - 2
&a . o k=
= . < =
= a e, o om, =
"é Co .%2 :g. o >§’
5 o i <o ®
; oY o ?029 =2
Q 00.0 : & &o =
S .
¢ :
3 .
6 - A
Yo ° E 0
0 1 1 \j 1 1
-3 -2 -1 0 1 2 3 =
VIV, é
FIG. 4. dl/dV-V curves measured at positiodsand E on the STM -
image shown in Fig. 3. The bias-voltagésare normalized with/, , which S
is 33 and 35 mV for positioné& andE, respectively. 5
=
same specimen taken under the same conditions as in Fig.
2(a). The weak modulation structure along thexis can be 0

seen more clearly in this figure. Dependences of differential -3 2 -1 V/OV
P

CondUCtanC&“/dv on b|as-vcl)lltagev are_Shown_ in Fig. 4, FIG. 5. Comparisons between the tunneling spectrum for poskiand
which Were m?asured at positioAsandE !n relatively dark _ the quasiparticle spectra ghwave superconductors. The calculated spectra
and bright regions of the weak modulation structure in Fig.Ni(E) is for a system with isotropic Fermi surface, and(E) is for a
3. The conductancel/dV is very small atv=0, and exhib-  system with an anisotropic Fermi surface on which the normal density of
its peaks atV| =V, . These features agree qualitatively with statesN (k) is largest(N,,,,) for the maximum gap directions and decreases
expectations for a superconducting gap. to ~N,./2 for the node directions. The calculated spectM@' (E) in-
Low-temperature tunneling spectra on the Bi2212 cleavedolves a small broadening effed~3 meV) in N(E). The inset shows the
surfaces have been measured in the same processes agvighting functionf (¢) used in the calculation di$(E).
STM image observations by Kitazavet al® and by Xiang
et all® The STM images were of the Bi-O plane and thethat in ad-wave superconductor, as described below in de-
spectra were semiconducting, because their STM-STS exalil.
periments were carried out in the conditions in which the In a two-dimensionald-wave superconductor with line
electron tunneling occurred only from the Bi-O plane closesnodes, the quasiparticle spectri(E)is given by the fol-
to the STM tip, that is, for bias voltages much higher thanlowing equation when the system has an isotropic Fermi sur-
Ey/e and for long tip-surface distances. In our STM-sTSface:
experiments, however, the STM images of the Cu-O plane
were observed by using bias voltages much lower tde, N(E)/N =R 27 do E @
and the superconducting spectra could therefore be obtained s n=R€ f 5 =3
in the same processes as in the STM image observations. 0 27 VE'-A(6)
Almost the samel1/dV-V curves were also observed at whereN,, is the normal density of states at the Fermi level
other positions, although the bias voltagésexhibitingdl/  and A(6) is the order parameter writte,,cos26).">~*
dV peaks were slightly different from position to position Qualitative behaviors of the observed spectrum are very
within =5% of the average. The magnitude of energy gapsimilar to those of the calculated spectr{ime broken line in
defined by 2V,, hereafter referred as the maximum energyFig. 5a]. However, these spectra do not agree quantitatively
gap A, was almost the same as the results reported foin the following two pointsii) a small finitedl/dV value at
the Bi2212 cleaved surface by many grot¥*3and also V=0 and suppressions of thH/dV peaks aﬂV|~Vp, and
the result reported for the lateral surfdot high voltages of (i) downward deviations of thdl/dV data from the calcu-
|[V|=60 mV, thedl/dV-V curve turned upward and was lated spectrum at low voltages except #r0. The latter
roughly consistent with a straight line, as seen in Fig. 4; itbehavior is expected in d-wave superconductor with an
seems that fofV|=60 mV a linearly dependent background anisotropic Fermi surface on which the normal density of
superposes on the superconducting spectrum which will bstatesN(kg) is largest(N,,,,) for the maximum gap direc-
saturated to the normal state value at high voltages. Althougtions and lesgN,,,) than the average over the entire Fermi
the origin of the background has not been clarified yet, itsurface for the node directions. Indeed, the quasiparticle
might arise from the semiconducting Bi-O plaher might  spectrumN2(E) calculated for theN(kg) anisotropy factor
be due to some influence of the STM tip to the speciffen. N./Nmin=2.1 reproduces well thell/dV data deviating
Here, the linearly dependent background fo=60 mV  downward fromN¢(E), as shown in Fig. @). In the calcu-
was subtracted from thel/dV-V curve observed at position lated spectrunN3(E), the N(kg) anisotropy is taken into
A as the data became roughly constant at high voltdgigs  account by introducing the weighting functiét¥) [the inset
5). The tunneling spectrum thus obtained is consistent withn Fig. 5a)] into the integral of Eq(1):
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finite gapA, exists for the 45° off-axis directions and nodes
(2)  are located at both sides of these aXeis this cased!/dV
peaks or humps d¥V|~Ag/e are expected in the tunneling

VEZ=A(6)?
. . . . spectrum of Bi2212. However, such a subgap structure was
h Anglﬁ-resolved Fho;ogmss_lon <?><f;|)etr|kr)ner:jts Iln B'fzﬁﬁnot observed in the present ddfigs. 4 and &

ave shown an extended region of flat bands close 10 € 1 g4)ig jine in Fig. ) involves a small broadening

Fermi IeI/SeIE,: around th_e Cu-O bond directiofthe k, a_nd effect in the quasiparticle spectruM2(E) given by the
k, axeg.” Furthermore, it has recently been reported in STSGaussian distribution function:
experiments by Renner and Fischer that Bi2212 crystals with '
T.~92 K can be described ascawave superconductor in
which the energy band in the normal state has a van Hove ar
singularity neaE = E .*1*On the basis of the results on the ’
photoemission experiments, the normal density of states
N(kg) in Bi2212 is largest around the andk, axes and less
than the average over the entire Fermi surface around thehere the deviationl'=0.1A,,,~3 meV and AE=E,
directions 45°(the 45° off-axep from the k, andk, axes. —E;<Ap,. As seen in Fig. &), the broadening of the spec-
Such aN(kg) anisotropy is in qualitative agreement with the trum can explain the small finite zero-bidd/dV and the
results from band calculations for the Cu-O plane of thissuppressions of thdl/dV peaks aﬂV|~Vp, due to some
systemt® Although the magnitude oN(kg) anisotropy in  pair-breaking effects in a superconductor with line nodes.
Bi2212 depends on the location Bf in the energy band or The fit of the calculated spectruf! (E) to ourdl/dV data
the hole concentration of the crystal, the qualitative tendencgivesN S'F(O)/Nn~0.06, indicating the spectral weightB&g
in the angular dependence Nfkg) will not change with the in the superconducting state6% of the value in the normal
hole concentration. It should be noted that our STS data fistate. The existence of residual spectral weighEain the
well to the theoretical curve in d-wave superconductor in Bi2212 superconducting state has also been reported in
which N(kg) is largest for the maximum gap directions and NMR experiments on spin excitations by Tanigawa and
smallest for the node directions. This, combined with theMitzi?® and by Ishidaet al“® The residual spectral weight in
result for the Bi2212N(kg) anisotropy in the photoemission the NMR experiments is 10-20 % of the normal spectral
experiments, indicates that the maximum gap occurs alongeight, a little larger than that in our STS studies.
thek, andk, axes, while the node occurs along the 45° off-  In conclusion, clear STM images of the Cu-O plane were
axes. Therefore, our STS data are consistent withza,>  observed on the Bi2212 cleaved surfaces\gEg/e, and
superconducting gap. tunneling spectra were also measured in the same processes
Kaneet al?° have studied gap anisotropy within tkgk, asin the STM image observations Bt6 K. It should be
plane in tunneling experiments on the lateral surface ofoted again that the lowest bias voltage used for STM image
Bi2212 and reported the maximum gap in the 45° off-axespbservations of the superconducting Cu-O plane was also
contrary to the present result. On the other hand, Tanaksmaller than the maximum gap/,~ A./3€), meaning that
et al. have recently proposed a model that electron tunnelinguperconducting quasiparticle excitations exist even in a low
occurs mainly from the O, orbitals on the surface Cu-O energy region at least belo&~A,,/3. Furthermore, our
plane and reported that based on the model the observed g&3'S data can be explained very well in terms of small pair-
anisotropy is consistent withdy2_ 2 gap?! Angle-resolved  breaking effects in a2 2 superconducting state.
photoemission and Raman scattering experiments in Bi2212 The authors would like to thank Professor R. Aoki, Pro-
have also shown a significant gap anisotropy consistent witfessor K. Kitazawa, and Professor M. Sato for valuable dis-
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