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Direct determination of localized impurity levels located in the blocking layers of BjSr,CaCu,0,
using scanning tunneling microscopy/spectroscopy
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Local electronic states of the high-superconductor Bi,PhSr,CaCyO, single crystals wittx=0.6 have
been studied using low-temperature scanning tunneling microscopy/spectrgSaagiSTS. We found that
they are modified by substitutional impurities occupying théd®81Ca and Bi site. Individual impurities could
be imaged selectively by STM; the (8a)-site impurities could be seen only for a positive sample bias,
whereas the Pb atoms substituting for the Bi sites could be imaged with larger corrugations for a negative bias.
STS measurements revealed that the former behaves as a donorlike dopant with an energy of +1.7 eV, con-
sistent with a chemical view indicating that exces&'Bons are substituted in the Brsites. On the other hand,
the latter gives rise to an acceptorlike state at —1.4 eV near the band edge, which is thought to promote hole
doping into the Cu® layer.

DOI: 10.1103/PhysRevB.71.020502 PACS nuni®er74.72.Hs, 07.79.Cz, 74.25.Jb, 71.55.

In conducting and semiconducting materials, it is crucial  Bi, ,PhSr,CaCyO, single crystals withx=0.6 were
to understand the local electronic nature of individual impu-grown using the floating zone technique. Details of the
rity atoms because they not only scatter conducting electronsrystal-growth procedure have been described elsewhere.
but also control the amount of mobile carriers. Scanning tunfor the STM/STS observations in this study, we used as-
neling microscopy/spectroscop$TM/STS is widely recog-  grown crystals without further annealing. The superconduct-
nized as a powerful experimental tool for investigating sur-ing transition temperaturé. was determined to be-80 K,
face atomic and electronic structures on a nanometer scalasing a superconducting quantum interference device
With excellent spatial resolution, this technique has been ex‘SQUID) susceptometer.
tensively used to determine electronic properties of indi- STM/STS measurements were carried out with a home-
vidual impurities including ionization energies, Bohr radii, built ultra-high-vacuum low-temperature STM instrument
and quantitative charge states in semiconducidrs. equipped with a low-temperature cleavage sthgjae base

Recently, we reported the results of STM/STS observapressure of the STM chamber was maintained at less than
tions of heavily Pb-doped Bi,PbSr,CaCyO, (Pb-Bi2213  2.0X 1071° Torr during the measurements. All the Pb-Bi2212
superconductor$Pb atoms doped into the surface BiO layer samples examined here were cleavedsitu at 77 K, and
were distinguishable as bright spots with larger corrugationshen immediately transferred to the already refrigerated STM
than those of Bi atoms. We also found different types ofhead, in order to minimize oxygen loss from the sample sur-
nanoscale structures attributable to natural impurities occuaces. Mechanically sharpened Pt-Ir alloys were used as
pying Sr or Ca sites. These are unique STM observations dTM tips.
substitutional impurities located in the blocking layers of Figure Xa) shows a set of empty-state STM images ob-
high-T,. cuprates. However, detailed electronic properties otained on the cleavedb surfaces of Pb-Bi2212 single crys-
the substitutional impurities have not been examined yet. tals for different bias voltages at 4.3 K. As previously re-

Here, we report STM/STS measurements of heavily Pbported, the Pb-Bi2212 crystals used in this study show
doped Bi2212 single crystals, focusing on local electronidamella-type phase separation into a modulatgghase and
structures around the impurities. Bias-dependent STM results modulation-free8 phasé®®12 The STM images in Fig.
confirmed that Pb atoms and(S#g)-site impurities could be 1(a) were taken on ther phase region with a modulation
imaged selectively by setting the bias voltage appropriatelystructure along theb axis with a periodicity of ~6 nm,
Based on the STS spectra obtained, which is a measure wfhich is highly elongated compared to pure Bi2212 due to
local density of stategLDOS), we discuss the effects of the Bi/Pb substitutiof®2 In the images obtained using
these impurities on the superconductivity, and their eleciower bias voltages, a square lattice network of Bi atoms is
tronic roles in the band structure of Bi2212. visible together with several brighter atoms. As described in
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FIG. 1. STM images of Pb-Bi2212 taken at
(a) positive and(b) negative bias voltages as in-
dicated in the each image at 4.3 K. The tunneling
current was fixed at 0.4 nA.

the previous repofithese are identified as Pb atoms substi-Ca site, which is located approximately 0.3 or 0.6 nm, re-
tuted into Bi sites. At higher bias condition¥s,mp{Vs)  Spectively, beneath the top BiO layer. The population of
>1.4V, in contrast, new brighter spots suddenly appearS{(Ca site impurities is estimated to be 3%, which is
Their corrugations are enhanced \asis increased further, much lower than that of Pb atoms replacing the Bi sites,
while the contrast of Pb atoms is essentially unchanged iMhich is 20%-249%. o
the empty-state images. In order to determine how the two types of impurities
Figure Xb) shows filled-state STM images obtained with Medify the electronic structure of Bi2212, we performed

: A ; ; ; TM/STS measurements over an energy range of £2 V at
negative bias voltages, with the imaged region selected to b ; .
identical to that shown in Fig. (&). At V,=-0.1V, the -3 K. Figure 3a) shows an S.TM image taken at 1.8 V and
s § onductance maps at varioug; values ranging from

square lattice pattern consisting of Bi and Pb atoms is nearl ; D Y9
identical to the pattern at positive bias. Interestingly, how-lgc():‘:;'I E;)egsliis\gfvg?;fg chiis\yomet\% SApgtgndfg'gggﬁnthf
ever, the contrast of the Pb atoms is significantly increased %?onductanc)é maps at.<1.2 i/ reveail an almost hom’oge-
higher |VJ. We h_ave checked _and verified that the blaTs'neous LDOS. Ay is increésed from 1.2 V, however, round
dependent STM images described above are reF)mduc'blgtructures with elevated LDOS begin to evolve, and their

even after cycling/s, between +2.0 and -2.0 V. ' . . :
Figure 2 shows narrow-scan STM images taken at thre(lgo;(;’;\tg()i?]sthaer%_:_nMgi(r)no;jgsgreement with those of the bright

different values ofVs. WhenVg is set to +1.8 V, an atomic
structure with a large corrugation, marked by an open circle,
appears at the center of the imadeg. 2(b)]. On the other
hand, this structure is completely missing in the images ob-
served with small or negativé,, as shown in Figs. (@) and
2(c), for aV value of 0.1 and -1.8 V, respectively. By com-
paring Figs. 2a) and 2b), it is evident that the atomic struc-
ture emerging aV,=+1.8 V is located at the center of a
square connecting four Btb) atoms. Considering the crystal
structure of Bi2212, we tentatively conclude that this struc-
ture originates from impurities or defects occupying the Sr or

(2) 0.1V (b) 1.8V (c)-1.8V

FIG. 3. Differential conductance images of Ph-Bi2212(at
positive and(b) negative bias voltages at 4.3 K. The differential
FIG. 2. Narrow-scan STM images of Pb-Bi2212 at 4.3 K. The conductance values were normalizedat+0.2 V and(b) -0.2 V.
tunneling conditions werda) Vs=0.1V and1;=0.5 nA, (b) Vg Tunneling conditions weré¢a) Vs=1.8 V andl;=0.4 nA, and(b)

=1.8 V andl;=1.0 nA, and(c) Vs=-1.8 V andl;=0.6 nA. Vs=-1.8 V andl{=0.6 nA.
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speculate that the impurity states around +1.7 eV are caused

@ % (b)l ! by Bi®* ions substituting for S sites.
g ] Next, we consider the tunneling conductance near zero
% f‘ % bias. In Fig. 4a), no superconducting energy gap can be
resolved because of insufficient energy resolution. The inset

.éO

0 0.1
Vsampte [V] in Fig. 4@ shows the superconducting density of states ob-

tained for the impurity site with better energy resolution
AE~1 meV. A superconducting gap structure with\ 2
~70 meV is clearly seen from the figure, but there is no
] A s e st L S S s s sty conductance peak arising from quasiparticle scattering near
20-15-1.0-05 0 0.51.0 1.5 2.0 -2.0-1.5-1.0-0.5 0 0.51.0 1.52.0 the Eermi Ievel, Contrary to the STM/STS observations of
Vsample vl Vsample [Vl . . . .
Zn- (Ref. 13 and Ni-doped Bi2212 single crystdtsin Fig.

FIG. 4. Tunneling spectra obtained for various impurity sites4, we set the energy resolution to 1 meV, which is suffi-
imaged as shown in Fig. 3a) Tunneling spectra taken for an ciently high to detect quasiparticle resonant peaks, as previ-
Sr(Ca)-site impurity (dotted ling. (b) Tunneling spectra taken for a ously reported® This proves that the 8Ea)-site impurity
Pb atom(dotted ling. The solid lines are “normal” spectra taken at does not act as a pair breaker.
locations far away from impurity sites. These spectra are normal- Figure 4b) shows the tunneling spectrum taken for a Pb
ized to(a) 0.2V andb) -0.2 V. The insets in@ and(b) show  atom. Again, the higher energy resolution spectrum at the Pb
high-resolution spectra around the Fermi level, obtained for thesjte reveals a well-developed superconducting gap, as shown
Si(Ca)-site impurity and the Pb atom, respectively. in the inset. It is to be noted that the spectrum at the Pb site
. (dotted ling shows an acceptorlike level at -1.4 eV, al-
Figure 3b) shows another STM/STS resuit taken at 4.3 Kr.}hough it almost overlaps with the valence-band edge. This

for negative bias voltages. The STM image recorded wit L .
V,=-1.8 V clearly resolves several Pb atoms. Again, the corc@n be qualitatively understood by assuming that covalent
responding conductance map \&t>-0.6 V/ is rather uni- P ions are substituted for trivalent Biions. We evaluated

form and does not show any specific structure around PEe Bohr radiusrq of electron(hole) orbits around donors
atoms. However, it was found that LDOS around the PH@cceptorsby fitting an exjg—r/ro) function to the conduc-
atoms is significantly enhanced when the bias voltage watance images around the isolated impurities. The resulgant
lower than -0.6 V. values are approximately 0.3 nm for both the Sr site impuri-
Figure 4a) compares a typical tunneling spectrum ob-ties and Pb atoms, which is about one order of magnitude
tained for a SiCa)-site impurity (dotted ling with a “nor-  smaller than the, values in conventional semiconductors
mal” spectrum obtained at a location far from the impurity such as Si and Ge. This indicates that the impurity states
site (solid line). The former clearly shows a localized impu- observed in this study are extremely localized due to a rela-
rity state around +1.7 eV above the Fermi level, as indicatedively small dielectric constant or a large electron mass.
by the arrow, which is thought to behave as a deep donor In summary, we determined the local electronic properties
below the conduction band, similar wtype-doped semi- of substitutional impurities located in the blocking layers
conductors. This strongly suggests that the impurity ionsn high-T, cuprate Bi2212 single crystals, using low-
substituting for S¥* or C&* sites possess a valence highertemperature STM/STS measurements. THE&Fsite impu-
than +2. It is well known that Sr sites in Bi2212 are oftenrities were found to form localized donor states at 1.7 eV
replaced by excess Biions, as expressed by the chemicalabove the Fermi level, while acceptorlike states appeared at
formula Bh.Sr,-«CaCyO,, because the additional positive —1.4 eV near the valence-band edge as a consequence of
charges introduced by the BiSP* substitution substan- Bi/Pb replacement. These suggest to us the chemical view
tially stabilize the crystal structuf®-” The excess Bi Wwherein BF*, substitutes for $¢, and PB* for Bi**. In ad-
amountx is typically ~0.17 which is in good agreement dition, both states showed little influence on the LDOS near
with the population of SCa)-site impurities, ~3%, esti- the Fermi level, indicating that they do not behave as pinning

mated from the STM images in this study. Therefore, wecenters.
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