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Effects arising from the intercalation of excess oxygen in Bi—O layer has been observed at room
temperature using atomic force microscopy. The excess oxygen is incorporated by oxygenating the
pure sample. The oxygen is trapped between the alternating Bi—O layers along the b direction. This
leads to a change in the local interatomic bond length along the b axis, while the periodicity
remained invariant along the a axis. In addition, in-plane atomically resolved structure of single
crystal has been imaged at room temperature using AFM. The lattice spacings indicate that the
observed structure corresponds to the in-plane bismuth and oxygen positions. Furthermore,
high-resolution scanning tunneling spectroscopy measurements show that oxygen doping increases
the Bi—O layer density of states near the Fermi level giving rise to metallicity, whereas the pure
sample reveals a semiconducting energy gap in the tunneling spectrum. © 7995 American Institute

of Physics.

Scanning tunneling microscopy (STM)/scanning tunnel-
ing spectroscopy (STS) have been extensively applied to the
studies of high temperature superconducting materials
(HTSC).'® In particular, the cleaved surface of
Bi,Sr,CaCu,0g ,, (BSSCO) single crystal has been most fre-
quently subjected to STM/STS studies,”™ revealing the
b-axis modulations superstructure and possible insulating na-
ture of the surface Bi—O mono—layer.“’5 In STM, the tunnel-
ing current is proportional to the integral of the density of
states (DOS) from E to the bias energy eV, . Therefore, the
STM image is sensitive to the DOS. Most of the studies™
indicate that the ordered square spots in the STM image are
bismuth (Bi) atoms. The reason why oxygen is not seen un-
der the STM can then be attributed to the relatively small
contribution to the local DOS near the Fermi level from the
O 2p orbitals.”® In contrast to this, atomic force microscopy
(AFM)*'© has recently been developed as a new technique
for extending the high resolution capabilities of STM. In
AFM, the images were obtained by mapping interatomic
forces between the AFM tip and the surface of the sample.
Usually, it can be considered that interatomic forces have
two components: one originates from interaction between ion
cores and the other is associated with valence electrons. Con-
sequently, it is conceivable that AFM and STM might be
sensitive to different types of sites on the surface. This is the
primary reason behind preferring AFM by us rather than
STM to map surface topography on atomic scale. AFM can
be applied to nonconducting as well as conducting surfaces.

An important problem that has not been adequately ad-
dressed for Bi,Sr,CaCu,0g , , is to understand how the struc-
tural as well as electronic states evolve with oxygen doping,
since doping finally introduces holes into this system that
destroys the insulating state and yields a metallic state.!! For
this purpose the observation of pure and oxygen annealed
samples seems to be of great importance. To investigate pre-
cisely the effect of oxygen doping on the surface structure as
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well as the normal density of state, we have used AFM/STS.
We report the systematic room temperature measurements on
the single crystals of Bi,Sr,CaCu,0g ,, for investigating the
effects occurring in the nature and the properties of the Bi—O
layer on the crystal surface.

Single crystals of Bi,Sr,CaCu,0g, were grown by the
flux technique. Such crystals have a smooth Bi—O plane
along which cleavage is easy. For our AFM we used Nano-
Scope 11, Digital Instruments, USA. Imaging was done in air.
Scanning was done in constant force mode. Images consist
of 400 scan lines of 400 pixels each. Typical image acquisi-
tion times were 150—200 s per image. The AFM images were
taken using a commercial Au-coated 100 wum triangular
SizN, cantilever (force constant~0.6 N/m). The apparatus
was enclosed in an airtight box for reducing the noise due to
air turbulence.

For STS observation, initially well-resolved images of
Bi—O layer were obtained in the STM mode and subse-
quently the instrument was switched into the STS mode
through the software program. Thus, /-V and dInT7/dIn V
for a particular layer could easily be acquired as a function of
bias voltage (V). Current (I) versus voltage (V) curves were
acquired by interrupting the feedback loop and then ramping
the sample-tip bias voltage while digitally storing I(V). The
I-V data shown in the figures represent an average of 30—40
curves obtained at the selected surface site.

Figure 1(a) displays a typical two-dimensional perspec-
tive view of an atomically resolved Bi,Sr,CaCu,0y ,, single
crystal scanned over an area of 6 nmX6 nm. It is well known
that these crystals cleave preferentially along the weakly in-
teracting Bi—O/Bi—O double layers to yield a stable, unre-
constructed Bi—O surface that is ideal for surface-sensitive
investigations.'>!® The surface viewed in the AFM image is
the Bi—O plane. This is in fact also clear from the inter-
atomic distances shown in Fig. 1(b) which is a cross section
profile along a line shown in Fig. 1(a). This is equal to 2.4
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FIG. 1. (a) Top view of 6X6 nm AFM image of BSCCO single crystal
obtained using constant force mode. The structure in the image has tetrag-
onal symmetry with a spacing of 2.4+0.02 A between surface sites. Hori-
zontal streaks are due to a vibrational noise. (b) AFM line scan taken across
the line shown in (a). Distances between markers are given in nanometers.

+0.02 A and is in agreement with the reported Bi—O spacing
in the (001) basal plane. These spots define a square lattice
that is consistent with the tetragonal symmetry of the crystal.

In the narrow scan images of Bi,Sr,CaCu,Og.,, we
have observed the atomic chains running along the [010]
direction of the corresponding perovskite cell. These chains
have a lateral sinusoidal modulation that can be seen in Fig.
2. The distorted structure of the 2212 phase is therefore a
typical example of the “incommensurate superstructure.”

FIG. 2. Narrow scan image that shows the one-dimensional superlattice
modulations with a period of 2.5 nm. This image was acquired by recording
the Z piezo feedback voltage necessary to keep the force between the sur-
face and the tip constant (constant force mode).
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FIG. 3. 4X4 nm AFM 3D image of an oxygen-annealed BSCCO single
crystal showing intercalation of excess oxygen atoms between alternating
Bi—O layers. Bright regions represents maximum height from the surface.
The arrows indicating the location of excess oxygen.

Similar TEM'*"> and STM?*~® observation on modulated
structure have been reported earlier. The modulation ob-
served in our case is long-range order and it extends up to
600—650 A comparable to that observed by Kirk ef al.? The
sample studied exhibited this type of modulation effect along
one direction (say b axis) and little or no effect in the per-
pendicular direction (i.e., a axis). The mean value of the
modulation period which is of sinusoidal form is found to be
2.5 nm, which compares well with the reported modulation
length of 2.6 nm for a pure BSCCO-2212 sample,z‘4 thus
indicating that the cleaved surface is the Bi—O plane.' Its
origin has been ascribed to the atomic mismatch between the
rock salt structure of the double Bi—O/Sr—O layers and the
perovskite structure formed by the other cations.'®!”

The AFM image taken on the cleaved surface of oxygen-
ated BSSCO at room temperature is illustrated in Fig. 3. In
this figure, one can clearly see the long-range ordering re-
sulting from the oxygen insertion. The oxygen is trapped
between the alternating Bi—O layers along the b direction
(indicated by arrows in Fig. 3). As may be noticed, the rows
of interstitial oxygen atoms running along the a axis (Fig. 3)
lead to a change in the local interatomic bond length along
the b axis, typically the Bi—O distance along the b axis of the
pertinent subunit cell was found to increase from 2.4+0.2 to
3.2+0.04 A as depicted in Fig. 4(b), while the periodicity
remained invariant at 2.4+0.02 A along the a axis [Fig.
4(a)]. Figure 4 was obtained in the section mode of the
NanoScope with the cursor lines aligned, respectively, on the
single atomic rows in the two directions.

Apart from observing the intercalation of excess oxygen
after alternating Bi—O layers, the modulation period seems to
be slightly reduced in oxygenated samples in comparison to
that of as-prepared samples. This effect may be due to the
peculiar characteristics of the double Bi—O layers, i.e., Bi—-O
bond length within the plane is smaller in comparison to
their relatively large interlayer spacing. As a consequence,
these layers serve as an effective sink for excess oxygen,
which results in releasing the strain arising from a mismatch
in the perovskite layers!” and lowers the modulation length.
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FIG. 4. Variation in bond length of Bi—O resulting from the insertion of
excess oxygen atoms: (a) periodicity of 2.4 A is invariant along the a axis as
indicated by markers; (b) enhancement in the bond length along the b axis
after insertion of excess oxygen atoms resulting from oxygenation of pure
crystals.

This is in accordance with the results obtained using
HRTEM by other workers.'s!°

In Figs. 5(a)-5(d) we plot the I and d In I/d In V versus
bias voltage V data obtained on the as-prepared and oxygen-
ated samples, where d In I/d In V is proportional to the local
density of states independent of the tip sample distance.”
The spectroscopic data were taken at a large bias voltage that
corresponds to a relatively large tip-sample separation and
thus the results should be representative of the Bi—O layer
DOS without the contribution from the CuO, layer.>'* An
important result is evident upon comparing the two data of
I-V characteristics near E for the pure and the oxygen-
annealed samples. The first one exhibits extremely low cur-
rent within =330 mV of E; and a sharp increase beyond
these points, while the latter shows a smooth increase in 7
for even low voltages. Since the tip-sample separation is the
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FIG. 5. STS spectra of a cleaved surface of BSCCO single crystal.
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same in both the experiments, it is unlikely that this differ-
ence is due to a distance scaling effect.

The DOS profile of the normalized conductivity (V/I)/
(dIldV) shows that there is a 230 meV gap in the Bi—O layer
for the pure sample [Fig. 5(c)]. This indicated that the den-
sity of states at Ey is negligibly small, suggesting that the
Bi-O plane is nonmetallic.*> On the other hand, the zero-
bias conductance is finite for an oxygen-annealed sample
[Fig. 5(d)], thus indicating that this layer is metallic. This
suggests that oxygen doping introduces states in the Bi—O
layer near E. One explanation for these results is that oxy-
gen doping may cause the Bi—O band to shift and cross
Ep, thereby making it metallic.>!*> Whether the impurity
states caused by oxygen or the Bi—O band crosses the Fermi
level giving rise to metallicity is still unclear.

In summary, AFM and STS have been used to elucidate
the surface as well as low-energy electron states of the Bi—O
layer before and after oxygenation of Bi,Sr,CaCu,0g,,
single crystals. Our AFM study provides further insight into
the changing characteristics of Bi—O layers induced by ex-
cess oxygen. The excess oxygen observed is primarily re-
sponsible for reduction in the modulation period in the oxy-
genated sample. Our STS measurements directly demon-
strate that oxygen doping increases the Bi—O layer DOS near
Ep, thus changing the Bi—O layer from semiconducting to
metallic behavior.
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