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Scanning tunneling spectroscopy is used to study the dispersive wave
vectors of the local-density-of-states modulations in near-optimal
BizSr2 CaCuz0s46. Atomic-resolution energy-resolved spectroscopic images
are acquired in a 650 A field of view on the BiO cleave surface of these
crystals at 4.2 K. Fourier transforms are used to measure the wave vec-
tors of spatial modulations in the local density of states. At sub-gap en-
ergies, up to 16 inequivalent sets of dispersive wave vectors are observed.
When analyzed within a model of quasiparticle scattering-induced interfer-
ence between a characteristic “octet” of states in momentum-space, they
yield an estimate of the Fermi-surface location and the energy gap |A(k)]
in agreement with angle-resolved photoemission spectroscopy. At energies
approaching the gap-maximum, the local-density-of-states modulations be-
come intense, commensurate with the crystal, and localized by the apparent
nanoscale domains. This may indicate that the lifetimes of the k = (7T/a0, 0)
quasiparticles are determined by nanoscale disorder scattering.

PACS numbers: 74.72.—h, 68.37.Ef

1. High-7. superconductivity

The parent compounds of the cuprate high temperature superconductors
are antiferromagnetic Mott insulators. These crystals contain 2-dimensional planes
consisting of square CuO2z unit cells with dimension ag ~ 3.8 A. Standard band
theory would predict a metallic half-filled electronic band. However, these materials
are antiferromagnetic insulators with a = 3 eV energy gap due to strong correla-
tions. New electronic states are created in this gap when the materials are doped
using different valence atoms. A schematic phase diagram of the cuprates is shown
in Fig. 1. The maximum critical temperature 7. of any cuprate superconductor
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Fig. 1. A schematic representation of the hole-doped copper-oxide phase diagram
adapted from Ref. [1].

1s & 150 K and this T.-maximum occurs at a hole-doped carrier concentration of
0.16 & 1 holes per CuO; plaquette. Among the key challenges to understanding
the cuprates are the identification of the electronic ground states and associated
excited states, for each part of this phase diagram.

2. BizSI‘zCaCUQ Og+5

A widely studied cuprate is BiaSroCaCusOg4s (Bi-2212). Tts maximum Tz is
near 95 K. The unit cell structure contains two Bi—O planes which are charge neu-
tral and weakly mechanically coupled. This means that BisSroCaCu20s44 can be
easily cleaved between these two planes to reveal a BiO surface. The quality and
reliability of this cleaved BiO surface has resulted in its wide use for angle-resolved
photoemission spectroscopy (ARPES) studies [2-4]. For the same reasons this sys-
tem has also been used for STM studies. Figure 2B and C show typical topographic
images of this BiO surface taken from our studies.

On these surfaces the Bi atoms are clearly seen. In addition, there is a cor-
rugation of & 26 A period occurring at 45° to the Cu-O bonds. This is the man-
ifestation at the BiO surface of the three-dimensional crystal supermodulation.
Nanoscale electronic disorder [5, 6] is also manifested as the few nm length scale
light and dark patches where the tip moves forward and backward apparently to
compensate for variations in integrated density of states.

3. Bi-2212 momentum-space electronic structure and ARPES

Angle-resolved photoemission has been used with great success to study the
cuprate electronic structure [2—4] especially in Bi-2212. In this technique, the elec-
tronic spectral function A(k,w) is determined from the intensity of photoemission
at momentum transfer p = hk and energy transfer w. Using ARPES, the loca-
tion of the Fermi surface [7, 8], and the magnitude of the energy gap in k-space
|A(K)| [9—12] of Bi-2212 have been determined.
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Fig. 2. (A) A schematic representation of the Bi-2212 unit cell. (B) A 250 A square
topographic image of BiO layer. (C) A 65 A square topographic image of BiO layer.
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Fig. 3. (A) A parameterization of the superconducting electronic band-structure as

deduced from ARPES. (B) Measured structure of the anisotropic energy gap along the

Fermi surface.
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In Fig. 3A we show as solid lines the locus in momentum space of quasi-
particle states with different energies ranging from £ = —100 meV (below the
Fermi level) to E' = 4100 meV. For energies less than the gap maximum Ay,
these “contours of constant energy” are banana shaped. This parameterization of
the electronic structure in momentum-space has been deduced [2, 3] from ARPES
experiments on the filled states of Bi-2212.

In Fig. 3B we show the magnitude of the superconducting energy as a func-
tion of momentum-space location along the trajectory of the normal state Fermi
surface (see Ref. [3] for details). From it we see that there are four nodes in the
gap at the intersections of the 1st Brillouin zone diagonals and the normal-state
Fermi surface.

4. Scanning tunneling spectroscopy techniques

In STM-based tunneling spectroscopy, the tip—sample differential tunneling
conductance ¢ =dI/dV is measured over a range of sample bias voltages V. The
result, g(V'), is proportional to the local density of states, LDOS(FE) at energy
E = eV. For asystem with perfect d-wave BCS superconductivity with momentum
dependence of energy gap as shown in Fig. 4A | the expected tunneling spectrum at
a single point on the surface is shown in Fig. 4B. Figure 4C is the typical spectrum
observed on optimally doped Bi-2212 samples and is in reasonable agreement with
expectations.
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Fig. 4. (A) The momentum-space structure of a d,2_,2 energy gap. (B) Differential
conductance spectrum expected for a pure d,2_,2 energy gap. (C) Measured differential

conductance spectrum on the BiO surface of Bi-2212.

LDOS-mapping is the process of measuring of g(E) as a function of location
7 in a given field of view (FOV) to yield g(r, E) and thus energy-resolved local
density of electronic states images LDOS(r, F). If these LDOS images have a
large enough FOV and have high enough spatial resolution, they can be Fourier
transformed to determine the g-vectors associated with any spatial modulations
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of the LDOS. This is referred to as Fourier transform scanning tunneling spec-
troscopy [13] (FT-STS) and has recently been introduced to studies of the high-T¢
cuprates [14]. In this technique, the wavelengths A (or wave vectors ¢ = 2w/X) of
spatial modulations in g(r, E') are identified by measuring the g-vectors of local
maxima in g(q, F), the Fourier transform magnitude of g(r, F).

5. Data

We carried out measurements [15] of g(r, E) in a ~ 650 A FOV spanned
by 5122 pixels (or a spatial resolution of 1.3 A) The sample-bias modulation is
2 mVgums. In Fig. ba we show the topographic image, in 5b an example of g(r, F),
and in Hc—h the magnitude Fourier transform g(q, E') of each g(r, F) at the labeled
energy.

6. Measuring the locus of scattering

To motivate an understanding of these data, we considered a simple model
based upon the electronic band structure. In Bi-2212 four nodes exist in the
superconducting gap A(k) (Fig. 3B) and, below the gap maximum Ag, the re-
sulting contours in k-space along which quasiparticles exist at a given energy
are “banana’-shaped (Fig. 3A). The quasiparticle density of states at energy
F =w, n(E = w), is proportional to

/E L TP, (1)

where the integral is performed over the contour F(k) = w. Each “banana” evi-
dently exhibits its largest rate of increase with energy, |ViE(k)|~!, near its two
ends. Therefore from Eq. (1), the primary contributions to n(E) come from the
octet of momentum-space regions centered around the points k;(E); j =1,2,...8,
at the ends of the “bananas”. An example of such an octet is shown as circles in
Fig. 3A and as dots in Fig. 6A.

In the presence of disorder, quasiparticles will be elastically scattered. A
quasiparticle located in momentum-space near one element of the octet is then
highly likely to be scattered to the vicinity of another element of the octet, because
of the large density of final states there. Within this simple heuristic model, pairs
of states at these momentum-space locations would then generate the most intense
LDOS modulations.

At energy F, the wave vectors ¢;(F) of these modulations would then be
determined by all possible pairs of points in the octet k;(F). By considering one
k; in a representative octet in Fig. 4A we see that there are seven characteristic
scattering wave vectors ¢;(F); i = 1,2,...7. This “octet”-model then predicts a
total of 8 X 7 = 56 scattering wave vectors and, of these, 32 constitute a complete
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Fig. 5. (a) The topographic image of BiO surface in this FOV, (b) an example of
g(7, E), and (c-h) the calculated g(q, E)for the labeled energies.
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set of inequivalent wave vectors — 16 pairs of which could be detected by FT-STS
studies of Bi-2212.

Figure 5 shows that there are indeed numerous (up to 12 easily observable)
inequivalent local maximain g(q, £') as one would expect within the “octet”-model.
By comparing the locations of these maxima at different energies, one can see that
the g-vectors do indeed disperse in different directions. In Fig. 6B we show the
magnitudes of each of these interference wave vectors as measured from a complete
set of data of the type in Fig. 5.
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Fig. 6. (A) Representative set of seven scattering vectors ¢;(E) of the “octet” model.
(B) Measured dispersion for each of these g-vectors q; to ¢, (excluding ¢, which we

find difficult to observe).

Theoretical prediction of quasiparticle interference in high-7¢ superconduc-
tors was made early in the literature [16]. More recent theoretical calculations
[17-19] have confirmed the model that, at each energy, there will be up to 16
inequivalent sets of peaks in |g(¢,w|, and each peak disperses with energy con-
sistent with the quasiparticle dispersion E(k). The data in Figs. 5 and 6 are in
good qualitative agreement with these predictions. For example, between
—6 meV > w > —30 meV, the locations of & 50 different ¢;(w) can be identi-
fied as the wave vectors disperse.

From these data alone, the Fermi surface location kg and energy-gap A(k)
can be estimated by assuming that each the measured ¢;(w) are given by connect-
ing vectors of the “octet” kj(w) at that enmergy. The result of ks(w) for
6 < |w| < 30 meV is shown as open circles in Fig. TA. We interpret it as k-space
trajectory of the ends of the energy-contour “bananas” or, in other words, the
normal-state Fermi surface. In addition to the Fermi surface we also estimate the
energy gap function A(k). For a given w = eV we measure the associated kg thus
yielding w(ks). Within the heuristic octet model, this is the superconducting en-
ergy gap A(kg) along the Fermi surface. We parameterize the location along ks by
using the angle 05 about the (7, 7) point. To compare the ks(w) and A(fy) from
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Fig. 7. (A) The locus of scattering measured from the data in Fig. 6B is shown as open
circles. The ARPES-determined Fermi surface is estimated to be in the region of the
gray band. (B) The FT-STS-derived momentum-dependent superconducting energy gap
is shown as open circles while the ARPES-derived momentum-dependent energy gap is
shown in open squares. They are in good agreement away from the antinodes where the

interference patterns are not detectable.

FT-STS with those from ARPES, we plot the ARPES-determined Fermi surface
as the gray band in Fig. 7A and the ARPES-derived A(f;) in Fig. 7B as open
squares.

The good agreement between these results derived from two totally different
spectroscopic techniques, is a key result of this research project. The ARPES and
STS results for Bi-2212 are demonstrably consistent with each other. Because the
matrix elements for photoemission and tunneling are quite different, this agreement
strengthens our confidence in both techniques. Furthermore, proposals that the
widely reported [5, 6, 20-26] nanoscale electronic disorder in Bi-2212 might be
due to surface damage not present in ARPES studies cannot be correct. This is
because the momentum-space electronic structure as determined independently by
both techniques is quite consistent. It therefore seems that STM and ARPES data
are both correct and new theories are required for them to be reconciled with each
other.

7. Gapmap and antinodal quasiparticles

Nanoscale disorder in the differential conductance spectra of Bi-2212 has
been known for more than a decade [20, 21]. The first comprehensive atomically
registered studies of the spatial arrangements in Bi-2212 tunneling spectra [22]
were analyzed in terms of atomically-resolved maps of the superconducting energy
gap 1in space or “gapmaps’. These revealed several previously unknown charac-
teristics including a 3 nm length scale characteristic patches within which the
spectra remain quite uniform in gap magnitude but variable in amplitude. This
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phenomenology has by now been verified and explored by a wide range of new stud-
ies. These include studies of thin films [23], the relationship of topographic disorder
to gapmap [5], effects of underdoping [6, 24], effects of temperatures above T, [25],
and effects of Pb-doping [26]. The essential characteristics of this nanoscale elec-
tronic disorder of Bi-2212 is therefore highly repeatable and independent of sample
preparation, cleave history, and STM/S instrumentation or technique. However,
no microscopic explanation for these phenomena has so far been identified.

In Figs. 8 and 9 we show results from experiments relevant to this question.
In Fig. 8A the gapmap measure in a &~ 14 nm FOV on an as-grown Bi-2212 surface
is plotted using the color scale shown. It is quite consistent with those reported
by other workers for as-grown samples. In Fig. 8B is the LDO.S map measured in
this exact FOV at ' = 24 meV. It is shown in a color-code so as to emphasize that
wherever a 24 meV gap magnitude is seen in Fig. 8A | a concomitant region of high

A(meV)

Fig. 8. (A) The gapmap measure in a 14 nm FOV on an as-grown Bi-2212 surface.
(B) The LDOS map measured in this exact FOV at £ = 24 meV. It is so color-coded to
emphasize that wherever a 24 meV gap magnitude is seen in (A), a concomitant region
of high LDOS is seen in (B). (C) The LDOS map taken at 36 meV. Again, wherever
a 36 meV gap magnitude is seen in (A), a concomitant region of high LDOS is seen
in (C). (D) The LDOS map taken at 54 meV. Wherever a 54 meV gap magnitude is
seen in (A), a concomitant region of high LDOS is seen in (D).
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Fig. 9. (A) Fourier transform of LDOS map at £ = 36 meV which is & A for
this sample. It is dominated by disorder at long wavelengths and intense peaks at ¢ =
(27/a,0) and ¢ = (0,27 /a).

LDOS with very short length scale modulations is seen in Fig. 8B. Similarly, the
LDOS map taken at 36 meV in Fig. 8C (54 meV: Fig. 8D) has intense modulations
of the same wave vector but now only where a 36 meV (54 meV) gap magnitude
is seen 1n Fig. 8A.

The transition from the long range LDOS-modulations in Fig. 5 to the very
short range modulations in Fig. 8 occurs because, in real space, a rapid shortening
of the range L DOS-modulations occurs as w approaches Ay, or equivalently as k;
approaches the Brillouin-zone-face. Even more surprisingly, all L DO S-modulations
occurring at w = Ag (whatever the local value thereof) exhibit wave vector ¢ =
(27/ap,0) or the equivalent. One can see an example of this in Fig. 9 which is
the Fourier transform of the 36 meV LDOS map and whose predominant features
have wave vector ¢ = (27/ag,0) or equivalent.

If we assume that these phenomena are occurring because the scattering is
from k= (7/ag,0) to k = —(n/ap, 0) and equivalent, one would deduce that, since
Ay varies rapidly at the nanoscale, the energy condition for which k = (7 /ag, 0)
is satisfied at different locations for different energies. This further implies that
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local microscopic quasiparticle dispersions of antinodal quasiparticles differ on the
nanoscale. This would be consistent with nanoscale carrier density variations [5].

8. Future

Key unresolved issues in FT-STS of Bi-2212 include: (1) whether the LZDOS-
-checkerboard at the vortex core [27] is due to quasiparticle interference or to
stabilization of another order parameter via suppression of superconductivity, and
(2) how the relatively simple quasiparticle interference effects in near-optimal sam-
ples described herein, evolve with diminished doping as the material approaches
the transition into the pseudogap region. New FT-STS experiments are required
to address these issues.
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