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Homogeneous superconducting gap in DyBa,Cu3;0;_; synthesized by oxide molecular beam epitaxy
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Much of what is known about high-temperature cuprate superconductors stems from studies based on
two surface analytical tools, angle-resolved photoemission spectroscopy (ARPES) and spectroscopic imaging
scanning tunneling microscopy (SI-STM). A question of general interest is whether and when the surface
properties probed by ARPES and SI-STM are representative of the intrinsic properties of bulk materials. We
find this question is prominent in thin films of a rarely studied cuprate DyBa,Cu;0;_; (DBCO). We synthesize
DBCO films by oxide molecular beam epitaxy and study them by in situ ARPES and SI-STM. Both ARPES
and SI-STM show that the surface DBCO layer is different from the bulk of the film—it is heavily underdoped,
while the doping level in the bulk is close to optimal doping evidenced by bulk-sensitive mutual inductance
measurements. ARPES shows the typical electronic structure of a heavily underdoped CuO, plane and two sets of
one-dimensional bands originating from the CuO chains with one of them gapped. SI-STM reveals two different
energy scales in the local density of states, with one (at ~18 meV) corresponding to the superconductivity and
the other one (at ~90 meV) to the pseudogap. While the pseudogap shows large variations over the length scale
of a few nanometers, the superconducting gap is very homogeneous. This indicates that the pseudogap and

superconductivity are of different origins.

DOLI: 10.1103/PhysRevMaterials.4.124801

I. INTRODUCTION

Cuprates with a high superconducting transition tempera-
ture (7;) are among the most intriguing strongly correlated
electronic systems [1]. They host a variety of complex elec-
tronic phases, such as d-wave superconductivity, strange
metal, pseudogap, as well as charge, spin, and nematic or-
dering [1]. Cuprates usually also display various degrees of
electronic inhomogeneity, which hampers clarification of the
underlying physics. For example, the pseudogap has been
attributed to preformed pairs or incoherent fluctuations of
the pairing field (the so-called “one-gap scenario”) or alter-
natively to some of the competing phases (the “two-gaps
scenario”); this dichotomy is still unresolved [2-5]. We ad-
dress it here by showing that in one representative high-7,
cuprate superconductivity is remarkably homogeneous at low
energy scales, in stark contrast to a heterogeneous pseudogap
observed at higher energies, suggesting that high-7, supercon-
ductivity and pseudogap are of different origins.
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Angle-resolved photoemission spectroscopy (ARPES) and
spectroscopic imaging scanning tunneling microscopy (SI-
STM) are among the most powerful techniques to study
the electronic spectra of materials. ARPES features a high
resolution in the momentum space, while SI-STM has the
highest real-space resolution and can provide direct images of
electronic (in)homogeneity. They are both extremely surface
sensitive with the probing depth on the 1 nm scale, which
makes them powerful surface analytical tools but also brings
about two problems. One is that the surface must be very
clean and flat. In practice, this is usually achieved by cleaving
bulk single crystals under ultrahigh vacuum (UHV). This, to a
large extent, limits the choice of materials to those that cleave
easily, such as Bi,Sr,Ca,_;Cu, 07,14 (BSCCO). The second
issue is that high-7; superconductivity studies are typically
focused on the intrinsic properties of bulk materials. Thus,
the ultimate utility of SI-STM and ARPES data critically
depends on whether the structure and electronic properties of
the surface layer are the same as in the interior layers (or bulk).
This is one of the key issues we answer in the present paper,
on alert whether the answer is universal for the cuprates.

Together with BSCCO, hole-doped cuprates such as
La,_,Ba,CuQO4 and YBa,Cu3;O7_s (YBCO) have played an
important role in the understanding of the various aspects
of the high-7, superconductivity phenomenon. YBCO dif-
fers from the other cuprates by its unique structure in which
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CuO-chain layers supply carriers to the superconducting
CuO; planes [6-8]. On cold-cleaved surfaces of YBCO
crystals, ARPES resolved the electronic structure of CuO,
planes similar to that in other hole-doped cuprates [9-14].
In addition to CuO; planes, the quasi-one-dimensional states
corresponding to the CuO chains were also resolved. A re-
cent study showed evidence for oxygen-deficient chains at the
surface [15]. In these surface chains, a charge density wave
(CDW) with the period corresponding to 2k (where kr is the
Fermi wave vector) was observed in x-ray [16] and SI-STM
studies [17-22], in addition to the CDW occurring in the CuO,
plane [23,24].

While being the simplest and most common, cleaving
is not the only method to prepare the samples of high-T
cuprates and other materials for surface-sensitive studies.
Atomic layer-by-layer molecular beam epitaxy (ALL-MBE)
is an advanced technique to synthesize complex materials
with atomic precision [25-27] and is compatible with surface-
sensitive analytic probes. To extend ARPES and SI-STM
studies to other REBa;Cu3;07_s (i.e., RE-123, RE denotes a
trivalent rare-earth element) materials other than YBCO, and
to avoid the problems of cleaving ionic materials, such as
the polar catastrophe and multiple surface terminations, here
we present the results on the synthesis of DyBa,Cu307_s
(DBCO) films by ALL-MBE and the in situ study by both
ARPES and SI-STM of the same film. The ARPES study
shows that the surface layer of DBCO film is heavily under-
doped because of a substantial loss of oxygen. This is contrary
to many cases in cleaved YBCO, where the surface compo-
nent of the ARPES spectrum is heavily overdoped regardless
of the oxygen stoichiometry of the bulk crystal [12,13]. In
either case, the surface layers are substantively different from
the bulk regarding to the hole doping content. The contrast
between the surfaces of the cleaved YBCO bulk crystal and
the DBCO films underscores the non-negligible effects of ma-
terial preparation, particularly relevant for surface-sensitive
probes.

II. EXPERIMENT

The DBCO film growth and the key characterizations were
conducted in the OASIS facility [28], which integrates oxide
MBE, ARPES, and SI-STM. The base pressure of the MBE
chamber is 8 x 107!° Torr. Essentially 100%-pure liquid
ozone is generated and stored in a cryogenic still and is intro-
duced into the MBE chamber through a gas injector pointing
at the sample, the end of which is close to the sample so that
the pressure of ozone is about 100 mTorr at the nozzle of the
injector. The background ozone pressure during growth is set
to 3 x 107> Torr. The sample is heated by an infrared bulb
from the back and the temperature is read using an optical
pyrometer from the front. Before the synthesis, the deposition
rate of each elemental source (Ba, Dy, and Cu) is measured by
a quartz crystal microbalance (QCM). The QCM is placed at
the same position where the sample is kept during synthesis.
The measurement is performed in ozone atmosphere at the
same background pressure as used during the film synthesis.
The substrate is 0.7% Nb-doped SrTiO; polished with the
surface perpendicular to the crystallographic [001] direction.
It has a high absorption coefficient for infrared radiation,

avoiding the back-coating process required for transparent
substrates.

The as-grown samples were transferred to ARPES and
SI-STM under UHV. The ARPES measurements were carried
out using a Scienta SES-R4000 electron spectrometer with the
monochromatized He-Ila (40.8 eV) radiation (VUV-5k). The
total instrumental energy resolution is around 20 meV for the
ARPES measurements. Angular resolution is better than 0.15°
and 0.3° along and perpendicular to the slit of the analyzer,
respectively. Most of the data were taken at 35 K, except
for the room temperature (7" = 300 K) measurements. The
SI-STM measurements were carried out at 9 K. The topog-
raphy was measured in the constant-current mode typically at
3 G2 junction resistance (Vpizs = 150 meV and I, = 50 pA).
The differential conductance maps g(r, E) were obtained by
the standard lock-in technique at 875.5 Hz with 4 mV bias
modulation on a 200 x 200 pixels grid within 150 meV energy
range with a spectroscopic setpoint typically at the same 3 G2
junction resistance.

After in situ characterizations in ARPES and SI-STM, T,
of the sample was measured ex situ in mutual inductance [29].
The sample was cooled down continuously from the room
temperature to 7 ~ 4 K. The inductance coils have a large
number of turns (300 for driving coil and 900 for pick-up
coil, respectively) but a very small inner radius (250 um for
driving coil and 500 pum for pick-up coil), much smaller than
the film size (5 x 10 mm?), so that the field leakage around
the film is minimal. The frequency of the driving current
is 40 kHz. In superconducting films, the half-width-at-half-
maximum (HWHM) (6T) of the peak in ImM(T'), can be
taken as a measure (an upper bound) to the spread of 7, in
that film. For example, if the film contains two large lateral
domains with T;; and T,, respectively, that differed by more
than this 57, one would see two resolved peaks. If there were a
continuous (or a discrete but dense) spread of T, in the interval
T\ < T. < T,, one would see one peak in ImM (T') but broader
than 7, — T.

After the measurement of 7, the cross-section profile
of the film was imaged by scanning transmission electron
microscopy (STEM) with the JEOL ARM200CF electron mi-
croscope which is equipped with two aberration correctors, a
cold-field electron source and a direct electron detector.

III. RESULTS

A. Synthesis of DBCO films by MBE

The crystal structure of DBCO is shown in Fig. 1(a).
The parent antiferromagnetic compound with oxygen vacancy
8 = 1 has a tetragonal structure without oxygen in the chain
layers, whereas the Cu dy,_,, orbitals in the CuO, planes
are occupied with exactly one electron, resulting in a charge-
transfer insulator. As O(1) vacancies are filled, CuO chains
build up gradually, the structure becomes orthorhombic, the
hole content (p) in CuO, planes increases, and at p = 0.05
superconductivity emerges [30,31].

The difficulty of synthesizing DBCO by ALL-MBE orig-
inates in the existence of many competing impurity phases.
The appearance of unwanted secondary-phase precipitates de-
pends strongly on the growth temperature and can be triggered
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FIG. 1. Structure of a DyBa,Cu3;0;_s (DBCO) film. (a) The unit cell of DBCO (8 = 0 in this model). (b) A LEED pattern of the DBCO
film after the synthesis, taken at electron beam energy of 67 eV. (c) Atomic models of CuO chains ordering with different oxygen deficiency 8
in the CuO-chain plane. (d)—(f) RHEED patterns captured at electron beam energy of 30 keV: (d) after the synthesis before cooling down; (e)
in the middle of cooling down around 400 °C; (f) after cooling down and with ozone shut off. (g) A cross-section profile of the DBCO film by
aberration corrected STEM. The inset shows the zoomed-in image of the area marked with the red rectangle, with the unit cell model placed
on top as a guide for atom identification. The interface between the Nb-doped SrTiO; substrate and the DBCO film is marked by the yellow

dashed line.

by even slight off-stoichiometry of the elements. Therefore,
the optimization of the growth parameters and real-time con-
trol of the shuttering of atomic-beam sources are crucially
important. Once the optimal conditions are established, the
atomic layer-by-layer growth of DBCO is manifested by the
periodic intensity oscillation of reflection high-energy elec-
tron diffraction (RHEED) patterns, matching the periodic
growth for each unit cell. The growth sequence, shutter tim-
ing, and characteristic RHEED patterns corresponding to the
shuttering of different elements are presented in Fig. S1 in the
Supplemental Material [32]. The RHEED pattern of a 20-unit-
cell-thick film recorded right after the synthesis at the growth
temperature >600 °C [Fig. 1(d)] shows sharp diffraction rods.
The distance between the main streaks corresponds to the
in-plane lattice periodicity (~0.39 nm) of epitaxial DBCO
films on SrTiO3 substrate. The atomic layer-by-layer growth
is confirmed by the cross-section profile of this film [Fig. 1(g)]
characterized ex situ by STEM, in which the atomic structure
is clearly resolved and matches well with the atomic model
[Fig. 1(a)] except for few stacking faults.

The same film was measured ex sifu by mutual induc-
tance [29] and the results are shown in Fig. 2. The imaginary
part of mutual inductance, ImM (T'), shows a peak that upon
cooling onsets at 7. ~ 79 K, the temperature at which the
DC resistivity has dropped to zero. The transition is very
narrow, giving rise to a sharp peak in ImV, [Fig. 2(b)]. The
corresponding HWHM of that peak, 67 = 0.5 K, can be taken
as a measure (an upper bound) to the lateral spread of 7. in that
film. In the DBCO film under study, 7, is homogeneous at the
level of +£0.3% over the length scale of several millimeters.

According to the early studies of different members of
the RE-123 family of materials, 7, depends very little on the
choice of the specific rare-earth element [33] and a compari-
son to the well-studied phase diagram of YBCO is possible.
Accordingly, the present film is underdoped, but p is not far

IMV, (V)

L i i 0 "
40 60 80 100 40 60 80 100
T(K) T(K)

FIG. 2. Superconductivity and determination of 7. of the DBCO
film by mutual-inductance measurements. (a) The real component
of pick-up signal V,, the voltage across the pickup coil, showing
diamagnetic screening (the Meissner effect) when the film becomes
superconducting. Inset is the schematic of the experimental setup,
where the driving coil is under the substrate and the pick-up coil is
above the film. (b) The imaginary part of V,, indicating that 7, =~
79 K, with the transition HWHM of ~0.5 K. The metallic Nb-STO
substrate has a slight diamagnetic screening effect, which causes the
slow ramp of ImV,, above the superconducting phase transition of the
DBCO film.
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FIG. 3. Fermi surface and band dispersions of the DBCO film. (a) Fermi surface map showing both CuO,-plane and CuO-chain features
(the map is symmetrized with respect to k, = 0). The first Brillouin zone is marked with the dotted square. The intensity bar shown at the
right bottom applies to all panels. (b) Iso-energy surface at E = Er—65 meV, showing the two sets of CuO-chain states originating from the
subsurface (green arrows) and the surface (blue arrows). (¢) and (d) Energy-momentum dispersions along the momentum cuts 1 and 2 in (a),
respectively, taken at T = 35 K. Fermi level is set to 0 eV for (c)—(h). (e) and (f) Energy distribution curves (EDCs) corresponding to cuts 1
and 2, below and above T, as indicated. EDCs corresponding to cut 2 shows suppression of intensity near the Fermi level due to the pseudogap
of CuO; planes. (g) and (h) Energy-momentum dispersions along momentum cuts 3 and 4, respectively, showing dispersions of two sets of
orthogonal CuO-chain bands. The set of chains states indicated by blue arrows shows a gaplike feature with the suppression of intensity near

the Fermi level.

from the nominal optimal doping level of p ~ 0.16, especially
when one takes into account the suppressing effect of epitaxial
strain on superconductivity of DBCO films [34].

To assess the surface quality before the ARPES and SI-
STM studies, the same film was characterized by low-energy
electron diffraction (LEED) at room temperature [Fig. 1(b)].
The pattern of the diffraction spots confirms the quasisquare
lattice at the surface. Some surface reconstructions were de-
tected by RHEED during the cooling down of the film in
ozone atmosphere. Figure 1(e) is the pattern captured at an
intermediate temperature, around 400 °C, where the intensity
of streaks in the middle of the main streaks gets enhanced,
indicating a strong twofold reconstruction of the surface struc-
ture. This characteristic pattern persists for a while as the
temperature is decreased further and then disappears at around
300 °C, with the main streaks and a very weak residual trace of
twofold side streaks remaining after cooling down [Fig. 1(f)].
According to the growth sequence (Fig. S1), the top Cu-O
layer of the DBCO film should be a chain layer. Then the
surface reconstruction can be related to the CuO chains or-
dering, which evolves with the oxygen deficiency [35,36].
Several illustrative atomic models of the dependence on § of

CuO chains ordering are presented in Fig. 1(c). After the last
Cu deposition and before cooling down, § at the surface is
supposed to be at the same level as that in the bulk layers,
which is <0.5. The enhancement of the twofold side streaks
in the RHEED pattern during cooling down can be related to
the chains model with § = 0.5, considering that the surface
reconstruction can be caused by the oxygen loss during the
cooling down process. Accordingly, § at the surface should
be larger than 0.5 and can be described by the corresponding
model in Fig. 1(c).

B. In situ study of DBCO film by ARPES

In Fig. 3(a) we show the photoemission intensity at the
Fermi level for the same DBCO film as discussed in the
previous section. The states originating from CuO, planes
and CuO chains are clearly distinguishable. From the size and
the shape of the Fermi contour, it is apparent that the CuO,
planes probed by ARPES are heavily underdoped [12,13],
with p~0.04 +0.02. In addition to the states correspond-
ing to the CuO, planes, the two sets of CuO-chain states
perpendicular to each other can be identified near the zone
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FIG. 4. Spectroscopic imaging of the DBCO film. (a) Topography of a 20 x 20 nm? field of view, where a differential conductance
spectrum is measured within +150 meV at each location on a 200 x 200 pixels grid. (b) Spatially averaged LDOS spectra for both low
(|E] < 30 meV) and high energies (|E| < 150 meV). (c) and (d) Spatial variations of the gaps at low-energy and high-energy scales, with insets
showing the corresponding distribution histograms. (¢) LDOS spectra taken along the line cut in (a), showing spatially uniform low-energy

states and heterogeneous high-energy states.

center, similar to cleaved YBCO [13]. This indicates that the
CuO chains in RE-123 align to either [100] or [010] substrate
directions because of twinning.

The energy-momentum dispersion spectra along cut 1
[Fig. 3(c)], which traverses the nodal region, shows a disper-
sion characteristic of the CuO, plane with no gap at the Fermi
energy. The spectrum along cut 2 [Fig. 3(d)], which traverses
the antinodal region, shows a suppressed intensity near the
Fermi energy due to the pseudogap (~60 meV) affecting the
CuO; planes. In the spectra taken along k, = 0 (cut 3) and
ky = 0 (cut 4), as shown in Figs. 3(g) and 3(h), there are two
sets of CuO-chain states with very different dispersions. One
set is metallic, crossing the Fermi level at |kg| ~ 0.13 10\’1,
while the other one is gapped (~35meV), and with a much
larger |kp| ~ 0.44 AL

In the intensity map at E = Er—65 meV [Fig. 3(b)], both
sets of CuO-chain bands are visible. By comparing with the
data [14] from cleaved YBCO, the bands marked by the green
arrows in Figs. 3(b), 3(g), and 3(h) are from the subsurface,
while those marked by the blue arrows are from the surface.
The gap in the surface chains originates from the loss of
oxygen, and according to a previous ARPES study [14] on
YBCO could be an indication of the formation of CDW at
the surface. Based on the assumption that the CDW is due to
a 2kp instability of surface chains, the period of CDW would
be ~7 A, while at the CuO chains § should be close to 0.5.
It is not surprising that such a large concentration of oxygen

vacancies (charged defects) introduces a high level of surface
disorder, as well as making the probed CuO, planes heavily
underdoped.

The energy distribution curves (EDCs) obtained from both
cut 1 and cut 2 are presented in Figs. 3(e) and 3(f). The shift
of the leading edge of EDC from the antinodal region of CuO,
planes relative to that from the nodal region indicates a pseu-
dogap affecting that region of the Brillouin zone. However,
there is no additional measurable shift (=5 meV) when the
sample is cooled down from 300 to 35 K along cut 2, indicat-
ing that superconductivity in the film has a negligible effect on
the spectral properties of CuO; planes in the antinodal region
at the surface.

C. In situ study of DBCO film by SI-STM

Figure 4(a) shows a typical STM topography of the DBCO
film measured at 9 K on a terrace within a 20 x 20 nm? field
of view, in which random disorder at atomic level is observed.
The large-scale AFM image of the surface is presented in
Fig. S2 in the Supplemental Material [32]. It is known that
the surface termination of cuprates has a significant effect on
the scanning tunneling spectra [37]. One of the advantages
of MBE is that one can control the surface termination of
the film, in contrast to the cleaved bulk crystals. The last
element deposited on the film was Cu, presumably resulting
in the CuO chains residing at the surface. However, the one-
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dimensional CuO chainlike structures that were previously
reported [17-22] for cleaved YBCO are not apparent here.
This can be caused by the oxygen vacancies as the result of
oxygen loss at the surface of the film, as indicated by both
RHEED and ARPES.

In the same field of view, the differential conductance
spectrum, which is proportional to the local density of states
(LDOS), is measured within +=150 meV at each location and
mapped out on a 200 x 200 pixels grid. In Fig. 4(b) spa-
tially averaged LDOS spectra for both low (|E| < 30 meV)
and high energies (|E| < 150 meV) are plotted, exhibiting
a particle-hole symmetric gap below |E| < 30 meV with-
out additional states arising from the chains. Although no
well-defined peaks are observed in the LDOS spectra, there
are obviously two different energy scales—one is a shoulder
around +18 meV with a U-shaped-like spectrum that devi-
ates from the pure d-wave scenario, and the other one is a
broad hump around 90 meV, as indicated by broken lines in
Fig. 4(b).

Empirically, one can define a gap (2A) as the energy sepa-
ration between two coherence peaks. In Figs. 4(c) and 4(d)
spatial variations of the low (Ag) and high (A;) energy
scales are presented, respectively, with insets showing their
distributions. It is worth noting that the Ag(r) is highly
homogeneous with a spatial average of ~18 meV and a spa-
tial variation of +2 meV with respect to the average value.
Such a variation (the full-width-at-half-maximum ~10%) is
in fact much smaller than those reported in heavily overdoped
Bi,;Sr,CaCu, 04,4 5 (Bi2212) (~ 40%), which is believed to
be relatively homogeneous [38]. In contrast, A;(r) is highly
heterogeneous with £30 meV variations from the spatial av-
erage of ~90 meV. Such contrasting behavior is apparent in
the line cut of the LDOS spectra shown in Fig. 4(e). While the
low-energy states near A are spatially uniform as indicated
by uniform blue color, the high-energy states close to A
manifest strong electronic heterogeneity.

In general, these observations are consistent with those
reported on underdoped Bi2212 [38—40], in which the energy
scale on which the Bogoliubov quasiparticle interference and
the kink in spectra appear is pretty uniform at low energies. In
contrast, the pseudogap energy is quite heterogeneous. If we
assume that 7, and the superconducting gap A, are connected
according to the phenomenological formula 2A/kT. ~ 7 ob-
tained from YBCO bulk crystal [41], then T, = 79 K should
indicate a superconducting gap of ~25 meV. Considering
that the surface is underdoped as evidenced by ARPES, the
superconducting gap probed by SI-STM is expected to be
lower, which is consistent with the low energy scale of Ay ~
18 meV. Thus, we infer from these observations that Ag is
related to the superconducting gap, while A; corresponds to
the pseudogap.

IV. DISCUSSION AND OUTLOOK

In summary, using ALL-MBE we have successfully syn-
thesized high-quality DBCO thin films and studied them in
situ by both ARPES and SI-STM. Both the chain and the plane
electronic structures of DBCO have been clearly resolved in
ARPES and are consistent with the previous observations on
YBCO single crystals. SI-STM has shown features at ~18

and ~90 meV attributed to the superconducting gap and the
pseudogap, respectively. The data allow us to derive conclu-
sions pertinent to the two key questions we have posited in
the Introduction—whether the surface layer is the same as
the interior layers (or bulk), and whether the pseudogap is a
precursor of the superconductivity or not.

According to our RHEED, the DBCO surface is unstable,
resulting in a surface reconstruction most likely related to
the loss of oxygen. Our ARPES data, in particular the shape
and the size of the Fermi surface, and the observation of the
gap in the chain electronic structure, show that the surface is
heavily underdoped. The SI-STM data are also consistent with
the underdoped surface layer; the observed superconducting
gap is smaller while the pseudogap is larger than what is ex-
pected based on the bulk 7, = 79 K. Therefore, we conclude
that in DBCO films synthesized by MBE the surface layer
is indeed very different from the bulk. Specifically, due to
the substantial loss of oxygen, the surface layer is heavily
underdoped relative to the bulk of the same film. In contrast,
the cleaved surface of YBCO bulk crystal was found to be
heavily overdoped in many cases [12,13]. In either case, in
RE-123 materials the surface is different from the bulk (lay-
ers), while the doping level of CuO, planes near the surface
varies depending on the preparation method.

On the other hand, the cohesion energy in RE-123 is
primarily ionic. Madelung interactions are long ranged in
ionic materials and any given layer is not independent of
the other layers [42,43]. Since the surface layer exists in a
different effective environment than the bulk, its structure is
expected to change. It has been demonstrated that Madelung
(electrostatic) strain propagates from the substrate through
40-unit-cells-thick LSCO layers, modifying the c-axis lattice
constant of the subsequent layers [42]. A similar effect was
also observed [43] in YBCO. Synchrotron-based, coherent
x-ray diffraction experiments have demonstrated a very large
displacement (>0.5 A) of the apical oxygen in the top layer
in LSCO-based heterostructures [44]. While to what extent
such structural changes in ionic-type cuprates would modify
the electronic properties at the surface, especially probed by
ARPES and SI-STM, still calls for further studies for specific
materials.

Howeyver, the situation in BSCCO is rather different, be-
cause it is a naturally layered material with weak (van der
Waals) bonds between layers, which makes the layers ba-
sically independent from one another. Indeed, studies on
single-monolayer BSCCO samples and bulk BSCCO by STM
and transport measurements [45] revealed that the transport
measurements (that probe the entire volume) agree with the
results from SI-STM and ARPES (that probe the surface
only).

The answer to our question, then, is that in some cuprates,
like RE-123, the top layer is indeed different from the bulk,
showing changes in the stoichiometry (such as the oxygen
content) as well as various forms of structural reconstruc-
tions for films synthesized by MBE. In BSCCO, this is
clearly not the case due to the weak interlayer van der
Waals bonding [45]. This is an important validation for the
HTS community because the knowledge about the electronic
spectra of cuprates has indeed been predominantly based on
ARPES and SI-STM studies of BSCCO.
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We now turn to the question of how are the pseudogap
and the superconducting gap related. Our SI-STM data in-
dicate that there is a qualitative difference: the pseudogap
is very inhomogeneous (to about +30 meV) on the (lateral)
length scale of a few nanometers, while the superconducting
gap is uniform (to about £2 meV). The magnetic mutual
inductance measurements show that the superconductivity is
indeed also very homogeneous on a macroscopic scale in
the bulk. These qualitatively different behaviors of the su-
perconducting gap and the pseudogap seem to indicate that
they are of different origins and possibly competing. Ulti-
mately, it is a question for theory whether this interpretation is
unique.

From a technical viewpoint, the present study proves
the unique value of the new facility (“OASIS”) [28] at
Brookhaven National Laboratory, which incorporates the
ALL-MBE synthesis with ARPES and SI-STM modules, all
interconnected under UHV. OASIS was designed and built to
enable answering systematically the type of questions consid-
ered here. ALL-MBE enables sample engineering at a single
atomic layer level, so in the future, we anticipate synthesiz-
ing and studying one-unit-cell-thick layers of various HTS
cuprates and other materials of interest on “neutral” substrates
or buffers, and comparing their ARPES and SI-STM spectra
to those taken from bulk samples (or thicker films) of the same

material. Alternatively, ALL-MBE also enables the synthesis
of ultrathin layers of a given material on “active” buffers or
substrates, and the study of proximity effects in heterostruc-
tures. This may be of great interest to, e.g., the quest for and
study of topological superconductors.
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