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ABSTRACT

Atomic layer-by-layer molecular beam epitaxy (ALL-MBE) is a sophisticated technique to
synthesize high-temperature superconductor (HTS) materials. ALL-MBE produces single-crystal
HTS films with atomically smooth surfaces and interfaces, as well as precise multilayer
heterostructures engineered down to a single atomic layer level. This enables the fabrication of
tunnel junctions, nanowires, nanorings, and other HTS devices of interest. Our group has been
focused on ALL-MBE synthesis and materials science of La2xSrxCuOs4 (LSCO), a representative
HTS cuprate. In the past two decades, we have synthesized over three thousand LSCO thin films
and characterized them by a range of analytical techniques. Here, we present in full detail a
systematic process for the synthesis and engineering of atomically perfect LSCO films. The
procedure includes the preparation of substrates, calibration of the elemental sources, the recipe for
ALL growth of LSCO films without any secondary-phase precipitates, post-growth annealing of the

films, and ex-situ film characterization. This report should aid replication and dissemination of this
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technique of synthesizing single-crystal LSCO films, for basic research as well as for HTS

electronics applications.

. BACKGROUND AND MOTIVATION

The discovery of high-temperature superconductivity (HTS) in LazxBaxCuQa4, 35 years ago [1], has
triggered extensive basic-physics research aimed at clarifying the underlying mechanism. [2-21] In
parallel, the materials science of copper oxides have been studied in great detail, to develop HTS
tapes and wires for high-power applications as well as thin films and heterostructures for HTS-based
electronics. One of the most advanced techniques to synthesize HTS cuprates is atomic layer-by-
layer molecular beam epitaxy (ALL-MBE). [22,23] It produces atomically perfect thin films with
one-monolayer (ML) resolution. Precise surface and interface control make it particularly useful for
device fabrication such as interface superconductors, trilayer (“sandwich’) Josephson junctions, and

artificial superlattices.

The Oxide-MBE group at Brookhaven National Lab has been focused on studying HTS physics and
materials science for the past two decades. In what follows we describe the synthesis method that
we have developed for the LazxSrxCuO4 (LSCO), an archetype HTS cuprate. Both La and Sr are
amenable to well-controlled thermal evaporation, making LSCO a suitable candidate for ALL-MBE
synthesis. [24-27] The “parent” compound LCO (La2CuOs) features a single perovskite-like copper-
oxygen plane sandwiched between two lanthanum-oxygen charge-reservoir planes. By substituting
a certain fraction x (the “doping level”) of lanthanum atoms with strontium atoms, one can dope
LCO from an antiferromagnetic insulator to a non-superconducting metal. Superconductivity

emerges at x,,;, ~ 0.06, reaches the maximum Tc =~ 42 K at x,,,,, = 0.16, and vanishes at x4, ~
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0.26. We synthesize LSCO films with any desired x, which can even be varied at will within each

ML, using an ALL-MBE system that was specifically designed for the growth of copper oxides. [23]

In what follows, we present the details of a systematic procedure for synthesis and engineering of
atomically perfect LSCO films, including substrate preparation, source calibration, ALL growth of
LSCO films, post-growth annealing, and ex-situ film characterization. We hope that this will be of
value to others interested in synthesizing single-crystal LSCO films, for basic research as well as for

HTS electronics applications.

II. SUBSTRATE PREPARATION AND CHARACTERIZATION

Single-crystal LaSrAlO4 (LSAQ) and SrTiOs (STO) are commonly used as substrates for LSCO
growth. The lattice constant of the optimally doped LSCO (x = 0.16) isa, = 3.777 A. The lattice
constant of LSAO is 0.5% shorter (a = 3.755 A), while in STO it is 3% longer (a = 3.905 A) than
in LSCO. Since the substrate serves as a template for the epitaxial film, the quality of the substrate
is essential for successful ALL-MBE synthesis. We have adopted the following preparation methods

for LSAO and STO substrates, respectively.
A. LSAO preparation and characterization

Our standard LSAO substrates are 10x10x1 mm?3in size; one side is epi-polished perpendicular to
the [001] crystallographic direction, while the other side is deliberately left rough (sand-polished) to
improve the sticking of the backside coating (described in section 3 below). In recent years, most of

these substrates we purchased from MTI Corporation. We process LSAO substrates as follows.

First, an LSAOQ substrate is cleaned in the ultrasonic tank in de-ionized water (resistivity > 18 MQcm)

for 30 seconds. Next, it is rinsed with ethyl alcohol and dried with nitrogen gas. The substrate is then
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placed face-up in a custom-built sapphire crucible together with a slightly larger (13 x 13 X
0.5 mm3) LaAlOs3 (LAO) substrate that is placed closely above it (0.3 mm gap); the schematic of
this assembly is shown in Fig 1. The whole setup is annealed in a tube furnace at 950 °C in the air
for 1 h. The role of the LAO substrate here is to provide a cation-rich environment that compensates
for evaporation (of Al, largely) from LSAO and suppresses the formation of SrO precipitates on the

LSAO surface. [28]

(a) (b)
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Figure 1: LSAO substrate annealing. a, Atomic force microscopy (AFM) image of an as-received
LSAO substrate; the field of view is 3x3 um?. Large particulates are seen on the surface. b, The
AFM height profile along the red line in a. The defects are about 5 nm tall. ¢, A schematic of the
setup for LSAO annealing. d, An AFM image of the same substrate after the annealing process; the
rms roughness is 0.17 nm, so the surface is essentially atomically flat.

B. STO preparation and characterization



The typical STO substrates that we use are also 10x10x1 mm?, one-side epi-polished perpendicular
to the [001] direction, the other side sand-polished, and come from MTI Corporation. To prepare a
clean, single- (TiO2) termination surface, STO substrate can be treated with buffered hydrofluoric
acid. [29,30] However, given the safety hazards involved, we have instead adopted the following

acid-free two-stage STO cleaning and annealing procedure. [31]

Figure 2: STO substrate annealing. a, AFM image of an as-received STO substrate; the field of
view is 3x3 um?. The surface shows an abundance of large precipitates. b, Substrate surface after
1st annealing process. Tiny white dots are SrO out-diffusions. ¢, Substrate surface after 2nd
annealing process. Rms roughness is 0.25 nm. d, RHEED image of the same substrate after 2nd
annealing. The Blue dashed line is a Kikuchi line. The red box highlights a RHEED feature
characteristic of TiO,-terminated surface.

An AFM image of an as-received STO substrate is shown in Fig 2. The substrate is first cleaned
with de-ionized water in an ultrasonic bath for 30 seconds and then annealed in air at 1,000°C for 1

hour. It is then sonicated again for 30 seconds and annealed in air at 1,100°C for another hour.
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After the first annealing, the AFM image of the STO substrate shows a terraced surface, with the
step width in the 100~200 nm range. SrO precipitates that presumably originate from out-diffusion
can be seen at the step edges. However, after the second sonication + annealing cycle, these SrO
particulates are effectively removed. Terraces become smoother and wider (200~300 nm) as well.
Subsequent inspection of the substrate surface by Reflection high-energy electron diffraction

(RHEED) indicates that it is terminated by TiO2.

C. Backside coating with SrRuOs

To better absorb the radiation from a quartz-lamp heater during the film deposition, the backside of
the substrate is coated with SrRuO3 (SRO) using magnetron sputtering. SRO was chosen because of
its superior thermal and chemical stability and undetectably small vapor pressure when exposed to
a high temperature and ozone atmosphere, which we need for epitaxial growth of LSCO. During
SRO sputtering, the substrates are held at 650°C under a mixed-gas environment (100 mTorr partial
pressure of Ar and 33 mTorr of O2). The radio-frequency power for sputtering is set at 30 W for 4
days and then elevated to 40 W for another 4 days. We intentionally use a low deposition rate since
this helps to alleviate the peeling of the backside coating from the substrate once it is heated up in

the ALL-MBE chamber.

We would also like to mention that in recent years more advanced methods have been developed for
the treatment of oxide substrates. In particular, Jochen Mannhart's group at the Max Planck Institute
has demonstrated that excellent substrate surfaces can be prepared by in-situ annealing using a laser
heater. [32,33] The oxide substrates of interest have high absorption at the CO2 laser wavelength,
and therefore no backside coating is required. Several other groups have been using laser heaters

with success. With this motivation, we are also in the process of adding a laser heater to our ALL-
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MBE system, and we plan to explore this method of preparation of substrate surfaces in our future

experiments.

[ll. ALL-MBE TECHNIQUE — GENERAL FEATURES

A. MBE system description

The atomic-layer-by-layer molecular beam epitaxy (ALL-MBE) system at Brookhaven National
Laboratory is a custom multi-chamber ultra-high vacuum (UHV) apparatus specifically designed for
the synthesis of superconducting oxides (Fig. 3). It is equipped with 16 metal sources (either
Knudsen cells or rod-fed electron beam sources) and a pure ozone source. Several surface analytical
tools are integrated in situ, including a double-deflection RHEED system and a time-of-flight ion-

scattering-and-recoil spectroscopy (TOF-ISARS) system. [23]
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Figure 3. ALL-MBE system at BNL. The MBE synthesis chamber features 16 thermal evaporation
sources, a pure ozone source, RHEED, TOF-ISARS, scanning QCM, etc. The 20-feet long transfer
chamber enables the sample to be transported under ultra-high vacuum to a processing chamber in
the adjacent clean room, for lithography, and back again for the second synthesis process step, if
needed.

B. Ozone system

The ALL-MBE system is also equipped with a home-built ozone distillation system that supplies
pure ozone gas into the chamber during the growth. A schematic is shown in Fig. 4. After being
generated from O2 gas by arc discharge, ozone is liquefied, purified, and stored in the ozone
condenser vessel cooled by liquid nitrogen. A water-cooled stainless-steel tube, reaching within a
few centimeters from the substrate, is used to introduce ozone gas into the ALL-MBE chamber.

Ozone partial pressure during the growth is controlled by a proportional integral derivative (PID)

L 2
0,40,

Ozone =

generator | m

program.
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Figure 4: Schematics of the ozone distillation setup. Ultrahigh purity oxygen gas is supplied to a
commercial arc-discharge ozone generator. The O, + O3 mixture is condensed in the quartz vessel
cooled with liquid nitrogen. Then, the liquid is warmed up so that O, evaporates and is pumped out,
leaving a pure Os liquid. Ozone vapor is then supplied to the MBE growth chamber.
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C. Substrate monitoring

A digital camera is used for monitoring the substrate and positioning of the quartz-crystal monitor
(QCM). The temperature of the substrate surface is measured using a two-wavelength high-
temperature infrared pyrometer with a video-aiming function. The pyrometer measures the

temperature at the focal spot of 3 mm diameter on the substrate, to the accuracy of 0.1°C.

D. Source calibration

To synthesize LSCO, we use 6 Knudsen cells, two each for La, Sr, and Cu. Since the sources are not
perpendicular to the substrate, this generates a (small, 4% from one side to another) gradient in the
deposition rate across the substrate. To compensate for this, for each element we use a pair of sources
that are positioned across one another, on the opposite sides of the circle; this provides a uniform
deposition rate over the substrate area. The absolute deposition rate of each Knudsen cell is measured
before film deposition by QCM to the accuracy of 0.0001 atomic layers (AL) per second. During
the calibration ozone is delivered into the chamber and maintained at the same partial pressure as it

is during the actual film growth, to ensure that the chamber environment remains the same.

Given that the atomic fluxes provided by effusion cells stay stable for hours with a drift of a few
percent or less, we perform source calibration routinely before each film growth. On occasion, this
procedure is repeated after the growth, as well, as an additional check. For the best growth-to-growth
reproducibility, we try to keep the deposition rates for each element constant, as follows: the La203

and CuO rates are kept at 0.010 AL/sec, and the SrO rate at 0.005 AL/sec.

IV. SYNTHESIS OF LSCO FILMS ON LSAO SUBSTRATES

A. Overdoped LSCO buffer layer
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We always start the synthesis of LSCO films by first depositing one or two MLs of highly overdoped
LSCO (x = 0.40) as a buffer layer, before the growth of other LSCO compositions. The function of
this buffer layer is to “absorb” the lattice (crystallographic) and electrostatic (“polarization
catastrophe”) mismatch between the substrate and subsequent LSCO film, offering a more favorable

starting point for epitaxy of the desired LSCO phase. [34-36]

B. LSCO film growth on LSAO substrates

LSCO has an intrinsically layered structure: one ML, about 0.66 nm thick, consists of two (La, Sr)-
O layers and one CuOz2 layer. (One unit cell contains two MLs, displaced horizontally by one-half
the unit cell diagonal, so co = 1.32 nm.) The atomic layer-by-layer growth mode is realized by
shuttering the sources; pneumatic shutters are computer-controlled so that the exact number of La,
Sr, and Cu atoms is deposited to the surface of the growing film in the desired sequence. Typically,
we keep the substrate at ~630 °C, under the background ozone partial pressure of 1.0x10° Torr. We
start the growth of one ML of LSCO by depositing two (La,Sr)-O planes, with the precise pre-
selected ratio of La and Sr atoms. After both La and Sr shutters are closed, we wait for 30 seconds
to allow the atoms on the surface to relax towards their equilibrium positions. Then we open the
two Cu shutters to deposit one CuO: layer. The growth of each ML takes about three minutes. Single-
phase LSCO is synthesized by repeating sequential deposition of (La, Sr)-O and CuOz2 layers. Under
ALL deposition, the film thickness can be controlled digitally, down to a single ML. Moreover, at
the end of one period, one can switch to another composition at will, providing much flexibility to

fabricate artificial structures such as multilayer junctions and superlattices.

C. RHEED monitoring

10
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In-situ RHEED provides crystallographic information about the film surface during growth, in real-
time. [37] Few typical RHEED images are shown in Fig. 5. For an LSAO substrate (Fig. 5a), the
most prominent features are the 5 main streaks, originating from the (0,-2), (0,-1), (0,0), (0,1) and
(0,2) Bragg diffraction rods. The separation of these streaks in k-space is proportional to the inverse
of the in-plane lattice constant of LSAO, ao = 0.38 nm. Similar principal streaks are also seen in
LSCO films (Figs. 5b, ¢, and d), with the same spacing as in the LSAO substrate; these films are
thin and pseudo-morphic with the substrate, i.e., they have the same in-plane lattice constant ao =

0.38 nm as LSAO.

A new feature characteristic of LSCO films, and absent in LSAO, are multiple satellite streaks
(‘sidebands’) surrounding the principal streaks. Such sidebands feature prominently in the growth
of LSCO films within the entire doping range. The number of sidebands N characterizes the
superstructure modulation of the surface, with the supercell period Nxao in real space. The detailed

atomistic understanding of this surface reconstruction is still missing as of the time of writing of this

paper.

‘
(a) ' c) (d) {e)

Figure 5. RHEED patterns. (a) LSAO substrate. (b) Underdoped LSCO(x = 0.14) film. (c)
Optimally doped LSCO(x = 0.16) film. (d) overdoped LSCO(x = 0.24) film. (e) Heavily overdoped
LSCO(x = 0.30) film.

11
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Other prominent features in Fig. 5c are the very bright specular spot, the long and sharp streaks,
visible diagonal (“Kikuchi”) lines, and Laue-circle reflections. All these features are indications of

an atomically flat surface and high crystallinity of the film.

The intensity of the specular RHEED reflection shows periodic oscillations in time (Fig. 6), as the
surface morphology changes from complete coverage (smooth surface, strong specular reflection)
to a partial coverage with some islands (rough surface, weaker specular and stronger diffuse
reflection) and back to complete coverage. [37] These RHEED oscillations are another qualitative
indicator of the growth dynamics. One oscillation period corresponds to the growth of one ML of
LSCO. The fact that the peak intensity did not decay with time illustrates that the film surface

remained equally flat and smooth for many layers.

LSAOQO substrates we use are typically cut orthogonal to the c-axis, i.e., the crystallographic [001]
direction. By rotating the substrate, the shallow-angle incident electron beam is brought to be almost
parallel to the crystallographic [100] direction. So, we can infer from the RHEED patterns that the
Cu-O-Cu bonds are parallel to the Al-O-Al bonds in the substrate, i.e., the crystallographic [100]

direction in LSCO coincides with that in LSAO.

12
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Figure 6. Oscillations of the intensity of specular RHEED spot

D. RHEED dynamics as a diagnostic tool for fine-tuning the stoichiometry

In general, maintaining the correct stoichiometry is one of the most difficult aspects of growing films
of cuprates or other complex oxides, by any technique. On occasion, secondary-phase precipitates
form in the film, e.g., due to an error in stoichiometry. [38] These may be detectable from RHEED
images, since they give rise to transmission spots at Bragg diffraction angles, at the position
characteristic of that (unwanted) phase —e.g., La203, SrO or CuO, in the case of LSCO film growth.
The advantage of MBE and RHEED is that one can detect such precipitates while they are still very
small, on the 10-20 nm scale, as these produce large (due to Scherrer broadening) “blobs” in the
RHEED pattern. Then, in some favorable cases, one may be able to make a correction in the
stoichiometry and dissolve or cover such defects. [37] However, when the secondary phase (e.g.,
CuO) is thermodynamically more stable than the targeted cuprate compound (e.g., LSCO), then once
the precipitates are nucleated they keep growing like cancer and contaminate the film. Once we

observe these precipitate blobs in RHEED, it is too late — the film will not be single-phase. This in

13
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turn modifies the film properties, including superconductivity, and when studying such a film one

indeed may be deceived by extrinsic effects.

By studying the RHEED pattern evolution, we have developed a novel diagnostic strategy based on
the real-time dynamics of RHEED features, enabling us to fine-tune and correct the stoichiometry
of LSCO films before the formation of any secondary-phase precipitates. Take, for example, the
synthesis of optimally doped LSCO. During the deposition of the CuO layer, the superstructure
modulation of the surface appears with four sidebands, which become long and sharp (Fig 7a). When
the Cu shutters are closed, the intensity of the sidebands reaches the maximum. During the deposition
of the subsequent (La,Sr)O layer, these four sidebands gradually vanish, and instead, a new pattern
appears, with two or three sidebands (Fig. 7b). During the deposition of the next CuO layer, after

some time the four sidebands appear again, etc.

Our tactics to prevent nucleation of the secondary phases rely on timing the appearance of the 4
sidebands during the CuO layer deposition. More specifically, we measure the time interval from
the moment when the pattern typical of a (La,Sr)O layer is replaced by the 4-streak pattern of the
CuO:2 layer. We have found empirically that, given our deposition rates of 0.010 AL/sec for Cu and
La, the optimal “clean CuOz2 time interval” is around 10-15 seconds. Note that the duration of this
clean-CuOz time is a very sensitive function of the deposition (shuttering) times. If we change the
growth “recipe” by changing the Cu shuttering time by just a couple of percent, this raises or lowers

the clean-CuOz time significantly (by a few seconds) in the following one or two LSCO layers.

14
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Figure 7. RHEED patterns of an optimally doped LSCO film. a, After the CuO; layer. b,
after the (La,Sr)O layer.

By repeated and systematic experimentation, we have established the following causal relation. If
the clean-CuOz2 time falls outside the 10-15 seconds range, by itself (i.e., because of the error in the
absolute rate calibration, the drift in the atomic flux due to a thermal fluctuation o the Knudsen cell,
because the source material is depleted, etc.) or by the action of the film grower (e.g. a change in the
growth recipe, which changes the shuttering times), nucleation of secondary-phase precipitates can
be detected by RHEED within a few subsequent LSCO layers. Cu deficiency causes a shorter clean-
CuOz time, which leads to the formation of La203 defects. Excess Cu atoms, on the other hand, result
in a longer clean-CuO:2 time, and CuO defects appear subsequently. To prevent that, we manually
intervene in the film growth receipt by increasing or decreasing the Cu shuttering time and hence
the number of Cu atoms deposited on the surface in one shuttering cycle, and adjust it so that we
keep the clean-CuOz2 time within the 10-15 second window. This protocol ensures the synthesis of

LSCO films without any secondary-phase precipitates.

15
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E. Adjusting the oxygen stoichiometry

Another critical issue in the synthesis of LSCO films is achieving the desired oxygen content. While
commonly referred to as the “214” structure, the actual chemical composition is LazxSrxCuQOa+s,
where & can be positive, zero, or negative. Undoped LCO and underdoped LSCO are amenable to
intercalation of extra oxygen (i.e., & > 0), which occupies sites interstitial between the two (La,Sr)O
layers. When LSCO films are grown on LSAO, they are under compressive strain, so the unit cell
contracts in-plane while expanding out-of-plane. This, in turn, facilitates the incorporation of
interstitial oxygen. [39] On the other hand, overdoped LSCO is prone to the formation of oxygen
vacancies (so, 6 < 0), the concentration of which increases nonlinearly with overdoping. [40] The
driving force for this is chemistry — it is very hard to oxidize copper to more than the (+2)-state,
while oxygen favors the closed-shell 2s?p® configuration (the O ionic state). As the result, some
oxygen is not incorporated during the deposition of Cu, which results in the formation of defective
CuO2-s layers. These oxygen vacancies are detrimental to both normal conductivity (they increase

the residual resistivity) and superconductivity (they decrease Tc and the superfluid density). [41]

In theory, one could solve this problem by controlling and maintaining the ideal & = 0 oxygen
stoichiometry just by adjusting the oxidation power — lowering it for underdoped and increasing it
for overdoped LSCO. The oxidation power can be controlled by adjusting the substrate temperature
T and the ozone partial pressure p. In the log(p)-1/T plots, the equal-oxidation power contours are
straight lines. [42] In practice, to stay within the MBE growth regime, which requires a high vacuum,
while still keeping sufficient oxidation power to form the 214 structure, we are limited to operating

within a relatively narrow (T, p) parameter range during the ALL-MBE synthesis.

16
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However, once the film is grown, we can increase the ozone pressure and post-anneal the films in
situ, after we protect all hot filaments (i.e., after we valve off all the Knudsen-cell sources and switch
off the analytical tools such as RHEED and the residual gas analyzer). Annealing at a high
temperature improves the film crystallinity and makes the superconducting transition sharper. Given
the exponential character of the p-T dependence, annealing at a temperature lower than the growth
temperature under high partial pressure of ozone can dramatically increase the oxidation power,
filling the oxygen vacancies. On the other hand, annealing in a vacuum at a well-chosen lower
temperature can extricate the interstitial oxygen atoms without removing the ‘structural’ oxygen that

is inherent to the 214 crystal structure.

To find the optimal procedure, we have extensively studied the post-annealing of LSCO films over
a broad range of (T, p) conditions. In the last two decades, we synthesized over 3,000 LSCO films,
characterizing them before and after post-annealing in situ or ex-situ. Here are some recipes for
multi-step in situ post-annealing. We anneal underdoped LSCO films under the 10* Torr partial
pressure of ozone at 675°C for 5 minutes, then under the same pressure at 610°C for 30 minutes,
then in a high vacuum at about 250°C for 30 mins, and then cool them in vacuum to the room
temperature. Optimally doped LSCO films are heated up to 675°C for 5 minutes, then cooled to
610°C for 30 minutes, then cooled down to room temperature, under the 10 Torr partial pressure
throughout. Overdoped LSCO films are annealed under the 10* Torr partial pressure at 600°C for

up to 4 hours and then cooled down under the same ozone environment to the room temperature.

V. LSCO FILM CHARACTERIZATION

The first crystallographic and morphological information about our films we obtain in real-time,

using in-situ RHEED. After the growth, we characterize every film ex-situ by Atomic force

17



AlP

Publishing

microscopy (AFM) and by Mutual inductance (MI) measurements. [43] We also frequently deposit
gold contact pads on selected films and measure the temperature dependence of resistivity. We
pattern some film into multiple Hall bar devices and measure the temperature dependence of the
Hall effect and magnetoresistance. Selected films are studied by X-ray diffraction (XRD), in-house,
or by our collaborators that use synchrotron radiation for the highest resolution, by Transmission
electron microscopy (TEM), THz spectroscopy, Resonant inelastic X-ray scattering (RIXS),
ultrafast pump-probe spectroscopy, shot-noise measurements, and much more. Altogether, these
experiments provide a huge database that contains a great wealth of information on HTS cuprates.
Here, we just briefly describe the two characterization techniques, AFM and MI, that we routinely
apply to every film we synthesize. In just a few hours, the AFM and MI measurements can be
completed, providing a contactless and quick characterization most relevant for superconducting
thin film research. Contactless operation offers protection against contamination and modification

of the sample surface.

A. Atomic force microscopy

Fig. 8 displays an AFM image typical of good LSCO film synthesized by ALL-MBE on an LSAO
substrate. Due to an inevitable slight miscut (typically 0.1°— 0.5 %) of the substrate away from the
ideal crystallographic plane perpendicular to the [001] direction, the substrate surface shows terraces
separated by one-ML-tall steps. Under ALL growth, these steps and terraces are projected onto the
film surface, as well. The overall final rms surface roughness of the film is 0.443 nm, which is less

than the height of one ML (0.66 nm), so the terraces are essentially atomically flat.
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Figure 8: An AFM image of an LSCO film. The field of view is 3x3 um?. Terrace steps, marked
with blue lines, originate from a slight miscut of the substrate away from the ideal plane
perpendicular to the crystallographic [001] direction. The rms surface roughness is 0.17 nm.

B. Mutual inductance

The principle of the MI experiment is very simple. A film is placed between a drive coil and a pickup
coil. The drive coil is ac driven (in the kHz frequency range) and it generates a magnetic field that
induces AC in the pick-up coil. The real part of emf in the pickup coil is proportional to the mutual
inductance, and it shows diamagnetic screening (the Meissner effect) when the film becomes
superconducting. The imaginary part is proportional to the AC conductivity and it shows a sharp
peak near Tc. If the geometry of the coils and films, as well as the electronic, mechanic, and thermal
aspects of the setup, are all tightly controlled, the penetration depth A and the ac conductivity can be

derived from the complex impedance with remarkable absolute accuracy (better than 1%). [43]
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Figure 9: MI setup and data. (a) Schematic diagram of the MI measurement technique. (b) A
photograph of the actual MI apparatus. (c) The real component of I/, measured for an optimally
doped LSCO film. (d) The imaginary part of V,, for the same film.

From data such as presented in Fig. 9c and 9d, one can read Tc; the onset of the Meissner effect (the
drop in ReVp) and the onset of the sharp rise in ImV; coincide with the vanishing of the resistivity in
the film. We can also evaluate how homogeneous the film is. If the film had two large domains with
two different values of Tc that differed by more than one half-width-at-half-maximum (HWHM), we
would resolve two distinct peaks in ImVp. Hence, in the LSCO film illustrated in Fig. 9¢c and 9d, the

variations in Tc are less than 0.2 K over the 10x10 mm? area.

VI. RESEARCH ENABLED BY LSCO FILMS SYNTHESIZED BY ALL-MBE

In the last two decades, using ALL-MBE we have synthesized over three thousand single-crystal

LSCO thin films and characterized them extensively. The best ones have been used to study
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systematically the key physical properties of LSCO, and their dependence on doping, temperature,
electric and magnetic fields, irradiation, exposure to light, etc., either by ourselves or by our
collaborators at many leading research institutions and universities in the USA and abroad. Together,

we have made several discoveries of new phenomena. [44-66]

The insulating and the ‘normal’ metal states show unconventional behavior. (i) In a single monolayer
thick film of undoped LCO, muon spin rotation experiments detect evidence of spin-liquid behavior.
[44,45]. (ii) For x < 0.06, at very low temperature, the insulating state shows erratic switching,
hysteresis, memory, etc., in both the longitudinal and Hall resistivity — the quantum-critical charge-
cluster state. [46,47]. (iii) For 0.02 < x < 0.25, the rotation symmetry is broken in the electron fluid,
in the LSCO films with the tetragonal crystal structure is — the so-called electronic nematicity. [67-
72] The orientation of the nematic director is reproducible, but it depends on the doping level, and
it even rotates as the temperature is changed. [48] (iv) Near the optimal doping, the resistivity shows
linear dependence on temperature and (in high fields) on the magnetic field strength — the so-called
“strange metal” behavior. [49]. (v) Upon excitation by an ultrashort light pulse, with the electric
field parallel to the CuOz planes, the c-axis lattice period of LSCO films increases intermittently by
as much as 2-3% — the “colossal photoinduced expansion”, pointing to extremely strong electron-
lattice coupling. [50]. (vi) For 0 < x < 0.30, paramagnons are observed by resonant inelastic X-ray
scattering (RIXS), with essentially the same energy but with a lifetime that shrinks with doping. [51]
(vii) Fluctuating charge density waves (CDW) are observed by ultrafast intermittent-grating pump-

probe spectroscopy. [52]

For the superconducting state, we have shown that it is quasi-two-dimensional (2D) by various
independent, direct experiments. (viii) A single LSCO monolayer can sustain the same T as a bulk

sample with the same doping. [53] (ix) HTS emerges at the interface of two different LCO and
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heavily overdoped (x > 0.30) LSCO layers, neither of which would be superconducting per se. [54]
As we have demonstrated using 6-doping tomography, this high-Tc interface superconductivity is
confined to a single CuOz2 layer. [55,56] (x) The superconductor-insulator transition (SIT) occurs
when the film sheet resistance exceeds the pair quantum resistance, h/4e? = 6.5 KQ. (Here, h denotes

the Planck constant and e the electron charge). [57].

We have also unearthed evidence of superconducting fluctuations and preformed pairs well above
Tc by several independent techniques. (xi) The temperature at which phase fluctuations destroy
superconductivity (the superfluid stiffness) in LSCO is low at all doping levels and comparable to
Tc. More enigmatic, it decreases with doping and vanishes at the dome edge, tracking Te. [58] At the
same time, the uncondensed carrier fraction increases, even for T—0. [59] (xii) THz spectroscopy
detects superconducting fluctuations up to about 20-30 K above Tc. [60] (xiii) LSCO nanorings show
magnetoresistance oscillations due to the interaction of the field-shielding supercurrent with
thermally excited vortices. [61] (xiv) Shot-noise measurements reveal paired charges at temperatures

well above Tc and at the voltage bias up to several times the superconducting gap. [62,63]

Next, under ALL synthesis, we have been able to fabricate atomically precise multilayers and
superlattices. (xv) Some of these were used to fabricate high-quality tunnel junctions, with ultrathin
(down to a single unit cell thick) insulating barriers without pinholes. These can block supercurrent
but revealed bosonic excitations coupled to Bogoliubov quasiparticles. [53, 62, 64] (xvi) However,
when the barriers are doped to be metallic, a rather unconventional giant proximity effect is observed.

[65,66]

VII. CONCLUSIONS AND OUTLOOK
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In conclusion, atomically flat LSCO thin films without any secondary-phase precipitates or pinholes
have been synthesized using an ALL-MBE system that was specially designed for the synthesis of
HTS cuprate materials. Diagnostics based on the dynamics of RHEED image and multi-step in-situ
post-annealing procedures have been developed to fine-tune the stoichiometry of cations and oxygen,
respectively. The quality of the LSCO films is checked in real-time by RHEED and ex-situ by AFM
and MI, providing fast feedback to the film grower. High-quality LSCO films have enabled
fundamental studies of HTS cuprate. Furthermore, the progress in the LSCO synthesis technique has
allowed us to fabricate complex heterostructures, interface superconductors, trilayer junctions, and
artificial superlattices. Much of the knowledge and experience gained from LSCO synthesis is also
applicable to other complex oxide compounds, so it may both aid and inspire further research of

other materials and phenomena.

There is much beyond what could fit into this review. One broad topic is ALL-MBE synthesis of
other cuprates, such as DyBa2CusO~ (isostructural with YBa2CusO7 but more amenable to MBE),
various phases of Bi2Sr2Can-1CunOzn+2, the so-called “infinite-layer cuprates such as (Sr,Ca)CuOz,
etc. Another is the synthesis of complex oxides of other metals, including nickel, cobalt, ruthenium,

bismuth, zinc, etc. [72-76]

A new development at Brookhaven National Laboratory is that we have completed the construction
of the second ALL-MBE system, heavily customized to enable integration with in-situ cryogenic
Angle-resolved photoemission spectroscopy (ARPES) and Spectroscopic-imaging Scanning
tunneling microscopy (SI-STM) systems. This complex new three-in-one facility makes it possible
to synthesize state-of-the-art films of various cuprates and other complex oxides by ALL-MBE and
transfer them without breaking the ultra-high vacuum to ARPES and/or SI-STM modules for

determination of the electronic spectrum, with high spatial and momentum resolution. This
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eliminates the need to cleave the samples and thus greatly broadens the spectrum of materials

amenable to study by these surface-sensitive techniques. [77,78]
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