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ABSTRACT
Our understanding of quantum materials is commonly based on precise determinations of their electronic spectrum by spectroscopic
means, most notably angle-resolved photoemission spectroscopy (ARPES) and scanning tunneling microscopy. Both require atomi-
cally clean and flat crystal surfaces, which are traditionally prepared by in situ mechanical cleaving in ultrahigh vacuum chambers.
We present a new approach that addresses three main issues of the current state-of-the-art methods: (1) Cleaving is a highly stochas-
tic and, thus, inefficient process; (2) fracture processes are governed by the bonds in a bulk crystal, and many materials and surfaces
simply do not cleave; and (3) the location of the cleave is random, preventing data collection at specified regions of interest. Our
new workflow is based on focused ion beam machining of micro-strain lenses, in which shape (rather than crystalline) anisotropy
dictates the plane of cleavage, which can be placed at a specific target layer. As proof-of-principle, we show ARPES results from
micro-cleaves of Sr2RuO4 along the ac plane and from two surface orientations of SrTiO3, a notoriously difficult to cleave cubic
perovskite.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0186480

INTRODUCTION

The physics of quantum materials is dominated by the com-
plex behavior of the interacting many-electron system encoded in
the single particle spectral function. Angle resolved photoemission
spectroscopy (ARPES) and scanning tunneling microscopy (STM)
probe the spectral function in reciprocal and real space, respectively,
and have played a major role in shaping our understanding of quan-
tum materials.1,2 Both techniques are highly surface sensitive and,
thus, rely on the availability of clean and atomically flat surfaces.
Methods to prepare high quality surfaces have seen little develop-
ment over the last two decades. Surfaces of elemental metals and
some semiconductors can be reliably prepared by repeated sputter-
anneal cycles. However, the same method cannot generally be used
for binary or ternary quantum materials because the sputter yield is
element specific, and sputtering thus changes the stoichiometry in an

uncontrolled way. Similarly, annealing can lead to preferential des-
orption of certain elements and may, in addition, promote unde-
sired surface reconstructions. Complex materials are thus typically
cleaved in an ultrahigh vacuum immediately prior to ARPES or
STM measurements. This is most commonly done by gluing in
air a small stick (“top post”) on a piece of crystal with an often
irregular shape. After insertion in UHV via a load-lock system, a
bending force is applied to the top-post, usually by touching it with
a wobble-stick. In the ideal case, this cleaves the crystal and results
in a sufficiently large and flat surface to be probed in an experi-
ment. While this method has been highly successful, it does have
multiple drawbacks. (i) Cleaving is a stochastic process strongly
affected by the often irregular shape of crystals and by defects such
as the intergrowth of different phases. This leads to a large vari-
ability in the quality of the data and may even cause experiments
to fail. (ii) Many interesting materials, such as intermetallics and
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cubic perovskites, but also layered La- and Tl-cuprates, have nearly
isotropic bond strengths and do not cleave well. (iii) The crystal
breaks at the mechanically weakest link, which usually corresponds
to an enhanced defect density. (iv) The location of a cleave can-
not be controlled. This proved to be a severe limitation for ARPES
experiments under uniaxial strain.3,4 If straining forces are applied
directly to a sample, the resulting strain field is inversely propor-
tional to the cross section and will, thus, vary over the sample
surface unless the crystal shape remains highly regular after the
cleavage process. A similar problem is observed in approaches where
thin samples are not directly deformed but rather glued to a sub-
strate that is itself strained in situ. With such a setup, the strain
field partially relaxes through the epoxy, and the degree of relax-
ation further depends on the thickness of the crystal remaining after
cleavage.

Alternative cleavage methods use mechanically actuated knife
edges in fixed cleaving stations5–8 or on sample plates.9 Applying
high clamping forces through macroscopic anvils proved powerful
for cleaving the (001) surface of SrTiO3, which has been attributed
to strain-induced ferroelectricity.10,11 Although promising for cer-
tain cases, these methods have restrictions with regard to the sample
material and surface plane and do not allow micrometer precision in
placing the cleavage plane.

Here, we introduce a new approach based on Focused Ion Beam
(FIB) machining of strain lenses. We show that this permits the
precise positioning of cleavage planes, allows the cleaving of crys-
tals along non-standard planes, and results in high-quality surfaces
suitable for ARPES experiments even in hard to cleave materials.

SAMPLE PREPARATION

In order to achieve a reliable cleave in the desired direction, we
design the shape of the crystal such that the stress present during the
cleave is focused on a specific crystallographic plane that is the tar-
get of investigation. To achieve this, we use FIB microstructuring.
The specific workflow shown in Fig. 1 depicts the microfabrica-
tion steps from a single crystal to a micro-pillar ready for cleaving.
A xenon-plasma FIB was chosen for this task to allow for rapid
machining even on the macroscale because of the high ion currents
and fast milling rates this technology offers. The starting point is
a single crystal, whose crystallographic axes were determined using
Laue diffraction. Pillar shaped pieces are cut from the sample on the
0.1–1 mm scale. Such pillars can be prepared by standard methods
such as wire sawing, grinding, or laser cutting. Here, we explore an
all-FIB approach to cutting the pillars from the parent crystal at an
acceleration voltage of 30 kV and a beam current of 2.5 μA. The goal
of this step is to cut through the entire crystal depth. When using a
FIB, suspending the crystal freely in space substantially accelerates
such deep cuts compared to crystals mounted on a substrate. In free
suspension, once the beam pierces through the bottom of the crys-
tal, the sputtered material can exit the trench via the bottom. This
greatly improves the speed of material removal and thereby allows
for higher aspect ratios of width to depth in the FIB cut. Practi-
cally, this free suspension is realized by mounting the crystal over the
edge of a silicon wafer, which also facilitates manual handling. With-
out direct substrate support, the pillar is hanging in free space, and
hence, a thin bridge connecting it to the parent crystal is required to

FIG. 1. (a) Pillars are cut from an aligned single crystal with a bridge maintaining a connection between the pillar and crystal. (b) The pillar is mounted upright on a gold
coated sapphire substrate using silver epoxy (Epotech H20E), and a ceramic post or thin metal wire is glued on the top face to permit cleaving with standard tools available
at ARPES beamlines. (c) The pillar is necked to a cross section of less than 80 × 80 μm2. (d) The center of the neck is finely structured with a single line cut to produce
a sub-micrometer strain lens in the desired cleaving plane. The second row depicts SEM micrographs corresponding to the sketches in (a)–(c), demonstrating the process
of Sr2RuO4 pillar fabrication. (e) A Sr2RuO4 crystal with cuts defining two pillars each with ac and aac cleavage planes corresponding to [100] and [110] surface normals,
respectively. (f) SEM micrograph of the pillar mounted and necked. (g) SEM micrograph after the top of the pillar was pushed off and the sample cleaved perpendicular to the
atomic layers.
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keep it in place during the fabrication process. After coarsely cutting
the pillar edges, one of the two small cross section surfaces is cho-
sen as the future bottom surface, which is used to mount the pillar
to the substrate in the next step. That surface is smoothed by further
milling at grazing incidence angle of the xenon beam at a 200 nA
current. This ensures a perpendicular and mechanically rigid mount
of the pillar on the substrate. It is important to keep the bridge intact
during these steps to avoid the pillar falling out of the parent crys-
tal. At last, this bridge is then thinned to ∼1 × 1 μm2, which allows
ex situ mechanical removal of the pillar from the remaining crystal
without damage. The pillar can then be poked out under an opti-
cal microscope by applying a weak force to it, breaking the bridge.
This can be done either manually using a sharpened wooden stick or
semi-automatically using a micromanipulator.

The free pillar is then mounted onto a conductive substrate
by carefully applying silver epoxy (Epotech H20E) under an opti-
cal microscope. This ensures good electrical contact for further FIB
machining as well as the ARPES measurements, which is impor-
tant to avoid charging effects. Gold coated sapphire or silicon
chips perform well for this task, yet any hard, conductive sub-
strate is suitable. Before further processing, we glue either a thin
wire or a ceramic post again with silver epoxy on the top face
of the pillar to facilitate cleaving with a wobblestick at ARPES
beamlines.

Subsequently, the mounted pillar is transferred to a holder pre-
tilted at 36○ to process the side planes in the same plasma FIB system.
This holder is used to enable FIB access to the sides of the now verti-
cally mounted pillar. A V-shaped cut is produced on both sides of the
pillar by irradiating triangular milling patterns on both sides in rapid
alteration, sometimes called a parallel milling mode. This ensures
that the tips of the V-shaped patterns remain well aligned with
each other even in the event of drifts during the milling procedure.
The coarse thinning is done with a xenon ion beam current set to
2.5 μA to reduce the cross section by 50%, or about 100 μm, and then
sequentially reduced to 200 and 60 nA for another 10 μm on each
side, respectively. The pillar is then rotated by 90○ around its axis on
the pre-tilted holder, and the procedure is repeated. The V-shaped
neck reduces the cross-sectional area of the pillar to 80 × 80 μm2 or
less. This neck thickness has offered a good trade-off between the
degree of strain lensing and the size of the cleaved surface. Naturally,
this is material and goal specific, yet the dimensions can be trivially
readjusted.

To finally define the cleavage plane precisely, a line cut is per-
formed at a beam current of 0.7 nA in the center of the neck. The
line-cut pattern is a single pixel wide trace that is repeatedly scanned,
resulting in a cut width reflecting the beam diameter. In this process,
the beam current sets the width of the cut, and the patterning time
used sets the depth of the cut of the relevant material. For the pre-
sented materials, a patterning time of 60 s led to a depth of 100 nm.
The line cut pattern is placed by acquiring an ion beam image of the
device and aligning the line with the narrowest section of the device,
making sure the pattern extends beyond the sample to ensure that
the line is cut in the surface facing the FIB column as well as the
sides of the neck. The key aspect of the line pattern is that the ion
beam is guided in one dimension only, thus directly tracing out the
final cleaving plane [see Fig. 1(d)]. It provides the final placement of
the strain lens and, hence, is only performed once on one face of the
sample, as it is technically challenging to cut a second feature with

FIG. 2. Finite element analysis of a typical pillar geometry performed in COMSOL
Multiphysics. Colors show the distribution of the strain tensor element σzz result-
ing from the application of a force of 1 N. The enlarged view in the right panel
visualizes the focus of strain at the edge of the constriction.

high alignment precision to a previous one after a substantial rota-
tion of such a large object. Cutting this line once ensures a uniquely
defined cleavage plane.

At this stage, the pillar is ready for cleaving, and any contact
with the top of the pillar could lead to irreversible damage and acci-
dental cleavage. Hence, it is desirable to directly mount the substrate
on the final holder for the ARPES chamber at this stage to avoid
unnecessary sample manipulation later on.

The resulting strain lens can be visualized in a finite element
analysis (see Fig. 2). The simulations have been carried out using
COMSOL Multiphysics on a pillar with a 300 × 300 μm2 cross
section and a height of 700 μm. The constriction reduces the cross
section to 40 × 40 μm2 with a realistic 1 μm radius at the apex, typ-
ical for the xenon beam settings used in our work. A horizontal
force of 1 N is applied to the top section of the pillar, mimicking the
cleaving arm used in the ARPES setup. The resulting strain in the
pillar is focused at the edge of the constriction, with a large isotropic
gradient demonstrating the locally confined origin of the cleaving
point.

RESULTS AND DISCUSSION

In Figs. 3 and 4, we show the first results from micro-cleaves of
SrTiO3 and Sr2RuO4, two oxides with unusual electronic properties.
SrTiO3 attracts interest because of its catalytic and photo-catalytic
activity and is widely used as a substrate in oxide heteroepitaxy.
The electronic structure of SrTiO3 gained renewed interest in 2004
with the discovery of a two-dimensional electron gas (2DEG) at
the interface with the band insulator LaAlO3.12 Later, a similar
2DEG was observed at the bare surface of SrTiO3, where it is
accessible to ARPES experiments.13,14 Catalysis and electronic struc-
ture studies are primarily interested in bulk terminated SrTiO3.
Preparing high quality bulk terminated surfaces remains a chal-
lenge, however. SrTiO3 has no natural cleavage plane, and surfaces
prepared by sputtering and annealing show a plethora of surface
reconstructions.15
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FIG. 3. First results from SrTiO3 micro-cleaves. (a) Structural model of SrTiO3. (b) 3D optical profilometry of a conventionally cleaved/broken crystal. (c) Optical micrograph
of a cleaved SrTiO3(001) micro-pillar. (d), (e) AFM images of two different areas of the SrTiO3(001) micro-pillar used for the ARPES measurements shown in (f), (g) taken
ex situ after the ARPES measurements. (f), (g) Fermi surface and energy-momentum dispersion data of SrTiO3(001) taken in the second Brillouin zone with hν = 47 eV. (h)
Fermi surface taken with hν = 108 eV on the cleaved surface of a SrTiO3(111) micro-pillar.

FIG. 4. c-axis cleaves of Sr2RuO4. (a) Structural model with the ac plane indicated in gray. (b) Optical profilometry of a cleaved (100) surface (ac plane). (c) Optical micrograph
of a Sr2RuO4(110) surface (aac plane). (d) Bulk Brillouin zone of Sr2RuO4 with a schematic of the Fermi surface in the (ka, ka) plane. The vertical momentum axis ka is
perpendicular to the ac surface. A photon energy of 83 eV probes the high-symmetry plane indicated in red. (e) Fermi surface map from an Sr2RuO4(100) surface (ac plane)
taken with hν = 83 eV. Red lines show the density functional theory Fermi surface calculated within the local density approximation (LDA), including spin–orbit coupling
(SOC).
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Figure 3(b) shows a conventionally cleaved/broken SrTiO3
crystal imaged by optical profilometry. We find a smoothly curved
surface with characteristically strong variations in the reflected light
intensity. Such surfaces resembling broken glass are typical for
conchoidal fracturing, which occurs in brittle crystalline materials
lacking a preferential cleavage plane. In contrast, the micro-pillar
in Fig. 3(c) shows the optical properties of a high-quality cleave.
With the exception of a few large steps and point-like defects,
light is reflected in the same way from almost the entire surface
area because of the prevalence of a single cleavage plane. Ex situ
atomic force microscopy (AFM) of cleaved SrTiO3(001) micropil-
lars shows long terraces bound by straight steps [Figs. 3(d) and
3(e)]. Terrace widths vary between cleaves and over the surface area
of a single cleave. In the representative areas imaged in Figs. 3(d)
and 3(f), we find average terrace widths of 0.2 and 1 μm, respec-
tively. These values are large compared to the electronic mean free
path. Terrace widths are thus not expected to limit the data qual-
ity obtainable in ARPES experiments. Step heights in these areas
are around 10 and 2 nm, respectively, corresponding to a miscut
of ≈0.6○ in both cases. Such terraces directly confirm the effec-
tiveness of the strain lens, which guides the fracture along the
desired cleavage plane and avoids instabilities leading to conchoidal
fracturing.

Preliminary ARPES measurements on the SrTiO3 surface char-
acterized in Figs. 3(a)–3(e) were performed at the high-resolution
branch of beamline I05 at the Diamond Light Source (DLS).16 While,
in general, the micropillars are stable for transport to a beamline,
one has to gain some experience handling fragile samples and revisit
the usual workflow accordingly to avoid accidental cleavage. Inad-
vertently, this occurred for the SrTiO3(001) sample used for the
ARPES measurements shown in Figs. 3(f) and 3(g), which cleaved
in the UHV system around 12 h before the start of the beamtime,
likely because of vibrations of a transfer arm. Hence, the ARPES
data had to be taken on a surface that was already slightly con-
taminated before the start of the measurements. Nevertheless, we
observe multiple quantum well states of the well-known surface two-
dimensional electron gas with a data quality comparable to the most
successful of a large number of conventional cleaves.17 Similarly, the
first data on SrTiO3(111) micropillars shown in Fig. 3(h) is compa-
rable in quality to the best data selected from multiple conventional
cleaves.18

In Fig. 4, we show that FIB-machined micropillars are suit-
able for obtaining flat surfaces perpendicular to the natural cleavage
plane of a layered perovskite. This offers new perspectives for ARPES
as it gives ready access to kc, the momentum component perpendic-
ular to the layers. Sampling kc in traditional ARPES experiments on
samples cleaved in-plane requires scanning of the photon energy.
Such measurements require careful and time consuming energy
calibrations and suffer from the intrinsically poor momentum res-
olution of ARPES along the surface normal.19 Their interpretation
is further complicated by deviations from the commonly used free-
electron final state approximation.20 In contrast, on micro-cleaved
surfaces perpendicular to the natural cleavage plane, the kc dis-
persion can readily be measured at a single photon energy by
simple scanning of the emission angles using a sample goniome-
ter or a deflector lens in the electron spectrometer. Note that
such measurements, nevertheless, profit from tunable synchrotron
radiation, which allows selecting the desired plane in 3D k-space

with a specific momentum component perpendicular to the cleaved
surface.

Figure 4(e) demonstrates the feasibility of this new approach on
the example of a Sr2RuO4 micro-pillar cleaved along the ac plane.
Sr2RuO4 has a low-temperature resistive anisotropy near 104, far
greater than the anisotropy of the relevant hopping integrals. This
has been attributed to spin–orbit coupling induced anti-crossings
that reduce the effective dimensionality of the Fermi surface.21 How-
ever, direct measurements of the warping of the Fermi surface along
kc proved difficult. Figure 4(e) shows the first such direct measure-
ment of the out-of-plane dispersion. Our data from the ac surface
of Sr2RuO4 resolves two nearly straight Fermi surface contours,
corresponding to highly 2D Fermi surface sheets. For these mea-
surements, we tuned the photon energy to 83 eV, corresponding to
k� ≈ 6π/a, to probe the (ka, 0, kc) plane in the 3D Brillouin zone. For
this high-symmetry cut, the contribution of k� broadening vanishes
to the first order. The good agreement of our experimental Fermi
surface with a density functional theory calculation in the (ka, 0, kc)
plane that includes spin–orbit coupling allows us to identify the
experimental contours with the β and γ sheets, which dominate
charge transport in Sr2RuO4.

OUTLOOK

FIB shaped micropillars have the potential to advance the field
in multiple directions. Controlled cleaving promises to improve
the reproducibility and efficiency of ARPES and STM experiments,
which greatly accelerates electronic structure studies. Microscopic
control over the fracture process will further allow for the selection
of a cleavage plane within inhomogeneous materials, such as het-
erostructures or semi-conductor devices. Buried structures were so
far inaccessible to STM or ARPES, yet with FIB-prepared micropil-
lars, a desired plane of interest buried at depth can be selected as
the cleavage plane. It will be interesting to explore how these tech-
niques may provide additional insights into devices and complex
structures.

FIB-micropillars will naturally also broaden the range of mate-
rials and surfaces accessible to these techniques, as we demonstrated
on the ac-face of Sr2RuO4 (Fig. 4). Such micro-cleaves along planes
containing the c-axis of layered crystals directly allow access to the
out-of-plane dispersion of structurally layered materials, such as
cuprate and iron-based high-Tc superconductors. These measure-
ments are largely immune to complications of the photoemission
final states and will often be more precise than the traditional
approach based on scanning of the photon energy because they
are much less affected by the intrinsic final state broadening along
the surface normal and do not require a precise calibration of the
Fermi level for a large number of photon energies. The latter will
be particularly valuable for measurements of the superconduct-
ing gap along kc. With reduced electronic dimensionality being a
common thread in quantum materials, determining the strength
of the electronic interlayer coupling is at the heart of understand-
ing their physics. In the context of topological materials, surface
state measurements on selected surfaces along multiple crystallo-
graphic directions are decisive for establishing their topological
state.22

In some situations, a well-defined sample shape after the cleave
is desirable. A topical case is experiments under directional strain,
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which crucially relies on a defined sample geometry after the cleave.
FIB shaping permits the precise definition of cleavage planes, and,
hence, allows an a priori mechanical design of the cleaved sam-
ple. These pioneering examples will undoubtedly become even more
powerful in the future as the underpinning technology evolves.
First, this concerns advances in ARPES. With the advent of high-
resolution ARPES beamlines with a sub-10 μm beam diameter, it
appears promising to further reduce the cleaved cross section, which
will likely improve the surface quality. Such samples will no longer
be compatible with the simple, manually actuated wobblesticks typ-
ically used to cleave samples at ARPES beamlines. Introducing
suitable precision cleaving tools, preferably on the transferable sam-
ple plates, will be an important development of the method. It will
also facilitate sample fabrication and handling by removing the need
for a large top post.

A second class of improvements is expected from current
trends in FIB instruments, which have moved away from being Ga-
source dominated toward an ecosystem of multi-species sources that
allows us to select the right source and ion for a given task. The
enhanced resolution of Ne-beams reduces the radius of curvature
at the notch, enhancing the surface stress and localizing the cleavage
plane more precisely. Utilizing the deep penetration depth of He ions
may facilitate even more difficult cleaves by introducing bulk defects
within the cleaving plane. Akin to the smart-cut utilized in semi-
conductors, generating deep defects can further weaken bonds at
desired planes—a potential pathway toward nanometric positioning
of the cleave in semi-conductor devices. At the same time, high-
current plasma-based sources are indispensable for this process, as
large-scale structures have to be machined within acceptable time
and cost. The main pillar can be conveniently cut from a crystal with
traditional machining methods such as wire sawing or laser cutting,
and the typical FIB time spent to machine the strain lenses into them
is around 6 h per sample.

It will be exciting to monitor the evolution of this highly versa-
tile process in the future, when it adapts to match the requirements
of more and more complex science questions.
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