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Nanometer-Range Strain Distribution in Layered Incommensurate Systems
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We adopt fringe counting from classical moiré interferometry on moiré patterns observed in scanning
tunneling microscopy of strained thin films on single crystalline substrates. We analyze inhomogeneous
strain distribution in islands of CeO,(111) on Cu(111) and identify a generic source of strain in
heteroepitaxy—a thickness-dependent lattice constant of the growing film. This observation is mediated
by the ability of ceria to glide on the Cu substrate. The moiré technique we are describing has a potential
of nanometer-scale resolution of inhomogeneous two dimensional strain in incommensurate layered

systems, notably in supported graphene.
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Mapping of strain distribution in nanometer-sized
objects represents a challenge of current experimental
nanoscience. Strain crucially influences transport proper-
ties of electronic devices [1,2], chemical reactivity of nano-
structured catalysts [3-5], and growth mode and stability
of thin film [6] and nanostructured systems [7]. In extreme
cases strain in nanostructures can be viewed in a micro-
scope as the real-space distortion of the atomic lattice [5],
however, indirect microscopic methods prevail.

Many indirect microscopic observations take advantage of
the so-called moiré—beats between two periodic lattices. For
nanometer scale resolution, one lattice is always the atomic
lattice of the subject, the other is a known reference in the
form of a bulk single crystal (transmission electron micros-
copy) [8.,9], scanning raster of the image frame (scanning
transmission electron microscopy, scanning probe micros-
copy) [10,11], or, in the case of layered systems, single crystal
substrate or adlayer (scanning probe microscopy) [12,13].
Tiny variations in the registry of the lattices become greatly
amplified by the moiré effect. Thus, using moiré, small
changes in the lattice constant [ 14] or in the azimuthal registry
of the lattices can be measured with unprecedented precision
[15]. In systems with moiré also imperfections of the atomic
lattices stand out very clearly facilitating visualisation and
study of dislocations and domain boundaries [10,12,16].

Majority of existing quantitative studies analyze homo-
geneous moiré and yield space-averaged information on
lattice constants and/or azimuthal rotation [14,17,18]. Only
recently, moiré-based mapping of inhomogeneous strain
became available in transmission electron microscopy [9].
In layered systems observed with scanning probe methods,
the potential of moiré for strain analysis has long been
realized [13], however, two-dimensional analysis of inho-
mogeneous strain has been missing so far.

Here we present a study of inhomogeneous honeycomb
moiré observed by scanning tunneling microscope (STM)
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in oxide-on-metal system CeO,(111)/Cu(111). Ceria is a
featured material for heterogeneous catalysis [19,20] and a
prospective high-k dielectric [21]. From the inhomogene-
ities of the moiré we reconstruct distribution of local strain
in ceria islands. We consider the moiré as a superposition
of interference fringes and adopt a well-established method
of fringe counting [22]. We observe that ceria layers can
freely adapt their lateral extension by gliding on the Cu
(111) substrate and undergo elastic in-plane deformation
dictated by boundary conditions and defects of a particular
ceria flake. For freestanding defect-free multilayer ceria
islands finite element calculations show that the strain
distribution corresponds to equilibrium of mutually con-
fined (concentric) areas with thickness-dependent lattice
constants and free outer boundary. The described method
for analysis of strain distribution in incommensurate
layered systems is expected to be generally applicable,
particularly in supported graphene [23].

Ceria islands on Cu(111) were prepared and observed
in an ultra-high-vacuum chamber with base pressure
1 X 1073 Pa with standard sample cleaning and prepara-
tion facilities and a homemade STM. Ce was evaporated on
clean Cu(111) substrate kept at 400 °C in a background
atmosphere of 5X 107> Pa O, to a total amount of
0.5 monolayer (ML) CeO,. 1 ML CeO, is a vertical stack
of O—Ce—O with 7.9 X 10" cm~2 Ce atoms. A detailed
account of the sample preparation and the morphology
of the obtained samples has been published recently [24].
We obtain flat CeO,(111) islands 1-3 ML thick residing
on clean Cu(111). In between the islands, Cu is oxidized.
Ce0,(111) is incommensurate on Cu(111). About 45% of
the islands in the population show a honeycomb moiré in
the first few monolayers (ML). In these islands, [112]
directions of ceria and Cu are antiparallel [24]. Remaining
islands show different azimuthal orientations and different
coincidence structures and will not be discussed here.
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FIG. 1 (color online). Moiré as superposition of interference
fringes. (a) (111) substrate. Rhombus: substrate unit cell; lines:
substrate atoms as reference grating; e;, e,: two independent
directions. (b) Orientation of interference fringes corresponding
to strain in the (111) overlayer in e, and e, directions. (c) Moiré
in the overlayer formed by two independent and one dependent
set of fringes.

In engineering [22], strain is determined from a projec-
tion of a linear reference grating on a strained sample
grating. This projection yields fringes—stripes in the sam-
ple plane that can be numbered consecutively. The dis-
placement in the sample plane normal to the reference
grating is U(x, y) = aoN(x, y), where ay is a pitch of the
reference grating, N is a number of a fringe (fringe order),
and x, y in-plane coordinates of a fringe. U(x, y) is scalar;
vector displacement is obtained repeating the procedure
with the reference grating rotated by 90°.

The honeycomb moiré of two (111) atomic lattices can
be considered as a superposition of fringes from two linear
reference gratings intersecting at an angle of 60°, see the
schematic in Fig. 1. The lines of the reference gratings
coincide with close-packed rows of the single crystal sub-
strate with directions e, e, [Fig. 1(a)]. Uniaxial strain in
the sample along e, yields fringes parallel to e, and vice
versa [Fig. 1(b)]. Typically, the strain in the sample is close
to homogeneous; in this case, fringes parallel to e; — e,
complete the honeycomb moiré appearance [Fig. 1(c)].
The vector displacement in the sample plane is U(x, y) =
aoN,(x, y)e; + agN,(x, y)e,, where a, is a size of the
surface unit cell of the reference single crystal, and
N;(x,y) and N,(x,y) are fringe orders corresponding to
e; and e,. Zero displacement corresponds to samples that
are pseudomorphic with the substrate.

A reconstruction of two-dimensional strain distribution
is illustrated in Fig. 2. Figure 2(a) shows the STM topo-
graph of a 1 ML thick ceria island in a complex boundary
condition. Top left is a Cu step edge covered with ceria
(white), bottom right 1 ML ceria with different azimuthal
orientation (gray), right oxidized copper (black).
Boundaries of the ceria domains are partly decorated
with 2 ML ceria and/or voids with oxidized copper.
A 1 ML ceria shows inhomogeneous moiré. Centers of
moiré spots are marked by dots. After selecting e, e, the
moiré spots are assigned integer fringe orders. After numeri-
cal interpolation fringes in two directions can be plotted as
equipotentials of N 5(x, y), see Fig. 2(b). Ny »(x, y) converts
to vector displacement U(x, y) that determines the strain.

position (nm)

FIG. 2 (color online). (a) Inhomogeneously strained 1 ML
ceria/Cu(111). Moiré centers are marked by dots. Inset: atomic
resolution of moiré. (b) Moiré fringes and fringe orders
corresponding to e; (full lines), e, (dashed lines). (c) Two-
dimensional strain. &, and &, are plotted as components of 2D
arrows. To enhance the local variations, only deviations from a
homogeneous 3% contraction (cf. scale in top left corner) are
shown. Strain is evaluated relative to bulk ceria. T represent
defects in ceria layer. Image width in (a) 80 nm, inset 8 X 8 nm?.

Strain components &, = U, /dx, and &, = 9U,/dy, are
plotted in Fig. 2(c).

On average, &, = &, = —3.2%. This corresponds to a
homogeneous contraction of ceria monolayer with respect
to a commensurate growth of 2 unit cells of CeO,(111) on
3 unit cells of Cu(111) expected from bulk lattice constants
of ceria and copper [24,25]. In addition, local variations of
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strain are observed that can be assigned to defects in the
ceria monolayer. Typically, a crystallographic defect is
accompanied by the appearance or disappearance of a
moiré fringe [10,12,16,26]. This is not observed inside the
island in Fig. 2(a). Rather, we can estimate locations of
(virtual) edge dislocations near the perimeter of the island
that contribute to the observed strain distribution. These
defects are marked T in Fig. 2(c). The displacement cor-
responding to these defects is smaller than expected for a
developed partial dislocation in ceria ML [26]. Thus, the
physical nature of these defects is most likely point defects
and pinning of the CeO, structure at domain boundaries of
the ceria monolayer.

The absence of crystallographic defects inside the island
together with the inhomogeneity of the observed moiré
allow us to conclude that the ceria monolayer has an ability
to respond to external stress by elastic in-plane deforma-
tion freely gliding on the copper substrate. Gliding in
response to stress is a general property of weakly inter-
acting substrate-adsorbate systems [6]. Recently it has
been confirmed, e.g., in an incommensurate system
graphene/Ir(111) [14]. In the following, we show that
gliding is possible also for thicker ceria. This is in line
with theoretical predictions of comparatively small varia-
tions (= 0.24 eV) of the binding energy of CeO,(111) on
Cu(111) for different mutual lateral shifts [27].

STM topograph of a multilayer ceria island with a free
outer boundary on most of its perimeter is shown in
Fig. 3(a). The island has a triangular shape in first and
higher ceria monolayers indicating a coherent single crys-
tal [24]. This type of island dominates the island popula-
tion on the prepared samples. First and second ML of the
island shows a honeycomb moiré with three characteristic
modifications: on the apexes of the 1st ML area, the moiré
is isotropic with periodicity corresponding to 3.2% con-
traction of ceria layer. In the center of the 2nd ML area, the
moiré is isotropic with an increased period corresponding
to areduced 2.4% contraction of ceria layer. On the sides of
the 1st ML area, the moiré is anisotropic with a periodicity
elongated in the direction of the island edge. Strain distri-
bution in the island can be estimated from the shape of
selected moiré fringes [dash dotted lines in Fig. 3(a)].
Qualitatively, the increased lattice constant of the 2 ML
area causes its lateral expansion and a corresponding out-
ward relaxation of the 1 ML area.

The observed relaxation of the ceria island is mediated
by gliding of the layer on the substrate. With gliding, areas
where second ceria ML nucleates on top of first ceria ML
(or 3rd on 2nd, etc.) can adjust their lateral lattice constant
unrestricted by the registry with the substrate. The driving
force for changing the lateral lattice constant of the layer
is a quantum-mechanical size effect related to a limited
thickness of the layer as predicted by ab initio calculations
[24,28]. The extent of this size effect for ceria can be seen
in Table I for the first 3 ML where reference from moiré
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FIG. 3 (color online). (a) Inhomogeneously strained multilayer
island of ceria on Cu(111). 1 ML and 2 ML label the first and
second monolayers. Rings are moiré centers of a selected con-
stant fringe order, lines are guides to the eye. (b)—(d) Simulation
of a strained 2 ML island. 2 ML area features, intrinsically, a
larger lattice constant than 1 ML area (cf. Table I). (b) Moiré,
(c) radial displacement, (d) radial strain. Displacement and strain
are evaluated relative to lattice constants of the homogeneous
1 ML or 2 ML, respectively. Image width in (a), (b) 130 nm, in
(c), (d) 65 nm.
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TABLE I. Lateral contraction of ceria layers of different thick-
ness with respect to bulk lattice constant. STM: from moiré
patterns in discontinuous layers grown on Cu(111) at 400 °C,
DFT: from unsupported stoichiometric ceria layers.

Ceria Contraction (%)

thickness STM DFT
1 ML 3.2 *+0.3*% 6.7%
2 ML 2.4 +£0.3° 3.7
3 ML 1.9 +0.4° 2.8°

*Reference [24].
®This work. For technical details of DFT see Ref. [24].

STM data and results of model density functional theory
(DFT) calculations are available. DFT refers to unsup-
ported stoichiometric ceria layers. The measured size ef-
fect is smaller than the calculated one due to the interaction
with the substrate that effectively counteracts the size
effect [24,28].

With the assumption of gliding, the strain distribution in
the observed island can be modeled as a 2D elastic problem
with the role of the substrate reduced to keeping all relax-
ations in plane. Results of the model obtained with finite
element calculation are shown in Figs. 3(b)-3(d). We use a
simplified geometry of the island composed only of 1 and
2 ML areas that are equilateral and concentric. Sides of 1
and 2 ML areas are 130 and 80 nm, respectively. The stress
in the system originates from a larger lateral lattice con-
stant and a larger stiffness of the inner 2 ML area compared
to the outer 1 ML area. Lattice constants reflect the differ-
ence between 2.4% and 3.2% contraction with respect to
ceria bulk for 2 and 1 ML, the stiffness ratio is taken 3:2 for
2 ML with respect to 1 ML, Poisson’s ratio is 1/3 for both 1
and 2 ML. Relaxation is allowed in a lateral direction with a
free outer boundary and a weld between 1 and 2 ML areas.

A simulation of moiré in the relaxed island is shown in
Fig. 3(b). The color on the gray scale is proportional to the
lateral distance between atoms of ceria layer and Cu sub-
strate. The simulated moiré fully replicates the moiré
distribution observed in experiment, as best viewed on
the anisotropic moiré along island edge and the shape of
the selected fringes. Actually, the shape of any fringe is
reproduced with a considerable agreement including
fringes that cross the boundary between 1 and 2 ML.
Small discrepancies between simulation and experiment
can be traced back to the differences between geometry of
the real and the idealized island.

Moiré reflects displacements in the relaxed island. The
radial component of the displacement is shown in Fig. 3(c).
Compared to the unrelaxed state, the 1 ML area moves
outward, while the 2 ML area moves inward. The move-
ments are up to 2 A on the 130 nm island. The radial
component of the strain &, = dU,/dr is shown in
Fig. 3(d). The mutual confinement of the 1 and 2 ML
areas causes an extra uniaxial strain in both 1 and 2 ML
areas decreasing €, by about 1% in the radial direction.

The agreement between the experimental and calculated
moiré allows us to define a new generic source of strain in
heteroepitaxy—a thickness-dependent lattice constant of
the growing film. This finite-size effect will mostly influ-
ence strain evolution in weakly interacting incommensu-
rate systems. In the presence of gliding between the
substrate and the growing layer, the growing layer is
allowed to adopt the lateral lattice constant corresponding
to its local thickness. This relaxation is counteracted by
elastic interaction between neighboring areas with differ-
ent thickness leading to strongly inhomogeneous strain
distributions. Further, the relaxation can be influenced by
crystallographic defects in the growing layer.

On the other hand, finite-size effects on strain will be
less pronounced in the well-studied case of heteroepitaxial
systems where the growing layer is pseudomorphic
[29-32] or commensurate with the substrate [16,33]. In
these systems, the lattice constant of the growing layer is
initially fixed by the interaction with the substrate over-
riding the thickness dependence. Indeed, eventual moiré
in these systems does not indicate changes of the lattice
constant with increasing layer thickness [16,30]. Upon
reaching a critical thickness the accumulated stress in these
layers relaxes by a variety of coexisting pathways includ-
ing nucleation of 3D islands [16,29], roughening [29,33],
and nucleation of dislocations in the layer [29-31].

To conclude, we have determined and characterized an
inhomogeneous strain distribution in ceria islands growing
on Cu(111) using an analogy between the moiré interfer-
ometry in engineering and moiré observed by scanning
tunneling microscope in incommensurate layered systems.
Ceria islands growing in height relax the stress in the ceria
layer by lateral expansion freely gliding on the Cu sub-
strate. This allows us to identify a new and generic source
of strain in heteroepitaxy—a thickness-dependent lattice
constant which is a finite-size effect on ultrathin layers
several ML thick. The described method of mapping of
inhomogeneous strain distribution can be applied generally
to incommensurate systems including supported graphene.
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