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ABSTRACT: The response to strain in covalently bound single layers
has a large impact on the growth and properties. We investigate the
quasi-two-dimensional hexagonal boron nitride on Rh(111), which is
interesting due to its high intrinsic corrugation. We use combined
atomic force and scanning tunneling microscopy to measure the
response of this monolayer to probing forces. Three-dimensional force
maps and the atomic resolution of the layer enable us to determine
lateral and vertical stiffness of this prototypical system with
unprecedented spatial resolution. Extremely low stiffnesses ~#1 N/m

are derived. Our experiments give insights into the mechanical
properties of corrugated incommensurate layers that buckle into the third dimension to relieve strain.
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exagonal boron nitride (h-BN) consists of alternating
boron and nitrogen atoms in a two-dimensional
honeycomb lattice. Similar to graphene, the sp” hybridization
creates strong covalent bonds between the atoms of a layer,
while the layer as a whole is only loosely bound by van der
Waals forces to adjacent layers or to supporting metal
substrates." The unique physical and chemical properties of
h-BN make it an ideal dielectric material for future applications,
as shown for example in graphene h-BN heterostructures.”*
Besides the interest in h-BN as an insulating layer for
heterostructures, h-BN has also been shown to be an excellent
nanotemplate when grown on transition metals,’> which
electronically decouples molecules and clusters from the
underlying substrate.””® The mechanical properties of h-BN
are of crucial importance to get a fundamental understanding of
the mechanisms involved in the transition between commensu-
rate and incommensurate growth,'® the observed site-specific
adsorption when deployed as template for molecules, and for
possible applications in nanomechanical devices.'' While most
methods that have been employed so far, like inelastic X-ray
scattering12 or mechanical indentation experimentsB’14 average
over large areas, the advances of scanning probe methods
enable to detect mechanical deformations down to the
picometer-scale.'>"¢
We investigate the effective stiffness of the highly corrugated
h-BN/Rh(111)" as a strained model system that is perfectly
accessible by combined atomic force (AFM) and scanning
tunneling microscopy (STM). Well-ordered single layer h-BN
can easily be grown on transition metal substrates by chemical
vapor deposition of borazine (B;N3Hg).! On a Rh(111) crystal
the lattice mismatch between the substrate and the 4-BN results
in a growth in which the h-BN monolayer forms a Moiré-like
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superstructure with 3.2 nm periodicity corresponding to 13 BN
units on top of 12 Rh atoms.'® Surface areas in which the
nitrogen atoms of the 4-BN are aligned with the Rh atoms of
the substrate are strongly bound (“valley sites”), while areas in
which the nitrogen atoms are aligned with hollow sites buckle
away from the metal substrate (“rim sites”) (Figure 1). This
corrugation precludes a simple 2D treatment: probing the
stiffness by only applying forces perpendicular to the layer, like
in indentation experiments on planar sheets, neglects the effects
that occur due to the corrugation. Only by investigating the
stiffnesses in all spatial dimensions a full picture can be
obtained.

Here we use a home-built frequency-modulated AFM with a
stiff cantilever (k, = 1800 N/m) operating at low temperatures
(Tpase = 1.5 K) and in ultrahigh vacuum (~107'" mbar). A small
cantilever oscillation amplitude perpendicular to the surface of
130 pm enables us not only to detect the frequency shift Af of
the AFM cantilever from its natural resonance frequency of
18400 Hz but additionally the electrical conductance G = I/V
between tip and sample. This technique has two advantages:
First, it allows us to use the exponential dependence of G on
the tip height z to determine the absolute distance between tip
apex and substrate (see Supporting Information, Figure S1).
Second, the small oscillation amplitude ensures the detection of
minute lateral deformations of the corrugation without
averaging over large z ranges.

From sets of constant height images recorded at successively
increased z we calculate the total interaction energy E and the
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Figure 1. The h-BN layer and schematic concept of probing its deformation. (a) The interaction energy landscape between tip and the h-BN layer at
z = 550 pm shows the strong corrugation of 3.2 nm periodicity. The lateral scale bar corresponds to 3 nm. (b,c) Frequency shift (b) and conductance
(c) of a small region at the rim site allowing assignment of B (blue) and N (red) atoms. The lateral scale bars correspond to 0.3 nm. (d) Schematic
side view of the studied system. The h-BN depicted by the black balls is in equilibrium position, i.e., the tip being far away (no interaction). Dark gray
and light gray symbolizes the situation where the interaction between tip and h-BN is attractive and starting to be repulsive, respectively. The z-scale
is based upon data extracted from DFT calculation from ref 21. (e) Model drawings of the effective stiffnesses probed in the three discussed cases of
vertical attractive, vertical repulsive, and lateral attractive forces, respectively.

forces F = —grad E acting between the probing tip and the h-
BN layer in all spatial directions'*® (see methods section for
details). At close tip—sample distances (z < 0.5 nm), where
Pauli repulsion becomes significant, we see clear atomic
contrast at the rim sites of the h-BN sheet in the Af and G
maps (Figure 1b, c). A maximum of G and Af is found at the
position of the atoms, becoming weaker at the interatomic
center of the BN hexagons. The interaction energy difference
between the atom sites and the centers of the hexagons reaches
AE = 15 = S meV at closest approach (z = 355 pm) (Figure
2a). This modulation of the total energy leads to lateral forces
F| between the tip and the h-BN atoms. Independent of the
vertical force component F; we always find the lateral force
acting on the tip to be attractive toward the atoms. In return,
this causes a small decrease of the average distance between B
and N atoms in the hexagon directly below the tip apex.

We determine this shift by a statistical evaluation of the
distance ! between the BN hexagons in the rim region (Figure
2b, c) and by a Fourier transformation of the Af images (see
Supporting Information, Figure S2 for details). We found a
decrease of I by 4% for an increase in Fj from 13 to 20 pN
(corresponding to a change in tip height of 67 pm). By relating
the change of I to the average F; (Figure 2d) in a first-order
approximation (Hooke’s law), ie., by reducing the complex
geometry of the entire rim region to a single spring (see Figure
le) we derive an effective lateral stiffness of k; = dF}/dl = 0.66
+ 0.16 N/m (Figure 2e). The main contribution of the
uncertainty results from the distribution of derived distances.
While mechanical layer properties are usually expressed in
terms of 2D Young’s moduli, we note that transferring concepts
of classical mechanics is cumbersome or even impossible for
such complicated and highly anisotropic systems as the
corrugated h-BN on Rh(111).

As the lateral compression in the sheet is caused by the
presence of the tip it has to be compensated for by stretching in
other regions of the layer where F| exerted by the tip is
significantly weaker. Therefore, we can conclude that the
derived stiflness is indeed a property of the entire rim region.

Density functional theory calculations found differences of
B—N bond lengths within the superstructure of up to 4 pm due
to the lattice mismatch when grown on Rh(111).*' Our
observed decrease of I at the applied forces is of the same
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Figure 2. Lateral forces and displacement of the #-BN. (a) Energy
landscape above the atomically resolved center of the rim recorded at a
tip—sample distance z = 355 pm with an overlaid atom model. The
arrows represent the lateral forces F|. Note that the forces are
attractive, ie., the tip is pulled toward the atoms. The scale bar
corresponds to a distance of 0.1 nm and the reference arrow to a force
of 30 pN. (b) Constant height Af image (4 X 4 nm?) recorded at z =
355 pm shows clear atomic contrast enabling the evaluation of the
distance [ to neighboring BN units at the rim sites. (c, d) Histograms
of L and of F at z = 422, 400, 378, and 355 pm (1—4). We found [, =
278, 276, 274, and 267 pm (1—4) and F,,, = 132, 15.6, 18.0, and
20.3 pN, for decreasing z. The Gaussian fits are guides to the eye. A
change of [,,, by 11 pm and F),,, by 7 pN is observed for a decrease of
the tip height by 67 pm. (e) The relative shift of lyg derived from the
statistical analysis (black) and by FFT (red) decreases linearly with
Fjavg A linear fit (green line) enables the determination of the lateral
stiffness of k” =0.66 + 0.17 N/m.
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magnitude, even though the deformation, which we probe
originates from two effects: First, deformations within the layer,
i.e. direct changes of the bond lengths below the tip apex and,
second, movements of the whole rim region due to the forces
applied by the tip, as depicted in Figure le. These two eftects
cannot be disentangled. Nevertheless, we want to highlight that
only the achieved atomic resolution together with the spatial
resolved lateral forces make a quantification of the overall
movement possible. We expect this lateral flexibility to play a
significant role in the frequentlzf observed off-center adsorption
of molecules on the h-BN.>*** The low stiffness of the entire
rim region will promote topographic adaptation by the h-BN
layer.

Besides the lateral layer deformation the presence of the tip
also impacts the shape of the corrugation normal to the surface.
Constant force landscapes interpolated from the vertical force
component F; clearly show an indentation of the rim region in
an area of about 6 hexagonal units of up to 25 pm at short tip—
sample distances (Figure 3a, b). This apparent indentation
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Figure 3. Deformation due to repulsive vertical forces. (a) 3D
representations of constant total force landscapes (3.4 X 3.4 nm?) at
—450 pN, —575 pN, and —640 pN (top to bottom). The color code
ranges from 460 to 520, 370 to 450, and 355 to 410 pm for the three
images, respectively. An indentation of the layer when high forces are
applied is clearly visible in the rim region. (b) The intersections (black,
red, green) of the light blue plane with the force landscapes shown in
(a) underlines the vertical compression, which can be estimated to be
~25 pm of the rim site by decreasing F, from —575 to —640 pN. Note
that the height scale corresponds to the —640 pN curve and that the
—575 and —450 pN curves are offset by —30 and —100 pm,
respectively. (c) The short-range forces at the rim site are fitted by a
Morse type force up to z = 0.42 nm (gray dotted line), after which a
significant change of slope is visible that is attributed to the pushing of
the layer. (d) The difference between the fit and the data in (c) is used
to deduce a vertical stiffness of k; ~ 1.5 N/m.

cannot be solely attributed to the topographic response of the
layer to the acting force, as it also includes long-range forces
(electrostatic and van der Waals).>

To get a quantitative measure of the deformation, we focus
on the distance dependence of the short-range forces by using
the valley region as a reference for the long-range forces. We fit
a Morse type force®* F = Fylexp(—a(z — z,)) — exp(—2a(z —
zy))] to the attractive part of the short-range forces (Figure 3c)
which results in Fy = 370 pN, a = 12 nm ™, and z, = 0.37 nm.
By interpolation of this fit we attribute the discrepancy of it and
the data below z = 0.42 nm to the softness of the layer. By
relating those distance changes to the acting vertical force, we
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find an effective stiffness of k; 1.5 + 0.6 N/m (see
Supporting Information and Figure S3 for more details).

To put the effective stiffness into perspective as far as larger
scale measurements that usually aim at the Young’s modulus
are concerned, it is worthwhile to compare our data to the
measurements of ref 14. They derive the 2D elastic modulus
(Y*® = 200—500 GPa nm) from indentation of 1 gm diameter
free few-layer h-BN membranes. Relating the indentation depth
to the applied forces, e.g, applying our model, leads to an
effective stiffness of ~2 N/m. Hence, the stiffness that we
derive for the rim regions of h-BN on Rh(111) is of similar
magnitude as for a much larger, free membrane. (More details
and a comparison to ref 16 can be found in the Supporting
Information.)

At larger tip—sample distances one expects the attractive F;
to lift the rim sites away from the supporting Rh(111)
substrate. To observe this pulling we investigate the short-range
forces at distances where we can neglect the Pauli repulsion (z
> 0.55 nm). We observe an exponential decrease of F, when
decreasing z as long as F, is above approximately —20 pN. At
shorter tip—sample distances, the measured force decreases
faster than the exponential fit (Figure 4a). We attribute the
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Figure 4. Deformation due to attractive vertical forces. (a) The short-
range forces in the attractive regime show an over exponential increase
below approximately —20 pN (gray dotted line) at the rim site, which
we attribute to pulling the 4-BN away from the surface by Az (red
bar). The exponential fit (with a decay constant of 4.2 nm™") and the
interpolation below —20 pN are shown in green and blue, respectively,
and the analytical function (see text) in pink. The inset shows a linear
fit (red line) of the displacement against the forces from which a
vertical stiffness of k; = 0.36 + 0.05 N/m can be deduced. (b) The
stiffness is evaluated at each point by deploying the analytical function.
A Gaussian smooth of 2 X 2 pixels is applied for clarity. The scale bar
corresponds to 1.5 nm.

height difference between measured force and interpolated
exponential value (blue line) to a lifting of the sheet. While this
evaluation requires the arbitrary cut between the exponential fit
and the interpolation, we use the analytical relation F,(z) = F,
exp[—k(z + F,(z)/k,)] (with the decay constant k), which
takes the pulling of the tip on the BN sheet at all distances into
account by replacing z with z + F, (z)/k,. This equation can be
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solved to yield F,(z) = (k/k.) X Wy(Fox/k, exp[—«z]) with
W, as the real-valued branch of the Lambert W function. We
found an average of k; = 0.4 + 0.1 N/m when evaluating the
rim region (Figure 4b). Here again, the valley serves as a
reference for the long-range forces and is not accessible by this
method. As only the short-range forces are considered, the
comparison against the exponential distance dependence in the
investigated distance is legitimate>>*® and consistent with the
Morse type force in the repulsive regime.

Comparing our values to a classical elastostatic model of a
thin shell with a single point load”’ assuming a Young’s
modulus of unstrained h-BN (Y = 270 GPa®) results in an
effective stiffness of kg ~1.9 N/m (see the Supporting
Information). Here we emphasize the difficulty to apply a
macro-world model to our nanomechanical system. Never-
theless, even though the crude simplification of this classical
model, which uses mechanical constants from unstrained h-BN
is prone to fail when applied to single layers,” we obtain a
stiffness of similar magnitude.

In summary, our experiments show how forces in all spatial
dimensions in combination with atomically resolved images can
be used to determine the lateral and vertical stiffness of a quasi-
2D strained epitaxial system. While we show clear evidence for
lateral and vertical deformation due to the forces exerted
between the tip and the h-BN layer, the quantification of the
stiffnesses is difficult and has a relatively large uncertainty. We
found for the loosely bound rim region of the h-BN/Rh(111)
very soft lateral and vertical stiffnesses in the range of 0.4—1.5
N/m. To reconsider our findings in the scope of the full system
of h-BN on Rh(111), several aspects are worth highlighting:
Contrary to what in-plane elastic moduli (which are orders of
magnitude higher) found for mesoscopic h-BN sheets suggest,
the high local lateral flexibility allows adaptation of the h-BN to
quasi-commensurate growth in the valley regions. Regardless of
the high residual strain, the layer grows free of dislocations and
buckles in the rim regions into the observed soft superstructure.
A comparison to indentation experiments reveals that the
elasticity observed at the rim region is comparable to the one of
free membranes'* despite the much smaller size of only a few
nanometers in the superstructure and the close proximity to the
underlying Rh substrate. Recent calculations of higher-order
elastic constants corroborate the softening of the h-BN
monolayer when highly strained,** which might be key to our
surprising result. Our results might motivate further inves-
tigations to elucidate the exact interplay between the
mechanical, chemical, and electrical properties in such
corrugated epitaxial systems.

Methods. The Rh(111) substrate is prepared by repeated
cycles of Ar" sputtering and annealing up to 1100 K. Borazine is
dosed through a leak valve for 2 min at a pressure of 1.2 X 107
mbar (~110 L), while the sample is kept at a temperature of
approximately 1080 K. The temperature is slowly decreased to
allow uniform formation of the layer before the sample is in situ
transferred into the cold microscope. Two sets of 3D Afand G
data with different sizes of 8 X 8 X 1.3 and 4 X 4 X 0.73 nm*
are evaluated in this work. They were obtained by taking 48
(15) 2D maps at successively increased constant tip—sample
separation and at bias voltages of —0.9 (0.2) V. Vertical and
lateral drift during the measurement time of up to 15 h are
corrected by carefully aligning the raw Af and G data.
Interaction energy landscapes and vertical forces are calculated
deploying the Sader—Jarvis method.’’ Lateral forces are
determined by the gradient of the energy landscape. We assign

3626

z = 0 as the extrapolated height, where the conductance G(z)
at the rim sites is equal to G, the quantum of conductance.”
At —0.9 V the electrostatic forces are approximately
compensated. We checked that the two sets do not differ
significantly except with respect to the tip-dependent long-
range forces and the resolution and that only negligible
dissipation occurs during the measurement. To increase the
signal-to-noise ratio, the force curves shown in Figure 3 are
averaged over small discs of 0.2 nm diameter in the valley
(reference for long-range forces) and at the rim. Likewise, in
Figure 4, we averaged over 0.8 nm discs of six rim regions and
one 1.2 nm disc for the valley reference. A more detailed
description of our data processing can be found in the
Supporting Information.
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