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Molecular hydrogen in a scanning tunneling microscope (STM) junction has been found to enhance the lateral
spatial resolution of the STM imaging, referred to as scanning tunneling hydrogen microscopy (STHM). Here
we report atomic resolution imaging of 2- and 3-monolayer (ML) thick ZnO layers epitaxially grown on Ag(111)
using STHM. The enhanced resolution can be obtained at a relatively large tip to surface distance and resolves a
more defective structure exhibiting dislocation defects for 3-ML-thick ZnO than for 2 ML. In order to elucidate
the enhanced imaging mechanism, the electric and mechanical properties of the hydrogen molecular junction
(HMJ) are investigated by a combination of STM and atomic force microscopy. It is found that the HMJ shows
multiple kinklike features in the tip to surface distance dependence of the conductance and frequency shift curves,
which are absent in a hydrogen-free junction. Based on a simple modeling, we propose that the junction contains
several hydrogen molecules and sequential squeezing of the molecules out of the junction results in the kinklike
features in the conductance and frequency shift curves. The model also qualitatively reproduces the enhanced

resolution image of the ZnO films.
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Ultrahigh resolution imaging using functionalized tips of
a scanning tunneling microscope (STM) and an atomic force
microscope (AFM) has attracted increasing attention as a pow-
erful method to resolve submolecular structures of adsorbates
[1]. Carbon monoxide is one of the most common molecules to
functionalize the tip apex, which leads to the enhanced spatial
resolution in STM [2] and AFM [3-5] and also molecular
orbital imaging [6]. It has been found that molecular hydrogen
(H,) weakly bound in an STM junction can also enhance the
spatial resolution and resolve submolecular structures of planar
organic molecules, introducing the idea of scanning tunneling
“hydrogen” microscopy (STHM) [7]. The enhanced resolution
with H, has been explained by Pauli repulsion in the junction
[8-10]. However, it was reported that the enhanced resolution
also occurs at a relatively large tip to surface distance where
the Pauli repulsion is negligible [11]. A theoretical study has
proposed that the enhanced resolution results from the change
of the adsorption state of the trapped H, in the junction [12].
Hydrogen molecular junctions (HMJs) have also been studied
as a simple model of molecular junctions, and conductivity
and mechanical properties of the HMJs have been measured
using mechanical break junction [13—-17], STM [18-20], and
AFM experiments [21]. However, the accurate structure of
HMIs, which is directly associated with the enhanced res-
olution imaging mechanism of STHM, has remained poorly
understood.

So far, the enhanced resolution imaging of STHM has been
used to observe planar organic molecules in most cases, but it
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will be a useful method to obtain ultrahigh resolution images
of extended two-dimensional structures on surfaces. Ultrathin
oxide films serve as a unique model, for instance, to study the
atomistic structure and elementary processes of catalysis using
surface science approaches [22-24]. The highly reproducible
and controlled preparation of the oxide films also allow to
examine intrinsic defects which should have a crucial impact
on their properties. For instance, it has been known that oxygen
vacancies commonly occur in ZnO [25]. Additionally, line
defects may also significantly affect physical properties of
low-dimensional materials as simulated for a ZnO sheet [26].
In order to assess the local defects, ultrahigh resolution imaging
is a powerful tool.

The experiments were performed in an ultrahigh vacuum
(UHV) chamber equipped with a low-temperature STM/AFM
(ScientaOmicron GmbH) operated with a Nanonis SPM con-
troller. All measurements were performed at 5 K. Simultaneous
STM/AFM measurements were conducted using a tuning
fork sensor with an electrochemically etched W tip. The
sensor showed a resonance frequency at ~23221 Hz with
a quality factor of 2000040000 at 5 K. For the pure STM
measurements, a chemically etched Ptlr or Au tip was used.
The Ag(111) surface was cleaned by repeated cycles of argon
ion sputtering and annealing up to 670 K. The ultrathin ZnO
layers were grown on a Ag(111) surface using the reactive
deposition method described elsewhere [27,28]. To deposit
molecular hydrogen, the surface was exposed to a pure H;
gas (background pressure of ~ 5 x 1078 mbar) in the SPM
stage at ~14 K. A Naphthalocyanine (NPc) molecule was
deposited from a Knudsen cell (~700 K) onto the surface at
room temperature.

©2018 American Physical Society


http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevB.97.195417&domain=pdf&date_stamp=2018-05-11
https://doi.org/10.1103/PhysRevB.97.195417

LIU, SHIOTARI, BAUGH, WOLF, AND KUMAGAI

PHYSICAL REVIEW B 97, 195417 (2018)

Ag(111)

Ag(111)

(e) T T T T T
50 3 ML ZnO 7
40 4

< 2 ML ZnO

<

£

>

o

3

Ag(111)
o _f‘\_/\/\,_\\___
1 1 1 1 1
-200 100 0 100 200

Bias voltage (mV)

FIG. 1. (a) Overview STM image of ultrathin ZnO layers epitax-
ially grown on Ag(111) (5K, V; =1V, I, = 0.1nA, 120 x 70nm?),
showing both bare Ag(111) surface and ZnO layers. (b) STM image
scanned at a low bias voltage (5 K, V; =0.1V, [y =0.1nA, 0.2 x
0.2 nm?). The 3-ML ZnO layer is formed at a lower Ag terrace so that
the apparent height is slightly lower than the 2-ML ZnO, as illustrated
in the inset. (¢) STHM image after dosing 22 LH,. 5K, V; = 0.1V,
I, =0.1nA, 0.2 x 0.2nm?) (d) The enlarged STHM images of 2-ML
ZnO layers scanned with the constant height mode. The images are
obtained by a Ptlr tip. (e) d//dV spectra measured over Ag(111), 2-ML
and 3-ML ZnO with the same tip after dosing H, gas. The tip (Ptlr)
height was fixed at 1 V and 1 nA.

Figure 1(a) shows an overview STM image of the ZnO
film on the Ag(111) surface. The ZnO layer exhibits a moiré
pattern resulting from the ZnO(0001)-(7 x 7)/Ag(111)-(8 x
8) coincidence structure [28], which is less pronounced at
a low bias voltage [Fig. 1(b)]. The thickness of the ZnO
layer can be identified by measuring the conduction band
minimum with scanning tunneling spectroscopy (STS) be-
cause it varies depending on the thickness [28,29]. The ZnO
surface is not terminated by hydrogen as verified by infrared
vibrational spectroscopy [30]. Figure 1(c) displays an STM
image after exposing the surface to a 22 Langmuir (1L =
1 x 107® Torrs) H, gas, which does not affect the surface
morphology. However, the presence of H; in the junction leads
to the enhanced resolution of the ZnO layers [Fig. 1(d)]. We

found that scanning in the constant height mode allows more
stable imaging than the constant current mode. The lattice
constant of ~0.32 nm determined from the high resolution
image is consistent with the previous SXRD measurement
(0.3303(2) nm [31]). However, we could not distinguish the
Zn or O atoms even in the high resolution image.

H, adsorbs preferentially on the ZnO layers at a relatively
low exposure (~10 L) of the surface to a H, gas. However,
as the exposure is increased, H, also adsorbs on the Ag(111)
surface (see Fig. S1 of the Supplemental Material [32]).
Although the H, molecules on the ZnO layers are not clearly
visible in the STM image, the existence of H; in the junction is
manifested as characteristic dips in the conductance spectra
[Fig. 1(f)]. Similar nonlinear current-voltage characteristics
have been observed in HMJs. This feature results from the
bistable motion of the H, molecule trapped in the junction,
which is driven by vibrational excitation [18,33—-35].

We found that the high resolution image of the ZnO layer
can be obtained at a specific tip to surface distance and this
range is relatively narrow. Figure 2(a) shows the conductance
to tip displacement curves G(z) measured over 2-ML ZnO
with and without H,. In contrast to the monotonic increase
of G(z) over the bare ZnO layer, three kinklike features are
observed for the HMJ (marked by the red arrows in Fig. 2(a).
Figures 2(b)-2(f) display the topographic images of 2-ML ZnO
obtained at different gap distances. The highest resolution is
observed at a relatively large tip to surface distance [Fig. 2(c)]
at which the kinklike feature appears in the G(z) curve [marked
by the open circle in Fig. 2(a)]. A similar behavior is observed
for different tip materials, namely W, Ptlr, and Au, and the
distance between the kinks (Adyin ~ 0.3 nm) was not affected
by apex conditions (see Fig. S2 of the Supplemental Material
[32]).

We also imaged NPc molecules on the ZnO layer by
STHM [Fig. 3(a)]. Figure 3(b) displays the enhanced resolution
image of the ZnO layer and the NPc molecules obtained in
the constant height mode. This image enables us to find the
adsorption geometry of the molecules [a schematic model of
the ZnO layer is superimposed in Fig. 3(a)]. As mentioned
above, although the Zn or O atom cannot be directly identified,
here we speculate it from the adsorption geometry of the
molecules. The N atoms may prefer to interact with cation
atoms in a dielectric layer. For instance, it was shown that
free-base phthalocyanine adsorbs on an NaCl layer with the
imine N atoms bonded to the Na atoms [36]. Accordingly, we
tentatively suggest that the imine N atoms of NPc interact with
the Zn atoms and the adsorption geometry as shown in Fig. 3(c).
The high resolution image of NPc [Fig. 3(b)] is similar to the
previous STHM image of organic molecules in which the atom
positions appear dark [8]. In contrast, the atom positions of the
ZnO layers appear as a bright spot [Fig. 1(d)].

In order to gain further insight into the imaging mechanism
with the HMJ, we investigated the mechanical properties of the
junction over the NPc and ZnO layer using AFM. Figure 3(d)
shows the Af(z) curve measured over a 2-ML ZnO and NPc
molecule in the presence of H,. The tunneling current 1(z)
was also recorded simultaneously with a bias voltage of 10
mV applied. The Af(z) curve exhibits a kinklike feature [as
indicated by arrows in Fig. 3(d)] which also occurs in the 1(z)
curves at the same tip to surface distance. The kinks should
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FIG. 2. (a) Conductance-tip displacement curves measured over
2-ML ZnO before and after dosing H,. G¢ is the quantum of
conductance. The zero point in the horizontal axis corresponds to the
tip height with set points of V; = 30mV, /; = 30nA and V, = 30mV,
I; = 60 nA for the STM and STHM junction, respectively. The arrows
indicate kinklike features. (b—f) STM images of 2-ML ZnO scanned
in the presence of H, and obtained at four different tip to sample
distances that are determined by the set current as indicated in the
figures (5 K, V; =30mV, 3.5 x 3.5nm?). The conductance curve
and STM images are obtained with a Ptlr tip in a pure STM setup.

result from a structural change inside the junction which causes
the change in the conductance and force simultaneously [8].
The A f(z) measured over an NPc molecule shows a repulsion
interaction at the gap distances where the enhanced resolution
can be obtained [the orange area in Fig. 3(d)]. Therefore, Pauli
repulsion is responsible for the enhanced resolution as reported
previously [8,9]. However, the enhanced resolution over the
ZnO layer is observed in the attractive force regime where
Pauli repulsion is negligible, suggesting a different imaging
mechanism.

We found that the STHM imaging for the ZnO layer is not
affected by the bias voltage. Similar results can be obtained
at a bias voltage either above or below the dip energy in the
d7/dV spectra [Fig. 1(e)]. Above the dip voltage, a rotational or
vibrational mode of H; in the junction should be excited. Also,
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FIG. 3. (a) STHM image of 2-ML ZnO and NPc molecules ob-
tained in the constant height mode (5 K, V, = 50mV, 11 x 11 nm?).
The image is obtained with a Ptlr tip in a pure STM mode. The
structure model of the ZnO and NPc molecules is superimposed (red:
Zn; yellow: oxygen). (b) Enlarged STHM image (constant height
mode) of NPc molecule. (c) Enlarged structure model of NPc. (d)
Af(z) (solid lines) and I(z) (dashed lines) recorded simultaneously
over 2-ML ZnO (red curves) and NPc molecule (green curves)
under the same tip conditions. The data are obtained with a W tip
in the qPlus configuration. A small bias voltage of V, = 10mV is
applied during the measuring. The arrows mark the kinklike features
in the I(z) and Af(z) curve. The orange region indicates the gap
distance where the enhanced resolution of both ZnO layer and NPc
molecule were obtained simultaneously with the constant height
mode.
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FIG. 4. (a—c) Schematic model of the HMJ with two H, molecules
at different tip heights. (d) Simulated vertical force (perpendicular to
the ZnO surface) and the total tunneling probability (7) as a function
of the tip height (gap distance) from the surface. The tip is located
above the Zn-O bond. (e) Simulated STHM image (7} map) of the
ZnO film in the constant height mode at a tip height of 0.93 nm. The
simulated image is superposed on the ZnO structure. (f) Schematic
of the HMJ when placing the tip over the hollow or the Zn (or O)
atom positions. The H, on the tip is closer to the apex when the tip is
located over the atom positions.

the same behaviors are observed for different tip materials (W,
Ptlr, and Au) and under different tip conditions which may
result in a slightly different adsorption geometry of the H;
molecule on the tip. Therefore, the orientation of the trapped
H, molecules may play a minor role.

In order to gain qualitative insight into the imaging mech-
anism as well as an emergence of the kinklike features in the
1(z) and A f(z) curves, we considered a simple model in which
two H, molecules are trapped inside the junction as shown in
Fig. 4(a); one molecule is adsorbed on the ZnO surface and
the other is attached to the tip apex. When the STM junction
becomes small, one of the molecules is expected to be squeezed
outside the junction, leading to the kinklike feature in the /(z)
and Af(z) curves. A second kink is then expected when the
other H, molecule is squeezed out. The gap distance difference
(Ad) between Figs. 4(b) and 4(c) is estimated to be about
0.3 nm from the equilibrium distance between H, molecules
[37], which should correspond to Adyjx of ~0.3 nm found
in Fig. 2(a). It is worth noting that a similar kinklike feature
in the conductance curve was observed for the STM junction
containing one or two Xe atom(s), which shows a larger Adinx
(~0.45 nm) in the latter case [38].

Based on the above model, we simulated the conductance
and force curves as demonstrated in Ref. [9]. A pairwise

Lennard-Jones (LJ) potential is employed to describe the
interaction of the tip-H-ZnO junction. The ZnO layer is
modeled by the h-BN-like single-layer sheet using the lattice
parameters obtained from the experiment. The H, molecule
is represented by a single spherical atom, and the tip is a
single atom. The conductance is described by approximating
the tunneling probability T o« 7,7, T5, where T}, T, and T5 are
the tunneling probability of the tip-H,, H,-H,, and H;-ZnO
gaps, respectively (see Fig. S3 of the Supplemental Material
[32]). These tunneling probabilities decay exponentially as the
gap distance (d,) increases, T, o exp(—p,d,), where B, cor-
responds to the decay constant (n = 1, 2, 3). B, is determined
by the tunneling barrier, but the precise barrier shape cannot
be obtained either by the model or experiment and we fix 8, =

1 A_l. The simulation reproduces the kinklike feature in the
1(z) and Af(z) curves observed in the experiment [Fig. 4(d)].
We find that the relaxation of two H, molecules gives rise to
the kink in the tunneling probability and force curves at the tip
height around 0.9 nm. This distance corresponds to the sum
of each equilibrium distance (tip-H,, H,-H», and H,-ZnO). It
should be noted that the kink position is not affected by the
value of §, and is determined solely by the interactions within
the junction. The kink appears when the interactions start to
displace the H, molecules.

We also simulated the STHM image at the gap distance
around the kinklike feature in the calculated tunneling prob-
ability and force curves, where the enhanced resolution is
expected in the experiment (Fig. 2). It is found that the two-
dimensional mapping of 7; and 73 shows a similar contrast
and the atom positions of the ZnO film appear as a protrusion,
which is consistent with the experiment [Fig. 4(e): 7} map].
However, the T, map exhibits the opposite contrast to 77 and T3
and the hollow site appears as a protrusion with a periodicity of
0.55 nm (see Fig. S4 of the Supplemental Material [32]), thus
being inconsistent with the experiment. This result may suggest
that 77 and/or 73 dominates the total tunneling probability
and the image contrast of the STHM. The total tunneling
probability, thus the simulated STHM image, is sensitive to

the value of §,. As mentioned above, we set 8, = 1 /3;1 but
this assumption is unlikely since the barrier shape for each
process (71, T,, T3) should be considerably different. Due to
the interaction between H, and the tip (or surface) the tunneling
barrier may be narrower than that between two H, molecules,
which makes 77 and 75 much more sensitive to displacement
of the H, molecule than 7,. Additionally, H, molecules may
cover the ZnO surface and the electron tunneling would occur
between the H, on the tip apex with multiple H, on the ZnO
surface and suppress the contrast of 75.

The contrast of the 7,, map is explained by displacement
of the H, molecules in the junction. The model finds that
H, prefers to weakly adsorb to the hollow site of the ZnO
layer. This adsorption geometry is similar to H, on graphene
[39,40]. If H, is located at the hollow site, the distance between
two H, molecules becomes larger at the atom positions of
ZnO [Fig. 4(f)]. This would weaken the attractive interaction
between two H, molecules. As a result, the H, molecule on
the tip moves toward the tip apex, leading to the increase of
the tunneling probability between them through the reduction
of the barrier (brighter feature at the atom positions than the
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FIG. 5. (a-b) Constant current STHM images of 2-ML (5K, V, =
0.05V, I, = 0.05nA, 10 x 10nm?) and 3-ML (5 K, V, = 0.03V,
I, = 0.03nA, 10 x 10nm?) ZnO layer. The images are obtained with
a Ptlr tip in a pure STM setup. (c) Enlarged STHM image of 3-ML
ZnO marked with a white box in (b). The proposed structure model
is superimposed on the image. The dashed line is a guide to the eye
for the lattice displacement. The white arrows indicate the disordered
atom positions.

hollow site). At the tip height around the kink, the relaxation
of two H, molecules occurs during scanning, which modifies
the tunneling probability and eventually leads to the enhanced
resolution. However, when one of the H, molecules is squeezed
outside the junction at a smaller tip to surface distance, the
enhancement effect disappears. On the other hand, at a large
tip to surface distance (far away from the kink position), the
intermolecular interaction is too weak to induce the relaxation
of two H, molecules; thus no enhanced resolution is expected.
It should be noted that the experimental image [Fig. 1(d)]
is not as sharp as the simulated result. Additionally, the
simulated force curves at different tip positions show clear site

dependence (see Fig. S5 of the Supplemental Material [32]),
which is, however, also not observed in the experiment. These
differences should be acceptable for our simplified model.

Using STHM we resolve a more defective structure for 3-
ML ZnO layers than for 2 ML. As compared in Figs. 5(a)
and 5(b), the 2-ML ZnO layer shows more uniform (ordered)
structure than 3 ML. As shown in the enlarged STHM image
[Fig. 5(c)], dislocation defects are frequently observed for the
3-ML ZnO layer where the lattice displacement of ~0.8 A
occurs and distorted honeycomb structures may be involved
[marked by arrows in Fig. 5(c)]. Dislocation of ZnO thin films
could result from the strain due to the lattice mismatch with the
substrate [41]. However, having considerably fewer dislocation
defects in 2-ML ZnO rules out this possibility. A previous
study suggests that the structural change from an h-BN-like
flat layer to a wurtzitelike structure may occur in the 2- and
3-ML ZnO [29,42]. We tentatively assign the dislocation area
to the structural change from the flat structure to the corrugated
surface of the wurtzitelike structure.

In summary, we applied STHM to obtain the enhanced
resolution image of the 2- and 3-ML ZnO layers on Ag(111).
The electric and mechanical properties of the HMJ were
investigated by a combination of STM and AFM. It was found
that the enhanced resolution is obtained at a relatively large
and specific tip to surface distance. In the HMJ, the gap-
distance-dependent conductance and frequency shift curves
show kinklike features, which are absent in a hydrogen-
free junction. Based on a simple modeling of the HMJ, we
propose that the junction contains several H, molecules and
the kinklike features in the conductance and frequency shift
curves can be explained by squeezing H, molecules outside
the junction. Using STHM we resolved a more defective
structure of 3-ML ZnO than of 2 ML, possibly caused by the
partial structural transition from a planar h-BN-like layer to
a wurtzitelike structure. Our results demonstrate that STHM
will be a powerful tool to image two-dimensional extended
structures with ultrahigh resolution.
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