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We demonstrate that quantum states contained in quantum boxes, which are embedded in an
ordered array, can be configured via their patterning with adsorbates. The quantum array is
fabricated by on-surface self-assembly with ultimately high precision, which concerns the
individual quantum box, the periodicity of the array and the coupling with the surrounding
units. As an adsorbate we use Xe, whose occupancy we control by scanning tunneling
microscope repositioning: each quantum box exhibits 12 filling levels, which incrementally
perturb the quantum box state(s) via Pauli repulsion. We also show that the inter-box coupling
can be sustained or significantly weakened by an appropriate arrangement of empty and filled
boxes. Owing to complementary scanning tunneling microscopy/spectroscopy and angle-
resolved photoemission spectroscopy studies we gain unprecedented insight into the physics
of interacting quantum states on the local level as well as in their cooperative interaction. Our
approach demonstrates that such self-assembled two-dimensional quantum box architectures

may serve as nanoscale analog of breadboards commonly employed in electronic circuitry.

The development of quantum architectures, aimed to be employed e.g. in sensors and
information technologies, relies upon the detailed understanding of the cooperative interaction
of the unit systems involved. Towards this end, exploratory device architectures may be based
on well-defined interacting units of limited complexity assembled in highly ordered arrays.
Implementations of this concept include optical lattices generated by laser beam interference
and microfabricated ion trap chips.['*! Whereas the former approach benefits from the strict
periodicity of the interference pattern, the addressability of the unit components remains a
challenge.®! In contrast, in the latter case the traps can be controlled individually but the
reliability of their fabrication is limited by the accuracy of the top-down

micro/nanofabrication techniques employed.



On-surface quantum units exhibit discrete electronic states originating from the confinement
of electrons in structures of different sizes and shapes.[* '3 Using scanning tunneling
microscopy (STM) repositioning, well-defined quantum systems have been created. [7-3:14-16]
More recently, these have been manufactured in the form of chains of atoms or vacancies in
a self-assembled island to assess how their interaction depends on the unit size and
arrangement.'”'81 Our approach goes beyond this concept in that we can configure the
electronic states contained in quantum boxes (QBs) within extended 2D arrays by directed
perturbation. The self-assembly approach allows for the manufacturing of identical QBs
which are coupled in an inherently precise way,* and are addressable by targeted filling with
an adsorbate which specifically perturbs, and thus modifies, the quantum box state (QBS). In

particular, by changing the adsorbate occupancy via STM repositioning the energy levels of

the QBSs and their coupling are modulated.

The array of coupled QBs employed in this work is based on a highly stable Cu-coordinated
triply dehydrogenated 4,9-diaminoperylene quinone-3,10-diimine (3deh-DPDI) network

19-21) the pores of which partially confine the Shockley

generated on Cu(111) (Figure 1),
surface state of the underlying substrate.!*) In this system each pore contains a partially
localized electronic ground state, while the n=2 state is practically lying at the Fermi energy
(see Section 1 of Supporting Information).[*) The low intensity of the latter state and the
absence of higher order bound states simplify the analysis of the targeted perturbation of the
ground state by adsorbates and by its interaction with surrounding QBs. To modify the QBS
in these pores we chose Xe atoms, for their well-defined interaction with the surface state

n, 12223

electrons of Cu(111), which is dominated by Pauli repulsio I'and for its preferential

adsorption in the pores of the Cu-coordinated 3deh-DPDI network with the maximal



occupancy of 12 atoms,* which offers the opportunity to discretely modify the electronic

state in each QB by STM repositioning.

In our studies we characterize the 2D array of QBs by scanning tunneling
microscopy/spectroscopy (STM/STS) providing site specific, /ocal information on the effect
of Xe adsorption on the QBS and by complementary angle-resolved photoemission
spectroscopy (ARPES) giving access to the coherent, ensemble, part of the interaction

between the partially localized states.

In the following we characterize two extreme network states: the vacant network and the fully
filled network with 12 Xe atoms adsorbed in each QB to study the corresponding QBSs. The
corresponding STM/STS and ARPES data are presented in Figure 1a-b and Figure 2,
respectively. The emergence of an electronic band registered by ARPES in both cases

(Figure 2) provides evidence for the partial localization and thus for the coupling between the
QBSs.[*! The spatially resolved dZ/dV trace in Figure 1a illustrates the spectral and spatial
distribution of the partially localized state within the vacant network, whose maximum is
observed at 201+6 meV Binding Energy (BE). Upon adsorption of 12 Xe atoms in each pore
of the network, an additional, dominating, Xe induced localized component at lower BE
appeared, whose maximum is observed at 136+7 meV (Figure 1b white arrow). This Xe
related component is superimposed on the signal coming from partial localization of the QBS.
The shift towards lower BE of the latter component upon Xe adsorption, as measured by
ARPES, amounts to ~30 meV (Table 1). We interpret this energy shift as the result of Pauli
repulsion between the electronic states of Xe and the QBS, similar to the previously reported
shift of the Shockley surface state of bare Cu(111) towards lower BE caused by the adsorption
of Xe (Table 1).123] Notably, our results demonstrate that there is an apparent increase of the

electron effective mass upon the filling of the network pores with Xe (Table 1, Figure 3).
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This contrast with the case of the free-electron-like Cu(111) Shockley state, where no
significant change of the effective mass is observed with an adsorbed Xe layer (cf.

Table 1).*! In the present case, we speculate that the extra increase of the effective mass in
the network upon Xe pore filling is related to a weaker inter-pore coupling, i.e. to a change in

the 2D network potential. A detailed theoretical study is under way to address this issue.

To investigate whether the filling of the surrounding QBs influenced the electronic state in a
chosen unit, we generated different configurations by repositioning single Xe atoms with the
STM tip.>?) Two model arrangements were studied in detail: a filled QB surrounded by

empty ones (Figure 1c) and an empty QB surrounded by filled ones (Figure 1d).

In the first model case (Figure 1c), the spatially resolved d//dV trace of the QBS for the filled
pore is significantly different from the one observed for the individual pore in the Xe filled
network (cf. Figure 1b): the Xe induced component at lower BE dominates (Figure 1c, white
arrow), whereas the signal at higher BE originating from the electronic band created by the
surrounding empty network is strongly attenuated: a sharp QBS peak with a full width at half
maximum (FWHM) of ~50 meV is observed (Figure 1c, blue d7/dV spectrum). We attribute
this sharpening to the additional out-of-plane confinement of the state via the Pauli repulsion
imposed by Xe. The electronic coupling between electronic states depends on the electronic
overlap which is reduced by the sharpening of the QBS of the filled QB and the state energy
mismatch between the filled QB and the surrounding empty QBs, which feature the same
spatially resolved d//dV trace as the vacant array (cf. Figure 1a). Closer inspection reveals that
the single filled pore exhibits a QBS peak at slightly higher BE than the filled network
(Section 3 of Supporting Information, cf. Figure 1b). We tentatively attribute this to 2" order

coupling of this state to higher energy virtual states.



In the second model case of the central empty QB surrounded by filled ones (Figure 1d), the
spatially resolved dZ/dV trace of the QBS of the empty pore does not exhibit the Xe induced
localization. Consequently the overlap between the electronic state of the empty QB and the
electronic states of the surrounding filled QBs is not reduced (cf. Figure 1c). The d//dV trace
of the surrounding QBs is the same as for the filled network reference (Figure 1b), while the
maximum of the QBS of the empty pore is observed at higher BE (247 + 7) meV compared to
the reference case of the vacant network (cf. Figure 1a). This energy shift can be explained
within the framework of first order perturbation theory: the interaction of electronic states of
one quantum system with states of neighboring quantum systems leads to the stabilization of
the state of higher BE and the destabilization of one of the states of lower BE in its direct
vicinity. For symmetry reasons the QBS of the empty pore will interact with the totally
symmetric combination of the QBSs of the six adjacent filled pores leaving the other
neighboring QBSs unaffected.?®! This, along with the broad QBS’ dZ/dV signatures limiting
the spectral resolution, explains why we are not able to detect any change in the neigbouring

filled QBs.

So far we discussed different network configurations comprising empty and fully filled QBs.
To explore a broader spectrum of configurations we investigated the influence of partial Xe
occupancy of the QB on the electronic state. Specifically, Xe atoms were removed step by
step from an initially filled QB surrounded by an array of filled ones using STM repositioning.
After each step a d//dV spectrum was acquired. Figure 4 summarizes the d7/dV spectra
acquired for the prepared occupancies. Upon decrease of the Xe occupancy, the QBS peak
energy is observed to gradually shift to higher BE until reaching 24747 meV for an empty QB
(Figure 4 red spectra). Such tuning of the QBS is also achieved for a similar series, in which

the surrounding pores are empty (Figure 5).



In summary, we have demonstrated that controlling the Xe occupancy of each pore in 12 steps
configures a self-assembled array of quantum boxes: the Pauli repulsion imposed by Xe
atom(s) modifies the quantum box states and, notably, adds an additional confining dimension
to the coupled quantum boxes. Therefore our work demonstrates that the simplified picture of
the emergence of the confined states from the 2D electron gas needs to be extended to include
potential confinement effects in the out-of-plane dimension and underpins the well-
established fact that the observed physical effects at interfaces are not by nature strictly 2D.
Moreover, we would like to point out that there are similarities between our discussion of the
coupling in artificial QB systems and the interatomic interactions in molecular physics. Our
approach opens up the possibility to use a combination of various adsorbates in order to create
more complex experimentally addressable patterns of quantum states, well beyond the scope

of this paper.

Experimental Section

Sample preparation for STM/STS measurements: The Cu-coordinated 3deh-DPDI network on
Cu(111) was prepared according to the procedure described in Ref. [20]. Xe of purity 99.99%
was dosed onto the sample placed in the STM (Omicron Nanotechnology GmbH with
Nanonis SPM control system) operated at 4.2 K, with the cryoshields open and the leak valve
being in line-of-sight with the sample. The sample was exposed to 120 L (Langmuir) of Xe
(1.3 x1077 mbar for 1200 s) resulting in the increase of the sample temperature to 9 K. The
STM measurements performed after cooling the sample back to 4.2 K revealed different
numbers of Xe atoms adsorbed in the pores as well as at the domain boundaries and step
edges. Filling of all pores with 12 Xe atoms was performed by subsequent annealing to 45 K

followed by cooling to 4.2 K for the STM measurements.



Repositioning of single Xe atoms: All the condensates discussed in the manuscript were
obtained by controllable removing of Xe atoms from the pores of the network by means of
STM repositioning. Noticeably, new configurations that are not occurring spontaneously upon
Xe exposure can be created in this way (i.e. occ-4, occ-6b and occ-8b, cf. Figure 3 and

Ref. [24]).

STM/STS measurement details and data analysis: In the STM the bias voltage is applied to
the tip. The bias voltages given in the manuscript and the SI refer to a grounded tip.

STM measurements were performed in constant current mode with Pt-Ir tips (90% Pt, 10% Ir),
prepared by mechanical cutting followed by sputtering and controlled indentation in the bare
Cu(111) substrate. All STM images were acquired with a Xe functionalized tip, which allows
for obtaining atomic resolution on Xe condensates.**!

To avoid modification of the condensates via interaction with the tip, the sample bias was
selected within a range of -10 mV — -80 mV, whereas the tunnelling current was set within the
range of 5 pA — 50 pA. The exact tunneling parameters for the STM images presented in the
main text are displayed in Table S1.

The STM data were processed with the WSxM software.[*”) For better comparability of the
data the color histograms of the STM images were adjusted. Low-pass filtering was used for
noise reduction.

All d7/dV spectra were recorded with open-feedback loop and with Xe functionalized tip.
Control spectra were acquired with a metallic tip and no difference was observed in
accordance with Ref. [30].

The d//dV data presented in Figure 1 are extracted from the grid spectroscopy measurements,
in which area of 7.8 nm x 4.3 nm was mapped by acquisition of d//dV spectra above each
point with the resolution of 50 points x 30 points for the empty network and 60 points x 30

points for the other three cases. The initial tip conditions amounted to 400 mV/70 pA (lock-in
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frequency: 513 Hz; zero-to-peak amplitude: 8 mV). As described in detail in Ref. [31] the
value of the initial voltage was chosen such, that no quantum box state or network backbone
related contribution was present. Owing to that a normalization could be performed by setting
the same d//dV value at the setpoint energy for all dZ/dV spectra. In this way artefacts
originating from local work function variations are minimized.

The dZ/dV spectra presented in Figure 4 and Figure 5 were acquired with the initial tip
conditions amounting to -800 mV/50 pA (lock-in frequency: 513 Hz; zero-to-peak amplitude:

S5mV).

ARPES setup: The ARPES measurements were performed on a lab-based experimental setup
equipped with a display type hemispherical analyser (Phoibos150) with an energy/angle

resolution of 40 meV / 0.1° and a monochromatized Helium I (hv=21.2 eV) source.

Sample preparation and ARPES acquisition details: To avoid contributions from the
Shockley surface state of bare Cu(111) to the ARPES signal, it was crucial to achieve a
homogeneous Cu-coordinated 3deh-DPDI network completely covering the surface.
Therefore, DPDI was sublimed onto Cu(111) held at room temperature in wedge geometry
(coverage gradient) in the proximity of the optimal coverage and then annealed until a sharp
and intense signal emerging from partial localization of the quantum box state, as in Ref. [4],
was visible in the ARPES channelplate detector. The annealing step is crucial for conversion
of the DPDI molecules into 3deh-DPDI molecules, which create the Cu-coordinated
network.!**?!] The Xe dosing experiment was started immediately after the sample
temperature dropped below 60 K, but was higher than 25 K to keep the adsorbate mobility.?!
Xe core level (9 to 5 eV BE) and surface state (close to Fermi energy) regions at normal

emission were acquired alternatively as a function of time while keeping Xe pressure in the

chamber constant (5 x107'° mbar). The evolution of the 5p3 and 5p.2 core levels and partially
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localized part of the quantum box state as function of the Xe exposure time is shown in

Figure S1 (total exposure time amounted to ~30 min).

Supporting Information
Supporting Information is available from the Wiley Online Library or from the author.
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Figure 1. Xe patterning of quantum boxes. (upper inset) Schematic representation of a pore
of Cu-coordinated 3deh-DPDI network constituting a quantum box. The quantum box states
contained in the pores of the on-surface network are modified by Xe atoms deposition and
their subsequent removal by STM repositioning sequences. The d//dV spectra reflect the
spectral distribution of the quantum box state for each configuration. Right hand side: four
different network configurations for investigating cooperative interactions between the
quantum box states: (a) empty network, (b) filled network with 12 Xe atoms adsorbed in each
box, (c) filled quantum box with 12 Xe atoms surrounded by empty boxes and (d) empty
quantum box surrounded by filled quantum boxes with 12 Xe atoms adsorbed in each box. In
each case, a series of d//dV spectra was acquired along the white line (indicated in the STM
images) crossing three quantum boxes. The spectra are visualized as spatially resolved d//dV
traces. The d//dV spectra taken at the red and blue colored dots superimposed on the STM
images are plotted on the left hand side of the dZ/dV traces (size of STM images 7.8 nm x 4.3
nm).
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Figure 2. Influence of Xe adsorption on the coherent (ensemble) interaction between the
partially localized parts of the quantum state hosted by the pores of the network. (a)
ARPES experimental spectral function acquired for the empty network and (b) its second
derivative measured along the /" M high symmetry direction. (c) ARPES experimental
spectral function after Xe adsorption in the pores and (d) its second derivative. (e) Normal
emission energy distribution curves (k=0) from a and c. The spectra acquired between these
two cases are shown in Figure S1, Supporting Information (cf. Section 2 of Supporting
Information).
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Figure 3. Apparent effective mass change after Xe pore adsorption. ARPES spectral
function of the surface state region (a) before (black line in Figure S1c) and (b) after (blue line
in Figure S1c) the Xe adsorption in the pores of the Cu-coordinated 3deh-DPDI network on
Cu(111). The data were fit using a single convoluted Lorentzian-Gaussian component on a
linear background and multiplied by a Fermi-Dirac distribution. The red line indicates the
energy position of the component whose Gaussian width has been fixed to 0.1 eV to account
for instrumental broadening, while the Lorentzian was left free, yielding an average increase
0of 0.12 to 0.14 eV with Xe presence. An upward energy shift of the minimum energy and a
reduction of the band dispersion are observed when Xe is adsorbed in the pores. Using a
parabolic fit to each we extract an apparent increase of the effective mass from a m*/mg =
0.57+0.02 to b m*/my = 0.66+0.02.
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state. d//dV spectra and the corresponding STM images (4 nm x 4 nm) acquired for pores
hosting different numbers of Xe atoms contained in the central quantum box surrounded by
filled ones. The numbers and letters above the arrows indicate the amount and arrangement of
Xe within the central pore. The d//dV spectra were acquired above the Xe-free area within the
pore of the corresponding quantum boxes, except for the quantum box filled with 12 Xe
atoms, in which case the d//dV spectrum was measured above the pore center. All
occupancies were created by removing Xe atoms from the central quantum box initially filled
with 12 Xe.
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Figure 5. Influence of the number of Xe atoms adsorbed in a central QB and the
influence of the filling level of the surrounding ones on the quantum box state (a) The
influence of the number of Xe contained in a central QB with the surrounding QBs empty.
With decreasing occupancy a gradual shift of the electronic state is observed to higher BEs
(like in the case of surrounding QBs filled cf. Figure 4). (b) Comparison of the d//dV spectra
acquired in the QB featuring the same Xe occupancy surrounded by all empty and all filled
QBs. Upon filling of the surrounding pores with Xe the spectral distribution of the quantum
box state significantly changes.
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Table 1. Band structure parameters extracted from ARPES measurements

Sample BEnxat ™ m*/me? Bandwidth
[meV] [meV]

Cu(111) 434 £ 29 0.43 +0.019

Xe / Cu(111) 291 + 29 0.44 +0.029

network® / Cu(111) 270 £ 10 0.57 £0.02 90+ 10

Xe / network® / Cu(111) 240 £ 10 0.66 £ 0.02 70+ 10

% The values refer to the binding energy at normal emission (band bottom); the effective
mass and the bandwidth of the n=1 state along /" M; The details of extracting the effective
mass from the ARPES spectral functions before and after filling of the pores with Xe can be
found in Figure 3. © ‘Network’ here denotes the Cu-coordinated 3deh-DPDI network formed
on Cu(111); ¥ Values from Ref. [23].
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A 2D array of electronically coupled quantum boxes is fabricated by means of on-surface
self-assembly assuring ultimate precision of each box. The quantum states embedded in the
boxes are configured by adsorbates, whose occupancy is controlled with atomic precision.
The electronic inter-box coupling can be maintained or significantly reduced by proper
arrangement of empty and filled boxes.

Keywords quantum box, electron confinement, surface state, scanning tunneling
spectroscopy (STS), angle-resolved photoemission spectroscopy (ARPES)
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