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Since the discovery of X-rays by Roentgen in 1895, its use has been ubiquitous, from

medical and environmental applications to materials sciences' >, X-ray characterization
requires alarge number of atoms and reducing the material quantity is along-standing
goal. Here we show that X-rays can be used to characterize the elemental and chemical

state of just one atom. Using a specialized tip as a detector, X-ray-excited currents
generated from aniron and a terbium atom coordinated to organic ligands are
detected. The fingerprints of asingle atom, the L, ; and M, s absorption edge signals
foriron and terbium, respectively, are clearly observed in the X-ray absorption spectra.
The chemical states of these atoms are characterized by means of near-edge X-ray
absorption signals, in which X-ray-excited resonance tunnelling (X-ERT) is dominant
for theiron atom. The X-ray signal can be sensed only when the tip is located directly
above the atom in extreme proximity, which confirms atomically localized detection
inthe tunnelling regime. Our work connects synchrotron X-rays witha quantum
tunnelling process and opens future X-rays experiments for simultaneous
characterizations of elemental and chemical properties of materials at the ultimate

single-atom limit.

X-ray characterization of materials has been revolutionized after the
invention of synchrotron X-rays in the mid-twentieth century”. The
capabilities of synchrotron light sources have been continuously
upgraded to improve resolution and minimum sample quantity
required for measurements®°. So far, an attogram amount of sample
canbe detected by X-rays. However, itis stillin the range of >10* atoms
and gaining access to a much smaller sample is becoming extremely
arduous. If X-rays could be used to detect just one atom, it would
further revolutionize their applications to an unprecedented level,
from quantum information technology to environmental and medi-
cal research' 3, One way to overcome these challenges is to supplant
conventional detectors with a specialized detector made of a sharp
metal tip positioned at extreme proximity to the sample to collect
X-ray-excited electrons, atechnique known as synchrotron X-ray scan-
ning tunnelling microscopy (SX-STM)*V (Extended DataFig.1). X-ray
spectroscopy in SX-STMis triggered by photoabsorption of core-level
electrons, which constitutes elemental fingerprints (see Methods)
and, thus, SX-STM is efficacious in identifying the elemental type
of the materials directly. Moreover, instead of performing separate
STMand X-ray experiments*'®?, SX-STM enables both measurements
simultaneously at the same sample location?° and, thus, itisadvanta-
geous. There are two SX-STM measurement regimes: tunnelling and far
field. Inthe tunnelling regime, the X-ray-excited tunnelling process is

dominant (Extended Data Fig.1). Here the tip is positioned above the
samplein tunnellingrange (about 0.5 nm). In the far-field regime, the
tipis positioned at a distance of about 5 nm from the sample, whichis
out of tunnelling range, and only X-ray-ejected electrons contribute
to the measurements.

Experiments

Our experiment is conducted at the XTIP* beamline at the Advanced
Photon Source and the Center for Nanoscale Materials at Argonne
National Laboratory. For the detection of a 3d transition metal,
aring-shaped supramolecular assembly formed by terpyridine (tpy)
ligandsubunitsischosenasanarchetype (Fig.1a). Eachring-likestructure
iscomposed of seven <tpy-metal-tpy>bridges, in which six ruthenium
(Ru) (I1) ions and one iron (Fe) (II) ion act as metal linkers (Fig. 1a,b).
They appear in STM images as approximately 5-nm-diameter rings
composed of seven protrusions, in which each protrusion corresponds
to a<tpy-metal-tpy>bridge (Fig.1c,d) and only one Feionis presentin
the entire ring. To further demonstrate X-ray detection of a different
metal, we have chosen a terbium (Tb) complex, in which the Tb (11I)
ioniswell protected by three brominated pyridine-2,6-dicarboxamide
(pcam-Br) ligands (Fig. 1e) (Supplementary Information). Dimer mol-
ecules, [Tb(pcam);], (Fig.1f), are then formed by on-surface synthesis,
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Fig.1|Structures of the metal-ligand complexes. a, Structure of the ring-
shaped supramolecular assembly. Cyan = Ru, orange = Fe. b, The modelling
structure of a<tpy-Fe-tpy>bridge shown by the dashed boxina. Orange =
Featom, blue = Natoms. ¢, STMimage showing the ring-shaped supramolecular
assemblies. Scalebar,10 nm.d, Zoomed-in area of the STMimage depicts the
detailed structure of two supramolecular assemblies. Scale bar, 2 nm.Image
parametersforcandd:/,=1.3x10™A, V,=2V.e,Structure of Tb(pcam-Br),.
Cyan=Tb,brown =Br,red=0atoms.f, Structure of [Tb(pcam),],.Red = O atoms,
blue=Natoms. g, STMimage showing clusters of [Tb(pcam),],on the surface.
Scalebar, 8 nm. h,Zoomed-inarea of the STMimage showing individual dimer
moleculesinacluster.Scale bar,1nm.Image parametersforgandh:[,=3x10 ™A,
V.=1V.

inwhichtwo Tb(pcam); monomersare coupled through Ullmann-type
dimerization® on Au(111) (Fig. 1g,h and Extended DataFig. 3).

Inour SX-STMsetup, both the sample and tip currents are simultane-
ously recorded (Fig. 2a). In the far-field regime (Fig. 2a), no electron
tunnelling takes place and both the sample and tip currents are purely
composed of the electrons ejected from the sample'. The X-ray absorp-
tion spectroscopy (STM-XAS) data in the far field show the L;and L,
absorption edges of Fe ions in both the sample and tip currents at
708.9 eV and 722.1 eV produced by the 2p,,, and 2p, , transitions of Fe
tothe unoccupied d orbitals, respectively (Fig. 2b,c). Althoughthe entire
illuminated sample area contributes to the background current, only
the Fe ions generate the observed signals (Extended Data Fig. 4 and
Supplementary Information). The photocurrent produced fromthe Fe
ions, A/, is determined from the peak height relative to the base of the
L, edge (Fig. 2b). The sample current yields A/, = 3.6 pA (Fig. 2b),
whereas the tip current gives AJf, = 0.03 pA (Fig. 2c), whichis about two
orders of magnitude less than that of the sample. The sample current
is generated by the entire X-ray-illuminated area, whereas the tip
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captures <1% of the ejected electronsin the far field (Fig. 2b,c). Both the
sample and tip currents here are contributed by the ensemble of iden-
tical Feions coordinated in several <tpy-Fe-tpy>. This experiment estab-
lishes the general detection of the Feionsignal by the tip in the far field.

STM X-ray spectroscopy of one Fe atom

Next, the measurements are repeated in the tunnelling regime (Fig. 2d),
inwhichthetip approachesthe sample untila100-pA tunnelling current
isachieved at -1V bias. The experiment is performed by positioning
the tip directly on top of or next to the supramolecular rings (Fig. 2e)
and the results show two distinct sets of current profiles. The first set
of spectra (Fig. 2f,g) is observed when the tip is not on the <tpy-Fe-tpy>
bridge, such as position A in Fig. 2e, or on the <tpy-Ru-tpy> bridges
(Extended Data Fig. 5). Here only the sample channel exhibits the
Fel,;edgesignals with similar peak intensities asin the far field (Fig. 2f)
because the sample currentin the tunnelling regime is mainly contrib-
uted by the entire X-ray-illuminated area. However, the tip channel
does not show any Fe edge signal (Fig. 2g) because the solid angle for
photo-ejected electrons being captured by the tipis greatly reduced at
very close tip-sample distance and the Fe edge signal from the entire
X-ray-illuminated sample area is no longer detectable.

When the tip is positioned directly above the Fe atom in the
<tpy-Fe-tpy> (position B in Fig. 2e), the second set of data (Fig. 2h,i) is
observed. Remarkably, here the tip current not only shows cogent Fe
L,;edgesbutalso the currentintensity, A%, = 0.3 pA (Fig. 2i), isan order
of magnitude larger than the corresponding tip current of 0.03 pAin
the far field (Fig. 2c). Thus, the X-ray-excited tunnelling process is
dominantin the tunnelling regime in the tip channel (Fig. 2j). Because
the quantum tunnelling process is extremely sensitive to the atomic
positions?, the Fe signal in the tip channel is observed only when the
tipislocated directly above the <tpy-Fe-tpy>inthe tunnelling distance
(Fig. 2i and Extended Data Fig. 6). Because only a single Fe ion is coor-
dinated at the <tpy-Fe-tpy>, this signal is originated from just one Fe
atom.

STM X-ray spectroscopy of one Tb atom

Next, we measured STM-XAS spectra on Tb(pcam-Br), complexes
(Fig.1e). Here cogent M;and M, adsorption edge signals of Tb produced
by the 3d;,, and 3d,,, transitions of Tb to the unoccupied f orbitals are
observed at 1,238.1eV and 1,271.1 eV, respectively? 2, both in the tun-
nelling (Fig.3a,b and Supplementary Information) and far-field regimes
(Extended Data Fig. 7). Like in the case of the Fe ion (Fig. 2f-i), the tip
channelshows the Tb signal (Fig.3b) only whenthe tipislocated directly
abovethe Tbionintunnelling distance (Extended DataFig. 8). Then, to
address the lateral-distance-dependent X-ray detection, we measure
the M;edge signal of Tbin a[Tb(pcam),], dimer, in which two Tb ions
are separated by about 1.24 nm by means of an organic linker (Fig. 1f-h,
andFig.3c). Hereasequence of ten spectra (Fig. 3d and Supplementary
Information) was acquired with alateral distance of 0.18 nm between the
spectra (Fig. 3c). Remarkably, only spectra2 and 9 show cogent M;edge
signals (Fig.3d). Spectra2 and 9 areroughly 1.26 nmapart, which agrees
wellwith the distance between the two Tbions. Thus, itunambiguously
showsthat the X-ray-excited current canbe detected onlywhenthetipis
directly ontop of the Tbionintunnelling distance but not on the ligands.

Next, the chemical states of single Fe and Tbions are determined using
the near-edge X-ray absorption fine structure (NEXAFS) method”. The
locations of the fine structures are specific to the types of ion, such as
Tb(ll) and Tb(1V), and Fe(ll), Fe(lll) and Fe(1V)*>?*?%, The STM-NEXAFS
spectrameasured at the M;edge of asingle Tbioninthe tunnelling regime
show six satellite peaks (Fig.4a,b) atboth the tip and sample channels. By
averaging the tip and sample signals, they are found tobe ‘i’=1,233.8 eV,
‘ii’=1,2359 eV, 1ii’=1,237.3 eV, ‘iv'=1,238.5 eV, ‘'v'=1,240.5eV and
‘vi'=1,242.6 eV, respectively. The spectra shapes here are akin to those
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Fig.2|STM-XAS measurements of iron. a, Schematic of SX-STMin the far-field
regime.b, STM-XAS spectra of the sample current.c, STM-XAS spectraof the
tip current.d, Schematic of SX-STMin the tunnelling regime. e, STMimage
ofasingle supramolecular ring measured with the SX-STM setup. Image
parameters: /,;=1x10™ A, V,=-1V.Scale bar, 2 nm. f-i, Simultaneously
recorded STM-XAS spectra of the sample and tip channels in the tunnelling
regime whenthetipis on position A (f,g) and when the tipis on position B (h,i).

reported for Tb(Ill) ion in the literature measured over an ensemble
average of the samples?. Therefore, we can ascribe it asa Tb(IlI) ion.

Chemical states of Fe and Tb atoms

Next, to determine the chemical state of one Fe ion, STM-NEXAFS
spectra are recorded at the L, edge region in the tunnelling regime
(Fig.4c,d). Thesample channel shows six distinct fine structures. How-
ever, the shape and number of the satellite peaks in the tip channel
seem to be markedly different where the peak ‘iv’ is missing. To check
theresult, we measure STM-NEXAFS spectrain the far field (Extended
DataFig.9),in which the X-ray-excited tunnelling does not contribute
tothespectra. Here six satellite peaks with similar energetic positions
asthe sample channelin the tunnelling regime (Fig. 4c) are observedin
both the sample and tip channels, albeit the intensities of some peaks

Jj. X-ray-excited electron tunnelling process. Here (1) is the photoabsorption
process, (2) depicts thefilling of the vacancy by an electron from a higher orbit,
(3a)isan example of an Auger process causing electron ejection and (3b)
represents photoexcited tunnelling processes of primary and secondary
electrons.Inb,c,f,g,handi, theinitial currentissettozeroandalinearslopeis
subtracted.

are different. The positions of these satellite peaks are determined
by averaging the tip and sample signals in the far field as ‘i’ =707 eV,
‘i’ =708 eV, iii’ =708.7 eV, ‘iv'=709.3 eV,'v'=710.1eVand ‘vi'=711.2 eV,
respectively. From these data, we can ascribe it as a Fe(ll) ion®,
Unlike rare-earth elements such as Tb, the 3d electrons of Fe can
strongly hybridize with the organic host. Therefore, the fine structures
of Fe are not only specific to theion type but also to their hybridizations
withtheligands. To estimate the origin of the observed fine structures,
unoccupied orbitals of a <tpy-Fe-tpy> adsorbed on a Au(111) surface
are calculated using density functional theory (DFT). In <tpy-Fe-tpy>
(Fig. 1b), the Fe ion hybridizes with the ligands through six nitrogen
(N) atoms. In accord with the experiment, the projected density of
states (PDOS) of the unoccupied Fed and N p orbitals show six distinct
states (Fig. 4e). Here the strong hybridization of Fe d,, and d, orbitals
withthe N p,and p,orbitals forms the peak ‘i’, whereas its overlapping
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Fig.3|X-raysdetection of Tbin the tunnellingregime. a,b, STM-XAS spectra
of M, sedges of Tbinthe sample channel (a) and inthe tip channel (b) measured
inthe tunnelling regime. ¢, STMimage of asingle [Tb(pcam);], complex
measured withthe SX-STMsetup and a corresponding model. Image parameters:
1,=5x10"A, V,=-1V.Thearrows inthe STM image and the model indicate the
two Tbionlocations.Scalebar,1nm.d, The sequence of STM-XAS spectrashows
strong Tb M;peaksonlyatthetwo Tbionlocations,2and 9. Theredlinesin2and 9
arefitstothedata. Allthe spectraindareacquired with the same currentsetpoint.
Ina,bandd, theinitial currentisset tozeroandalinearslopeis subtracted.

satellite peak and the peak ‘ii” are originated from the Fe d ,2with N p,
and p, hybridizations (Fig. 4e). The peak ‘iii’ corresponds to the Fe d,,
orbital, whereas the peak ‘iv’ is from the hybridized Fed ,2and N p,
orbitals, respectively. Finally, the peaks ‘v’ and ‘vi’ are contributed from
N p,and p,orbitals. The experimental and theoretical (Fig. 4e) energy
separations of the peaks, AE, are in good agreement (Table 1).
Calculation also shows preferential adsorption of <tpy-Fe-tpy>on
Au(111) with two tpy units forming as a cross (Fig. 4f). Insuch a geom-
etry, the orbitals corresponding to the peaks ‘1, ‘ii’, ‘iii’, ‘v’ and ‘vi” have
upward-pointing components, whereas that of the peak ‘iv’is parallel to
the surface (Fig. 4g). Inthe tunnelling regime, the tip currentis mainly
contributed by the tunnelling of X-ray-excited electrons that fill the
unoccupied Fe d-N p hybridized orbitals (Fig. 2j). Both d and p orbit-
alsare highly directional and a resonance tunnelling of overlapping d
orbitals with the tip wavefunctions® can lead to preferential tunnelling
ofthe upward-pointing orbitals to the tip (Fig. 4h). This process, which
we named X-ERT (for X-ray-excited resonance tunnelling), occurs for
all the orbitals except that of the peak ‘iv’. In the peak ‘iv’, the absence
of upward orbital componentsinhibits the X-ERT process (Fig. 4i) and,
hence, itis missing in the tip channel (Fig.4d). By contrast, the sample
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Table 1| Comparison of AE between experiment and theory

Experiment (eV) Theory (eV)
AE; 1.0 0.9
AE, 07 07
AE;, 0.6 0.4
AE, ., 0.8 0.9
AE,., 11 15

The energy difference between the satellite peaks observed in the experiment (Extended Data
Fig. 9) and theory (Fig. 4e).

currentiscomposed of both the X-ray-ejected electrons fromthe entire
illuminated sample area as well as the X-ray-excited tunnelling at the
tip location. Therefore, the STM-NEXAFS signal at the sample channel
contains all peaks.

Conclusions

The following conclusions can be drawn from the above experiments:
(1) the Fe signal can be detected in STM-XAS spectraon different parts of
<tpy-Fe-tpy> (Extended Data Fig. 6), whereas the Tb signal is atomically
localized (Fig. 3d); (2) in the STM-NEXAFS data, the spectra shapes and
the missing satellite peak of the Feion (Fig. 4c,d) can be explained by the
X-ERT process, whereas the Tbion reproduces similar features between
thetipandsample channels (Fig. 4a,b). Rare-earth metals have tantalizing
electronicand magnetic properties for high-technological applications
owingtotheir well-shielded 4felectrons™®. Thisis clearly observed in our
one-atommeasurements,in whichthe 4forbitals of the Tbionareisolated
and are not involved in chemical bonding with the ligands, whereas the
3d orbitals of the Fe ion are heavily hybridized with its surroundings.
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Methods

Sample preparation

Fe-ion-containing complexes. The supramolecular assembly
was synthesized through stepwise coordination and Suzuki coupling
reactions™. This system has several advantages: (1) one assembly oc-
cupies alarge surface area of about 25 nm?, in which just one Fe ion is
present; (2) the tpy bridge protects the Fe ion from the environment,
preservingitselectronic structure and chemical state. Structural analy-
sis and calibration of deposition parameters for the supramolecular
assemblies were performed on Au(111) and Ag(111) surfaces using a
low temperature STM setup, whereas all the SX-STM measurements
were performed ona Au(111) surface. The single-crystal surfaces were
cleaned by repeated cycles of Ar ion sputtering and annealing up to
700 K under ultrahigh vacuum (UHV). A low sub-monolayer coverage
of the supramolecular assemblies dissolved in a MeCN solution was
drop cast onto the sample surface®** and then it was heated to about
400 Kunder UHV to remove some solvent molecules from the surface.
Next, STMimages were acquired at different locations of the sample to
confirm successful deposition. After establishing proper deposition,
the sample was transferred to the SX-STM end station at the XTIP beam-
line by means of a UHV suitcase (pressure <2 x 107 torr). The sample
wasimaged with SX-STM in STM mode to confirmits condition before
the X-ray experiments.

Tb-ion-containing complexes. A sub-monolayer coverage of
Tb(pcam-Br);complexes (see Supplementary Information for synthe-
sisand characterizations) was drop cast onto 200-nm-thick gold film
formed onamicasubstrate and annealed at 423 K for 30 minto remove
residual solvent. The Tb M, ; edge and NEXAFS measurements were
performed onthe sample. For the formation of Tb dimers, Tb(pcam-Br),
complexes were thermally deposited onto atomically clean Au(111)
substrate under UHV. STM images were acquired to check the struc-
ture of the Tb(pcam-Br); complexes adsorbed on Au(111) surfaceat 5K
(Extended Data Fig. 3). To form [Tb(pcam),], dimers, the sample was
heated to 473 K for 30 min. The formation of [Tb(pcam),], was preceded
by debromination and covalent linking of the two Tb(pcam); complexes.
There are three Br atoms at the initial molecules and, therefore, three
bonds shouldbe available for covalent linking. The formation of dimer
molecules, [Tb(pcam),],, requires only one bond. We assume that the
other two bonds are terminated by H atoms available on the surface
inside the UHV system, asin the case of graphene nanoribbon formation
on Au(111)®. On covalent linking, the two Tb(pcam) units are slightly
rotated fromitsinitial plane to accommodate torsion along the biaryl
axis. However, the Tbionenvironment inside the ligand is the same as
the monomersbut the dimer includes a pair of Tb(lll) ions separated by
an organic linker (Fig. 1f). The dimers are not mobile during the scan-
ning with the STM tip and their length fits with the expected length of
the dimers linked by covalent bonding without Br atoms (Extended
DataFig. 3).

SX-STM mechanistic model

SX-STM XAS is performed by ramping the photon energy of a mon-
ochromatic X-ray beam illuminating the sample. When a photonis
absorbed by a core electron, it is excited into unoccupied atomic/
molecular orbitals above the Fermi level matching the energy differ-
ence AE. Furtherincreasing the X-ray-beam energy can excite core elec-
trons to higher unoccupied orbitals and, ultimately, to the continuum.
The photoabsorption leads to excitation of the core electron leav-
ing a core vacancy, which is subsequently filled by an electron from a
higher-level orbit (Fig. 2j and Extended Data Fig. 1). The excess energy
in this process produces Auger electrons. The lower-energy Auger
electrons can fill up the unoccupied states between the Fermi level
and the work function, and subsequently tunnel into the tip, contrib-
uting to the X-ray-excited tunnelling current. Some higher-energy

Auger electrons may be ejected, contributing to the X-ray-ejected
current.

SX-STM measurements

STM-XAS and STM-NEXAFS measurements were performed at the
XTIP%, the world’s first user-dedicated beamline for SX-STM, at the
sector 4-ID-E of the Advanced Photon Source and Center for Nanoscale
Materials at Argonne National Laboratory. Using a spherical grating
monochromator, the beamline can generate monochromatic X-rays
with photon energies between 400 eV and 1,900 eV. After passing a
zero-order slit, the beamis focused onto amovable exit slit (Extended
DataFig.1). With theaid of the vertical and horizontal focusing mirrors,
afinalmonochromatic X-ray beam of about 10 pm x 10 pmiis incident
onto the tip-sample junction of the SX-STM with an angle between
20° and 30° with respect to the sample surface plane. To properly
illuminate the tip—sample junction, abeam alignment is performed
by driving the microscope mounted on a motorized stage with four
degrees of freedom relative to the beam and by adjusting the beam
location vertically and horizontally with the Kirkpatrick-Baez focusing
mirror pair. The X-ray beam is chopped into ON and OFF cycles using
an X-ray chopper. During the OFF cycle, only the conventional tunnel-
ling current is measured, which is used as the STM feedback signal to
maintain the tip height in the tunnelling regime. During the ON cycle,
the conventional tunnelling currentis separated completely from the
X-ray-excited current using a field-programmable gate array. Both
sample and tip currents are simultaneously recorded by using sepa-
rate lock-in amplifiers, which is greatly advantageous by allowing to
systematically compare the tip and sample spectra. All the experiments
are performed in UHV at approximately 30 K substrate temperature.
Initially, the X-ray beam energy is calibrated by measuring Mn and Fe
thin foil standards. Then, the SX-STM s first operated inthe STM mode
by closing the X-ray shutter to acquire topographic images using -1V
bias for the supramolecular assembliesand -0.5Vto-1.2 V forthe Tb
complexes. For the measurements in the tunnelling regime, the tun-
nelling current was set to 100 pA. After obtaining the STM images of
the sample area, the X-ray shutter is opened and the tip-sample junc-
tion isilluminated with X-rays for the measurements. For the far-field
STM-XAS experiments, the tip is retracted about 5 nm from the sam-
ple and remained static throughout the measurement. To detect the
STM-XAS measurements, the X-ray-beam energyisrampedattheFel,;
and Tb M, sabsorption edge energy ranges (about 700 eV to 730 eVand
1,225eVt01,286 eV, respectively) using energy steps between 0.1 eVand
0.5 eV.Inthe supramolecular assembly, the Ruions cannot be detected
becausethel;andL,absorptionedgesofRu,2,837.9 eVand2,966.9 eV,
respectively, are out of the photon energy range of the XTIP beamline®.
For the lateral-distance-dependent X-ray detection on Tb-dimer mol-
ecules, the spectrawere acquired with 0.25-eV energy steps. The resolv-
ing power of the monochromator was about 2,800 for the Fe and 1,400
forthe Tbscans, respectively. At each energy step, anaverage signalis
recorded from 50 data points for Fe and 40 data points for Tb.

With the photon flux of 2.5 x 10" s for the 10 pum x 10 pm X-ray beam
at 709 eV (Extended Data Fig. 1d) and considering the incident X-ray
beam angle of about 25° with respect to the sample surface, the pho-
ton flux density is estimated as 1.05 x 10* photons s m™. This corre-
sponds to roughly 19.59 photons s hitting the Fe(ll) ion (r=77 pm).
Considering that 50% of the X-ray beam is blocked because of the
X-ray ON-OFF cycles of the chopper, the number of X-ray photons
hitting the Fe(ll) ion is estimated as approximately 9.78 photons s™.
Using the tip photocurrent of Fe L, absorption edge, 0.3 pA (Fig. 2i),
the total X-ray-excited tunnelling electronyield of asingle Fe(Il) ionis
determined as 1.86 + 0.07 x 10° electrons per photon. For the Tb(llI)
ion, the photon flux of 2 x 10" s for the 10 pm x 10 pm X-ray beam at
about1,240 eVwith approximately 25°incident angle, the photon flux
density is estimated as 8.45 x 10* photons s m™. This corresponds to
about19.3 photons s hitting the Tb(Ill) ion (r = 118 pm). Considering



the X-ray ON-OFF cycle of the SX-STM, the number of X-ray photons
hitting the Tb(lll) ion is estimated to be about 9.66 photons s™'. Using
the tip photocurrent of Tb M;absorption edge, 0.22 pA (Fig. 3b), the
total X-ray-excited tunnelling electron yield of a single Tb(Ill) ion is
determined as 1.61 + 0.47 x 10° electrons per photon. The errors in
X-ray-excited tunnelling electron yields for both Fe and Tb are gener-
ated from the statistical distributions. It should be noted that the X-ray
excited tunnelling electron yields obtained by this simplified estimation
seemtoberather large. Hence, the actual excitation process might be
more complex than proposed here and requires further investigation.

Detector tips

Thedetector tips*** used for SX-STM are coaxial tips with a PtIr wire at
the coreacting asaconducting part, which collects electrons (Extended
Data Fig. 2). This Ptlr core is then coated with a SiO, insulating layer.
Although the SiO, layer is insulating, photoelectron bombardment
couldresultin capacitance charging, which—in turn—produces unde-
sired noisein therecorded tip current. To prevent this, the tip is coated
with a Au film on top of a thin titanium buffer®*. This outer Au layer
can be grounded or can be supplied with a desired biasing voltage®.
In this work, the outer Au layer is grounded. To prepare a detector tip,
first Ptyolry, tips are produced by etching a 250-pum-diameter wireina
1.5-M calcium chloride solution. After selecting asharp tip by electron
microscopeimaging, itis coated with an approximately 1-um-thick SiO,
layer, followed by a thin Ti buffer layer and, finally, an approximately
1-pm-thick Au outer layer. After coaxial film formation, focussed ion
beam milling (shadow masking method) with a Zeiss 1540XB FIB-SEM
(Ga'ions,50 kV, 50 pA) is performed at the nanofabrication facility of
the Center for Nanoscale Materials to expose the tip apex. Depending
on the structure of the tip, typically from 30 nm to 200 nm of the PtIr
tip apex is exposed.

DFT calculations

Spin-polarized DFT calculations are performed by using the Vienna ab
initio simulation package (VASP) code® and the core electrons are
described by the projector augmented-wave method*°. Exchange cor-
relationistreated inthe generalized gradient approximation, asimple-
mented by Perdew et al.*. The plane-wave basis is expanded to a cutoff of
600 eV and the Brillouin zone is sampled using I points only. Because of
therelativeimportance of non-bonding molecule surface interactions,
the van der Waals D3 functional is used*’. The PBE + U method has been
used for the exchange functional withU —J =3 eV for the Fe ‘d’ states**™,

A<tpy-Fe-tpy>bridge composed of 79 atomsis placed onathree-layer
Au(111) slab containing 252 atoms representing the Au(111) surface. The
supercell has avacuum space of 30 A in the direction perpendicular to
the surface plane and 20 A between the neighbouring complexes. The
geometry optimizations converge with a2-meV threshold per formula
unit for thetotal ground-state energies. To estimate the work function,
we calculate the spherically averaged potential over the z direction of
the cell (Extended Data Fig. 10). The vacuum level is located at 25 A in
the zdirection. From the vacuum energy of 2.89 eV and the Fermi level
of -1.51eV, awork function of 4.40 eV is obtained.

The hybridization of Fe ‘d’and N ‘p’ orbitals and the energetic posi-
tions of their unoccupied orbitals are also calculated using Gaussian
16 software package*® to make a comparison with the DFT calcula-
tions using VASP code shown in Fig. 4e. Geometry optimization of
<tpy-Fe-tpy>** is performed using DFT calculations implemented in
Gaussian, and the B3LYP (refs. 47-49) density functional and def2TZVP
(ref. 50) basis set are used. The density of states corresponding to Fe ‘d’
and N ‘p’ are extracted from the optimized geometry and their unoc-
cupied levels are plotted (Extended Data Fig. 10). Comparison of the
energy difference between each peakin experimentand theoryarein
reasonable agreement.

Data availability

Alldataare availablein the main text, extended dataand supplementary
materials. The source data for the manuscript, for the extended data
figures and Supplementary Figs. 13-16 are provided with the manu-
script. All the theory data are deposited at https://doi.org/10.19061/
iochem-bd-6-165. Source data are provided with this paper.
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ExtendedDataFig. 1| XTIPbeamline and SX-STM technique. a, Schematic tunnelling current. Both the X-ray-ejected electron current and X-ray-excited
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fillup statesbetween E;and ® tunnel to the tip, generating an X-ray-excited d, Measured photon flux of the XTIP beamline.



Extended DataFig.2|Coaxial detector tip. a, Transmission X-ray microscopy
image of a detector tip shows several materials composing the tip. Scanning
electron microscopy image of a detector tip before (b) and after (c) incision.
Herethe PtIr conducting coreisusedto collectelectrons, whereas the SiO,
insulating layer prevents collection of ejected electrons from the sample by the
side wall of the tip. The outer Au conducting layer is to protect from the
charging effect®*,
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Extended DataFig. 3 | Formation of dimer complexes through Ullmann Heating the sample to 473 K results in the formation of adimer, [Tb(pcam),],
coupling.a, STMimages Tb(pcam-Br);on Au(111) acquired at 5 K substrate (lower part).d, Amodel of [Tb(pcam),],. The yellow ballsincand d are Tbions.
temperature. Asingle Tb- (pcam-Br), complexisindicated withacircle. e,AnSTMimage of adimer.f, A profile measured along the white line shownin
Tb(pcam-Br),is mobile (indicated with arrows) during scanning with the STM egivesthelength ofthe dimerasroughly 1.67 nm, which agrees well with the
tipevenat5K.b, STMimage of Tb(pcam-Br); clusters on Au(111).c, Amodel expectedlength ofabout1.61 nmshownind.Image parameters fora,bande:

depicting debrominationand covalentlinking of two monomers (upper part). [,=100pA, V,=0.5V.
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Extended DataFig.5|STM-XAS on Ruions. The supramolecularring (see
Fig.1laand Extended DataFig. 6b) includes only one Feionandthe rest of the
tpy bridges are formed by Ruions. a-f, Simultaneously measured STM-XAS
spectrainthesample and tip channels focusing onthe Fe L;edgeregion onthe
six <tpy-Ru-tpy>bridges. The tip channelin the tunnelling regime detects

atomically localized signal and, thus, it does not show any Fe L, edge signature
when measured on the <tpy-Ru-tpy>bridges, because the Feions are not
present there. However, the sample channel gives astrong Fe L, edge signal
becauseitis produced by the entire X-ray-illuminated surface areain which
many supramolecular rings, each havingone Feion, are present.
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