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Hybrid and resonant states originated by
the stabilization of borophene’s single χ6
polymorph on Ir(111)
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Cristiana Di Valentin 1

Borophene, a single-atom-thick boron sheet, exhibits rich polymorphism that could enable control of
its physical properties, though growing pre-designed polymorphs remains challenging due to
complex interaction with metal substrates. Here, we investigate in detail the complex interfacial
interactions between a layer of a single χ6 borophene polymorph and the Ir(111) surface through a
combined experimental and computational approach using scanning tunnelling microscopy/
spectroscopy (STM/STS) and density functional theory (DFT). The emergence of a hybrid interface
state (IFS) and novel hybrid and resonant image potential states (IPSs), which are anisotropically
modulated along the borophene unit cell, is revealed. These findings provide comprehensive insight
into the electronic properties of an intriguing borophene—substrate interface and deepen the
understanding of interfacial physical phenomena occurring in substrate-supported two-dimensional
(2D) materials.

First predicted computationally1–3 and later realized experimentally4,5, bor-
ophene, a single-atom-thick boron layer, has emerged as a particularly
intriguing synthetic 2D material6,7 because of its anticipated anisotropic
metallic8, optoelectronic9 and mechanical properties10,11. The electron defi-
ciency of boron (B), compared to carbon, limits the ability to form stable,
planar sp2 lattices, which can only be attained if additional electrons are
provided. A surprising but simple mechanism for achieving this consists in
incorporating additional B atoms into the honeycomb sp2 lattice, filling
some of the hollow hexagons. These act as net electron donors without
introducing additional empty bonding states, a process named ‘self-doping’
mechanism, enabled by the capability of B to form multi-centre bonds12.
Consequently, a multitude of diverse, energetically similar polymorphs
emerges, characterized by the density and periodic distribution of voids, i.e.
missing atoms in the atomic structure of a regular honeycombsp2 lattice ofB
atoms13. This rich polymorphism is envisioned to enable deterministic
control overproperties and functionalities through the growthof borophene
with specific atomistic structure14–16.

However, achieving an ‘on-demand’ selection of a polymorph
remains a great challenge today due to the complex interfacial interplay
between borophene and the supporting metal substrate. These substrates
do not only serve as an external charge supply for the electron-deficient
lattice but can also influence the polymorph formation through additional

factors such as atomic registry and interfacial chemical hybridization4.
The intricate balance between these factors is evidenced by the distinct
borophene polymorphs formed on different substrates, e.g. Ag(111)17,18,
Au(111)19, and Cu(111)20,21, in which multiple polymorphs or surface
alloys can even coexist on the same substrate. In contrast, substrates like
Al(111) or Ir(111) promote the formation of a single polymorph across a
wide range of growth parameters, regardless of the growth method, e.g.
chemical vapor deposition (CVD)22,23 or molecular beam epitaxy for the
case of Ir(111)24. However, on Al(111), borophene forms a B–Al surface
alloy rather than a quasi-freestanding layer25. The Ir(111) surface, on the
other hand, provides an optimal degree of interaction; strong enough to
stabilize a single polymorph (referred to as χ6 borophene) yet weak
enough to preserve the monolayer’s structural integrity separately from
the substrate. This quality was demonstrated by gold intercalation24, and
more recently, exploited for transferring borophene to a technologically
relevant substrate26. Providing a comprehensive understanding of the
complex interfacial interaction occurring in the special case of borophene
on Ir(111) is therefore important for the goal of achieving deterministic
control over polymorphs. In this regard, the investigation of various
unoccupied electronic states at surfaces has provided valuable informa-
tion about the physicochemical properties of materials27–33. Particularly
interesting are bulk-like states (BS), primarily localized within the bulk;
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surface states, confined to the surface and decaying exponentially into the
vacuum; and IPSs, which extend further into the vacuum beyond the
surface. In addition, interfacial states (IFS) become particularly
significant29 at the boundary between two materials, i.e. 2D layer and
substrate, and are directly tied to the characteristics of the interfacial
interactions. The importance of these states lies also in their role as an
indirect probe of the borophene structure, especially when a de-
convolution of electronic effects is not straightforward due to the inter-
action with the substrate and geometric features. This has been exem-
plarily shown in a recent report in which the copper boride nature of
atomically thin boron phases grown on Cu(111) was elucidated21.

In this work, we present an atomistic study of the interfacial elec-
tronic structure of the χ6 borophene polymorph on Ir(111). By com-
bining STM and STS experiments with DFT characterization of the
electronic structure of borophene models, we unveil the emergence of a
hybrid IFS, visible as a low-energy resonance in STS and characterized by
contributions from both borophene and Ir surface atoms. Additionally,
we identify hybrid and resonant IPSs, which arise from the linear
combination of borophene IPSs with Ir(111) surface states, constituting
a phenomenon never observed to date. We compare the simulated
properties of different arrangements of B atoms within borophene lay-
ers, which allows us to relate the experimentally observed properties to
the strength of B-Ir interaction and to discuss the driving force behind
the stabilization of the χ6 polymorph. The understanding of interfacial
physics, provided here for the exemplary case of borophene on Ir(111), is
highly relevant for engineering substrate-stabilized borophenes, where
complex substrate effects must be accounted for to move beyond the
limitations of the self-doping mechanism.

Results and discussion
Polymorph identification
Borophene was grown on an atomically clean and flat Ir(111) surface, as
schematically shown in Fig. 1a, following the ultra-high vacuum CVD
method introduced previously by some of the authors22. Fig. 1b shows an
STM image of atomically thin single-crystalline borophene monolayer
domains that partially cover the underlying surface, revealing three
equivalent rotational domains with identical stripy appearance. These form
atomically precise interfaces with Ir(111) that result in a characteristic
appearance consisting of parallel stripes with a longitudinal periodic ‘wavy’
modulation (Fig. 1c). This appearance was earlier attributed to a 2 × 6
commensurate stacking between a χ6-like borophene polymorph and
Ir(111)24,whereχ refers to a varying coordinationnumber (4-5) and ‘6’ to the
areal density of hexagonal voids (η = 1/6), following the notation introduced
by Tang et al.2 and later extended by Wu et al.16. We performed STM
imaging of this polymorph on Ir(111) to extract its structural parameters.
Fig. 1d shows for thefirst time sucha real-space visualizationof the atomistic
structurewith intra-cell resolution.The superimposed atomistic structure of
the most stable χ6 polymorph proposed in literature (ref. 24) reveals addi-
tional details. Five B atoms in the unit cell have a coordination number of
four and twenty B atoms have a coordination number of five. Furthermore,
five out of the thirty sites in a hypothetical trigonal matrix remain vacant
(i.e., η = 1/6). The experimental observations are thus consistent with this
atomistic model currently accepted for this widely studied borophene
polymorph22–24,26,34–37.

The comparison between the experimental STM images with those
obtained through DFT calculations shows an agreement of the structural
features (Fig. S1), even though the contrast of the simulated images needs to
be inverted (regardless of the density functional (HSE06-D3 or PBE-D3)
and the type of pseudopotentials used (Fig. S2)). To emphasize the broader
relevance of our numerical findings and the value of the applied model, we
also examine the second most stable structure in ref. 24, labelled as i4 (see
Fig. S3). For clarity and conciseness, we focus in the following on the results
of the simulations performed for the originally proposed χ6 model, while
additional information on the i4 structure is provided in the Supplementary
Material.

Work function
The fact that a unique borophene χ6 polymorph forms on the Ir(111) sub-
strate, under a wide range of growth parameters and methods (molecular
beam epitaxy (MBE)24 or CVD22,23), highlights the dominant role this sub-
strate plays in stabilizing this synthetic 2D material. To shed light on the
interfacial interactions underlaying the stabilization of the polymorph, we
conducted an STS study of the local electronic structure of borophene on
Ir(111)with sub-nanometre precision.The STMtip is positionedon the spot
of interest and the dI/dV signal is acquired while a positive bias voltage is
swept up to 10 Vwith the feedback loop active to keep the tunnelling current
constant (see “Methods”).At energies beyond thework function of a surface,
field emission resonances (FERs), also known asGundlach oscillations38, are
expected, corresponding to Stark-shifted IPSs confined between the sample
surface and the STM tip39. The energy positions of these resonances follow a
Rydberg-like progression, which is clearly visible in the purple and red
spectra in Fig. 2a measured on the bare Ir(111) and borophene regions of
Fig. 2b, respectively. Probing these states at the local scale allows to access
information on the interfacial coupling, lifetimes, and local work function
with sub-monolayer resolution21,40–42. The position of the first intense FER
(i.e., first IPS), appearing at 5.7 V for Ir(111) and 5.2 V for borophene,
provides a first approximation of the local work function43, revealing a
reduction at the borophene-covered areas. This is in fairly good agreement
with work function values obtained using alternative experimental methods
(5.8 eV for Ir(111)44, 4.737–5.3 eV35 for borophene/Ir(111)). Differential
conductance maps taken at 5.2 V and 5.8 V evidence the spatial localization
of the interfacial electronic structure, with an inverted contrast between bare

Fig. 1 | STM images of χ6 borophene on Ir(111). a Schematic side-view of bor-
ophene monolayer domains (MLs) forming atomically sharp interfaces with the
Ir(111) substrate. b Overview STM image of borophene MLs, showing different
domains oriented in a three-fold degenerate configuration (scale bar 10 nm). Note
that the small point-like bright protrusions present on borophene and on bare
Ir(111) regions correspond to adsorbates, as shown in Fig. S17. c STM image of a
single crystalline domain featuring the characteristic stripy appearance and periodic
‘wavy’ pattern described in the text (highlighted by red lines, scale bar 2 nm). dHigh
resolution STM image with superimposed atomistic model of the χ6 polymorph
(lattice parameters: 16.27 Å and 5.42 Å, with the unit cell in blue and B atoms
depicted as red spheres). STM parameters b: 3.30 V and 0.30 nA, c: 0.60 V and
0.30 nA, d 0.01 V and 1.20 nA.
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Ir and borophene-covered Ir areas for the two voltages (Fig. 2d, e), further
supporting the work function reduction induced by borophene.

This effect is also captured by DFT calculations, which yield work
functions values of 4.4 eV for borophene on Ir(111) and 5.5 eV for bare
Ir(111), the latter being in good in agreement with previous calculations
(5.5 eV)45. Such a reduction can be explained by the charge transfer of 0.008/
0.003 e−/Å2 from borophene to Ir, calculated through Bader46,47/DDEC648–50

analysis and comparable with the 0.08 e−/B atom (0.02 e−/Å2) previously
reported24. Such inward charge transfer is expected to induce a reduction of
thework functiondue to the formation of anoutward dipole at the interface.
As itwill be discussed in detail below, this interpretation is further supported
by the additional decrease of the local work function above those atoms of
the borophene unit cell that lay closer to Ir(111), featuring an increased
interfacial charge transfer. Interestingly, Liu and co-workers observed an
opposite, but consistent, trend on the Ag(111) surface, i.e., a work function
increase of Ag(111) when covered by borophene with a net charge transfer
from the metal support to borophene.

Hybrid borophene—Ir(111) IFS
In the STS spectrum of Fig. 2a, one observes an additional, broad feature at
~3.4 V whose spectral weight extends only over borophene areas (Fig. 2c).
Such a low energy resonance cannot be assigned to an IPS, for the following
reasons: (i) it is located at an energy well below the expected work function,
(ii) it doesnot follow theGundlach relation38 definedby thehighenergy IPSs
peaks (n > 2, Fig. S4) and (iii) it doesnot exhibit a detectable Stark shift upon
variation of the tip-sample electric field. The last point is shown in Fig. 2f,
which presents a series of STS spectrameasured consecutively at decreasing
tip-sample distance, i.e. increasing electric field. The positions of the n ≥ 1
resonances shift to higher voltages with increasing electric field (i.e.,
decreasing tip-sample distance), as expected for IPSs due to their extended

spatial localization in the vacuum that makes them especially sensitive to
external fields. This trend, however, is not observed for the low-energy
resonance at ~3.4 V. Accordingly, it is tentatively attributed to an IFS (see
below). Similar IFSs have been previously reported for borophene on
Ag(111)42 and on Cu(111)21, as well as for other metal-supported 2D
materials40,51–53. It is worth noting that in borophene on Ag(111) and on
Ir(111), the IFS arises from interface hybridization but differs in character:
Ag(111) showsaweaker, charge-transfer-driven IFS,while Ir(111) exhibits a
more strongly hybridized, spatially modulated state due to robust local
registry. In contrast, the IFS in the B-Cu surface alloy results from stronger
covalent Cu–B interaction and charge transfer, producing a more mixed,
less isolated interface resonance21. This scenario is compatible with the
insight about interfacial chemical bonding provided by high-resolutionXPS
available in the literature. In theweaker interacting systemsof borophene on
Ag(111)54 and Ir(111)22,35 (where borophene can preserve its monolayer
integrity independently of the substrate), well-defined B 1 s peaks reflect
intrinsic polymorph coordination rather than strong B-metal alloying, as
observed in the case of Al(111)25.

To unveil the IFS origin of the low-energy resonance and provide
atomistic foundations to the experimental insight described in the previous
section, we disentangle several different physical contributions through
numerical simulations. First, we investigated the density of states (DOS),
projected on the atomic orbitals of the Ir atoms at the topmost layer of the
substrate and on those of the B atoms, reported in Fig. S5. Indeed, such a
comparison provides an initial assessment of the strong overlap of the
contributions of the two atomic species. Yet, we find it more informative to
analyse the band structure of borophene on Ir(111) including the projection
of the wavefunctions on the atomic orbitals of Ir and B atoms (Fig. 3a, c). In
an energywindowof±1 eVaround the Fermi level (EF), electronic states are
mostly contributed by Ir(111); for energies below EF− 1 eV, states are
equally contributed by borophene and Ir(111), resulting in an overlap
between borophene and Ir(111) states that suggests a strong interaction
between the borophene monolayer and Ir(111). For energies above
EF+ 1 eV, the electronic states aremostly contributed by borophene. In this
region, a few bands localized also on Ir atoms can be clearly observed, for
which, however, the overlap with B contributions is less evident. The nature
of such states can be clarified by evaluating whether they exhibit the char-
acteristics of the clean metallic surface. Fig. 3b, d compares the band
structure of borophene on Ir(111), projected onto Ir and B atoms, respec-
tively, unfolded onto the Brillouin zone of bare Ir(111). The unexpectedly
strong resemblance of B-projected states with the bands of the Ir(111)
surface allows to identify hybrid borophene—Ir(111) surface states (i.e.,
states made of a linear combination of B atomic orbitals and Ir surface
state)45,55. The intense green traces around the M point at energies around
EF+ 1 eV and, additionally, the B states around the K and M points, at
energies between 4 and 6 eV above EF, display a pronounced hybrid char-
acter as they clearly overlap with those of pristine Ir(111). Among them,
several surface states can be found (see Fig. S6). Given their energy and
surface-localized character52, they are good candidates to cause the low-
energy resonance observed by STS (Fig. 2a), with the projected band
structures providing clear evidence of hybridization of IrwithB states. In the
case of the alternative borophene on Ir(111) model i4, we found similar
electronic properties. In the corresponding band structure reported in
Fig. S7, the atomic orbital decomposition of the band structure shows an
overlap of contributions from B and Ir atoms. This result suggests that the
strength of the interaction between borophene and the Ir(111) surface is not
dependent on the actual arrangement of the B atoms considered.

Hybrid borophene—Ir(111) IPSs
To provide further insights into the IPSs resolved in the STSmeasurements,
a detailed analysis of the electronic states calculated through DFT was
performed. As presented in Fig. 3 (highlighted by orange in panels a and b),
above EF+ 4 eV, several bands fulfilling three expected characteristics of
IPSs can be observed: (i) parabolic dispersion, (ii) negligible weight on
atomic orbitals and (ii) bound-state nature. Even though a direct

Fig. 2 | Spectral identification of IPSs and IFS. a Constant-current dI/dV intensity
plot measured along the dashed line (composed by spectra taken every 8 Å) in the
STM topographic image in (b) (0.60 V and 0.3 nA). Spectra measured on the Ir(111)
and borophene spots, marked respectively by purple and red crosses in (b), are
displayed individually. Their baselines, corresponding to dI/dV = 0, are marked by
horizontal purple and red lines, respectively. Constant-current dI/dV maps mea-
sured at bias voltages corresponding to the IFS (c), the IPSn=1 of borophene (d) and
Ir(111) (e). Stabilization parameters 0.60 V and 0.3 nA. f Series of constant-current
dI/dV spectra taken on borophene at increasing tip-sample electric field. This is
achieved by increasing the stabilization tunnelling current (from 0.25 to 9.25 nA,
steps of 0.25 nA)while keeping the bias voltage unchanged between spectra (0.30 V),
that is decreasing tip-sample distance43. Curves have been vertically offset for clarity
of visualization. Lock-in modulation of all spectra in the figure: 50 mV (peak-
to-peak).
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correspondence with the position of the measured FERs is not possible due
to the Stark effect induced by the local electric field at the biased tip-sample
gap and tip condition43, these bands could be assigned to the experimentally
observed series of IPSs for borophene on Ir(111). We will provide further
evidence and support of this in the following through the analysis of the slow
decay of these states into the vacuum, typical of IPSs, in contrast to the faster
exponential decay characteristic of surface andbulk states.This is performed
in the idealized case where no local electric field is applied. For the specific
case where an electric field is applied, the reader is referred to Fig. S13.

Starting with the case of bare Ir(111), surface states and IPSs can be
distinguished through the position of |Ψ|2(z) maxima, moving along the
surface normal towards the vacuum. IPSs are characterized by their spectral
weight beyond the outer Ir layer (e.g., IPSn=1 presents a single maximum at
around ~ 5Å, IPSn=2 has twomaxima at ~ 5 Å and ~ 20 Å, while the surface
state presents a maximum at ~ 2 Å above the outer Ir layer (Fig. S8)). In the
case of free-standing borophene, in the frozen geometry of the interfacial
layer, several IPS-like wavefunctions can be identified in Fig. S6 as one or
more peaks far from the surface. Among them, there are two states with
symmetric |Ψ|2 (with respect to the borophene layer, shown by green and
mustard-coloured lines in Fig. S9). These havemaxima at around± 3 Åor ±
10 Å, respectively, from the B atomic plane, and are separated in energy by
~ 0.2 eV. Such states are analogous to the linear combinations of the first
IPSs (i.e., IPSn=1+,1-) on the two sides of monolayer graphene55,56.

In the case of borophene on Ir(111), a comparison of the characteristic
behaviour of several prototypical wavefunctions at the Γ point is shown in
Fig. 4. A few states appear between ~ EF+ 3 eV and + 4 eV that closely
reproduce the |Ψ|2(z) shape of the Ir (111) surface states at Γ (Fig. 4g), hence
suggesting that they have a surface state character. Similar observations are
noted for wavefunctions calculated at M and K points, as shown in Figs.
S10 and S11. In addition, close to the vacuum level at around 4.0 to 4.5 eV

above EF, we observe a set of states with |Ψ|2 extending even more into
vacuum than surface states (for reference, the plots of all the wavefunctions
at the Γ point are collected in Fig. S12). These states are identified as IPSs
because of their increasing number of |Ψ|2 maxima with the energy level,
following a Rydberg-like series with n and having bands (Fig. 3) with an
almost-free electron character. Note that pairs of linearly combined states
are observed for the IPSn=1 and IPSn=2, similarly to the case of free-standing
borophene above.However, here they have lost their symmetrywith respect
to the layer due to the presence of Ir (111), as evidenced by |Ψ|2(y,z) plots in
Fig. 4g for (IPSn=1 /IPSn=2) andalso inFig. S12 (secondand forthpanel in the
bottom row). Similar observations were reported for graphene on Ir(111)35.
We also notice that for both IPSn=1,2 pairs, especially evident for the anti-
symmetric IPSn=1-, the final state shows several protrusions along the y
direction on the borophene unit cell, within 3 Å from the surface, which
resemble those of surface states. This feature is interesting, as it suggests
hybridization between borophene IPSs and Ir(111) bulk or surface states, as
already reported for graphene on Cu(111)57. Indeed, the corresponding
planar averages of |Ψ|2, reported inFig. 4, showa resonant behaviour, i.e., the
residual weight on deep Ir atoms in the slab is non-negligible, in contrast
with pure bulk states localized only on Ir atoms (grey area in Fig. 4g). The
binding energy of the IPSn=1+,1- pair is ~ 0.4 eV, while that of IPSn=2+/2- is
~ 0.3 eV. These values are similar to those measured for borophene on
Ag(111)42,while smaller than the average of thosemeasured for grapheneon
metallic surfaces30,31. The formation of symmetric/anti-symmetric pairs has
a strong analogy to the formation of bonding/anti-bonding pairs, using a
chemical notation, therefore supporting the formation of hybrid image
potential—surface states.

As reported in Fig. S14, thewavefunctions calculated for the alternative
i4 borophene model show a character similar to that discussed for the χ6
structure, supporting our hypothesis that the features observed

Fig. 3 | Band structure of χ6 borophene on Ir(111). a, b Band structure projected at
the Brillouin zone of χ6 borophene 2 × 6 supercell on Ir(111). c, d Unfolded band
structure on the Brillouin zone of Ir(111) together with pristine Ir(111) band
structure (black lines). Blueand green dots correspond to the projection of bands

onto Ir and B atoms, respectively. Solid and dashed horizontal black lineshighlight
the vacuum level and E, respectively. In (a, b), the orange areas highlight those states
which are good IPS candidates forfurther analysis. Bpn refers to borophene.
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experimentally are indeed originated by the strength of the interaction of
borophene with the Ir(111) surface, independent of the actual arrangement
of the B atoms.

Spatial modulation of IFS and IPSs
The proposed scenario can also be applied to rationalize local variations of
the IFS and IPSs within the χ6 borophene unit cell, which lead to a global
modulation of the interface electronic structure in the extended borophene
domains. This modulation is reflected in small but clear signatures that can
be measured by dI/dV spectroscopy and can be correlated with the occur-
rence of bright stripes in the STM images. STS and STM data presented in
Fig. 5a allow to evaluate such correlations. The figure displays the spatial
modulationof dI/dV signals of IFS and IPS, superimposedonanSTMimage
of borophene showing the characteristic stripes.

Focusing on the IFS peak, constant-current dI/dV spectra, measured
in-between stripes of the borophenemonolayer (i.e., parallel dark regions in
STM) reveal an energy broadening of the IFS (at 3.4 V) with respect to that
measured on stripes (red and black spectrum in Fig. 5c, respectively). This is
further visualized in the dI/dV intensity plot in Fig. 5b measured across
stripes (i.e., along the black dashed linemarked in Fig. 5a), by the oscillating
behaviourof the spectralwidthof the IFSpeak (evident at the energymarked
by the blue dashed line). In parallel, constant-height dI/dV spectra also
measured across stripes present an intensity onset at ~ −0.3 V (Fig. 5e),
which is highest on stripe regions (Fig. 5d). This feature (appearing in
between−0.3 and−0.4 Vwhenmeasured on bare Ir(111), Fig. 5e) has been
consistently observed before22,23,35 and suggested to be related to the Ir(111)
surface state being spatially modulated across borophene stripes35. Similar
effects have been observed earlier in other Ir(111)-supported 2D material
systems58.When superimposing these data on the STM image of Fig. 5a, it is
clear that the states causing the IFSpeakpresent higher spectralweight at the
darker regions, in-between the stripes. The periodic increase of IFS width
directly anti-correlates with the quenching of the surface state beneath
borophene (green line in Fig. 5a), the former ofwhich canbe interpreted as a
signature of increased hybridization. This interpretation is corroborated by
themap of the re-arrangement of the DFT calculated electronic density (Δρ
= ρborophene/Ir(111) − ρfree-standing borophene − ρIr(111)), which shows that the

areas in-between stripes correspond to areas with stronger charge redis-
tribution (Fig. 5a). The fact that the IFS hybridizes at the expense of the Ir
surface state aligns with and further supports the hybrid B-Ir nature of the
IFS proposed in this study.

The spectral appearance of the IPSn=1 peak also presents a spatial
modulation across borophene stripes, as shown in the dI/dV plot in Fig. 5b.
It consists of an apparent, periodic widening of the dI/dV signal, based on a
varying peak substructure, that becomes maximal (minimal) at each stripe
(in-between stripes). This is exemplarily represented by the constant-bias
profile selected in Fig. 5b and superimposed on the STM image in Fig. 5a.
We hypothesize that this phenomenon results from a variation of the local
work function at stripe regions, which would yield two peaks at slightly
different voltages.Thesemayappear convoluted to thenon-shiftedpeakdue
to the large STS probing area (radius of 10—15 Å2) at the elevated bias
voltage and tip-sample distance that includes contributions fromboth stripe
and in-between stripe regions. Suchan averaging effect has been observed in
similar metal-supported 2D material systems40,41,59. Indeed, local work
function estimations along the same profile present a spatial modulation
that reaches minimum values in between stripes, and maximum values on
the stripes (Fig. S15). These were extracted by fitting the energy positions of
IPSn>1 peaks, of spectra presented in Fig. 5b, to the Gundlach relation38,60.
This behavior is consistent with calculated local work function variations
ΔΦ, reported in Fig. 5a, which also present a periodic reduction (up to
0.5 eV) in-between stripes. Note that the reduction of the work function is
more pronounced at the regions of smallest apparent borophene—Ir(111)
distance (i.e., in-between stripes), consistent with the overall trend that the
Ir(111) work function reduces upon positioning a borophene layer in its
proximity (Fig. 2a).

To further validate the hypothesis of a work function driven origin of
the IPS’s spatial modulation, our results are comparedwith the prototypical
example of graphene onmetals. Three effects have been previously observed
that could justify a spatialmodulation IPSs’ spectralweight observedby STS:
(i) splitting of IPSs, (ii) quantum confinement effects or (iii) local mod-
ulation of the work function. Effect (i) was interpreted as the fingerprint
of graphene retaining its free-standing properties56. However, this is
not compatible with the present case, as the wavefunctions of the

Fig. 4 | Identification of bulk states, surface states, and IPSs of χ6 borophene on
Ir(111) through DFT calculations. a–f Comparison of the vacuum decay of the
most representative states at the G point: colour representation of |Ψ|^2 within the
y-z plane. b Alternative representation of the wavefunction in the vacuum, after

averaging it in the x-y plane. One BS is reported as a reference. SS and BS refer to
surface and bulk states, respectively. The energies reported in the panels are referred
to the Fermi level.
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anti-symmetric IPSs present a peak extending further into vacuum than the
symmetric ones at higher energies. Lateral confinement effects due to
reduced extension of borophene domains61 (ii) can also be ruled out. The
IPS’s modulation is present in extended borophene domains, and no
alterations were observed even for domains with widths as narrow as two
stripes. Therefore, modulation of the electronic properties (iii) beyond the
IPSs shall be investigated, as the calculated IPSs’wavefunctions do not show
any spatial localization that seems correlated with the bright stripes in the
STM. In the case of graphene, variations of the local work function have
been shown tobedrivenbyanon-commensurate registry betweengraphene
and substrate, giving rise to varying STM appearances observable as moiré
patterns53.

For borophene on Ir(111), different positions of B atoms with respect
to atoms of the Ir layers lead to a modulation of the interaction registry, as
shown in Fig. 5a, with closer atoms interacting more strongly. This is
expressed througha strongermodificationof the chargedensity (Figs. S16 vs
Fig. 5a) compared to free-standing borophene and bare Ir(111). A local
variation of charge transfer with respect to the average value is expected at
those sites with stronger B-Ir bonds, which in turns generate a local mod-
ification of the work function (Fig. 5a), which modulates the localization of
the IPSs.

Hence, the matching spatial variations of interfacial charge transfer and
localwork function arefingerprints of a different interaction strength between
Ir and B atoms that depend on their registry. This position-dependence also
causes the spatialmodulation of the hybrid interfacial states, the superposition
of which leads to the IFS spectral feature detected on borophene.

Finally, we discuss the connection between the observed IPS/IFS states
and the presence of a single borophene polymorph. Because of the similarity
between the characteristic features calculated for twodifferent arrangements
ofB atoms, both identifiable as χ6 polymorph,we argue that the formationof
the peculiar hybrid and interfacial states stems from the interaction strength
between Ir andB atoms. Therefore, we infer that any borophene polymorph
would be similarly characterized, ruling out any major electronic driving
forces behind the stabilization of a single borophene polymorph. As a
consequence, the epitaxial growth of χ6 borophene alone should be
explained by the role of the geometrical registry, e.g. a more effective
reduction of strain for the χ6 polymorph or a better matching with the
symmetry of the substrate.

Conclusion
In summary, the complex interfacial interactions characterizing the for-
mation of a single borophene polymorph on Ir(111) have been unveiled

Fig. 5 | Spatial modulation of IFS and IPSs in χ6 borophene on Ir(111).
a Topography and dI/dV profiles superimposed on an STM image of borophene on
Ir(111), DFT calculated charge density Δρ and local work function ΔΦ (calculated
within the 2 × 6 unit cell depicted by a black rhomboid). Scanning parameters 0.2 V,
0.4 nA. In grey, topographic profile taken along the dashed black line. In pink, blue
and green, constant-voltage profiles taken along dashed horizontal lines in (b and d),
evidencing the spectral broadening of IPSn=1, IFS and Ir(111) surface state,
respectively. Profiles are vertically offset for a better visualization. The three pannels
at the background show: STM topography image of borophene on Ir(111) (top
pannel), differences in charge density Δρ (middle pannel) and local work function
ΔΦ (bottom pannel) calculated by DFT for the 2 × 6 borophene/Ir(111) unit cell
(depicted by a black rhomboid). The results obtained for the simulation cell

(depicted by the black rhomboid) are replicated across the surface. b Constant-
current dI/dV intensity plot taken along the topography profile marked as a dashed
black line on the STM image in (e). Stabilization parameters 0.60 V, 0.3 nA, lock-in
modulation 50 mV (peak-to-peak), intensity plot is composed by individual spectra
taken every 3.5 Å. cConstant-current dI/dV spectra taken fromblack and red dashed
lines in (b), corresponding to a stripe region and an in-between stripe region,
respectively in (e). d Constant-height dI/dV intensity plot taken along the same
topography profile as in (b). Stabilization parameters 2.30 V, 0.3 nA, lock-in mod-
ulation 50 mV (peak-to-peak), intensity plot is composed by 17 individual spectra
taken every 2.5 Å. eConstant-height dI/dV spectra taken from black (stripe) and red
(in-between stripe) dashed lines in (d). Reference spectrum taken on bare Ir(111) is
plotted in purple.
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through a combined experimental and computational study.We report the
emergence of an IFS with hybrid borophene—Ir character, visible as a low-
energy resonance in STM spectroscopic measurements and rationalized as
an energy-localized state of B and Ir atoms origin by DFT calculations. We
also disclose the presence of hybrid and resonant IPSs, representing a linear
combination of borophene IPSs with Ir(111) surface states, never observed
to date. Such a scenario in which the interfacial interactions are largely
dominated by hybrid states is also shown to be present in χ6 polymorphs
with alternative arrangement of B atoms, which suggest that their origin
resides in the strong interaction between Ir and borophene rather than in
their particular stacking geometry. This work thus contributes to the
ongoing efforts to understand and harness borophene, as well as, more
broadly, other substrate-stabilized atomically thin 2D materials.

Methods
Borophene with sub-monolayer coverage (θ < 1) was grown on Ir(111) by
ultra-high vacuum CVD, typically dosing 0.08 L of diborane onto the sub-
strate kept at temperatures between 1073 K and 1213 K. Additional infor-
mation on the CVD method followed here can be found elsewhere22. The
Ir(111) substrate consisted of a single-crystal that was prepared by repeated
cycles of sputtering by 1 keV Ar+ ions and resistive annealing at 1233 K.

STM and STS experiments were carried out in situ in a CreaTec STM
held at 6 K and a pressure < 1 × 10−10 mbar, using an electrochemically
etched tungsten tip. STM images were acquired using constant current
mode, at the setpoints and sample bias voltages stated in the figure captions.
Atomically-resolved STM images of the clean Ir(111) surface were used for
calibration. dI/dV spectra andmapswere acquired inconstant currentmode
at the setpoint andbias voltageV stated in thefigure captions, using a lock-in
amplifying technique, operating at f = 1315Hz and Vp-p = 50mV. Images
were processed using the WsXM software62 and spectra were processed by
custom-made IGOR Pro procedures.

The ab-initio calculations were carried out through the Quantum
ESPRESSO suite63,64, using the PBE exchange-correlation functional and
ultrasoft pseudopotentials with a 43/325 Ry cutoff for the plane-waves basis
set for thewavefunction and the charge density, respectively. The dispersion
interactions were included through the Grimme-D3 pairwise correction65.

We assumed the borophene on Ir(111) geometries as the two most
stable ones proposed by Vinogradov et al.,24; however, the atomic coordi-
nates were rescaled in order to respect the equilibrium lattice constant of Ir
atomswith the Perdew-Burke-Ernzerhof (PBE) functional andwe extended
the Ir(111) slab in order to include up to six layers. The reciprocal space of
such a supercell wasmappedwith a 2×6×1Monkhorst-Pack set of k-points.
In order to correctly decouple the wavefunctions of the two sides of the slab,
an enlarged vacuum region of at least 50Å was inserted. The STM images
were simulated through the Tersoff-Hamann approach66.

Inorder to facilitate the comparisonof the band structure of borophene
on Ir(111) with that of the pristine Ir(111), keeping track of the surface
states, we performed the unfolding67,68 of the eigenstates from the Brillouin
zone of the larger cell of borophene free-standing or borophene on Ir(111)
into that of the unit cell of the pristine Ir(111) surface, using the unfold
code69.

Data availability
The datasets generated and/or analyzed during the current study are
available from the corresponding authors on reasonable request.
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