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On-surface chemistry has emerged as a key technique for designing novel low-dimensional materials,
enabling precise manipulation of their electronic and magnetic properties at the atomic scale. It also
proves highly effective for the fabrication of heterostructures. Leveraging these benefits, herein, we
perform a first principles study of the magnetic proximity effect (MPE) in a heterostructure formed by a
monolayer of the two-dimensional carbon allotrope biphenylene network (BPN) deposited on the
surface of the above-room-temperature ferrimagnet yttrium iron garnet (YIG). Our results reveal strong
hybridization between BPN orbitals and YIG surface states, resulting in non-homogeneous electron
transfer and robust MPE. The proposed methodology accurately describes YIG magnetic interactions,
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allowing us to study the tuning effects of BPN on the magnetic properties of the substrate for the first
time. Additionally, we explore the impact of van der Waals (vdW) distance at the interface, finding
enhanced spin splitting up to 30% under external pressure. These findings highlight a promising strategy
for inducing spin polarization in BPN without chemical modifications, opening new possibilities for BPN-
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Introduction

Graphene has become the flagship of two-dimensional (2D)
materials since its discovery' because its outstanding electronic,
mechanical and thermal properties.>” Besides, these properties
can be easily tuned by many different strategies such as the
creation of heterostructures via van der Waals (vdW) stacking,”
strain engineering,” electrostatic doping,® atom adsorption”® or
defect creation.” These exciting possibilities fueled the commu-
nity to search for new 2D materials'® and, more recently, carbon-
based 2D materials such as phagraphene,'’ graphane'’ or
graphullerene,"*'* with some analogous properties to graphene,
leading to a new generation of 2D n-conjugated materials.

In this context, the biphenylene network (BPN) is one of the
latest 2D carbon allotrope to be synthesized.> This C sp”
network is a metallic planar system with high stability and
mechanical anisotropy,'® and additional properties as aniso-
tropic thermal transport,'” lithiation'® and hydrogenation.'
Many theoretical studies have confirmed a prominent negative
thermal expansion,*® topological ordering and anisotropic
charge transport*** which makes BPN a promising new 2D
C m-conjugated network for the implementation in many
cutting-edge research fields.
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based spintronic devices through the creation of heterostructures with magnetic materials.

Notwithstanding the fascinating properties of 2D carbon-based
materials, many efforts have been focused on inducing magnet-
ism in them for their application in advanced technologies based
on spintronics.>> Among them, the creation of magnetic defects,**
the addition of magnetic dopants®*® or the adsorption of mag-
netic atoms and molecules,” >° have been successfully imple-
mented. Lately, new methodologies have allowed to grow
graphene on magnetic surfaces, which provides efficient spin
injection on the m-conjugated C system,***® thus opening an
alternative route to induce magnetism in 2D C sp® materials via
magnetic proximity effect (MPE). Indeed, many experimental
studies have reported MPE in non-magnetic 2D materials forming
vdW heterostructures with magnetic monolayers.***> This effect
has been extensively studied in graphene since MPE induces spin
splitting on the different spin components of electronic structure,
with potential applications in spin filtering or spin-dependent
tunneling.**° However, to the best of our knowledge, this
phenomenon has not been investigated in BPN and deserves
urgent attention, owing to the promising combination of the
electronic properties of BPN with the emerging opportunities of
magnetism at the 2D limit.*°

In this work, we study MPE and its effects on the electronic
and magnetic properties of BPN through a combination of first-
principles based on Hubbard-corrected density functional the-
ory (DFT+U), tight-binding and atomistic simulations. As a
magnetic counterpart we use yttrium iron garnet (Y;Fe;Os,,
YIG), which is a well-known insulating ferrimagnet with an
above-room-temperature Curie temperature (7¢) of 570 K, large
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spin-wave lifetime and particularly low magnetic Gilbert
damping.*! Then, we rationalize, for the first time, the tunability
of magnetic exchange interactions in YIG due to the proximity to
another material. Furthermore, we investigate the evolution of
MPE as a function of vdW distance between BPN and YIG, as it
can be reduced experimentally by applying external hydrostatic
pressure.*”*? These findings shed light on the interactions at the
BPN/YIG interface in view of recent developments on surface
grown techniques, and pave the way to the possibility of engi-
neering the magnetization of the single-layer BPN network.

Computational details

For the construction of the BPN/YIG heterostructure we combined
a hexagonal 1 x 1 x 2 supercell of YIG (111) with a hexagonal
supercell that contains 16 conventional unit cells of BPN. We used
the CellMatch python code* that finds the most suitable combi-
nation to minimize the mismatch between both unit cells. We
added a vacuum distance of 15 A in the z direction to avoid
interaction between both non-periodic sides of the slab. First-
principles DFT+U calculations were performed using SIESTA
code.*>*® We used GGA+PBE method to describe the exchange
correlation energy.*” Hubbard U corrections (U = 7 eV, see ESIf for
comparison of the results with different U values) as implemented
in SIESTA"® were considered for the strongly correlated Fe 3d
electrons. Spin-orbit coupling (SOC) interaction was not consid-
ered in all calculations. As a result, spin polarization is described
in terms of ‘spin up’ and ‘spin down,’ representing the two
distinct spin populations without implying a fixed spatial orienta-
tion of the spins. We used norm-conserving scalar relativistic
pseudo-potentials taken from the Pseudo-Dojo database® in the
psml format.>* Grimme D2 dispersion corrections were applied to
consider for vdW interactions.”" A real-space mesh cutoff of 700
Ry and a 2 x 2 x 1 Monkhorst-Pack k-point mesh was used in all
calculations, in combination with double-{ basis set for all atoms.
We employed diffuse functions in the surface atoms to improve
the description of the interface.>” To account for the electric field
created by the asymmetric nature of the slab, we added a dipole
correction as implemented in SIESTA.>® All structures were
relaxed until the forces were less than 0.04 eV A" in all atomic
coordinates. The position of atoms belonging to the bottom part
of the slab, defined as the bottom 6 A in depth, were kept fixed
during relaxation in order to preserve their bulk geometry. Charge
transfer analysis was performed using Bader charge partition
as proposed by the Henkelman group.® Magnetic exchange
couplings ( J) were computed using Green’s function method as
implemented in TB2J code.>

Results and discussion

A single layer of BPN is formed by the arrangement of C sp>
atoms in such a way that four-, six- and eight-membered are
present in the atomic thin layer. Fig. 1a shows the structure of
the orthorhombic conventional unit cell of BPN. Analogous to
graphene, the disposition of the C atoms leads to a n-conjugated
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Fig. 1 (a) BPN monolayer structure and its conventional unit cell. (b)
Calculated electronic band structure of BPN monolayer. (c) Top and (d)
lateral view of the BPN—(111) YIG surface heterostructure. Color code:
yttrium (cyan), iron (golden), oxygen (red) and carbon (brown).

polymer, where the p, orbitals of each atom participate in the
delocalized electronic n system. The band structure of the single
layer BPN is shown in Fig. 1b, where we can observe highly
dispersive bands compatible with a high electron mobility and a
metallic ground state, in agreement with previous experimental
and theoretical findings.>' Furthermore, several Dirac points can
be observed in the electronic band structure. Due to its proximity
to the Fermi level, the type-II Dirac cone between I and X at
~0.5 eV has attracted most of the attention.>**” BPN has been
predicted to have an open-shell multiradical character in the
ground state®” that is confirmed by our calculations, in which
the open-shell multiradical antiferromagnetic (AFM) configu-
ration is 2 meV more stable than the closed-shell spin configu-
ration (see Table S1 for further details, ESIT).

In order to explore the MPE caused by the interaction
between an atomic thin layer of BPN and the (111) YIG surface,
we create a heterostructure formed by a BPN hexagonal super-
cell (see Computational details) placed above a ~20 A thick
(111) YIG surface slab (Fig. 1c and d). We use an oxygen
termination of the slab, since previous reports on graphene/
YIG (111) have confirmed that this configuration is the most
stable energetically.’® The deposition of the BPN sheet onto the
magnetic surface causes many deformations in the C network,
mainly due to the interaction between the C p, orbitals (point-
ing towards the surface) and the surface atoms of YIG with
dangling bonds because of the surface reconstruction. Larger
interaction can be found in the areas where the C atoms of BPN
are close to the surface Y atoms of YIG. At these points, the BPN
sheet shows a slightly higher tendency to approach the surface,
where there is a sizeable interaction between the n electrons of
BPN and the Y atoms. Our charge transfer study (Fig. 2)
confirms this, in which one can observe that the charge density
flows towards the C atoms above the Y surface atom. This is due
to a higher electronegativity of C atoms with respect to Y. At the
points where the outermost atoms of the YIG surface are O we

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 (a) Charge density difference after BPN deposition on (111) YIG
surface. Color code: blue (yellow) regions represent charge depletion
(accumulation). (b) and (c) Show separately the charge depletion and
accumulation, respectively. Isosurface is set to 0.001 e A=,

observe the opposite tendency, a depletion of the charge
density in BPN. Analyzing separately the charge transfer flow
at the interface it is noticeable that the charge accumulation on
BPN lies down on the o bonds at the C sp> atoms, whereas the
charge depletion on the BPN mainly arises from the p, orbitals
(Fig. 2b and c). Due to the complexity of the YIG surface,
we observe a non-homogeneous charge transfer between the
BPN and the magnetic surface with an absolute number of
0.58 e f.u.”" (f.u. = formula unit) flowing from the C network to
the outermost atoms of (111) YIG surface (see ESIT for compar-
ison with other atomic charge methods). Our DFT-D2 calcula-
tions reveal a minimum of 2.75 A distance between BPN and
YIG surface where there is a Y-C proximity and an average of
3.22 A, supporting the idea of a typical vdW interaction.
Additionally, we check the stability of the heterostructure by
calculating the binding energy of the system (Ey,), E, = —[(Ex —
Evic — Egp)/A], where A is the area of the supercell, Ey is the
calculated energy of the heterostructure, Ey;g and Egp are the
energy of the isolated (111) YIG and BPN monolayer, respec-
tively. Our results show a binding energy of 0.3 eV A~2, which is
compatible with previous theoretical studies of BPN and gra-
phene heterostructures.>® Fig. 3b and c show the calculated
density of states (DOS) and band structure obtained within the
GGA+U approximation for the relaxed heterostructure. Firstly,
we shall point out that YIG slab has a well converged thickness
because the bulk-like atoms in the slab, i.e., those atoms in the
inner part of the slab, can describe the well-known band gap of
bulk YIG, as can be seen in the DOS of the heterostructure
(Fig. 3c). Although GGA is commonly underestimating the
electronic band gap in many insulating systems,®"®*> bulk
region of the slab shows a 2.1 eV band gap which is close to
the reported experimental value (2.85 eV).**®* Besides, the
obtained values of magnetic moments in Fe atoms belonging
to the bulk-like region of the slab are 4.57 and 4.53 ugp for
octahedral and tetragonal coordinated Fe atoms, respectively.
These values are in good agreement with neutron diffraction
and electronic magnetic circular dichroism experiments.®>*®
Arising from the quenched orbital moment of Fe 3d orbitals,
YIG possess a negligible magnetic anisotropy as reported in
bibliography.®” Above the states that represent the band gap
of the bulk-like region, there are some states belonging to the

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 (a) Density of states (DOS) of the BPN-YIG heterostructure. Color

code: total DOS (black), YIG bulk-like atoms (blue), YIG surface atoms
(green) and BPN C atoms (red). (b) Electronic band structure of the BPN—
YIG heterostructure (black lines). The red (blue) color indicates the con-
tribution of the BPN (YIG) atoms.

surface states of YIG. This is mainly due to the dangling bonds
that appear at the surface after the surface reconstruction. The
states responsible for the BPN atoms are highly hybridized with
the surface states of YIG near the Fermi level because of the
interaction between the p, orbitals of C atoms and the surface
states of YIG, as expected because of the complex charge
transfer interaction in the interface. The calculated electronic
band structure with atomic contribution (Fig. 3b) confirms that
the energy levels crossing the Fermi level show a clear BPN-YIG
hybridized character. Here, one can observe that highly dis-
persive bands of BPN (red dots) remain in the heterostructure
with a slight hybridization with YIG surface states (blue dots),
whereas barely dispersive bands are contributed mostly by
YIG atoms.

We turn now to the description of the MPE caused by the
YIG surface. As BPN has been predicted to have an open-shell
multiradical character at the ground state, the study of how the
redistribution of spin-polarized electronic density arising from
the proximity of a magnetic surface is particularly interesting in
the case of BPN/YIG heterostructure. Our DFT calculations on a
free standing BPN sheet reveal that C sp> atoms have an average
net magnetic moment of ~0.0001ug. The corresponding spin
density of these magnetic moments is mainly localized on the
p. orbitals of C atoms (Fig. S3, ESIT). After deposition of BPN on
the YIG magnetic surface there is an increase in the average
magnetic moment on the C atoms to 0.005u5 per atom, which is
compatible with a solid MPE interaction. Similar studies of
MPE performed on graphene/Co(111) reported an increase in
magnetization up to 0.02uy for C sp*°® which is compatible
with the conclusions extracted from the present analysis,
revealing the potential of inducing magnetism in BPN for
spintronics. We calculate the spin-polarization (SP) over the
energy levels of BPN as it can reveal the influence of the
polarized YIG surface levels the C network. The SP can be

J. Mater. Chem. C, 2025, 13, 5993-5999 | 5995
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Fig. 4 (a) Polarization of the energy levels of BPN (red line) and surface

YIG (dotted green line). (b) 1/8 of YIG conventional unit cell. Only Fe atoms
are shown for clarity, where blue (yellow) atoms represent the Fe octa-
hedrally (tetrahedrally) coordinated. Solid (dashed) lines represent the
nearest (next-nearest) J for each Fe. (c) J of bulk (blue) and surface (green)
atoms on the clean YIG surface. (d) Same as (c) but with BPN.

attributed to the differences in the energy levels between the
spin up and down components considered in our spin-
Ni(E) — N\(E)
Ni(E) + N\ (E)
N;(E) and N|(E) are the density of states at a given energy for
each spin component. Fig. 4a shows the SP of the BPN and YIG
surface states at a given range of energy (red line and green
dotted line, respectively), where a modest influence of the
polarization of the surface states of YIG on BPN energy levels
can be observed where there are some overlaps of these energy
states compatible with a weak vdW interaction. YIG surface
spin-polarized states interact with the p, orbitals of BPN at the
interface leading to a hybridization of their electronic states,
which causes the polarization of the BPN structure.

Magnetic Fe atoms in YIG can be differentiated into octa-
hedrally (Fe®) and tetrahedrally (Fe™) coordinated (Fig. 4b).
Neutron-diffraction measurements have revealed that Fe® and
Fe™ atoms are coupled into an antiparallel configuration.®®
Since there is a Fe®/Fe" 2:3 ratio on YIG per formula unit, a
net magnetization is observed. Hence, YIG is a magnetically
soft insulator that can be described using a Heisenberg model

polarized DFT calculations as: SP = , where

(E =—->J;iSi- S,—) . In our DFT calculations, we defined both
i#]
spin contributions as Fe® (spin up) and Fe® (spin down). We
perform a surface reconstruction of the magnetic substrate to
construct the slab, which leads to a change on the disposition of
the atoms exposed to the interface. This process changes the
electronic and magnetic properties of the atoms close to this surface
because of the presence of dangling bonds and geometrical distor-
tions arising from the environmental changes near the surface.
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YIG is a magnetic insulator but as shown in Fig. 3a, its surface
has an intrinsic metallic character. Consequently, we expect the
magnetic properties in the surface region of our slab to be
different to those observed in the bulk-like region. To explore
the magnetic properties of the heterostructure and how this
interaction affects both BPN and YIG, we compute the magnetic
exchange couplings () on the system using a computational
method based on Green’s functions (see Fig. S4, ESIt). Our results
for J on the magnetic atoms present in the inner region of the YIG
slab are compatible with those reported in different theoretical
studies of J in bulk YIG,**”" validating our proposed methodology
(see ESIt for more details). Fig. 4c shows the J for magnetic Fe
atoms in the bulk-like region (blue dots) and in the surface region
(green triangles) of a clean YIG slab. Here we can clearly observe
some similarities in the calculated J, but different new values
emerge in the surface region due to the surface states arising from
the surface reconstruction. The new distribution of charge density
at the surface of the slab and structural rearrangements causes
that Fe atoms in this region develop new interactions between
them, giving rise to these magnetic interactions different than
those observed in the bulk-like regions. We observe a common
trend in the changes of magnetic moments when comparing the
values at the surface with those at deeper Fe atoms, where the
surface atoms carry a lower magnetic moment rather than those
at the surface. These changes in the magnetic moments and the
structural changes caused by surface reconstruction led to a
complete change of the magnetic behavior of the surface states
of YIG rather than the bulk-like states. We observe a different
coordination in some Fe atoms exposed to the surface, i.e. from a
tetrahedral to an octahedral coordination, hence the changes on
the electronic environment near the d orbitals lead to different
magnetic interactions at the surface of the slab. In this scenario,
now we explore the changes in magnetic interactions that could
induce the proximity of BPN given that we observe a non-
negligible charge transfer at the interface. Fig. 4d shows the
calculated J when the BPN monolayer is placed on top of the
YIG surface. Here it is clearly observed that the J of surface atoms
are shifted towards lower distances due to the compression that
BPN induces on the outermost part of the YIG slab. Moreover, we
observe a few changes in some J, e.g., J., and Ji, between surface
atoms mainly due to the charge transfer and therefore a new
charge density redistribution in this area. Regarding the changes
in the calculated J in the bulk-like region we observe similar
trends as before adsorption, but there is a general enhancement
of the magnetic interactions in a range of 4 to 1% (Table S3, ESIt),
mainly due to the charge accumulation present in YIG because of
the interaction with the r-electron system of BPN.

Arising from the weak vdW interaction, the application of an
external pressure may be a powerful tool to tune the distance
between the BPN and the magnetic surface. This can lead to an
enhancement of the MPE. Fig. 5a shows a description of the
charge transfer process as a function of the vdW distance. As
abovementioned, at the equilibrium distance, the BPN is
transferring ~0.6 e f.u.”' to the YIG surface, which corre-
sponds to the maximum charge transfer in the heterostructure.
When we separate both components, there is a decrease of the

This journal is © The Royal Society of Chemistry 2025
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green line) atd — dp = —0.9 A.

amount of electronic density mainly due to a diminution of the
overlap between the p, orbitals of BPN and the surface states of
YIG. Interestingly, we observe a change in the electronic density
flow at ~d — d, = —0.8 A, as the electrons start to flow towards
the BPN. This fact has previously been reported for similar
graphene heterostructures.”” We took a deeper look at this
behavior by analyzing the charge transfer difference as in Fig. 2,
but in this case, we compute it at the vdW distance that creates
these changes (Fig. S5, ESIT). We find that the BPN is close
enough to the surface to subtract the electronic density of the
less electronegative Fe atoms exposed to the surface. This fact is
crucial to understand the change in the magnitude of the
charge transfer and it provides a pathway to a selective flow
of the electronic density by applying external pressure.

The selected O termination of the (111) YIG surface causes
that the outermost polarized atoms of the slab are Fe" (spin
down), so the interaction with BPN is clearly influenced by this
polarization of the interface. In this situation, a different spin
splitting of the BPN bands is expected due to the polarized YIG
surface. Fig. 5b shows the spin-dependent band gap for up and
down spin components of BPN bands at different vdW distances.
A clear influence of the tetrahedral Fe atoms near the interface is
clearly observed since the spin down bands are the most splitted,
whereas the spin up bands are barely affected. At the equili-
brium distance we observe a spin splitting of 130 meV (47 — 4 ),
which is slightly higher compared to those values calculated for
graphene in contact with magnetic insulators.”>”* At large vdW
distances, i.e., d — dy = 1 A, one can see how the band gap for
each spin component is equal since the MPE in this scenario is
almost negligible, whereas the spin splitting of the spin compo-
nents increases by 30% due to large interaction between YIG and
BPN at closer vdW distances (Fig. 6a and b). Fig. 5¢ shows the

This journal is © The Royal Society of Chemistry 2025
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effect of the vdW distance on the BPN magnetization, where an
abrupt enhancement of magnetic moments on C atoms is found
at closer distances than equilibrium. This augmentation of MPE
could be explained by a higher intensity of the interaction
between the C atoms and the surface magnetic Fe atoms of
YIG, as it can be observed in the polarization of the energy levels
of BPN and surface YIG atoms at d — d,, = —0.9 A (Fig. 5d) where
an enhancement of the agreement into the polarization of the
energy levels is noticeable in comparison to the calculated at the
equilibrium distance (Fig. 4a). The emergent interaction between
spin-polarized Fe atoms and BPN at lower vdW distances causes
that the polarization of C atoms starts to be dependent on the
region of the surface as it has complex morphology, and outer-
most magnetic atoms are not symmetrically distributed across
the surface. As YIG surface atoms have different SP the enhance-
ment of the interaction between these magnetic atoms and BPN
causes different SP patterns on BPN. Fig. 6¢ and d shows the
difference between the spin density of BPN at the equilibrium
distance and d — d, = —0.9 A, where a change in the magnetic
domains is noticeable clearly influenced by the YIG surface
magnetic states. These findings strongly demonstrate that YIG
can induce MPE on BPN, which lays the groundwork for the
potential induction of m magnetism within the carbon sp®
network.

Conclusions

In this work, we present a detailed theoretical study of MPE on
the recently synthesized graphene allotrope biphenylene net-
work deposited on a magnetic surface for the first time. Our
results reveal robust MPE on the 2D C sp® network, with an
enhancement of magnetization in the monolayer up to ~0.02 i
per C atom, due to the intrinsic ferrimagnetic character of YIG
(111). On the other hand, the inhomogeneity of the YIG (111)
surface provides different charge transfer in the interface,
which creates a local tuning of the magnetic interactions in
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YIG. The presence of the = electron cloud present in the C sp®
atoms induces a general enhancement in the range 1-4% of the
magnetic exchange interactions in the bulk-like region of YIG.
Finally, we investigated the effect of the vdW distance on the
electronic and magnetic properties of the system, showing that
the induced magnetism on BPN can be tuned by 200%. Besides,
we found a 130 meV spin splitting of the bands that could be
enhanced up to 30% by applying an external pressure to the
heterostructure. These findings hold potential for applications
in spin-selective transport and its implementation in cutting-
edge spintronic-based devices, as BPN exhibits several interest-
ing properties that can be enhanced by MPE.
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