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Abstract: Surfaces and interfaces play a critical role in exploring novel chemical and physical properties because the interactions
between surface and adsorbents, as well as interfacial interactions, can be finely tuned by the interface configurations at the atomic
level across a wide range, from strong covalent and ionic bonds to weak hydrogen bonds and van der Waals interactions. These
interactions enable precise control over molecular adsorption, self-assembly, and activation, facilitating the design of
nanostructures and modulation of novel properties. Recent developments in computational technologies, including high-
throughput screening and machine learning, have significantly accelerated the discovery of functional materials. This review
highlights theoretical progress in manipulating the physical and chemical properties of organic molecules at surfaces and
interfaces, with a focus on controlling molecular configuration and magnetism, selective activation, on-surface synthesis, and

interfacial engineering of 2D materials. Our goal is to understand the key factors influencing the physical and chemical properties

at surfaces and interfaces, with a particular focus on theoretical insights and computational approaches.

Key words: surface chemistry, interface chemistry, computational simulation, 2D materials, molecular adsorption.

1. Introduction

Surfaces and interfaces serve as critical platforms for exploring
novel chemical and physical properties due to their ability to provide
unique and tunable interactions across a wide energy range [1,2]. For
instance, the strength of covalent bonds typically ranges from 1 to
10 eV, while ionic bonds have strengths between 2 and 4 eV. In
contrast, hydrogen bonds and van der Waals (vdWs) interactions are
much weaker, with energies ranging from 0.01 to 0.4 eV for
hydrogen bonds and 0.001 to 0.01 eV for vdWs interactions.
Furthermore, the symmetry of surface structures, along with
variations in potential energy surfaces at different sites, enables the
adsorption [3], assembly [4], and activation processes [5] on surfaces
to be finely tuned. For example, exchange interactions in magnetic

materials, which typically occur at the meV level, are comparable in
magnitude to vdWs interactions. It enables the modulation of
magnetic properties through weak adsorption at surfaces or
interfaces [6]. Moreover, thermal excitation of molecules on surfaces
at elevated temperatures involves energies between 0.1 and 1 eV,
which can drive the breaking or reforming of chemical bonds. This
provides a pathway for atomic-level design and engineering of novel
nanostructures [7]. The rapid development of two-dimensional (2D)
materials over the past decade has not only enabled the modification
using thermal [5], optical [8-10], magnetic [11] and electric field [12]
approaches, but also allows for tuning through mechanical methods
such as stretching and folding [13]. These advantages result in
significant increases in the potential applications of nanomaterial-
based devices [14], including nanorecording [15-19], asymmetric
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Figure 1. Magnetic, intramolecular cyclization and mechanical regulation of M-Pc molecules. a, b Schematics of the electron transport process
through an FePc molecule adsorbed on a Au(111) surface at different magnetic fields. ¢, d Calculated Im-decomposed partial density of states
(PDOS) of the Fe atom (d, represents dy; or dy,). e, f Band-decomposed charge density plots for the molecular orbitals close to Er, showing the
spatial distribution of the Kondo resonance. g-k DFT calculated the adsorption configurations and spin density distributions of IS, MS1, MS2,
MS3 and FS on Au(111). 1, Schematic representations of the transition from the S = 2 electronic state of FeF,TPP to the S = 1 electronic state
of the final state (FS). m The differential conductance dI/dV spectra acquired upon the center of the FeF,TPP and FS-Fe molecules. The dip-
like feature around zero bias voltage and symmetric steps represents Kondo resonance (red curve) and IETS (black curve). n The differential
conductance dI/dV spectra acquired upon the center of the MnF,TPP and FS-Mn molecules. The conductance dip (or peak) near zero energy
represents Kondo resonance (red line and black line) (Vs=-20 mV, =300 pA, lock-in modulation: Vin=0.5 mV). o Sketch of the dominant
adsorption configuration of (t-Bu)s-NiPc on Au(111) when the tip is far away. p Sketch of adsorption configuration of (t-Bu)s-NiPc after the
tip approaches the sample surface. q Schematic representation of the rotational potential energy around two configurations consisting of the
native potential well without tip molecule interaction (blue dotted line); the tip-induced potential well (black dashed line); the potential
landscape with added contributions of the native and tip-induced potentials (red solid line). Vsampie = —1 V and the feedback loop is open.

catalysis [20], giant magnetoresistive devices [6], molecular interactions via covalent and ionic bonds.
machines [21-24], and spintronics [12,25,26].

In recent years, the development of computational technologies 2. Surface-induced physicochemical properties
has enabled data-driven paradigms in materials science, including
high-throughput screening and machine learning, accelerating the
design of functional materials. Within these paradigms, high-quality
databases are recognized as the foundations, because one can both

efficiently identify high-performance functional materials and use

2.1. Novel properties of single molecule on surface

Metal-phthalocyanines (M-Pc) and metal-porphyrins (M-PP) are
versatile functional molecules widely used in catalysis and organic

those databases as extensive data resources for training machine
learning model.

In this review, we present the recent progress from a theoretical
perspective on manipulating physical and chemical properties at
surfaces and interfaces, and constructing databases based on the deep
insights into the structure-property relations. First, we discuss
various methods for controlling the molecular configuration and
magnetism of organic molecules utilizing magnetic fields, electric
fields, and intramolecular cyclization. Next, we focus on the
selective activation of organic molecules and highlight strategies for
the bottom-up synthesis of graphene nanoribbons through surface
activation. Finally, we explore interfacial engineering of 2D
materials, from weak van der Waals stacking to strong interlayer

electronics due to their unique optical and electrochemical properties
[27,28]. Their ability to form stable complexes with metal ions and
exhibit strong light absorption makes them ideal for applications in
solar cells, sensors, and molecular devices [29,30]. For example,
Yang et al. used scanning tunneling microscopy (STM) to investigate
the transport of a single FePc molecule, demonstrating how an
external magnetic field can control the spin states and conductance
[6]. Notably, the Fe ion in FePc is located at bridge site with a
magnetic moment of 2uB. At weak fields (as shown in Figure 1a),
the spin is in-plane, and electrons flow via the dy,/dy, orbitals. At
stronger fields (as shown in Figure 1b), the spin aligns with the field,
and tunneling occurs through the d,, orbital. Figure 1(c-f) show that
increasing magnetic field intensity alters the transmission path from
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dy/dy; to dp. The team also achieved control over a giant
magnetoresistance effect, with a 93% change in molecular
conductance, highlighting the role of spin-orbit coupling and multi-
orbital effects in controlling single-electron processes in single-
molecule devices.

The spin states of M-Pc molecules play a critical role in
molecular electronics and spintronics, where the interaction between
the spin electrons in M-Pc and the conduction electrons in the metal
substrate can lead to the formation of a Kondo resonance [31]. This
Kondo resonance can be modulated by controlling the interaction
strength between the metal ion (M) in M-Pc and the metal surface,
achieved through a series of intramolecular cyclization reactions of
tetrakis(pentafluorophenyl) porphyrin (FeF2TPP) molecules [32].
FeF»TPP undergoes a structural transition from a saddle-shaped
conformation to a planar configuration [33], resulting in a significant
reduction in the Fe-Au distance from 3.29 A to 2.85 A. This change
indicates a substantial enhancement in the coupling between Fe and
Au. During the reaction, the d,2 orbital becomes occupied by 2
electrons, while d, orbitals have two spin-up electrons, leading to a
transition from a high-spin state (S=2) to an intermediate-spin state
(S=1). In contrast, for MnF»TPP, the Mn-Au distance changes only
slightly from 2.95 A to 2.82 A, with no significant alteration in the
spin state. These findings are corroborated by differential
conductance (dI/dV) spectra. As shown in Figure 1(g-m), the initial
saddle-shaped FeF,oTPP exhibits no Kondo resonance but instead
displays two pairs of steps, while the planar product shows a sharp
dip near the Fermi level attributed to the Kondo effect. In contrast,
both the initial and planar MnF;TPP configurations exhibit
pronounced dip features, consistent with the Kondo resonance.
Besides, the interaction between FePc and FeF,TPP results in the
formation of a 2D Kondo array [34], further demonstrating the
tunability of spin-dependent phenomena in these systems.

Furthermore, the molecular configuration can be tuned by
electric field, which makes it promising for molecular motors. By
introducing a tip-induced electric field, Lu ef al. modified the
effective rotational potential energy of molecular rotors [24]. When
an STM tip in tunneling mode was positioned above the outer edge
of a rotating molecule, the molecule exhibited rotational hopping,
randomly switching between two configurations (shown in Figure
1o and 1p). The occupation probability of each configuration is
determined by its potential energy, and the transition between
configurations at varying tip—molecule distances reveals that the
rotational potential energy of the molecular rotor changes with the
tip—molecule separation (as shown in Figure 1q).

2.2. Selective activation and on-surface synthesis

Selective activation of organic molecules is crucial in chemical
synthesis to achieve high selectivity for a single product among
multiple isomers. One key approach is controlling site selectivity,
which involves differentiating the reactivity among identical
functional groups within a molecule. At low coverage, site-selective
adsorption is driven by molecule-surface interactions, leading to
symmetry-breaking of the reactant and enabling selective activation
at elevated temperatures. As coverage increases, intermolecular
interactions introduce steric hindrance, further enhancing site
selectivity [32]. Additionally, the self-assembly that forms at high
coverage acts as a well-ordered template, which can be utilized in
on-surface synthesis to fabricate low-dimensional supramolecular
networks [35,36].

In this section, we first introduce theoretical strategies for

distinguishing similar functional groups on surfaces, then explore C-
H activation by modifying adsorption configurations on surfaces.
Finally, we discuss the bottom-up synthesis of atomically precise
nanoribbons, which allows for the design of materials with tailored
electronic properties.

2.2.1 Selective adsorption and activation of organic molecules on

surfaces

For a highly symmetric molecule, selective adsorption on a surface
can lead to selective activation, often driven by the lattice mismatch
between the molecule and the surface [20]. For example, 4,4"-
diamino-p-terphenyl (DATP), which has two identical amine end
groups, exhibits distinct adsorption behaviors on Cu(111), named
symmetric and dissymmetric adsorption. In the dissymmetric
adsorption configuration (Figure 2a), two metastable adsorption
sites exist: type IA (black) and type IB (red). Due to geometric
mismatch, one amine group of type IA is above a FCC hollow site,
while for type IB, one is above a top site and the other above an HCP
hollow site. DFT calculations show type IA is ~8 meV more
favorable than type IB, causing fluctuations between the two sites,
separated by ~90 pm. In contrast, the symmetric configuration, with
both amine groups bent toward the surface (Figure 2b), is less
favorable than type I by 80-150 meV. The symmetric and
dissymmetric configurations lead to different intermolecular
behaviors. As shown in Figure 2c¢, 2-triphenylenecarbaldehyde
(TPCA) molecules preferentially bind to the "fuzzy ends" of type I
DATP, while connecting to both ends of symmetric type II DATP.
This demonstrates selective activation of amine groups through
selective adsorption on metal surfaces.

Similar to symmetry-breaking induced by selective adsorption
at low energy levels, the selective C-H bond activation, typically
occurring at high temperature, can also be achieved by the site-
selective adsorption [5]. Figure 2d shows a nitrogen-containing
polycyclic hydrocarbon (N-PH) molecule on an Ag(100) surface,
featuring four quasi-equivalent C—H bonds labeled as a (blue) and B
(red). In the C, symmetric precursor, the phonon energies of the
C(sp3)-H stretching modes are nearly identical at the a and p sites,
suggesting similar reactivity for C-H activation based on the
oscillator approximation. However, when adsorbed on the Cay
symmetric Ag(100) substrate, the potential energy surface (PES)
analysis in Figure 2e reveals that the most stable configuration
occurs at a rotation angle of 6 =22°. In this configuration, the a-site
carbon atom is positioned near a hollow site, while the B-site carbon
is near an atop site of Ag(100). This results in different phonon
energies of 355meV and 361 meV for the C(sp3)-H stretching
modes at the a and B sites, respectively. The lower vibrational
frequency of the C(a)-H bond indicates it is more prone to
dissociation compared to the C(B)-H bond, demonstrating selective
C-H activation through site-selective adsorption. This is further
supported by the calculated contribution of C(sp3)-H bonds to the
highest occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO), as shown in Figure 2f
marked by stars. The term RAc(qyc(p), defined as the ratio of electron
density in the HOMO contributed by C(o) to that from C(f), is
consistently greater than 1. This indicates that the C(sp3) atoms at
the o site are more reactive than those at the B site on the Ag(100)
surface. By calculating the dehydrogenation energy barriers of the
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Figure 2. The structure, potential energy surface and relative reactivity of surface molecules adsorbed on the asymmetric active sites on the
substrate. a Adsorption structure of DATP type I on Cu(111). (Top left corner) AFM image of DATP type I fitted by two molecular models,
namely type IA (black) and type IB (red). (Top right corner) Sketch of precise adsorption positions as determined by atomic resolution AFM
scans. The two structures are displaced by 96 pm along the [11-2] direction. (Below) DFT simulation of adsorption position type IA and type
IB on Cu(111). Scale bar: 0.5 nm. b Adsorption structures of DATP type Il on Cu(111). (Top) AFM image of DATP type Il on Cu(111). (Below)
DFT simulations of corresponding adsorption structures on Cu(111). Scale bar: 0.5 nm. ¢ AFM image of self-assembly of DATP and TPCA
molecules. Fuzzy sides of DATP type I molecules are indicated by red arrows. DATP type 11 structures are indicated by orange arrows. In total
six orientations of DATP type II molecules exist, which are rotated by —21° and 21° with regard to the [11-2], [1-21], and [-211] directions.
d Schematics of adsorption configuration of N-PH molecule on Ag(100) with different orientations. The long axis of molecule, the [110]
direction of Ag(100), and rotation axis are marked with black dash line, blue dash arrow and blue line. The rotation angle is denoted by 6. e
DFT calculated potential energy surface at different rotation angles 6. In each configuration, the molecule is fully relaxed in z direction. f The
comparison of relative activity of C atoms at a and S sites (RAcyc(), purple stars) and relative energy (black square) of each adsorption
configuration with respect to the rotation angle 6. Relative energy is defined as the energy difference between different adsorption
configurations and the one with a rotation angle of 2 degree. The most stable configuration with rotation angle 6 = 22° is highlighted by a stripe
in light coral. g The structure of initial state (1), transitional states (TS-2a, TS-2, TS-3a, TS-3), three metastable states (2a, 2, 3a) and final state
(3) of dehydrogenation process used in the calculations. According to the energy profile, the dehydrogenation sequence is H1, H2, H3 and H4,
which are highlighted by green ovals in the lower panel.

four C(sp3)-H bonds at o and B sites using the climbing image
nudged elastic band (CI-NEB) method, it is proved that the
dehydrogenation sequence is H1, H2, H3 and H4, which is in good
agreement with the experimental results. Figure 2g presents the
configurations of these intermediates.

cyclization forms heterocyclic compounds and introduces
significant doping effects [39]. Particularly, zigzag edge graphene
nanoribbons (ZGNRs) are expected to host spin-polarized electronic
edge states, and couple ferromagnetically along the edge and
antiferromagnetically between the edges [40]. The bottom-up
synthesis of ZGNRs via surface-assisted polymerization followed by
cyclodehydrogenation represents a widely adopted methodology for
fabricating atomically precise zigzag-edged nanostructures [41].

2.2.2 Selective activation promoted bottom-up synthesis of

graphene nanoribbons

Selective activation of organic molecules on surfaces provides an
opportunity for atomically precise design of organic framework
through bottom-up synthesis. Graphene nanoribbons (GNRs) have
attracted intense interest due to their electronic, magnetic and
topological properties, which provide next-generation materials for
carbon-based nanoelectronics and spintronics [37]. Generally, in the
bottom-up synthesis of graphene nanoribbons, selective activation
involves two key effects, intermolecular C-C coupling and
intramolecular cyclization. Intermolecular C-C coupling occurs
through dehydrogenation of precursors and results in the formation
of graphene nanoribbons with various shapes [7,38]. Intramolecular

Notably, this approach affords the opportunity to incorporate
heteroatom substitutions (e.g., sulfur, boron, and nitrogen) into the
carbon framework, thereby enabling precise modulation of graphene
nanoribbon electronic properties as demonstrated experimentally
[42,43]. For example, NBN-doped zigzag-edge GNRs (NBN-
ZGNR1 and NBN-ZGNR?2) are achieved by the bottom-up synthesis
[38]. Figure 3a presents a schematic diagram of the synthesis of
ZGNRs via precursor polymerization on Au. Substituting C=C with
B—-N in the m-conjugated system can remarkably modulate the
electronic structure. DFT results (Figure 3b-g) show that one-
electron oxidation per NBN unit renders the band structure gapless
and metallic (Figure 3f, g). Similar to ZGNRs, acenes (such as
perylene, etc.) as a class of polycyclic aromatic hydrocarbons (PAHs)
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Figure 3. The synthetic pathways and the tunability of the electrical structure of graphene nanoribbons. a Schematic of NBN-doped ZGNRs
synthesis and its STM images. b, ¢ DFT-calculated band structures of pristine PCZGNR1 and PCZGNR?2. d, e Chemical structures of NBN-
ZGNR1 and NBN-ZGNR?2 radical cations. f, g DFT-calculated band structures of NBN-ZGNRI1 radical cations and NBN-ZGNR?2 radical
cations. h Calculated molecular orbitals, energy diagrams and Electrostatic Potential (ESP) maps of NBN-BT and NBN-PT. Positive (blue)
signs indicate positive electron potential, and negative (red) signs indicate negative electron potential.

with zigzag edges, have attracted extensive attention in organic
electronics and optoelectronics due to their unique electronic and
physicochemical properties. However, they (such as peri-tetracene
and above) suffer from poor stability at higher orders due to their
open-shell multi-radical characteristics, which limits further
research and application. Fu ef al. introduced the first synthesis of
NBN-doped bis-tetracene (NBN-BT) and peri-tetracene (NBN-PT)
based on solution and surface-assisted synthesis [7]. By doping
zigzag edges with B and N, the authors obtain stable higher-order
acenes while tuning their electronic structures. Figure 3h shows the
molecular orbital distribution and ESP maps of NBN-BT and NBN-
PT calculated by DFT. Compared to all-carbon-based peri-tetracene
(HOMO/LUMO/energy gap: —4.38/=2.62/1.76 eV), the different
electronic properties and stabilities of NBN-BT and NBN-PT from
bis-tetracene and peri-tetracene can be attributed to the unique NBN
dopant units at the zigzag edges.

The NBN unit not only enhances the stability of NBN-BT but
can also enables oxidation into the corresponding radical cation and
dication, offering chemical tunability. NBN-BT undergoes two
reversible oxidations. In the first step, NBN-BT form the NBN-BT
monoradical cation ((NBN-BT]"), which possesses an open-shell
character. A possible product for the second oxidation step can be the
NBN-BT diradical dication ((NBN-BT]***) or NBN-BT dication
(INBN-BT]?"), which can be regarded as the isoelectronic structures
of all-carbon-based bis-tetracene. Furthermore, through controlled
continuous single-electron chemical or electrochemical oxidation,
NBN-BT can be converted into its corresponding radical cation (0.88
eV) and further to dication (1.24 e¢V), which demonstrates a similar
energy gap to its isoelectronic structure bis-tetracene (1.56 eV).

3. Interface-induced physical and chemical properties

In recent years, ferromagnetism and ferroelectricity, once believed
to be absent in the two-dimensional limit, have been experimentally
realized. The discovery of 2D ferromagnetism in FesGeTez/Fes;GaTe:
[44,45] and VSe: [46], along with 2D ferroelectricity in SnTe [47],
InySes [48], CulnP2Ss [49] and MoTe; [50], as well as theoretical
predictions of various 2D ferromagnetic and ferroelectric materials
[51,52], underscores their unique low-dimensional properties. The
rapid development of 2D materials has provided new opportunities
for tailoring the physical and chemical properties through interface
engineering. Their weak interlayer vdWs interactions allow precise
control over interfacial configurations and electronic structures.
Additionally, intercalating atoms or molecules at the interface can
effectively tune interlayer interactions from weak vdWs forces to
strong ionic or covalent bonds, leading to novel properties in these
heterostructures.

3.1 Van der Waals stacking for tuning the multiferroic

heterostructures

Ferroelectricity and ferromagnetism typically originate from
different transition metal elements, making it challenging to achieve
multiferroicity in  conventional  ferromagnetic = materials.
Constructing a 2D ferroelectric (FE) layer with a 2D ferromagnetic
(FM) layer offers a promising approach to tuning multiferroic
interactions at interfaces. For example, Jin ef al. proposed a new
method to control skyrmions and other complex spin textures by
electric field utilizing the Dzyaloshinskii-Moriya interaction (DMI)
[53]. A sandwich-like heterostructure, which is composed by two FE
layers In,Se; at the top and the bottom with a FM layer MnSeTe in

the middle, has multiple states of magnetic skyrmions. Figure 4a



76

Zehai Zhang et al./ Commun. Comput. Chem., (2025), pp. 71-80

8 FE+/FM+/FE+ FE+/FM+/FE- D
45 »- DMI
EEYYT aPYY” § ks
t .'" x‘ ‘2 'J f ' :xj"hi x % 35 3.17 >
P ::===== P 25 2%9
tESRSEE 1 BRRARHE #t e ittt
P Y VY p R &
t I O ¢ o
l— 2 X A'; ", A, 2 . 1511
14.07
FE-/FM+/FE+ FE-FM+/FE- 5 s
p I o L2 @
OB T e S T T T
‘“ e § 2.24> 197
» YY T Pl_xx 52'0 ST
e & & SR NPY P S T weel
©in ®Mn L Se ®Te 1t Mt o

+HP (AB") +LP (AD) -LP (AD)
SEEL
2‘8*8\5*8*0% :
ol oSn oTe

: +
a——

FE switching AA (-LP)

AA (+LP)

Figure 4. The modulation of magnetic parameters and the geometric and magnetic configurations of van der Waals heterojunctions. a Four
possible configurations of the In,Ses/MnSeTe/In,Ses heterostructure. b The absolute values of the DMI parameter (|d|), the exchange parameter
J, and MAE of the heterostructure. ¢ Three possible configurations at +HP, +LP, and —LP states. d Magnetic configurations for the three

heterojunctions in ¢ based on Monte Carlo simulations. e Reversible evolution of the magnetic configuration in the Crls/Pt;Sn;Tes
heterojunction due to interlayer sliding and FE switching. The regular skyrmion lattice remains after demagnetization. The black scale bar

corresponds to 10 nm.

shows the four possible polarization configurations considering the
dipole directions within the top and the bottom FE layers. Compared
to the results in Figure 4b, it is evident that the variation trend of the
DMI coefficient in MnSeTe is always opposite to that of the
exchange interaction coefficient in the process of polarization
reversal. It indicates that by reversing the polarization of In,Se;3, the
magnetic parameters in MnSeTe can be significantly adjusted,
thereby enabling multi-state control of magnetic skyrmions.

Instead of a sandwich structure with the FE top and bottom
layers, a single 2D FE layer with quadruple-well potential itself is
sufficient to induce various magnetic phases including Bloch-type
skyrmions and novel magnetic superstructures [26]. Figure 4c
presents the structure of the Crl3/Pt,Sn;Tes heterostructure under
different ferroelectric polarization states (+HP, +LP, and —LP) and
stacking configurations (AB’ and AD). The magnetic behavior of the
FM layer (Crls) can be significantly influenced by changes in the
ferroelectric polarization state of the FE layer (Pt,Sn,Tes). Monte
Carlo simulations reveal that the FM layer exhibits different
magnetic alignment directions under various polarization states (as
shown in Figure 4d). In the +LP (AD) state, spontaneous formation
of Bloch-type skyrmions occurs in the FM layer (indicated by the
red circle in Figure 4d). Further analysis demonstrates that the DMI-
associated spin-orbit coupling energy is primarily contributed by the
nonmagnetic iodine atoms in of Crls, which is consistent with the
Fert-Levy mechanism. Notably, Figure 4e shows that in the +LP
state with AD stacking, a regular skyrmion lattice can be stabilized
by low-energy excitation. These skyrmions remain stable even after
the removal of the external magnetic field, indicating nonvolatile
control of magnetism.

Additionally, the interface also plays a vital role in breaking the
forced symmetry to achieve the regulation of valley degrees of
freedom. Zhu et al. summarized the laws for realizing anomalous
valley Hall effect in hexagonal lattices and found that in the system,
the antiferromagnetic order of the double layers can break the mirror

symmetry of the space group, such as TcGeSe; with a space group
of P31m, which is a necessary condition for realizing AVHE [54].
This way of using the interface to break symmetry can be generalized.
In the absence of spontaneous ferroelectric-valley coupling, stacking
is an effective method to change the symmetry of two-dimensional
materials to induce ferroelectric-valley coupling.

3.2 Strong interaction stacking for functional heterostructures

Compared to the FE/FM interactions in vdWs stacking
heterostructures, interlayer interactions in FE/FE bilayers are
significantly stronger. It provides opportunities for intercalating
metal atom into the vdWs gap and breaking the inversion symmetry,
thus introducing strong spin—orbit coupling and tuning the magnetic
properties. A strategy is proposed to eliminate Skyrmion Hall Effect
(SKHE) by intercalating nonmagnetic elements into van der Waals
bilayer ferromagnets featuring in-plane ferromagnetism [55], in
which the relatively heavy nonmagnetic atoms is crucial for DMI
generation. Utilizing high throughput calculations, SrV.Ses4 and
BaV,Se4, which are composed with the bilayer 1T-VSe, and the
intercalated Sr/Ba atoms, have achieved for robust high-speed
Skyrmion racetrack memory devices. Figure Sa and 5b shows the
intercalation structures of SrV,Se4 and BaV,Se4, which have central-
inversional and mirror symmetry, respectively. Monte Carlo (MC)
simulations are performed to determine low-energy spin textures, as
shown in Figure Sc—f. According to the symmetry and the
topological characteristics, 10 spin textures are obtained (Figure 5g).
The topologically protected spin textures remain stable under finite
external magnetic fields, making it promising candidate in
spintronics.

Following the FAIR principles, several major databases have
been developed to support the Materials Genome Project.
SpringerMaterials and the Materials Project provide comprehensive
data on over 500,000 materials, including crystal and band structures,
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density, and thermodynamics [56]. For example, Winther et al.
created a surface catalysis database with over 100,000 entries
focused on bimetallic alloys [57]. Borysov et al. developed an
organic materials database centered on electronic structures [58].
Liang et al. built the Atomly database, covering 300,000+ inorganic
crystals, with notable progress in qubit and 2D materials [59]. Du et

al. constructed 2D material interface and charged building block
databases using multi-scale simulations [60,61]. Except for the
covalent bond formed by the intercalated metal atom, the
heterostructures by stacking 2D layers with positive and negative
charges are achieved as functional-oriented materials [61]. Using a
topological-scaling algorithm, as shown in Figure Sh, 1028
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Figure 5. The configurations of interface-layered strong-interaction heterostructures and the construction of an ionic layered material database.
(a-g) Structures and topological spin textures of MV,Ses monolayers (M = Sr, Ba). a and b Top and side views of SrV,Ses and BaV,Sey,

respectively. The light green area indicates a unit cell. (c-f) Monte Carlo

simulations of magnetic configurations of MV,Ses without external

field. ¢ and e The zoom-in spin textures of SrV,Se4 on interlayer bimeron and interlayer quadmeron, respectively. d and f The zoom-in spin
textures of BaV,Ses on interlayer bimeron and interlayer quadmeron, respectively. The gray spins represent in-plane ferromagnetic
backgrounds, while colors are assigned for the positive (red) or negative (blue) out-of-plane components of spins. g Five types of spin texture
forms with SrDQ in MV,Ses, as can be distinguished by (m, p, v). The black line segment inserted in all panels indicates a scale bar of 5 nm.
h Workflow for construction of layered materials by stacking 2D charged building blocks. Only 797 2D charged building blocks with tetragonal,

trigonal, and hexagonal symmetry and number of atoms less than 10 are

considered as input to construct layered structures. The numbers on

the left side of each procedure show the remaining ones after a specific procedure. (i-I) Superconductivity of CaAlSiF and band topology of
LaRhGeO. i Crystal structure of CaAlSiF. j Phonon density of states (left) and Eliashberg function a?F(w) as well as the electron—phonon
coupling strength A(w®) (right) for CaAlSiF. k Crystal structure of LaRhGeO. 1 Topological surface state (TSS) of (010) plane for LaRhGeO.
The color in the electronic structure indicates the states contributed by distinct elements/orbitals, and that in the phonon dispersion shows the
strength of electron—phonon coupling A4. (m-p) Bipolar ferromagnetic semiconducting and anomalous valley Hall effect of Na;CulOg. m
Crystal structure of Na,CulOg. n Electronic structure without SOC (dashed line) and with SOC (solid line). valley-splitting with Cu spins

aligning o +z direction and p —z direction.
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charged 2D building blocks (BBs) were identified, showcasing
versatile functionalities like superconductivity, magnetism, and
topological properties. By assembling these BBs with valence state
and lattice mismatch considerations, 353 stable layered materials
were predicted via high-throughput calculations with novel
properties compared with their parent materials. In the ionic layered
structure, the anionic layer and the cationic layer are interlaced,
performing as functions and charge reservoirs, respectively.
Therefore, the ionic layers can be broadly classified into functional
layers and carrier layers [62]. Specifically, tuning the charge state of
the cationic layer can modulate the functional layer into a hole- or
electron-doped state, giving rise to novel properties. For example,
modulating the charge reservoirs in LnPdAsO (Ln = La, Ce, Pr)
induces a negatively charged Pd state, where enhanced electron
accumulation on Pd directly reduces the hydrogen evolution reaction
overpotential and improves catalytic efficiency [63]. As shown in
Figure 5(i-p), CaAlSiF displays superconducting transition
temperature higher than NaAlSi; Na;CulOs
ferromagnetic semiconductivity and anomalous valley Hall effect

shows bipolar

that are absent in KCulOs; LaRhGeO possesses nontrivial band
topology. The interlayer charge transfer not only enables this
tunability but also contributes to the structural stability and cohesion.

4. Conclusion and outlook

The study of physical and chemical phenomena at surfaces and
interfaces has a long history. Recent developments in data-driven
high-throughput and machine learning technologies have
accelerated the discovery of new materials and unveiled novel
physical and chemical insights. In this review, we highlight several
chemical and physical properties at surfaces and interfaces, and the
construction of databases based on a deep understanding of
surface/interface interactions.
For the further

surface/interface science, it is crucial to improve exchange-

developments in  computational
correlation functionals and van der Waals corrections in order to
achieve higher computational accuracy. Furthermore, the coupling
effects of electric and magnetic fields at finite temperatures must be
quantitatively addressed to resolve experimental challenges.
Continued development of computational technologies, particularly
through the development of advanced machine learning models, will

be pivotal in driving further innovations in this field.
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