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a b s t r a c t 

Half-filled isolated flat-band paves a new way to realize high-temperature ferromagnetic semiconductor for spin- 

tronics applications, but it is extremely rare in lattice models and lacking in realistic materials. Herein, the 2 × 2 

super-cell of the honeycomb lattice with a single-hole defect is proposed as a new lattice model (HL-D-1/8) to 

realize nontrivial isolated flat-bands. We further demonstrate that C4 N3 monolayer of the experimentally realized 

graphitic carbon nitride (Adv. Mater., 22, 1004, 2010; Nat. Commun., 9, 3366, 2018) is a perfect system holding 

such a lattice to host flat-bands. A new corrugated Pca21 configuration is proposed as the ground state for the free- 

standing C4 N3 monolayer, which is dynamically stable and energetically more favorable than the widely-used 

flat one without dynamical stability. The Pca21 configuration is found to be an intrinsic ferromagnetic half- 

semiconductor ( Tc ≈ 241 K) with one semiconducting spin-channel (1.75 eV) and one insulating spin-channel 

(3.64 eV), which is quite rare in two-dimensional systems. Its ferromagnetic semiconducting property originates 

from the isolated pz -state flat-band as the corrugation shifts the flat-band upward to the Fermi level. Interestingly, 

such a corrugated Pca21 C4 N3 monolayer is found to be both piezoelectric and ferroelectric, which makes it an 

unusual metal-free two-dimensional multiferroic. 
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. Introduction 

The bands near the Fermi level dominate the physical properties of

ondensed materials. Two limiting cases classified according to effec-

ive mass of carriers have attracted widely research interests, namely,

he linearly dispersed band [1] and the flat-band [2–4] holding massless

irac fermion and infinitely heavy fermion, respectively. The linearly

ispersed band has been experimentally detected in graphene mono-

ayer [1] and the flat-band can be realized in the moire superlattice

ased on graphene bilayer [5 , 6] . In fact, flat-band has been widely in-

estigated in different lattice models [2-4 , 7-9] in the past decades and

lso be theoretically predicted in many stoichiometric materials [2-4 , 10-

3] . Exotic quantum phases, such as high temperature fractional quan-

um Hall effects [14] , Bose-Einstein condensation [15] , Wigner crys-

allization [16 , 17] , high-temperature superconductivity [18] and ferro-

agnetism [12 , 19] , are verified to exist in flat-band systems. However,

he definite experimental observations of electronic flat-band in two-

imensional (2 D ) stoichiometric systems are still quite rare [2–4] , which

eriously hinders the realization of these exotic quantum states. 

Recently, 2 D ferromagnetic (FM) semiconductors, such as Cr X3 

 X = Cl, Br, I) [20 , 21] , VI3 [22] , CrGeTe3 [23] and CrSBr [24] attracted
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uch attention as they are potential material-basis for nano-scale spin-

lectronics [25 , 26] , e.g., single-spin transistor [27] , magnetic tunnel

unctions [28] and other spin-dependent devices [29 , 30] . The half-filled

solated flat-bands usually induce ferromagnetism due to Hubbard re-

ulsion [31 , 32] , which provides new possibilities to design potential 2D

M semiconductors with high Curie temperature. However, the isolated

at-band near the Fermi-level is extremely rare in both lattice models

9 , 33 , 34] and material platforms [35 , 36] . Most of the previously pro-

osed flat-bands are full-filled and they always touch together with a

ispersive band with a wide band width larger than the spin-split en-

rgy, which prevents the formation of FM semiconductor [11-13 , 17] .

hat is to say, the intrinsic half-filled and isolated flat-bands in realis-

ic materials are still lacking for realizing the stable semiconducting FM

rders. 

In this work, a simple lattice-model is proposed through introduc-

ng single-hole defect in the hexagonal 2 × 2 super-cell of the well-

nown honeycomb lattice (HL-D-1/8) for designing isolated flat-band

ith tight-binding method (TB). The HL-D-1/8 holds one isolated zero-

nergy flat-band and two groups of the Kagome-type flat-bands. We

emonstrate that these nontrivial flat-bands can be realized in a HL-

-1/8 related C4 N3 monolayer [37–43] which is the single layer of the
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Fig. 1. Flat-band Lattice and Material . (a) The hexagonal 2 × 2 super-cell of the well-known honeycomb lattice (HL) with single-hole defect (HL-D-1/8), where 

grey and blue balls indicate A and B sublattices, respectively. For the compact localized states (CLS), the values of the basis-wave-function amplitudes at different 

sites are + 2, + 1 and − 1, respectively. (b) The corresponding pz -wave band structures for the 2 × 2 super-cell with (red dash lines) and without single-hole defect 

(blue solid lines). (c) The crystal structure of the flat P-6m2 C4 N3 monolayer and its three inequivalent sublattices of Kagome A, Kagome B and Triangular B filled 

with carbon, nitrogen and carbon atoms, respectively. (d) The projected p-state waves ( px , py and pz orbitals) of different CA , CB and NB atoms in the calculated band 

structure in NM state of the flat P-6m2 C4 N3 monolayer. 
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xperimentally synthesized graphitic carbon nitride [44 , 45] . Further-

ore, possible corrugations in free-standing C4 N3 monolayers are sys-

ematically generated by a random method based on group and graph

heory (RG2) [46 , 47] and investigated through the first-principles calcu-

ations. For free-standing C4 N3 monolayer, its ground state is identified

o be a highly corrugated Pca21 configuration with positive dynamical

tability and remarkable energetic stability exceeding than the widely-

sed flat one. Our first principles calculations show that Pca21 C4 N3 

onolayer is a FM semiconductor, which is quite rare in 2D materials

amily. The physical mechanism of the magnetism origin can be well

nderstood by the split effects of spin-exchange and crystal-field. More-

ver, the graphitic C4 N3 monolayer is further verified to be an unusual

etal-free 2D multiferroic with FM semiconducting, ferroelectric and

iezoelectric properties for information application. 

. A new flat-band model and its realization 

In this section, we will first introduce a new TB lattice model that

osts the isolated flat-bands. Then we show that this flat-band model

an be realized in an experimentally synthesized material, i.e., graphitic

4 N3 [44 , 45] . As shown in Fig. 1 a, the proposed lattice model is named

s HL-D-1/8 which is constructed with the 2 × 2 super-cell of the well-

nown honeycomb lattice (HL) through introducing a single-hole de-

ect (1/8 means the defect density). In the perfect 2 × 2 super-cell of

oneycomb lattice, A and B sublattices share the same on-site energy

nd the adjacent hopping integrals between them are also equal to each

ther. It contains two dispersive pz -wave bands with E1 ( k ) = -E2 ( k ) for

ny k vector due to the chiral (sublattice) symmetry of SH( k )S− 1 = -

( k ), where S is the Pauli matrix of 𝜎3 . These two bands degenerate

t the high-symmetry K point of (1/3, 1/3, 0) forming a Dirac-cone

ue to the C3 symmetry of this k-vector, as shown in Fig. 1 b in the

and structure with red dash lines. The introduced single-hole defect 
139
deleting one A site) does not broke the chiral symmetry of the super-

ell and will introduce an exactly half-filled zero energy flat-band on

he Fermi-level due to the odd number (2N-1) of lattice sites. The corre-

ponding band structure for HL-D-1/8 is shown in Fig. 1 b in blue solid

ines. Since the two-fold degenerating Dirac-cones at K and K’ are not

olded to the same k-point in 2 × 2 super-cell, they will be broken by

he introduced single-hole defect so that the corresponding zero energy

at-band becomes isolated. Such a zero-energy flat-band can also be un-

erstood by the destructive interference between the compact localized

tates (CLS) in HL-D-1/8 as indicated in Fig. 1 a. And it must localize in

he majority sublattice that is named the B sublattice in HL-D-1/8, which

s similar to the case as discussed previously in the defected graphene

onolayer [36] . 

As shown in Fig. 1 c, the HL-D-1/8 contains three sublattices: one

riangular sublattice and two Kagome sublattices. Each site of the tri-

ngular sublattice and one (Kagome A) of the Kagome sublattices are

hree-fold coordinated, while the sites in the Kagome A sublattice are

wo-fold coordinated. To realize HL-D-1/8 in a realistic material, we no-

ice that elements C and N are reasonable selections because they prefer

-coordinated sp2 -hybridization and 2-coordinated sp3 -hybridization in

D case, respectively. Thus, we occupy 3 C atoms in Kagome A (CA ), 1 C

tom in triangular B (CB ) and 3 N atoms in Kagome B (NB ), to construct a

4 N3 monolayer for realizing the nontrivial flat-bands in HL-D-1/8. We

ote that the graphitic C3 N4 material was synthesized experimentally

44 , 45] . As shown in Fig. 1 d, the electronic band structures of such a HL-

-1/8 related C4 N3 (P-6m2) are calculated by first-principles method,

n which the long-range interactions, site differences (on-site energies)

s well as the px and py orbitals are naturally included. The pz -orbitals of

A , CB and NB atoms in different sublattices are projected in the calcu-

ated band structures, respectively. It clearly shows that these projected

z -states in the flat P-6m2 C4 N3 monolayer are very similar to the pz -

ased TB band structure of HL-D-1/8 as shown in Fig. 1 b. However, with
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Fig. 2. Structures and stabilities. (a) The total energies of different corrugations (including flat P-6m2, previously proposed Pnc2 and the new Pca21) in NM and 

FM states. (b) The optimized crystalline structures of the new ground state Pca21 in different top and side views.(c) The simulated vibrational spectrums for the flat 

P-6m2 and the corrugated Pca21 in both NM (red solid lines) and FM (blue solid lines) situations. (d) The fluctuations of the total energy of the flat P-6m2 (red solid 

line) and corrugated Pca21 (green solid line) C4 N3 monolayers in 300 K and 500 K AIMD, as well as the corresponding structural snapshots selected from the process 

in 500 K. 
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ong-range interactions in first-principles calculations, the “zero-energy

at-band ” is obviously distorted and it is always buried by the px and py 

tates contributed from the N atoms in the Kagome B sublattice. Whereas

hese px and py states from N atoms contribute new Kagome-type flat-

ands nearby the Fermi-level. Importantly, the Kagome-type flat-bands

re partially-filled, which introduces magnetism in the flat P-6m2 C4 N3 

onolayer to make it to be a FM half-metal that is also reported in previ-

us study [44] . The flat P-6m2 C4 N3 has been taken [44 , 45] as a single

ayer of the experimentally synthesized graphitic carbon nitride [44 , 45] .

owever, its FM half-meallic property is inconsistent with the experi-

entally reported semiconducting feature [44 , 45] , suggesting that we

eed to search for new structure candidate for the experimentally syn-

hesized graphitic carbon nitride. 

. New ground state structure of monolayer C4 N3 

In 2012, a slightly corrugated Pnc2 configuration [39 , 44] with a

ower energy was proposed as a new candidate of the experimentally

ynthesized graphitic C4 N3 . However, such a slightly-corrugated Pnc2

onfiguration is still FM half-metallic, which disagrees with the experi-

ental observation. For graphitic C3 N4 monolayer, a new highly corru-

ated configuration (Pca21) has been confirmed to be its ground state

48] , which is more stable than the slightly corrugated Pnc2 one. Up to

ow, there is no systematic work on investigating the structures and sta-

ilities of possible corrugations for C4 N3 monolayer in its free-standing

ase and this becomes an important part of our research work. Based on

he super-cells of the flat P-6m2 as shown in Fig. S1 (a), 98 possible cor-

ugations (including the previously proposed Pnc2 [39] ) are generated

y RG2 code [46 , 47] . These corrugated configurations are systemati-

ally optimized by the widely used VASP [49] code in both FM and

M states. Here, only FM and NM states are considered to optimize the

tructures because that we have checked some possible antiferromag-
140
etic configurations for the flat P-6m2, the slightly corrugated Pnc2 as

ell as the highly corrugated Pca21 and confirmed that FM is always

he ground magnetic state. As the total energies plotted in Fig. 2 a as a

unction of the layer-thicknesses, most of the corrugated candidates are

ore favorable than the flat P-6m2 one and the FM states are always

ore stable than the NM states in any configurations. The corrugation

nduced energy release in these systems can be qualitatively understood

y the reduced coulomb repulsion energy between surface charges due

o the enlarged space for charge redistribution. Particularly, we find a

ew structural candidate (Pca21) with outstanding energetic stability

xceeding than the flat P-6m2 and the previously proposed Pnc2 recon-

truction as its crystalline structure shown in Fig. 2 b. Its largest layer-

hickness makes it the most stable one among all the discovered corru-

ations. The details of the structural relations between the flat P-6m2,

he previously proposed Pnc2, as well as the new discovered low-energy

321 and Pca21 are discussed in the supplementary file in Fig. S1b. 

Low-energy means high probability of the existence in natural or

xperimental conditions if the phase is both dynamically and mechan-

cally stable against small lattice vibration and deformation. The simu-

ated vibrational spectrums of the flat P-6m2 as well as the corrugated

ca21 in both FM and NM states are shown in Fig. 2 c. It is clear that

he flat P-6m2 one is dynamically unstable in both FM and NM situa-

ions, while the corrugated Pca21 is dynamically stable in FM state but

nstable in NM situation. The results in Fig. 2 d show that the atomic

onfiguration of Pca21 remains intact with only small deformations and

he total energy just oscillates within a very narrow range in both 300 K

nd 500 K AIMD simulation, implying that Pca21 is thermally stable.

owever, the atomic configuration of P-6m2 is obviously corrugated

nder the AIMD simulation although its total energy oscillates is also

n a very narrow range, which means that the free-standing graphitic

4 N3 monolayer prefers the corrugated configuration more than the

xactly flat one. In addition, the calculated elastic constants C11 , C12 ,
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Fig. 3. Magnetism and its mechanism. (a) The FM-state band structures with projected pz states (Olive solid balls) of the carbon atoms CB together with corre- 

sponding spin-charge densities for the flat P-6m2 and the corrugated ground state Pca21. (b) The orbital evolutions from flat P-6m2 to corrugated Pca21 in both NM 

and FM states for showing split-effects of crystal-field (ECF− split ) and spin-exchange (EEX− split ) to explain the origin of FM semiconducting property.(c)-(f) The projected 

band structures for showing the true evolutions of the px , py and pz bands from NB atoms, as well as the isolated pz -state flat-band from the CB atoms in the flat P-6m2 

and the corrugated Pca21. 
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22 and C66 for the corrugated Pca21 are 124.79 N/m, − 20.38 N/m,

4.10 N/m and 70.37 N/m, respectively, which suggests that Pca21

s also mechanically stable to resist small-deformations according to

he mechanical stability criteria ( C11 × C22 − C2 
12 > 0 , C66 > 0 ) for 2D

aterials. 

. Electronic and magnetic properties of C4 N3 

The flat P-6m2 C4 N3 monolayer is a FM half-metal [44] as its band

tructure shown in Fig. 3 a. As reported in previous literature [39] , slight

orrugation in Pnc2 configuration does not affect such a half-metallic

roperty (as the band structure shown in Fig. S2). However, the highly-

orrugated Pca21 is a FM semiconductor as its band structure depicted

n Fig. 3 a, which is quite rare in 2D materials. Such an exciting prop-

rty can be confirmed by the high-level HSE06 method as shown in

ig. S3. In fact, Pca21 configuration is a FM half-semiconductor hold-

ng one semiconducting channel with band gap of 1.75 eV and one in-

ulating channel with larger band gap of 3.64 eV. The FM semicon-

ucting property can be understood by the synergistic effect between

pin-split and crystal-field split as the schematic picture shown in 

ig. 3 b. Here, only the pz orbitals of CB and NB atoms ( 𝜋 band), as well

s the px and py orbitals ( 𝜎 bands) of NB atoms near the Fermi-level are
141
onsidered to show the split-effects of crystal-field and spin-exchange.

he true evolutions can be noticed in Fig. 3 c-f, where the px , py and pz 

ands from NB , as well as the isolated pz - state flat-band from the CB in

ca21 and P-6m2 (with compatible super-cell) are plotted together in

oth NM and FM states. 

For the flat P-6m2 configuration, the magnetism originates from the

pin-split effect induced by its partially-filled Kagome-type ( 𝜎 bands

rom NB atoms) flat-band and the metallic feature is maintained due

o the wide dispersion-range of the Kagome-type linear band. We notice

hat the isolated flat 𝜋 band (pz -state) from CB atoms is always full-filled

n both NM and FM situations. With further enlarged the crystal-field

plitting (ECF-split ) effect due to corrugation, the 𝜋 band in Pca21 will

e higher so that it becomes isolated from the wide N- 𝜎 bands with

n obvious band gap of about 0.2 eV under the fixed magnetic state of

M. This is because the corrugation weakens the electrostatic repulsion

etween the 𝜎 electrons in NB atoms. As shown in Fig. 3 e, the true 𝜋

ands from CB and NB atoms in Pca21 form a narrow group locating in

he energy-range of about 0.42 eV and it is half-filled. When the degree

f spin is considered, such a narrow group will further split into two

ub-groups of spin-up and spin-down ( Fig. 3 f). Considering that the av-

rage split energy (EEX− split ) in Pca21 is obviously larger than the width

f the narrow group, the sub-group of spin-up is exactly full-filled and
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Fig. 4. Ferroelectricity and path ways. (a) Plotted are the three possible corrugation path ways from the flat P-6m2 (in blue dash 4 × 4 super-cells) to the corrugated 

Pca21 (in red solid super-cells and violet primetive cells). (b)The NEB pathway and barrier from polarized P1 state to P2 state and the corresponding configurations. 
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he spin-down sub-group is totally unoccupied. Accordingly, the cor-

ugated Pca21 becomes semiconductor under FM situation due to the

ynergistic effect of crystal-field and spin-exchange. Thus, the narrow

and-groups with inter-groups’ gaps induced by corrugations are critical

or forming the FM semiconducting properties in Pca21. These isolated

arrow band-groups play the roles of the isolated flat-bands that have

een considered as physical mechanism for FM semiconducting prop-

rties in previous literatures [50 , 51] . Corrugation induced opening of

he inter-groups’ gaps and the correspondingly enhanced spin-split ef-

ects as the gradually increased layer-thickness can be noticed from the

orresponding band structures as shown in Fig. S4. 

The semiconducting property and the absence of inversion symme-

ry in C2v indicate that the corrugated Pca21 is a potential material with

oth piezoelectric and ferroelectric properties. It is interesting that there

re three equivalent transition pathways from the flat P-6m2 to the cor-

ugated Pca21 as shown in Fig. 4 a and exist corresponding three equiv-

lent ferroelectric phases (P1, P2 and P3) with in-plane spontaneous po-

arizations along three different directions. These three polarization di-

ections form about 120° angles with each other, which is different from

he traditional case of two antiparallel polarization directions (180°).

sing the standard Berry phase method [52] , the polarization in Pca21

4 N3 is calculated to be of 7.66 × 10− 8 μC/cm, which is equal to 5.86

C/cm2 in the three-dimensional situation when considering the mono-

ayer thickness. The polarization is relatively larger than that in the 

T-MoS2 (0.22 μC/cm2 ) [53] and in the van der Waals interlayer-sliding

erroelectric BN (2.08 × 10− 8 μC/cm in 2D and ∼0.68 μC/cm2 in 3D)

54] . As shown in Fig. 4 b, the migration barrier between the two fer-

oelectric states is evaluated to be 0.29 eV/f.u. based on the climbing-

mage nudged elastic band (CI-NEB) method [55] . Furthermore, the two

iezoelectric coefficients of d11 and d12 for the corrugated Pca21 are cal-

ulated to be 9.659 pm/V and 5.119 pm/V, respectively, which are even

arger than that of MoS2 monolayer [56] . 

Additionally, it is interesting to evaluate the Curie temperature in

uch a metal-free FM semiconductor. Thus, a spin effective Hamiltonian

s constructed as 𝐻 =
∑

𝑖𝑗 

𝐽𝑖𝑗 𝑆𝑖 ⋅ 𝑆𝑗 under the nearest exchange interac-

ion approximate, where S𝑖 ( S𝑗 ) indicates the spin vector on site i (j) and

𝑖𝑗 is the exchange interaction between sites i and j. Since each localized

tate is centered at the CB atoms in triangular B sublattice, we regard

he CB atoms as spin sites, while the magnetic moments on NB atoms

re induced by the CB atoms. Using the DFT-based total energies of two

ifferent spin configurations, the nearest spin exchange interactions ( 𝐽1 )

an be deduced through energies mapping. In the C4 N3 structure with

ca21 symmetry, 𝐽1 is evaluated to be − 17.63 meV with setting total

ffective spin S = 1. This negative value of 𝐽1 further indicates that FM

s the ground magnetic state for graphitic C4 N3 monolayer with Pca21

onfiguration. And the corresponding Curie temperature of Pca21 is es-

imated to be 241 K based on the Monte Carlo simulation, which is much
142
igher than those of the experimental synthesized 2D FM semiconduc-

ors. 

. Discussion 

On the one hand, the isolated flat-band causes ferromagnetism in

raphitic C4 N3 because of the corrugation of the structure. On the other

and, as the isolated flat-band shifted upward by crystal-field splitting,

here opens a band gap, which would reduce the screening by free car-

ies and realize the ferroelectric polarization. It is worth to be noted that

he graphitic C4 N3 monolayer in corrugated Pca21 configuration is both

erromagnetic and ferroelectric. To our knowledge, it is the first predic-

ion in flat-band family that a material is reported to be multiferroic.

his mechanism could supply a new way to design 2D multiferroics in

at-band system and broaden the research scope of flat-band materi-

ls. Moreover, our study shows that such a small scale graphitic C4 N3 

onolayer with multiferroicity may have large potential application in

he future high-density memories or electronics. 

Twisted bilayer graphene (TBG) is one of the most well-known flat-

and systems. We now discuss the similarities and differences between

BG and C4 N3 . The emergence of flat-bands in TBG is attributed to the

eculiar interlayer hybridization at a magic twisted angle [57] and is re-

ated to the flatness of the lowest Landau level in quantum Hall effect on

orus [58] . In graphitic C4 N3 monolayer, the flat-band originates from

he chiral (sublattice) symmetry of the lattice as we discussed above. In

oth cases, the flat-bands are isolated from the other valence and con-

uction bands. However, the separation between the isolated flat-bands

nd other bands in the TBG case is very small (i.e., on the order of 10

eV), while it is 200 meV in the non-magnetic case in C4 N3 and the

nsulating band gap of the ferromagnetic state is larger than 1 eV from

he HSE calculations. The flat-band ferromagnetism in TBG has been

redicted [50] and experimentally observed near three-quarters filling

59] . However, the ferromagnetic Curie temperature in TBG is rather

ow (i.e., ∼4 K) and it is suggested that the ferromagnetism is primarily

rbital in nature [60] . In the C4 N3 case, the ferromagnetic Curie tem-

erature is higher than 200 K and the magnetization is mainly due to

he spin contribution. 

. Conclusion 

This work has proposed a new lattice model (HL-D-1/8) to realize

ontrivial flat-bands based on pz -orbital TB calculations. We demon-

trate that such nontrivial flat-bands can be well identified in the DFT-

ased band structures of graphitic C4 N3 monolayer, which is struc-

urally isomorphic to HL-D-1/8. As a single layer of the experimentally

ynthesized graphitic carbon nitride, C4 N3 monolayer in free-standing

ase prefers the corrugated Pca21 configuration as its ground state but
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ot the half-metallic configurations in flat P-6m2 or corrugated Pnc2.

urthermore, the free-standing C4 N3 monolayer with P-ca21 configura-

ion is carefully confirmed as a flat-band related FM half-semiconductor

ith one semiconducting spin-channel and one insulating spin-channel,

hich is quite rare in 2D materials. Its Curie temperature is evaluated to

e 241 K, which is much higher than those of the experimental synthe-

ized 2D FM semiconductors. The discoveries in our work highlight that

he experimentally realized graphitic C4 N3 monolayer in free-standing

ase is an unusual metal-free 2D multiferroic with FM semiconducting,

erroelectric and piezoelectric properties for information application. 
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