
 
 

 

 
 

Electronic structure and magnetism in g -C4N3 controlled by strain engineering

Liu, L. Z.; Wu, X. L.; Liu, X. X.; Chu, Paul K.

Published in:
Applied Physics Letters

Published: 30/03/2015

Document Version:
Final Published version, also known as Publisher’s PDF, Publisher’s Final version or Version of Record

Publication record in CityU Scholars:
Go to record

Published version (DOI):
10.1063/1.4916814

Publication details:
Liu, L. Z., Wu, X. L., Liu, X. X., & Chu, P. K. (2015). Electronic structure and magnetism in g -C4N3 controlled by
strain engineering. Applied Physics Letters, 106(13), [132406]. https://doi.org/10.1063/1.4916814

Citing this paper
Please note that where the full-text provided on CityU Scholars is the Post-print version (also known as Accepted Author
Manuscript, Peer-reviewed or Author Final version), it may differ from the Final Published version. When citing, ensure that
you check and use the publisher's definitive version for pagination and other details.

General rights
Copyright for the publications made accessible via the CityU Scholars portal is retained by the author(s) and/or other
copyright owners and it is a condition of accessing these publications that users recognise and abide by the legal
requirements associated with these rights. Users may not further distribute the material or use it for any profit-making activity
or commercial gain.
Publisher permission
Permission for previously published items are in accordance with publisher's copyright policies sourced from the SHERPA
RoMEO database. Links to full text versions (either Published or Post-print) are only available if corresponding publishers
allow open access.

Take down policy
Contact lbscholars@cityu.edu.hk if you believe that this document breaches copyright and provide us with details. We will
remove access to the work immediately and investigate your claim.

Download date: 24/05/2023

https://scholars.cityu.edu.hk/en/publications/electronic-structure-and-magnetism-in-g-c4n3-controlled-by-strain-engineering(0173f737-6010-4a1b-bb0c-297d52f65af9).html
https://doi.org/10.1063/1.4916814
https://scholars.cityu.edu.hk/en/persons/paul-kim-ho-chu(cb40bd34-a067-44b4-b632-ca25f922f5af).html
https://scholars.cityu.edu.hk/en/publications/electronic-structure-and-magnetism-in-g-c4n3-controlled-by-strain-engineering(0173f737-6010-4a1b-bb0c-297d52f65af9).html
https://scholars.cityu.edu.hk/en/publications/electronic-structure-and-magnetism-in-g-c4n3-controlled-by-strain-engineering(0173f737-6010-4a1b-bb0c-297d52f65af9).html
https://scholars.cityu.edu.hk/en/publications/electronic-structure-and-magnetism-in-g-c4n3-controlled-by-strain-engineering(0173f737-6010-4a1b-bb0c-297d52f65af9).html
https://scholars.cityu.edu.hk/en/publications/electronic-structure-and-magnetism-in-g-c4n3-controlled-by-strain-engineering(0173f737-6010-4a1b-bb0c-297d52f65af9).html
https://scholars.cityu.edu.hk/en/publications/electronic-structure-and-magnetism-in-g-c4n3-controlled-by-strain-engineering(0173f737-6010-4a1b-bb0c-297d52f65af9).html
https://scholars.cityu.edu.hk/en/publications/electronic-structure-and-magnetism-in-g-c4n3-controlled-by-strain-engineering(0173f737-6010-4a1b-bb0c-297d52f65af9).html
https://scholars.cityu.edu.hk/en/journals/applied-physics-letters(174f865c-32bf-4bef-8dbc-7378d4f999ef)/publications.html
https://doi.org/10.1063/1.4916814


Appl. Phys. Lett. 106, 132406 (2015); https://doi.org/10.1063/1.4916814 106, 132406

© 2015 AIP Publishing LLC.

Electronic structure and magnetism in g-
C4N3 controlled by strain engineering

Cite as: Appl. Phys. Lett. 106, 132406 (2015); https://doi.org/10.1063/1.4916814
Submitted: 10 February 2015 • Accepted: 23 March 2015 • Published Online: 31 March 2015

L. Z. Liu, X. L. Wu, X. X. Liu, et al.

ARTICLES YOU MAY BE INTERESTED IN

Transition from half metal to semiconductor in Li doped g-C4N3
Journal of Applied Physics 115, 124312 (2014); https://doi.org/10.1063/1.4869778

Two-dimensional carbon nitride (2DCN) nanosheets: Tuning of novel electronic and magnetic
properties by hydrogenation, atom substitution and defect engineering
Journal of Applied Physics 126, 215104 (2019); https://doi.org/10.1063/1.5120525

Two-dimensional porous graphitic carbon nitride C6N7 monolayer: First-principles

calculations
Applied Physics Letters 119, 142102 (2021); https://doi.org/10.1063/5.0060496

https://images.scitation.org/redirect.spark?MID=176720&plid=1947475&setID=378288&channelID=0&CID=714035&banID=520851756&PID=0&textadID=0&tc=1&type=tclick&mt=1&hc=928cce709ed35769737078a13b1b6b47f95f0a40&location=
https://doi.org/10.1063/1.4916814
https://doi.org/10.1063/1.4916814
https://aip.scitation.org/author/Liu%2C+L+Z
https://aip.scitation.org/author/Wu%2C+X+L
https://aip.scitation.org/author/Liu%2C+X+X
https://doi.org/10.1063/1.4916814
https://aip.scitation.org/action/showCitFormats?type=show&doi=10.1063/1.4916814
http://crossmark.crossref.org/dialog/?doi=10.1063%2F1.4916814&domain=aip.scitation.org&date_stamp=2015-03-31
https://aip.scitation.org/doi/10.1063/1.4869778
https://doi.org/10.1063/1.4869778
https://aip.scitation.org/doi/10.1063/1.5120525
https://aip.scitation.org/doi/10.1063/1.5120525
https://doi.org/10.1063/1.5120525
https://aip.scitation.org/doi/10.1063/5.0060496
https://aip.scitation.org/doi/10.1063/5.0060496
https://doi.org/10.1063/5.0060496


Electronic structure and magnetism in g-C4N3 controlled by strain
engineering

L. Z. Liu,1 X. L. Wu,1,2,a) X. X. Liu,1 and Paul K. Chu3,a)

1Key Laboratory of Modern Acoustics, MOE, Institute of Acoustics, Collaborative Innovation Center of
Advanced Microstructures, National Laboratory of Solid State Microstructures, Nanjing University,
Nanjing 210093, People’s Republic of China
2Department of Physics, NingBo University, NingBo 315001, People’s Republic of China
3Department of Physics and Materials Science, City University of Hong Kong, Tat Chee Avenue, Kowloon,
Hong Kong, China

(Received 10 February 2015; accepted 23 March 2015; published online 31 March 2015)

Regulation of magnetism and half-metallicity has attracted much attention because of its potential

in spintronics. The magnetic properties and electronic structure of graphitic carbon nitride

(g-C4N3) with external strain are determined theoretically based on the density function theory and

many-body perturbation theory (G0W0). Asymmetric deformation induced by uniaxial strain not

only regulates the magnetic characteristics but also leads to a transformation from half-metallicity

to metallicity. However, this transition cannot occur in the structure with symmetric deformation

induced by biaxial strain. Our results suggest the use of strain engineering in metal-free spintronics

applications. VC 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4916814]

Technological advance in information processing is

driven by improvement in injecting and manipulating elec-

tronic spin.1 With respect to logic and memory devices, mate-

rials which filter the current into a single spin channel should

be considered and hence, magnetic materials such as metal-

DNA complexes, manganese perovskites, diluted magnetic

semiconductors, and doped nanostructures have received

much attention2–10 because they can generate good spin-

splitting at the Fermi level, that is, half-metallicity.

Unfortunately, such materials are generally not compatible

with current manufacturing technology and the large spin

couplings in these systems lead to a very short spin relaxation

time as well10 thus affecting the performance of spintronics

devices. In this respect, two-dimensional (2D) materials with

unique electronic properties are of interest. Regulation of

spin-splitting at the Fermi level in 2D materials depends on

the applied electric field as well as organic molecule adsorp-

tion or B/N doping.11–16 However, the required strong electric

field and random distribution of B/N dopants and adsorbent

functional groups make it difficult to manipulate spin and so

new materials with good half-metallicity are highly desirable.

Recently, a new type of graphitic carbon nitride (g-C4N3)

has been synthesized.17 In this structure, the N atoms in

g-C4N3 can be regularly replaced by C atoms to form the

C-doped g-C3N4 structure to alter the electronic and magnetic

properties. Density functional theory (DFT) calculation dis-

closes that the materials display good half-metallicity and are

promising to spintronics applications.18 External strain can be

easily implemented by introducing a specific substrate in the

fabrication of g-C4N3 structure. This is an effective way to

regulate the electronic structure and spin polarization and if

the effect of external strain on magnetism can be adjusted,

spin can in fact be manipulated by strain engineering.

However, the understanding of strain-dependent magnetism in

g-C4N3 is quite limited so far.

In this work, g-C4N3 is chosen as the model system to

study the relationship between external strain and spin-

splitting at the Fermi level. The theoretical derivation disclo-

ses that asymmetric deformation induced by uniaxial strain

not only regulates the magnetic characteristics but also leads

to a transformation from half-metallicity to metallicity.

However, this transition cannot occur in the system with

symmetric deformation induced by biaxial strain thereby

suggesting that strain engineering is an ideal way to control

spin polarization.

The theoretical assessment is based on the density func-

tional theory in Perdew-Burke-Ernzerhof (PBE) generalized

gradient approximation (GGA), using the Vienna ab initio
simulation package (VASP) code with projector augmented

wave pseudopotentials.19–21 The plane-wave energy cutoff

of 500 eV is used to expand the Kohn-Sham wave functions

and relaxation is carried out until all forces on the free ions

converge to 0.03 eV/Å. The vacuum space is at least 15 Å,

which is large enough to avoid the interaction between peri-

odical images. The Monkhorst-Pack k-points grid is

10� 10� 1, which has been tested to be well converged.

Spin polarization is included throughout the calculation and

to examine the standard calculated results, magnetic calcula-

tion is also performed by combining the DFT with many-

body perturbation theory in the G0W0 approximation.22,23

The optimized primitive (1 � 1) g-C4N3 with the 4.81 Å

lattice constant is shown in Fig. 1(a). Substitution of an N

atom with a C atom will inject a hole into the nonmagnetic g-

C3N4 [Fig. 1(d)] consequently altering the electronic structure

and magnetic properties. As expected, the magnetic moment

becomes �1.00 lB per formula unit in the absence of external

strain, and it is evenly distributed among three neighboring

nitrogen atoms (Table I showing that each N atom has

�0.33 lB magnetic moment). Hence, the spin charge density

between spin-up and spin-down (q ¼ q# � q") are

a)Authors to whom correspondence should be addressed. Electronic

addresses: hkxlwu@nju.edu.cn and paul.chu@cityu.edu.hk
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symmetrically distributed in three N atoms [Fig. 1(b)]. The

distribution of spin polarization can be tuned by asymmetric

deformation. As shown in Figs. 1(f) and 1(c), uniaxial strain

(x¼ 10% and y¼ 10%) makes the spin charge density deviate

from the N atoms to N-C bond vicinity (Table I showing that

the magnetic moments of N1, N2, and N3 atoms decrease to

0.10, 0.05, and 0.14 lB, respectively). However, symmetric

deformation induced by biaxial strain (x¼ y¼ 10%) cannot

completely alter the spin charge density distribution [Fig.

1(e)]. These results demonstrate that magnetism induced by

spin polarization is strongly related to structural deformation.

To verify the reliability of the calculation, the calculated

magnetic moments based on different computational methods

are summarized in Table I. The results without external strain

(normal type) are all �1.0 lB, which are independent of the

computational methods. The magnetic moments with

x¼ 10% strain (boldface type) decrease to 0 lB [local-density

approximation (LDA) and GGA] and 0.3 lB (PBE and

G0W0), respectively. The discrepancy can be attributed to

differences in the methods but does not affect the conclusion.

It is well known that DFT generally underestimates the band

gap because the independent-electron picture breaks down as

a result of the strong Coulombic interactions.24 In order to

improve the theoretical evaluation of the band gap, hybrid

functionals are frequently used in DFT calculation. For

example, a hybrid-DFT band gap of the g-C3N4 structure was

calculated to be 3.35 eV (G0W0), while the result by LDA

was 1.32 eV.25 Hence, the results calculated by the PBE and

G0W0 methods are adopted and described in this work

because they are more exact.18 In the g-C4N3 structure, the

injected hole from the C4 atom can make the original atomic

population (1.09 in g-C3N4) and charge transfer (0.41 eV in

g-C3N4) of C1-N1 bond decreases to 1.02 and 0.34 eV,

respectively. The redistributed electron wave function makes

the generation of spin splitting at the pz orbit of the N atoms

and therefore 1.0 lB magnetic moments appear at all three N

atoms. In the presence of uniaxial strain, overlapping of the

electron wave function at C1-N1 bonds is enhanced (atomic

population becoming 1.05) and asymmetric deformation

makes the spin density to deviate from the N atoms to N-C

bond vicinity [Figs. 1(c) and 1(f)]. The electronic structure

changes makes the original spin splitting small and the total

magnetic moment diminishes to 0.30 lB. This process is

more clearly illustrated in the band structure transformation.

In the absence of external strain, the calculated band

structure [along high symmetry points as shown in the inset

in Fig. 4(d)] and the spin-resolved total density of state

(DOS) of (1 � 1) g-C4N3 is displayed in Figs. 2(a) and 2(b).

The detailed band structure analysis shows that the spin-up

(marked by up) bands cross the Femi energy, whereas the

spin-down (marked by dn) ones show a very large band gap

(�2.2 eV). Therefore, only the spin-up electron can be trans-

ported in this system and the current flow should be fully

spin-polarized, i.e., half-metallicity. DOS splitting shows that

the spin-up bands are fully occupied while the spin-down bands

are partially filled, resulting in a 1.0lB magnetic moment.

When the uniaxial strain of 10% is applied along the x direction

(x¼ 10%) as shown in Figs. 2(c) and 2(d), the lower spin split-

ting energy makes spin-down bands to increase to the Femi

level (green line) and restriction to spin-down electron transport

is abrogated. The valence band maxima of spin-up and spin-

down all exceed the Fermi level and this system exhibits good

metallicity. Meanwhile, the DOS splitting between the spin-up

and spin-down states is reduced and the magnetic moment also

decreases to 0.30lB. Owing to these magnetic transformations

in the g-C4N3 structure, the spin filtering characteristics fail and

all the electrons (spin-down and spin-up) can be transported

freely thereby greatly impacting the performance in spintronics

applications.

FIG. 1. Optimized (1 � 1) g-C4N3 (a) and g-C3N4 (d) structure. Calculated

spin densities of (1 � 1) g-C4N3 with 0% (b) and 10% (e) biaxial strain.

Calculated spin densities of (1 � 1) g-C4N3 with 10% uniaxial strain along x
(f) and y (c) directions. Silver gray and brown balls stand for N and C atoms,

respectively.

TABLE I. Calculated magnetic moments of (1 � 1) g-C4N3 with 0% (nor-

mal type) and 10% (boldface type) uniaxial strains along the x direction by

different computational methods.

C4N3 PBE LDA GGA HSE06 G0W0

C1 0.00 0.00 0.00 0.00 0.00 0.00 0.01 20.01 0.00 0.00

C2 0.00 0.00 0.00 0.00 0.00 0.00 0.01 20.01 0.00 0.00

C3 0.00 0.00 0.00 0.00 0.00 0.00 0.01 20.01 0.00 0.00

C4 0.02 0.01 0.03 0.00 0.02 0.00 0.04 0.04 0.03 0.01

N1 0.33 0.10 0.32 0.00 0.33 0.00 0.31 0.56 0.32 0.15

N2 0.33 0.05 0.32 0.00 0.33 0.00 0.31 0.25 0.32 0.05

N3 0.33 0.14 0.32 0.00 0.33 0.00 0.31 0.18 0.32 0.11

Total 1.01 0.30 0.99 0.00 1.01 0.00 1.00 1.00 0.99 0.32

FIG. 2. Calculated band structure and spin-resolved total DOS for (1 � 1)

g-C4N3 structure with 0% [(a) and (b)] and 10% [(c) and (d)] uniaxial strain

along the x direction.
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To display the magnetism changes in detail, the magnetic

moment values of (1� 1) g-C4N3 as functions of external strain

are calculated and shown in Fig. 3(a). In the presence of uniaxial

strain along the x or y direction, the magnetic moment (1.00lB)

first decreases to 0.30 (x¼ 10%) and 0.83 lB (y¼ 11%), and

then increases slowly to 0.56 and 0.98lB at 16% uniaxial strain,

which can be attributed to asymmetric deformation. For exam-

ple, the C1-N1 bond can be stretched monotonically from 1.336

(x¼ 0%) to 1.478 Å (x¼ 16%), whereas the C3-N3 bond is first

compressed to 1.305 Å (x¼ 10%) and then stretched to 1.336 Å

(x¼ 16%) slowly. The changes in the C3-N3 bond are consist-

ent with the magnetism changes, because stronger orbital

overlapping depends only on the compression of C3-N3 bond

and has nothing to do with the tensile C1-N1 bond. Therefore,

symmetric tensile deformation induced by biaxial strain cannot

lead to the magnetism changes. To clearly display the transfor-

mation from half-metallicity to metallicity, the energy differ-

ence (E� Ef ) between the valence band maximum (E) at C
point and Fermi level (Ef ) are shown in Fig. 3(b). When x¼ 4%

and y¼ 6%, E� Ef of spin-up and spin-down becomes positive

(this system beginning to show metallicity). On the contrary,

this system with biaxial strain has half-metallicity because the

energy differences of spin-down are always negative. To com-

pare the structural stability, the formation energy in this system

can be expressed as E ¼ Er � Eu, where Er and Eu stand for

the relaxed and unrelaxed energy. The formation energies as

functions of external strain are calculated and shown in Fig.

3(c). The structure with uniaxial strain has a smaller formation

energy than that of biaxial strain, indicating that the structures

with uniaxial strain are more stable. To further explore the struc-

tural stability, the (1� 1) g-C4N3 structure with x¼ 10% strain

is calculated by spin-polarized ab initio molecular dynamics

simulation with a Nose-Hoover thermostat at 300 K. Fig. 3(d)

shows the fluctuation in the temperature as a function of simula-

tion time at 300 K. After 30 ps, no structure destruction occurs

in this system. The band structure and magnetic values also do

not change (�0.30 lB). This can be understood by that the bind-

ing energies of the C-N and C-C bonds are much larger than the

thermal energy corresponding to room temperature.

To explore the magnetic ground of g-C4N3, the ferro-

magnetic (FM) and antiferromagnetic (AFM) configurations

are considered by using the (2 � 2) supercell. Based on the

nearest-neighbor Heisenberg model,26 the energy difference

between the FM and AFM configurations can be calculated

as DEAFM�Fm ¼ EAFM � EFM ¼
P

ij JijSiSj, where Jij is the

nearest-neighbor magnetic coupling strength and Si and Sj are

the net spin of each primitive (1� 1) g-C4N3. Fig. 4(a) disclo-

ses that the FM state is the most energetically stable (the val-

ues being all positive) and the structure with uniaxial strain

along the x direction has the lowest energy compared to the

other two cases. This can be understood by that uniaxial

strain can effectively decrease the energy of the FM configu-

ration making it approach that of the AFM configuration due

to the magnetism changes [Fig. 3(a)]. The magnetic coupling

strengths as functions of external strain are calculated and

shown in Fig. 4(b). In the presence of uniaxial strain along

the x or y direction, the changes in the magnetic coupling

strength are similar to those of the magnetic changes as

shown in Fig. 3(a). This is because that weaker magnetic

moments lead to weaker magnetic coupling strength and

smaller DEAFM�Fm, as shown by Fig. 4(d). It is important to

note that the (2� 2) g-C4N3 structure reconstructs into a

slightly distorted structure during geometric optimization in

the FM and AFM configurations. This can be used to explain

the nonlinear changes of DEAFM�Fm and J of (2� 2) in the

g-C4N3 structure with biaxial strain. To understand the physi-

cal origin of magnetism, a detailed analysis of the orbital-

resolved magnetic moments in the g-C4N3 structure with uni-

axial strain along the x direction is performed and shown in

Fig. 4(c). The magnetic moments are mainly attributed to the

pz orbit of the three N atoms and the effect of the sp2 orbit is

very small. The contribution of the pz orbital magnetic

FIG. 3. Calculated magnetic moments (a), formation energy (c), and energy

differences (b) between valence band maximum value and Fermi level at the

C point of the g-C4N3 structure with different external strain, respectively.

The fluctuation in temperature is shown as a function of the molecular

dynamic simulation step at 300 K of g-C4N3 structure with 10% uniaxial

strain along x direction.

FIG. 4. Energy difference DEAFM�Fm between the AFM and FM configura-

tions (a) and magnetic coupling strength (b) of the g-C4N3 structure with dif-

ferent external strain, respectively. Projected magnetic moments on the pz,
sp2 orbit (c) and DEAFM�Fm as a function of pz orbital magnetic moments (d)

in g-C4N3 structure. The inset shows the high symmetry points of the

Brillouin zone.
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moment to the DEAFM�Fm is considered and shown in

Fig. 4(d) and the pz orbital magnetic change is mainly respon-

sible for the DEAFM�Fm behavior.

In summary, in the g-C4N3 structure, magnetism can be

controlled by asymmetric deformation. It diminishes gradu-

ally to 0.33 (x¼ 10%) and 0.83 lB (y¼ 11%) and then

increases slowly to 0.56 (x¼ 16%) and 0.98 lB (y¼ 16%).

Meanwhile, this system transforms from half-metallicity to

metallicity. This phenomenon is different from the magnetic

behavior of symmetric deformation induced by biaxial strain.

It should be noted that the previously proposed strategies to

regulate magnetism may be difficult to control experimen-

tally because a strong external electric field or careful selec-

tive doping is required. In contrary, since the external strain

can be easily applied by means of a specific substrate in fab-

rication, the strategy to apply external strain in engineering

of spintronic materials has large potential.
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