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Tunable Intrinsic Magnetic Phase Transition in 

Pristine Single-Layer Graphene Nanoribbons 

Santhosh Sivasubramani1, Sanghamitra Debroy1, Swati Ghosh Acharyya2, Amit Acharyya1* 

1 Advanced Embedded Systems and IC Design Laboratory, Department of Electrical 

Engineering, Indian Institute of Technology - Hyderabad, India 

2 School of Engineering Sciences and Technology, University of Hyderabad, India 

ABSTRACT: 

In this letter, we report an interesting phenomenon of magnetic phase transitions (MPT) observed 

under the combined influence of Electric field (E) and Temperature (T) leading to thermo-

electromagnetic effect on the pristine single layer zigzag graphene nanoribbon (szGNR). Density 

functional theory based first principle calculations have been deployed for this study on intrinsic 

magnetic properties of graphene. Interestingly, by tuning Electric field (E) and Temperature (T), 

three distinct magnetic phase para, ferro, and antiferromagnetic behaviors have been exhibited in 

pristine single layer zigzag Graphene NanoRibbon (szGNR). We have investigated the unrivaled 

positional parameters of these magnetic phase transitions. MPT occurring in the system also 

follows a positional trend and the change in these positional parameters concerning the size of the 

szGNR along with the varied E and T is studied.  We propose a Bow-Tie schematic to induce the 

intrinsic magnetism in graphene and present the envisaged model of the processor application with 

the reported intrinsic MPT in szGNR. These fundamental insights on intrinsic magnetic phase 

transitions in graphene is an essential step towards developing graphene-based spin-transfer torque 

magnetoresistive random-access memory (STT-MRAMs), quantum computing devices, 

magnonics, and spintronic memory application. 
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KEYWORDS: Intrinsic Magnetism, Magnetic Phase Transition, single layer zigzag Graphene 

NanoRibbon (szGNR), Thermo-ElectroMagnetic Effect, Spintronic Memory Devices 

1. INTRODUCTION: - Magnetic properties of low dimensional materials have gained 

importance by virtue of its reduced hoping tendency of electrons, increased coulomb attraction 

and its lightweight nature. Magnetism in graphene[1] have gained attention after the revelation of 

nanoscale edge effect[2], p electrons energy spectrum[3] and self-healing phenomenon[4] which 

is capable of driving self-sustained low power devices in spintronic and magnonics 

applications[5,6]. The role and the necessity of the intrinsic magnetic nature of pristine graphene 

in these primary applications have been the motivation for the study investigated here. As the edge 

terminations[7] plays a significant role in determining the magnetic properties, graphene 

nanoribbon[8] is the recent focus of study by the research community.  Due to the chirality of low 

energy charge carriers in graphene, the edge localized zero energy states in zigzag graphene 

nanoribbons are highly degenerate[9], and this property has made zigzag graphene nanoribbons as 

one of the major thrust areas of research and our material choice of study[10].  

The existence of the magnetic properties within graphene is still debatable[11] although the 

existence of magnetic phases such as Ferromagnetism[12–14] (FM), Antiferromagnetism[15,16] 

(AFM) and Paramagnetism[17,18] (PM)  has already been proclaimed in the literature[11–17]. In 

general, magnetism in graphene is induced by the application of electric field, doping and 

structural changes. Primarily, Electric field[19–23] induces magnetic phase transition in shaped - 

single layer graphene[15,21,24] whereas doping leads to the introduction of charged impurities 

and spin-polarized effects which in turn increases the spin lifetime[25] resulting in induced 

magnetism[26]. Graphene growth on various substrates[27] accelerates single spin dirac 

fermions[28], spin textures and the dirac cones effects[29] leading to the structural change induced 
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magnetic phases. First principle calculations[30–32], Hubbard model[33–35], many-body 

perturbation theory[15,21], LLG equations[36], DFT calculations[37,38] and  Quantum Monte 

Carlo (QMC)[39] simulations have been deployed to investigate magnetic properties of graphene. 

Tunable magnetic properties are majorly achieved by spin polarization of the edge states[40] and 

local atomic arrangements[41]. Studies reveal that the magnetism in zigzag edged Graphene is also 

dependent on temperature[42–45]. Zigzag effect[36,45]  leading to magnetic phase transition[24] 

and GNR’s edge spin role, width tuning effects on magnetism[14,45–47] have been widely 

reported. Graphene nanoribbons exhibit magnetic phases when it is charged, and it stores the 

electrons in the soliton topological phase at interface[48]. The role of zak phase and magnon effects 

in graphene’s magnetic properties has also been studied[46,49,50].  

State of the art study on magnetism in graphene is, the application of electric field[19–22] (E) 

and the temperature[42–45,51] (T) independently changes the properties of the material. The self-

dependency of E and T have not been fully explored for tuning the material properties of single 

layer zigzag Graphene NanoRibbon (szGNR). We envisage that the combined effect of E and T 

breaks the symmetry of the system and eventually leads to magnetic phase transitions. Hence in 

this letter, the combination of E and T and its effects on intrinsic magnetic properties (thermo-

electromagnetic effect) of szGNR is investigated, which would open up new avenues for soft 

magnetic material applications[49]. In this letter, a scheme is also proposed for the fine-tuning of 

magnetic properties in graphene and it can be extended for other carbon allotropes. Magnetic phase 

transitions occurring in the system with their respective positions have also been addressed, 

expediting towards area specific computing and memory applications.  

The 2017 Magnetism Roadmap [52] states the role of Graphene-based magnetism as the key for 

the development of spin logic, novel devices and for transporting spin information in spintronic 
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circuits or for reprogrammable magneto logic devices. This metal free magnetism paves way to 

magnonics applications.  Researchers have shifted their design paradigm towards developing an 

alternative to CMOS based computing and are looking towards graphene-based computing devices 

where computation is expected to be performed using the induced intrinsic magnetism. In line with 

this, our study reported here throws light on the unrivaled intrinsic magnetism of free-standing 

szGNR. We have also presented the envisaged processor application with the findings reported 

which we believe is of significance in the ongoing research trend. 

2. METHODS: - Density functional theory based first principle calculations have been used to 

investigate the magnetic properties of single layer zigzag graphene nanoribbons (szGNRs). 

Calculations have been performed in the framework of spin density functional theory[53] as 

implemented in quantum espresso package[54,55] as described by the exchange-correlation 

functional GGA-PBE (Generalized Gradient Approximation)[56], (Perdew–Burke–

Ernzerhof)[57]. Plane wave cutoff is 45 Rydberg (Ry) and fully relativistic pseudopotentials with 

included spin-orbital coupling have been used throughout the study. Brillouin zone has been 

integrated with Gaussian smearing of 0.04 Ry. Convergence energy is 0.005 Ry for a 10x10x10 

Monkhorst–Pack K point grid sampled using gamma point. The saw-tooth potential is applied 

perpendicular to the graphene sheet, for inducing the electric field in the system. Car-Parrinello 

molecular dynamics simulations[58] have been performed as implemented in QE code to 

determine the temperature of the system using nose thermostat with the frequency of 65 THz and 

with varying temperatures in kelvin. To avoid subjective interaction error and to check electron 

correlation, magnetic phase distinction concerning the energy difference is analyzed using Broken 

Symmetry – Density Functional Theory (DFT-BS). Exchange coupling constants have been 

calculated by solving Kohn Sham equations in the framework of Korringa-Kohn-Rostoker (KKR) 
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Green’s function approach. Single layer zigzag graphene nanoribbon of sizes 1x1 nm, 2.5x2.5 nm, 

5x5 nm, 7.5x7.5 nm and 10x10 nm (refer Table S1.) have been used for this vacuum study with 

temperature varying from 50 K to 730 K (optimal range to obtain MPT at E above 0 V/Å ) and the 

electric field from 0.08  to 5.5 V/Å   (optimal range to obtain MPT at T above 0 K). 

3. RESULTS AND DISCUSSION: - The following section is organized as follows: 3.1) 

Influence of ET on MPT 3.2) Study to confirm the magnetic phase existence and its transition 3.3) 

Measurement of magnetic properties and its existence 3.4) Positional parameters study of the 

appeared magnetic phases 3.5) Envisaged Application of the finding reported.  

3.1) Influence of ET on MPT: Spin orientation, relative transition energy and density of states 

have been studied to identify the magnetic phases and its existence. At specific E and T, the system 

exhibits a unique magnetic phase (PM, FM, and AFM). Further tuning it leads to the transition 

from one phase to other. In the szGNR, the applied T increases with decrease in E to obtain distinct 

magnetic phases and T is decreased when E is increased. This material specific finding has 

significant potential to be used in today’s 3D electronics[59] where heat dissipation is of primary 

concern.  
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 6 

 

Figure 1. Electric field and temperature plot in V/Å and kelvin respectively for the magnetic phases. a) E is fixed 

as constant and T is varied to obtain PM, FM and AFM phases; E at 2 V/Å exhibits PM phase when T=33 K, FM 

Phase when T=138 K and AFM phase when T = 378 K and b) T is fixed as constant and  E is varied to obtain magnetic 

phases; T at 282 K exhibits PM phase when E is at 0.3 V/Å, FM phase when E is at 1.1 V/Å and AFM phase when E 

is at 3.2 V/Å .  In the figure square represents  PM phase, circle represents FM phase, and  triangle represents the AFM 

phase. Solid lines represent the 9th order polynomial fit for the respective magnetic phases.  

The combination of electric field and temperature is applied transversely to the szGNRs of length 

1nm, 2.5nm, 5nm, 7.5nm and 10nm respectively. Interestingly, we note that the magnetic phase 

transitions occurred is independent of the size of the graphene nanoribbon (GNR). However the 

size of the GNR plays a role in determining the positions of the occurred magnetic phase. The 

corresponding E and T values for which the PM, FM and AFM phases appear is illustrated in 

Figure 1. As both E and T are variables, to attain a self-sustained tunable system, E is kept as 

constant, T is varied as shown in Figure 1(a), and T is kept as constant, E is varied as shown in 

Figure 1(b).  
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 7 

As a case study: a) The optimal values considering Advanced Micro Devices (AMD) K6-2/K6-

3 processors’ are as follows: With the value of E is set constant at 2.4 V/Å, szGNR needs T=29, 

124, 360 K to exhibit PM, FM and AFM phases respectively. While with the emitted heat T = 316 

K, szGNR requires E=0.25, 0.75, 2.8 V/Å respectively to exhibit PM, FM and AFM phase. b) The 

optimal values considering Intel MMX Pentium processors are as follows: With the value of E is 

set constant at 2.8 V/Å, szGNR needs T=22, 104, 316 K to exhibit PM, FM and AFM phases 

respectively. Whereas when the emitted heat (T) is 360 K, szGNR requires E=0.2, 0.6, 2.4 V/Å 

respectively to exhibit PM, FM and AFM phase. The electric field has been kept as constant 

throughout in the range of 0.08 to 5.5 V/Å and at every instance of E, the temperature has been 

varied to obtain the PM, FM and AFM phases respectively. Similarly, when the temperature has 

been kept as constant from 50K to 730K, the electric field has been varied from 0.08 to 5.5 V/Å at 

every instance of T, in order to obtain the PM, FM and AFM phases. These calculations have been 

done to ensure that both E and T are tunable to obtain the desired magnetic phase. The 

mathematical expression for calculating E and T values to obtain distinct magnetic phase 

transitions for szGNRs typically in the range of 1nm to 50 nm size is given below- 

𝑌 = 𝐼𝑛𝑡𝑒𝑟𝑐𝑒𝑝𝑡 + 𝐵1 ∗ 𝑥1 + 𝐵2 ∗ 𝑥2 + 𝐵3 ∗ 𝑥3 + 𝐵4 ∗ 𝑥4 + 𝐵5 ∗ 𝑥5 + 𝐵6 ∗ 𝑥6+   𝐵7 ∗ 𝑥7 + 𝐵8 ∗ 𝑥8 + 𝐵9 ∗ 𝑥9 

 

(1) 

Where, the values of the Intercept and B1, B2 … B9 are given in Table 1.  

Table 1. The values for E and T calculation applied in equation (1) a) with x (electric field in V/Å) as constant, 

respective Y (temperature in kelvin) is calculated to obtain PM, FM and AFM phases. b) with x (Temperature in 

kelvin) as constant respective Y (electric field in V/Å) is calculated in order to obtain PM, FM and AFM phases. No 

weighting factor is included in the expression, the intercepts values, and B1 to B9 values concerning the magnetic 

phase and their standard errors are given to reduce the error tolerability value below ± 2%. 
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 8 

  a) T b) E 

Weight No Weighting 

Residual sum 
of squares 

7744.823
72 

9696.2
6065 

3332.769
38 

0.1674 0.51882 0.37743 

Adjacent R-
square 

0.94899 0.9801
1 

0.99536 0.96055 0.99082 0.99569 

  Value Standard 

Error 

Value Standard 

Error 

P
M

 

Intercept 664.94718 51.68266 3.99495 0.83064 

B1 -2557.87273 529.83478 -0.09982 0.04562 

B2 4776.86221 1838.70501 0.00134 9.33723E-4 

B3 -4938.14319 2958.84429 -1.10232E-5 9.65708E-6 

B4 3050.37177 2566.33073 5.75399E-8 5.69089E-8 

B5 -1171.34657 1295.05176 -1.91378E-10 2.02E-10 

B6 281.87425 391.24403 4.00235E-13 4.38804E-13 

B7 -41.3277 69.6504 -5.06814E-16 5.69837E-16 

B8 3.37432 6.73139 3.53952E-19 4.05616E-19 

B9 -0.11761 0.2722 -1.04437E-22 1.21597E-22 

F
M

 

Intercept 785.63736 57.8284 6.77378 1.46235 

B1 -281.9831 592.83909 0.01708 0.08031 

B2 -2777.57495 2057.35118 -0.00172 0.00164 

B3 6130.06353 3310.68974 1.97586E-5 1.70013E-5 

B4 -5822.33683 2871.50116 -1.09164E-7 1.00188E-7 

B5 3018.2759 1449.05043 3.45479E-10 3.55622E-10 

B6 -912.17839 437.76809 -6.58012E-13 7.72515E-13 

B7 160.37654 77.93274 7.46302E-16 1.0032E-15 

B8 -15.20772 7.53184 -4.64701E-19 7.14087E-19 
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 9 

B9 0.6014 0.30457 1.22342E-22 2.14072E-22 
A

F
M

 

Intercept 1001.77821 33.90328 10.14614 1.24727 

B1 -123.32259 347.56603 -0.11001 0.0685 

B2 -2958.85868 1206.17111 0.00136 0.0014 

B3 5663.9513 1940.97067 -1.21735E-5 1.45008E-5 

B4 -4884.88254 1683.48592 6.79907E-8 8.54527E-8 

B5 2357.14613 849.54031 -2.33751E-10 3.03317E-10 

B6 -675.85445 256.65196 4.91329E-13 6.58894E-13 

B7 114.36514 45.68993 -6.13947E-16 8.55649E-16 

B8 -10.54861 4.41572 4.18647E-19 6.0906E-19 

B9 0.40893 0.17856 -1.19972E-22 1.82587E-22 

 

By reducing E with the increase in T and vice versa will enable the reconfigurability of the pristine 

szGNR based devices and making it ultra-low power. Equation (1) gives a brief mathematical 

explanation for the 9th order polynomial fit in Figure 1(a, b).  With the value of E been known, 

corresponding value of T to obtain PM, FM and AFM phase in szGNR is calculated using Table 

1(a) and the value of T been known the value of E is calculated using Table 1(b). Error values are 

specified such that the precision increases and to maintain the maximum fault tolerance in a feeble 

range which doesn’t alter the phase transitions happening in the pristine single layer zigzag 

graphene nanoribbons. 

3.2) Study to confirm the magnetic phase existence and its transition:  

Energy barrier between the magnetic phases is overcome by the assistance of temperature. With 

the available literatures[42–45,51] on the effects of temperature on the magnetic properties of 

GNRs we realize that the energy barrier can be broken using temperature. Temperature has its 
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effects on the local coordination of atoms enabling the FM and AFM phases’ in correspondence 

to the Curie and Neel temperature. As pointed out, structural changes are possible due to the 

varying temperature[44]  which also affects the intrinsic magnetism, similarly these geometric 

effects also assists in breaking the symmetry of the system thus leading to magnetic phases[41]. 

The unequal number of zig zag edges along with the temperature contributes towards the reduced 

magnetic moment leading to phase transition. Electron depletion occurring between the two edges 

contributes to the electron flow thus changing the magnetic moment and the difference in energy 

density arises with the direction and the strength of the external transversely applied electric field. 

Spins are of parallel alignment with the increase in field values in line with the Curie temperature 

obtaining ferromagnetic phase. Similarly, the sub lattice moments are exactly opposite, but of 

equal magnitude. The net moment obtained is zero leading to Antiferromagnetism arising above 

the Neel temperature. With the applied field, the randomly oriented spins are aligned towards the 

field direction and the para magnetism greatly depends on the temperature and the applied field to 

satisfy the Curie Law. Transverse electric field is applied throughout this study reported aiding in 

MPT backed up by the available literature [19–22] . One of the reason vertical electrical field not 

being resolved for magnetic study is the rising magnetism is easily quenched by the thermal 

activation. Net magnetic-moment, individual coupling constants entitling towards the different 

magnetic phases are tabulated in Table 2.  The magnetic states are determined using the relative 

transition energy and the magnetic moment values obtained as tabulated and highlighted in the 

revised manuscript Table 2. Magnetization values have been presented in Table S3, available in 

the supplementary information, which aids in the determination of the magnetic phases. Magnetic 

phase diagram represented using the contour plot observed in the Xcrysden aids in identification 

of the spin orientations which assists to determine the magnetic phases. Magnetic moment and the 
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energy gap values as illustrated in Figure 2 as a function of electric field and temperature also aids 

in confirming the existence of magnetic phases appeared. 

Table 2. a) Relative transition energies in (meV) in pristine szGNRs  for [1x1, 2.5x2.5, 5x5, 7.5x7.5 and 10x10] nm  

b) Total spin magnetic moments in (µB) for all the magnetic phases  

Pristine szGNRs dimension [n x n ] in nm [1x1] [2.5x2.5] [5x5] [7.5x7.5] [10x10] 

a) 

Relative transition 
Energy (RTE) in 

(meV) at consecutive 
states of distinct 
magnetic phases 

RTENM –> PM -10 -31 -78 -114 -167 

RTEPM –>NM -28 -52 -99 -130 -189 

RTEPM –>FM -40 -102 -153 -193 -260 

RTEFM –>AFM -39 -145 -236 -382 -410 

RTEAFM –>NM -48 -115 −288 -408 -560 

b) 

Magnetic moment 
in (µB) at different 
magnetic states 

PM 

Mtotal 0.5 0.8 1 1.2 1.4 

Mup 1 1.395 1.583 1.901 2.834 

Medge 0.2 0.32 0.38 0.44 0.58 

FM 

Mtotal 1.5 2 3 4 4.5 

Mup 1.658 1.92 2.497 3.567 5.089 

Medge 0.198 0.249 0.275 0.291 0.358 

AFM 

Mtotal 1.3 2.5 4 4.3 4.8 

Mup 1.477 1.6 1.743 2.782 4.005 

Medge 0.15 0.22 0.27 0.29 0.34 

 

DFT-BS calculations and Kohn Sham equations using KKR Green’s function approach[60] is 

used to analyze the relative transition energies (RTE) and to verify the existence of the magnetic 

phases along with its translational positional parameters. As edge terminations plays a major role 

in the internal magnetism of szGNR, its spin states are also studied to understand its behavioral 

changes. Five varied dimensions of szGNR have been studied and observed that the magnetic 
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phase transition occurring was uniform for all the cases and the magnetic strength changes 

logarithmically from small dimension to large dimension. Relative translational energy as listed in 

Table 2(a) for PM –>FM transition is stronger compared to the other transitions. The NM –>PM 

transition is the strongest of all. FM –>AFM transition is equally comparable with the PM –>FM 

transition. Still, the total magnetic moment obtained is in par with the soft magnetic materials[61]. 

Stability of the magnetic phases are as follows:  FM>PM>AFM. The ground state NM is achieved 

after every complete transition cycle, enabling the reversible nature of the system. FM state is more 

stable compared to PM and AFM which is quite evident from the magnetic moment values listed 

in Table 2(b).  

3.3) Measurement of magnetic properties and its existence: 
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 13 

Figure 2. a) Highest local Magnetic moment and ratio of energy split to the magnetic states as a function of the 

applied external electric field (Transverse) and the tunable magnetic phase transitions (MPT) with respective field 

applied and their corresponding magnetic moments.  b) Relationship between electronic band gap (Eg), normalized 

vector (w) and Temperature for three inter-dependent magnetic phase transitions as a function of localized spin 

moments. c) Band diagram of different magnetic phases (NM-PM-FM-AFM-NM) black solid line representing spin 

down and the blue solid line representing spin up 

In the absence of an electric field and temperature, the ground state is NM as tabulated in Table. 

2. Local maxima contributing towards the largest local magnetic moment (Mmax) along with the 

difference in energy (2J) and the single particle energy splitting (∆E) with varying electric field is 

presented in Figure 2(a). The dramatic transition from PM->FM and AFM->NM for the applied 

field with the temperature value set as constant is acquainted by the kinetic energy induced. The 

normalized vector component resolving the orientation of spin directions with the energy gap is 

illustrated in Figure 2(b) as a function of temperature. Figure 2(c) illustrates the band diagram of 

the exhibited magnetic phases with the NM state showing zero band gap. 

Magnetic phase diagram capturing the phase transitions is illustrated as shown in Figure 3.  The 

magnetization values have been used to present the contour plot against the magnetic intensity and 

the product of electric field and temperature (represented as ET in this paper). Numbers 1, 2, 3, 4 

have been superimposed on the contour plot distinguishing the phases NM, PM, FM, and AFM 

respectively. Pristine single layer zigzag graphene nanoribbons of length 1x1, 2.5x2.5 and 5.5 nm 

have been studied here. In addition to this 7.5x7.5 and 10x10 nm szGNR have been discussed in 

the supplementary info available (tabulated in Table S2). Magnetic Phase transition occurring 

follows a positional trend. The appeared MPT is repeated and increased logarithmically for all the 

five dimensions reported. For magnetization values of all states refer Table S3 available as 

supplementary info.  
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Figure 3. Magnetic phase diagram of a) 1x1nm b) 2.5x2.5 nm c) 5x5 nm szGNR. Contour plot of the product of 

electric field and temperature (ET product) vs. magnetic intensity vs. magnetization gives the magnetic phase 

transition from NM–>PM–>NM–>PM–>FM/NM/FM–>NM/AFM/NM–>NM in n x n nm szGNR where n= {1, 2.5, 

5}. To distinguish the magnetic states it has been marked with numerals from 1,2,3,4 representing NM, PM, FM and 

AFM phases respectively.  

3.4) Positional parameters study of the appeared magnetic phases: The contour plot of the magnetic 

phase diagram illustrated in Figure 3 clearly gives an overview of the magnetic phase existence 

and it positions. Positional parameters of the MPT has been extended for the conventional usage 

of szGNR (n x n) of size 1nm to 50 nm. ET product values are obtained as illustrated in Figure 1 

and mathematical expressions for calculating positional parameters and the magnetic phase 

existence has been briefly reported in the forthcoming Table 3.     
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Table 3. Total number of hexagons in X axis and Y axis[62] contributing towards each magnetic states and their 

existence range is represented here in their generic form for all n x n  nm szGNRs where n= {1, 2, 3 … 50}. 

Mathematical expressions for number of hexagons and their positions for each corresponding state is shown; making 

this convention viable for real-time implementations.  

N
o
. 
o
f 

h
ex

a
g
o
n

s 
 

Total number of 

hexagons 

X axis (XHex) = 4.7n; 

Y axis (YHex) = 4n; 

[For n x n  dimension of pristine szGNR with their 
corresponding E, T; n= {1, 2, 3 … 50}] 

X 

Axis 

NM XNM = 2n; 

PM,FM,AFM 

For even n XPM, FM, AFM = 0.9n 

For odd n 
XPM = 1n 

XFM, AFM = 0.85n 

Y 

Axis 

NM, PM YNM, PM = 4n 

FM,AFM 
YFM = 1n 

YAFM = YNM, PM / 2 

P
o
si

ti
o
n

 o
f 

h
ex

a
g
o
n

 (
P

) X 

Axis 

NM 

[Position of XNM ] P-XNM{s,m,e};  

Start (s) and end (e = P-XAFM + XAFM) of the szGNR and in 
between positions (m) as mentioned below 

PM 

P-XPM{a,b} positions is  

[{(XNM +1) to (XNM + (0.9n/3))}, {(XNM +2(0.9n/3) +1) to 
(XNM+3(0.9n/3))}; 

[The region (m) between these two positions is NM]; 

FM P-XFM = P-XPM{b} + 1 

AFM P-XAFM = P-XFM + XFM 

Y 

Axis 

NM P-YNM = P-XNM{s,m,e} 

PM P-YPM = P-YNM {s} + 1 

FM 
P-YFM{a,b} position is [{{(4n+1)-4n} to (YFM)}, {(YFM + 

YAFM +1) to (4n)}] 
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[The region (m) between these two positions is NM]; 

AFM 
P-YAFM{a,b} position is {(YFM +1) to (YFM + YAFM)}  

[The region (m) below and above this position is NM]. 

Magnetic state ordering 

with respect to the direction 

of the applied field 

𝑿 𝒂𝒙𝒊𝒔                                        𝑬𝑻 =================≫ 𝑵𝑴 → 𝑷𝑴 → 𝑭𝑴 → 𝑨𝑭𝑴 → 𝑵𝑴≪=================𝑬𝑇                                 − 𝑿 𝒂𝒙𝒊𝒔     (2) 

Round off convention: 

a) If the final value  is < a.5 round off to a and if it is > a.5 round off to a+1 

b) -1 to the value of XNM  and YAFM and  -0.5 to the value of XHex  when n is a decimal number 

 

Electron correlation calculations and the coupling constants have been calculated for n x n 

dimensions of szGNR to briefly report the positional parameters of the magnetic phase transitions 

happening in the graphene system with the applied ET. Figure 3. illustrates the Contour plot of the 

magnetic phase diagram occurring along their corresponding positions. Mathematical formulation 

have been reported for calculating the positional parameters tabulated in Table 3. To begin with, 

depending on the size of the szGNR the total number of hexagons needs to be calculated; upon 

calculation, total no of hexagons contributing towards each state NM, PM, FM, and AFM need to 

be analyzed. On knowing the existence of magnetic phases, its range is calculated within the total 

stipulated size of the szGNR. Mathematical expressions have been deduced for n as even, odd and 

decimal number enabling its multipurpose generic usage. Number of hexagons in x and y axis and 

their position calculations are repeated for both x and y axis.  

Model numerical calculations for this mathematical expressions are given in Table S4 available as 

supplementary info. Figure S1 available in supplementary info shows how to analyze the number 
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of hexagons in szGNR as discussed in this letter. The molecular orbital spin, also accounts for this 

unusual magnetic behavior exhibited. The zak and soliton phase paves the way for the symmetry 

to be broken and causes degeneracy in the system inducing this magnetic nature in the single layer 

zigzag graphene nanoribbons. Coupling effects of Electric field and Temperature: π electrons in 

the carbon is non-trivially influenced by the zigzag edges. These constitute towards massless Dirac 

fermion. 2 degrees of freedom is raised in association with 2 pseudo spins owing to szGNRs 

bipartite lattice. The symmetry of the pseudospin Dirac fermion is broken apart due to the bipartite 

lattice nature. Energy barrier between the magnetic phases is overcome by the assistance of 

coupled effect of temperature and electric field. Local coordination of atoms (the length of the 

bond) is measured by the distance between atomic nuclei. The coupling effect of electric field and 

temperature breaks the symmetry by distorting the local coordination of atoms. Edge atoms plays 

a major role in determining the intrinsic magnetic property of szGNR as the edge atoms majorly 

contributes to the valence states which are nearer to the fermi level. The application of electric 

field and temperature independently leads to FM and AFM magnetic phases. However the 

coupling effects of electric field and temperature leads to the magnetic phase transitions with an 

additional phase revelation.  Re-Configurability of the system is also achieved as NM State appears 

at the first and the end of the cycle. We envisage that the aforementioned points as the underlying 

mechanism for this unusual MPT in szGNR.  

3.5) Envisaged Application of the finding reported: 
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Figure 4. Proposed scheme and envisaged model a) proposed Bow-Tie schematic to induce intrinsic magnetism in 

carbon allotropes. where X={E,P,O} and Z={T,S,G}[M denotes magnetism, X, Z are set variables, a represents spin 

current, E is electric field, P is pressure, O is optical force, T is temperature, S is Strain and G is geometry].  b) 

Schematic for thermo electromagnetic effect described in this letter, where X and Z constitutes for E and T respectively 

c) Envisaged model of the processor application with szGNR of sizes 1x1 and 2.5x2.5 nM exhibiting tunable intrinsic 

magnetic phase transitions is reported here. E represents electric field in V/Å and T represents temperature in kelvin.  

The proposed Bow-Tie scheme shown in Figure 4 (a,b) is expressed in Equation (3)  
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𝑀 = 𝑓(𝑋)𝑓(𝑍) + 𝑎 (3) 

where X={E,P,O} and Z={T,S,G}[63][M denotes magnetism, X, Z are set variables, a represents 

spin current, E is electric field, P is pressure, O is optical force, T is temperature, S is Strain and 

G is geometry]. The proposed scheme for thermo electromagnetic effect; its general form for 

carbon allotropes and the envisaged device application in principle with the finding reported in 

this letter is presented in Figure 4. Bow Tie schematic is proposed to induce intrinsic magnetism 

in defect-free carbon allotropes, where the two tail ends count for the set variables. Dopants, 

vacancy, and defects commonly induce magnetism. This study aims to induce it by applying 

energy on pristine szGNR as defined in X and Z (the set variables). X and Z first influence the 

central part of the design. The change in the spin current constituting the central part of the Bow-

Tie scheme plays a significant role in determining the induced magnetism. The head portion of the 

design portrays the induced magnetism by the combined influence of set variables X and Z in 

addition to the spin currents in the central region.   

In specific to the finding here, the bow tie scheme is designed as in Figure 4(b) where the set 

variables X and Z are chosen as electric field in V/Å and temperature in kelvin, where a is spin 

current by default. This scheme induces intrinsic magnetism in pristine szGNRs breaking the 

degeneracy of the system. With this proposed scheme, an envisaged model of the processor 

application has been presented as shown in Figure 4(c) Heat dissipation and low power 

consumption possess a major challenge in today’s three dimensional (3D) electronics. To counter 

this, herein reported study on tunable magnetic phase transitions in pristine graphene by thermo 

electromagnetic effect is utilized. The two major operations involved in a Central Processing Unit 

(CPU) are data processing and data storage/retrieval[64]. Data processing generates much heat 

depending on the number of clock cycles and the logic. Therefore with the proposed design, when 
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the temperature is high; the electric field can be tuned to lower values, using an E and T controller. 

The power will be regulated in the power hub and fed back to the processing block. Pristine 

graphene can also be used for reconfigurable all spin logic universal gate operations which open 

up new avenues for low power computing and graphene-based memory devices. In day to day 

normal operations, the data storage/retrieval block that performs reconfigurable read and write 

operations generates lesser heat compared to the processing block. When T is low, E should be 

high and it is taken care of E and T controller and power is fed to the data storage/retrieval block 

from the power hub. This feedback loop on both processing and memory block helps in catalyzing 

this finding furthermore. In some instances, owing to extended read/write operations, it may also 

emit lot of heat, then E will be automatically tuned to its lower value. 

4. CONCLUSION: - Intrinsic magnetic phase transitions in szGNR, under the combined 

influence of E and T (the thermo-electromagnetic effect), has been reported in this letter by using 

DFT based first principle calculations. The spin orientations and the corresponding positional 

parameters for this intrinsic magnetic phase transitions are also analyzed and reported for the first 

time. The obtained results show that the novel scheme of applying E and T in combination 

drastically tunes the magnetic properties of pristine szGNRs. The system changes from NM phase 

to PM phase to FM phase to AFM phase and then finally to NM phase with the change in E and 

T. The obtained results also conclude that E and T are inversely proportional to each other for 

achieving intrinsic tunable magnetism reported here which can lead to novel electronic devices as 

envisaged in this article. We also have built the theoretical model for noncollinear thermo-

electromagnetic effect, which predicts that the change in strain and or applied pressure equally 

play an important role in further shaping the findings reported here. The effects of geometry and 

defects along with tunable E and T are under study. The electric field at (2.4 V/Å) exhibits PM 
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phase, FM Phase and AFM Phase when T=29, 124 and 360 kelvin respectively. The minimum 

amount of heat generated in a processor (T at 360 K) exhibits PM phase, FM phase, and AFM 

phase when E is at 0.2, 0.6 and 2.4 V/Å respectively. These results along with the controlled 

tunableness pave the way towards the next generation low power computing paradigms.  

ASSOCIATED CONTENT 
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The supporting information is available free of charge at DOI:  

Details of the number of hexagons in X and Y-axis subjected to this calculation for various 

pristine single layer zigzag graphene nanoribbons with their respective number of carbon atoms in 

the unit cell used for simulation is discussed. Positional parameters calculations for 7.5x7.5 nm 

and 10x10 nm is discussed and model mathematical calculation for positional parameters is solved.  
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