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Abstract 

The study utilized density functional theory (DFT) to investigate the 

impact of spin-orbit interaction and external electric fields on the NiCl2 

monolayer. The results demonstrated a reduction in the energy band gap 

and a transition from an indirect semiconductor to a metal when different 

electric fields were applied. Additionally, the combination of external 

electric fields and spin-orbit interactions altered the band structure of the 

NiCl2 monolayer, leading to a transition from a semiconducting state to 

a metallic state. These findings have significant implications for 

spintronic device design, as they suggest the potential for controlling the 

electrical and magnetic properties of the NiCl2 monolayer, making it 

suitable for use in alternative spintronic devices. 
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INTRODUCTION 

The demand foir spintro inic deiviceis has groiwn significantly duei toi thei varioius applicatioins oif 

spin-oirbit interaction (SOI) (Machon et al., 2015). In addition, moidifying thei mateirial properties by 

applying an eixteirnal eileictric fieild have alsoi attracted atteintioin. Amoing thei mateirials that have i 

attracteid significant inte ireist in spintroinic deivicei deiveiloipmeint is two i-dimeinsioinal grapheinei 

(Novoselov et al., 2005). Researchers have shown interest in 2D materials like graphene for 

spintronic device development. Transition Metal Dichalcogenides (TMDCs), especially monolayers 

like 𝑀𝑜𝑋2 (Manzeli et al., 2017) and 𝑊𝑋2 (where X = S, Se) (Affandi et al., 2018; Affandi et al., 2019). 

Within TMDCs have been extensively studied for their favorable electronic properties.  
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Thei transitioin meital dihalideis (TMD) family oif mateirials poisse isseis similar characteiristics, 

including electronic and magneitic proipeirtie is. Certain transition metal dichalcogenides (TMDCs) 

exhibit both a multiferroic properties and a helimagnetic state in their volumetric configurations 

(Tokunaga et al., 2011; Kurumaji et al., 2013). The efficient synthesis methods for 2D materials have 

highlighted the importance of studying TMDC monolayers (Kulish et al., 2017). 

Thei primary oibjeictivei oif this study is to investigate the impact of an external electric field and 

spin-orbit interaction on the electrical and magnetic characteristics of NiCl2 monolayers, which 

belong to the TMDC family. Thei reisults oif oiur reiseiarch indicatei that the application of an external 

electric field leads to a reduction in both the band gap and magnetic moment of NiCl2 monolayers. 

The following part will examine the arrangement of NiCl2 monolayers and the computational 

techniques employed for analysis. Subsequently, we i preiseint and discuss thei reisults, utilizing data 

and ideas from previous studies. Finally, we co includei thei study by summarizing oiur findings and 

proividing coincluding re imarks. 

METHOD 

Thei unit ceill oif thei 1T-NiCl2 moinoilayeir crystal structurei coinsists oif oinei Ni atoim and twoi Cl 

atoims, as deipicteid in Figurei 1. Toi accoimmoidatei thei NiCl2 moinoilayeir, a vacuum space of 17 Å was 

creiateid, with a latticei parameiteir oif 3.7 Å (Mcguire et al., 2017). Thei DFT calculatioins weirei peirfoirmeid 

using thei OipeinMX soiftwarei (Ozaki et al., 2023), utilizing thei geineiralize id gradieint approiximatioin 

(GGA) foir thei eixchangei-coirreilatioin functioinality, including spin-oirbit co iupling (Perdew et al., 1996). 

A sampling oif thei primitivei ceills was coinducteid in thei first Brilloiuin zoinei using a 16 × 16 ×1 k-poiint 

grid, and a cut eineirgy oif 300 Ry was applieid. 

 

 

 

 

  

 

 

 

 

 

 

Figure 1. The illustration of the i crystal structure i oif the i NiCl2 moinoilaye ir, pro ividing boith a side i vie iw (a) and a 

toip vie iw (b) (Silver: Ni and Green: Cl). 

Foir thei Ni atoim, wei utilizeid thei pseiudoipoiteintial Ni6.0S-s3p3d2f1, which includeis a cutoiff 

radius oif 6.0 Boihr and incoirpoirateis 45 lineiar co imbinatioins oif threiei s primitivei oirbitals, threiei p 

primitivei oirbitals, twoi d primitivei oirbitals, and o inei f primitivei oirbital. As foir the i Cl atoim, we i 

(a) (b) 
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eimploiyeid thei Cl7.0-s3p3d2 pseiudoipoiteintial, feiaturing a cutoiff radius oif 7.0 Boihr and Coinsisting oif 

a toital oif 22 lineiar coimbinatioins deiriveid froim thre iei foir eiach s and p primitivei oirbitals and two i d 

primitivei oirbitals, oiur calculatioins invoilveid coinducting a geioimeitry oiptimizatioin proiceiss toi achieive i 

atoimic poisitioin reilaxatioin in a noin-magneitic structurei beforei thei analysis, e insuring that thei foirceis 

applieid toi thei atoims we irei beiloiw 5 × 10-3 eiV/Å. Subseiqueintly, wei pre ipareid varioius coinditioins oif 

eixteirnal eileictric fieilds ranging froim 0 toi 3.0 V/Å in thei poisitivei z-axis direictioin. 

RESULTS AND DISCUSSION 

In Figurei 2, wei pre iseint thei band structurei oif thei NiCl2 moinoilayeir, in boith sceinariois, coinsideiring 

thei preiseincei oir abseincei oif spin-oirbit interaction. Oiur calculatioins reive ialeid that thei NiCl2 moinoilayeir 

eixhibits an indireict band gap with seimicoinductoir characteiristic, in the state, a coinductioin band 

minimum (CBM) is poisitioineid beitweiein thei M and Γ poiints, and a thei valeincei band maximum (VBM) 

at thei Γ poiint. Thei eine irgy band gaps deiteirmineid throiugh calculatioins, coinsideiring boith caseis oif 

with and withoiut spin-oirbit interactions, arei foiund toi bei 1.052 eiV and 1.047 e iV, reispeictiveily. While i 

thei band gaps arei similar, theirei is a slight diffeireincei in theiir valueis, althoiugh it is noit significant. 

Theisei band gap valueis align weill with preivioius calculatioins, indicating a reiasoinablei agreieimeint 

whilei reiducing thei eineirgy gap. Additioinally, thei calculateid Thei magneitic streingth oif thei nickeil (Ni) 

atoim within thei NiCl2 moinoilayeir, boith withoiut and with spin-oirbit interactions, is fo iund toi bei 1.426 

μB and 1.423 μB, reispeictive ily, within thei unit ceill. 

 
Figure 2. Pre ise ints the i band dispe irsioins oif the i NiCl2 moinoilaye ir, shoiwcasing the i variatioin in (a) the i abse ince i 

and (b) the i inclusioin oif spin-oirbit interaction. 

Subseiqueintly, wei inveistigateid thei oiutcoimei oif eimploiying an e ixteirnal eileictric fieild oin thei NiCl2 

moinoilayeir. The i reisults, as de ipicteid in Figurei 3, deimoinstratei that Thei coimbinatioin oif thei eixteirnal 

eileictric fieild and spin-oirbit interactions beiing pre iseint alteirs thei band structureis oif thei NiCl2 

moinoilayeir, causing a transitio in froim a seimicoinductoir statei toi a meitallic state i. As thei magnitudei oif 

thei applieid eileictric fieild increiaseis, thei NiCl2 statei transfoirms intoi a meitallic statei. In Figurei 4, we i 

coimparei thei valueis oif the i eixteirnal eileictric fieild with thei band gap eine irgy and magneitic moimeint oif 

thei Ni atoim afteir incoirpoirating theisei eiffeicts. Re imarkably, with thei increiasing magnitudei oif the i 

eixteirnal eileictric fieild, The irei is a deicreiasei in thei eineirgy oif thei band gap. acco impanieid by a significant 

changei in thei magneitic moimeint oif thei Ni atoim. Theisei changeis o iccur gradually until boith 

Eg = 1.052 eV Eg = 1.047 eV 
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Eg = 1.047 eV 

(a) 

Eg = 0.9 eV 

(b) 

Eg = 0.596 eV 

(c) 

Eg = 0.277 eV 

(d) 
(e) (f) 

(g) 

magnitudeis eiveintually re iach zeiroi. Hoiweiveir, it is noiteiwoirthy that thei magneitic moimeint oif Ni 

reieimeirgeis whein thei e ixteirnal eileictric fieild reiacheis a magnitudei oif 3 V/Å, in coinjunctioin with the i 

spin-oirbit interaction eiffeict. This finding hoilds significancei foir spintro inic applicatioins, This 

indicateis thei transfoirmatioin oif thei eileictrical characte iristics in thei NiCl2 moinoilayeir, shifting froim 

beiing an indire ict band gap se imicoinductoir toi acquiring meitallic proipe irtieis. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 3. Illustrate is the i band structure is oif the i NiCl2 whe in subje icte id SOiI thro iugh diffe ireint e ile ictric fie ild 

stre ingths, spe icifically (a) 0.0 V/Å, (b) 0.5 V/Å, (c) 1.0 V/Å, (d) 1.5 V/Å, (ei) 2.0 V/Å, (f) 2.5 V/Å, and (g) 3.0 V/Å. 
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Figure 4. The variatioin in (a), the energy gap, and in (b), the magnetic moimeint of the nickel (Ni) atom 

within the NiCl2 monolayer, as influenced by an external electric field. The data presented in the figure 

accounts for both the sceariois without and with the inclusion of spin-orbit interaction. 

In oiur reiseiarch oin thei transitioin oif thei band gap, an intriguing disco iveiry was madei reigarding 

spin-splitting. This pheinoimeinoin was oibseirveid in thei coinductioin band at Γ po iint and valeincei band 

beitweiein thei Γ and K poiints, with eineirgy splitting oif 113 meiV and 117 meiV, reispeictiveily. This spin-

splitting ariseis froim thei preiseincei oif broikein spatial inveirsioin symmeitry in thei moinoilayeir structurei, 

reisulting in a slight seiparatio in oif eineirgy bands. In coimparisoin toi thei findings oif a preivioius study 

(Manzeli et al., 2017), thei eineirgy splitting oibse irveid in oiur reiseiarch is reilativeily narroiw, suggeisting 

thei poiteintial foir einhance id eileictrical fieild eiffeicts and thei geineiratio in oif significant eineirgie is. Thei 

manifeistatioin oif spin-splitting in thei NiCl2 moinoilayeir highlights its pro imising suitability foir 

spintroinic applicatioins. 

 

 

 

 

 

 

 

 

 

 

 
Figure 5. Energy that indicates spin-splitting in (a) conduction band and (b) valence band for Ni monolayer 

when an electric field oif 2 V/Å is applied and combined with the effect of spin orbit NiCl2 interaction. 

Eg =  117 meV Eg = 113 meV 
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CONCLUSION 

Based on our exploration, it is evident that the interaction between spin and orbit, when 

combined with an external electric field, has a noticeable but not significant impact on the energy 

band of NiCl2 monolayers. This interaction affects both the energy gap and magnetic moment of 

nickel atoms. Significantly, it transforms the NiCl2 monolayer from a semiconductor with an indirect 

band gap to a metallic state, accompanied by the occurrence of spin splitting. This study emphasizes 

the manipulability of the electrical and magnetic characteristics of NiCl2 monolayers through the 

application of external electric fields. These discoveries are crucial for the progress of thermoelectric 

materials and will provide guidance for future investigations in this field. 
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