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Abstract: We have investigated the electronic structure and magnetic properties of Mn-doped LiZnP using 

density functional theory within the generalized gradient approximation (GGA) +U schemes. We have shown that 

the ground state magnetic structure of Mn-doped LiZnP is anti ferro magnetic. LiZn is the most plausible acceptor 

among several candidates for p-type doping and hole-mediated Zener'sp-d exchange are responsible for the 

origin of the Li (Zn,Mn) P ferromagnetism. 
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1. INTRODUCTION 

Ferromagnetic systems obtained by doping transition metals into semiconductors have generated 

extensive studies since early 1990s [1] because of their potential use for spin-sensitive electronics 

(spintronics) devices. In proto-typical systems based on III-V semiconductors, such as (Ga, Mn)As and 

(In, Mn)As, substitution of divalent Mn atoms into trivalent Ga or In sites leads to severely limited 

chemical solubility. Because of this, the specimens are chemically meta stable, available only as thin 

films [2], and their material quality exhibits high sensitivity on preparation methods and heat 

treatments[3].This substitution dopes hole carriers together with magnetic atoms, which prohibits 

electron doping to obtain n-type systems necessary for formation of spintronics p-n junction devices. To 

overcome these difficulties, Masek et al [4] theoretically proposed systems based on a I-II-V 

semiconductor LiZn As, wherein magnetism due to isovalent (Zn, Mn) substitution may be decoupled 

from carrier doping with excess/deficient Li concentrations. They also suggested that Li (Zn, Mn) As 

with properly adjusted stoichiometry is a high Curie temperature n-type ferromagnetic semiconductor. 

Deng et al [5] reported the synthesis of bulk specimens of a ferromagnetic Li1+y(Zn1-xMnx)As 

semiconductor with Tc as high as about 50 K. Ferromagnetism was found only in compounds with 

excess Li (y≥0.05). The Li excess specimen exhibit p-type carriers, which may be due to excess Li 

atoms occupying substitutional Zn sites. Tao et al [6] investigated the ferromagnetic stability of 

Li(Zn,Mn) As based on the density functional theory. The results indicated that excess Li atoms can be 

incorporated at interstitial sites near Zn easily and the n-type Li(Zn,Mn) As ferromagnetic 

semiconductors are achieved. This result is consistent with the reference reported by Maske etal [4] but 

contrasts with p-type ferromagnetic semiconductors reported by Deng et al [5]. Recently, direct-gap 

semiconductor LiZn P was also found that it undergoes a ferromagnetic transition upon Mn doping. 

Ding etal [7] employed NMR techniques to investigate the nature of Mn spins in Li (Zn1-xMnx)P (x = 

0.1). They found that Li (Zn0.9Mn0.1) P is a hole-doped semiconductor with Tc about 25 K. They also 

showed that the Mn spin-spin interactions extend over many unit cells. Deng et al [8] also successfully 

synthesized bulk crystals of Li1+y(Zn1-xMnx)P with -0.05≤y≤0.07 and x = 0, 0.03, 0.06, 0.1. It has been 

shown that dopingMn
2+

 only in Li1+y (Zn1-xMnx) P, without excess Li doping, will result in a 

paramagnetic ground state. Only with excess Li being doped, can ferromagnetic ordering develop. They 

also found that Li1+y (Zn1-xMnx)P,0≤y≤0:7, exhibit p-type behavior, not the n-type behavior. This is 



L. Hua 

 

International Journal of Advanced Research in Physical Science (IJARPS)                        Page 17 

explained by first-principles calculations, which indicate that the excess Li
1+

 ions are thermo 

dynamically favored to occupy the Zn
2+

 sites. Ninget al [9] used muon spin relaxation (µSR) to 

investigate the magnetic properties of a bulk form diluted ferromagnetic semiconductor Li1+y 

(Zn1-xMnx)P. The µSR results demonstrated the homogenous distribution of Mn
2+

 atoms in 

Li1+y(Zn1-xMnx)P . They did not observe signals arising from Li atoms that enter Zn sites which is 

inconsistent with Deng et al results. The results also implied that Li (Zn,Mn) P, (Ga,Mn) As, (La,Ba) 

(Zn,Mn)As O and (Ba,K) (Zn,Mn)2As2 share a common mechanism for the ferromagnetic exchange 

interaction. In this paper, we have performed a first-principles density functional theory study on Li(Zn, 

Mn) P and discussed its electronic and magnetic properties. 

2. COMPUTATIONAL METHOD 

The first-principles calculations were performed by using density functional theory (DFT) method 

within the Perdew-Burke-Ernzerh of (PBE) generalized gradient approximation (GGA)[10], 

implemented in the Viennaab initio Simulation Package (VASP)[11]. The strong correlated correction 

was considered with GGA+U method [12] to deal with the Mn's 3d electrons. The effective onsite 

Coulomb interaction parameter (U) and exchange interaction parameter (J) are set to be 4.0 eV and1.0 

eV for Mn's 3d electrons. These values have been tested and used in the previous experimental and 

theoretical works [13, 14]. For Zn atoms, the strong-correlated correction was not applied as their 3d 

orbitals are fully occupied. 2s for Li, 3d4s for Zn, 3d4s for Mn and 3s3pfor P were treated as valence 

orbitals in the calculations. The projector augmented wave (PAW) potential [15] and the plane waves 

cut-off energy of 300 eV were used. For LiZnP unit cell, a Γ-centered Monkhorst-Pack [16] k-point 

mesh of 5×5×5 was used and the internal atomic coordinates were relaxed until the force was less 

than0.01 eV/A. For Mn doped LiZnP super cell, aΓ-centered Monkhorst-Pack k-point mesh of 3×3×3 

was used. The criterion for the total energy was set as 10
-4
 eV. 

3. RESULTS AND DISCUSSION 

LiZnP, the host materials of Li (Zn,Mn)P, has a cubic crystal structure and space group F 4 3m[8], as 

shown in figure 1.  

 

Fig1. The crystal structure of the LiZnP unit cell. The grey spheres are Li, the green spheres are Zn, and the red 

spheres are P. 

Using the experimental lattice constants (a=5.7564A)[8] and the numerical internal coordinates, we 

first investigate the electronic structure of the pure compound LiZnP. In figure 2, the total density of 

states of the LiZnP are depicted. 
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Fig2. The total (black line) density of states of LiZnP per unit cell. The energy zero is taken at the Fermi level and 

indicated by the vertical line. 

This compound is a non-magnetic semiconductor with a calculated band gap at about 1.3 eV which is 

smaller than the experimental data(2.04 eV) [17]. The reason is the well-known under estimation band 

gap of DFT. As an indication of the stability of the Mn dopant, the formation energy of MnZn is 

calculated for stoichiometric Li (Zn, Mn) P from [18]Ef = ED- EH-EMn + EZn where ED and EH are the 

energies of LiZnP with and without defects. EMn and EZn are the energies of an isolated manganese atom 

and a zinc atom, respectively. In figure 3, the calculated formation energies of MnZn are plotted as a 

function of MnZn doping for stoichiometric Li (Zn,Mn)P.  

 

Fig3. The formation energies of MnZn as a function of MnZn doping for stoichiometric Li (Zn,Mn)P. 

Independent of the concentration of MnZn doping, the formation energy of MnZn is negative, i.e., we find 

no equilibrium solubility limit for sub stitutional MnZn, which indicates that Mn atoms are isovalent 

nature with Zn atoms. We have used two Mn atoms to substitute two Zn atoms in a 2×2×2 super cell for 

constructing Li (Zn0.9375Mn0.0625)P. We have calculated five kinds of Mn-Mn pair configuration of 

different distances. 

(1) The first nearest neighboring two Mn atoms indicating [01], 

(2) The second nearest neighboring two Mn atoms indicating [02], 

(3) The third nearest neighboring two Mn atoms indicating [03], 
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(4) The fourth nearest neighboring two Mn atoms indicating [04], 

(5) The fifth nearest neighboring two Mn atoms indicating [05], as shown in figure 4. 

 

Fig4. The 2×2×2 super cell of Li (Zn,Mn)P. The configurations of Mn-Mn pair indicate [01], [02], [03], [04] 

and [05]. 

TableI. The total energy (eV) of different configuration of ferromagnetic and anti ferromagnetic state of Li 

(Zn0.9375 Mn0.0625) P. 

Configuration EAFM EFM EFM-EAFM 

01 -339.7285 -339-6635 0.0650 

02 -339.6873 -339.6872 0.0001 

03 -339.6929 -339.6853 0.0076 

04 -339.6949 -339.6761 0.0188 

05 -339.6870 -339.6858 0.0023 

Table I lists the total energy of the Li (Zn0.9375Mn0.0625) P with ferromagnetic (FM) and Anti 

ferromagnetic (AFM) state for the five configuration. Our calculations show that the total energy of anti 

ferromagnetic states are always lower than the ferromagnetic states in the considered Mn-Mn pair 

configuration. This result means that the ground state of stoichiometric Li (Zn0.9375Mn0.0625) P is AFM 

state. However, this result contradicts the experimental report that Li (Zn0.9Mn0.1) P is a hole-doped 

ferromagnetic semiconductor with Tc about 25 K [7]. We speculate that the different magnetic property 

between experimental samples and our calculated stoichiometricLi (Zn0.9375Mn0.0625) P may come from 

the defects in the experimental samples. Thus, we have calculated the total energy differences between 

FM and AFM states versus the concentration of doped carriers and plotted in figure 5. The positive and 

negative values are for electron and hole doping.  

 

Fig5. The total energy differences between FM and AFM states versus the concentration of doped carriers for five 

kinds of Mn-Mn pair configurations. 

From figure 5, the FM stateis stable only with electron carriers for Mn-Mn [01] configuration while 

hole and electron carriers both can induce a AFM-FM transition for [02], [03], [04], [05]configuration. 

Considering the homogenous distribution of Mn
2+

 atoms in Li1+y (Zn1-xMnx) P [9], we think that Mn-Mn 
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[02], [03], [04] and [05] configurations should dominate in Li1+y(Zn1-xMnx)P. So the formation energy of 

the p-type or n-type defect will determine the hole or electron carriers induce the AFM-FM transition. 

The p-type defects include Li vacancy (VLi), Zn vacancy (VZn), P interstitial (Pint) and Li substituting Zn 

(LiZn). The n-type defects include Li interstitial (Liint), Zn interstitial (Znint) and P vacancy (VP ).  

TableII. The calculated formation energy Ef(eV) of different efects with [02], [03], [04] and [05] Mn-Mn 

configuration. 

 02 03 04 05 

VLi 1.596 1.622 1.618 1.618 

VZn 1.359 1.354 1.351 1.297 

Pint 22.756 22.759 22.757 22.871 

LiZn -1.184 -1.181 -1.191 -1.202 

Liint 8.604 8.045 8.589 7.991 

Znint 19.933 13.427 19.91 13.251 

V P 3.558 3.604 3.586 3.56 

Table II lists the calculated formation energy Ef of Mn-Mn [02], [03], [04] and [05] configuration with 

p-type and n-type defect. The LiZn have the lowest formation energy among these defects and thus 

create the p-type carriers. This results is consistent with the experimental and theoretical report of Deng 

et al [8]. 

Finally, in order to see the origin of the carrier induced ferromagnetism, the density of states of 

Li(Zn0.9375Mn0.0625)P of Mn-Mn [05] configuration with one LiZn defect are shown in figure 6.  

 

Fig6. The total averaged (black line) and partial density of states of P 3p (red line) of Li (Zn0.9375Mn0.0625) P per 

unit cell. The partial density of states of Mn 3d (green line) and Li 2s (blue line) per atom. The energy zero is taken 

at the Fermi level and indicated by the vertical line. 

We can see that the contributions from the Li 2s states to the valence bands are negligible. The Li atoms 

are in the form of cation Li
1+

 and create the p-type carriers by substituting Zn atoms. This result also can 

be seen from figure 6 that the spin-down states of valence band are full filled while the spin-up partly 

filled. Thus the hole carriers are introduced into the valence band near the Fermi level, which is mostly 

composed of the P 3pstates. So the delocalized holes have a character of the host states near the top of 

the valence band and spinpolarized. The main peak in the partial density of states of the spin-up Mn 3d 

electrons is well below the Fermi level and these states form a local moment. At the same time, the Mn 
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3d wave functions hybridize with the 3pwave functions of the neighboring P atoms in the interval-4.5 

eV to -5.5 eV due to the environment of tetrahedral symmetry Td. Thus, the ferromagnetic coupling 

between Mn local moments of Li (Zn0.9375Mn0.0625) P is mediated by delocalized band holes via Zener's 

p-d exchange interaction [19]. The long-range p-d exchange interactions mediated by itinerant holes is 

also the origin of ferromagnetic coupling in the diluted magnetic semiconductor (La1-xBax) (Zn1-yMny) 

AsO [20] and Ba1-xKx (Zn1-yMny)2 As2 [21, 22] from the first-principles calculations, which are also 

proved by the experiments for the three compounds from Ning et al [9]and Chen et al [23]. 

4. SUMMARY 

In conclusion, we have performed a study of the electronic structure and magnetic properties of 

Mn-doped LiZn P using density functional theory within the GGA+U schemes. We have shown that the 

ground state magnetic structure of Mn-doped LiZnP is anti ferromagnetic. LiZn is the most prospect 

p-type doping and hole-mediated Zener's p-d exchange are responsible for the origin of ferroma- 

gnetism. 
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