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Tuning of the magnetic interaction plays the vital role in reducing the clustering of magnetic dopant in diluted mag-
netic semiconductors (DMS). Due to the not well understood magnetic mechanism and the interplay between different
magnetic mechanisms, no efficient and universal tuning strategy is proposed at present. Here, the magnetic interactions
and formation energies of isovalent-doped (Mn) and aliovalent (Cr)-doped LiZnAs are studied based on density functional
theory (DFT). It is found that the dopant—dopant distance-dependent magnetic interaction is highly sensitive to the carrier
concentration and carrier type and can only be explained by the interplay between two magnetic mechanisms, i.e., super-
exchange and Zener’s p—d exchange model. Thus, the magnetic behavior and clustering of magnetic dopant can be tuned
by the interplay between two magnetic mechanisms. The insensitivity of the tuning effect to U parameter suggests that our

strategy could be universal to other DMS.

Keywords: diluted magnetic semiconductor, dopant distribution, first-principles calculations
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1. Introduction

Efficient doping for modulating the physical properties
of semiconductors is essential for meeting the requirement of
specific applications of semiconductors. The distribution of
dopants, especially the clustering of dopants, significantly af-
fects the performance of semiconductors.!!'=1?! Although the
clustering of dopant is common in semiconductors, the fun-
damental understanding of the origin of the clustering and the
effective strategy to modulate it is still lacking.

The key to tuning the clustering is the classification of
interaction between dopants and the interplay between at least
two kinds of interactions. For example, the attractive Coulomb
interaction between p-type dopants and n-type dopants in Si
nanowires!'?! hinders the formation of p-n junction. With in-
troduction of inhomogeneous strain, the n-type dopants and p-
type dopants can be well separated due to the repulsive stress
effect. In this case, the interplay between Coulomb interaction
and stress effect determines the distribution of dopants. An-
other example is the interplay between stress effect and elec-
tric field in organic semiconductors doped by two differently
sized p-type dopants.!'#! These two interactions and their in-
terplay influence the location of dopants. Diluted magnetic
semiconductor (DMS) is also an ideal example to demonstrate
the effect of interplay between two interactions on dopant

distribution.[15-171
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For DMS, the dopant—dopant interaction usually involves
at least two interactions, stress effect, and magnetic interac-
tion. The stress effect is usually in the order of tens of meV
without external applied strain. Thus, the stress effect solely
does not significantly influence the distribution of dopants.
The formation energy originating from magnetism may reach
to several hundreds of meV. Thus, the formation energy of dif-
ferent dopant distributions is highly sensitive to the magnetic
state of the doped system.

Recently, one of the most important progresses in DMS
is the finding of the so-called charge and spin-separated
systems.[!8191 The charge and spin-separated systems mean
the charge and spin part is provided by different elements.
For example, the charge is provided by excess Li while the
magnetic moment is provided by Mn in Li(Zn,Mn)As sys-
tem. This is different from traditional (Ga,Mn)As, in which
Mn plays the dual role. In fact, spatially homogeneous fer-
romagnetism has been experimentally realized in Mn-doped
I-1I-V compounds.'>?%! It is found that the carrier concen-
tration and the Curie temperature indeed can be tuned by Li
concentration. Specifically, the Curie temperature increases to
50 K with 10% excess Li and then decreases with larger Li
concentration. This finding stimulated a lot of further stud-
ies for Mn doping systems with high Curie temperature.?!-2]
At present, the reported highest Curie temperature is 230 K in
fine-tuned (Baj_y,K,)(Zn_y,Mny)sAs,. %!
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As a typical charge and spin-separated DMS, LiZnAs has
attracted a lot of attention. The magnetic interaction and Curie
temperature have been studied by several groups. 2021 How-
ever, the distribution of dopants is rarely studied. Based on
the Korringa—Kohn—Rostoker coherent potential approxima-
tion (KKR-CPA) method, Sato et al. have investigated the
magnetic properties of Mn- and Cr-doped LiZnAs and have
found that spinodal decomposition is diminished by the intro-
duction of Li vacancies.?”) Such predictions are partly veri-

[26] Unfortunately, why and how the

fied by later experiments.
clustering is influenced by the carrier doping is not clear.

In order to clarify the microscopic origin of clustering and
propose a tuning strategy, there are at least two questions need
to be answered: First, how to theoretically describe the sta-
bility of different distributions of dopant (e.g. dopant cluster).
The first question is easy to answer as formation energy is a
reasonable index to describe the stability of dopant distribu-
tion. Second, how the formation energy of specific distribution
of dopant is influenced by the magnetic state and magnetic in-
teraction.

In this paper, we theoretically studied the relative sta-
bility of different dopants. The paper is organized as fol-
lows: Firstly, we calculated the single doping case. Secondly,
we calculated the carrier-dependent magnetic interaction be-
tween dopants and discussed the underlying magnetic mag-
netisms. Thirdly, we calculated the formation energy of dif-
ferent dopant sampling configurations and its relationship with
magnetic interaction. Finally, we proved that the findings are
not sensitive to U parameter in LDA+U scheme.

2. Computational methods and details

All calculations are performed wusing projected
augmented-wave method®!! and density functional theory
within generalized gradient approximation of Perdew—Burke—
Ernzerhof®?! as implemented in VASP code.l*3! The Mn-
or Cr-doped LiZnAs is simulated by 2 x 2 x 2 supercell
(96 atoms).

0.01 eV/A. A plane-wave cut-off energy of 500 eV was used in

All atoms are relaxed with force tolerance of

all calculations. For Brillouin-zone integration, Monkhorst—
Pack k-points grid of 4 x 4 x 4 was employed. The strong
correlation effect of d orbitals is treated by the LDA+U
method.* The Hubbard parameter U = 3.5 eV and Hund
exchange parameter J = 0.6 eV are taken as suggested by
Ref. [18].

LiZnAs crystallizes in a filled-up zinc blende type of
structure (F43m) with a lattice constant of 5.93 A. As atom at
site 4a (0,0,0); Zn atom at site 4d (3/4, 3/4, 3/4), and Li atom
at site 4c (1/4, 1/4, 1/4). As is coordinated by 4 Li and 4 Zn
atoms with identical distances of about 2.57 A. Li is bonded to
four equivalent As atoms to form LiAsy tetrahedra that share

corners with four equivalent ZnAs, tetrahedra. 3]

To simulate the short range and long range magnetisms,
we use 2 x 2 x 2 supercell with two magnetic dopants substi-
tuting two Zn atoms, which corresponding to magnetic dopant
concentration of 6.25%. Considering the symmetry of LiZ-
nAs, there are 5 types of in-equivalent configurations, corre-
sponding to first nearest neighbor (1st-NN) configuration to
fifth nearest neighbor (5th-NN) configuration. The structures
of all configurations are shown in Fig. 1. To estimate the image
interaction due to finite supercell size, we also calculated the
magnetic interaction and formation energy using 3 x 3 x 3 su-
percell. The results are shown in Fig. S1 of the supplementary
information. These results suggest that the long range con-
figuration can be stabilized with a different concentration of
magnetic dopants. Still, the acceptor concentration should be
properly chosen. In the case of 3 x 3 x 3 supercell, we found
that the long range magnetism can be significantly stabilized
upon the doping of three holes. Therefore, these results sug-
gest that the tuning effect is not due to the finite size effect.

Pristine

Fig. 1. The crystal structures (2 x 2 x 2 supercell) of pristine and transi-
tion metal (Mn and Cr)-doped LiZnAs. The big purple balls are the Mn
or Cr atoms, the small blue balls are the Zn atoms, and the small yellow
balls are the As atoms. Li atoms are removed for clarity.

As our main focus is the relative stability of different
dopant distributions, i.e. clustering or dispersed, the formation
energy should be a reasonable index to describe the relative
stability. Formation energy of doping system can be well pro-
vided by DFT calculations.

The formation energy of transition metal-doped LiZnAs
is defined as

E; = E(doped) — E(undoped) + nznlizn — nrmprm, (1)

where Uz, and prtm are chemical potential of Zn and TM,
respectively. And nz, and nty are numbers of Zn and TM,
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respectively. The absolute formation energy is dependent on
the choice of chemical potential of Zn and transition metal
in our cases. Usually, the chemical potential of Zn or TMs
is dependent on the chemical environment, e.g. solid Zn and
solid Cr.[?! For theoretical calculations, the total energy of
bulk transition metals and Zinc are taken as the chemical
potential.[?”->°! In fact, the different choices of chemical po-
tential of Zn and TMs do not change our conclusion as these
two chemical potentials will be cancelled when comparing for-
mation energy of each configurations.

The predictions based on the formation energy suggest
that our results and discussion are at-equilibrium conditions.
The missing consideration of entropy (mainly due to the un-
realistic computational cost) implies that the conclusions are
correct at low temperature. We expect further studies in-
cluding the entropy term can give more accurate temperature
range, in which the conclusions are still valid.

3. Results and discussion
3.1. Single magnetic dopant

In the tetrahedral crystal field, the d orbitals split into
lower ey orbitals and higher tyg orbitals. For pristine LiZnAs,
ten d electrons occupy all ty; and e, orbitals inducing zero
magnetic moment. This analysis can be evidenced by the
symmetrical density of state (DOS) as shown in Fig. 2(a). As

the exchange splitting is large enough as shown in Fig. 2(b),
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Fig. 2. Density of states of (a) pristine, (b) single Mn-doped, and (c)
single Cr-doped LiZnAs.

five electrons of Mn occupy the spin up part of d orbitals. For
Cr doping case, two electrons occupy e, orbitals and two elec-
trons occupy tyg orbital (Fig. 2(c)). Therefore, the magnetic
moments should be 5.0 up and 4.0 pup for Mn ions and Cr
ions, respectively. The calculated magnetic moments of Mn
and Cr is 5.0 ug and 4.0 ug, respectively, which is consistent
with the analysis of crystal field splitting. Moreover, the mag-
netic moment is also consistent with the experimental value of
5.0 up—6.0 ug.!" The above discussion can be clearly evi-
denced by the anti-symmetric DOS of single Mn- or Cr-doped
LiZnAs as shown in Figs. 2(b) and 2(c).

3.2. Hole concentration-dependent magnetic interaction

In order to study the magnetic interaction between two
magnetic dopants, we replaced two Zn atoms by two magnetic
dopants. The magnetic interaction is defined by the energy dif-
ference between anti-ferromagnetic (AFM) and ferromagnetic
(FM) states

AE = Eaxpm — Epv.

It should be noted that this definition is not the routine
method evaluating the magnetic interaction, which usually
contains the contributions from spin—orbit coupling and mag-
netic anisotropy. Previous studies and our tests showed that the
formation energy is minimally affected by spin—orbit coupling
and magnetic anisotropy. Thus, only collinear magnetic cou-
pling is considered here. Such a consideration can ensure the
accuracy of formation energy, but cannot give accurate mag-
netic interaction and other magnetic properties.

According to Zener’s model, the magnetic interaction is
proportional to the concentration of holes in DMS. The mag-
netic interaction reaches maximum at proper concentration of
holes. In order to find the proper concentration of holes, we
calculated the magnetic interaction of 1st-NN under different
hole concentrations and the results are shown in Fig. 3.

— 400} —* Mn
% - Cr
g

10% excess Li |

l

—2 —1 0 1 2 3 4
No. doped holes
Fig. 3. Hole concentration-dependent magnetic interaction of 1st-NN.
Positive value in the horizontal coordinates means the number of holes,
negative value means the number of electrons. The magnetic interaction
shown here is for 2x2x2 supercell.

For Mn doping case, ferromagnetism is only found in car-
rier doping case. This is consistent with the experimental find-
ing of Ref. [19] that ferromagnetism is realized in p-type dop-
ing case. The magnetic interaction of n-type doping case is
larger than that of p-type doping case. This is because the
added electron localized around Mn atoms while added holes
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prefer delocalized distribution as shown in Figs. S2 and S3 of
the supplementary information. The larger concentration of
carriers in n-type doping case near Mn atoms leads to much
larger magnetic interaction. The electronic phase separation
in n-type doping case stabilizes the Mn—As clusters, and hin-
ders the realization of homogeneous DMS. For p-type doping
condition, the magnetic interaction reaches maximum at 3.0
holes and then decreases with hole concentration. This result
is consistent with the experimental finding that the Curie tem-
perature increases and then decreases with the Li concentra-
tion. Such a small magnetic interaction suggests that the room
temperature is difficult to realize in p-type LiZnAs.

For Cr-doping case, FM state is the ground state for both
intrinsic case and hole doping case. This result is contradict
with previous theoretical predictions that anti-ferromagnetic
state is stable in Li(Zn,Cr)As case and ferromagnetic phase
becomes stable only with excess Li doping case.l?’! Later,
the authors gave a very different result in their second sim-
ilar paper.””! As both references did not consider the cor-
relation effect in their calculations, we also performed the
calculations without the consideration of LDA+U scheme.
The results also proved that the ferromagnetic state is the
ground state. Therefore, the prediction of anti-ferromagnetic
state in Ref. [27] could be wrong. We also found that the
magnetic interaction reaches its maximum for stoichiomet-
ric Li(Zn,Cr)As case. This result suggests that excess Li in
Cr-doped Lij1,ZnAs suppresses the magnetic interaction and

thus reduces the Curie temperature. Considering the large

Curie temperature of 218 K in Li; (Zn,Cr)As systems, (20]
much larger Curie temperature in Li(Zn,Cr)As can be expected

with fine tune of the Li concentration.

3.3. Magnetic mechanism

The magnetic mechanism plays the vital role in analyz-
ing the magnetic interaction. For DMS, the contributions of
Zener’s p—d exchange, super-exchange, and double exchange
to magnetic interactions are dependent on the electronic struc-
tures of the studied materials.?®) The difference of Zener’s
model and double exchange lies on the relative position of p
levels and d levels. If the p levels are deep-lying and d lev-
els locate in band gap, the double exchange dominates. If
the p levels are high and the d levels are relatively lower in
energy, the Zener’s model dominates. Another difference is
that Zener’s model is long ranged and can be tuned by carrier
concentration while the double exchange is strong and short
ranged.

Super-exchange is usually regarded as short ranged and
prefers anti-ferromagnetism. However, several studies have
found that the super-exchange mechanism can lead to long
range ferromagnetism®”! and long range anti-ferromagne-
tism.[38 The main characteristic is that the super-exchange

does not reply on the presence of carriers.

For Mn doping case, super-exchange plays the domi-
nate role in intrinsic case as no carriers exist. When carri-
ers are introduced, the Zener’s p—d model plays the role and
determines the magnetic state together with intrinsic super-
exchange mechanism.!'”! The Zener’s model can be clearly
evidenced by the long range magnetic interaction, which is
absent for double exchange. The same magnetic moments of
two Mn ions also support the above conclusions.

For Cr doping case, double exchange is not the under-
lying mechanism because of two facts: the same value of
magnetic moments and rather long range nature of the mag-
netic interactions. These two facts are ignored in previous
papers and the double exchange is regarded as the dominant

mechanism. [2%-30

11t is more appropriate to describe the mag-
netic interaction as the interplay between the super-exchange
and Zener’s p—d exchange models. The reason is that the Cr>*+
ion has four electrons occupying d orbitals while the Mn?*+
ion has five electrons occupying d orbitals. Thus, Cr ions
can be regarded as p-type-doped Mn ions. According to the
analysis of the Mn doping case, the Cr doping case can be
approximately described by super-exchange and Zener’s p—d
exchange models. Such simplified model can be verified by
electron-doped Li(Zn,Cr)As systems as shown in Fig. 3. It
is found that 1st-NN prefers AFM with 1 electron/Cr as pre-
dicted by above analyses. Moreover, the trend of magnetic
interaction of all configurations are also similar to Mn doping
case with 1 electron/Cr introduced.

It should be noted that our simple analysis about the
magnetic mechanism is also useful for the following analy-
sis based on band coupling model (BCM). The analysis of
the exact magnetic mechanism should consider more accurate
electronic structure calculations, e.g. DMFTB? and detailed
studies about orbital-resolved magnetic mechanism. [’ These
topics are interesting and deserve further effort of the commu-

nity to clarify the exact mechanism.

3.4. Band coupling model

Based on the understanding of the magnetic mechanisms,
we studied the interplay between two magnetic mechanisms
and its role to tune the clustering. The interplay between
different magnetic mechanisms can be analyzed by BCM. In
BCM, the magnetic interactions are described by p—d coupling
and d—d coupling. The schematic band BCM diagrams for Cr
doping case and Mn doping case are given in Refs. [16,41].

For Mn doping case, majority d states stays below the p
states, the energy difference between FM and AFM phases is

ApM = —mp(Al+A2) + 64,7, 0<my <6,

where ASd and Agd are p—d coupling strengths for different rel-

ative position of tp, level and toq level. A[i(’lz is the coupling
strength between d levels. my, is the number of holes of the
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http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ad3034
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ad3034

Chin. Phys. B 33, 058101 (2024)

simulating cell. The details of the derivation and the meaning
of the parameters can refer to Ref. [16].

For Cr-doping case, majority d states stay above the p
states, the energy difference between FM and AFM is given
by

oM _ | —mn(Ag 4 Ajy) + 64,7, 0 <my <3,
e — (Al —Al2 3<mp <6
(mn )( dd dd)a S mp SO

According to BCM, AFM state is more stable than FM
state in intrinsic case. With hole doping, FM phase is stabi-
lized. The magnetic interaction increases with the hole con-
centrations. The maximum of the magnetic interaction is de-
termined by both the types of magnetic dopant and the car-
rier concentration. These predictions are consistent with DFT
results (Fig. 3). Besides, the magnetic interaction is also re-
lated to the dopant—dopant distance. For example, the mag-
netic interaction of 1st-NN is almost zero while the magnetic
interaction of other configurations are still finite in proper con-
centration of carriers. The reason is that the super-exchange
and Zener’s models have different dependences on distance.
As discussed in magnetic mechanism part, the super-exchange
decays much faster with distance comparing to Zener’s model.
Therefore, the long range configurations still have finite mag-
netic interaction when 1st-NN configuration has almost zero
magnetic interaction. Such interplay can be schematically il-
lustrated by Fig. 4. As we all know, the formation energy can
be influenced by the magnetic states and magnetic interaction,
we expect that the formation energy of different configurations
could be tuned by hole concentration. This analysis was veri-
fied by the following DFT calculations.

507 T T i T i T
40t — Zener p—d model
A —— Super-exchange

30
—— Total

AFM—FM (meV)
o

5 10 15 20 25 30 35 40
Distance
Fig. 4. Schematic picture describing the interplay between super-
exchange and Zener’s model. The magnetic interaction here is for
2x2x2 supercell.

The predicted hole concentration corresponding to the
largest magnetic interaction for BCM and DFT is not precisely
consistent. The discrepancy is due to the missing considera-
tion of hole dependence of p—d and d—d coupling strength in
BCM.

As the relative p—d and d—d coupling strength is sensitive
to concentration of magnetic dopants and pressure, it is ex-
pected that the magnetic interaction can be tuned by at least

three methods, i.e., carrier concentration, magnetic dopant
concentration, and pressure. In fact, such tuning effect is ex-

perimentally realized in Ref. [42].

3.5. Relative formation energy and tuning of clustering

Dopant distribution is an important factor of influenc-
ing the overall magnetism. Previous analyses of magnetism
usually assume the homogeneous distribution of magnetic
dopants. However, it is well known that the clustering of mag-
netic dopants is easy to form and can affect the magnetic prop-
erties, e.g. Curie temperature. [43] Thus, it is essential to inves-
tigate the tendency of clustering in Cr-doped LiZnAs and give
solution to tune it. As explained in Introduction part, the dis-
tribution of magnetic dopant is governed by the formation en-
ergy. The formation energy determines the relative stability of
different dopant samplings. Therefore, we calculated the rela-
tive formation energy of Cr doping cases with different carrier
concentrations and the results are shown in Fig. 5.

300 T —
—a— 2 electrons doping
—e— Intrinsic Li(Zn,Cr)As
200 —— 3.2 holes ]

100}

—100 - - -
1st 2nd 3rd 4th 5th

Relative formation energy (meV)

Fig. 5. Relative formation energy of Li(Zn,Cr)As with p-type doping
and n-type doping. The formation energy of 1st-NN was set to zero.
The formation energy shown here is for 2x2x2 supercell.

We found that the clustering is preferred for intrinsic case
and p-type doping case, indicating the clustering is inevitable
in those cases. This result is consistent with experimental find-
ing that Cr—As impurity is indeed detected for Lij 1(Zn,Cr)As.
Interestingly, the clustering can be largely suppressed in n-type
doping case. This result is not unexpected as magnetic inter-
action of 1st-NN is suppressed by electron doping as shown in
Fig. 3. The reduced magnetic interaction raises the formation
energy of 1st-NN, thus reduces the tendency of clustering. The
details of the strategy has also been illustrated by Ref. [17].

Apart from the magnetic interaction, the stress effect also
plays some role in determining the relative formation energy.
Our tests (unpublished data about isoelectronic doping effect)
suggest that the stress energy difference in-between various
configurations is up to 10 meV. That means the energy dif-
ference arising from the magnetic coupling should be at least
larger than 10 meV. This value is not difficult to realize as the
typical magnetic interaction (here refer to the energy differ-
ence between FM and AFM) is more than 100 meV. So, it is
expected that magnetic coupling should be an efficient method
to tune the formation energy.

058101-5
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3.6. Influence of U parameters

It is well known that the strong correlation effect of d or-
bitals has an important influence on magnetic properties. The
state-of-art DMFT is an efficient method to treat the strong
correlation effect. However, the distance between correlated
magnetic ions is usually large (e.g. more than 7 A) especially
in the dilute doping case. In this case, DMFT or cDMFT is dif-
ficult to solve such large clusters, which is essential to include
the important long range correlation effect between magnetic
ions. Therefore, the strong correlation effect was treated by
LDA-+U scheme in our present studies. The exact value of U
parameter is difficult to be estimated although linear response
method can self-consistently calculate the value of U. In our

studies, we calculated the relative formation energy and mag-
netic interaction using different U values. If the trend of re-
sults is similar with different U settings, our strategy should
be still valid. As expected, our results suggested that the trend
of relative formation energy and magnetic interaction was not
changed with different choices of U parameter (Fig. 6). The
different choices of U parameter will influence the critical con-
centration of carriers corresponding to almost zero magnetic
coupling strength, while the trend of reducing the magnetic
coupling strength should be similar. Therefore, the strategy
to tune the formation energy by the tuning of the magnetic
interaction could be applicable to different strong correlation
systems (e.g. Cr-doping case and Mn-doping case).

o 400 T T T o 400 T T T a 400 T T T
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Fig. 6. Relative formation energy and magnetic interaction of Li(Zn,Cr)As with different U parameters. The formation energy of 1st-NN was

set to zero. The formation energy here is for 2x2x2 supercell.

Our proposed strategy to tune the clustering relys on the
entanglement of two competing magnetic mechanisms, i.e.,
Zener’s model and superexchange. Considering the generality
of Zener’s model in diluted magnetic semiconductor and the
insensitivity of tuning effect to U parameter in the LDA+U
scheme, it is expected that such strategy can be applicable to
wider range of diluted magnetic semiconductors.

4. Conclusions

Based on the DFT calculations, we investigated the tun-
ing effect of magnetism with carrier concentrations. Based on
the analyses of the magnetic mechanism and BCM, the tun-
ing effect of magnetic interaction can be well explained by
the interplay between super-exchange and Zener’s p—d model.
Further, the trend of clustering of magnetic dopants can be ex-
plained by such interplay and the results are consistent with
the experimental findings. We expect that this tuning strategy
can be applied to other DMS.
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