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Clustering and weak magnetic coupling of doped transition metals (TMs) have hampered the
potential spintronic applications of many magnetic semiconductors. Here, the influence of the host
crystal magnetic background on the magnetic coupling and clustering of TM impurities is studied
theoretically, with a comparison of a series of TMs (V, Cr, Fe, Co, and Ni) in MnTe, ZnTe, and
CdTe hosts. We found that the antiferromagnetic (AFM) background of MnTe degrades the
clustering tendency of the studied TM impurities (except Ni). Meanwhile, the AFM background of
MnTe significantly enhances the magnetic coupling of doped Fe, Co, and Ni pairs in general, either
ferromagnetically (for Fe, Ni) or antiferromagnetically (for Co). The enhanced ferromagnetic
coupling and weakened clustering of Fe impurities in MnTe imply that an AFM background of
host semiconductors may aid the development of high T magnetic semiconductors with intrinsic
magnetism. © 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4819329]

. INTRODUCTION

In the past decade, dilute magnetic semiconductor mate-
rials have attracted enormous interest because of their great
potential applications in spintronic devices,'* which make
use of both the charge and spin properties of electrons. In
early dilute magnetic semiconductor (DMS) studies, transi-
tion metals (TMs) were often introduced to routine nonmag-
netic semiconductors as a magnetic resource.”® After the
report of GaMnAs materials having a Curie temperature (T¢)
of 110K," Dietl and Ohno predicted high T in some Mn-
doped wide-gap II-VI and III-V compounds with certain
extended carriers.”'” Stimulated by those works, a flurry of
investigations were carried out to push the 7~ of DMSs up to
room temperature (RT).*''™'® Ferromagnetism in GaMnAs
cannot, however, be enhanced indefinitely by increasing the
concentration of Mn ions, as some Mn ions will occupy in-
terstitial sites or form clustered phases. The possibility of
TM doping in other common semiconductors like zinc
blende (ZB) MnTe,*** Zn0,>*2" CdTe,***° GaN,*° and
TiO, (Ref. 31) has also been very attractive. Subsequent
studies on wide-gap DMSs have resulted in many reports of
RT-DMSs. However, the origin and the high T~ of ferromag-
netism in DMSs are arguably the most controversial research
topics in materials science and condensed matter physics of
recent times.>* > It is believed that most of the reported ex-
perimental results were not well validated and are difficult to
reproduce. Recently, Samarth®® and Chambers®* ascribed the
origin of the ferromagnetism of DMSs to impurity clustering,
secondary phases, or some other uncontrollable intrinsic
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defects. Based on first-principles studies, Zunger er al.> put

forward some contradictory theoretical views on both the or-
igin of ferromagnetism and the high T of the most widely
reported DMSs.

It is now accepted that two essential aspects should be
addressed in further investigations of DMS. One is the
achievement of a uniform distribution of TM dopants to
avoid clustering or secondary-phase formation, assuring an
intrinsic ferromagnetic (FM) nature of the resulting DMSs.
The other is the enhancement of magnetic exchange interac-
tions between TM impurities, assuring a high T of stable
FM or ferrimagnetic (Ferri) states in the DMSs.

Meanwhile, it is well known that iso-valence substitu-
tional doping in semiconductors, such as Mn in CdTe,*’ "
can achieve a high impurity concentration without forming
secondary phases, although antiferromagnetic (AFM) cou-
pling is often favored. In fact, ZB-structured MnTe can
be prepared experimentally, and there are many reports
on MnTe:TMs with confirmed or predicted ferrimagnetism
and half metallic properties.l4’22’40’4] This creates a new
approach for DMSs via the doping of TMs in semiconductor
hosts with magnetic backgrounds (mostly AFM). However,
in contrast to nonmagnetic hosts, whether magnetic coupling
between TM impurities can be enhanced by an AFM lattice
background has not been investigated systematically. If the
magnetic exchange interaction between impurities can be
enhanced by the AFM background, the impurity concentra-
tion required to achieve collective ferromagnetism/ferrimag-
netism could be reduced. This could be helpful to avoid the
clustering of dopants. Moreover, two nearest cations often
share opposite spin orientations in AFM lattices,**** favor-
ing the uniform distribution of FM-coupled magnetic dop-
ants. TM doping of AFM host semiconductors could,
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FIG. 1. Five AFM spin configurations (a)—(e) of a ZB MngTeg system in a

1 x 1 x 2 supercell. The purple balls represent Mn ions, with up and down
arrows indicating spin orientation.

therefore, be a new approach to the realization of RT ferro-
magnetism/ferrimagnetism, although various physical issues
need to be addressed.

In this paper, we theoretically investigated the structural
stability and magnetic coupling of TMs (TM =V, Cr, Fe,
Co, and Ni) in nonmagnetic hosts (ZnTe and CdTe) and in
an AFM host (ZB MnTe). We found that the MnTe back-
ground degrades the clustering tendencies of V, Cr, Fe, and
Co and remarkably enhances the magnetic coupling of Fe,
Co, and Ni, in comparison with those in nonmagnetic hosts.

Il. COMPUTATION METHODS

This work was performed using the Vienna ab-initio sim-
ulation package (VASP) based on density functional theory
(DFT)*** with a projector-augmented wave method.*® The
spin-polarized generalized gradient approximation of the
Perdew—Wang 1991 formulas (GGA PW91)*” was employed
to describe the exchange correlations between the valence
electrons. An energy cutoff for the plane wave basis was set
to 320 eV for all studied systems. Integration in the recipro-
cal spaces was conducted in a k-mesh of 3 x 3 x 3 for the
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64-atom supercells because the total energy differences
converged within 10meV in a test calculation that used a
5 x5 x Sk-mesh. It is well-known that the 3d levels of
TM may not be well described by GGA in the strong-
correlated systems, in particular, TM oxides. Nevertheless,
the most interesting cases (Fe doping in ZnTe, CdTe, and
MnTe) are also investigated by the GGA + U approach
here, with U=4 and 6eV for Fe and Mn, following the
earlier literatures [Refs. 48-50].

Both ZnTe and CdTe have a ground state in the ZB crys-
tal lattice with optimized lattice parameters of 6.191 and
6.601 A, respectively. For each nonmagnetic host, TM pairs
of three structural configurations; the nearest neighbor (NN,
V2a/2), the second NN (a), and the farthest separation
(V3a)ina2x2x?2 supercell, were considered. The config-
urations for the MnTe host are much more complicated
because its magnetic background introduces nonequivalence
for the TM pair configurations of the first and second neigh-
bors in a 64-atom cell. This will be discussed later following
the investigation of the ground magnetic state of MnTe.

lll. RESULTS AND DISCUSSION
A. Stable TM pair configurations in ZB MnTe host

7ZB MnTe, which was first prepared by molecular beam
epitaxy (MBE) in 1989,%' is a meta-stable phase with an
observed lattice constant of 6.34 A. Its reported energy gap
is 3.19eV,”® much greater than that of NiAs-type MnTe
(1.3eV, c.f. Ref. 53). An earlier theoretical study54 indicated
that magnetic configurations with exactly half spin-up and
half spin-down Mn ions in each tetrahedral unit are more en-
ergetically favored than other configurations in ZB MnTe.
To confirm the most stable magnetic configuration in a pure
ZB MnTe, we have studied five spin configurations in a 16-
atom supercell. The first three spin configurations contain no
net magnetic moment in any tetrahedra, while the fourth con-
figuration contains two tetrahedra of (37,]), (1,3]) Mn ions,
and the fifth configuration contains two tetrahedra of 4] and
4| Mn ions (c.f. Fig. 1). These five configurations are here-
after denoted as AFM-I, AFM-II, AFM-III, AFM-1V, and
AFM-V, as shown in 1 x1x2 (MngTeg) supercells in
Figs. 1(a)-1(e). The calculated relative energies and struc-
tural parameters are listed in Table I. AFM-III, which can be
described as a superlattice with Mn spin altering along
G =(201) every two layers, is the most stable among the
five configurations. The AFM-I and -II configurations have
similar total energies (higher than that of AFM-III by 40 and

TABLE I. Comparison of five AFM spin configurations of MngTeg. E, is the total energy of each configuration with respect to that of AFM-III configuration.
ay is the optimized crystal constant. dy, e is the distance between the TM impurity and its four nearest anions, Te. The energies in brackets are calculated

with GGA + U method at fixed tetrahedral lattice of a = 6.34 A, cla=1.

AFM-1 AFM-II AFM-IIT AFM-1V AFM-V
Eo/meV 40 (5) 16 (3) 0(0) 201 (27) 772 (100)
ao/A 6.287 6.226 6.240 ap=28.851#b, ap=28.951+#b,
2colag 1.96 2.02 2.00 1.58 1.40
dMn—Te/A 2.70 2.70-2.71 2.70 2.68-2.73 2.72-2.74
Lattice Tetrahedral Tetrahedral Tetrahedral Orthorhombic Orthorhombic
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16 meV per cell, respectively), as well as similar lattice
parameters and Mn-Te bond lengths. The AFM-IV and
AFM-V configurations, which contain tetrahedral structures
with net magnetic moments, are clearly energetically unfav-
orable by 201 and 772 meV per cell, respectively in compari-
son with that of AFM-III. In addition, a great structural
distortion occurred in the latter two configurations. For
instance, cy/ay decreases from the 1.0 of a standard tetrahe-
dral structure to around 0.7-0.8, with the symmetry changing
to orthorhombic after full relaxation. The Mn-Te bond
lengths also varied in a greater relative range of 2.68-2.74 A,
compared with 270 A in configuration AFM-III. To confirm
the stable magnetic configuration of MnTe, we also con-
ducted GGA + U calculations. Here, we adopted a fixed tet-
rahedral lattice with experimental crystal parameters of
a=6.34 A and c/a = 1for the GGA + U calculation since the
lattice would experience an unreasonable deviation from the
experimental lattice within GGA + U approach. The calcu-
lated energy differences between various configurations are
also listed in Table I, it is clear that ZB MnTe still favors the
AFM-III configuration, though the energy difference is much
smaller that the corresponding GGA results. This is largely
due to the different treatment of the lattice by GGA and
GGA + U calculations. As a result, AFM-III MnTe with
optimized a, (6.240 A) and cy/ay (1.00) is adopted for all fol-
lowing TM doping studies.

The 64-atom MnTe host supercell was constructed by
doubling the 1 x 1 x 2 (MngTeg) supercell (AFM-III) along
the [100] and [010] directions. As shown in Fig. 2, there are
three nonequivalent spin configurations for a TM (TM =V,
Cr, Fe, Co, and Ni) pair in the first and second NN due to the
magnetic background of the AFM-III configuration, which
are noted with O-1, O-2, O-3, and O-A, O-B, O-C, respec-
tively. For example (c.f. Fig. 2), the magnetic alignment of
A-1-B is T-]-T, while B-2-C and A-3-C have different sce-
narios of T-T-| and 7-|-|, respectively, though these three
configurations are structurally equivalent. The calculated
energies of the various configurations are listed in Table II,
with that of the most stable spin configuration set to zero for
each type of TM impurity. The results indicate that different

FIG. 2. Nonequivalent substitutional cation sites with TM pairs distributed
in the nearest neighbors (configurations O-1, O-2, and O-3) and next nearest
neighbors (configurations O-A, O-B, and O-C) in the ZB MnTe host.
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TABLE II. Total energy differences of MnTe:TM systems with TM pair
configurations at a separation of dp,ir = V/3a, and the nonequivalent configu-
rations of dp;, = V2a/2 and dpair = a. For each dopant pair, the total energy
is relative to the most stable configuration, which is set to zero. The
GGA + U calculation for O-A of case a for MnTe:Fe is hard to be con-
verged, and thus denoted with a dash.

System energy/meV \" Cr Fe(GGA) Fe(GGA+U) Co Ni

o1 27 0 29 6 42 262
0-2 0 33 88 9 0 0
Case v2a 2 0-3 9 18 21 32 42 246
O-A 170 195 264 - 38 287
O-B 168 195 0 4 39 311
Case a O-C 269 208 23 0 36 330
Case \/3a / 260 169 25 1 43 343

TM pairs may have different stable spin configurations. For
example, in the first NN configurations, V, Co, and Ni are
stable at the O-2 configuration, while Cr pairs favor the O-1
and Fe pairs favor the O-3 configuration. The GGA +U
results for MnTe:Fe are also listed in Table II. It indicates
that the Fe pairs favor the next NN configuration according
to both GGA and GGA + U calculations, though the detailed
configurations are different, i.e., O-C for GGA + U and O-B
for GGA, respectively. Meanwhile, the energies difference
between configurations O-B and O-C is negligible in
GGA + U calculation (~1 meV), while it is 23 meV in GGA
calculation. Configuration O-A of MnTe:Fe is the most
unstable configuration among the next NN Fe pairs in GGA,
while it is even hard to be converged in GGA + U calcula-
tion. After determining the stable structural configuration of
every TM pair, we will further discuss their clustering and
magnetic coupling behaviors in an AFM-III MnTe host with
respect to that in ZnTe and CdTe.

B. Electronic structure of TM in MnTe, ZnTe, and CdTe
hosts

The electronic structure of TMs in non-magnetic ZB
structures has been well studied.? Here, we found that the
electronic configuration of a TM impurity in a MnTe host
follows the same rule as in non-magnetic hosts, satisfying
the high spin configurations we summarized in Ref. 8 (c.f.
Fig. 3). In tetrahedral crystal field, the 3d levels of the TM
impurity split into a triplet #;, and a doublet ey,.
Subsequently, the #,, levels will interact with the dangling p
levels of neighboring anions, thereby forming bonding and
anti-bonding levels, i.e., t’z’gi and rggg (where plus and minus
indicate spin orientation). The arrangements of the coupled
levels are similar to each other for all the considered TM
impurities, as shown in Fig. 3(b). The tggi and e, levels
are deep in energy and fully occupied, followed sequentially
by £53, e2,, and 153" as energy increases. These hybrid lev-
els are gradually occupied as the number of valence electrons
increase, leading to an open 2§i shell configuration for both
substitutional V and Cr impurities, and open e,,_, closed
€24, and open zg’i shells for Fe, Co, and Ni, respectively.
For the NN pairs, V, Cr, and Ni are coupled ferromagneti-
cally because they have an open f,, shell, while Fe and Co
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are coupled antiferromagnetically with a closed 1., shell con-
figuration. Fig. 3(a) shows the partial density of states
(PDOS) of Ni in ZnTe and MnTe hosts for the later discus-
sion of clustering and magnetic coupling of Ni pairs, while
the PDOS of other TMs in all three hosts are not shown here
because their main features are illustrated in Fig. 3(b). As
shown in Fig. 4(a), the total densities of states of MnTe:Fe in
configuration a based on GGA + U calculations show defi-
nite energy band gaps (~2.69¢eV) in both the spin channels.
The GGA + U obtained electronic levels of MnTe:Fe and

GGA+U
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100 :
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o
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FIG. 4. GGA + U calculated (a) total densities of states of MnTe:Fe, (b) par-
tial densities of states of MnTe:Fe, (c) partial densities of states of ZnTe:Fe
for the next NN configuration.

ZnTe:Fe also obey the rule well in general, though the occu-
pied ez, (d,,) is moving down and even below the tgg L lev-
els as shown in Figs. 4(b) and 4(c). Nevertheless, the
GGA + U calculated e,,_ levels of Fe keep half occupied, in
line with the GGA results.

C. Clustering trend

As mentioned above, TMs, especially Mn, often act as
magnetic dopants in non-magnetic semiconductor systems.
Clustering or secondary phases often accompany TM impur-
ities in doped conventional semiconductors, leading to diffi-
culties of intrinsic magnetism in tetrahedral systems. Here,
we focus on exploring new possible approaches to reduce the
clustering tendency of TM dopants in the AFM-III-type ZB
MnTe host. Energetically, the clustering tendency of impur-
ities in a given host can be described by an energy differ-
ence, such as clustering energy, between configurations with
differently separated impurities. We took the system of the
corresponding NN configuration, i.e., d,q; = V2a/2 as a ref-
erence, and set its energy to zero. Positive clustering energy
implies a clustering tendency of the TM dopants, while nega-
tive values favor uniform configurations.

The calculated clustering energies of TMs in ZnTe and
CdTe hosts are shown in Fig. 5(a) (highlighted in blue). It is
clear that TM impurities doped in CdTe generally have a
weaker clustering energy than that of those in ZnTe. This is
expected to be related to the different TM pair distance, since
CdTe and ZnTe are similar to each other both chemically
and structurally. The greatest clustering energy difference
(111 meV) appears at V pairs separated by v/3a, while the
least (14 meV) appears at Ni pairs separated by v/3a. To fur-
ther confirm the correlation between the host lattice constant
and the clustering energies, we investigated the clustering
energy of TMs in ZnTe and CdTe with lattice constants arti-
ficially varied by *=2%, i.e., 6.067A (—2%) and 6.315A
(+2%) for ZnTe, as well as 6.469 A (—2%) and 6.733 A
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FIG. 5. (a) Clustering energies of TM impurities in nonmagnetic ZnTe and
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by =2%. The open and solid squares represent the clustering energies of a
and v/3a configurations, respectively, with respect to the NN configuration.
Clustering energies of TM impurities in MnTe are also shown for comparison.
(b) Comparison of clustering energies and TM distance for the NN configura-
tion for various TMs in the ZnTe host (similar correlation is found for CdTe
and MnTe hosts). Red triangles represent the distance of TM pairs in NN.

(+2%) for CdTe. A nearly linear decreasing trend was
observed, within a tolerance of 20meV, for the clustering
energy of TM pairs as a function of the host lattice constant
(c.f. Fig. 5). We concluded that the clustering tendency of
TM impurities varies inversely with the host lattice constant.
It could be understood that the decrease of TM-TM interac-
tion is more significant in the first neighbor configuration
than that in configurations with greater pair distance, reduc-
ing the clustering tendency of the TM impurities. Based on
GGA + U calculation, the clustering energies of the next NN
configurations of Fe pairs are in line with the GGA results
well, varying inversely with the host lattice constant.
Interestingly, the GGA + U calculated clustering energies of
Fe in configuration V3a are more than 1200 meV, much
greater than that from GGA. It implies that the farthest con-
figurations of Fe pairs are strongly unfavored in the non-
magnetic hosts with consideration of the Hubbard U correc-
tion. Meanwhile, the GGA + U calculated clustering ener-
gies of the farthest Fe pairs still changes linearly with the
lattice constant within a deviation of 60 meV, implying a
good size effect.

In the nonmagnetic hosts, the first neighbor distance of
the TM ions is not necessarily the same for a given host
because of structural relaxation. In fact, we found that the
clustering energies are closely related to the distance of
doped TMs of their NN configuration as the impurity varies
from V to Ni. Exemplified with the ZnTe host, as shown in
Fig. 5(b), the strongest clustering behavior appears for the V
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pair with a clustering energy of 313 and 321 meV for the a
and v/3a configurations, respectively, corresponding to a NN
pair distance of 4.28 A. From V to Ni, the clustering energy
reaches a minimum at Fe, at which the NN pair distance is
the greatest at 4.36 A, with a clustering energy of 5 and
84 meV for the a and v/3a configurations, respectively. From
Fe to Ni, the pair distance decreases from 4.36 to 4.32 A,
while the clustering energy rises again to 172 and 135 meV
for the @ and v/3a configurations, respectively.

For V and Cr, their neighboring four Te ions are pushed
outward by about 0.02 10%, because their 2+ ionic radius is
greater than that of Zn. Meanwhile, the TM-Te-TM angle
decreases from 109.5 to ~107°, therefore leading to a closer
first NN TM pair distance. For Fe and Co, the neighboring
four Te ions are contracted inward by about 0.04 A, with the
TM-Te-TM angle increasing from 109.5 to ~111°. This
finally leads to a NN TM pair distance of 4.35-4.36 A. The
distance between Ni and Te is about 2.55 A, with a TM-Te-
TM angle of 114°, which corresponds to a NN TM pair dis-
tance of 4.32 A. The variation of the TM-Te-TM angles is
also expected to be related to the magnetic coupling
enhancement of the TM pairs according to superexchange
theory.>

MnTe and ZnTe have similar lattice constants of 6.240
and 6.191 A, respectively. According to the size effect dis-
cussed above, the clustering energy difference in MnTe and
ZnTe of each TM impurity is expected to be within 10 meV
because their lattice constant difference is <1%. In fact, the
total clustering energy of a TM (except Ni) in a MnTe host is
generally much lower than that in a ZnTe host (roughly cor-
responding to the size effect in Fig. 5). The difference is up
to 146 meV for V in the second NN, and is much greater
than the lattice size effect (~10meV) even for the least case,
23meV for a Co pair of V3a. Following the GGA +U
results, the size effects of clustering energies for Fe pairs in
MnTe are 61 and 1268 meV for configurations ¢ and v/3a,
respectively, strikingly higher than the corresponding total
clustering effects (—28 and —31meV, respectively). It
clearly implies that the AFM background in MnTe plays a
critical role in the reduction of clustering trend.

Here, we attempted to decompose the clustering tendency
of TM pairs in MnTe into the contributions from the crystal
lattice size and the AFM background. We defined the contribu-
tion from the crystal lattice size as Eg, which can be obtained
from the nearly linear relation between the clustering energy
and the lattice constant, as discussed earlier. The contribution
of the Mn AFM background, EC., can then be obtained as

ES, = Ec — ES,

where E( is the total clustering energy. Greater negative ES,
indicates a stronger reduction in clustering degree, while a
positive value indicates an enhancement by the Mn AFM
background.

The calculated contributions of the size effects and the
Mn AFM background to the clustering tendency of all stud-
ied impurity TMs in the MnTe host are shown in Fig. 6. The
behavior of the size effect for the variation in TM impurities
from V to Ni in MnTe is similar to that in the ZnTe host,
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respectively. Positive values indicate clustering tendency, while negative
values indicate a trend towards relatively uniform distribution. The corre-
sponding GGA + U results for MnTe:Fe are shown in the inserted plot.

with its strength descending to a minimum around Fe and
Co, and rising again for Ni. Regarding the total effect of clus-
tering in MnTe, Fe and Co, especially Fe, have a relatively
weak clustering tendency (disappeared for Fe of next NN con-
figuration), as well as relatively weak size effects (from
—5.82 to 76.3meV) and weak Mn AFM background effects
(from —73.3 to —14.8 meV). The effect of the Mn AFM back-
ground on the clustering energy degrades from V to Co but
has an abrupt enhancement for Ni, in which E,, reaches about
122meV (configuration of a) and 210 meV (configuration
\/§a). The reduction in the effects of Mn for V to Co is also
related to the variation of TM pair distance of their first NN
configuration, similar to the size effect in ZnTe illustrated in
Fig. 5(b). Ni has a rather unusual behavior on the Mn effect
with a greater clustering energy. Further analysis will be given
in the latter part of section 3.3 for a better understanding of
this irregular behavior. According to the GGA + U results, the
contributions of the AFM background effect to the clustering
tendency of Fe in MnTe reaches —89 and —1299meV for
configurations @ and v/3a, respectively. The clustering trend
for MnTe:Fe disappears as the clustering energies turn to be
negative, —28 and —31meV for the configurations of @ and
V3a, respectively, well in line with GGA results.

D. Magnetic coupling of the TM pairs

When magnetic impurities effectively interact with each
other to form FM or Ferri coupling, systems will have a col-
lective magnetic moment, which is critical to spin-polarized
electron transport in DMS materials. A high doping concen-
tration is often required to maintain effective magnetic cou-
pling between TM impurities. However, high-concentration
impurity doping often leads to clustering or secondary-phase
behaviors, and fails to give intrinsic magnetism. Therefore,
enhancement of the effective interaction distance and the
coupling intensity between magnetic impurities has become
a critical issue for high-quality DMS materials.

We defined the exchange energy as the difference
between AFM coupling and FM coupling of TM pairs for
given configurations as
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Epx = Earm — Erum,

where E 4z, represents the system energy with two antiferro-
magnetically coupled TM impurities, while Ef,, represents
the system energy of the FM case.

The mechanism of magnetic coupling between two TM
dopants becomes more complicated with the introduction of
the Mn AFM background of the MnTe host. We decomposed
the total exchange energy into two contributing parts, the
crystal lattice (size effect) and the Mn background effects,
similar to the decomposition of the clustering energy in Sec.
III B. We define the Mn background effect as

EX EX
Ey; = Egx — E§”,

where E£X represents the size effect on the exchange energy
of the TM impurity. Of note, similar to the nonmagnetic
hosts, only the FM coupling of TM impurities in MnTe con-
tributes to the collective magnetic moments because the
magnetic moments are canceled out in the case of AFM-
coupled TM impurities.

As shown in Fig. 7 (highlighted in blue), we have found
that the differences of exchange energies between ZnTe and
CdTe hosts are within 80 meV for all considered TM impu-
rity configurations, with the greatest appearing at the v/3a Fe
pair of (77 meV). In fact, the difference falls in the 50-meV
range except for the v/3a Fe pair and the NN Cr pair. To fur-
ther investigate the size effect of the host crystals, we have
compared the exchange energy of TM pairs in the series of
nonmagnetic hosts with various artificial lattice constants as
done in Sec. III B. The differences in Egy still fall in the
range of 80 meV as the lattice constant increases from 6.067
t0 6.733 A, as shown in Fig. 6, except for the v/3a Fe pair, in
which the deviation reaches up to 297 meV with exchange
energies of —91 and 206 meV in the case of 6.315 and
6.469 A, respectively. Nevertheless, the host lattice size has
no remarkable effect on the exchange energies of TM impur-
ities in general. It is also the case for Fe from GGA + U cal-
culations, where the exchange energies change linearly in
general when the host lattice crystal constants varied from
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FIG. 7. Magnetic exchange energies, Erx=FEry — Ery, of TM pairs in
ZnTe and CdTe hosts (highlighted in blue), as well for lattices artificially
varied by =2%. Open diamonds represent the v/2a /2 configuration, while
the open and solid squares represent the a and v/3a configurations, respec-
tively. Egyx of TM pairs in MnTe are also illustrated for comparison.
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6.067 A to 6.733 A, with the largest deviation of 40 meV for
configuration V/3a at lattice of 6.191 A.

The total exchange energies, as well as the decomposed
size and Mn background effects are illustrated in Fig. 8. The
differences in exchange energies between MnTe and ZnTe
hosts are expected to be within 10meV when only the size
effect is considered because their crystal constant differs by
no more than 1%. In fact, the calculated magnitude of the TM
exchange energy in MnTe is remarkably greater than that in
ZnTe for most TM impurities (roughly corresponding to the
size effect in Fig. 8). In the case of Fe, for example, the mag-
nitude of its exchange energy is enhanced by 173 meV (AFM
enhancement), 190meV (FM enhancement), and 241 meV
(AFM enhancement) with respect to that in the ZnTe host for
the first NN, the second NN, and the farthest configurations of
Fe pairs, respectively. According to the GGA + U calcula-
tions, the size effects for Fe pairs are —29, —15, and
—15meV for configurations V2a/2, a, and v/3a, respectively.
The corresponding Mn AFM background effects are —21, 89,
and —259meV, respectively, showing remarkable AFM
enhancements for configurations V2a/2 and v/3a, and an FM
enhancement for configuration of a, in line with GGA results.

Although the effect of the Mn background on the
exchange coupling is complicated, we have found that it gen-
erally enhances, either ferromagnetically or antiferromag-
netically, the coupling strength of TM pairs, except for Cr,
as well as V v/3a and Ni a configurations (c.f. Fig. 8). In the
following, we will pay more attention to the cases of V
(v2a/2, and a), Fe (a), Co (v/2a/2), and Ni (v/2a/2, and a)
because the Mn background provides an obvious FM cou-
pling enhancement for them. In contrast to the size effect,
the Mn AFM background has a relatively small effect on V
and Cr, but much stronger effects for Fe, Co, and Ni (except
configuration «), with remarkable enhancements in Co
(538 meV) and Ni (515 meV) pairs in the V2al2 configura-
tion. The most interesting case, however, is the Fe pair in the
second NN configuration, in which the Mn background not
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FIG. 8. Total and decomposed exchange energies of MnTe:TM systems,
with pair configurations indicated by separation distance. Red line segments
represent total exchange energies, while black and green shadow bars repre-
sent the size and Mn background effects, respectively. Positive and negative
exchange energies correspond to favoring of FM and AFM coupling, respec-
tively. The corresponding GGA + U results for MnTe:Fe are shown in the
inserted plot.
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only stabilizes its relative uniform distribution, but also
enhances its FM coupling.

Meanwhile, the Mn background introduces a remarkable
FM coupling enhancement for Co and Ni of the first NN
configuration (c.f. Fig. 8). Because a closed shell e, (c. f.
Fig. 3) is expected for Co in II-VI hosts, the Co pair is
expected to favor AFM coupling. Interestingly, it turns out to
strongly favor FM in MnTe in the presence of the Mn AFM
background (c.f. Fig. 7). A delocalization of zggfj levels was
found for Co of the NN configuration in MnTe when its
PDOS is compared with that in the ZnTe host. An overlap of
€2, and t‘ggﬁ due to the Mn background makes electron tran-
sition from e,,_ to tggz possible in Co, and thus leads to a sta-
ble FM coupling phase for the Co pair because the t‘z’g’i shell
is no longer fully closed.®

Ni has an open t‘zlg’i shell, which corresponds to a favor-
able weak FM coupling in ZnTe, because its anti-bonding
levels are mostly occupied. It is unusual that both its cluster-
ing energy and exchange energy are remarkably enhanced
when the Mn AFM background is introduced. By comparing
the system energies of various Ni pair configurations, we
found that the energy of O-2 in FM coupling is lower than
that of other configurations by 250-350 meV (c.f. Table II).
This directly leads to the high clustering energy and highly
enhanced FM coupling behaviors. For further discussion, we
have illustrated the PDOS of Ni 3d levels in MnTe and ZnTe
in Fig. 3(a). For the MnTe host, a delocalization of zggfi near
the Fermi level was found for the most stable Ni pair config-
urations (O-2 of FM coupling), but is not available for other
configurations. Because Ni has an open t‘zlgﬁ shell, the deloc-
alization lowers system energy by pushing le?i into a deeper
level. As a result, the FM coupled O-2 configuration is much
lower in energy than other Ni configurations in MnTe. For
the ZnTe host, however, the delocalization of t‘z’g’i appears in
all the configurations, though it is more remarkable in the
FM-coupled NN pair configuration, leading to relatively
comparable energies for the Ni configurations.

IV. CONCLUSION

First-principles calculations were conducted for the
clustering and magnetic coupling of TM (V, Cr, Fe, Co, and
Ni) pairs in ZB MnTe and compared with those of non-
magnetic ZnTe and CdTe hosts. We found that the clustering
of doped TMs is slightly enhanced as the lattice constant
decreases in non-magnetic hosts, while it is clearly degraded
by the AFM background of MnTe, except TM =Ni. The
AFM background of MnTe also remarkably enhances the
magnetic coupling of doped Fe, Co, and Ni (except for a
configuration of a) pairs, either ferromagnetically or antifer-
romagnetically. The strong impact of the AFM background
on the clustering and magnetic coupling of doped impurities
may provide a new approach to develop high T~ magnetic
semiconductors with intrinsic magnetism.
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