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We report density-functional calculations of the ferromagnetic 共FM兲 stabilization energy ␦ ⫽E FM
⫺E AFM for differently oriented Mn pairs in III–V’s 共GaN, GaP, GaAs兲 and chalcopyrite (CuGaS2 ,
CuGaSe2 , CuGaTe2 ) semiconductors. Ferromagnetism is found to be the universal ground state
( ␦ ⬍0) in all cases. The order of FM stability in III–V’s is GaN⬎GaP⬎GaAs, whereas in
chalcopyrites it is CuGaS2 ⬎CuGaSe2 ⬎CuGaTe2 . Considering both groups, the order is GaN
→GaP→GaAs→CuGaS2 →CuGaSe2 →GaSb⬇CuGaTe2 . The stronger FM stabilization in III–V’s
is attributed to the stronger covalent coupling between the Mn 3d and the anion p orbitals. In
contrast to expectations based on Ruderman–Kittel–共Kasuya兲–Yosida, 共i兲 all Mn–Mn pair
separations show FM, with no FM to antiferromagnetic oscillations and, 共ii兲 FM is orientationally
dependent, with 具110典 Mn–Mn pairs being the most FM. © 2004 American Institute of Physics.
关DOI: 10.1063/1.1737466兴

Substitution of the trivalent Ga site in III–V semiconductors by divalent Mn creates a hole which mediates ferromagnetic interactions between the d 5 spins of the Mn ions.1,2
The n-type doping 共e.g., via Mn interstitials3–5 or As
antisites5–7兲 compensates the holes, thereby weakening or
even removing the ferromagnetism. The search for Gacontaining host semiconductors which are not n type has
largely focused so far on GaN,8 GaP,9 and GaAs,10 leading,
however, to rather low ferromagnetic transition temperatures
共in GaAs兲,10 or to the unwanted precipitation of competing
phase 共in GaN兲.11,12 Here we inquire whether another class of
Ga-containing semiconductors could be interesting for Mninduced ferromagnetism, namely I–III–VI2 chalcopyrite.
Previous calculations13–15 have shown promise. Here we will
contrast the calculated ferromagnetic stabilization energy ␦
⫽E FM⫺E AFM for Mn ions in chalcopyrite and in III–V’s by
comparing, via density functional theory, the total energies E
of supercells in ferromagnetic 共FM兲 and antiferromagnetic
共AFM兲 spin arrangements. We find that for low concentration
of Mn 共i兲 both classes of materials show ␦ ⬍0, i.e., FM is the
ground state. 共ii兲 The most negative stabilization energy occurs when the Mn ions are located along the 具110典 chain
connecting in III–V’s the atoms Ga–As–Ga–As- ¯ , and in
I–III–VI2 the atoms Cu–Se–Ga–Se- ¯ . 共iii兲 In III–V’s, the
strength of ferromagnetism 共e.g., for the first-neighbor Mn
atoms兲 decreases along the series GaN→GaP→GaAs
→GaSb, whereas in chalcopyrite it decreases along the
series
CuGaS2 →CuGaSe2 →CuGaTe2 .
Finally,
共iv兲
comparing all compounds, the FM stability decreases
along
GaN→GaP→GaAs→CuGaS2 →CuGaSe2 →GaSb
⬇CuGaTe2 . We have previously shown4,16 that ferromagnetism in this compounds results from direct Mn 3d coupling with the anion p orbital, not from the Ruderman-Kittel共Kasuya兲-Yosida 共RK共K兲Y兲 coupling. The sequence of FM
stability above reflects the magnitude of this coupling.
a兲
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We use 64-atom supercells, placing one Mn at (0,0,0)a
and the second in various lattice positions, such as
( 21 ,0, /2)a, (1,0,0)a, ( 12 , 12 ,  )a, and (1,1,0)a, in III–V’s
and chalcopyrites, corresponding to first, second, third, and
fourth neighbors, respectively. Here the tetragonal ratio  is
c/2a, and equals 1 in the cubic III–V’s. All atomic positions
and lattice constants are relaxed by minimizing the energy as
calculated by plane-wave pseudopotential total-energy momentum space method,17 using the ultrasoft pseudopotentials
of Vanderbilt,18 and the generalized gradient approximation
共GGA兲 to the exchange correlation19 as implemented in the
20
VASP code. The plane-wave basis set had a cutoff energy of
13.3 Ry for GaSb, GaAs, and GaP, 29.4 Ry for GaN, and
21.5 Ry for the chalcopyrites, and a shifted Monkhorst–Pack
grid21 of 4⫻4⫻4 k points including ⌫ was employed. The
magnetic stabilization energy ␦ is converged to within 4 meV
when the sampling k mesh is increased to 6⫻6⫻6 or the
energy cutoff is increased by 30%.
Figure 1 compares the Mn 3d density of states 共DOS兲 of
GaAs:Mn with CuGaSe2 :Mn. Going from low energy to
high energy, and labeling states according to tetrahedral representations (t 2 or e), spin 共up or down; ⫹ and ⫺, respectively兲, and type of states 关‘‘dangling bond hybrid’’ 共DBH兲,
or ‘‘crystal field resonance’’ 共CFR兲 as a result of bonding and
antibonding interaction between Mn d states and the anion
dangling bond states兴, we find the same order for GaAs:Mn
and CuGaSe2 :Mn22
CFR
CFR
DBH
DBH
CFR
CFR
t⫹
⬍e ⫹
⬍t ⫺
⬍t ⫹
⬍e ⫺
⬍t ⫺
.

共1兲

The t DBH states represent the states mostly localized at anion
sites. On the other hand, the e CFR and t CFR states are mostly
Mn-localized states. 共The level ordering may be different for
other III–V’s and I–III–V2 ’s. For example, the DBH levels
CFR
are lower than all the CFR levels in GaN:Mn,23,24 and e ⫹
CFR
15
⬍t ⫹ in CuAᐉS2 :Mn. 兲 The order of states in Eq. 共1兲 can
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TABLE I. Comparison of ferromagnetic stability energy ␦ ⫽E FM⫺E AFM
共meV/Mn兲 for two MnGa pairs in a 64-atom supercell in III–V and
I–III–VI2 semiconductors. One Mn is located at (0,0,0)a, while the other is
located as listed in the table (  ⫽c/2a).

␦ for different Mn–Mn pairs

System

冉 冊

GaN 共ZB兲
GaP
GaAs
GaSb

⫺188
⫺139
⫺124
⫺56

CuGaS2
CuGaSe2
CuGaTe2

⫺81
⫺71
⫺52

1 
2,0,

2

a

1 1

(1,0,0)a

( 2 , 2 ,  )a

(1,1,0)a

⫺11
⫺31
⫺30
⫺7

⫺63
⫺89
⫺76
⫺28

⫺161
⫺132
⫺114
⫺54
⫺83
⫺61
⫺59

slightly above the valence band minimum 共VBM兲. If this
energy of the cation vacancy lies between the energies of
up-spin and the down-spin Mn 3d orbitals 共Fig. 2兲, one obtains a level scheme as shown at the center panel of Fig. 2.
The spin-up Mn orbital t ⫹ (d) hybridizes with the spin-up
CFR
(dp) and the
dangling bond t ⫹ (p), to form the bonding t ⫹
DBH
anti-bonding t ⫹ (d p) levels. The bonding orbital contains
mostly t ⫹ (d) character, whereas the anti-bonding orbital
contains more t ⫹ (p) character. Analogously, the spin-down
FIG. 1. Projected e and t DOS levels for MnGa in GaAs and CuGaSe2 in a
Mn orbital t ⫺ (d) hybridizes with the spin-down host dansphere radius of 1.20 Å. Spin up DOS is shown in solid lines, whereas
CFR
(d p) and the antigling bond t ⫺ (p) to form the bonding t ⫺
spin-down in dashed line. The Fermi level is set to zero.
DBH
bonding t ⫺ (d p). The coupling matrix element 兩 V pd 兩 increases with covalency and with the reduction in bond
DBH
DBH
be explained by a simple model,4,16,25 depicted in Fig. 2. We
is below t ⫹
共‘‘negative DBH exlength. Note that t ⫺
describe the electronic structure of MnGa as a result of couDBH
change splitting’’兲 since t ⫺ is repelled downward 关by
pling between the d orbitals of the Mn ion with the orbitals
DBH
is repelled upward 关by t ⫹ (d)]. In
t ⫺ (d)] more than t ⫹
formed by a Ga vacancy in CuGaSe2 or GaAs. The d orbitals
CFR
CFR
is
below
t
共‘‘positive CFR exchange splitcontrast,
t
⫹
⫺
of a Mn2⫹ ion, are split into e(d)⫹t 2 (d) by the point-ion
ting’’兲. Thus, the direction of spin polarization on the Mn site
crystal field and into up spin (e ⫹ ,t ⫹ ) and down spin
共decided by CFR兲 is opposite to the direction of spin polar(e ⫺ ,t ⫺ ) via the exchange interaction. The vacancy orbitals
ization on the nearest anion sites 共decided by DBH兲. This is
t 2 (p) are actually dangling bonds of the anions surrounding
the fingerprint of antiferromagnetic coupling between Mn 3d
the vacant Ga site. Calculation of VGa in CuGaSe2 show that
and the anion p orbitals. Since the host dangling bonds do
at ⌫, the t 2 (p) vacancy level is at E VBM⫹40 meV, i.e.,
not have an e-like representation in the relevant energy
range, the Mn e ⫺ (d) and e ⫹ (d) levels are mostly unperCFR
CFR
CFR
and e ⫹
. Note that the t ⫹
level
turbed, and appear as e ⫺
CFR
is now lower than the e ⫹ level 共opposite to what a pointion crystal-field theory would suggest兲 due to bonding with
the DBH. Thus, the simple model of Fig. 2 reproduces the
essential feature 共e.g., level ordering兲 of the full firstprinciples calculations, and shows that the hole at the Fermi
DBH
.
level resides in a spin-up dangling bond hybrid, t ⫹
Table I shows the ferromagnetic stabilization energy ␦
for pairs of Mn ions in III–V’s and in I–III–VI2 chalcopyrites. We see that in all cases, substitution of the column III
site leads to ferromagnetism ( ␦ ⬍0). This is because of the
occurrence of a t DBH hole in both systems. The strength of
the stabilization energy depends on the crystallographic orientation and interatomic separation of the two Mn atoms. In
sharp contrast with the expectation from the RK共K兲Y
model,26 all Mn–Mn separations up to fourth nearest neighbor show only ferromagnetic behavior with no FM/AFM oscillations. The orientation dependence 关not expected by
FIG. 2. The energy level diagram of Mn in GaAs and CuGaSe2. The level
RK共K兲Y兴 is such that 具110典-oriented Mn–Mn pairs, 关e.g., the
splitting
due to the tetragonal
structure
CuGaSe
shown
in this
2 is not
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neighbor being (1,1,0)a⫺(0,0,0)a pair兴 have the highest
FM stability. This crystallographic orientation has the strongest coupling between t DBH on adjacent Mn–As bonds since
it is the only direction where bond chains occur, i.e., like
Ga–As–Ga–As- ¯ in III–V’s, or Cu–Se–Ga–Se- ¯ in
chalcopyrites.
We next compare our calculated stability energies ␦ with
results in literature. For example, using GGA exchange correlation and relaxed lattice constant we obtained ⫺188 and
⫺63 meV/Mn for Mn pairs of first neighbors and third
neighbors in GaN:Mn, respectively, while Sanyal, Bengone,
and Mirbt give ⫺156 and ⫺58 meV/Mn, respectively, employing local density approximation 共LDA兲 and experimental lattice constant.24 As for the GaAs:Mn, Ref. 24 presented
␦ ⫽⫺130 meV/Mn for nearest neighbor pair of Mn, which is
in good agreement with ours (⫺124 meV/Mn). However,
for the second nearest neighbor Mn pair, our ␦ value
(⫺30 meV/Mn) is much smaller than that in Ref. 24
(⫺70 meV/Mn), while Ref. 27 also gives ⫺30 meV/Mn using LDA. In addition, Sanyal and co-workers, concluded that
the ferromagnetic interaction in GaN:Mn is short ranged24
without considering the Mn pair separated by (1,1,0)a. In
fact, the interaction for Mn pair of fourth neighbor is very
strong 共c.f. Table I兲.
The order of FM stability 共absolute value of ␦兲, e.g., for
the first nearest neighbor and fourth nearest neighbor among
III–V’s is GaN⬎GaP⬎GaAs⬎GaSb, whereas in the chalcopyrites it is CuGaS2 ⬎CuGaSe2 ⬎CuGaTe2 . Comparing
all compounds, we find that GaN:Mn, GaP:Mn, and
GaAs:Mn have stronger FM stability than all the studied
chalcopyrites. Ferromagnetism in GaSb:Mn is comparable to
that in CuGaTe2 :Mn, but weaker than CuGaS2 :Mn and
CuGaSe2 :Mn. Since the anion 共column VI兲 in chalcopyrites
is more ionic than the anion 共column V兲 in III–V’s, the covalent bonding V pd between Mn 3d and anion p, and thus
the AFM coupling, is weaker in chalcopyrites, resulting in a
weaker FM stabilization. This is evidenced by the fact that
the magnetic moments in the As sphere in GaAs:Mn 共0.035
 B within R⫽1.2 Å), are much higher than that in the Se
sphere 共0.003  B within R⫽1.2 Å) of CuGaSe2 :Mn, which
indicates the stronger AFM coupling in III–V’s. The strength
of covalent coupling V pd is partially reflected in the band
gaps. Individually, within the III–V or the chalcopyrite series, the FM stability scales consistently with the energy gap.
However, this is no longer the case considering both III–V’s
and chalcopyrites. For example, CuGaS2 has an energy gap

Zhao, Mahadevan, and Zunger

3755

of 2.43 eV, being larger than that of GaP 共2.26 eV兲 or GaAs
共1.43 eV兲, yet the FM stability of CuGaS2 :Mn is weaker
than in GaP:Mn or GaAs:Mn. Indeed, III–V’s have stabler
ferromagnetism than chalcopyrites for comparable energy
gaps.
The authors acknowledge support of this work by the
Office of Naval Research 共ONR兲.
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