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Chalcopyrite Al(Ga, Mn)As: and AlGa(As, P) Quaternary Semiconductor:
A First-principle Study
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The electronic and magnetic properties for a diluted magnetic semiconductor of 3d-metal Mn-doped
AlGaAs:z and AlGa(AsyP1-2)2 chalcopyrite alloys are investigated by using the first-principle calculations.
The chalcopyrite AlGaAsz and AlGa(As, P) quaternary compounds have semiconductor characters with a
small band-gap. For the system of Al(Ga, Mn)As: chalcopyrite, the ferromagnetism with high magnetic
moment of Mn is originated from the exchange couplings between Mn 3d- and As 4s-, or As 3d-bands. The
Mn moments couple to holes by an on-site exchange interaction due to the overlap of the hole wave-
function with the d-orbitals of the local Mn electrons. The itinerant holes of Al and Ga sites couple ferro-
magnetically to the local Mn-moments via the exchange interaction. While the itinerant holes in As 3d-, or
As 4s-bands are aligned antiferromagnetically to the local Mn moments via the exchange interactions.
When the concentration of dopants is high with over a dilute concentration, a long-range ferromagnetic
state among the local moments is established by the itinerant holes. This mechanism is usually denoted as
hole-carrier mediated ferromagnetism. A long-range ferromagnetism among the Mn local moments is es-
tablished by the high enough hole densities of partially unoccupied majority of As 3d- and majority of As
4s-bands, by the exchange interaction between dopant Mn and the localized carriers trapped in the inter-
stitial sites. The Al(Ga, Mn)As; exhibits the ferromagnetic and half-metallic states. For the increasing Mn
concentration (up to 6.25 % in our work), it is maintained the ferromagnetic and half-metallic characters.
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1. INTRODUCTION

The research on GaAs-based alloys has revealed
important electronic and optical properties with many
advantages such as low cost devices [1-4]. The III-V
compound semiconductors, such as AIP and GaP, have
a wide band-gap and possess physical properties that
make them potentially interesting for the development
of optoelectronics [5, 6]. The AlAs and GaP are indirect-
gap semiconductors, while AlGaP: [7], AlGaAs, and
AlP/GaAs compounds represent the direct-gap semi-
conductors. The GaP is used for manufacture of low
and standard brightness red, orange, and green light-
emitting diodes (LEDs). The recent experiments for
Mn-doped GaP show ferromagnetism above 300 K [5, 8,
9]. The AIP is unstable in air and oxidizes rapidly,
while the AlGaP is stable [7]. The AlGaAs epitaxially
grown on GaAs forms the heterojunctions with perfect-
ly matched lattices, and Al.Gai -:As alloys should have
a direct band-gap in the Al mole fraction range up to
~0.45 [10].

The AlGaP ternary material is used in devices such
as visible light-emitting diodes, laser diodes, heterojuc-
tion bipolar transistors, and so on [7]. The opportuni-
ties of diluted magnetic semiconductor (DMS) devices
have been limited because of low solubility of magnetic
ions in non-magnetic semiconductor materials. It is one
of the primary challenges to create the ferromagnetic
(FM) semiconductors due to the difficulty in the spin-
injection into the semiconductors to form DMS at room
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temperature. The GaP is a semiconductor matter for
spintronics applications because it is very low lattice-
mismatch to Si. Therefore, the Mn-doped GaP is an
attractive matter as the magnetic sensors or data stor-
age elements to form fast non-volatile magnetic random
access memories (MRAM). However, the electron spec-
tral range of binary III-V compound is limited. To satis-
fy the need of detection spectral range, the image in-
tensifier used in the ocean exploration, ocean commu-
nication and undersea imaging is manufactured by blue
extension GaAlAs/GaAs [11]. Since Al constituent can
adjust the spectral response range, AlGaAs offers ex-
tensive application prospect in the detection under the
condition of undersea, ocean, deserts and atmosphere.
In our paper, the electronic and magnetic properties
for the Mn-doped and Mn-undoped AlGaAsz, and Al-
Ga(As:P1-2)2 quaternary alloys had been investigated.
We observed the electronic properties, showing that
both electrons and holes are capable of including fer-
romagnetism in this material. It is noticeable that the
ferromagnetism arises from two distinguishing charac-
teristics by magnetic polarons (MP) and by hole-
mediated exchange-coupling. We predicted that the
AlGaP2 [12], AlGaAsP, and AlGaAs2 compounds have a
character of chalcopyrite (CH) semiconductor with a
direct band-gap of 1.237 eV, 0.755 eV, and 0.176 eV,
respectively. For the variance of As (or P) concentra-
tion, the band-gap is linearly changed. For the Mn-
doped AlGaAs2 compounds, the FM ordering with high
magnetic moment of ~ 4 us/Mn could be found.
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2. CALCULATIONS

The CH is a class of semiconductors recognized as
promising materials for nonlinear optical applications,
is related to the more familiar tetrahedrally-
coordinated zinc-blende (ZB) materials. The physical
properties of Al(Ga, Mn)As2 and AlGaAs.Pi1-x quater-
nary alloys were investigated using the full-potential
linear muffin-tin orbital (FP-LMTO) method [13, 14].
The used CH structure consists of a supercell of 64 at-
oms included 32 empty sites (or the interstitial sites)
with one or two atoms substituted by Mn. The Mn con-
centrations of 3.125 % and 6.25 % were considered. The
FP-LMTO method is based on a self-consistent imple-
mentation of density functional theory within the local-
density approximation (LDA). The real space is divided
into two regions: the muffin-tin spheres, where the
charge density is described by a spherical harmonic
expansion and the interstitial region, where the charge
is presented by a linear combination of Hankel enve-
lope functions having negative energies (- 1.0 Ry,
— 2.0 Ry, — 3.0 Ry, in our case) [15, 16]. All calculations
were performed within the generalized gradient ap-
proximation (GGA) with the exchange-correlation func-
tional of Perdew-Burke-Ernzerhof scheme [17]. The
radii of muffin-tin spheres for Mn/Ga (or Al) and As
were chosen to be 2.4 (or 2.22) and 1.28 a.u., respective-
ly. The final set of energies was computed with the
plane-wave cutoff energy of 634.71 eV. The LMTO basis
set and charge density in each muffin-tin sphere were
expanded in terms of the spherical harmonics up to
[ =6, where [ is the angular momentum defined inside
each muffin-tin sphere. The LMTO basis functions in
the valence energy region were chosen as 4s and 3d for
Mn, and 4s, 4p, and 3d for Ga (or As). The basis func-
tion of Mn (or As) for the 4s, 4p, and 3d was generated
with cut-off energy of 163.2 eV (184.96 V), 238.0 eV
(267.92 eV), and 348.16 eV (391.68 eV), respectively. The
charge density had determined self-consistently by using
a gamma-centered 4 x 4 x 4 grid in the Brillouin zone.
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3. RESULTS AND DISCUSSION
3.1 Chalcopyrite AlGaAsz Semiconductor

We found that the CH AlGaAsz compound exhibits
the semiconducting character, which has a small band-
gap of 0.176 eV as compared with the CH AlGaP2 [17].
The equilibrium lattice parameters for the CH struc-
tures from first-principles calculations were obtained.
The calculated lattice parameters are a = 5.8601 A and
¢c=11.5676 A for CH AlGaAsz; a=5.8478 A and
¢ =11.5434 A for CH Al(Ga, Mn)As: and c/a = 1.9739 A.
We considered the atomic relaxations for the positions
of the systems. The atomic geometry and positions of
the structures were fully relaxed until the force be-
tween atoms was less than 1.0 mRy/Bohr. However, the
distortions of near host atoms by substituting Mn do-
pant in the AlGaAs:2 bulk were neglected. Our calculat-
ed parameters for CH AlGaAsP quaternary and Al-
GaAsz alloys can be compared with that of the ZB
structure. The experimental values are a = 5.65 A and
5.66 A for GaAs and AlAs, respectively [18]. We sum-
marized the calculated structural properties (lattice
parameter, bulk modulus) of AlGaAs2 ternary and Al-
GaAsP quaternary and Al(Ga, Mn)As: alloys in the
Table 1 and Fig. 1.

In the present work, we used the supercell of 64 at-
oms which consists of empty lattices in two unit-cells of
ZB lattice. The concentration for the AlGa(As:P1-x)2
quaternary alloys consists of x= 0.0 to 1.0. For the con-
centrations x = 0, 0.5, and 1.0, the lattices show the CH
structure. The AlGaAsP and AlGaAsz are more ex-
pandable than the GaAs or AlAs. The CH AlGaAsP
system exhibits the semiconducting character with the
band-gap of 0.755 eV. For the AlGa(As<Pi-x)2 system
(x=0.0 ~ 1.0), we can see a linear increase in the lat-
tice parameter with respect to the increasing As con-
centration, while the band-gap decreases linearly from
1.151 eV to 0.176 eV with direct band-gap. The lattice
parameters for each CH crystalline and the band-gaps
were plotted in Fig. 1.

Table 1 — Equilibrium lattice parameters (A), bulk modulus (GPa), Energy gap (eV), and magnetic moments (up/atom) for CH

AlGaAsP, AlGaAssz, and Al(Ga,Mn)Ass compounds

Compounds Lattice parameters Bulk modulus Energy gap Magnetic moments (ug)
(CH) (a, A) (GPa) (eV) Mn Al Ga As
AlGaAsP 5.7597 66.2 0.755 — — — -
AlGaAs: 5.8601 77.2 0.176 — — — -
Al(Ga,Mn)As:
3.125 % Mn 5.8478 56.9 0.687* 3.97 +0.02 0.00 —0.04
6.25 % Mn 5.8696 47.2 0.495* 3.97 +0.02 0.02 —0.07

* denotes the quasi-energy gap

Table 2 — Cohesive energies and /-decomposed electrons within muffin-tin spheres on each atom at 3.125 % and 6.25 % Mn

AlGaAs: Cohesive Energy s p d
System (eV/atom) TH) (TH) (TH)
Ga (3.125 % Mn) —6.4438 0.96 (0.48/0.48) 0.82 (0.41/0.41) 9.96 (4.98/4.98)
Ga (6.25 % Mn) 0.95 (0.48/0.47) 0.81 (0.41/0.40) 9.96 (4.98/4.98)
As (3.125 % Mn) — 6.6849 1.36 (0.68/0.68) 1.98 (0.97/1.01) 9.98 (4.99/4.99)
As (6.25 % Mn) 1.36 (0.68/0.68) 1.99 (0.96/1.03) 9.98 (4.99/4.99)
Mn (3.125 % Mn) —6.6561 0.37 (0.21/0.16) 0.32 (0.18/0.14) 5.04 (4.46/0.58)
Mn (6.25 % Mn) 0.37 (0.21/0.16) 0.33 (0.19/0.14) 5.03 (4.45/0.58)
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Fig.1 — Optimal lattice parameters (A, left axis) and band-gap
(eV, right axis) for CH AlGa(As:P1-x)2 quaternary alloys. The-
se values show the results with respect to the increasing As
concentration
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Fig.2 — Band structures for CH AlGa(As.Pi-:)2 quaternary
alloys of (1) x=0.125, (2) x = 0.375, and (3) x = 0.5. The Fermi
level is set to zero

The cohesive energies for the Mn dopant, the host
Ga, and the As atoms were listed in Table 2. The cohe-
sive energy for the Mn dopant, AE, is determined as
follows: AE = E(AlGaAs2:Mn) — E(AlGaAsz) — nu(Mn).
Here, E(AlGaAs2:Mn) is the total energy of Mn-doped
AlGaAsz, E(AlGaAsy) is the total energy of Mn-undoped
AlGaAsz, the integer n is the number of substituted Mn
atoms, x#(Mn) is the atomic chemical-potentials of Mn
for the Mn-doped CH AlGaAs:z structure, the substitu-
tional migration of Ga site by Mn dopant is more ener-
getically favorable than that on the Al, As, or intersti-
tial sites (empty sites). Fig. 2 shows the band struc-
tures for the CH AlGa(As:P1-x)2 quaternary alloys with
x=0.125, 0.375, and 0.5. We can see that the CH Al-
GaAsP quaternary compound has a direct band-gap.
The magnitudes of band-gap for x = 125, 0.375, and 0.5
are 1.151 eV, 0.887e V, and 0.755 eV, respectively. The
band-gap is narrowed with increasing concentration of
As elements. When the 3d-metal Mn element is doped

in AlGaAss, the energy-shift occurs toward high energy.
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The quasi-energy gap with the 3.125 % Mn concentra-
tion exhibits an amount of 0.687 eV just above the
Fermi level (EF).

3.2 Half-metallic Ferromagnetism

Fig. 3 illustrates the density of states (DOS) for Al-
GaAs:z and for Al(Ga, Mn)As2 with 3.125 % Mn concen-
tration. The systems of AlGaAsz and Mn-doped Al-
GaAs2 were compared. We could observe the perturba-
tion of the valence-band by Mn dopant in the host Al-
GaAsz2 bands. The majority-band states on the Er are
occupied by Al-3s, As-4s (or As-3d), and Mn-3d elec-
trons mainly. This majority of d-states makes a result
of strong hybridization between the As-3d and Mn-3d
bands. The partially unoccupied Mn e-band (dx2 - ,2) lies
on the Er (mainly majority-states), while the t2-band
falls into the valence-band by EFr-3.0 eV. Especially, a
strong interaction between Mn-3d and As-3d occurs
due to the hole-carrier accumulation between the Mn
and neighboring As atoms just on the Er. Hence the
partially unoccupied d-bands (mainly As-3d and Mn-3d
states) contribute to the ferromagnetism with high Mn
magnetic moment. This configuration provides us with
clues to elucidate the mechanism of the hole-carrier
mediated ferromagnetism in Mn-doped AlGaAsz. As
seen from Table 1, the magnetic moments for the near-
est neighboring As element from the Mn dopant is
aligned negatively. The Mn-doped AlGaAsz system
shows a strong half-metallic character due to there is no
the states near the Er in the minority-bands of host and
dopant atoms. For the systems of 3.125 % and 6.25 %
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Fig. 3 — (1) DOS for Al, Ga, P, and Mn sites of Al(Ga,Mn)As:
CH in the FM state, (2) DOS for Al, Ga, and As sites of CH
AlGaAsz. The Fermi level is set to zero
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Mn-doped AlGaAss, the Er lies in the majority-spin d
states. As can be seen in Fig. 3, the partially unoccupied
majority-spin d states are induced. This configuration of
impurity d states may imply that the Mn-doped AlGaAss
CH system induces a high Curie temperature. As well
known, the Curie temperature is strongly affected by a
type in the matter and the density of carriers.

(2) 3

0.0[ Al O b

ao 025 0.0 0.25

Fig. 4 — (1) Charge contour maps for CH Al(Ga,Mn)Asz sys-
tem, (2) and (3) the charge density difference (Ap) for Mn-
doped AlGaAs: with the FM state. Ap is defined as
PlAl(Ga, Mn)Ass] — p[Al(Ga, Mn)Asz]™ — p[Ga, Mn], where
plAl(Ga, Mn)Ass] is the total density, p[Al(Ga, Mn)Asz]M and
plGa, Mn] are the charge densities for Al(Ga, Mn)Asz with
empty Mn (or Ga) site and isolated Mn (or Ga) with same lat-
tice structure, respectively. Contour is shown on the plane
(110) with intervals 7.5 x 104 e/(a.u)3

3.3 High and Long-range FM Order

For the concentration of 6.25% Mn in AlGaAss, the
magnitude of Mn-moment shows the same values nearly
with that of 3.125 % Mn. The Mn moments are coupled
with holes by an on-site exchange interaction due to the
overlap of the hole wave-function with the d-orbitals of the
local Mn electrons. The hole density is usually heavily
compensated by the antisite (antiferromagnetically
aligned site) and the interstitial sites. Usually the hole
density is a small fraction of 10 % order to the magnetic
dopant density, since the holes become heavily compen-
sated by the empty sites, which means that Mn is bound
at a Ga and interstitial sites. For high enough hole densi-
ties, a high FM order is established through the flipping of
a local Mn-moment caused by the kinetic exchange inter-
action with a passing-by hole. The strong kinetic exchange
coupling between the holes and the Mn spins, which
proves to be a high ferromagnetism in Al(Ga, Mn)Ass, is
the basic physical mechanism underlying the occurrence
of FM order. We can understand that in the disorder-free
metallic systems the ferromagnetism is mediated by va-
lence-band holes. It has been suggested that the extended
hole states of the impurity-band are responsible for the
establishment of the FM order. Very recent experiments
have shown strong evidence that impurity-band holes
play a major role, challenging the standard model for the
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Gai-:MnsAs system based on the valence-band holes
[19, 20].

As mentioned above, the itinerant hole couples ferro-
magnetically to the local Mn-moments via the exchange
interaction due to the overlap of the hole wave with d-
orbitals of the local Mn electrons. If the concentration of
dopants is high, a long-range FM state among the local
moments is established by the itinerant holes. This mech-
anism is usually denoted as the hole-carrier mediated
ferromagnetism. As can be seen from the results of Ta-
ble 2, for the electronic populations of each site, the elec-
trons of dopant Mn and As atoms move to the interstitial
site. The total magnetic moment in the interstitial sites is
0.133 u per supercell and that of supercell shows a
3.991 uB. As shown in Fig. 4, it could be compared with
the interaction between the Mn-Ga and Mn-As bond for
the pure AlGaAsz and Mn-doped AlGaAss. We can see
that a strong interaction occurs relatively by large charge
accumulation between the Mn and As sites. The exchange
interaction between As and Mn sites is higher than that
with the other host Al or Ga sites. We can also understand
that the Mn magnetic moment has mediated with the FM
exchange-coupling between the neighboring Mn ions and
the MP (magnetic polarons). The localized electrons
trapped in the interstitial sites (empty sites) form the MP,
which is stable due to the carriers are localized strongly.
The FM exchange-coupling by the MP produces a long-
range FM order. It is noticeable that the exchange inter-
actions between the neighboring Mn atoms and the local-
ized carriers trapped in the interstitial sites produce a
long-range FM order.

4. CONCLUSIONS

The electronic and magnetic properties for the CH
AlGa(AsxP1-x)2 and CH AlGaAsz:Mn had been investi-
gated by using the self-consistent FP-LMTO method.
The CH AlGa(AszP1-z)2 shows a p-type semiconductor
character with the variance of As and P matters. The
band-gap is narrowed with increasing As concentra-
tion. The Mn-doped AlGaAsz CH shows the stability of
the FM state with increasing Mn concentration. The
substituted system of Ga by Mn atom is the energeti-
cally favorable state. The FM ordering of Mn dopant is
induced by strong coupling between Mn-3d and As-3d
(or As-4s) orbitals mainly. A long-range FM order is
maintained by high enough hole densities of the dopant
and host atoms. The high magnetic moment and a long-
range FM state are established by the itinerant holes
which is denoted as the hole-carrier mediated ex-
change-coupling, and by the exchange-coupling of Mn
ions by the MP. Even though the Mn concentration
increases, the CH Al(Ga, Mn)As2 quaternary alloys
exhibit the FM and the half-metallic ground states. We
had observed the quasi-energy gap by amount of
~0.5eV for the CH Mn-doped AlGaAs2 with the con-
centration of 3.125 % and 6.25 % Mn. Even though it is
necessary to study more in the DMS limit, we expect it
to be an application of useful DMS in the spintronics.
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YoTUpUKOMIOHEHTHUM HAMBIPOBigHuK xanbpromipurie Al(Ga,Mn)As: ta AlGa(As,P):
OOCIiaKeHHs 0a30BUX NPUHIIUIIIB

Byung-Sub Kang, Kie-Moon Song

Nanotechnology Research Center, Nano Science & Mechanical Engineering,
Konkuk University, Chungju, 27478, South Korea

JlocmimxeHo eJIeKTPOHHI Ta MATHITHI BJIACTHBOCTI p030aBJI€HOT0 MATHITHOTO HAIIBIPOBIIHUKA XAJIBKO-
miputaux cmwiaeiB AlGaAss ta AlGa(As.P1-.): 3 meroammm 3d-merasom Mn, BHUKOPHCTOBYIOUH IepIIi
OPUHIUIHE. XaJbKOMIPATHI Y0TUPLOXKoMIIOHeHTHI cmoiayku AlGaAs: and AlGa(As, P) marorhs HamBIpo-
BIJHMKOBI XapaKTEePUCTUKY 1 HEBEJIHUKY 3a00poHeHy 30Hy. Jis cucremu xamprompury Al(Ga, Mn)As:, de-
POMATHETHU3M 3 BUCOKUM MATHITHAM MOMeHTOM Mn BUHHKAE 3 0OMIHHUX 3B's3KiB Mk Mn 3d- and As 4s-, or
As 3d-cmyramu. MomenTr Mn mpuegHYIOTHCA 10 TIPOK MIJISAXOM OOMIHHOI B3a€MOIil 3 PAXYHOK IIePEKPUTT
XBUJIbOBOI PyHKIIII Aipku 3 d-opbiTanamu JokaabHux Mn-enexkrpouis. Buxigai oteopu Al 1 Ga-minsauok de-
PPOMATHITHO 3'€JHYIOTHCS 3 JIOKAJIbHUMHU Mn-MoMeHTaMM 3a JOIOMOroo oOMIHHOI B3aeMofii. ¥ Toil 4ac sk
mpoxigHi otBopH B As 3d-, a60 As 4s-cMyrax BUPIBHIOIOTBCA aHTH(EPOMATHITHO 10 JIOKAJIHHUX MOMeHTIB Mn
3a JOIOMOro o0MIHHUX B3aeMmomit. IIpyu KoHIIeHTpAIIil JIETYIOUNX IOMIIIOK OLIBIIOI HiM Po30aBJIeHA KOH-
LIEHTPAIis], JaJeKOIIounil GePOMArHITHIUN CTAH MK JIOKAJIbHUMHU MOMEHTAMU BCTAHOBJIIOETHCS MAaHAPYIO-
unmu gipramu. [leit MexaHiaM 3a3BHUUAN O3HAYAETHCS SIK PePPOMATHETU3M, OIOCEPEIKOBAHUMN JIPKAMMU.
Janexonirounii hepoMarHeTnam cepess JOKAJIBHUX MOMEHTIB Mn BU3HAYAETHCS JOCUTH BUCOKOIO IIUIHHICTIO
IPOK 4aCTKOBO He3aMHATOI OlibimocTi As 3d- Ta As 4s cMyT, 3a JOTOMOI0K0 00OMIHHOI B3a€MOIIl MisK JIETyIo-
Y010 TOMIIIK0I0 Mn 1 JI0KaIi30BAHUMHE HOCISIMH, K1 MOTPANIWIN B iHTepeTuitiaabHl miaaaku. Al(Ga, Mn)As:
neMoHCTpYye dpepoMarHiTHI 1 HamiBMeTrasesl craru. [lpu 30iapmenHi koHmeHTparii Mn (mo 6.25 % y mamrii
poborTi) 30epiraroTheA pepoOMArHiTHI Ta HAINIBMeTAJIYH] XapaKTePUCTUKH.

Knouosi cinosa: Hamismerasesi xapakrepuctuku, ®epomaraerusam, Xaabkomipur, CIiHOBA eJEeKTPOHIKA,
[lepri npuHIATIA.
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