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Mn-doped CuGa$, chalcopyrites: An ab initio study of ferromagnetic semiconductors
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Stimulated by our recent findings suggesting that the I-1J-ehalcopyrites could be a different class of
ferromagnetic semiconductors, we performed first-principles calculations within density-functional theory and
the generalized gradient approximation for Mn-doped CuyG&®ir calculations confirm the previous theoret-
ical predictions on CuGagethat the ferromagnetic spin configuration is strongly favored. Mn is found to be,
as expected, both a source of localized magnetic moments and an acceptor; thus, our results seem to support
the general idea that ferromagnetism is stabilized through a carrier-mediated interaction. For all the systems,
we find a half-metallic character, consistent with the integer value of the total magnetic moment pédMn
atom. This is particularly important for spin-injection applications: in a significant energy faageabout 0.5
eV in the dilute casearound the Fermi level relevant for spin injection, the holes will have a well-defined spin.

A simple Heisenberg model to estimate the Curie temperatyie ordered CuMpGa, _,S, alloys givesT,
~160 K, therefore suggesting the possible importance of this class of ferromagnetic semiconductors for
spintronic applications.
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[. INTRODUCTION perimentally reported by Medvedkiet al. in Mn-doped
CdGeR (Ref. 9 and more recently by Chet al. in Mn-

The new discipline called “spintroni¢swhich aims at  doped ZnGeR'° It was subsequently shown by theoretical
using the spin of electrorisather than their chargdor stor-  calculationd™*? that the AFM alignment is the ground state
ing and processing quantum information, has recently raisedt T=0 of all the Mn-doped Il-Ge-Y (II=Cd, Zn and V
a great deal of interest in spin-related phenomena in semi= P, As compounds. Moreover, it was pointed out in Ref. 13
conductors. The dilute magnetic semiconduci@®S) are  that, for Mn-doped CdGepR in the absence of intrinsic de-
semiconductor compounds in which a fraction of the con-fects, the Mn-Cd substitution is favored in a large range of
stituent atoms is replaced by magnetic ions. In particulargrowth conditions. However, chalcopyrites exhibit low-
DMS with the desired magnetic properties, i.e., ferromag-energy intrinsic defects; therefore, Mahadevan and Zddger
netism, have so far been confined to molecular-beamshowed that, depending on the growth conditions, Mn can
epitaxy-grown materials, such as Mn-doped llII(MMnAs  even substitute Ge and the interaction between Mn and hole-
and GaMnAs with Curie temperatures up to 110 K, the focugproducing defects could stabilize FM. The theoretically pre-
of both experimentaland theoretic&r® interesty and I1-VI  dicted AFM ground state at=F0 in this class of systems is
[p-doped CdMnTe quantum wells and ZnMnTe epilayers,consistent with the experimental observatfnthat
with extremely low 3 K) Curie temperaturdsnaterialss ~ Zn;_,Mn,GePR, experiences a FM-to-AFM transition below
It has been shown theoreticdilihat the ferromagnetitFM) 47 K. However, an understanding of this unusual magnetic
alignment has to be ascribed to a carrier-mediated interactigphase transition and of ferromagnetism without carriers in
or Zener model, in which antiferromagneti@FM) ex-  this class of materials is still unclear and so more experimen-
change coupling partially spin polarizes the holes present ital and theoretical work is called for.
the system, which in turn cause an alignment of the local Mn In a recent papef we predicted a class of ferromagnetic
spins. Moreover, semiphenomenological models have beesemiconductors, represented by I-lll.V(I=Cu, Ag; Il
developed, in which the low-energy degrees of freedom are=Al, Ga, In; and VS, Se, Tg chalcopyrite ternary com-
exchange-coupled valence-band holes &¥db/2 Mn local  pounds doped with Mn. In particulaab initio calculations
moment$ [using both the full-potential linearized augmented plane-

Currently, there is an urgent need to find new materialsvave (FLAPW) (Ref. 15 and density-functional theory for
showing room-temperature ferromagnetism which couldmolecules and three-dimensional periodic solids (Dol
open the way to the practical realization of commercial spin-method$] (Ref. 16 were performed for CuGageMn was
based solid-state devices. Within this framework, we poinfound to substitute preferentially for Ga rather than for Cu
out the important class of [I-GeR1l=Cd, Zn) chalcopyrite  and the ferromagnetic state was strongly favored, with a pre-
systems, where room-temperature ferromagnetism was exlicted Curie temperature of 100-150 K. It was suggested
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that while still too low for applications, this finding could to the choice of the unit cell with a single Mn atom, the

open the way to other I-11I-\d compounds with higher Curie systems are in a ferromagnetic configuration. We consider

temperatures. substitutional defects, i.e., replacing a single catioamely
Within this same framework, we performed first- Cu and Gawith a Mn atom in the pure chalcopyrite CuGaS

principles calculations on chalcopyrite CuGa®ped with  cell. Here, we do not consider interstitial or charged defects.

Mn, focusing on different aspectéi) Mn point defects in The formation energy of a defeat is estimated as

CuGas$, in terms of formation energies and impurity statesfollows.?!

in the gap;(ii) The structural, electronic, and magnetic prop-

erties of the CuMyGa, _,S, ordered alloys as a function of AH¢(@)=AE(a)+ncupcut Neatcat Nunkimn, (1)

the Mn concentration and comparisons to the

CuMn,Ga,_,Se system. where

AE(a)=E(a)—E"+ne ul +negul +ny-ud .
Il. COMPUTATIONAL DETAILS (0)=E(a) Cuttcu™ TleaktGa™ HMnkimn @

Both the DMof (Ref. 16 and FLAPW(Ref. 19 methods
are used. The DMdImethod was recently successfully ap-
plied to other magnetic semiconductérghe localized nu-
merical orbitals, used as basis set, are designed to give a hi

level of accuracy; DMl relies fully on the efficient three- oo creristic energy . The chemical potential of constitu-

dimensional numerical integrations of the matrix elementsemi can be expressed with respect to its chemical potential

occurring in the Ritz variational method. Scalar relativistic; .. <iopje phasg®, so thatu;=u?+ 0 (a denotes the

effects via a local pseudopotential for all-electron calcula- :
tions are included in the methd@lin the present work, we absolute valug The stable phases are calculated at the equi

. . ..~ _librium lattice constant for AFM Mn(Ref. 22, «-Ga (Ref.
employ a double set of numerical valence functions with a23) and fec CUZ4 Then: are the number of atoms transferred
local basis cutoffR; of 9.0 a.u. The structural degrees of _ : '

. ; : rom the supercell to the reservoir in forming the defect. We
freedom(internal relaxations and lattice constants, where no : X N
: . - . consider the particular thermodynamic limit=0, so that
available from experimentsire optimized using DM4| and

; L ' . ; we obtainAH;=AE(a).
ﬂ:Cfi?lei%ug\'/t\);ﬁrgthgo?metry Is checked using the highly The calculations of the pure unit cdile., no impurity
P In the all-electron sel.f-consistent FLAPW metHSdthe presentare performed using the same unit cell as well as the
core electrons are treated fully relativistically, whereas>2mMe computational parametefs.g., k-point sampling,

scalar-relativistic effects are considered for the valence elegv}\’/ave fL_mctlon cutoffsas in the case of the Mn defect_cell.
o L e estimate an overall uncertainty of about 0.2 eV in the
trons. Angular momenta up tb,,=8 in the muffin-tin

. defect formation energy, arising from the unphysical defect-
(MT) spheres and plane waves with wave vectors up tc()j . - I and th ical
Kmax=3.0 a.u. are used in the wave-function expansion. The efeqt Interaction of our 32-atom_ cell, and the numerical un-
max ST * ' “Certainty within GGA in calculating the heats of formation
muffin-tin  radii are chosen asRy1(Ga)=Ryt(Cu)

h ional .
=2.4 a.u.,, Ryr(Mn)=23 a.u.,, andRy(S)=1.9 a.u. To and the computational parameters
perform integrations in reciprocal space, we use both the

E(a) andE°" are the total energies of the unit cell with and

without the defect, respectively,; denotes the chemical po-

tential and takes into account, in forming a defect, that the
om is transferred to or from a chemical reservoir that has a

specialk-points method(a set of 4—24 specidt points is B. Ordered alloys
chosen in the irreducible Brillouin zone, following the  |n order to simulate systems with a large concentration of
Monkhorst-Pack scherfd and the tetrahedron methdd. Mn, we consider some CuMGa, .S, systems, forx

In both the DMof and FLAPW calculations, we use the —(.125, 0.25, 0.5, and 1.0. In particular, we consider Mn
generalized gradient approximati6BGA) to the exchange- substituting for the type-Ill atom in the original chalcopyrite
correlation potential in the density-functional theory frame-structure(see below. Since experimental data are not avail-
work, according to the Perdew-Becke-Erzenhof sch#me. aple for CuMn$ (i.e., x=1), its lattice parameters have

been optimized using DMd| yielding a=5.39 A andc

Ill. STRUCTURAL DETAILS =2an=10.57 A (or, equivalently,=0.98). On the other
A Def lculati hand, those for bulk chalcopyrites have been taken from the
- befect calculations experiment$® for CuGa$, a=5.35 A andc/2a=0.98. For

The defect calculations are performed by placing a singlehe intermediate concentrations, we consider a linear interpo-
Mn atom in a large orthorhombic unit cell, containing 32 lation between those of pure CuGeghd CuMn$ chalcopy-
atoms and having lattice vectors (2,080)(0,1,0)n, and rites, assuming Vegard’s law. In order to study the favored
(0,0,7)a; the lattice parametesandc=2an are chosen as magnetic alignment, we consider some “spin superlattices”
for the pure bulk chalcopyrites and the internal degrees oWith period p and ordering directionG(G=[001] for x
freedom are optimized by minimizing thab initio DMol® =1.0, 0.5—denoted as AF()—and G=[100] for x
forces, so as to yield the equilibrium geometry around the=0.125, 0.25, 0.5—denoted as AFI)). As pointed out in
Mn defect. This system is an intermediate case between theef. 14, the paramagnetic state does not compete with the
ideally isolated impurity in CuGaSand the ordered alloys FM or AFM alignments, since, for example, the DN\@al-

(see below In this particular type of defect calculations, due culated total energy of the paramagnetic state in a similar

205206-2



Mn DOPED CuGa$ CHALCOPYRITES: AN . .. PHYSICAL REVIEW B 66, 205206 (2002

(a) spin up (b) spin down
2 = — == 40 — —
—1 =< . /7\,¥ .|
\/\\ '?f& ] o '_ \ ,l‘ _-
1+ = /\/ . > ya \.
r r 7 E i s A :I \ N ]
’ /¥\4 0 Lo~ —— i‘;; 0 ) :’. N ) h :> \\ZJ\“
== I RN A 2 b 0N Y
==X S 2 \ i
LA = — == 2 | \ L W |
R = %4 i = N -20 LW
o S == ’ A
o A r f i -
N | I| 1
> 5 -40 ! @
N — = i = — T T T T T T T T
i (b
3 T s — - e’ 4
Q L+
4 4 z L {6y
S Y r X U z T S Y r X u Z T § 0
FIG. 1. (@) Spin-up and(b) spin-down band structures for the & - (Loghy
Mn defect in CuGag along the main symmetry directions in the 2 2
Brillouin zone. -
4

compound, CuGgsMng 556, is about 240 meV higher e

than the corresponding ferromagnetic configuration. Energy (V)

94 | T T | T | T | 7]
IV. FORMATION ENERGY OF POINT DEFECTS s TR /:' .
AT SMALL MN CONCENTRATIONS g 92 h *
The formation energies of a Mn defect in CuGa&e % e S
calculated to beAE(Mng,)=0.43 eV and AE(Mn¢,) “:3) 0= M= 4y ! -
=0.80 eV for Mn substituting Ga and Cu, respectively. In £ 89 B e ]
the chosen limit of the chemical potentials, this implies that 2 88— — .
the substitution of a group Il atoifnather than Cuby Mn is 87 l,/ ©
strongly favored. The formation energies are similar to those g6 L P I I N
obtained for CuGaSe where AE(Mng,)=0.48 eV and 05 0 05 1 L5 2
Energy (eV)

AE(Mn¢,)=0.73 eV. The formation energies of a Mn de-

fectin Cu-lll-VI; chalcopyrites is of the same order of mag- g, 2. (a) Total density of states for the Mn defect in CuGaS
nitude as in GaA$AE(Mng,) =0.52 meV/Mn; a massive  (solid) and for the pure bulk chalcopyrite CuGa&iashedl (b)
doping of Mn in chalcopyrites could therefore be inhibited projected Mn 8 density of states(c) Integrated density of states
by the limited solubility(i.e., the largest concentration of Mn for up-spin(solid) and down-spir{dashedl channels.

achieved in GaAs, without clustering, is about 7%

As a consequence, since thé Mn preferentially goes crysta), but, due to the Mn concentration, the valence-band
into the 3" site, we expect defect bands providing holes tomaximum (VBM) in the minority bands is lower by about
occur. This is actually found from our calculations: the typi- 0.4 eV compared to the majority VBM.
cal acceptor nature of Mn is clearly shown in Fig. 1, where Further insights can be gained fram the total density of
we plot the band structure of Mn in CuGaDue to the states(DOS) of the Mn defect in CuGasS[Fig. 2(a)], com-
finite Mn concentration, impurity bands arise; the defectpared to that of pure bulk semiconducting CuGafd (ii)
bands(thicker lineg around the Fermi level in the spin-up from the DO Fig. 2(b)] projected on the Mn atorfonly 3d
band structure have a width ef0.5 eV. This quite broad states are shown, sinces 4tates give negligible contribu-
feature is a signature of hybridization and has to be ascribetions). As shown in Fig. 2a), the perturbation introduced by
mainly to Mn 3d and S 3 states. On the other hand, a clear the magnetic Mn atom is mainly evident in the energy range
semiconducting character is shown by the spin-down banffom —1 eV up to 2 eV; as expected, its effect on the host
structure, since the Fermi level cuts a 1-eV band gap. As ®0S is an exchange splitting of the valence band and, due to
result, the system is half metallic, i.e., a spin band is comhybridization, a reduction of the band gaps in both the
pletely empty atEr. This is particularly useful in view of majority- and the minority-spin channels. Moreover, as
spin-injection applications; holes in proximity K-, i.e., the  pointed out in Ref. 26, the Ga-substitutional site has a local
relevant energy range for injection, will have a well-definedtetrahedral symmetry, so that the higher-lying Maitg,
spin. A closer inspection of the band structure shows that, ifixy,yz, andxz) orbitals strongly interact with the nearest-
the majority-spin channel, a band gap also arises ifAt8&-  neighbor tetrahedrally coordinated S atoms. As a result,
0.75 eV energy range; both the band gaps in the majoritybonding[(t,4),] and antibondingd (t,y),] states form[see
and minority-spin states are dire@s in the CuGasShost  Fig. 2(b)], with (t,g),, located well inside the valence band
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TABLE I. FLAPW calculated magnetic properties of CupMBg, _,S, as a function of Mn concentration
X.

CuMny 6G& 755 CuMny §G& 55, CuMnS,

FM AFM FM AFM FM AFM
Total energy(meV/Mn) 0 53 0 89 0 105
Total magnetic momentyg /Mn) 4 0 4 0 4 0
Mn magnetic momentgg) 3.77 +3.80 3.78 +3.77 376 +3.4

and (t,4)a pushed up in energy; in particular, in the spin-upthe FM (solid) and AFM (dashed systems; we show the
DOS, (t2g)p lies in the CuGagband gap. On the other hand, DOS projected on the Mn and nearest-neighbor S atoms in
the Mn 3 e, orbitals (%?—r? and x?—y?) are basically ~Figs. 3b) and 3c), respectively. As already pointed out for
unaffected by the presence of the host crystal, forming wellthe defect calculations, CuMgG& S, shows a marked
localized nonbonding states. As a result, the PDOS on thbalf-metallic behavior in proximity to th&g, whereas the
Mn atom shows a spin-u@down) contribution that is mostly AFM alignment is clearly metallic. A comparison between
occupied (unoccupiefl leading to a magnetic moment, Fig. 3b) and 3c) confirms the bonding, antibonding, and
(mainly of Mn 3d origin), of 3.81 ug in the Mn MT sphere  nonbonding features already pointed out in the preceding
and a total magnetic moment ofu4 . The integer value of section for the dilute impurity limit. Let us define the crystal-
the total magnetic value is consistent with the marked halffield splitting A (exchange splitting\,) as the energy dif-
metallic behavior shown in the band structdfég. 1) and in  ference betweety, ande, (eg+ andey) states. In our case,
the total DOSFig. 2(a)]. Ace<A,, and the half-metallic high-spin ground state is
The integrated density of staté®OS) is plotted in Fig.  stabilized, with the+ (—) spin state being metallicsemi-
2(c), i.e., for every energ§ the number of states with energy conductoy.
less thark, for the majority-and minority-spin channels. It is

evident that, consistent with that reported in Ref. 27 for S I B B B I
many 1V, 1llI-V, and N-doped II-VI ferromagnetic DMSj) 20 | (@) total

the number of valence minority-spin electrons is not changed -

by the Mn impurity(i.e., from the IDOS, we obtain, &, 10—

half of the total number of valence electrons in a pure 0'

CuGa$ 32-atoms cejl and (i) each Mn impurity adds five

additional majority-spin states to the valence band. Now, -10

since Mn(Ga) has 7(3) valence electrons, there will only be
a net of four electrons contributed by each Mn substituting
Ga to fill the majority-spin band. As a result, we expéuid -30
indeed find from the IDOBthat every Mn impurity adds a 4
single hole carrier|,=1) to the otherwise perfect CuGaS
crystal and the total magnetic moment amounts jig, 4

As a last remark, we note that the Mn atom induces small
negative momentgabout —0.06ug) on both the nearest-
neighbor S atoms and second-nearest-neighbor Cu atoms.
The negative-anion polarization is believed to be a signature
of the AFM coupling between the polarized hole and the Mn
spin in the Zener modéthat was proposed to explain DMS
ferromagnetism.

-20

DOS (states/eV)
v o

|
&~

—_

V. FORMATION OF ORDERED ALLOYS AT LARGE MN
CONCENTRATIONS

The FLAPW calculated relevant properties of
CuMn,Ga, _,S, are reported in Table |, as a function of the
Mn concentratiorx, for the FM and AFM configurations. For
every concentration, the lower total energy of the FM state
(set to zerd compared to the AFM state shows that the in- B e

. . . -8 -6 -4 -2 0 2
troduction of Mn in CuGag results in a very stable ferro- Eneray (V)
magnetic semiconductor. The difference between the AFM
and FM total energiesXr,) increases with Mn concentra- FIG. 3. Density of states for the Fi&olid) and AFM (dashed!
tion. CuMn, sGa, S, system:(a) total, (b) Mn, and(c) nearest-neighbor
In Fig. 3(a), we plot the total DOS for the=0.5 case for S PDOS, where positivenegativg values are for spin-up-down).
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According to the generalized double-exchange ferromag- TABLE IIl. Dmol® calculated total-energy difference\,, in
netic interactiorf® the presence of itinerant holes in the par- meV/Mn) between the ferromagnetic and antiferromagnetic spin
tially occupied €,4), bands lowers the band energy, there-States as afunction of the Mn concentratian CuMn,Ga, S, for
fore stabilizing the ferromagnetic phase. Our calculationg/ifferent ordering direction§ and perioch of spin superlatticesN
seem to be consistent with this model. It was also arf;ueddenOteS the number of atoms in the unit cell
that in magnetic semiconductors, the antiferromagnetic inter)-(
action between Mn @ and its nearest-neighbor aniqn
states could lower the total energy, therefore stabilizing thé®.5 AFM()
ferromagnetic alignment. This is also the case in the syster.5 AFM(II)
investigated here: as pointed out for the defect cell, the mag3.25
netic moment induced by the presence of Mn on the neares.125
neighbor S atom is slightly negati@bout —0.01ug) and

the ferromagnetic alignment is strongly favored. Note alsQurystal structures and employing the results of a Monte Carlo
that, consistent with previous calculations, the Mn-S bondsimuylatiorf® for the zinc-blende-based €dMn,Te com-
length in the FM case is slightly shorter than in the AFM pound, i.e..T.=0.447J,|, we get 180 K, 176 K, and 100 K
case (2.327 A vs 2.336 A), resulting in a stronger magnetidor x=0.5, 0.25, and 0.125, respectively. The comparison
interaction. As a final remark, note that the small differencewith CuMn,Ga, _,Se, where the estimated Curie tempera-
between the Mn 8 PDOS in FM and AFM, consistent with ture was 142 K and 114 K fatr=0.5, andx=0.25, respec-
the similar magnetic moments, suggests that the moments féively (x=0.125 was not considered in Ref.)14hows the
x<0.5 are weakly coupled. expected tendency for the smaller crystal to have a higher
As for a comparison between CuMnGaSand Ic; for example, in going from CuMG&sS& to
CuMnGaSe,* we note that the electronic and magnetic CUMNosG& sS,, an increase of 24% ifi. corresponds to a

. A .. . 00 i
properties(in terms of half metallicity and magnetic mo- decrease of 14% in the volume.

G N AFA Eaan(X)

[001] 16  89.4 g,
[100] 32  87.0  2;+4J;
[100] 32 848  2,+4J,
[100] 64 768 a,

I N =

mentg are very similar. For CuMiGa, _,Se,, the FLAPW VI. CONCLUSIONS
calculatedAg, are 134, 71, and 56 meV at=1.0, 0.5, and
0.25, respectively, resulting in&g, trend vs Mn concentra- First-principles FLAPW and DMdI calculations were

tion that is similar to CuMgGa, _,S,. According to the hole-  performed for CuMpGa, ,S,, as a function of the Mn con-
mediated ferromagnetic model proposed by Détthl,” the ~ centration §=0.125, 0.25, 0.5, and 1.00ur results show
Curie temperature is proportional to the concentration of catthat the substitution of Ga by Mn stabilizes the ferromagnetic
ion sites and therefore should be higher for crystals withPhase, in agreement with what was predicted in Ref. 14 for
smaller lattice constantgecall that the experimental lattice the similar CUMRGa _,Se, compound. Mn is shown to be a
constants for CuGaSeare a=5.596 A andc/a=0.98). Source of spins anq holes at the same time, so that a mecha-
Therefore, in order to evaluate the Heisenberg exchange coRISM similar to Mn in GaAs is believed to occur here—thus
stants],, (exchange-interaction energy between titie near- supporting the general idea of ferromagnetism stabilized by a

est neighborsand the Curie temperatu&, , we follow the carrier-mediated interaction. In particular, for the dilute case,
same procedure used previously in Ref. 14 forthe presence of a spin-split valence-band edge and a Fermi

CuMnGa,_,Se. level cutting the valence ban@and gap in the majority-

According to a Heisenberg Hamiltonian, we express thﬁ(minori.ty-.) spin sta’_[es r.esults in half metallicity. As a resu_lt,
difference between the FM and AFM configurations for Mn N Proximity toE, i.e., in the energy range relevant for spin
concentratiornx in terms of the exchange constants /s, injection, holes W|Il.have a we!l-defmed spin. Moreover,
=S a,J,(x). Using the empirical power-law dependence thalf-met_alllc properties are obtained for all Mn concentra-
J,, on distancé® JHOCR;)\' we getA~—6 for the x=0.5 tions, with a total magnetic r_noment ofu4 per Mn atom.
case; this is also used far=0.25. In Table I, we show the The c_ommonly empl_oyed Heisenberg Hamlltoman was used
DmoP calculatedAg,, along with the expression of this to estimate the Curie temperature, resultingTig-180 K

same quantity in terms of the dependent exchange con- and 176 K forx=0.5 andx=0.25, respectively, higher than

stants. TheJ; values inferred from Table Il are 34.8 mey, (€ Previously studied CuM@a, ,Se, case.
33.9 meV, and 19.2 meV for=0.5, 0.25, and 0.125, respec-
tively. The optimum way to estimate the Curie temperature
from the exchange constants is still a matter of debate; how- Work at Northwestern University was supported by
ever, recalling the similarity of zinc blende and chalcopyrite DARPA.
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