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Site preference for Mn substitution in spintronic CuM'" X3' chalcopyrite semiconductors
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The quest for combining semiconducting with ferromagnetic properties has recently led to the exploration of
Mn substitutions not only ibinary (GaAs, CdTe, but also internary semiconductors such as chalcopyrites
AB'”X\Z’I . Here, however, Mn would substitute any of the two metal sitew B. The site preference of Mn
doping in Cul\/‘I”X‘zlI chalcopyrite is crucial because it releases different type of carriers: electrons for substi-
tution on the Cu sites, and holes for substitution onh sites. Using first-principles calculation we show
that Mn prefers tha1"' site under Cu-rich and llI-poor conditions, and the Cu site under Ill-rich condition. We
establish the chemical potential domains for pure CyAlSuGa$, CulnS,, CuGaSe, and CuGaTgstabil-
ity. We show that the solubility of Mn on th"' (Cu) site increasegdecreaseésas the Fermi level moves
toward the conduction-band minimum-fype conditiong It is further found that domains of chemical sta-
bility of all these chalcopyrites may be largely reduced by Mn incorporation.

DOI: 10.1103/PhysRevB.69.075208 PACS nunider75.50.Pp, 71.55.Ht

[. INTRODUCTION system. In this section we discuss the stability of pure chal-
copyrite, I-11I-VI,, as exemplified by CuAlS

The quest? for room-temperature ferromagnetic semi-  First, to avoid precipitation of elemental solids, the atomic
conductors that can be lattice matched to conventional conchemical potentials should be smaller than that of the corre-
pound semiconductors resulted in a recent interest in Misponding elemental solid. Denotingu = u,— x5 we
doping of binary® (GaAs, GaN, GaP, InAsas well as thus have
ternary~’ semiconductors. While ihinary systems Mn sub-
stitution clearly occurs on the cation site ternary pnictides Apc=0, Appn=<0, Aus=<0, (h)
A'"MVXY (e.g., ZnGeR) or chalcopyriteA'M"'XY' (e.g.,
CuGaSe) the site preference for Mn is unclear. Recent cal- Second, at equilibrium the sum of chemical potentials for
culations for Mn in CdGepPor ZnGeR (Ref. 6,7 suggest all atoms must equal to the formation energy of the com-
that both cation site can be substituted, whereas calculatior@und. Therefore
on Mn in CuGaSg and CuGa$ considered substitution
mostly on theM" site>® The site preference is important Apcyt Aunt28us=AH(CUAIS,), @
since substitution on a lower valent site Mns expected to
b.e a donor(relgasing 'electror)swhereas ;ubstitution ona sponding element solid. Equatiorid) and (2) limit the
higher valent site Mp is an acceptofreleasing holes Only  opomical potentials in the triangle with vertexes decided by

holes are expected to lead to ferromagnetism according toy A A = . C ; ;
, . o , , . For visual simplicity, the triangle is
Dietl's work.? The present paper show how fwst-prmmplese Fow A parAus) pietty 9

) ! . > projected to A space in Fig. 1. In this triangle,
calculations can determine the site preference as a funct|op J Brcu,Apa) SP g g

R=(O 0) means Cu rich and Al rictlB=[AH;(CuAlS,),0]
of doping (Fermi energy and the chemical potentials of Cu ! ) S _ ! '
andM"'. We find that Mn prefers ths1"" site under Cu-rich means. Cu-poor and Alrich; an@=[0.AH{(CUAIS,)]

- . ) mean -rich and Al-poor. A i we have A
and lll-poor conditions, whereas it prefers the Cu site under eans Cu-rich and poor. At poind, we have Aus

. i : ) . =AH:(CuAlSy)/2, i.e., S poor; points on thBC line mean
I“'”Cthh concliltkljc_)ln. A?I\t/lhe FetLrE/II ILGV? INCreases in me taart]dAMS=0, i.e., S rich. Each line which is parallel to tBeC
gap, the solubility of Mn on _ Sfteincreases, while that -, q5n theABC triangle represents a constantg, decreas-
on the Cu site decreases and disappears \ihepasses the ing from line BC to point A S
T}ga?pt'hwr/lenEF ISI close tr(]) the valetnﬁe-bﬁ.rlld mQX|n1tum Third, the chemical potentials are further restricted by
(+ 1 ch’argz strz]iI{eIS \‘;"V\;]Vjéls iCs ?(;?:gtggun?a,rV;/helzec?r?dligion possible competing binary phases formed from the elemental

3 . F ) constituents. This results in additional constraints:

band minimumCBM), both Mn,; and Mn,, are in the nega- e ! His " I
tive charge state. Furthermore, the Mn chemical potential Apn+Auc<AH(AIS) @)
strongly affects the stability of the host materials: under ex- A s ’
tremely Mn-rich condition, the chalcopyrite host itself may

whereA n is the chemical potential relative to that of corre-

discompose. 20 pat+3Ans<AH(AILSy), (4)

A +Aus<AH;(CuS, 5

II. STABILITY OF PURE CHALCOPYRITE powt Aus=AH(CUS ©®

The site preference of Mn depends on the formation en- 2A peyt ApssAHH(CW,S), (6)
ergies for substitution, i.e. oAH{(Mn¢) andAH¢(Mny;,),

which are related to the allowed chemical potentials in the App+Apc<AH;(AICu), (7)
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FIG. 1. (Color onling. The density functional calculated allowed chemical potential rafg@s of all the colored pantdor CuAlS,,
CuGas, Culns, CuGaSeg, and CuGaTg Yellow: Mn¢, stable Ec=0.1 eV); Green: Mp stable E-=0.1 eV); Red: decomposition into
MnS, MnSe A uy,=—1.0 eV). The white regions are areas which are excluded due to the formation of competing phases specified in the
figures(e.g., AlS, ALS;). The allowed ranges may be decreased due to MnS or MnSe precipiedgsart in the figure assuminguy,
=—1.0 eV); the chemical potential ranges for MnS or MnSe precipitats parj will be enlarged whem\ u),, increasedi.e., Mn gets
richer. WhenEg increases, the separating line PQ will shift up, i.e., chemical potential domain for Mn on Ill sites grows. For @iBaTe

there is no yellow region because the separating line PQ is in GaTe domain, and the red area will not appeai,Lgilgreater than
—0.61 eV.
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TABLE I. Cohesive energies for the element solids, and formation energies of competing binary phases
and of chalcopyrites. The experiment formation energies are from Ref. 24. The structures are taken from Ref.
25, except where other references are given.

Compound Structure CalculatigeV) Expt (eV)
Mn fcc AFM (Ref. 26 3.26 2.98
Cu cF4 3.55 3.50
Al cF4 3.70 3.34
Ga oC4 2.92 2.78
In ti2 2.60 2.6
S hP3 4.04 2.86
Se hP3 351 2.13
Te hP3 3.16 2.0
CuS hP12 -0.46
Cu,S tP12 -0.36
CuSe hP12 -0.28
Cu;Se, tP10 -0.72
CuTe oP4 -0.34
CuTe oP6 0.11
AlS (Gas stru. -1.91
GaS hP8 -1.39
InS oP8 -1.06
GaSe hP8 -1.19
GaTe mC24 -1.05
Al,S; Defect zinc blendé€Ref. 27 —-5.67
GaS; Defect zinc blendéRef. 27 —3.56
In,S; Defect zinc blendéRef. 27 —2.77
GaSe Defect zinc blendéRef. 28 —2.96
GaTe, defect zinc-blendéRef. 27 -1.62
MnS NaCl structurg¢Ref. 29 AFM-II —1.64
MnSe NaCl structuréRef. 29 AFM-II —-1.27
MnTe NaCl structurgRef. 29 AFM-I —-0.61
AlCu mC20 —0.45
Al,Cu 12 —-0.51 ~—0.5(Ref. 30
AlgMn oC28 —-1.31 ~—1.3(Ref. 30
CuAlS, chalcopyrite —3.51
CuGas chalcopyrite —2.49
CulnS chalcopyrite —2.06
CuGaSeg chalcopyrite -1.93 —3.27(Ref. 3)
CuGaTe chalcopyrite —-1.10
2A o+ A e =<AH¢(Al,Cu). (8) for Egs. (2)—(8). In this paper, we use for this purpose the

pseudopotential momentum-space total-energy méthod

As shown in Fig. 1, CuAl$is unstable with respect to for- Within the generalized gradient approximation of PW91
mation of ALS; in the upper white area of Fig. 1, i.e., under formulas® and the ultrasoft pseudopotentials — of
Al-rich condition, (AIS, AlCu, and ALCu pose weaker con- Vanderbilt™ as implemented by theasp code’® The defect
strains, and are included in the /8 ranges in Fig. 1L  systems are simulated by a single impurity in a 64-atom
CUAIS, is also unstable with respect to CuS or,Gwprecipi-  supercell, while the formation energies of other compounds
tation in the lower white area, i.e., under Cu-rich and Al-poorare calculated from their primitive cells. We use the basis set
condition. Thus, the total colored aréad + green+ yel-  energy cutoff of 292.16 eV with appropriate sampliikg
low) in Fig. 1 represents the chemical potential domain formesh following Monkhorst-Pack scheme for different unit
which CUAlS is stable. cells!* The formation energies are well converged with the

In order toquantitativelyevaluate the chemical potentials basis set and samplidgpoints. For example, the formation
at which CuI\A”X\Z’I is stable with respect to competing energy of Mn, in a 64 atom supercell changes by only 30
phases, we need to know the elemental cohesive endtgies meV when the energy cutoff for the basis set is increased to
[for Eqg. (1)], as well as the compound formation enthalpies400 eV and the sampling mesh is doubled to 44X 4.
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Table | gives the calculated cohesive energies and the as- TABLE Il. Formation energy for Mn substituting the Cu or the
sumed structures used for element bulk Cu, Al, Ga, In, S, Sdll sites of chalcopyrites at different charge state. The Makov-Payne
Te, Mn, and the formation energies of their binary com-correction(Ref. 18 up to quadrupole term is included, using the

pounds and the formation energies of CupISCuGaS, — experiment dielectric constant®efs. 32,38

CulnS,, CuGaSe, CuGaTeg. The cohesive energies for Cu

and Mn are corrected for spin-polarized atoth3he calcu-  System Defect AH (eV)

lated cohesive energies of S, Se, and Te are much larger thans, Mng, 1.36+ A — A gy
the experiment values, which may result from their highly Mn, 147+ Ay — A g+ Ep

open structures. Other calculations agree with our results.

For example, the cohesive energy of Se obtained in Ref. 15 :\\A/I:é' 1'?;?2“ A_’LLAM” Er
is 3.55 eV, differing from ours by only 0.04 eV. v cu 067N ’“CEA ’“MJ”FE
Figure 1 shows the computed chemical potential domains Neu : preu™ 2k =F
for CUAIS,, CuGa$, CulnS, CuGaSe, and CuGaTe Mnc, 324+ Apoy Apn~ Br
The total coloredred + yellow + green areas are the al- CuGa3 Mnfa 0.22+ Apga=Aptmn
lowed chemical-potential ranges for these chalcopyrites. In Mng, 0.31+ Apga=Apwnt Er
the white regions, the chalcopyrites are unstable with respect Mng,, 0.57+ Apga=Apmn—Ee
to competing phases shown in the figures. For example, in Mng,, 0.61+ Apcy—Apmn
CUAIS, the top white area are excluded due to the precipita- Mng, —0.52+ Apcy— Apwnt EF
tion of AIS and ALS;, whereas the bottom white area are Mng, 252+ Apcy— Apvn—Er
excluded due to the precipitation of CuS and,SuThe yel- CulnS Mnf, —0.32+ Apin—Apwn
low areas are regions where Mn-on-Cu is stable, whereas the Mn;, —0.15+Apy— Appnt Er
green areas are regions where Mn-on-Ill are stétfleSec. Mn,, —0.144+Ap,— Auyn—Er
IV). Red areas denote formation of Mn chalcogenits Mn2, 0.20+ A pcy— A pwn
Sec. Il). We have neglected the effect of ordered defect Mng, —0.59+ A pey— A e+ Er
structure&® that further reduce the chemical potential do- Mng, 1.37+ A ey~ Apyn— Er
mains. Comparing total colore@ed+yellow+green areas cyGasg Mn2, 0.21+ A prga— A gy
in Fig. 1 for CuAlS, CuGa$, and Culng, we see their Mn¢, 0.30+ Apga—ApnntEe
stability ranges are roughly comparable. The main competing M= 052+ Apuga— A pyy— E
compounds aré"'-S andM "'-Se binaries, rather than Cu-S Mn(?a 0 61+AGa 7AMn F
and Cu-Se binaries. Although the formation energies are Mn‘i“ —036+A MCEA MMJ”FE
more negative along the series CynS: CuGaS — Mn?“ 2 09+ A “CiA “M”_E F
CUAlS, (see the growing area of the large triangles in Fig. Su ' preu™ S tan = EF
" m . . . CuGaTe Mn 0.3+ Apga— Apmn
1), competition fromM"-S binaries leads to exclusion of Ga
larger domains along this seriésee the decreasing upper Mn‘fa 034+ Apga=Apunt Br
left white area. The stability ranges decrease along the series M”ga 057+ Apga—Apmn—Er
CuGaS— CuGaSe—CuGaTe. Mnc, 0.74+Apcy=Apmn
Mngu 0.09+ A pcy—ApmntEr
lIl. EFFECT OF Mn ON CHALCOPYRITE STABILITY Mng, 184+ Apeu= Apn— Br

When Mn is introduced into the chalcopyrite systems, the
chemical domain may be further limited due to competinggets richerA s, Ause, OF At is required to be lower to
phases formed with Mn, e.g., MnS, MnSe, or MnTe. There-giqd the formation of MnS, MnSe, or MnTe, thus the red
fore, area will expand. Under extremely Mn rich conditions, i.e.,
Aumn=0, the red areas will cover all the colored regions for

Aupnt AussAH{(MnS), ©) CuAlS,, CuGa$, CulnS, CuGaSg, and CuGaTg This
means that all of these chalcopyrite compounds may be un-
Apnnt Apse<AH{(MnSe), 10 siable with respect to formation of MnS, MnSe, or MnTe
or when Mn is extremely rich.
The Al and Mn compounds, such asgMn, with rela-
Appnt Aue<AH;(MnTe). (1)  tively less negative formation energy, have no further restric-

tion on chalcopyrite stability. For example, even under ex-
SinceAH{(MnS), AH¢(MnSe), orAH{(MnTe) is a con- tremely Mn rich condition, the AMn compound create the

stant, the allowed\ us, Apge, Or Aue values, and thus restriction of Aua<—0.22 eV (cf. Table ), which is al-
ApcyandApy, values will strongly depend oA uy,. The  ready a weaker condition than that imposed by AIS. There-
red area in Fig. 1 denotes the region where chalcopyrite ifore, the limitation from Al and Mn compounds are not
unstable with respect to formation of MnS or MnSe, assumshown in Fig. 1. Clearly, MnS is excluding more domains
ing Auyn=—1.0 eV. In CuGaTgcase, the red arddue to  than MnSe and MnTe for a giveiuy,, since MnS has a
MnTe) will appear whem uy, is greater thaldH¢(MnTe),  more negative formation energy than MnSe and Midfe
i.e., —0.61 eV. Whem\ uy,, becomes less negative, i.e., Mn Table |.
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FIG. 2. The formation energgtH vs Fermi level for CuAlg:Mn, CuGa$:Mn, CulnS:Mn, CuGaSe Mn, and CuGaTgMn with the
chemical potentials at poifdl andN in Fig. 1. Mn prefers to Ill sites at point M, independent®f, while it prefers the Cu site at point
N only in the shaded ranges. For CuGa}eMn, Mn on Cu is unstable for alEx values. Here chemical potential for Mn is set as

—1.0 eV.

IV. SITE PREFERENCE OF Mn IN CHALCOPYRITES number of atoms for each defeat,,=—1 if an atom is
Having calculated the chemical potential domains foradded' whilen, =1 if an atom is removedEygy represents
the energy of the VBM of the defect-free systéwhich we

CuAlS,, CuGa$, CulnS, and CuGaSg(Fig. 1), we next . L
discuss the site preference of Mn in these chalcopyrites. Th@ket from the averaged eigenvalue of spekigloints and

formation enthalpy for Mn substituting either the Cu or the EF 1S the Fermi energy relative to theygy . The atomic
Ill sites at different charge state are calculated using a singlgt'ucture was fully relaxed in our calculation. The relaxation
Mn atom in a 64 atom supercell accordind®d’ energy due to Mn substltuplon was 20-100 me\(. The total
energy of charged defects in a supercell calculation includes

_ an error due to image charge interaction from periodic
AHED=E(a,q) = E(0)+ X, Ny(Apg+ pSo) boundary condition. We therefore correEt(«,q) up to

“« quadrupole term according to the Makov-Payne sch¥me.
The correction raise®(«,q) by 120 to 300 meV for both
g=1 andq=—1 charge states.
whereE(a,q) andE(0) are the total energy of the supercell ~ The functional relations between the formation energy
with and without defectv. Here (A,ua+,u§°"d) is the abso- and chemical potentials arif}: at different charge states are

lute value of the chemical potential of atam Alson,, is the  listed in Table Il. The site preference of Mn is determined by

+a(EvemtEg), (12)
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the sign of AE=AH(Mng)— AH¢(Mnf})), which is inde- (iii) If the Fermi level moves toward the CBM, the area

pendent ofA u,,,, but depends o . Although the Fermi 107 MNcy preference in thefucy, Au) plane will be de-

level may be determined by charge neutrality condition, it isc"€2S€d. This is understandable sincecjlis energetically

not easy to obtain unless all possible defects in these systeri@Ple as a donor, whereas Miprefers to be an acceptor.

) i Indeed, even for the point with the least negatiie., IlI-

are known. If only the M, and Mrf; defects are consid- 1,5, A, value in the colored area of Fig. 1, Mn prefers
ered, the Fermi level may ge plnned at the transition Ie_veI Othe 111 site whenEg passes the midgap toward the CBM.
Zﬂ&' (tg/ ;h)ofg t;npzst:gr?gtejcg;t.ivlzit);ﬁlezrll?;ir;t?rqg’ If;?:ﬁ?&’gltie: This means that the whole Mpdomain will be eliminated
close to VBM, althoughn-type conductivity could also be whenEg passes from the midgap to the CBM.
realized in some chalcopyrité$™ , V. SUMMARY: TRENDS IN Mn SUBSTITUTION

Figure 1 shows the possible Mn site preference at differ- IN CHALCOPYRITES
entA ey, Ay regions, assumirtg?® Fermilevel at 0.1 eV
above the VBM for all the systems. It indicates that Mn (i) Pure chalcopyrites have a restricted range of chemical
prefers the Ill site(green arepunder Cu-rich and Ill-poor stability because under llI-rich condition, it will precipitate
condition, whereas Mn prefers the Cu sijellow areaun- ~ M" X" compoundge.g., AlS, GaS, InS, and 48;, G&S;,
der lll-rich condition. Along the series CuAJS:CuGag  In»S3), whereas under Cu-rich and Ill-poor conditions, it
—CulnS—CuGaSe— CuGaTe, the chemical potential Will precipitate CuX’' compounds.
domain for Cu site preference is reduc@d. the shrinking (if) Mn reduces the stability of chalcopyrites by excluding
yellow areas At the same time, the domain for 11l site pref- a domain where MX precipitates. This domain is larger for
erence is increasefincreasing green areasAs discussed X=S since the sulphide has more negative formation energy
above, the site preference depends on the sign dhan for MnSe, MnTe. The Mn chemical potential strongly
AH{(Mnd)— AH(Mnd). For E¢ near the VBM, this dif- affects the stability of host: as Mn becomes maximally rich
ference consists mainly of two partsiE(Mng,,+) (A"W”:O)’ the whole qhalcopyn_te domains are ehmmated.
—E(Mny;,0)] and (A zey—Apy). In general, the first part (iiil) When the Fermll energy is near the VBM, Mnis
increases rapidly along the CuAlSCuGa$— CulnS, char_ge neutral ar_1d Mn is positively charg_ed. Both defects
—.CuGaSe—CuGaTe chalcopyrite seriescf. Table I, ?:rslvlln the negative charge state whiep is close to the
while the higher limit of QA uc,—Aw) increases slowly o . o
(cf. Fig. 1). Therefore, the Mn-on-IIl domain increases along (iv) The site preference.of Mn on the Cu site is enhanced
this series. by Ill-rich chemm:ﬂ pc_)ter_1t|al condition, wherea_ls the prefer-

To get a better description of the effect®f on the site  €Nc€ of Mn onM ™ site is enhanced by Cu-rich, lli-poor

preference, the dependence of the formation enthalpy on th%onditions. . . .
Fermi level is shown in Fig. 2 for Mn in CUAIS CuGa$, (v) The Fermi energy affects the Mn site preference: as

CulnS,, and CuGaSg at pointsM and N in the chemical .EF moves tov(\j/arr(lj thef CBZA' the solubilgtydpf Mn okt h
potentials domain&f. Fig. 1). Figure 2 shows the following. increases, and that of Mpdecreases and disappears when

(i) WhenEg is located near the VBM, the Mpis always Er passes the midgap.
charge neutral, while Mg, is at +1 charge state.
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