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The electronic and magnetic properties of Mn doping at either cation sites in the class of | Idkalt
copyrites are studied by first-principles calculation. It is found that Mn doping at the Il site provides holes and
stabilizes the ferromagnetic interaction between neutral Mn defects; the neuglaldo stabilizes the fer-
romagnetism, although it provides electrons to the conduction band, instead of holes. The ferromagnetic
stability is generally weaker when the cation or the anion becomes heavier in these chalcopyrites, i.e., along the
sequences CuAlS-CuGaS—CulnS, and CuGag—CuGaSe— CuGaTe. Interestingly, CuAlQ in the
chalcopyrite structure is predicted to have lower FM energy than GuddSpite its lighter anion and shorter
bonds. In general, Ill site substitution gives stabler ferromagnetism than Cu substitution. Thus, the preferred
growth conditions are Cu-rich and Ill-poor, which maximize |Mreplacement. Im-type samples, when Mp
is negatively charged, the antiferromagnetic coupling is preferreg-thpe samples, the ground state of
positively charged Mg, is also antiferromagnetism. The main feature of the calculated electronic properties of
Mn defect at either Cu or Ill site is explained using a simple picture of dangling bond hybride and crystal-field

resonance.
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I. INTRODUCTION

Ferromagnetism in Mn-substituted semiconductors is
thought to arise from the interaction of a hole with the local
moment of thed electrons of Mn“? In 11-VI's such as CdTe
or ZnSe, the substitution of Mf on thedivalentcation site
introduces no holes, so ferromagnetistRM) is not
observed If the system is additionally doped by extrinsic
p-type dopante.g, As-on-VI sit¢, weak FM is observedln
lI-V’s such as GaAs, the substitution of ¥th on thetriva-
lent cation site does automatically introduce a hole, so FM is
observed, even without additionpdtype doping. In the ter-
nary pnictide system ' XY such as CdGePor the ter-
nary chalcopyrite system'm"' X}’

PACS nunt®er75.50.Pp, 75.30.Hx, 75.10.Dg



thet, levels split intot,=d,,;d,, andt,=d,,. We find that
the electron actually resides in a level that miegswith t,
character, rendering to it some delocalizgdike character.
Thus, Mn on Cu site also introduces ferromagnetism. The
ferromagnetic stability for Mn on the Cu site is generally
lower than for Mn on the Ill site, with minor exceptions. The
order of ferromagnetic stability for Mn-on-Gior Mn atoms
being fourth neighboisis reduced in the series CuGaSe
CuGa$ — CuGaTg— CuAlS,— CulnS,.

(iii) Ferromagnetism depends on the orientation of the Mn
atoms within the chalcopyrite lattice. The highest stabiliza-
tion exists for Mn atoms oriented along th&10) direction,

e.g., one Mn at



pure host chalcopyrites. We calculated the ideal bond lengtlgalized on Mn, and can be thought of as nonbonding. The
Al-S (2.27 A), Ga-S(2.30 A), Ga-Se(2.43 A, Ga-Te lowest statee$™" liés deep inside the host valence band and
(2.63 A), and In-S(2.50 A), in very good agreemeritess
than 2% differencewith the measured bond length listed in
Ref. 20. Substitution of Mn on the column l1lI site creates a
shorter bond with S in CuAl$, alonger bond in Culn$,
but in CuGa$g, CuGaSeg, or CuGaTeg, the bonds are un-
changed by Mn substitution, suggesting a similar tetrahedral
radius for Ga and Mn in those compounds.
Figure Xa) shows the Mn 8 projected local density of
states(LDOS). Going from deeper to shallower levels, we
see the sequenceS ™ —t{FRtPBH_(DBH_ gCFR_, oCFR
The labeling “dangling bond hybride{DBH) and “crystal-
field resonance”(CFR) will be explained in the following
and Figs. 2a) and 2Zb) show, respectively, the spin-up and
spin-down wave function square Btof these states. We see
the following:
(i) The e“FR states are-like, i.e., have lobes that point
in-between the nearest neighbors. Those state are highly lo-



The overall electron configurations of Bjncan thus be
designated age?t3 Jcrr(t3t2)perl€2t% ]crr. The total
moment is thusu=2+3—-3+2=4. Since the CFR states
are Mn-localized and carry five spin-up electrons, whereas
the DBH is more extended, and carries a hole, such a ground
state is often designated ag®+ hole.” It is interesting to
compare the degree of localization of up-spin vs down spin
states. Figure 2 shows th#f®" is more delocalized than
{DBH.

Since M}, contains a hole at th&?®" state, raising the
Fermi energ\Eg via n-type doping will lead to the capture of
an electron from the Fermi sea into this orbital, transforming
Mn3, to Mnj,, . The change irotal energy for this acceptor
reaction is the acceptor transition energy0/—), and is
calculated as explained in Sec. Il and Eg). Figure 3a)
shows the calculated acceptor level for Min a few chal-
copyrites. We see that all the acceptor levels of,Mare
ranging between 180 and 350 meV. The acceptor level
becomes progressively shallower along the series CuGaS
— CUAIS,— CuGaSe— CuGaTg— CulnS,.

The electronic structure of Mjpobtained through numeri-
cal calculationdFigs. 1@ and 2 can be explained qualita-
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the electron resides in a level that &di2_,2) and Gd,y).
Consequently, the electron aEgr does have some
t,-like character. Figure 3 shows that the donor level of
Mng, is very deep(more than 710 me) for all these
chalcopyrites.

The electronic structure of My obtained through nu-
merical calculations can be explained qualitatively by a
simple mode[Fig. 4(b)]. Here, we first note that whereas the
dangling bondt, orbital of the Al vacancy in CuAlglies
abovethe VBM, that due to a Cu vacancy lies about 1.90 eV
belowthe host VBM?! Thus, in Fig 4b), we placed the(p)
level below thet(d) level of Mn. This order of unperturbed
levels produces the level scheme seen in our calculation. The
t, (p) level of the host hybridize with the, (d) level of the
impurity to give the deep®" bonding level, and theS™
antibonding level. Note that for My the order is reverted,
since t, (d) is below t, (p). Similarly, the t_(p) level
of the host hybridize with the_(d) level of the impurity
to yield the bondingt®®" and antibondingt®™R. Like in
Mn,,, here too thee® R and eSR levels are mostly unper-
turbed. Thus, the fact that thkost dangling bondV,
is deeper than the host dangling boi, leads to the
different level ordering for Mn-on-Al[Fig. 4(a)] and
Mn-on-Cu[Fig. 4(b)].

IV. FERROMAGNETIC AND ANTIFERROMAGNETIC
ENERGIES FOR TWO Mn IN CHALCOPYRITES

So far we have considered a single Mn atom per super-
cell, for studying the electronic structure. To study the mag-
netic ground state, we have plactdo Mn atoms in a 64
atom chalcopyrite supercell, and computed the total energies
for the ferromagneti&ry, and antiferromagneti& gy Spin
arrangement. We studied several possible configurations for
a Mn pair in these chalcopyrites. The calculatAdtg),
=Ery—Earpv Of different Mn pair configurations for
CuAlS,, CuGa$, CulnS, CuGaSe, and CuGaTg are
listed in Table Il. The total energy of the most stable
configuration for Mn doped at Il site or at the Cu site is
taken in Table Il as reference energy. The pseudopotential
in the valence band belovﬁFR, whereas in Mg, they were re_sults using uIFrasoft potentials are in excelllent.agre_ement
near the VBM, aboveS™. The t°BH states, shown around with the previous all-electron fuII-p.otegggl linearized
Evay— 1.8 eV, are occupied by three spin-up and three Spin<_':1ugmented plane waW&LAPW) calculations:*® The latter

! . calculation givesAEg,, of —77 and—64 meV for Ga440
down electrons. Inspection of the LDOS in the S next to Mn, .
show that those DBH states have small spin splitting, arIn CuGas and CuGaSg respectively, whereas current

Lo : %seudopotential calculation gives-81 and —61 meV,
m?ﬁ:%\/a\?'o;"gkﬁ’ :;dngﬁ mosrtlyncc:ntr|brL:ttiand ﬂffrg m iEIf_ respectively. This indicates that the pseudopotential calcula-
po ave tunctiongar us are not see PO tion is appropriate to give a reasonable description of the
wave function plot of Fig. b The order of levels for M%h,

magnetic properties of Mn doped chalcopyrites. Table Il
going from deep to shallower levels is thuf?H— tPEH sho?/vs theaollpt))wing: P Py

(ii ) In the case of Mp, we have the DBH electrons deep

*%EFR—’tEFR—’e(EFRa quite differgnt frpm the. order in (i) Chemical trends of FMThe ferromagnetic state is
Mny.  The  formal  configuration is  thus favored AEgy<O0) for all the neutral charge states when

(t2t%) pel €53 e Jcpr with @ moment of 3-3+2+3—1  Mn substitutes either the Cu or the column Il itdn gen-
=4 ppg and an electron ie_ . However, because the tetrag- eral, lll-substitution gives stabler FM than Cu-substitution.
onal crystal-field splitting of thee and t, levels is large Thus, the preferred growth conditions for FM are Cu-rich
in Mng,, there is a secondary coupling between theand lll-poor. The sample should not be stronghype (i.e.,
split components;,(dy2_,2) andty(dy,), which is allowed avoid excessive S deficiencpecause then the acceptor will
by the reduced symmetry due to the Mn defect. Thus,



(i) For column Il site substitutionconsidering the Mn



distance: the Mn—Mn distance for Cu022 is reduced to 2.83
A from their ideal distanc€é3.77 A), and one bonded S atom
is pushed away from each Mn by more than 0.40 A. In con-
trast, for the AFM phase of Cu022 in CuAlSthe Mn—Mn
distance is 3.57 A, not far from its ideal value.

(v) Charge dependence of FMVhen the charge state of
MnY, changes frong=0 (holes in the DBHIto g=—1 (no
holeg, the FM disappears, and the ground state is AFM. The
same is true for M, when a changes from=0 (electron
carriers in conduction bapdo q= +1 (no electron carriejs
This means that when the material is doped excessively
nrtype, the hole will disappear and FM will vanish. In chal-



