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Comparison of predicted ferromagnetic tendencies of Mn substituting
the Ga site in IlI-V’'s and in I-1lI-VI , chalcopyrite semiconductors

Yu-Jun Zhao, Priya Mahadevan, and Alex Zunger®
National Renewable Energy Laboratory, Golden, Colorado 80401

(Received 5 December 2003; accepted 9 March 2004; published online 29 Aprjl 2004

We report density-functional calculations of the ferromagnéfiel) stabilization energys=Egy

— Eapm for differently oriented Mn pairs in llI-V'YGaN, GaP, GaAsand chalcopyrite (CuGa$S
CuGaSe, CuGaTg) semiconductors. Ferromagnetism is found to be the universal ground state
(6<0) in all cases. The order of FM stability in llI-V's is GaNGaP>GaAs, whereas in
chalcopyrites it is CuGaS-CuGaSe>CuGaTg. Considering both groups, the order is GaN
— GaP— GaAs— CuGaS— CuGaSe— GaSh=CuGaTeg. The stronger FM stabilization in ll1-V’s
is attributed to the stronger covalent coupling between the MraBd the aniorp orbitals. In
contrast to expectations based on Ruderman—Kitk&dsuya—Yosida, (i) all Mn—Mn pair
separations show FM, with no FM to antiferromagnetic oscillations @ndi-M is orientationally
dependent, wit{110) Mn—Mn pairs being the most FM. @004 American Institute of Physics.
[DOI: 10.1063/1.1737466

Substitution of the trivalent Ga site in IlI-V semicon- We use 64-atom supercells, placing one Mn at (08,0)
ductors by divalent Mn creates a hole which mediates ferroand the second in various lattice positions, such as
magnetic interactions between ttie spins of the Mn ions:? (3,0,7/2)a, (1,0,0), (%%7)a, and (1,1,0%, in I-V's
The n-type doping (e.g., via Mn interstitiaf® or As  and chalcopyrites, corresponding to first, second, third, and
antisiteS~") compensates the holes, thereby weakening ofourth neighbors, respectively. Here the tetragonal ratie
even removing the ferromagnetism. The search for Gac/2a, and equals 1 in the cubic IlI-V's. All atomic positions
containing host semiconductors which are motype has and lattice constants are relaxed by minimizing the energy as
largely focused so far on GaNGaP; and GaAs’ leading,  calculated by plane-wave pseudopotential total-energy mo-
however, to rather low ferromagnetic transition temperaturegnentum space methddusing the ultrasoft pseudopotentials
(in GaAs," or to the unwanted precipitation of competing of Vanderbilt!® and the generalized gradient approximation
phase(in GaN).**?Here we inquire whether another class of (GGA) to the exchange correlatibhas implemented in the
Ga-containing semiconductors could be interesting for Mn+yasp code?® The plane-wave basis set had a cutoff energy of
induced ferromagnetism, namely I-Ill-YIchalcopyrite. 13.3 Ry for GaSb, GaAs, and GaP, 29.4 Ry for GaN, and
Previous calculatiort§~**have shown promise. Here we will 21.5 Ry for the chalcopyrites, and a shifted Monkhorst—Pack
contrast the calculated ferromagnetic stabilization enetgy grid®! of 4x4x 4 k points includingl’ was employed. The
=Ery—Earm for Mn ions in chalcopyrite and in IlI-V's by  magnetic stabilization energyis converged to within 4 meV
comparing, via density functional theory, the total eneries when the samplink mesh is increased to>66Xx6 or the
of supercells in ferromagnetiM) and antiferromagnetic energy cutoff is increased by 30%.

(AFM) spin arrangements. We find that for low concentration  Figure 1 compares the Mnd3density of state$DOS) of

of Mn (i) both classes of materials sha<0, i.e., FMisthe GaAs:Mn with CuGaSgMn. Going from low energy to
ground state(ii) The most negative stabilization energy oc- high energy, and labeling states according to tetrahedral rep-
curs when the Mn ions are located along #i40) chain  resentationstg or e), spin (up or down;+ and —, respec-
connecting in llI-V’s the atoms Ga—As—Ga—As-, and in tively), and type of statef‘dangling bond hybrid” (DBH),
I-1l1-VI , the atoms Cu—Se—Ga-Se-. (iii) In lll-V's, the  or “crystal field resonancelCFR) as a result of bonding and
strength of ferromagnetisrte.g., for the first-neighbor Mn  antibonding interaction between Mh states and the anion
atomg decreases along the series GalaP-GaAs dangling bond statéswe find the same order for GaAs:Mn
—GaSh, whereas in chalcopyrite it decreases along thand CuGaSgMn??

series CuGas-CuGaSe—CuGaTg. Finally, (iv)

comparing all compounds, the FM stability decreases

along  GaN-GaP—GaAs—CuGaS— CuGaSe— GaSh tCFR< @CFR< {PBH . {DBH - oCFR{CFR (1)
~CuGaTe. We have previously shoWin® that ferromag-

netism in this compounds results from direct Md 8ou-

pling with the aniorp orbital, not from the Ruderman-Kittel- ThetPBH states represent the states mostly localized at anion
(Kasuya-Yosida (RK(K)Y) coupling. The sequence of FM sijtes. On the other hand, teSFR andt®FR states are mostly

stability above reflects the magnitude of this coupling. Mn-localized stateg(The level ordering may be different for
other IlI-V’s and I-IlI-V,’s. For example, the DBH levels
H . 24 CFR
Aauthor to whom correspondence should be addressed; electronic maiftf€ L%WGF than all the CFR levels in GaN:M#.* and e
azunger@nrel.gov <t$™Rin CuA(S,:Mn.™® The order of states in Eq1) can
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FIG. 1. Projecteck andt DOS levels for My, in GaAs and CuGaSen a
sphere radius of 1.20 A. Spin up DOS is shown in solid lines, wherea
spin-down in dashed line. The Fermi level is set to zero.

be explained by a simple mod&t®?°depicted in Fig. 2. We
describe the electronic structure of Mjas a result of cou-
pling between thel orbitals of the Mn ion with the orbitals
formed by a Ga vacancy in CuGagS® GaAs. Theal orbitals
of a Mr?* ion, are split intoe(d)+t,(d) by the point-ion
crystal field and into up spine( ,t,) and down spin

(e_,t_) via the exchange interaction. The vacancy orbitalg

to(p) are actually dangling bonds of the anions surroundin
the vacant Ga site. Calculation otyin CuGaSe show that
at I', the t,(p) vacancy level is atEgy+40 meV, i.e.,

Dangling

Mn-on-Ga bond

Mn in Ty

FIG. 2. The energy level diagram of Mn in GaAs and CuGaS#e level
splitting due to the tetragonal structure in CuGafenot shown in this
figure.
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TABLE |. Comparison of ferromagnetic stability ener@y=Egy— Earm
(meV/Mn) for two Mng, pairs in a 64-atom supercell in IlI-V and
1-111-VI , semiconductors. One Mn is located at (0,&0yvhile the other is

located as listed in the tableyE&c/2a).

S for different Mn—Mn pairs

107

System (2'0'2 & @woor (ipa (110m
GaN (ZB) ~188 -1 -63 ~161
GaP ~139 -31 -89 ~132
GaAs ~124 -30 -76 ~114
Gasb -56 -7 -28 —54
CuGas —81 -83
CuGaSe -71 —-61
CuGaTe —52 ~59

slightly above the valence band minimu@@BM). If this
energy of the cation vacancy lies between the energies of
up-spin and the down-spin Mnd3orbitals (Fig. 2), one ob-
tains a level scheme as shown at the center panel of Fig. 2.
The spin-up Mn orbitat , (d) hybridizes with the spin-up
dangling bond . (p), to form the bonding$ ™ (dp) and the
anti-bondingt®2"(dp) levels. The bonding orbital contains
mostly t, (d) character, whereas the anti-bonding orbital
contains mord . (p) character. Analogously, the spin-down
Mn orbital t_(d) hybridizes with the spin-down host dan-
Sgling bondt_(p) to form the bonding“"(dp) and the anti-
bondingt®®"(dp). The coupling matrix elemen/,q| in-
creases with covalency and with the reduction in bond
length. Note that®®" is below t°®" (“negative DBH ex-
change splitting) since t°®" is repelled downwardby
t_(d)] more thant?®" is repelled upwardby t. (d)]. In
contrast,tS™ is belowt“ R (“positive CFR exchange split-
ting”). Thus, the direction of spin polarization on the Mn site
(decided by CFRis opposite to the direction of spin polar-
zation on the nearest anion sit@kecided by DBH. This is

%he fingerprint of antiferromagnetic coupling between Mh 3

and the aniorp orbitals. Since the host dangling bonds do
not have ane-like representation in the relevant energy
range, the Mne_(d) and e, (d) levels are mostly unper-
turbed, and appear @™ ande$™R. Note that tha$ " level

is now lower than theiFR level (opposite to what a point-
ion crystal-field theory would suggediue to bonding with
the DBH. Thus, the simple model of Fig. 2 reproduces the
essential featurge.g., level ordering of the full first-
principles calculations, and shows that the hole at the Fermi
level resides in a spin-up dangling bond hybigf" .

Table | shows the ferromagnetic stabilization ene®yy
for pairs of Mn ions in llI-V’s and in I-111-V} chalcopy-
rites. We see that in all cases, substitution of the column 1lI
site leads to ferromagnetisnd€0). This is because of the
occurrence of aPBH hole in both systems. Thstrengthof
the stabilization energy depends on the crystallographic ori-
entation and interatomic separation of the two Mn atoms. In
sharp contrast with the expectation from the (RKY
model?® all Mn—Mn separations up to fourth nearest neigh-
bor show only ferromagnetic behavior with no FM/AFM os-
cillations. The orientation dependend¢eot expected by
RK(K)Y]is such that110-oriented Mn—Mn pairde.g., the
first neighbor being %, 3,0)a— (0,0,0)a pair and the fourth
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neighbor being (1,1,&-(0,0,0)a pair] have the highest of 2.43 eV, being larger than that of G&226 eV} or GaAs

FM stability. This crystallographic orientation has the stron-(1.43 eV}, yet the FM stability of CuGaSMn is weaker
gest coupling betweet?®" on adjacent Mn—As bonds since than in GaP:Mn or GaAs:Mn. Indeed, IlI-V’s have stabler
it is the only direction wherdond chainsoccur, i.e., like ferromagnetism than chalcopyrites for comparable energy
Ga—As—-Ga—As--- in llI-V’s, or Cu—Se-Ga-Se--- in gaps.

chalcopyrites.

We next compare our calculated stability energiegith
results in literature. For example, using GGA exchange cor
relation and relaxed lattice constant we obtaireti88 and
—63 meV/Mn for Mn pairs of first neighbors and third
neighbors in GaN:Mn, respectively, while Sanyal, Bengone,ig-ghc\%lfsﬁeng@ﬁésgﬁ;gf% A Buniman. 3. M. Dauchion. S. von
and .erbt give— 1.56 and_5.8 m(?V/Mn’ resPeCthGlY’ em- M.oln.r, M. ’L. i?oﬁkes, AY. C’htc.heikanova, ahd.D..M. Trgeger,’Sc.ience
ploying local density approximatiofLDA) and experimen- 294 1488(2001.
tal lattice constart? As for the GaAs:Mn, Ref. 24 presented °S. C. Erwin and A. G. Petukhov, Phys. Rev. L&8, 227201(2002.
5= —130 meV/Mn for nearest neighbor pair of Mn, which is :E "E/S':Pa(i?:tanpagd Q-Orzzl;f;%eiﬂ ';hgnR‘;‘lﬁﬂg Ohafringgoz\-brikosov )
in good agreement with 0urs—(124 meV/Mn)' However, N.ordstgr]'gn, E A-. Shirnova, lgf‘l\llo.hn, P.yS\}ediindh, ayné.i O.. Eriksson, ,Ph.ys.
for the second nearest neighbor Mn pair, odirvalue Rev. B67, 205201(2003.

(=30 meV/Mn) is much smaller than that in Ref. 24 °s. Sanvito and N. A. Hill, Appl. Phys. Let78, 3493(2001.

(—70 meV/Mn), while Ref. 27 also gives 30 meV/Mn us- 'T. E. M. Staab, R. M. Nieminen, J. erauer, R. Krause-Rehberg, M.
ing LDA. In addition, Sanyal and co-workers, concluded that I(‘;ggg?rg’ M. Haugk, and T. Frauenheim, Phys. Rev. L&TI.045504
the ferromagnetic interaction in GaN:Mn is short rarffed 8T, sasaki, S. Sonoda, Y. Yamamoto, K. Suga, S. Shimizu, K. Kindo, and
without considering the Mn pair separated by (1,4,0)n H. Hori, J. Appl. Phys91, 7911(2002.

fact, the interaction for Mn pair of fourth neighbor is very E%Tfs;ggg'zl(é ’c‘)"c')%“‘ows"" S. Rodriguez, and A. K. Ramdas, Phys. Rev. B

strong(c.f. Table ). - 194, Ohno, A. Shen, F. Matsukura, A. Oiwa, A. Endo, S. Katsumoto, and Y.
The order of FM stabilityabsolute value 0¥), e.qg., for lye, Appl. Phys. Lett69, 363 (1996.

the first nearest neighbor and fourth nearest neighbor amorﬁﬁ»- K. Rao and P. Jena, Phys. Rev. L&9, 185504(2002.
l-V's is GaN>GaP>GaAs>GaSh, whereas in the chal- S. S. A. Seo, M. W. Kim, Y. S. Lee, T. W. Noh, Y. D. Park, G. T. Thaler,

. oo . M. E. Overberg, C. R. Abernathy, and S. J. Pearton, Appl. Phys. &2tt.
copyrites it is CuGagS>CuGaSe>CuGaTg. Comparing 4749 (2003.
all compounds, we find that GaN:Mn, GaP:Mn, and®®y.J. Zzhao and A. J. Freeman, J. Magn. Magn. Ma2d6, 145 (2002.
GaAs:Mn have stronger FM stability than all the studied”;-) gggézgo;-l Zhao, A. J. Freeman, and B. Delley, Phys. Re§6B

: e M 5 .
chalc.opyntes. Fgrromagneusm in GaSh:Mn is comparable t%Y__ J. Zhao and A. Zunger, Phys. Rev.68, 104422(2004).
that in CUGaTQ-an but ‘_Neaker than _CUGQSV'n a.nd 16p Mahadevan and A. Zunger, Phys. Rev. L&&. 047205(2002.
CuGaSe:Mn. Since the anioricolumn VI) in chalcopyrites  *7J. Ihm, A. Zunger, and M. L. Cohen, J. Phys 1@, 4409(1979.
. L . . , 18 ;
is more ionic than the aniofcolumn V) in IlI-V’s, the co- ngD-;/a;der"t- Pf(‘]yi- \'fvev- Béh789é(li9§-13244(1993
. - . P. Perdew and Y. Wang, Phys. ReV/ .

valent bo”d'”QYpd Petwee” N_In 8 and amonp, and ,thu.s 20G. Kresse and J. Hafner, Phys. Rev4B 558 (1993; G. Kresse and J.
the AFM coupling, is weaker in chalcopyrites, resulting in a ryrthmiler, ibid. 54, 11169(1996.
weaker FM stabilization. This is evidenced by the fact that*H. J. Monkhorst and J. D. Pack, Phys. Revl® 5188(1976.
the magnetic moments in the As sphere in GaAs(#035 22 Although e andt, levels in chalcopyrites split due to the tetragonal struc-

it _ ; ; ture, we still use the tetrahedral nomenclature for discussing similarity
MB within R=1.2 A)’ are much hlgher than that in the Se with Mn in [lI-V. As shown in Fig. 1, the spin-upt, level of

;phere(O.OO3MB within R=1.2 A) of .CUGaS?: Mn, which CuGaSe:Mn split by 1.7 eV intot,=d,,;d,,, andt,=d,, atT" point,
indicates the stronger AFM coupling in 1ll-V’s. The strength  \hereas the splitting oé and spin-dowrt, levels are not remarkable.
of covalent couplingV,q is partially reflected in the band 2p. Mahadevan and A. Zunger, Phys. Rev6® 115211(2004).

gaps. Individually, within the IlI-V or the chalcopyrite se- 2‘5‘2- ?anyal, (s)' I%eg?otneh2nggségﬂ;r8té§g1y5- Rew6& 205210(2003.

. A H : . Zunger, Soli ate , .

ries, the FM.Stablllty scales consistently V.VIth .the ENergy gapssp . VE\;/hite,Quantum Thé/ory of MagnetistMcGraw—Hill, New York,
However, this is no longer the case considering both llI-V's 197q.

and chalcopyrites. For example, CuGd#s an energy gap 2 M. van Schilfgaarde and O. N. Mryasov, Phys. Re\63 233205(2001).
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