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Anomalous exchange interactions in IlI-V dilute magnetic semiconductors
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Based on local-density functional calculations, we study the exchange interactions between magnetic dop-
ants Cr, Mn, and Fe in the 1lI-V compounds GaAs, GaN, and AIN. We show the magnetic exchange interac-
tions deviate strongly in behavior expected from simple models, and may explain the observed maximum in
critical temperature with impurity concentration. Additionally the magnetism is responsible for a strong,
short-range attraction between the magnetic dopants, thus creating an anomalous effective alloy hamiltonian.
This suggests that the impurities may aggregate into small nanoclusters of a few magnetic atoms.
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In recent years, metallic magnetic superlattices have era few cases against more accurate full-potential calculations,
joyed considerable success. They are now used commeand found to be adequate for the present purposes. The tet-
cially in magnetic read heads, and there is great interest irahedron method with Bithl weightS and 27k points was
using them or magnetic superlattices with nonmagnetic spagtsed for Brillouin zone integrals, which resulted in a conver-
ers as electronic devices. Recently, it was shown that thgence to a precision of 5 meV.

Mn,Ga _,As alloy, for x<0.10, undergoes a spontaneous Let us consider first an isolated TM impurity. The Td/
transition to a ferromagnetidcM) state at temperatures be- States split into a triply degenerattg, and a doubly degen-
low 100 K! The discovery ferromagnetismithin a semi-  erateey level for each spin. In GaN the calculated levels sit
conductor has spawned a great deal of recent interest in uat 1.44 and 0.22 eV, respectively, above the valence band
derstanding the magnetic behavior, both fundamentally anehaximum(VBM). Their width is~0.1 eV, establishing that
with a view toward using the magnetic degrees of freedom i@ 216-atom cell reasonably describes the dilute limit. The
novel devices, for example, as spin filters or in magneticallylevels are spin split by about2 eV; thus the minority states
controllable electronics. It was quickly recognized that Mnare resonant in the conduction band because the local-density
behaves differently in the 11I-V compounds such as GaAsapproximation(LDA) gap is~2 eV.

(substituting for the catiorthan when alloyed in the conven- In GaAs, the valence band lies higher owing to the shal-
tional 11-VI compounds such as ZnTe, because it acts both a®wer anionp state, and the calculated majority My, state

a magnetic element and apdype dopant, which at concen- now falls to VBM+0.08 eV, in good agreement with an ex-
trations of ~5%, renders the host metallic. perimentally observed level for Mn in GaAsThat the

This report presents two independent findings for 11I-V theory and experiment agree in this case suggests that the
compounds GaAs, GaN, and AIN doped with 1 to 5% con-LSDA adequately describes the electronic structure of such
centrations of magnetic transition-metdM) elements Mn, compounds—a significant point, in light of its tendency to
Cr, and Fe, based on the local spin-density approximatiorunderestimate the on-site Mn spin splitting in somewhat
First, the exchange interactions are anomalous and behasémilar circumstance$Figure 1 shows the systematic evo-
quite differently from simple models such as a Rudermaniution of the t,, level as a function of host material and
Kittel-Kasuya-Yosida (RKKY )-like theory?® Most strik-  impurity atomic numbeZ. The levels sink with increasing
ingly, the effective pair interactiordecrease with increasing because the impurity potential deepens.
dopant concentratigrmoreover, a pairwise description itself ~ The majorityt,, level is doubly occupied in the case of
is not adequate. We show that the transition méetall) d Mn and fully occupied in the case of Fe. In all cag@sN,
states generate deep levels that strongly perturbs the hoSaN, GaA$, the self-consistent magnetic moments are inte-
band structure—in particular, the states at the Fermi levelgral values: 3z in Cr, 4ug in Mn, and 5ug in Fe. These
Second, the magnetism is responsible for an anomalousi§ata are consistent with the accepted picture that Mn contrib-
strong and attractive alloy Hamiltoniaicoupling between utes 5d electrons-one hole, doping the hogt type, while
Mn and the semiconductor cation nugléhereby inducing a Fe contributes 5 electrons without doping. However, the
strong driving force for the Mn to group together in small hole differs markedly from the usual variety, as can be seen
nanoclusters of a few atom@Vhether the clustering actually

takes place depends on kinetic considerations, which we do 2 \G 0. 4
not address herg. aN SAIN_

We consider small molecular clusters of cation- E
substituted TM impurities embedded in a lll-V host. For r 1
computational convenience, we employ 216-atom supercells [ A-..GaAs
of the zinc-blende structure here throughout except where 0 C'r "“ﬁn F'e

specified. A supercell with one defect thus corresponds to
1/108~1 % doping. Calculations were made self consistent FIG. 1. Calculated position of Cr, Mn, and Fe the majotity
in the atomic spheres approximatidithey were checked in levels relative to the valence-band maximum, in eV.
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4 n FIG. 3. Energy levels in the Anderson-Hasegawa two-centers
3 C hamiltonian. Left: the FM casedE0). Levels of the same energy
2k couple between sites, leading to energie3=V. Right: the AFM

L Y S case = ). Coupling is now between levels split By leading to
Qbeet™ T energies= JZ+ V2.

—4 =2 2
Energy (eV) trates qualitatively the competition between FM double-

) o exchange(DEX) and AFM superexchang€SEX) interac-
FIG. 2. DOSN(E) of Mn impurity in 216-atom GaAs supercell. tions and its dependence on filling. A pair of energy levels at

Dot-dashed line delineates Fermi level. Top_) panel: partial DOS ina5ch center are spin split by the internal magnetic field by
sphere centered at Mn; second panel: partial DOS centered at th_eJ with the field at the second center canted by an afigle
third-neighbor As sphere. Light and dark lines are majority— and—,.

S . . o The levels are coupled to the other centedirectly through
minority—spin channels, respectively. Peaks for majotgy and the bonding to the hosby a hopping matrix element (see
minority t,y and ey states are labeled. Bottom panel: total energy-Fig 3. If 3>V, the resulting eigenvalues may be expanded
integrated spin DO$(E) and the partial contribution tbfrom the . '=° == S o > 10 y P
Mn site and the first shell of As neighbofdotted ling. At Er the in V/A with A®=J7+V*~J%
DOS (slope ofl) are approximately equally apportioned into the

212
local and extended parts.

=% A+VJ 12 v (612 1
e=7F _Icos{a )_ECO er2)+---1. @O

in Fig. 2. The top pangls show the self-consistent spi_n- an%hen an odd number of states are filled, the fiBSEX) term
energy-resolved density of staté€S0S), decomposed into  yominates and the energy is minimized in the FM alignment

partial waves centered at Mn and at the third-neighbor A #=0). When an even number of states are filled, the DEX
site. E.’Oth minority Ieyelsi{zg ande,) are mar_ked, as is the oy vanishes and the system is stabilized in the AFM align-
majority tpg. Comparing the.areas- of majorltgg pgak E ment (¥=m) by the second(SEX) term. As the filling
=E¢=0) at the Mn {o the third-neighbor As site, is evident .panges continuously there is a transition from FM stabiliza-
that thet,, state is strongly localized around the Mn site. o 15 AFM. Detailed LDA calculations approximately con-
This is quantified in the bottomEpanTeL Wh'ih shows the totakjym, this picture® If the impurity is Mn (or Cr, or Fé four (or
integrated spin DOS|(E)=JZ.N'(€)—=N'(e)de (solid g or siy of the twelvet,, states are filled(The bonding
line) and the contribution td from the Mn site and the first o |ayels are always filled and add to the SEX terss the
shell of As neighborgdotted ling. Below Eg, the two lines fi?st column in Table | shows, Mn Cr,, and MnCr are
are negrly comc_ldent, showing that the magnetic momgnt i$trongly FM, while Fe is strongly AFM for all the cases
essentially confined to the Mn. AtgB~0.25 eV:‘therg IS studied. Competition between FM and AFM interaction was
approximately one electron difference in the “localized” 454 suggested by Akaon the basis of CPA calculations of

and total DOS; this is the “delocalized” hole referred to in e exchange interactions in th@MnA)As alloy as a func-
model descriptions. Thextent of localizatiorof eigenstates o of the n type dopant A (A=As or Sn. He found a

at Er can be estimated from tHecalizedDOS (slope of the  ransition from FM to antiferromagnetié@FM) stabilization
dotted ling as a portion oftotal DOS (slope of the solid 45 5 function of A concentration.

line). Evidently, a substantial portion of the weight is con- ¢ fyrther investigate the exchange interactions consider
fined to Mn and its nearest neighbors. Thus, thestate is configurations more complex than dimésee Table)l They

bes.t charapter!zed as a deep level, though in the case gfow (i) the exchange);; connecting sites and j depend
Mn:GaAs, it coincidentally falls near the valence-band edgegensitively on the lattice arrangement of impurities for a

Wave functions aEr are not effective-masslike but are a given doping levelNy; (i) an anomalous decrease in the
partially delocalized resonance of the impurity Mmvith the effective J;; as Ny increasesiii) large deviations from the
host. We conclude that the prospectpaype spin-polarized pairwise HJeisenberg form,
transport are intrinsically poor.

Turning to the case of magnetic “dimergpairs of dop- .-
ants at nearest-neighbor cation sjteke localized majority E=—2 JSi's). 2
tyy levels now split into three bond-antibond pairs, two of N
them degenerate. The “dimer” amounts to an approximatéAssuming that Eq(2) is valid for some some particular im-
realization of the classical two-centers tight-binding modelpurity configuration, we can extract tdg by computing the
introduced by Anderson and HasegaWaheir model illus-  total energyE for a judicious choice of spin configurations
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TABLE |. Heisenberg parametefs meV) deduced from a Connolly-Williams prescription for various
molecular clusters embedded in a 216-atom ZB host. Symibls 11, 7117, and11111 refer to clusters
of 2, 3, 4(tetrahedrop and 5(pyramid magnetic atoms. Also shown are figures depicting geometries of
clusters.J, refers to the Heisenberg interaction betwe&hnearest neighbors entering into Eg), deduced
from a Connolly-Williams inversion. Thé are defined with the conventid§| =1. In high symmetry cases,
J reduces to 1/4 of the total energy difference between the FM state and a state with a single spin flipped.
Quantities in parentheses include spin-orbit coupling, wittD@l) spin quantization axis. “MnCr:GaN”
denotes a cluster containing a single Cr.

" e [ 7 1m° e e
Pl S J - T
Ji J1 J1 5 Ji Jo Jo J1 Jo Jo Jy
Mn:GaAs 55 41 24 14 30 =27 15 50 -11 9 20
(48) (38) (11)
Mn:GaN 78 45 20 -2 12 -54 23 47 -15 9
Mn:AIN 51 10

Fe:GaN -117 -115

Fe:AIN -170 -122

Cr:GaN 73 65
Cr:GaAs 89 52
(8)  (52)
MnCr:GaN 35 49 48
NN Trimer.

2NN dimer: impurities at0,0,0 and(0,0,1).
“Trimer with two NN pairs and one 2NN pairs.
Trimer with two 2NN pairs and one 4NN pair.

with inequivalent combinations of pair correlation functions rameters but five possible spin configurations (1, 771/,

Si-s;, which results in a set of linear equations for the. ~ TLL1, TITl, andT|77). A least squares fit to all five spin
Table | shows parameters deduced in this way for a varietgonfigurations results id; =38 meV, intermediate between
of magnetic clusters. The NN and 2NN pair paramethrs the trimer and tetrahedroisee Table)l. However,J, comes
andJ, decrease markedly with increasing cluster size—andut —9 meV. If the first and last configurations are em-
consequently doping level since the magnetic and doparloyed alone(they involve onlyJ; andJ,), very different
atoms are the same here. For the pyramid, there are twealues ofJ; (23 me\) andJ, (+9 meV) result.
inequivalent NN pairgthe apex-base and base-base pairs The anomalies inJ are striking when compared to
which differ by a factor of two in GaAs, and in GaN the RKKY-like theories, the conventional approach to modeling
apex-basel; even changes sign. Table | reflects an apparexchange in these compourfdRKKY-like models predict
ently general tendency for the coupling to diminish in thethatJ;; increases with concentration N%B at 0 K2 and for
presence of other nearby magnetic impurities. More distanfixed Ny are independent of environment. That the effective
impurities exert significantly less influence than ones nearby] are sensitive to environment and weaken with increasing
for example,J; for the trimer with two NN and one 2NN concentration not only contradicts that theory, but suggests
pairs (171 in Table ) is closer to the dimed,(]1) than to  that the observed maximum in the critical temperafiméth
J, in the trimer with all NN pairs {171). increasing Mn concentrationmay bean intrinsic materials
We must proceed to more complicated configurations tgroperty With increasing concentration, the number of TM
establish whether Ed2) itself is valid. In such cases, there pairs increase, thus increasiiig. But at larger concentra-
are more inequivalent spin configurations than parameternsons, when defects are no longer well separated, the contri-
Jij» and the determination &¥; is not unique. Four dopants bution per pair starts to decrease more rapidly, leading to a
arranged in a line along (1/2,1/2,0) has three exchange panaximum in T.. The perturbative RKKY model is in-
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adequate to describe the exchange because the magnetic el- ' U Py
ements introduce large perturbations to the host, so that the 0
resulting electronic structure and attendant quantities such as | O
the magnetic susceptibility are dramatically altered. 4 ’

We now turn to a discussion of the effective alloy Hamil- -100 - g
tonian, i.e., how theotal energy of the system depends on E L A4 8
the configuration of magnetic TM impurities. Typically, the
energy gained by bringing together two well-separated im- 200 S5 -0 Mn(GaN) |
purities in a dilute alloy is small and negative—on the order - -~} Cr(GaN) 1
of —10 meV for alloys with lattice mismatches comparable 300 - Mn(GaAs)
to the(Mn,Ga) case. It is usually negative because it is domi- Or
nated by the strain energy from the lattice mismatch. On this C "? é é

scale, the energy change in the Mn dimerization is of the
opposite sign, and enormous. For example, the heat of reac-
tion to dimerize two Mn atoms initially separated kL1d, FIG. 4. Calculated heat of reaction, in meV, of twoatom
(d= “dimer” distance= a/\/f, with a the lattice constapt clusters decomposing into ant 1 and am—1 atom cluster. Data
was calculated to be 181 meV in GaAs, and- 640 meV in  are for Mn in GaN(circles, Mn in GaAs (diamonds, and Cr in
GaN. The energy gain in forming a Mn “trimer” is larger GaN (squares

still, showing that there is a strong driving force for the Mn

to group into small nanoclusters. To estimate the lowest- |t js clear that because th#n,GaAs alloy is grown at
energy cluster size, consider the reaction decomposing a paifly ~250 C° to avoid phase segregation of MnAs into a

of n atom clusters into a+1 and an—1 atom cluster: NiAs phase, the tendency to clusterization may be kinetically
1 limited. The kinetic considerations depend on growth condi-
MnnGaiOS,nX—>E(MnnHGaiog,n,lx tions and are, in any case, difficult to model. We do not
consider them further except to note that for GaN, the

+Mn,_;Gae ns1X). (3) large N, binding energy requires that molecular beam epi-

taxy (MBE) growth occur under metastable conditions; thus,

The heat of this reaction is depicted in Fig. 4; the opti-the kinetic effects may well be very different there than in
mum cluster size,; corresponds to where the heat of reac-GaAs.
tion is ~0. It is seen thanopt~3 for all the cases studied. The strong attraction between magnetic elements—
(Figure 4 ignores entropy contributions to the free energyynknown in ordinary semiconductor alloys—and the anoma-
AS~KTA[(x/n)log(¥'n)], as they are negligible on the scale |ies in the exchange interactions, are related. Both originate
of Figure 4. For example, fox=0.05 andn=3, AS  from the intra-atomic exchange being large in comparison to
~kT/30) The strong pair interactions and the data in Fig. 4the honding betweed orbitals. Clearly, both must be taken

show that,in addition to the NN pair interaction being ntq account to formulate an adequate theory of ferromag-
anomalous, there are large three-body Na&hd possibly netism in these materials

othen contributions of the opposite sign, that combine to In conclusion, we have shown that the magnetic TM

overtake the pair interactions for compact C"JSterS Wher%oped [1I-V semiconductors form deep levels. They are re-
there many such terms. Repeating the calculatioemag- . : ; ; .
sponsible for magnetic exchange interactions that deviate

netically much smaller and of the opposite sign, as is typical . . . .
y bp g o strongly from simple model considerations, and also give

in semiconductor alloys. This shows conclusively that™.

the anomalous internuclear interaction arises from the magﬁse to an anomalous contribution to the effective alloy

netism. amiltonian.
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