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A microscopic model of indirect exchange interaction between transition metal impurities in dilute magnetic
semiconductor$DMS) is proposed. The hybridization of the impurityelectrons with the heavy hole band
states is mainly responsible for the exchange of electrons between the impurities, whereas the Hund rule for the
electron occupation of the impurig-shells makes it spin selective. The model is applied to such systems as
n-type (Ga,MnN and p-type (Ga,MnAs, p-type (Ga,MnP. In n-type DMS with Mr£*3* impurities the
exchange mechanism is rather close to the kinematic exchange proposed by Zener for mixed-valence Mn ions.
In p-type DMS ferromagnetism is governed by the kinematic mechanism involving the kinetic energy gain of
the heavy hole carriers caused by their hybridization witlectrons of MA* impurities. Using the molecular
field approximation, the Curie temperaturgsare calculated for several systems as functions of the impurity
and hole concentrations. Comparison with the available experimental data shows a good agreement.
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I. INTRODUCTION DMS with various element combinations. A unique coexist-
Dilute magnetic semiconductot®MS) are semiconduc- E€NC€ ©f high-temperature magnetism and semiconductor
tors, in which transition or rareearth metal atoms randomiyPTOPerties opens new venues of fundamental studies and ap-
replace a fraction of atoms in one sublattice. Transition metaplications of DMS's. : _
(TM) impurities can easily enter the host semiconductor, dug Although FM order in(Ga,MnAs with Tc=60 Kggg.as
to their high abundance and diffusivity. In the group IV een observed for the first time as early as in 1331

. . . ..._microscopic origin still remains not well understood. Ex-
elemental semiconductors, they occupy mainly interstitiaf" : . B
positions, whereas in IlI-V semiconductors thel IM trapolating from(Ga,MnAs, FM ordering with hightc was

i iti ; . predicted forp-type (Ga,MnN (Ref. 14 and found in Ref.
impurities usually substitute group Ill atoms. The metastabll-12 However a direct extrapolation of the trends known for
ity of the zinc blende phase of the DM@I,Mn)V com- - However, : Xtrapoat W

. . . the GaAs-based materials, with relatively narrow forbidden
pounds and low solubility of manganese in these matenal;g‘nergy gap to the wide gap GaN DMS, is not well founded.

were the major obstacles for a synthesis of dilute magnetighe differences in formation of the FM order arise from the
semiconductor$.However, the idea to combine in DMS the ifferences in the structure of chemical bonds between the
charge degrees of freedom of hole or electron carriers witt\in impurity and valence electrons in various IlI-V host
the spin degrees of freedom of magnetic impurities becamgemiconductors. Our purpose is to pinpoint these differences
reality after a new doping technique based on nonequiliband to construct a microscopic theory of the double exchange
rium low temperature molecular beam epitadyl-MBE) in dilute magnetic semiconductors.

(Refs. 2 and Bwas developed. The discovérgf ferromag- Three venues may be pursued to study magnetic states in
netic (FM) ordering in Mn doped InAs with th&-=7.5 K  DMS’s. According to the first approach, an effective spin
Curie temperature fueled DMS studies that resulted in fabriHamiltonian is chosen and the corresponding exchange cou-
cation of (Ga,MnAs compounds withT-=110 K (Refs. 2  pling constant is calculated in the course of this derivation.
and 5 or evenT=140 K5 More recently~'°Curie tempera- The major part of the available descriptions of the FM order
tures exceeding 150 K were reported (@a,MnAs. An  in such DMS’s agGa,MnAs, (Ga,MnP, and(Ga,MnN, are
above room temperature ferromagnetism was annodh&&d based on semiphenomenological models, postulating the ex-
also in GaN ang-type GaP doped with Mn. Advanced Ill-V istence of local magnetic moments on the Mn sites, as well
growth techniques such as metal organic vapor phase epitaxas an indirect exchange between these moments and the elec-
(MOVPE), or metal organic chemical vapor deposition trons in the valence band of the hd%t:® Sometimes the role
(MOCVD) together with LT-MBE can produce good quality of shallow acceptor levels, existing in the first two of these

1098-0121/2004/109)/19521%16)/$22.50 70195215-1 ©2004 The American Physical Society



KRSTAJIC et al. PHYSICAL REVIEW B 70, 195215(2004)

systems? or of resonance levels is emphasiZ&timpurities  of the exchange interaction between TM impurities. Since
interacting with the free carriers due to an effective RRKY this calculation appears to be rather involved, its mathemati-
interaction were discussed in Ref. 21. That paper considereghl details are given in the Appendix. In Sec. lll we apply the
also a Hubbard-type model for magnetic impurities in DMS, results obtained in Sec. Il fo-type semiconductors, find the
which made it closer to the third approach, to be describegtinematic exchange interaction and use the molecular field
below. . approximation to calculate the Curie temperature as a func-
The second approach is based on an extended clustghn of the Mn content and hole concentration fotype

method, where a cubic supercell with a magnetic Mn ion in Ga,MnAs and(Ga,Mn)P. The results are compared with the

its center is used to calculate the density of spin polarized, zijable experi
- Y perimental data. Thetype (Ga,MnN DMS,
states of a *homogeneously doped” crystale e.g., Refs. 22 which possesses specific features differing it from other

and_ 23. The resultlng picture provides mfprmatlon about DMS’s, is discussed in Sec. IV. Finally, the scope of the
positions and occupations of Mn-related majority and minor-

ity “bands.” Sometimes an effectived exchange Hamil- theory and compari.son with ather approaches are summa-
tonian is introduced with the effective exchange constant fit—rlzed in the concluding Sec. V.
ting the numerical datgsee Ref. 22 and the first paper in
Ref. 23. Local spin density approximation in combination Il. INDIRECT EXCHANGE INTERACTION BETWEEN
with coherent potential approa¢@PA) describing averaged TWO MAGNETIC IMPURITIES
properties of alloys was used in papéi® analyze the onset
of FM order in DMS systems. Several important parallels
between these calculations and our results will be discussed As is shown in Refs. 27 and 28, the electronic spectrum of
below. isolated substitutional TM in 1ll-V semiconductors is prede-
According to the third approach, realistic exchange patermined by the structure of chemical bondybridizatior)
rameters should be derived within a microscopic theorybetween the @-orbitals of impurity ions and thp-orbitals of
based on the knowledge of the electronic structure of IlI-Vthe valence band electrons, whereas their magnetic state is
semiconductors doped with TM impurities. An exhaustivegoverned by the Coulomb and exchange interactions within
microscopic theory for isolated TM impurities in semicon- the 3d-atomic shell modified by hybridization with the elec-
ductors was constructed more than two decades ago startitigpn states of the crystalline environment. According to Refs.
with the papers of Refs. 25 and 2&e the monographs Ref. 34-38, the localized TMi-states possess eithigror e sym-
27 for a detailed description and Ref. 28 where a powerfulmetry of the crystal point symmetry grouy. The e states
numeric approach has been develgpdthis theory contains are practically nonbondingl-states, whereas the states
all the ingredients necessary for an accurate derivation of thlerm bonding and antibonding configurations with the
indirect magnetic exchange between impurities. Our firsp-states of the valence band. The two latter types of states
attempt® to apply this theory toGa,Mn)As resulted in a are classified as the crystal field resonan@fsR), in which
guantitative description of the hole concentration dependerthe d-component dominates, and the dangling bond hybrids
Curie temperatur&: in p-type DMS'’s within the framework (DBH) with predominantlyp-type contribution of the va-
of a very simple model Hamiltonian, in which the effective lence band states. It is crucially important that the absolute
kinematic exchange interactioarises from an exchange of positions of CFR levels relatively weakly depend on the
electrons between the occupietstates of the half-filled band structure of the host semiconductor material. The CFR
d-shell of the Mn impurity via empty heavy holéh) states levels are pinned mainly to the vacuum energy, and this pin-
near the top of the valence band. ning is modulated by the counterbalanced interactions with
Here we present a general theory of the double exchangealence and conduction band staté2® The DBH states are
interaction in Mn-doped IlI-V semiconductors, which covers more intimately connected with the peak in the density of
both p- and n-type materials. The theory establishes differ-states of the heavy hole band, which dominates the
ences between the exchange mechanisms in these two caseé:hybridization.
We show that the Zener mechanférin its classical form is The variety of electronic and magnetic properties of Mn
realized inn-type (Ga,MnN, whereas thep-type systems and other TM ions in different Ill-V host semiconductors
(Ga,MnAs, (Ga,MnP and, possiblyp-(Ga,MnN are ex- stems from these universal chemical trends. Among them,
amples of another type of indiregktinematig exchange in- the Mn impurity exhibits peculiar features. According to its
teraction, which was not observed in the family of Mn oxidesposition in the series of the TM elements, a neutrafon
described by the Zener theory of FM insulators. Besides, wa Ga-site is expected to have d*Zonfiguration. However,
discuss similarities and differences between the descriptiothe Mn ion retains the fifth electron in itsi3hell, because of
based on Zener double exchaffyand Vonsovskii-Zener an exceptional stability of the high-spin half-filled3state
dp-exchang®& accepted in many phenomenological resulting from the strong intra-atomic Hund interaction. The
theoriest>-18 While developing further the microscopical Mn impurities not only introduce magnetic moments in the
theory?® we substantiate the applicability of orbitally nonde- p-type (Ill,Mn)V compounds but also create potentials at-
generate two-site Anderson motfel® to the case of M#  tracting holes, i.e., act as acceptors. Therefore, the neutral
impurities and include explicitly the contribution of impurity substitution impurity state i#\°(3d°p), wherep stands for
band in the double interimpurity exchange. the loosely bound hole, and the manganese provides both
The paper is organized as follows: Sec. Il presents a deloles and magnetic moments to the host. Heig the spec-
scription of the microscopic model including the calculationtroscopic notation indicating the irreducible representation of

A. Bands and bonds in Mn-doped IlI-V compounds
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the state(more about these notations can be found, e.g., iexchangé® Here we discuss interaction between Nand
Ref. 27. other TM) impurities in a semiconductor host. According

Existence of the complex Md°p in lightly doped bulk to the Hund rule for Mn ions in a tetrahedral
GaAs is detected by electron spin resondhemd infrared environmeng’ 2846 two competing states l\ﬁﬁ(d4) and
spectroscop§: An acceptor level is found inside the energy Mn?*(d®), involved in the double exchange in DMS, have the
gap at 110 meV above the top of the valence band. Thig#(e2t?) and d®(e?3) configurations, respectively. The next
value is much higher than 30 meV, resulting from conven-charged statel®(e%t®) has a much higher energy due to the
tional effective mass theoff), meaning that the treatment of strong intra-ionic Coulomb interaction. Therefore, the “pas-
the Mn impurities in 1ll-V compounds requires a more re- gjye” nonbondinge-electrons may be excluded from our con-
fined approach. On thegther hand, the presence of negativelyyeration. The indirect exchange between magnetic mo-
ionized complexed\”(3d°) is detected inGa,MnAs epilay-  ments is mediated by virtual transitions ©f electrons via
ers grown by low temperature molecular beam epitéxy, unoccupied valence band states.
which indicates that both mobile and localized holes exist in
FM (Ga,MnAs. The coexistence of weakly and strongly lo- B. Model Hamiltonian and impurity related energy
calized states is also in accordance with ac conductivity The model Hamiltonian for two TM impurities in a Il1-V
experiments® . . . semiconductor has the form:

Apparently, a similar impurity electronic structure is real-
ized in (Ga,Mn)P. But in contrast, Mn in the wide gap GaN H=Hy+Hg+ Hhqa, (1)
semiconductor releases its fifdtelectrons to the valence
band similarly to all other TM impurities, and remains in a
Mn3*(d*) state, unless the sample is deliberatabdoped. Hn= > £ChnoCons (2)
This state is neutral and there is no need to bind a hole in p.o
order to maintain the neutrality of the ground state. This
leaves no room for a direct extrapolation frg@a,MnAs to
(Ga,MnN, and the kinematic inter-impurity exchange
mechanisms in these two systems should be considered se
rately.

Due to a large mismatch between positions of the valenc
bands in GaAs, GaP on one side and in GaN on the oth
side, the Miid®/d*) CFR level falls deep in the valence band
in GaAs, GaP, but it appears within the forbidden energy ga
in GaN. The CFR nature of Md°/d* t,-level near the
middle of the gap for (Ga,MnN is confirmed
experimentallf and follows also from numerical
calgulations’-.3 This t,-level is empty in the neutral state

oy T : .
Mn=*(d ).of the sgbstltutlon |mpur|'ty. It becomes magneti- He=S (Edﬁi(r+ !ﬁioﬁi—a)! 3)
cally active only inn doped materials, e.g., i(Ga,MnN,
where part of the Mn impurities capture donor electrons and o . ) )
transform into charged ions Mtd®). A similar behavior is ~ Which simplifies the calculation considerably. Héfgis the
characteristic of all other light TM ions in all 1ll-V com- atomic energy level of the localized Mg}eIAectro?s and) is
pounds including GaAs and G&F2835 the Andgrson-Hubbard repulsive parametgr=d; d;, is the

Since the position of the valence band in GaAs and GaP i§ccupation operator for the mangandselectrons on the
substantially highefwith the vacuum energy as the referenceimpurities, labeled=1,2 in(lll, Mn)V DMS. The situations
point) than those in GaN, the CFR level (d/d% in the when the Qegeneracy of the states is important and the
(Ga,MnAs and(Ga,MnP DMS’s falls below the center of exchange mtera_ctlo(Hund_ rulg in t_he multielectron atom
gravity of the valence band. Therefore, this CERevel is ~ Plays an essential part will be outlined and the appropriate
always occupied Mn ions retain five electrons in the Ccorrections will be introduced, when necessary.

where the band Hamiltonian

includes only the heavy hole band. Hexrgm(cph(,) is the
creation(annihilation operator of a hole with momentum
and spin orientatiorr in the hh band of the semiconductor
Rt the energy dispersioarg. The heavy hole band gives the
dominant contribution to the formation of the impurity
&tate€”28 and governs the onset of FM order. The second
§Erm in the Hamiltonian(1) describes electrons within the
Mn atoms with an account of the crystal field of the sur-
rr’ounding atoms. In principle, one needs a multielectron
Hamiltonian for the degenerate states of thehell, includ-

ing Coulomb and exchange interactions. However, it is suf-
ficient to consider the nondegenerate Hamiltonian

io

3d-shell, and the neutral substitution impurity staté3g°p), The last term in Eq(l) describes scattering of heavy
wherep stands for a loosely bound hole on the relatively 01€s by the impurities
shallow acceptor level in the forbidden energy gap of GaAs Hyg= Hﬂg + H(%),
and GaP semiconductors.
Both these situations may be described within the reso- H() = E (Vpdcgho_djo_eipRj/ﬁ,+ h.c),

nance scattering model of the TM impurity states in semi-

conductors based on the Anderson single impurity Hamil-

tonian for TM impurities in metal? and later modified for ® — T i(p-p")Ri/fi
semiconductors in Refs. 25, 26, 36, 38, and 39. An extension HRY = 22 WoprCongCorng ™ PR @)
of the Anderson model to two TM impurities in metals was
proposed in Ref. 33, which resulted in a FM coupling in TM HereV, is thep-d hybridization matrix element, and,,, is
doped metals and in an interaction similar to the RKKY the scattering matrix element due to the difference of the

p,o)

pp’ 0]
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pseudopotentials of the host and the substituted atoms. Diresemiconductors. Then the part of the two-impurity en€gy
overlaps between thielectron wave functions of the neigh- responsible for the interimpurity magnetic interaction may be
boring impurities in the DMS and the Coulomb interaction found[see Eqs(A16) and(A17)]. According to Refs. 25 and
between them are neglected. 38, the resonance scattering alone may result in CFR and
The neglected above orbital degeneracy oftthetates is DBH levels split off from the valence band, provided the
important at least in three respects. First, the half-filfd scattering potential is strong enough. However, in the case of
subshell of Mn is occupied by andt, electrons with parallel shallow DBH states the potential scattering may dominate
spins in accordance with the Hund rule, so the sixth electrottheir formation. Like in the well-known Koster-Slater impu-
can be captured in the® configuration only with the oppo- rity model, the potential scattering in our model is described
site spin. The energy cost of this capture~&J+J, where by a short-range momentum independent coupling constant,
J<U is the exchange energy. This feature of the impurity isW,,» =W, and the same approximation is adopted for the
preserved in the above simplified Hamiltonied): the reac-  resonance scattering parametéy;~ V.
tion d®+e— d® is changed fod'+e— d?, with the spin of the Then Eq.(5) acquires the compact form
second electron opposite to the first one. The energy cost of
this reaction iU, and the principal features of the ion, im- 1 o
portant for the formation of the localized magnetic moment, AE= - = |mJ de[In R(e) +IN Q%(&)] + AEoele < ).
are practically the same as in the original atom. ™ &hb
Second, it is the Hund rule that requires that the total (6)
angular moments of the Mn atoms be parallel to allow an
indirect inter-impurity interaction between the high-spgin i , . ,
states via thenh valence band states. We will take this re- Here the first term in the r.h.s. describes the band contribu-
guirement into account, when calculatifig, and obtain the tion to the exchange energy, and the integration_ is carried out
energy gain due to the indirect interaction, monitored by thd"om the bottom of theénh band(ep) to the Fermi levek:.
Hund rule, which leads eventually to FM ordering in DMS’s. The kinetic energy gain of the band electrons due to scatter-
Third, the threefold degeneracy of theelectrons is also iNg by FM aligned impurities is incorporated in this integral.
manifested in the statistics of the localized states, and therdhe contributions of resonance and potential scatterings are
fore it influences the position of the Fermi energy in thediven by the first and second terms, respectively. The last
energy gap. The degeneracy introduces also numerical faéermAEiq. is the contribution of the occupied localized CFR
tors in the effective exchange constants calculated in the Ap'and/or DBH states. These states are described by zeros of the
pendix. functionsR(e) and Q(e) in the discrete part of the energy
Now we proceed with the derivation of indirect inter- spectrumsee Eqs(A10) and(A8), respectively.
impurity exchange. To calculate the energy of the exchange
interaction between two magnetic impurities, one should find
the electronic spectrum of the semiconductor in the presence

of two impurities. Each impurity perturbs the host electron  The energy lowering results from the indirect spin-
spectrum within a radius,. Interimpurity interaction arises, dependent interimpurity overlap, and the mechanism of the
provided the distance between the impuritiRsis compa-  effective exchange interaction may be qualified as a kine-
rable with Z,. General equations for the two-impurity statés matic exchange. The double exchange favors a FM order,
and the corresponding contribution to the exchange energyecause splitting of the energy levels belonging to two adja-
are derived in the Appendix. Here we present only the finakent impurities occurs due to electron exchange via unoccu-
equations, to be used in the derivation of the effective eXpied band or impurity-related stategithout spin reversal
change coupling and the Curie temperatures for the Specifijere the impurity angular moments nonparallel, the Hund
DMS's. We actually need the impurity related correction toryle would suppress the probability of the electron, with the
the energy of the system, which is given by the standar@pin parallel to the first impurity angular momentum, to par-

C. Exchange via heavy hole band states

formula(see, e.g., Refs. 26 and A5 ticipate in the exchange with the second impurity with a
1 S “wrong” direction of the angular moment.
EMadn= — Imf e-TrAG[e —idsigne — u)]de The level splitting, when not suppressed by the Hund rule,
77 - results in an energy decrease provided that not all of the
=S Unging 5) available band and impurity levels are occupied. One should
i dit’dil - note that this kinematic exchange cannot be reduced to any

conventional double exchange mechanism because of an ac-

AG=G(e)-g%e) is the two impurity correction to the total tual interplay between three contributions to the magnetic
one-particle Green functio®(s)=(s—H)™% energy, namely, the scattered valence band electrons, the

HereG is defined as a matrix ith,d) space, ang®isthe = CFR states and the DBH states. We start with the analysis of
same matrix in the absence of impurity scattering, see Ed¢he band contributiol\E, ,. Since in all the cases we deal
(A7). The Green function is calculated in Appendix in the with nearly filled hh bands, it is convenient to calculate the
self-consistent Hartree-Fock approximation for the interim-energy in the hole representation. By means of a simple trick,
purity electron-electron repulsidd, which is sufficient for a  described in the Appendix, the contribution of thieband in
description of magnetic correlations in TM impurities in the basic equatio(6) may be transformed into
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R(e) _ KV?P14(R)
@ AR =17 KV2P},’

1 eht
ABp e — Imf de In (12

. Rele)’
whereg, stands for the top of the valence band. This equaThe second term in Eq11) results from the repulsion of the
tion follows from (A19) by neglecting the potential scatter- two-impurity levels from the band continuum. All the func-
ing in the band continuum. Then, inserting EA10) for the  tions P;; and their derivative®;; are taken at=Egr i.e. at
matrix R(e) we obtain their positions for the isolated impuritig£20).

We may now apply the procedure outlined in Appendix
AEp ex and find the kinematic exchange due to the DBH states
1 eht above the top of the valence band
== — Imf de

2m KV2PZ,

(EgBH ="l V2P11) Pill

All the functions in Eq.(13) should be calculated a¢
8) =EZg,. This part of the kinematic exchange favors the FM
ordering, sinceP;;(E2gy) <O. If the DBH levels lie not too
Here far from the top of the valence band their contribution is
i comparable with that of the hole pockets and should be prop-
Lij(e —10) = Pjj(e) + EF”(S) (9) erly taken into account when calculating the Curie tempera-
ture. At a sufficiently high Mn content the splitting of the
are the lattice Green functioi89) of the continuous energy DBH level results in formation of an impurity band and its
argumentes. Retaining only the leadingguadratig terms in ~ Merging with thehh band.

=

(13

. { 655~ 18) ~ VLys(e — )P~ VL — 10)

AEpgh ex=
g5 (e—16) = VALy4(e i) }

L., in Eq. (8), the exchange energy due to the band be- The contribution AE,y, of the localized states to the ki-
comes nematic exchangis not universallt depends on the type of
A e conductivity and should be considered separatelypfoand
AE, ., = - if " e P1(e)l'12(e) n-type materials. Empty shallow Mn-related levels are
e . present inp-(Ga,MnAs andp-(Ga,MnP and apparently ab-

sent in p-(Ga,MnN. In n-type (Ga,MnN, the localized

states are due to the deep Mn CFR levels, and the exchange
(10 via these levels alone determines the whole mechanism. The

Equation(8) with L;,(g)#0 holds only if the impurity ~double exchange mechanisms in these two cases are obvi-

angular moments are parallel to each otiféwl casg. Then ~ ously different.

the Hund rule allows for an electron exchange, which takes

place without spin-flips. Otherwise the Hund rule blocks the . MAGNETIC ORDER IN  p-TYPE DMS
exchange with the _ne|ghbor|ng Impurity with a “wrong” an- Here we discuss formation of FM order in Mn-doped
gular momentum direction. This is accounted for by assum;

: N . _ -V p-type semiconductors, of whictiGa,MnAs and
ing L1,=L,,=0. Thus, Eq(10) represents the difference be (Ga,MnP are the most celebrated. CFR d-like levels lie in
tween the states of two impurities with parallel and

nonparallel angular moments these systems below the heavy hole band. DBH_ Iev_els
' formed above the top of the valence band broaden into im-

D. Exchange due to localized impurity states purity band, and merge with the valence band. The band

structure of(Ga,Mn)As is shown schematically in Fig. 1.

A '
" [e-EamVIPu(E)P+ S Tie)

Another contribution to the magnetic enerd¥ [Eq. (6)]
originates from the interimpurity exchange due to empty lo-
calized states, if available. As was mentioned above, there
may be two types of such states, namely CFR and DBH-type The empty localized levels above the Fermi energy appear
levels. For the CFR states, one may, to a good approximadue to the combined action of both the potentidl) and
tion, neglect the potential impurity scattering. To take prop-resonance(V) scattering mechanisms. While fitting the
erly into account the Coulomb blockade effect on the impu-theory to experimental data we use the Fermi enefgin-
rity site, one has to calculate the Green function in a selfstead of the chemical potential since they nearly coincide
consistent way, known as “Hubbard I” approximatifsee  under the conditions of the experiment. These levels are
Egs.(A14) and(Al5) in the Appendi. found as zeros of the determindRtzs) [see Eq(A10)]. Ne-

The origin of the energy lowering is the inter-impurity glecting small corrections due to resonance scattering, the
level splitting derived in the AppendiXEgs. (A20) and  energy of an isolated DBH leveEd,,,=;, corresponds to a
(A21)] zero of the function

oK? V4 dpizl (11) d(ej) =1 -WPyy(e) =0, (14

6ECFR+: i A + —
- 2 [1-KV?P ) d L . .

[ ul” de like in the Koster-Slater one-impurity problerfsee the

where the splitting of the levels of the isolated impurities isgraphic solution on the left panel of Fig).1We assume

A. Heavy hole and impurity band merging
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impurities participating in the interaction with any given im-

- purity. At zZApgy(X) > g; the impurity band merges with the
valence band and they both form a unified continuum of
states. For the above values of the model parameters this
merging occurs even i< 0.01.

m

. g, _ —
& (GV) R-l band R-Z

\&4

B. Double exchange inp-type DMS

Eventually, magnetic order arises due to the exchange in-
Bl teraction between the occupied CFR levels. These levels cor-
respond to the stated®/d* of the Mn ions below thehh
band, whereas the empdt/d® CFR levels are pushed up to
— the conduction band by the Anderson-Hubbard repul&ion
—& B (Fig. 1). The left panel of this figure depicts a graphical
solution of the equation

FIG. 1. Left panel: graphical solution of E¢@L8) for the bond- R(2)=0, 17
ing CFR and Eq(14) for the antibonding DBH levels. Right panel: with R(e) defined in Eq.(A10). Neglecting the interaction
energy levels inGa,MnAs. The CFRd-levelsd®/d* (denoted by  between the impuritied,;,=0 [and, henceM,(R)=0], Eq.
Ry(z) of each impurity, lie below théih band. The DBH levels (17) takes the form
(energieseq,, €,) are split from thehh band and form localized
(acceptoy levels in the energy gap. The CFR levelféd® Ry, lie Ecrr= Ei, = Eq+ V2L (Ei,), (18)
high in the conduction .band' The.i.mpurity band is. shown by theand describes the formation of the deep impurity states of
§haded area.together V\{lth thg position qf the Ferml level as a func(-:FR type out of the atomid-levelsE, below thehh valence
tion of the widith of the impurity banhorizontal axis. band. The values of the parameters used in the graphical
solution presented in Fig. 1 will be discussed below.

below the model semielliptic density of states for thi FM order arises, provided the state with the parallel im-
band purity angular moments is energetically preferable in com-
2 w2 parison to that with the nonparallel moments. The splitting of

p(g):ﬁ W2—4<8+—> , (15) the CFR levels due to nonzefo,(R) shown in the right

panel of Fig. 1 cannot give an energy gain, when both states

wherew is the hh bandwidth, and the energyis counted are occupied. One should take into account all the changes in

from the top of thehh band. Then the energy spectrum, namely, the reconstruction ofpidwe
tially filled merged impurity andhh bands. The indirect in-

e =E% =wl1 _ﬂ)z teraction involving empty states near the top of kireband
i =~ EpBH aw/ is in fact a novel type of the double FM exchangehich

i resembles the well known Zener exchai¥daut differs from
Forw=2.9 eV (Ref. 47 andW=1.02 eV, one obtains; it in many important aspecisee below.

:8_5 meV for(Ga_,Mn)As. The influence of resonance scat-  The energy diagram presented in Fig. 1 is confirmed by
tering on the positions of the shallow DBH levels of the two \,;merical LDA-CPA calculation® One finds in the spin-
interacting impurities may be usually neglecisée Ref. 38 polarized density of states both occupied CFR-likenajor-

for a detailed description of the interplay between résonancRy spin component and empty minority spin component.

anq potential impurij[y sca}tteringAt.a sufficier]tly highim-  The up-spin hole pocket of the sargesymmetry is formed
purity contentx, an impurity band is formed i6Ga,MnNAs  ,y pBH-jike states near the top of the valence band merged
since the DBH levels are split due to the indirect interactionith the shallow impurity band.

within the impurity pairs, The contribution favoring the FM order can be obtained
1 from Eq. (10) with the addition of the part due to the impu-
g, =— WP 0, (16) rity band merged with the valence band,
11
4 [eitzA (x)
whereq, are the two solutions of EqA23). AEpy = - V—f > de T1(e)Pasle) i _
. 7],
Then Eqgs(16) and(A23) result in F) [& - Eq— V2Pyy(e) P+ Zril(s)
1 P1»(R)
Bogn(R) = (86, = o) == — == (19)
I:)ll

In the FM-aligned spin configuration only theajority spin

The functionsP;; and Pi,g) are calculated ag¢=e;. The half- g hhand contributes tdEg,, therefore the spin index is
width of the impurity band can be roughly estimated asgmitted for the sake of brevity.

ZApg(R), whereR s the typical distance between the impu-  The approximations used in calculating the lattice Green
rities. Thez value characterizes the number of neighboringfunction L;;(R) with the interimpurity distanceR are de-
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scribed in Eq.(8) of Ref. 29. However, now the impurity
band neglected in Ref. 29 plays an important part. It merges
with the top of the valence band ¢6a,MnAs at the con-
centrations above;;=0.0065 and contributes to creating
FM order. Earlier transport measurements for [0
samples indicate merging evenxat0.002. All this justifies
the approximation adopted for the hole states in @®).
This equation is our working formula, from which we obtain
Tc. It has been also demonstrated in Ref. 29 that the antifer-
romagnetic(AFM) Anderson-type superexcharfgecannot
compete with the FM double exchange.

Now the difference between the double exchange mecha- . N
nism in DMS and the Zener double exchange in transition t 2 3 4 5 6 7 8 9 10
metal oxides becomes clear. The latter was proptsked Mn concentration x(%)
(La,A?")MnO3; where Mn ions were in different valence
stategMn®* and Mrf*). In our case it would have meant that ~ FIG. 2. Calculated dependence T on the manganese concen-
one of the two |eve|§CFRI were empty. As seen from Fig. 1 tratio_nx in (Ga,MnAs bas_ed on the e_xperimental data for _the hole
these states ifGa,Mn)As are both occupied, and the Zener 9ensity(Ref. 48 py(x). Solid squarescircles stand for experimen-
mechanism in its original form is not applicable. Actually, @ Tc(¥) of annealedas-grown samples. Broken lines take into
the FM order in thep-type DMS arises due to the kinematic 26¢0UNt the error bars of the hole density.
exchange between the two M) ions via the empty states

160

120

80

40

Curie temperature T¢(K)

near the top of the valence band. certainly close taz, although does not necessarily coincide
with it. In (Ga,Mn)As the total angular moment of a complex
C. Fitting procedure: (GaMn)As Mn(3d®p) is unity#! J=1, since it is formed by the moment

423/2 of theloosely bound hole AFM-coupled to the Mn
center with the spits=5/2.Then the numerical factor in Eq.
(22) is close to unity. The results of our calculations are

The dependence of the Fermi level on the Mn conten
ex(x) is found from the equation

AW(x) presented in Figs. 2 and 3.
Xs = ZJ p(e)de, (20) In order to find the dependend&(x), the value of the
er () Fermi level, Eq.(20) calculated from the experimental
in which w(x) =&, +zApg(X), and thehh density of states is  date?®is used in Eqs(22) and(19). A polynomial fit is used
approximated as for the hole densitypn(x) in Eq. (19). The values of the
model parameters characterizing the impudtgtate areU
ple) = 8L (w + Sw(x)*]N[ Sw(x) = £](e + W) ~4.5 eV,V=1.22 eV, while thenhh massm=0.51 m, andhh
X 6 SW(X) - £]6(e +W). bandwidthw=2.9 eV were taken from Ref. 47. The hybrid-

ization strengthV was obtained from Eq18) with Ecpr=
The per site hole concentratiogis proportional to the hole -3.47 eV(EZ#:=-3.4 eV according to Ref. 50The energy
density p, (Xs=a%pn/8 in the zinc-blende structureEqua-  of the shallow acceptor level was chosen tospe85 meV,
tions(19) and(20) allow one to determine the pair exchange
energy as a function of Mn concentrati@nand connect it 150

with the experimental data for the given hole concentrations
pr(X) which are taken from the measuremefits. < 120
The Curie temperaturé: was calculated in the molecular o
field approximation. According to this approach the spin o
Hamiltonian reads % 90
1 3
Hue = EE AEem(Rij)J; - (3), (21 £ 60
' @
where summation runs over all positions of the Mn impuri- 5 30
ties with an angular moment operathr Here the factor 1/2 ©

accounts for the fact that the energy gain of the FM vs AFM
orientation of two coupled spins KEgy(R;;), contrary to
2J4eis In the Heisenberg model. Thély is readily found,

O 1 1 1 1 1 1 1
00 02 04 06 08 1.0 12 14 16
Hole density ph[nm’s]

AEr(X) 2J(J+ 1) FIG. 3. The dependence of the Curie temperature on the hole
- Kg 6 J (22) densityp in (Ga,MnAs. Solid and dashed-dotted lines are the the-
oretical curves for the two values of the hybridization parameter
wherez is, similarly toz, a measure of the number of neigh- (v=1.22 and 1.24 eV, respectivelyExperimental pointg(filled
boring atoms participating in the exchange interacffoitis  squaresare taken from Ref. 48.

TC:
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function of the Mn contenk and the hole concentratiqp,
- in p-(Ga,MnAs. This description is applicable also to
Lo p-(Ga,MnP. The band structure qfGa,MnP can be also

100 schematically represented by Fig. 1, however, the DBH level
lies deeper in the energy gap thanpi(Ga,MnAs: its po-
sition is estimated as-0.4 eV above the top of the valence

- band(see, e.g., Refs. 27, 28, 44, and 4he impurity band

appears to be narrower than(i@a,Mn)As. It does not merge
with the hh band at any reasonable Mn concentration and its
contribution to the indirect exchange can be neglected. We
tested our theory by fitting the experimental v&fuef T
=270 K reported for ap-type (Ga,MnP at x=0.054. The
_ . impurity level £;=400 meV arises aWW=1.4 eV. We have
Annealing temperature T_("C) found that the value of =270 K is reproduced by means of
Eq. (220 with the following parametersw=2.6 eV, V
FIG. 4. Calculated (triangles connected by a solid lines the =1.31eV, x=0.05 z=4, Eq=-1.3eV (then Ecrr=
annealing temperaturg, in (Ga,MnAs. The data for the hole den- _3 og eVj. The chosen value gf,=1-13° cn 2 is the hole
sity and the experimental values @t(T,) (closed squargsare density in a C-doped GaP before Mn implantatfd1So the
taken from Ref. 51. The parameters used in the calculations arg;,; o< of our model parameters are close to those for
V=1.22 eV,2=4.0,Ecrr=-2.6 V. (Ga,Mn)P in the experiments of Ref. 52. Besides, these pa-
rameters are in a good correlation with the chemical trends in
close the experimental valtfesP=110 meV. The value of the systemgGa,MnAs, (Ga,Mn)P (the latter has a smaller
z=2.5 was taken for the coordination number in as-grownattice spacing and larger effective mass,, than the
samplegFig. 2, lower curvg At these values for the model former).
parameters the ratii\Egy|/|AExry|~2 justifies the domi- As for p-(Ga,MnN, the theory should be modified in
nance of the FM coupling itGa,MnAs. order to describe this material. In this case Mn remains a
The nonmonotonous dependencelgfx) is due to a non-  npeutral substitution isoelectronic defect in the configuration
equilibrium character of the sample preparation. Apparentlymn3+(d*), since the MA*3* transition energy falls deep into
the ratio between the concentration of Mn impurities and thghe wide energy gap in accordance with the experiméhtal
actual hole concentration depends on the doping method anghd theoreticaf data. If the hole concentratiopy, exceeds
the thermal treatment. In particular, the annealing of thghe Mn contentx, then we return to the situation discussed in
sample results in a reduction of the donorlike Mn-relatedihis section, but with the localized momeht2 characteris-
interstitial defects in favor of acceptorlike substitution tic of the Mr*(e%t?) configuration. In the opposite case, the
impurities*®* To describe the annealing effect we changedyajence band is full, and the Fermi energy lies within the

the value oz from 2.5 to 4 in Eqs(19) and(22). The results  geep impurity band formed by the KIi** levels. This situ-
of numerical fitting are shown in the upper curve of Fig. 2. gtion is discussed in the next section.

in a serges of both as-grown and annealed, @dn,As 1 (x) available to make a detailed comparison with the the-
sa}mpleé, aIIov_ved us to compare the theoretical pTQt(p) oretical predictions both ip-(Ga,MnP andp-(Ga,MAN
with the experimental datesee Fig. 3 The same equations materials. Moreover, np-type conductivity was observed in
(22) and(19), and the same values for the model parametergga MnN even in the cases when the pristine GaN crystals
Ecer U, & as in the above estimate are used. The Mn cONyere of ap-type. Due to the lack of experimental informa-
centrationx=0.067 is taken as the reference point, and thgjon, we have confined ourselves with a quantitative and
coordination number being=4. Two th_e(_)ret!cal Curves Ccor- qgyalitative description of thep-type (Ga,MnAs and turn
respond to two values of the hybridization parame¥er .o to the case afi-(Ga, MnN, where the double exchange

=1.22 and 1.24 e\(solid and dashed-dotted curves, respeC nqchanism, as described above, should be revisited.
tively). One may conclude from these two fittings that the

theory is rather sensitive to the choice of the model param-
eters. To check the stability of our description we made one
more fitting of the experimental data obtained only for an-  Mn is a deep acceptor in Gal\2and each Mn impurity
nealed samplegsee Fig. 4 These data are taken from Ref. creates arempty ; level deep in the energy gap. Therefore,
51. The same set of model parameters gives satisfactomfie Fermi energy is pinned to these levels unless qstel-
quantitative agreement with the experiment for these samplgsw) acceptors create enough free holes near the top of the
as well. valence band. This statement is confirmed by extended clus-
ter “quasiband” calculation®. If a Mn-doped sample con-
tains also shallow donors in a noticeable concentration, then
the deep Mn-impurity band is partially filled by electrons,
Thus, our theory provides a satisfactory quantitative deand one arrives at the problem of magnetic orden-iype
scription of the behavior of the Curie temperatieas a  (Ga,MnN. In this case the®/d* CFR energy levels forming

Curie temperature T, (K)

50 L L L 1 L
240 260 280 300 320 340 360

IV. MAGNETIC ORDER IN n-TYPE DMS

D. (GaMn)P
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J— J— H i i 2 2
T o s Exq materials together with the fourth-order ifVyp*|Vad
band Bloembergen-Rowland indirect excharije.The empty
U (d%/d® CFR levels are pushed up high to the conduction
band by the Anderson-Hubbard repulsibh These levels
L, —T T, may cause an AFM ordering in the impurity band, but the
R R, exchange coupling is relatively weak. We leave more de-
tailed analysis of all these contributions for further studies,
. because here our main purpose is to establish the impurity
Sond band character of magnetismin(Ga,MnN and to estimate
the upper limit ofTc.

E=-2.0 >

FIG. 5. Left panel: graphical solution of E¢L8) for the anti- We consider first a pair of impurities at a distarRérom
bonding CFR level in(Ga,MnN. Right panel: energy levels in €ach other. To be definite we assume that the chemical po-
GaMn)N. The CFRd-levelsd®/d* (denoted byR;,) of each im-  tential u lies below the leveEcgg of an isolated impurity.
purity, lie within the energy gap. The CFR leval®d® Ry, lie  According to Eq(12) the interaction between the impurities
high in the conduction band. splits the impurity. It is emphasized that the splitting takes

) . ) ) place only if the spinsS; of the two impurities are parallel
the impurity band are partially filled, so one encounters theep ordering and the process is not blocked by the Hund
mixed valence M#'/Mn?* situation similarly to the original e The distanc® between the impurities should not also

Zener modef® Exchange within the impurity band is pos- ; ; ;
. . . _ exceed a certain value, i.&R<R.,(u), whereR,(u) is the
sible due to an overlap of the tails of the impurity wave golution of the equation

functions. These tails are formed by the superpositions of th
Bloch electron wave functions from tlidr band, so the latter A(R) = E% - (23)
plays in fact the role of the oxygerp-orbitals in CFR™ M-

La(Mn,Sr)Q3 con_sidered t_)y Zener. _— . . Then one of the two impurity levels sinks below the chemi-
The Mn impurity band is formed bg/d” CFR impurity ¢4} potentialx and is occupied by an electron, which results
Ievels,ECFR,_whlch are well separated from thwn band._ It in the energy decreask(R), whereas the second level re-
may be p{;\rtla}lly occupied by eIectrons_ and be rgsponS|bIe for'hains empty and does not contribute to the energy balance.
gmagne‘uzaﬂon of the DMS. To describe formation of a deeg e spins of the impurities are not parallel, the Hund rule
impurity band we solve Eq(18) for the Mn-related CFR 5 igq an indirect exchange and there is no energy decrease.
level and then substitute this solution into the secular equarparefore. the exchange energy in such a pair equals just
tion (17) assuming again the semielliptic density of states_A(R) for the FM ordering of the spins and to zero other-

(15). The bare levek, is now above the top of thieh band, . . . . . .
and thepd hybridization pushes it deeper into the energym;t%d-rgg n the typical pair exchange interaction can be esti

gap. The graphical solution of E@18) is presented in the
left panel of Fig. 5. _ [Rexw

The hybridization parameter is nearly the same as in A:f A(R)g(R)dR, (24)
(Ga,MnAs, V=1.2 eV. The right panel of Fig. 5 illustrates 0
the formation of an impurity dimer via an overlap of the tails , i i o ,
of the CFR wave functiongl7). Then the overlap of the whereg(R) is the impurity pair distribution function.
electron wave functions between the correlated sjesnd !N order to complete our scheme, we need also an equa-
R, initiates formation of an impurity band and the Zener-typellOn connecting the position of the chemical potential with
indirect exchange interaction may arise in a partially occu{h€ €lectron concentratiamin the impurity band. This con-
pied. Like in p-(Ga,MnAs, our model spectrum correlates centrsatlon coincides with the concentration of impurities in
with the numerical data obtained by LDA+CPA thed”state, hence
calculationg* These calculations show an impurity band u
formed by spin-up CFR states tf symmetry in the middle n:j p(e)Ngs(e — w)de, (25)
of the energy gap and a smaller peak of the same symmetry
within the valence band, which may be interpreted as the ) . ] ] )
DBH counterpart of the impurity resonance peak. The empt;YVhereP(S) is the density of states in the impurity band. The
minority spint, states arise in the conduction band. distribution ngs(e-u) is calculated in the Appendix, Eq.

In principle, the double exchange via empty states in théA15).
conduction band may also contribute. This contribution is We use below the Fermi energy of unfilled impurity
small in zinc blende host crystals, because the hybridizatioRand instead ofx, as we did forp-type samples. At low
V4 between the impuritg-states and the-states of the elec- temperaturesys(s —&g) is 1 fore <ep and 0 fore > e¢. This
trons near the bottom of conduction band is weak due to théllows us to circumvent the calculation of the density of
symmetry selection rule¥:2 However, it may give an addi- Statesp(e) and present the conditiof25) in the alternative
tional contribution to the indirect exchange in wurtzite typeform

A. Exchange in impurity band
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Rex(er) — 2
n=f g(RdR, (26) 0.14
0 <
4 012

more convenient for our calculations. If an experiment pro- &,
vides us with dependencies of the Curie temperature and the § 0.10
electron concentration on the Mn content, then E83) and % '
(26) will allow us to connect the Fermi energy with the elec- 2 008
tron density in the impurity band. Then E@®4) is used to g
calculate the average pair exchange interactkir) as a E 0.06
function of the impurity content.

We now appeal to the theory of dilute FM allé§sand 0.04
arrive at the final result, i.e. the Curie temperature. Unlike
the case of(Ga,MnAs, the magnetic energy in impurity
band is determined by the sp® of Mn 3d shell, which
equals 5/2 and 2 fod® andd* configurations, respectively.
In our crude approximation it is sufficient to know that the fG. 6 D § e _ A g

: : . N . O. ependence of the kinematic exchange, measured In
E:](i)tp;l(.)rtlonallty coefficient betweefic and A is close to units of Ag on the Mn contenO(x), and on the position of the Fermi
’ energy relative to the levef., of an isolated Mn impurity. We
took xk1=d,.
S(S+1)— —

Te(x) =

A(X) = A(X)/Kg.
ok () =~ A(X)/kg "
AR) = Ag—e R,

At low electron concentrations, wheR,,(eg) >d,, only a R
minor part of the impurities is coupled by the indirect ex- where the value ofA, depends on the parameters of the
change interaction. The above averaging procedure does ngfstem but is generally of the order of 1 eV.

hold any more and a percolation type of approach should be The pair distribution function in Eq24) is modeled by

applied>® _ _ the Poisson pair distribution truncated at small distances
The behavior ofT¢ for higher electron concentrations, R<d,,

when the Fermi energy lies above the le®&-, can be

found in a similar fashion. We just have to switch to the hole 3R? d% -R®
representation and use the distribution function:@ —«¢) o(R) = = ex » for R>dy,
instead ofngs(e—¢g). (Dealing with holes we have now to

account for the threefold degeneracytgftates). The func- 0, for R<do
obthin 3 mior Symmetric dependenceToton the slecron  "eTeR s the average distance between the impuies and
concentration in this range. b is the minimal distance between the impurities allowed by

the lattice structure, i.e., the distance between two neighbor-
ing Ga atoms.

B. Curie temperature in (Ga,Mn)N For a deep enough level we may assurre 1/d, and
. . : . calculate the dependence of the average kinematic exchange
To get an idea of the behavior of the average kinematic— P 9 9

— A on the Mn content and position of the Fermi energy with
e_xch;anges. and, hence o.f the (rj]ependen'l’:@(x,n),alve m:ke respect to the isolated impurity levEkgg (see Fig. 6. The
simpie estlmate§. Consider the case wisgr: ECF.R' t €N two latter quantities are measured in urits We see that the
K=1 and according to EqA21) the levels of a pair of im-

o ) X kinematic exchange and, hence, the Curie temperature is
purities separated by the distarReare split by maximal for any given value of when the impurity band is

) half filled, i.e.,er=EQrr At x=0.05 the kinematic exchange
VPR (27) A may be about 0.14 eVif we assume thaj=1 eV). The
angular momend=2 for thed* state of the Mn impurity in
h he off-di | latti b . q GaN, henceTs=A/kg, and we find that the value of the
where the off-diagonal lattice sum can be estimated as ¢ e temperature varies from a few hundred K %10.01
and may exceed 1000 K a&t=0.05. By choosing the local-
P.(R) = iﬁe—xrz_ (29) ization radius so_smallff‘lzdo, we have actually found a
2mhR lower bound forA. We can get even higher Curie tempera-

_ o tures for a larger localization radius.
Here « is the localization parametgiAlthough we use here It is emphasized that the averaging procedure used to ob-

the estimatex~ 1/%i\2mE2g, we should not forget that it tain the results in Fig. 6 works well only when the Fermi
may be rather crude for really deep levglBhen energy is close to the midpoint of the impurity band, i.e.,

(29)
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EOCFR (zero on the Fermi energy axig~ar from this region Another improvement of the mean-field theory, taken into
the percolation approaghshould be used. Then the effective account in Eq(22), is a more refined description of the im-
kinematic exchange in this range may become smaller thapurity magnetic moment. The actual momeharises as a
shown in the figures, however the behavior does not changéector sum of the moments of thieelectrons and the bound
qualitatively, and certainly remains correct also quantitaP-hole. One should emphasize that at a high enough concen-
tively for er close toEg . tration all meqn—ﬂeld Qescnptlons fall becausg the a}loy ap-
To conclude this section, we have found that the 0ptimurﬁ:)roaches the m_stablllty region and the Mn distribution be-
n-doping level for FM alignment of Mn spins corresponds to C0Mes strongly inhomogeneous. In the case of (4n,As
the half-filled impurity band, and one may well expect reallythIS is, apparently, the region at>0.07. .
high temperature magnetism in this case. Unfortunately, lack Next, one should dlscys_s_ the reI{;\tlon betwgen our ap-
of information on theT. dependence on the impurity con- proach and the so-callexb initio numerical calculations car-
centration and position of the Fermi level does not allow u
to make a more detailed comparison with the experiment.

ried out by means of the local-density functional method.
*Doping by Mn atoms is modeled in the calculati$h? by
means of a finite-size cluster of a GaAs or GaN host with one
or several atoms replaced by Mn. A coherent potential tech-
V. CONCLUDING REMARKS nique may be also appli€d.Periodic structures are con-

According to the general theory of magnetic interactions structed from magnetic cluste(ssupercells) and the elec-

the kinematic exchange between localized impurity Spin%ronic bands in these artificial objects are calculated in the

. . ; ._Ipcal-spin-density approximationdSDA). So, the starting
embe.ddg‘?' in-a sen"_nconductor host with govalgnt Ch(:“m'carfoint in our approach and the LSDA calculations is the same.
bonding® is a generic property of the two-impurity cluster.

We constructed such a cluster, which was based oafan No wonder that the positions of CFR and DBH levels in
S C o ! hese calculations are in good agreement with those used in
initio knowledge about the electronic structure of an isolate

. o . o oour . model,  based  on  previous  single  impurity
Mn impurity in a lll-V semiconductor. After some simplifi- . 1tiong7.28 However, a direct comparison of the two
cations this approach led us to a microscopic Hamiltonia

similar to a two-center Anderson mod&H5That model was r})rocedures, as far as the magnetic properties are concerned,

originally develobed for metallic hosts. whereas we Consid_is not straightforward. The self-consistent LSDA method re-
gnally P ’ sultsby constructiononly in a Stoner-type itinerant magne-
ered here a semiconductor host. The model allows for an

; . ; : ! Fsm. Therefore, magnetic states are discussed in Refs. 22
g#ggivsggfn”sr’] aggﬂ?ég‘;';%ﬁé'%ﬁezgﬂ -Iz—a(;ev(\j”t/r\l/i:r? ?he and 23 in terms of exchange splitting and majority/minority
phenomeno|§gicga| moan-field 6QuatbH P spin subbands. It is difficult to discern the genuine kinematic

double exchange in this type of calculations.

4xSS+ D3Py x To overcome this difficulty, Sanvitet al?? tried to fit
= 2 (Que)?’ (30)  their LDSA calculation to a free-electron model with an ef-

B fective hole massn* and uniformly distributed impurities
wherea is the lattice constant],q is the phenomenological described by a model square potential containing the spin-
pd-exchange constanjy, is the magnetic susceptibility of independentW(r), and exchange componentd(r). This
holes in the valence band. Our E&2) and Eq.(30) consist, purely phenomenological separation ignores the resonance
in fact, of similar ingredients. It is natural to assume that  origin of the exchange potential. Besides, the short-range
in the phenomenological model stems from the hybridizaimpurity scattering cannot be described in the effective mass
tion. Then it may be derived in the Anderson-type model byapproximatior’® Nevertheless, the estimate of the magnetic
means of the usual Schrieffer-Wolff transformation, so thattomponentJ|=1.05 eV is in a good agreement with the cor-
de~V2/(s,:—Ed). Looking at Eq.(19) one can readily dis- responding parameter of our theoBv?/Ecgr=1.034 eV
cern the corresponding contributions as in E80). (The used in fitting in Fig. 3(The value,W=0.027 eV, is irrel-
latter was proposed for dilute magnets four decades®®go. evant because of the above-mentioned problem with the ef-
The second fraction in Eq30) is proportional tam* kg, i.e.,  fective mass approximationOne should emphasize, how-
to the Fermi momentum of holes in the valence band. ever, that the double-exchange coupling in our model is

Unlike the phenomenological model, which deals with lo- determined not by this parameter, but by the intedval,
calized spins and free holes near the top of the valence bandl,9), and this difference is in fact the benchmark for the
our model takes into account the change in the density ofliscussion of the differences between the indirpdtex-
hole stategand therefore in their magnetic respondee to  change of Vonsovskii-Zener-typleand the kinematic double
resonance scattering and impurity band formation. One oéxchangé®
the results of this change is a more complicated dependence A simplified picture of the valence band structure in our
of the magnetic coupling on the Mn conteqthan the linear model(single heavy-hole band with semielliptical density of
law predicted by Eq(30). It is worth noting that the strong sState$ allows us to describe the dependeiigéx,p) using a
pd-hybridization is not completely consistent with the minimal number of fitting parameters. We have seen that a
Vonsovskii-Zener-type of exchantfeused in the phenom- good quantitative agreement between the theory and experi-
enological approach of Refs. 14 and 57. The present modehent is achieved even with this very restricted set of param-
allows one to establish connection between the picture oéters. In a more realistic energy band scheme, e.g., taking the
hybridizedt, states and the Heisenberg-type effective spirlight hole band into account, the restrictive symmetry of the
Hamiltonian. density of states may be removed, and the fitting procedure

C
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may become more flexible. We intentionally impose suchPoles (IUAP), the “Onderzoeksraad van de Universiteit
severe restrictions on the model to demonstrate its explanantwerpen”(GOA) and the Israeli Physical Society. V.F. and
tory capabilities. They may be lifted in future studies. K.K. are grateful to Max-Planck Institute for Complex Sys-
More accurate treatment of the structure of the valencgéems(Dresden for partial support and hospitality. V.A.I. is
band is necessary, in particular, for the explanation of transgrateful to Grenoble High Magnetic Field Laboratdfyen-
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ing potential is due to compensating Mn interstitials and ASKudrnovsky C. Lacroix. A. MacDonald. H. Mariette. and S
antisite defects, and the anomalous Hall effect occurs bes T T T ' '

cause of the spin-orbital interaction in the valence bands. ATPOﬂOda'
these phenome_na are insensitive_ to the details of the ex- APPENDIX: ENERGY SPECTRUM
change interaction between substitutional Mn centers. This OF TWO COUPLED IMPURITIES
means that our microscopic theory will give the same picture .
of magnetotransport as the phenomenological apprétach, The system of four Dyson equations for theelectron
provided the detailed structure of the valence bands is take@reen functionsG;, (i,i") has the following form within
into account. A similar statement can be made about unusughe Hartree approximation:
magnetocrystalline anisotropy, which is completely predeter-
mined by the geometry of six-band hole Fermi surfat®. GG (8) = 0go(e)( 81 + 2 2 Vpdv;;,de—ip-Ri

Further progress in the theoretical description of ferro- pp’ I=1.2
magnetism in Mn-doped semiconductors is intimately related .
with the progress in sample preparation and characterization. XGgp, P 'RiGg]-i,>. (A1)
At present more or less detailed data Bg(x,p) in p-type
(Ga,MnAs are available, and we have succeeded in a quangere
titative description of these data within our mod8kc. Ill).
We expect that the same approach is applicabl@-tgpe gdg(g)gij =(e - Eg—-Un " +idsigne —M))‘lgij (A2)
(Ga,Mn)P, but the scanty experimental data do not allow us . , )
to check this expectation. As f@Ga,MnN, the accumula- 1S the bare single sﬂd—ele_qtron Gre_en function for theo _
tion of experimental data is in progress, and the most actudlectron centered at the iantaken in the Hartree approxi-
task is to reveal distinctions betweprandn type magnetic mation. w is the chemical potential. The Green functlon. for
alloys. Recent experimental d&taonfirm existence of mag- the band electrons can be found from the Dyson equation
netic order inn-(Ga, MnN, although the experimental state- similar system of equations for two Anderson impurities in

of-the-art is far from providing trustworthfic(x) curves for ~Metal was analyzed in Ref. #5

theoretical fitting. According to our theory, FM order is ex- s o o *

pected both inp- and n-type samples, but the latter case Gpp(8) = Gypi(e) + 2 Gppr(8)VpraGas(&)V g
demands a serious modification of the the(®gc. IV) and a PP

direct extrapolation of the semi-empirical formu{a0) is X G, (g)e P RiP"R) (A3)

questionable. PP
Another c_hallenging questio_n is the possibility of ferro- The Green functiorG;J’p, describes the spectrum of the va-
magnetism in elemental semiconductors and I[I-VlI com-ence band electrons modified by the two-impurity short-

pounds doped by Mn and, maybe, other magnetic ions angange potential scattering. It satisfies the Dyson equation
respective modification of the theory. One can mention the

recent reports about magnetism in Ge doped by(Nef. 62 Ggp,(s) =0p,o(8) Gppr + gplg(s)E prHGg/,p,(S), (A4)
and ZnO doped by Mn and Fén the latter case one deals P’

with a wide-gap semiconductor, where magnetic isoelec-
tronic impurities Mi* and Fé&* replace Zn ions. The theory where

presented in Sec. IV seems to be applicable in this case. gpya(g):(g—sp+i5sigr(8—ﬂ))_1. (A5)

Transition metal ions in Ge are as a rule interstitial impurities ) o .
sometimes involved in formation of complex defe€te84”  All the above equations give linear relations between the

so the existing theoretical approaches should be modified fdpreen functions. We may rewrite E(A4) using shorthand
this case. The most important conclusion from our study ig'otations for the Green function matrices

that the electronic structure of an isolated magnetic impurity Gy=A-g (A6)
in the host material is the key to understanding its behavior b b’
in concentrated magnetic alloys. where g, stands for the diagonal matrigdA5). Equations
(A1)—(A4) take the form
ACKNOWLEDGMENTS
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g = L
° 0 gq
with g4 being a 2< 2 matrix (A2). The explicit expressions

for the matricesA and B can be readily found from the
Dyson equationgAl) and(A4).

For the further calculations we need determinants of the

matricesA andB,
Q(e) = detA=q(e)? = WAL 1y(e)Lyy(e), (A8)
where
q(e) =1 -WLyy(e)

and

Lij = > gpeP RiR) (A9)
p

is the lattice Green function. We assume tha{=L,,. The
second determinant is

R= gaz(s)detB = [951(8) - VM 1‘1(8)]2 - V4M(1Tz(8)Mgl(8)-
(A10)
Here
pp’
=Ly + WQ Y [LF1q + Lypl o1 + 2Wiy oLyl 4]
(A11)

M3, is obtained from Eq(A11) by exchanging indices 1 and
2, and

M7, = D) g PR RaGT
pp’
= Lo+ WQ Lol 110 + Logl 150 + WL, L]
(A12)

Until now the orbital degeneracy of the impuritystates

PHYSICAL REVIEW B 70, 195215(2004)

Calculating now the determinant of the matii&13) one
gets the equation

R = a“detB’
=[gg'(e) = VZKMY (8)]? - QVAK2M(8)M5(e).
(A14)

which should be used instead of E&10).

The occupation numbergs andngy, for the Hubbard-type
states obey a non-Fermi statistics, whose specific form in the
case considered here is

f(Ecpr— 1)

- Ecrr™W _ 1= fEcrr— )
3 - 2f(Ecrr— 1)’

Ngg = .
“7 3 - 2f(Ecrr— )
(A15)

Nas

If the chemical potential lies below the impurity leVébrg
of the fifth electron in thel-shell, then the Fermi distribution
f(Ecpr—u) is zero at low temperatures ang;=0, Ny,
=1/3, meaning thatK=1/3. If Ecpr<pu, thenngs=1, ny,
=0, andK=1.

Using the general property of the Green functions

TrG(e) = i In detG(e) (A16)

and Egs(A8), (A10), and(A16), Eqg.(5) may be rewritten in
the form

AE=1Im J“ d—ssi[ln R%(e) +InQ%(g)]
L 2m de

=—Im f ’ g—g[m R7(e)+InQ%(s)].  (AL7)

Since the function® and Q depend on the combinatian
—i sign(e—pu), the integration contour igA17) can be de-
formed in such a way as to embrace the cut from the band

was neglected and the Hartree approximation was appliedtates and all the poles due to the localized levels with the

The more general Hubbard | approximation for theenergies below the chemical potentigli.e., occupied states.
d-electron Green functionesee, e.g., Ref. 46can be used Then Eq.(A17) transforms intq(6).

for the three-fold degenerate impurity,. The algebraic
structure of the Dyson equation is still the same agAh).

Next we consider a property of EgA17), which will
simplify the calculation of the energy and provides a better

Then considering the interaction of two threefold degeneratgtyition to the results. Our model includes all the levels

states of two impurities one gets thex® matrix

a00bbb
0OaoObbb

g -|00abbb ALY

wik’ "\ 'h b b a0 0
bbboOao
bbbooa

where a=g3%(e)-V2KMY,(e), b=V2KMY,(e), and K=ng

+nge. Ngs is the probability that the impuritg-shell is in the
nondegeneraté® state, whereasy is the probability that the
impurity d-shell is in one of the three degeneralestates.

belonging to the valence band with the addition of the impu-
rity d-levels, which interact with the band levels. Let us as-
sume that at zero temperature the chemical potential lies
higher than all these levels, meaning that they are all occu-

pied. Then the total energy of the systenEjg=Tr H. The

trace of the operatdfl does not depend on the off-diagonal
hybridization matrix elements.

The potential scatteringlV,,/, has diagonal elements and
may influence the value d&,. However, we are interested
here only in the indirect exchange between the impurities.
The latter can be found if we consider the enedg(R;)
and subtract from it the energy corresponding to two nonin-
teracting impurities,
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R(e) Q&) Eq. (A21) is looked for in the formECFR:EgFR+5ECFR.
In RY(e) +In Q(r(s_) Then we expand the functidﬁ(EgFR+ O6EcrR) Up to the sec-
0 0 ond order terms with respect 8. and arrive at Eq(11).
+ AE (e < w), (A18) Second, we consider the case when the DBH levels lie in
- - . the forbidden energy gap. In this case the potential scattering
whereQg(e) andRg(e) are obtained fromiA8) and (A10) s the leading cause of the creation of the deep level. The

under the assumption that,=L;,=0. AEj(e<u) is the  gnergy of an isolated DBH level corresponds to a zero of the
corresponding change of the energies of the occupied locajynction

ized levels. The sunfA18) over all occupied states is equal
to the same sum over all empty states, but with the opposite q(EgBH) =1 _Wpll(EgBH) =0.
sign. Hence,

1 7
AEex=——|mf de
T

€hb

ery " " Then we look for zeros of the functioR(e) at the energy

AE, = 1 Im f d {| R%(e) +In Q%(e) — AE (s > p). Epen=E2g+ SEper. Accounting for the fact that both func-
T u Rg(e) Qqle) tionsq andQ are small in the vicinity of the energgg,, the
equationR=0 can be approximately rewritten in the form

(A19)
Here AE (e > ) includes the empty localized level# 2_ 2 _K_V2 2 2 242
any) lying above the chemical potential. These levels, which 9° - WP, AE WIP1,q + i + 2WPyP1,]
are defined as zeros of the determinBntA10), appear due 9KV
':Zr::nogmrz?ceﬁaigi;g of potenti@lV) and resonancé/) scat- = E{pu.,. W2P;,P;1q + WPZ,])2 (A22)

To find the contribution of localized states to the magnetic . h AE=EQ > Il the functi
energy one should simply calculate the level positions modi¥V't E_EDB{ %d_v P11 All the functions Py; are now
fied by the effective inter-impurity exchange via empty statesalculated ae=Epgy,. We first neglect the r.h.s. term in Eq.

and their occupation. We consider here two limiting cases(A22) and solve the quadratic equation

First, we estimate the contribution of CFR levels, if they 2 KV

happen to lie within the forbidden energy gap. For this sake g2 - —W[PZ + P2,]q - W?P3,—- ———P;,P2,=0.

we expand the functioR(e) close to the energi, of the AE AE

isolated CFR level determined by the equation (A23)
Ecrr= Ea+ KV2P11(E2ep), (A20)  From here we obtain Eq16) for the energy shifts due to

which describes the TMi-levels renormalized by their hy- interaction between the two degener_ate DBH _Ieve_ls. When
bridization with thehh band. Indirect interimpurity interac- POth these levels are empty we obtain a contribution to the
tion results in splitting of two-impurity states and a shift of Kinématic exchange by summing these two energies, extract-
localized states relative to thd band. These levels lie in the N9 from them the part due to the hybridization with the

discrete part of the spectrum, where the imaginary part of thénpurity d-states, and changing the sign in the hole represen-

Green function9) I';; =0. Neglecting potential scattering, we tation.
obtain the equation
| - AEpgi ex= KVEPy, (A24)
R =[5 — Eq— KV?P{y(s)][e — Eq— KV?P3¢)] PBH.e AEP],

_ 2\ /Apo T -
MV P1e)P2i(2) =0 (A21) Accounting for the r.h.s. of EqA22) will result in higher
for the two-impurity poles in the energy gap. The solution oforder corrections, which can be neglected.
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