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W e use the densit y -functi onal theo ry to calculate the total energy of

mi xed crystals (Ga ,Mn ) A s w ith a small concentration of various donors . W e
Ùnd that the formation energy of Mn dep ends strongly on the partial con-
centrations of Mn in the substituti ona l and interstitial positions, and on the

concentration of other dopants. T he comp osition dependence of the forma-
tion energies represents an e˜ective feedback mechanism, resulting in the
self-comp ensatio n prop erty of (Ga, Mn)A s. W e show that the partial concen-
trations of b oth substitution al and interstitial Mn increase prop ortion al ly to

the total concentration of Mn.

PAC S numb ers: 71.15.A p, 71.20.N r, 71.55.Eq, 75.50.Pp

1. I n t rod uct io n

The di lute m agneti c semiconducto rs (D MS), such as GaAs doped wi th a
large am ount of Mn, represent an importa nt class of m ixed crysta ls wi th prom ising
appl icati ons in spi n electro nics [1]. The ferrom agneti c behavi or of these materi als
is m ediated by the holes in the valence band [2, 3]. It is sensiti ve to the num ber
of free carri ers and to the level of charge com pensati on. Mn ato ms substi tuted in
the cati on sublatti ce of a I II { V semiconducto r are accepto rs and produce one hole
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each. It is known, however, tha t some Mn ato m s occupy the intersti ti al positi ons
and act as doubl e donors [4{ 8].

The interpl ay between the substi tuti onal and intersti ti al incorp orati on of Mn
into the GaAs latti ce has, together wi th co-dopi ng (cf . R ef. [9]), a cruci al ẽ ect
on the physi cal properti es of the m ixed crysta l (G a,Mn)As. A systemati c study of
form ati on energies of the substi tuti onal (Mn G a) and intersti ti al (Mn in t ) manganese
can help to understa nd i t on a microscopic level.

In the case of weak doping smal l changes in the im puri ty concentra ti on can
easily m ove the Ferm i energy E F acro ssthe band gap wi th a negl igible inÛuenceon
the density of sta tes. Tha t is why the dependence of the form ati on energies on the
num ber of electri cal ly acti ve im puri ties is usual ly represented by thei r dependence
on E F . The Fermi- level dependent f orm atio n energy is obta ined by addi ng (or
subtra cti ng) Â E F to the form ati on energy calculated for a parti cular electro nic
conÙgurati on [10]. In the case of a stro ngly doped and m ixed crysta ls, however,
the redistri buti on of the electron states in the valence band due to the impuri ti es
cannot be neglected and the density- of-sta tes e˜ect modiÙesthe sim ple Ferm i- level
rul e for the form ati on energ ies.

Tha t is why the kno wl edge of the form ati on energy as a functi on of the im -
puri ty concentra ti ons is necessary in the D MS. To calculate the energy needed to
incorp orate Mn and other impuri ties in a m ixed crysta l , we use the tri ck rela ti ng
them to the compositi on-dependent to ta l energy of the m ixed crysta l [11]. Thi s
quanti ty is obta ined wi thi n the density- functi onal theo ry for a series of (G a,Mn)As
m ixed crysta ls wi th vari ous content of Mn in substi tuti onal and intersti ti al posi-
ti ons, and wi th a vari able concentra ti on of the com pensati ng donors. The use
of the coherent potenti al appro xi mati on (CP A) com bined wi th the ti ght{ bi ndi ng
l ineari zed-m u£n- ti n-orbita l metho d (TB- LMT O) [12] m akes possible to change
the chemical compositi on conti nuously. The latti ce relaxati on around the impuri -
ti es and the clusteri ng of the Mn ato m s are om itted wi thi n the CPA. For sim pl icit y,
we consider only the intersti ti al Mn ato ms in the T(As 4 ) positi on; the energy of
the other T(G a4 ) positi on is alm ost the sam e [13]. The form atio n energies are ob-
ta ined as the Ùrst derivati ves of the to ta l energy wi th respect to the corresp ondi ng
parti al concentra ti on [11].

Assum ing a quasi-equi l ibri um depositi on condi ti ons, characteri zed by an ef-
fecti ve growth temperature, we use the calcul ated form atio n energies to estim ate
the numb ers of Mn G a and Mn int in (Ga,Mn)As mixed crysta l . W e also present a
sim ple wa y to determ ine the parti al concentra ti ons di rectl y from the compositi on
dependence of the form atio n energies, wi tho ut solvi ng therm odyna m ical ba lance
equati ons.

2. Co m p osi t io n dep en dence of t h e f or m at i on en er g ies

W e consider an im pure or mixed crysta l wi th several ki nds of impuri ti es
I 1 ; I 2 , etc. The to ta l energy of the m ixed crysta l W ( x 1 ; x 2 ; :: ) , norm al ized to a uni t
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cell , depends on thei r m olar concentra ti on x i . As we showed recentl y [11], the f or-
m ati on energy E i of an im puri ty I i can be obta ined by di ˜erenti ati ng W ( x 1 ; x 2 ; : : )

wi th respect to x i , nam ely

E i ( x 1 ; x 2 ; : : ) =
@W (x 1 ; x 2 ; : :)

@x i

À E at om ( I i ) + E ato m ( host) : (1)

The last tw o term s in Eq. (1) are the to ta l energies of a free-standi ng ato m I i and
of the corresp ondi ng ato m of the host, whi ch has been repl aced by I i .

General ly, the deÙniti on of the form ati on energy is not uni que and depends
on the way in whi ch the ato m ic energies E a to m ( host ) and E ato m ( I i ) in Eq. (1)
are obta ined. W e use the energies of neutra l atom s in thei r ground state. It is
im porta nt to noti ce, however, tha t the addi ti onal constant in Eq. (1) does not
depend on the actual chemical compositi on of the m ateri al . It is not im porta nt for
the concentra ti on-dependent trends we have in mind.

Tha t is why we consider now only the relati ve form ati on energies Â E i , ob-
ta ined from thei r actua l values E i by subtra cti ng the correspondi ng form ati on en-
ergy calcul ated for the reference m ateri al . As a ref erence, we ta ke Ga0 : 9 6 Mn 0 : 0 4 As
wi th al l Mn ato ms in regular Mn G a positi ons.

The compositi on dependence of the form ati on energies E i i s characteri zed
by the coe£ cients of the l inear expansion around the ref erence point,

K i j ²

@E i

@x j

=
@2 W (x 1 ; x 2 ; : :)

@x i @x j

: (2)

The correlati on energies K i j [11] f orm a symm etri c m atri x. K i j < 0 m eans tha t
the presence of the defects I i supp orts f orm ati on of I j and vi ce versa; K i j > 0

indi cates the opposite tendency .
The dependence of the relati ve f orm atio n energy Â E of Mn G a on the concen-

tra ti on of vari ous donors is summ arized in Fi g. 1. W econsidered four representati ve
exam ples.SeA s and SiG a are typi cal donors wi th one extra electro n, situa ted at an-
ion and cati on subl atti ce, respectivel y. The other two cases, i .e., As anti site defect
As G a and Mn int are the m ost im porta nt nati ve defects in (Ga,Mn)As, both acti ng
as doubl e donors. Fi gure 1 shows tha t the form ati on energy of Mn G a decreasesin
the presence of an increasing numb er of donors. The curves are grouped into pai rs
accordi ng to the charge state of the donors, wi th only a m inor inÛuence of the
parti cul ar chemical ori gin of the defect. The dependence is almost l inear for low
concentra ti ons and the slope of the functi on is roughly proporti onal to the charge
state of the donor. Thi s al l indi cates tha t the vari ati ons of the form ati on energy of
Mn G a are mostl y determ ined by the Ferm i-level e˜ect, not by the redi stri buti on
of the density of states induced by the other defects.

Ana logous resul ts are obta ined for the form ati on energy of the intersti ti al
Mn in the T(As 4 ) positi on, as shown in Fi g. 2. In thi s case,however, the form ati on
energy of Mn int increases wi th increasing numb er of the donors. It is importa nt
to noti ce tha t the steep increase in the form ati on energy represents a feedback
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Fig. 1. Relative formation energy Â E of the substitution al Mn G a in Ga 0 : 9 6 Mn 0 : 0 4 A s

as a function of the concentration of various donors.

Fig. 2. Relative formation energy Â E of the interstitial Mn in Ga 0 : Mn A s as a

function of the concentration of various donors.

m echani sm l im iti ng e£ cientl y the numb er of Mn . The same is val id also for the
form ati on energy of the As anti site defect.

Fi gure 3 shows the form ati on energies of the two nati ve defects, i .e. As
and Mn , in the mixed crysta l wi th v aryi ng num ber of the substi tuti onal Mn in
the Ga subl atti ce. Noti ce tha t both relati ve quanti ti es, being pi nned to zero for
the reference m ateri al wi th 4% of Mn , are alm ost identi cal . In both cases, the
form ati on energy is a decreasing functi on, indi cati ng an increasing probabi l i ty of
form ati on of these defects in materi als wi th a higher concentra ti on of Mn.

Thi s self-compensati on tendency is a very im porta nt m echani sm contro l l ing
the basic physi cal properti es of (Ga,Mn)As m ixed crysta ls. It is the reason for the
observed low dopi ng e£ ciency of Mn in GaAs [14]. The increasing num ber of both
As and Mn also expl ains the expansi on of the latti ce of (G a,Mn)As wi th an
increasing concentra ti on of Mn [15].
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Fig. 3. The formation energy of the interstitial Mn and A s antisite defect in

Ga 1 À x Mn x A s as a function of the concentration x of Mn atoms substituted in the

Ga sublatti ce. T he formation energies are ref erred to the values corresp ondin g to

Ga 0 : 96 Mn 0 : 04 A s.

In thi s Section, we use the calcul ated form ati on energies to simulate the
incorp orati on of Mn into the (Ga,Mn)As m ixed crysta l . W e assume tha t the
pro babi l iti es tha t an Mn ato m occupies ei ther substi tuti onal or intersti ti al po-
siti on are related to the correspondi ng form ati on energies and also in the
non-equi l ibri um epita xi al growth. As a sim plest appro xi m ati on, we characteri ze
the depositi on condi ti on wi th some e˜ecti ve tem perature and use the corre-
spondi ng Bol tzm ann weighti ng facto rs.

T o thi s purp ose, the absolute f orm ati on energies of Mn in the two crysta l -
lographi c positi ons, i .e. Mn and Mn , are requi red. They are obta ined for the
ref erence system Ga Mn As includi ng the addi ti ve term s from Eq. (1). For
the epi ta xi al growth, it is reasonabl e to use calcul ated for isolated ato ms
as stated above. A l inear interp olati on for the dependence of and on the
correspondi ng parti al concentra ti ons and is used

( ) = + + (3)

( ) = + + (4)

wi th = 0 3 1 eV, = 0 4 2 eV, = 0 1 7 eV, = = 6 0 3 eV, and
= 1 0 3 3 eV.

The com positi on dependent form ati on energies, Eqs. (3 , 4), deÙne the ther-
m odyna mic probabi l i ti es and tha t extra Mn ato ms occupy substi tuti onal or
intersti ti al positi on in the mixed crysta l wi th a given com positi on. They are

=
exp( )

exp ( ) + exp( )
(5)
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On the other hand, these pro babi l i ti es determ ine the num ber of Mn atom s tha t
substi tute for Ga or occupy the intersti ti al positi ons. The resul ti ng changes of the
parti al concentra ti ons x S and x I due to the variatio n dx of the to ta l concentra -
ti on x of Mn are as fol lows:

dx S = p S dx ; dx I = p I dx ; (6)

and the dependence of x S and x I on x can be obta ined by the integrati on of
Eq. (6).

Fi gure 4 shows the soluti on of Eq. (6) for T e˜ = 500 K. For the lowest concen-
tra ti ons (x < 0 : 0 1 5 ), Mn ato ms occupy pref erenti al ly the substi tuti onal positi ons
whi ch have a lower form ati on energy (cf . Eqs. (3 , 4)). For a hi gher concentra ti on of
Mn, however, the di ˜erence of E I ( x S ; x I ) À E S ( x S ; x I ) decreases and appro aches
zero. From thi s point, both positi ons can be occupi ed wi th a com parable pro babi l -
i ty , and the parti al concentra ti ons of both Mn G a and Mn int increase proporti onal ly
to x . Any devi ati on f rom the situa ti on wi th E S = E I changes the form ati on ener-
gies of Mn G a and Mn int in such a way tha t the dyna m ical equi l ibri um is restored.
As a result, the hi gh-concentra ti on regim e wi th co-existi ng Mn G a and Mn int i s
stabi l ized. Thi s Ùndi ng does not depend m uch on Te˜ over a wi de tem perature
range. W e can concl ude tha t the parti al concentra ti ons of Mn are simpl y given by
the fol lowing equati on:

E S ( x S ; x I ) = E I (x S ; x I ) ; (7)

to gether wi th the condi ti on x S + x I = x . Co mbining Eqs. (3, 4) wi th (7) we Ùnd tha t
the pro porti on of Mn G a and Mn int ato ms is roughl y 3:1, in a very goodagreement
wi th both exp eriment [4] and theoreti cal exp ectati ons [6, 15] for the as-grown
m ateri als.

Fig. 4. T he partial concentrations of Mn Ga (solid) and Mn in t (dashed) as a function

of the total concentration of Mn in (Ga, Mn)A s for T e˜ = 500 K . T he in Ûuence of other

dopants is not considered .
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It is im porta nt to point out tha t accordi ng to Eqs. (3, 4, 7) both Mn G a

and Mn int ato ms rem ain metastabl e wi th the acti vati on energy ¤ 0 : 3 eV in
the whole concentra ti on range shown in Fi g. 4. The f orm ati on energies used in
our dyna mical-equi librium appro ach contro l the preferenti al incorp orati on of Mn
ato m s duri ng the growth. The anneal ing process, on the other hand, depends on
the barri ers preventi ng the Mn ato m s to leave thei r m etastable positi ons. The
barri ers are lower for Mn int tha n for Mn G a positi on [16], so tha t the post-growth
trea tm ent can substanti a lly reduce the numb er of the intersti ti al Mn ato ms wi th-
out a rem ark able change of the num ber of Mn G a.

4 . Su m m ar y

W e have shown tha t the form ati on energies of Mn in either substi tuti onal or
intersti ti al positi on depend stro ngly on the parti al concentra ti ons of both Mn G a

and Mn int , and also on the numb er of com pensati ng donors. Al so the form ati on
energy of AsG a anti site, the main nati ve defect in (Ga,Mn)As, is very sensiti ve to
the concentra ti on of Mn.

The com positi on dependence of the form ati on energies represents a feed-
back mechanism whi ch deÙnes a dyna mical equi l ibri um between Mn G a ; Mn int ,
and other defects and impuri ti es duri ng the growth. In parti cular, we found tha t
at higher Mn concentra ti ons the numb er of both Mn G a and Mn int increases pro-
porti onal ly to the to ta l concentra ti on of Mn in the as-grown (G a,Mn)As m ixed
crysta l .

In addi ti on, the concentra ti on dependence of the form ati on energy of the
As G a anti site defects indi cates tha t an increasing num ber of these donors also
parti ci pate in the compensati on of the regular Mn G a acceptors for higher Mn
concentra ti ons.
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