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W e investi gate t he comp ositi ona l dependence of the total energ y of the

mi xed crystals ( Ga,Mn ) A s co-dop ed w ith A s, Sn, and Zn. U sing the a b i ni t i o

linear mu£n- tin or bital coherent potential approximation metho d w e Ùnd
a correlation b etw een the incorp orati on of acceptors (Mn, Zn) and donors
(Sn, antisite A s). In particular, the formation energy of A sG a is reduced by

approximately 0. 1 eV in the presence of Mn, and vice versa. This leads to
the self-comp ensati ng behavior of (Ga, Mn)A s.

PACS 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 Mn dopi ng of the I I I{ V semiconducto rs has t wo pri nci pal ẽ ects in the
I I I{ V di luted magneti c semiconducto rs (D MS). The correl ated d -electro ns at Mn
ato m s form local magneti c m om ents and the hybri di zati on of the d -sta tes wi th
the band states resul ts in vari ous magneto electri c and magneto opti cal phenom ena
[1]. In addi ti on, Mn ato m s substi tuted for a tri valent cati on act as acceptors and
intro duce holes into the v alence band. It is now general ly accepted [2] tha t the
ferrom agneti c coupl ing between the local mom ents in the II I{ V D MS is m ediated
by the m obi le holes in the valence band.

In real i ty , however, the numb er of the holesis much smal ler tha n the nom inal
concentra ti on of Mn [3, 4]. Thi s indi cates tha t a large am ount of compensati ng
donors is present, wi th a strong e˜ect on both conducti vi ty and Curi e tem perature
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of these m ateri als. As pointed out in [5], the nearly consta nt (or even decreasing)
doping e£ ciency of order 0.1{ 0.2 can be expl ained only assuming tha t the num ber
of the donors increases pro porti onally to the concentra ti on of Mn. Thi s was the
reason to suggest tha t Mn ato m sin the intersti ti al positi ons | being doubl e donors
| might have a pri nci pa l ro le in the com pensati on [6].

Ano ther favo ri te candi date for the com pensati ng donor is an As anti site
defect. These defects are wel l kno wn in crysta ls grown wi th an excess As, in par-
ti cul ar in the (Ga,Mn)As Ùlm s [7]. So far, however, there was no reason to exp ect
any correl ati on between the concentra ti on of As anti sites and the concentra ti on
of Mn.

Onl y recentl y, an increase in the num ber of the As anti sites was indi cated
by compari ng Curi e temperature obta ined from ab ini t io calcul ati ons for
(G a,Mn, As)As m ixed crysta ls [8] wi th exp erimenta l data. Thi s Ùndi ng opens a
questi on whether and why the numb er of the As anti sites is correl ated wi th the
level of Mn doping.

W e investi gate the correlati on between the donors and acceptors in partl y
covalent I I I{ V semiconducto rs such as GaAs. The cohesion energy of the covalent
netwo rks has a m axi mum if the Ferm i energy l ies wi thi n a band gap (Io ˜e{ R egel' s
rul e [9]). W henever the Ferm i energy is situa ted in the valence or conducti on
band the strength of the bonds is reduced because the unÙlled bondi ng states or
occupied anti bondi ng states app ear, respectivel y. It is natura l to exp ect tha t thi s
m echani sm, connected wi th the changesof the Ferm i energy positi on in dependence
on the compensati on, leads to som e ki nd of acceptor{ donor correl ati on.

2. Co rr el at ion en er gy

W e consi der a crysta l doped wi th both acceptors and donors. For sim pl icit y,
we assume tha t both acceptors and donors are substi tuti onal im puri ti es, whi ch is
the case of both As anti sites and Mn in GaAs. Thei r concentra ti ons are x A and
x D , respectively. The tota l energy of the doped crysta l , norm al ized to a uni t cell ,
is W ( x A , x D ) . W e show Ùrst tha t the deriv ati ves of W ( x A , x D ) wi th respect to
the concentra ti ons x A and x D determ ine the form ati on energies of the defects, and
also the correl ati on energy of the co-doping.

W e start wi th a large uni t cell (LUC) consisti ng of N uni t cells of the m ixed
crysta l . The form atio n energy E A of an acceptor A is deÙned as the reacti on energy
of the substi tuti on pro cess

LUC ( X ) + A À ! LUC ( A ) + X :

Here, LUC ( A ) i s a large uni t cell wi th one extra acceptor A replaci ng an atom
X of the origina l LUC ( X ) . In our nota ti on, the correspondi ng reacti on energy is
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E A ( x A ; x D ) = N [ W ( x A +
1

N
; x D ) À W ( x A ; x D ) ] + E at om (X ) À E a to m ( A ) : (1)

The last two term s in Eq. (1) are the to ta l energies of free-standi ng ato m s X and A,
respect ively. The addi ti onal consta nt E ato m ( X ) À E ato m ( A ) , tho ugh cruci al for the
correct absolute value of the form ati on energy, does not depend on the actua l com -
positi on of the m ateri al and so i t is not im porta nt for the concentra ti on-dependent
e˜ects we have in m ind. W i th increasing size of the large uni t cell, N ! 1 , the
Ùrst term in Eq. (1) appro aches the deri vati ve of W ( x A ; x D ) wi th respect to x A .
W e have

E A ( x A ; x D ) =
@W ( x A ; x D )

@x A
+ E a to m ( X ) À E ato m ( A ) ; (2)

in a close analogy wi th the deÙniti on of the chemical potenti al . Simil arly , the
form ati on energy of a donor D substi tuti ng for an ato m Y is

E D ( x A ; x D ) =
@W ( x A ; x D )

@x D
+ E a to m ( Y ) À E ato m (D ) : (3)

Fi na lly, the compositi onal dependence of the form ati on energies can be character-
ized by the correl ati on energy

K ( x A ; x D ) =
@E A

@x D
=

@E D

@x A
=

@2 W ( x A ; x D )

@x A @x D
: (4)

The correl ati on energy can be alterna ti vely, for Ùnite large uni t cells, expressed in
term s of the four to ta l energies corresp ondi ng to the ref erence LUC ( X Y ) and to
related system s wi th an extra acceptor (LUC ( A Y ) ), extra donor (LUC ( X D ) ), and
both acceptor and donor (LUC ( A D ) ),

K = W f LUC ( A D )
g À W f LUC ( A Y )

g À W f LUC ( X D )
g + W f LUC ( X Y )

g : (5)

The correl ati on energy K (x A ; x D ) is positi ve i f the form ati on energy of one im puri t y
increases in the presence of the other. Thi s m eans, in the case of semiconducto rs,
tha t the materi al tends to be ei ther n -typ e or p - typ e rather tha n a compensated
semiconducto r. On the other hand, negati ve correl ati on energy indi cates tha t the
presence of impuri ti es of one ki nd m akes the incorp orati on of the other dopants
easier. In thi s case we can speak about a pref erenti al com pensati on.

T o inv estigate the correl ati on among the dopants, we use the coherent po-
tenti al appro xi ma ti on (CP A) [10]. There are two reasons for thi s. Fi rst of al l , CP A
describes the conÙgura ti onal ly averaged behavi or of the m ixed system s rather tha n
parti cul ar arrangements of the im puri ti es. Thi s Ùts wel l to the therm odyna mical
Io ˜e{ R egel m echanism. In addi ti on, the CPA is appl icabl eto im pure crysta ls wi th
arbi tra ry concentra ti ons of the dopants and i t is parti cul arly suita bl e f or the de-
scripti on of the com positi onal dependence of the electronic pro perti es.
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3. R esul t s

W e considered a series of m ulti component m ixed crysta ls Ga1 À x À y A x Dy As
wi th acceptors A = Mn, Zn and donors D = As, Sn. The hi ghly degenerate
non-magneti c m ixed crysta ls wi th Zn were studi ed in para l lel to the di luted m ag-
neti c semiconducto r (G a,Mn)As to m akecl ear tha t the accepto r{ donor correla ti on
does not depend on the presence of the m agneti c m oments. W i th our choice, al l
substi tuti ons ta ke pl ace in the cati onic subl atti ce. Onl y doping givi ng p -typ e m a-
teri als wa s considered.

The ab ini t io ti ght- bindi ng l inear mu£ n- ti n orbi ta l (TB- LMTO) version of
the CP A [11] was used to calcul ate the electro nic structure of the impure crysta ls
and of thei r to ta l energ ies. T o obta in the derivati vesof the to tal energy wi th respect
to the concentra ti ons, we vari ed both x and y on a Ùne mesh wi th £ x ; £ y = 0 : 0 0 5 .

T able summari zesthe calculated correl ati on energies K ( x ; 0 ) . The correla ti on
energy of the co-dopi ng is negati ve in al l considered m ateri als. The absolute value
of K i s of order of a few electro nvo lts and i t general ly decreases wi th increasing
level of the doping. The weakest correl ati on is found in (Ga,Mn)As compensated
wi th Sn. The correl ati on energies for Sn are appro xi matel y twi ce smal ler tha n the
correl ati on energies for the As anti site, whi ch is a doubl e donor, as exp ected.

T ABLE

C orrelation energy for acceptors (A ) and donors (D) in p-typ e
mixed crystals Ga 1 À x A x A s at various levels of p -typ e doping.

x A = Mn, D = A s A = Zn, D = A s A = Mn, D = Sn

0.04 { 3. 36 eV {5. 48 eV {1. 39 eV

0.05 {2. 67 eV {4. 67 eV {1. 22 eV

0.06 {2. 21 eV {4. 19 eV {1. 09 eV

The negati ve correl ati on energy of the co-doping m eans tha t the form ati on
energies of both accepto rs and donors decrease in the presence of the com pen-
sati ng im puri ti es. Thi s is shown expl ici tl y for the substi tuti onal Mn and for the
As anti site defect in Fi gs. 1 and 2. T o avoid the techni cal probl em wi th the ad-
di ti onal constants in Eqs. (2), (3), we do not plot the enti re form atio n energies
( ¤ 2 eV), but only thei r changes wi th respect to the ref erence materi al , mostl y
Ga0 : 9 6 Mn 0 :0 4 As.

Fi gure 1 shows how the form ati on energy of the As anti site defect changes
wi th the concentra ti on of Mn. In addi ti on to the m ain series of the data for
Ga1 x Mn x As we considered also a series of m ixed crysta ls Ga0 :9 9 x Mn x As0 : 0 1 As
al ready conta ining a smal l porti on of the As anti sites. In both cases, form ati on
energy is reduced by approxi matel y 0.1 eV i f the Mn concentra ti on increases by a
few ato m ic percent.
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Fig. 1. Dep endence of the A s antisite formation energy on the concentration x of

Mn acceptors for two series, Ga 1 À x Mn x A s (b oxes, y = 0: 00 ) and Ga0 : 99 À Mn A s A s

(circles, y : ). T he changes E of the formation energy w ith resp ect to the ref erence

systems with x : are show n.

Fig. 2. C hange of formation energy , E , of substituti onal Mn in Ga Mn As A s

(b oxes) and Ga Mn A s A s (circles) due to the A s antisite defects as a function

of their concentration y .

The form atio n energy of the substi tuti onal Mn was calcul ated for tw o series
of m ixed crysta ls, Ga Mn As As and Ga Mn As As. Its vari ati on
wi th increasing amount of the As anti sites is shown in Fi g. 2. The changes of the
form ati on energy are again of order of 0.1 eV.

T o expl ain the results we turn to a sim pl em odel . In the one-electron pi cture,
the tota l energy can be expressed in term s of the density of sta tes ( ) ,

= ( )( ) d (6)

The dependence of ( ) on the chemical com positi on arises both from the
redi stri buti on of the electro n states in the valence band due to the impuri ti es and
from the changes of the positi on of the Ferm i level. In the case tha t ( ) does
not change much wi th the chemical com positi on, the to ta l energy depends on the
concentra ti ons of the im puri ti es m ostly vi a the positi on of the Ferm i level. Be-
cause the extra acceptors (do nors) push the Ferm i level to lower (hi gher) energies,
the correl ati on energy for the acceptor{ donor co-doping is expected, accordi ng to
Eqs. (5) and (6), to be always negati ve. Mo rever, as the vari ati ons of the are
inv ersely proporti onal to ( ) , one can exp ect tha t also ( ) const Thi s
is in a good agreem ent wi th the calcul ated decrease in the correla ti on energy wi th
increasing concentra ti on of Mn (cf . T able).

W eshowed tha t the form ati on energy of As anti site defects in GaAs decreases
wi th increasing concentra ti on of Mn or Zn in the cati oni c subl atti ce. The form ati on
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energy is reduced by approxi matel y 0.1 eV so tha t the numb er of these nati ve
defects can be largely enhanced in the presence of Mn. Thi s e˜ect may contri bute
to the self-compensati on behavi or of (G a,Mn)As mixed crysta ls.

At the sam e ti m e, the f orm ati on energy of the substi tuti onal Mn is sim i larl y
reduced in the presence of the As anti sites or by intentio nal co-doping wi th Sn.
Thi s can be interpreted tha t the presence of the donors, either nati ve defects
or intentio nal dopants, is im porta nt f or an impro ved solubi l i ty of Mn in I II{ V
m ateri als.

Fi nal ly, the correl ati on between donors and acceptors seems to be a general
feature tendi ng to a self-com pensati on.
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