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Th e subst ituti on of Mn in the I I I { V di luted m agneti c semicondu cto rs

leads to a strong electron scattering on im puriti es. Besides the features in-
duced in the valence band by the hybridi zation w ith the Mn d -states , also
the conduction band is a˜ected by the absence of the Mn s -states at its

edge. A lso the high concentration of comp ensating donors modiÙes the band
structure. T his is show n on the absorption coe£cient " 2 ( ! ) of Ga P doped
w ith Mn and Se. The absorption evaluated by a b i ni t i o density functional
calculati ons starts w ith a smo oth tail and does not show the structure typi-

cal of I I I {V materials. W e analyze these features and the role of the donors
on model systems using the tight- binding coherent p otential approach.

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 properti es of the di luted m agneti c semiconducto rs (D MS), such as I I{ VI
and I II{ V materi als doped wi th Mn, are mostl y determ ined by the presence of
open d -shells of Mn. The d -electrons form the local m agneti c m oments, and the
hybri di zati on of the d -states wi th the band states leads to stro ng m agneto opti cal
and m agneto electri c phenom ena [1, 2]. In addi ti on, the magneti c polarizati on of
the band states of the host semiconducto r results in ki neti c excha nge intera cti on
between the m oments.

The change of the crysta l potenti al due to the Mn substi tuti on has also
an im porta nt di rect e˜ect on the band states. In the sim plest descripti on, the
substi tuti on is represented by replaci ng the ato m ic s- and p - levels E s and E p of
the host atom by the ato mic levels of the im puri t y. In tra di ti onal I I{ VI D MS wi th
Mn, the di ˜erences in E s are of order of 1{ 2 eV [3]. Thi s, wi th respect to the
typi cal band structure of the I I{ VI semiconducto rs, represents a perturba ti on of
an interm ediate strength [4], whi ch cannot be trea ted wi thi n the vi rtua l crysta l
appro xi m atio n (VCA).
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In the I I I{ V semiconducto rs, however, the ato mic levels of Mn di ˜er f rom
the ato m ic levels of the group- I I I cati ons even more. The change of E s in GaAs
and GaP doped wi th Mn is appro xi matel y 4 eV [3] and also the di ˜erence of the
p - levels is rem ark able. Stro ng impuri t y potenti al , comparable to the band wi dth, is
exp ected to cause a strong reconstructi on of the electroni c structure of the m ixed
crysta l . Thi s predi cti on of the ti ght- bi ndi ng theo ry has been recentl y conÙrmed
also by our recent calcul ati ons [5, 6].

W e expect a parti cul arl y strong e˜ect of the Mn substi tuti on in the lowest
conducti on bands, because i t is mostl y com posed of the cati onic s -sta tes. Thi s
m eans tha t the impuri t y scatteri ng shoul d have a pro nounced impl icati on on the
near-edge absorpti on due to the vi ola ti on of the m omentum conservati on and the
app earance of the non-di rect tra nsi ti ons [7] from the valence to the conducti on
band.

The situa ti on is, however, m ore compl ex. It is wel l establ ished tha t Mn doped
I I I{ V D MS reveal an almost compl ete com pensati on [8]. Thi s means tha t the
concentra ti on of either intentio nal donors or nati ve com pensati ng defects increases
pro porti onal ly to the concentra ti on of Mn [6]. These donors represent an addi ti onal
source of the di sorder scatteri ng.

W e present here the Ùrst ab ini tio study of the interba nd absorpti on in the
I I I{ V D MS. It is com bined wi th ti ght- bindi ng coherent potenti al appro xi mati on
(CP A) calcul ati ons suita ble for the interpreta ti on of the disorder- induced f eatures
in the electro nic structure of the di lute mixed crysta ls.

W e concentra te on the interba nd absorpti on. Tha t is why we consider onl y
the lim i ti ng case of a compl ete compensati on, where the IR tra nsiti ons insi de the
valence band are absent.

2 . A bsor p t io n co e£ ci ent

Al tho ugh the m ain interest is paid to (Ga,Mn)As, we appl ied our density
functi onal study to (G a,Mn)P wi th a wi der band gap tha t is lesssensiti ve to nar-
rowi ng of the band gap due to the local density appro xi mati on. W e ta ke SeP as the
compensati ng donor. The m ixed crysta l is represented by a periodi c system wi th a
large uni t cell (LUC) conta ining 16 ato ms. One m olecular uni t (G a{ P) of the LUC
is replaced by a close Mn{ Sepai r. The electro nic structure and the im aginary part
of the dielectri c f uncti on, " 2 ( ! ), were calcul ated by the ful l -potentia l l ineari zed
augm ented-pl ane-waves (FPLAPW ) metho d [9]. The spin{ orbi t coupl ing was not
incl uded in our spin-polarized calculati ons. The general ized gradient appro xi m a-
ti on to the exchange-correlati on potenti al was used. The results are summari zed
in Fi gs. 1 and 2.

Fi gure 1 shows the spin-polarized to ta l density of sta tes (D OS) of the
Ga7 MnP 7 Se crysta l in the low-tem perature, ferrom agneti c state al together wi th
the D OS of pure GaP. The bands of Ga7 MnP 7 Se are stro ngly magneti cal ly polar-
ized due to hi gh concentra ti on (12.5 at.%) of magneti c im puri ti es. The spin spl i t-
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Fig. 1. Spin polarized density of states for Ga7 MnP 7 Se (f ull line ) compared to the

rescaled D OS for pure GaP crystal (thin line). The hatched areas show the Mn d- states.

ti ng of the valence band (1.2 eV) corresponds to the exchange constant J p d ¤ 2 eV.
The band gaps for both m ajori t y and m inori ty spin electrons, 0.57 eV and 1.29 eV,
respect ively, are smal ler tha n the band gap obta ined for the pure GaP (1.67 eV).
In contra st to (G a,Mn)As [6], the present m ateri al wi th a small overl ap (0.16 eV)
of both band gaps is a semiconducto r. The wi dth of the com mon band gap is
exp ected to increase for lower Mn doping.

Al tho ugh the upp erm ost part of the m ajori t y spin D OS at the to p of the
valence band can be vi ewed as an impuri t y band form ed by the accepto r states, no
gap states are created due to Seim puri ti es.They act as donors wi th zero acti vati on
energy. The presence of Se has no im porta nt e˜ect, nei ther on the di stri buti on of
the Mn d -sta tes (see Fi g. 1) nor on the to ta l D OS around the band gap. It m eans
tha t m ost of the changes in the absorpti on shoul d be attri buted to Mn. The Mn
s -sta tes contri bute m ostly to the broad m axi mum of the conducti on band D OS
around 4.5 eV and they are alm ost com pletely absent at the edge of the conducti on
band, so tha t its botto m is local ly eroded around Mn. Al so the empty Mn d -sta tes

Fig. 2. A bsorption coe£cient, " 2 ( ! ) , for Ga 7 MnP 7 Se (f ull line) compared to " 2 ( ! ) for

pure GaP crystal (dotted line).
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substa nti al ly modi fy the nature of the botto m of the conducti on band for the
m inori t y-spi n electro ns.

In Fi g. 2 we com pare the calcula ted " 2 ( ! ) for Ga7 MnP 7 Se wi th the resul ts
for the GaP crysta l f rom near-edge to the UV range. The absorpti on edge of pure
GaP is fol lowed by a steep increase in the absorpti on at 2.85 eV (E 1 tra nsi ti on)
and by a main sharp peak at 4.4 eV (E 2 tra nsiti on).

The change due to the Mn (and Se) dopi ng is remark abl e. The onset of the
absorpti on is shifted to lower energies by ¤ 1 :1 eV. Instea d of wel l developed ab-
sorpti on edge, a smooth increase in the absorpti on reminds an Urba ch ta i l [10]. The
interba nd absorpti on does not show any structure typi cal of the zinc- blende semi-
conducto rs, onl y a bro adened E 2 peak survi ves. The E 1 tra nsiti on, m ore sensiti ve
to the arra ngement of the bands along the Ê l ine in the Bri l loui n zone, disapp ears
compl etely and the absorpti on gradual ly increases between 1.5 eV and 4 eV.

3. Sp ect r a l d en si t y

T o describe the D MS wi th lower impuri t y concentra ti ons we use the coher-
ent potenti al descripti on [11] of the electronic structure of the D MS. The coherent
potenti al m etho d, resul ti ng in conÙgurati onal ly avera ged quanti ti es, can also eas-
i ly handl e the room -tem perature, m agneti cally disordered phase of the D MS. The
averaging over al l random di stri buti ons of the impuri ti es restores the ful l tra ns-
lati onal sym metry of the latti ce, so tha t the wa ve vecto r k can be used as a
quantum num ber. The spectra l density A ( k ; E ) , i .e. the DOS decom posed into
contri buti ons from the vari ous points of the Bri lloui n zone, represents a deta i led
inf orm ati on about the di spersion of the electron states.

W e appl y a ti ght- bi nding versi on of the CP A [12] to GaAs co-doped wi th
4 at. % of Mn and 4 at.% of Se. The param etri zati on of the ti ght- bi nding Ha mi l -

Fig. 3. Contour map of the spectral density A ( k ; E ) for the minority spin electrons in

Ga 0 : 96 Mn 0 : P Se along the path X À L in the Brillou in zone.
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to ni an pro vi des a correct band gap f or the pure GaAs crysta l [13], as well as
appro pri ate exchange spli tti ng of the Mn d -sta tes. As shown in Fi g. 3 for minori t y
spi n electrons, the inÛuence of the dopants on the spectra l density is stro ng. Sim i lar
resul ts were obta ined f or the majori t y spin electrons and also for the param agneti c
phase of Ga0 : 92Mn 0 :04 Se0 : 04.

The l inewi dth of the Bl och states in the highest valence band and in the
lowest conducti on band is, in all cases, appro xi m atel y 0.5 eV. The l ine wi dth of
the correspondi ng exci ta ti ons, in parti cular of the E 1 tra nsi ti on is ¤ 1 : 0 eV, large
enough to smear out the E 1 peak in " 2 ( ! ) . However, it is importa nt to note tha t
the e˜ect of the impuri t y bro adening depends on the orbi ta l com positi on of the
bands and on the positi on in the Bri l louin zone, as seen in Fi g. 3. The narro w peaks
of A (k ; E ) indi cate tho se parts of the bands where the e˜ect of the im puri ties is
rather weak.

4. Co m par i son wi t h ot h er d onor s

The almost com plete compensati on [8] in the I I I{ V DMS wi th Mn m eans
tha t the to ta l concentra ti on of donors, either intenti onal or nati ve defects, is al -
m ost equal to the concentra ti on of Mn, i .e. a f ew ato m ic percent. In such case,
we have m ixed rather tha n doped semiconducto rs and the m odiÙcati on of thei r
band structure due to the donors must be consi dered. W e com pare the electro nic
structure of GaAs wi th 4 at. % of Mn and wi th a corresp ondi ng concentra ti on of
the com pensati ng donors. We consider donors in both ani on and cati on sublatti ces
(Se, Sn), and As anti site defects.

The m ost favori te donors are the As anti site defects. They are doubl e donors
and create an im puri t y band deep in the band gap, centered at 0.8 eV above the
valence band. Al so the co-doping wi th ti n results in an impuri ty band around
1.7 eV, whi ch is, however, resonant wi th the botto m of the conducti on band. Both
im puri ti es give an inhom ogeneous broadening ( ¤ 0 : 7 eV) of the conducti on-band
states.

Fi nal ly, the intenti onal compensati on wi th Se, considered in Secs. 2 and 3,
can be vi ewed as an al loying of the I I I{ V m ateri als wi th MnSe, wi tho ut form ati on
of the impuri t y states.

5. Su m m ar y

The substi tuti on of Mn in the GaAs crysta l is connected wi th a scatter-
ing of electrons on the dopants. It resul ts in bro adening of the spectra l l ines and
in smearing out the electro n spectra . Thi s is parti cul arl y seen in the calcul ated
absorpti on coe£ cient. W e found tha t the absorpti on edge of the compensated
(G a,Mn)P co-doped wi th Se is shifted by ¤ 1 : 0 eV wi th respect to pure GaP crys-
ta l . The absorpti on is smooth, wi tho ut any structure typi cal of the E 1 tra nsi ti ons
in the I I I{ V m ateri als.
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Three aspects of the electron scatteri ng on im puri ti es can be disti ngui shed:
(i ) Hybri di zati on of the host states wi th the Mn d -sta tes, acti ng local ly on the
p -states of As ato m s bonded to Mn. Thi s e˜ect is parti cul arl y importa nt in the
upp er part of the valence band. (i i ) Im puri ty potenti al acti ng on the cati oni c s-
and p -sta tes tha t m odiÙesm ostl y the conducti on band states. (i i i ) Scatteri ng on
compensati ng donors tha t are present in real I I I{ V m ateri als in a concentra ti on
comparable to the concentra ti on of Mn.

W hi le (i ) and (i i ) are inherent to the Mn im puri ty, (i i i) may be opti m ized
by the choice of the compensati ng donor. We found tha t the e˜ect of Se is weak in
compari son to the inÛuence of Mn. The m odi Ùcati on of the band states by both
As anti site defects and substi tuti onal Sn is m uch stro nger. These two impuri ti es
also f orm im puri t y bands in (G a,Mn)As whi le Se does not.

Assum ing tha t the concentra ti on of Mn determ ines the to ta l num ber of the
donors we deduce tha t the presence of the intenti onal donors can reduce the num -
ber of nati ve anti site defects. If i t is so, the co-dopi ng of the I I I{ V DMS wi th
Se-like im puri ties wi l l be qui te importa nt.
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