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In t he present paper w e calculate the exchan ge interacti on betw een tw o

manganese ions in IV {V I semicon ductors w ith the rocksalt structure . T he
metho d of calculati ons is based on the fourth order perturbation theor y w ith
resp ect to hybridi zati on b etw een band states and localized d orbitals of Mn
ions. This hybridizati on is describ ed by three H arrison integrals : V p d ¥ ; V pd ¤ ,

and V s d¥ . T he band states of I V {V I semiconducto r are obtained from the
semiempiri cal tight bindi ng model built f rom s and p orbitals of cations
and anions. T he resulting exchange term in the H amiltonian is of the form

À
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j , how ever nondiagon al terms of the exchange integral

tensor J i 6= j are very small. T he dependence of J ij on the Mn{Mn distance
is non -monotoni c. W e also discuss the in Ûuence of the local crystal deforma-
tions on the exchange integral.

PAC S numb ers: 71.70.Gm, 75.30.H x

The exchange intera cti on between m agneti c ions has been studi ed more ex-
tensi vely in I I { VI semim agneti c semiconducto rs (SMS C) whi ch crysta l l ize in the
zi nc-blende structure tha n in the IV{ VI SMSC possessing the rocksal t structure.
Accordi ng to the m odel by Larson et al ., based on the s p À d hybri dizati on, the ex-
change integ ra l in the II{ VI SMSC should decrease m onoto nously wi th increasing
di stance between Mn ions [1]. However, more recent experim enta l and theoreti -
cal results indi cated tha t in Zn- based I I{ VI SMSC the exchange integ ra l between
fourth neighb ours m ay be larger tha n between thi rd neighbours [2, 3].

The nearest neighbour exchange intera cti on in IV{ VI semiconducto rs has
been consi dered by G§rska and Anderso n [4]. Thei r calcul ati ons were based on
the Anderso n superexchange m echanism between Mn ions vi a interveni ng ani ons'
orbi tals [5]. The distance dependence of the Mn{ Mn exchange integra l in IV{ VI
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SMSC has been calculated by Li u and Bastard [6], D ugaev and Li tvi nov (D L) [7],
and the tem perature correcti ons to D L results have been analysed by Rusi n [8].

In the present paper we analyse the same probl em. However, our appro ach
di ˜ers from the previ ous ones in two aspects. Fi rst, in Ref. [6] the band energy
spectra have been assumed to be parabol ic in the vi cini ty of L point of the Bri l loui n
zone (BZ) and in Refs. [7] and [8] they have been calcul ated wi thi n the fram ework
of the Dim mock m odel [9]. Such m odels are appro pri ate for descripti on of states
in the vi cini ti es of L points of BZ onl y. In our calcul ati ons we use semiempiri cal
ti ght bindi ng m odel pro posed for IV{ VI semiconducto rs by Kri echbaum et al . [10].
In thi s m odel the band states are bui l t from the p and s orbi ta ls of cati ons and
ani ons wi th the intera cti ons wi th Ùrst and second neighb ours ta ken into account.
Such an approach enabl es us to calculate the energies and the wave functi ons for
the band states not only in the vi cini ti es of the L points but in the enti re BZ. The
kno wl edge of the spectrum in a wi de area of BZ is im porta nt for calcul ati ons of
the Mn{ Mn exchange integ ra ls for smal l Mn{ Mn di stances R . Thi s is related to
the fact tha t form ula e for the Mn{ Mn exchange integ ra ls conta in integ ra ls over
BZ wi th integrands conta ining oscil lati ng factors exp( i kR ) . For R ! 1 , the m ain
contri buti ons to the integ ra ls come from the vi cini ty of the band extrem a and we
thi nk tha t in thi s l im it the resul ts of R efs. [6{ 8] are correct.

The second im porta nt di ˜erence between the present paper and Refs. [6{ 8] is
the form of the intera cti on between band states and Mn spins. W hi le in Refs. [6{ 8]
thi s intera cti on has been assumed in the form of a Ko ndo-l ikeHa m ilto nian, H in t =

J s p À d SM n Â ¥ , wi th one sp À d exchange coupl ing J , in the present paper we
start from a m ore basic level, i .e. from the hybri dizati on H between band states
and the d orbi ta ls of Mn ato m

H V a a V a a : (1)

The operato r a creates an electro n on the d shell of Mn ion in the state wi th
orbi tal m omentum L and spin ¥ . The operato r a creates a band electron in the
state characteri zed by the band index n and the wa ve vecto r . Because our band
states are bui l t from ato m ic p and s orbi ta ls the hybri dizati on between Mn orbi ta l
L¥ and the band state n described by V m ay be expressed by three Ha rri son
parameters [11]: V ; V ; V kno wn from the li tera ture [12].

The m etho d of calcul ati ons is based on the fourth order perturba ti on theory
wi th respect to hybri di zati on V between band states and local ized d orbi ta ls of Mn
ions [1, 13]. W eassumetha t the valence band is com pletel y Ùlled wi th electrons and
there are two possible exci ted states for a manganeseion: wi th six or four electrons
on the d shell . Appl yi ng form ulaeand m etho ds sim i lar to tho se in R efs. [1] and [13]
we obta in the e˜ecti ve exchange Ha m ilto nian, H , whi ch may be expressed in the
fol lowi ng form :
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H e˜ ( R ) = const À

X

i ; j = x ;y ;z

J i j ( R S S ; (2)

where and are the Mn ions spi n operato rs. Each of the exchange integ rals,
J ; m ay be expressed as a sum of three term s: J J J J , where the
superscr ipts correspond to vi rtua l processesin perturba ti on calculati ons inv olvi ng
electrons from valence band only (hh), valence and conducti on band (he), and
conducti on band (ee).

In general , in the real crysta ls the m anganese ions are not in the perfect
octahedra l envi ronm ent. Because the ioni c radius of Mn is m uch smal ler tha n the
ioni c radi i of Pb or Sn and, m oreover, the Mn ato ms are distri buted randomly in
the latti ce we expect tha t the latti ce is local ly deform ed. In the ideal crysta l PbT e
or SnT e, in the ti ght bi ndi ng appro xi mati on, the band wave f uncti ons conta in cer-
ta in contri buti ons from ato m ic orbi ta ls of T e ato ms. One of the main assumpti ons
of the pro cedure is tha t the ampl i tudes of these orbi ta ls do not change when Pb
or Sn ato m is replaced by m anganese. We assume tha t in the l imi t of smal l Mn
concentra ti on these am pl itudes are also not changed when the crysta l latti ce is
local ly deform ed. W i th thi s assumpti on we m ay calculate hybri di zati on elements
V h L¥ j H j â i changing onl y the positi ons of tel luri um ato m ic orbi ta ls
surro undi ng a manganese ato m and leavi ng thei r am pl i tudes uncha nged. From
computer simul ati ons we kno w tha t the devi ati ons of the bonds' di recti ons f rom
thei r values in an ideal crysta l wi th the Mn concentra ti on up to 3% are of the
order of À [14]. It turns out tha t the crysta l latti ce deform ati ons lead to a
decrease of about 1{ 3% in the absolute value of the exchange integ ral between the
nearest neighbours and even less for the next neighb ours.

The main results of our calculati ons are:

1. The non-Heisenberg term s in the Ham i l tonia n (2) are very smal l . J for
i 6 j are of the order of 0.001 K.

2. For a given coordi nati on zone the tensor com ponents J pra cti cal ly do
not depend on the crysta l lographi c di recti on. For exam ple J ; ; À

J ; ; ¿ : K. For a given the di ˜erences between J and J for
i 6 j are also of the sam e order of magni tude. Tha t m eans tha t the spin{ spin
intera cti on in IV{ VI SMSC is wel l appro xi mated by the Hei senberg Ha mi l -
to ni an wi th one exchange integ ral , J , whi ch is shown in Fi gs. 1 and 2. Thi s
is di ˜erent f rom the resul ts by Dugaev and Li tvi nov [7], where Hei senberg
and non-Hei senberg term s are of the same order of m agni tude.

3. The rati o of the next nearest to nearest neighbour exchange integ ra l,
J =J , is substa nti al ly larger in IV{ VI compounds tha n in II{ VI com -
pounds. W e may understa nd thi s e˜ect qual i ta ti vely i f we noti ce tha t in the
rocksal t structure starti ng from one cati on site we must tra vel along two
cati on{ anion bonds to reach the second nearest neighbour, whi le the short-
est path connecti ng two NNN sites in the zi nc-blende structure goes along
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four bonds. Thus, in thi s sense, the \ di stance" between NNN is much longer
in I I{ VI tha n in IV{ VI com pounds.

4. The results for PbT e and SnT e for the same set of Harri son param eters are
very simi lar (see Fi g. 1b).

The above resul ts lead to a concl usion tha t the intera cti on between m an-
ganese ions in IV{ VI SMSC is in som e sense\ local ized" , i .e. i t \ propagates"
m ostl y vi a orbi tals of interveni ng anions and the deta ils of the band structure
are not crucia l.

5. The contri buti on of J ee to J i s very smal l (see Fi g. 1a). The contri buti on
of J he i s larger tha n in I I{ VI SMSC, however, thi s is not related to the
crysta l lographi c structure but rather to the smal ler value of the energy gap.

6. The di stance dependence of J i s non-monoto nic (see Fi g. 1) Ho wever, thi s
e˜ect app ears f or distances where the exchange integra l is very smal l and i t
seems unl ikel y tha t i t can be veri Ùed exp erimenta l ly.

Fig. 1. Contribution of hh, he, and ee pro cesses to the exchange integral in PbT e (a).

C omparison of the distance dependence of exchange integral in PbT e and SnT e (b).

Our calcul ati ons of the exchange constant, J (R ) , m ake sense onl y for R
connecti ng two cati on sites in the rocksal t structure latti ce. Onl y for such R ,
i .e. for the case when each of the tw o Mn ions is pl aced in the cati on site of
the latti ce and is surro unded by six Te ato m s the hybri dizati on elements V L ¥; n kk

are well deÙned and may be calculated in our m odel . Ho wever, the Ùnal f or-
m ula for the exchange consta nt is of the form of doubl e integ ra l over the BZ,R R

dk d exp i F ; , (see R efs. [1] and [13]). The functi on F ;

does not depend on and we may f o r ma l l y calcul ate J for an arbi tra ry .
W e have perform ed such calcul ati ons in order to m ake com pari son wi th the resul ts
presented in the l i tera ture, for exam ple in R efs. [1] and [3]. In Fi g. 2 we show the
dependence of J on the Mn{ Mn distance for three di ˜erent di recti ons of .
W e see tha t the exchange integ ra l calcul ated in thi s way is non-m onoto ni c and



Di stance Dependence of the Mn{Mn Exchange Int eract ion . . . 663

Fig. 2. Dep endence of the exchange integral on Mn{Mn distance and crystallogra phi c

direction . T he p oints on curves corresp ond to the real cation{cati on distance in N aCl

structure (1st, 2nd, 4th, 6th, and 8th nearest neighb our).

stro ngly ani sotro pi c. Thi s anisotro py is caused m ainly by symm etry of the band
wa ve f uncti ons, not by the band spin{ orbi t e˜ects. If in the calculati ons of the
band structure we turn o˜ spin{ orbi t intera cti ons on Pb and Te ato ms, we obta in
pra cti cal ly the sam e results.

Our resul ts concerni ng the sign and order of m agni tude of the exchange
coupl ing are consistent wi th the theo ry and experim ent presented in R ef. [4]. Al -
tho ugh the absolute values of J N N obta ined in the present paper are about two
ti m es larger tha n tho se in R ef. [4], by changing the Ha rri son param eters (whi ch
are the m ain param eters of the m odel and enter the form ulae in the fourth power)
by 10{ 15% we could have obta ined results equal to the exp erimenta l ones.

Our resul ts di ˜er from tho se presented in R efs. [6{ 8], even up to the sign.
W e thi nk tha t the ori gin of thi s di ˜erence is tw ofold. Fi rst, as we have al ready
di scussed, the assumpti on made in R efs. [6{ 8] tha t the m ost importa nt contri bu-
ti ons to the result com e from the bands' extrem a is not correct, parti cul arl y for
smal l Mn{ Mn di stances. Secondl y, as has been pointed out by Larson et al . [1],
the assumpti on of the Ko ndo-l ike intera cti on between band states and the Mn ion
rul es out some vi rtua l pro cesseswhi ch have been ta ken into account in the present
m odel .
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