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Th e i nte rl ayer coupli ng bet w een ferro magnetic Eu S layer s separate d by
spacer layers of diamagneti c insul ators , Y bSe and SrS, is studied w ithin a
3D tight -bindin g model . T he dep endenci es of the coupli ng strength on the

energy structure of the spacer, on strains resultin g from the lattice mismatch
b etw een the superlatti ce constituents, as w ell as on an applied hydrostatic
pressure and lattice deformations, are presented. T he sign and the range
of the obtained couplin g agree w ith the behavior of magnetic correlation s

observed recently in neutron reÛectivity spectra of EuS /Y bSe superlattices.

PACS numb ers: 75.70.A k, 68.65.C d

1. I n t rod uct io n

The interl ayer coupl ing (I C) wa s di scovered in 1986 in Fe/ Cr/ Fe tri layers
[1]. Since then i t was observed in a vari ety of structures wi th al terna ti ng m etal -
l ic ferrom agneti c layers and di ˜erent non-m agneti c spacer layers. In the 90' s thi s
phenom enon was also di scovered in al l semiconducto r superlatti ces(SLs) wi th an-
ti ferrom agneti c, MnT e, and EuT e layers [2]. Recentl y, the Ùrst observati on of IC
between ferrom agneti c, semi- insulating layers in EuS/ PbS SLs has been reported
[3]. The theo reti cal m odels used to expl ain IC in metal l ic structure s requi re high
density of states at the Fermi level [4] and thus are not appl icabl e to the semi-
conducto r structure s. Am ong the several m odels tai lored f or al l -semiconducto r
system s [5{ 9], the appro ach presented in [9] seems to be the most appro pri ate
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to describe IC in the IV{ VI structures and i t was successf ul ly used in [3] to ex-
pl ain the observed anti ferromagneti c interl ayer correl ati ons in EuS/ PbS SLs. Thi s
m odel does not assume any parti cular intera cti on mechanism, but attri butes IC
to the sensiti vi ty of the SL electro nic energies to the magneti c order in consecu-
ti ve magneti c layers, i .e., accounts globally for the spi n-dependent band structure
e˜ects.

In thi s paper we present the results of appl yi ng thi s model to the
(EuS) m / (YbSe) n and (EuS) m / (SrS) n SLs, in whi ch each SL period conta ins m

m agneti c and n di amagneti c molecular monolayers, perpendicul ar to the [001]
growth di recti on. In these SLs the wi de-gap m ateri als (E g ¤ 1:6 eV for YbSe and
¤ 4 : 8 eV for SrS) are used as the spacer layers. In the form er structure an anti f er-
rom agneti c IC was just observed [10] by neutro n reÛectivi ty measurements. Thi s
exp eriment, al tho ugh does not al low to determ ine the strength of IC, has shown
tha t the range of the coupl ing in these structures is shorter tha n tha t reported
in [3] f or EuS/ PbS SLs. E˜o rts to grow the second considered SL are al ready
underta ken, as EuS/ SrS is a perf ect candi date for studyi ng photo induced m ag-
neti c phenomena in ferrom agneti c layers separated by an opti cal ly tra nsparent,
rea l insulato r.

2 . T heor y

The m agneti c m ateri a l | EuS | is a classical Heisenberg ferrom agnet wi th
the Curi e tem perature 16.6 K. It was shown experim enta lly [11] tha t in the EuS
layer structures the ferrom agneti cally ordered Eu spins are arranged wi thi n the
layers. EuS is a semi-insul ati ng wi de-gap semiconducto r. The augm ented plane
wa ve calculati ons of the band structure [12] show tha t i ts upp er valence bands
are form ed m ainly by ani on p states, whereas the lowest conducti on band is bui l t
predo minantly of cati on d states. The narro w f ( " ) band is situa ted ca: 1 : 7 eV
below the conducti on band. The valence band has the m axi mum at the À point
and the conducti on band m inimum is at the point X of the Bri l louin zone. The spin
spl itti ng of the valence band results from the spin-dependent mixing of p -anion
and f -cati on states and the spin spli tti ng of the conducti on band is a result of
f -cati on and s=d -cati on on-site intera cti ons.

The I I{ VI compound SrS has a di rect energy gap at the center of the Bri l loui n
zone, whi ch separates the p -anion valence bands and s -cati on conducti on band
[13]. In [13] the band structure of SrS in the enti re Bri l louin zone was calcul ated
wi thi n the self-consi stent Ha rtree{ Fock appro xi mati on. Al tho ugh the calcul ated
E g i s ca: 1 : 5 eV bigger tha n the value deduced from exp eriment, thi s is the best
descripti on of SrS present in the li tera ture. Sti l l , much less is kno wn about the band
structure of the non-magneti c YbSe | we assume tha t i t is sim i lar to the band
structure of the magneti c EuSe, presented in [12], wi th neglected spin spli tti ngs
(no te tha t the onl y di ˜erence between ytterbi um and europium ato ms is tha t Yb
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has 14, instead of the 7 for Eu, electrons in the f -shell and the orbi ta l momentum
L of these electrons vanishes in both cases).

Al l the com ponents of (EuS) m / (YbSe) n and (EuS) m / (SrS) n SLs crysta l l ize
in the rock-sal t structure, sim ilarly to (EuS) m / (PbS) n system . The SLs are well
latti ce m atched | the la tti ce constants for EuS, YbSe, and SrS are 5.968 ¡A,
5.932 ¡A, and 6.020 ¡A, respectivel y. The stra ins resul ti ng f rom the latti ce mismatch
are ta ken into account in the calcul ati ons | they change the streng th of the IC by
at most 10%. In these system s, each molecular m onolayer consists of two ato m ic
pl anes. For SLs grown in [111] di recti on these would bethe cati on and anion planes,
but for the considered here SLs grown along the [001] crysta l lographi c axi s, each
ato m ic plane is bui l t of both anions and cati ons. In such structure every anion
(ca ti on) has 6 nearest neighbors (NN) | cati ons (ani ons) and 12 next nearest
neighbors (NNN) | anions (cati ons).

In the ti ght- bindi ng appro xi m atio n the appro pri a te set of orbi ta ls f or every
typ e of involved ions and the range of intera cti ons between ions have to be chosen.
The ti ght- bindi ng SL param eters were obta ined by adjusti ng the SL band structure
to the energy structure of bul k EuS in the n = 0 l im it and of bul k non-m agneti c
m ateri al , YbSe or SrS, in the other m = 0 l imit. T o describe Eu, Yb, and Sr ions
we use s ; d x y ; d x z ; d y z ; d x 2

À y 2 ; d 3 z 2
À r 2 orbi ta ls, wherea s to describe S and Se

ions s; p x ; p y ; p z orbi ta ls are used. In the calculati ons we ta ke into account :

¯ al l ani on{ cati on NN intera cti ons,

¯ NNN intera cti ons between the anions (S{ S, Se{Se, S{Se),

¯ NNN intera cti ons between cati ons (Eu{ Eu, Yb{ Yb, Sr{ Sr, Eu{ Yb, Eu{ Sr).

T o m odel the spin spl itti ngs in the valence bands of EuS we incl ude, as
second-order perturba ti ons, the intera cti ons of anion p ( " ) orbi ta ls wi th f ( " ) cati on
orbi tals. The intera cti on wi th f ( # ) orbi tals are neglected due to much bigger ener-
geti c di stance. T o repro duce the spin spli tti ngs in the conducti on bands we use two
on-site exchangeconstants: J s for s orbi ta ls and J d for d orbi ta ls.The ti ght- bi ndi ng
parameters of EuS are determ ined by a Ùt to the structure reported in [12]. T o
get the ti ght- bindi ng param eters for SrS we Ùtted the m odel band structure to the
resul ts presented in [13]. The YbSe bands are sim ulated by the kno wn structure
of EuSe [12] wi th neglected spin spl itti ngs and the cati on parameters re-scaled
accordi ng to the Ha rri son rul es [14].

3. R esul t s

The obta ined band structures are presented in Fi g. 1. From Fi g. 1 one can see
tha t in contra st to the situa ti on in EuS/ PbS SLs, where the EuS m agneti c layers
form ed high ( ¤ 1 eV) potenti al barri ers for electrons, in the studi ed here SLs one
can expect tha t barri ers in the conducti on band are f orm ed by the spacer layers |
in the case of YbSe smal l , but for SrS as high as ¤ 2 À 3 eV. The intera cti ons at the
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interf aces and the real band-o˜sets can change the Ùnal scheme of the electro nic
bands of EuS/ YbSe SL, but one can hardl y im agine tha t they wi l l reduce the
non-magneti c barri ers in EuS/ SrS SLs. T o estim ate the param eters describing
intera cti ons at the interf aces, i .e., between non-magneti c and m agneti c cati ons, and
between the di ˜erent, S and Se, anions, we used the Harri son intera to mic matri x
elements. Mo reover, the Ha rri son relati ons for the NNN param eters (pp ¥ = À 4 pp ¤

and d d ¥ = À 2 d d ¤ ) were used to reduce the numb er of independent param eters.
In al l calcul ati ons we neglected the spin{ orbi t term s.

Fig. 1. T ight- binding mo del band structures of SrS, EuS, and Y bSe. For EuS, the solid

lines represent the \spin up " bands and the dotted | \spin dow n" bands. T he positio n

of the f -band in Y bSe cannot be inf erred from the EuSe structure | it is j ust draw n at

the distance 1.6 eV (exp erimentally estimated E g ) below the conduction band.

In order to calculate the interl ayer coupl ing the to ta l energies of the valence
electrons for two di ˜erent SLs, one wi th the sam e (f erromagneti c) and the other
wi th opposite (anti ferromagneti c) spin conÙgurati ons in consecuti ve m agneti c lay-
ers, were compared (see Fi g. 2). The di ˜erence between these tw o energies per uni t
surf ace of the layer, Â E , was considered as a measure of the strength of the inter-
layer magneti c coupl ing resulti ng from band structure e˜ects. Thus, to construct
the Ham i l to nian m atri x one has to consider the SL magneti c cell conta ini ng two
m agneti c layers. Thi s elementa ry m agneti c cell consists of 2 (n + m ) m onolayers,
i .e., of 2 (m + n ) anions, 2 m m agneti c cati ons and 2 n non-m agneti c cati ons.

In both studi ed typ esof SLs the calcul ati ons show tha t the anti ferromagneti c
al ignm ent of m agneti zati on vecto rs in successive magneti c layers is energeti cally
pref erred | in agreement wi th the exp erimenta l Ùndings in EuS/ YbSe SLs ob-
ta ined in [10]. W ehave perform ed the calculati ons for a num ber of SL wi th varyi ng
m and n . The calcul ati ons show tha t in these SLs, as in EuS/ PbS systems, the IC
depends m arg inall y on the magneti c layer thi ckness m , i .e., tha t the coupl ing is
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Fig. 2. SL with the spins in successive ferromagnetic layers aligned (A ) ferromagneti-

cally and ( B) antif erromagnetical l y.

pri mary an interf ace e˜ect even when the band structures of the SL consti tuent
m ateri als are very sim ilar, l ike f or EuS/ YbSe SLs. In Fi g. 3 the dependence of the
IC on the non-m agneti c layer thi ckness n i s presented and compared wi th the IC
in EuS/ PbS structures (the IC strength is described by the constant J 1 = Â E =4 ,
comm only used for the ferrom agneti c metal l ic mul til ayers [15]). The strength of
the coupl ing in al l three cases decreases exponenti al ly wi th n , but wi th di ˜erent
speed, i .e., the obta ined range of the coupl ing depends on the spacer m ateri al . For
EuS layers separated by YbSe the calcul ated range of the IC is smal ler tha n in
EuS/ PbS SLs, again in agreement wi th the experim enta l result.

Fig. 3. The interlayer coupling constant J 1 as a function of spacer thickness for

(EuS) m /(Y bSe) n , (EuS) m /(SrS) n and (EuS) m /(PbS) n SLs. The small deviation s of

for every second result from layer stacking. For the (EuS) SrS see discussio n

af ter Fig. 4.

T o study the ori gin of the change of the IC range for di ˜erent spacers, we
m ade a series of calcul ati ons f or hyp otheti cal diam agneti c m ateri als, whi ch have
the sam e structure as PbS and SrS, but di ˜erent energy gaps. The change of the
energy gap is obta ined by movi ng the on-site energies for the conducti on band
orbi tals. By thi s study we wanted also to check how the m uch to o large value
for E in SrS, taken after [13], changes the result for EuS/ SrS SL. The resul ts
presented in Fi g. 4 show tha t the IC constant depends strongly on the di amagneti c
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Fig. 4. T he rate ˜ of the decrease in the interlayer coupling constant J 1 w ith the spacer

thickness ( J 1 = A exp ( ˜ n ) ) as function of the energy gap of the hyp othetic non- magnetic

spacers.

spacer's energy gap, but changes also for m ateri als wi th di ˜erent band structures
| the coupl ing depends on the spi n-dependent m ixi ng of the states, whi ch in turn
depends on the energy distances between bands consisti ng of, e.g., p and d orbi tals.
For the SrS structure , the reducti on of E g to the exp erimenta l ly establ ished value
4.8 eV would lead to an increase in the calcul ated IC | the results for such
EuS/ SrShy p SLs are shown in Fi g. 3 by open circl es.

Fi nal ly, we have also investigated the dependence of IC on stra in and on ap-
pl ied hydro stati c pressure, whi ch are kno wn to inÛuence im porta ntly the m agneti c
pro perti es of magneti c m ulti layer structures [16]. A questi on ari seswhether can the
stra in, neglected in [9], be responsible for the fact tha t the experim ental ly deter-

Fig. 5. T he dependence of interlayer coupling constant on the deformation of the

SL along the -axis.
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Fig. 6. The interlayer coupling constant J 1 versus the size of the SL elementary cell.

m ined IC in EuS/ PbS is about an order of magni tude smal ler tha n the calcul ated
values [3]. A very simpl e model , in whi ch the stra in was appl ied by deform ing the
SL latti ce along the growth z -axi s and the hydro stati c pressure was simulated by
a change of the size of the SL cell , was used. In agreement wi th the intui ti on, the
streng th of the IC increasesfor deform ati ons, whi ch decrease the di stance between
m agneti c layers, as shown in Fi gs. 5 and 6. Al tho ugh the possible deform ati ons can
change the IC by factor of tw o, as one can see in the Ùgures, thi s is not enough to
expl ain the above m enti oned di screpancy, whi ch has to be pro bably also ascribed
to the interf ace roughness and interdi ˜usi on.

4. Co n cl u si on

In conclusi on, we ha ve shown tha t the spin-dependent energy structure ef-
fects can lead to the coupl ing between semiconducto r f erromagneti c EuS layers not
onl y when the spacer layers form wells in the energy structure of the m ulti layer
(l ike in EuS/ PbS SLs) but also when they are insul ati ng materi als and thei r band
structure is either sim i lar to EuS (EuS/ YbSe) or they intro duce high potenti al
barri ers for the electro ns (EuS/ SrS). The calcul ated coupl ing is anti ferromagneti c
and the shorter in range the larger is the energy gap of the diam agneti c spacer, in
qual i ta ti ve agreement wi th the recent exp erimenta l Ùndings.
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