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A nti ferr om agneti c inter layer exchange couplin g in semicon ductor
Eu S{ PbS{EuS ferromagnetic trilayers gro w n on PbS ( 001) substrates w ith

ultrathin (0.6{1. 2 nm) nonmagnetic PbS spacers is studied by SQ UI D mag -
netometry and model calculatio ns. A nalysis of the experimentall y observed
magnetic Ùeld and temp erature dependence of the magneti zatio n of EuS{PbS

structures reveals a rapid decrease in the interlayer coupling energy w ith
increasin g temp erature indicati ng a temp erature dependence of the micro-
scopic coupling mechanism acting in these all- semico ndu ctor ferromagnetic /

nonmagnetic multilayers.

PACS numb ers: 75.20.C k , 75.30.Et

1. I n t rod uct io n

EuS{ PbS m ulti lay ers (superlatti ces or tri layers) are al l-semiconducto r ferro-
m agneti c/ nonmagneti c hetero structu res exhi bi ti ng a ferrom agneti c tra nsi ti on at
about Tc = 17 K (i n structures wi th thi ck EuS layers). In EuS{ PbS mul ti layers
wi th ul tra thi n (b elow about 3 nm ) EuS layers the ferrom agneti c Curi e tem perature
is reduced down to about 2/ 3 of i ts value for the bul k crysta ls but the tra nsi ti on
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is observed even in 2 monolayer (0.6 nm ) thi ck layers of EuS. Ma gneti c pro perti es
of EuS{ PbS m ulti layers are also inÛuenced by stra in, present in these structures
m ainly due to the di ˜erence in therm al expansion coe£ ci ents of the m ulti layer
and the KCl or BaF 2 substra tes [1, 2]. The e˜ect is parti cul arl y large for struc-
tures grown on KCl substra tes, in whi ch stro ng compressive in-pl ane stra in resul ts
in about 3 K increase in the Curi e tem perature. In EuS{ PbS hetero struct ures
the ferrom agneti c layers of EuS (consti tuti ng m odel Hei senberg nonm eta ll ic fer-
rom agnet) are separated by very wel l latti ce-matched diamagneti c layers of PbS
(wel l-known IV{ VI semiconducto r com pound). Both these materi als crysta l l ize in
the rock sal t crysta l structure wi th la tti ce parameters 0.597 nm and 0.594 nm for
EuS and PbS, respectivel y, and are kno wn to form pseudom orphi c hetero struct ures
up to the to ta l thi ckness of about 200 nm . It was observed tha t in EuS{ PbS semi-
conducto r m ul ti layers wi th ul tra thi n (about 1 nm ) diam agneti c spacer lay ers the
ferrom agneti c layers of EuS are coupl ed anti ferromagneti call y vi a the nonm agneti c
PbS spacer layer. Thi s e˜ect is observed for EuS{ PbS superlatti ces and tri layer
structures grown along the [001] di recti on both on KCl (neutro n reÛectivi ty [3] and
m agneti zati on [3{ 6] studi es) and PbS (m agneti zati on study [4{ 6]) substra tes. It
wa s also found for closely related EuS{ YbSe superlatti ces grown on KCl (neutro n
reÛectivi ty study [7, 8]) but not observed for EuS{ PbS structures grown on BaF2

substra tes wi th [111] growth di recti on.
In thi s work, we present the experi menta l evi dences (ba sed on m agneti za-

ti on m easurements) and discuss the physi cal ori gin of the tem perature dependence
of the anti ferromagneti c interl ayer exchange energy in EuS{ PbS{ EuS structures
grown on PbS (001) substra tes. In contra st to meta l lic ferromagneti c m ulti layers,
for whi ch the interl ayer coupl ing is usual ly studi ed at tem peratures much lower
tha n the Curi e tem perature, we expl oi t here the possibi l i ty o˜ered by the EuS
based ferrom agneti c system s and analyze the interl ayer coupl ing in the enti re rel -
evant tem perature range (0 : 1 ç T =Tc ç 1).

2 . M agn et ic m easur em ent s

The tem perature and m agneti c Ùeld dependence of m agneti zati on was stud-
ied in EuS( t ){ PbS( d ){ EuS( t ) tri layers ( t = 3 { 20 nm ; d = 0 : 6 { 6 nm ) grown by a
hi gh vacuum depositi on on freshl y cl eaved PbS (001) m onocrysta l line substra tes.
D ue to the extrem ely high m elti ng point and very low vapor pressure of EuS,
an electron gun has to be employed for the evaporati on of thi s m ateri al . For the
evaporati on of PbS, a standard resistivel y heated W boat was used. In al l the in-
vesti gated structures there also is a PbS bu˜er layer (about 100 nm thi ck) as well
as about 50 nm thi ck PbS capping layer for preventi ng from oxi dati on. Al tho ugh
two di ˜erent PbS source m ateri als were used f or evaporati on (sto ichiometry con-
tro l led, n and p -typ e polycrysta ls), al l the PbS layers grown in hi gh vacuum at
substra te tem perature of about 350£ C revealed n -typ e conducti vi ty .
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In agreement wi th our recent experim enta l study of the ferrom agneti c tra nsi-
ti on in EuS{ PbS m ul ti layers grown on PbS substra tes [9], our structures show the
tra nsiti on at about 16 K. As in EuS{ PbS multi lay ers one observes a very stro ng
shape anisotro py wi th demagneti zati on Ùeld 4 ¤ M of alm ost 1.5 T (at T = 2 K),
the layers are magneti zed in the plane of the structure . Theref ore, our m easure-
m ents of hysteresi s loops were carri ed out appl yi ng an externa l magneti c Ùeld in
the (001) plane of the layer along both hard [100] and easy [110] m agneti zati on
axi s as establ ished from m agneti zati on m easurements of uncoupl ed EuS{ PbS het-
erostructure s on PbS substra te [6]. The magneti zati on m easurements were carri ed
out by a sup erconducti ng quantum interf erence devi ce (SQUID ) m agneto meter in
the tem perature range of 2{ 25 K and m agneti c Ùeld range up to 300 Oe, i.e. cover-
ing the enti re m agneti c hysteresis range of m agneti c Ùelds and both param agneti c
and ferrom agneti c range of tem peratures.

Fig. 1. Magnetic hysteresis loops (at temp eratures show n in the Ùgure) of

EuS(3 nm){PbS(0. 75 nm){EuS(3 nm) trilayer grow n on PbS (001) substrate w ith

100 nm PbS bu ˜er and 50 nm PbS cap layer. A n external magnetic Ùeld was applie d

in the plane of the multilayer along [110] crystal direction (easy axis of magnetization).

O pen symb ols present exp erimental data whereas solid lines show model calculati ons.

Ma gneti c hysteresis loops of EuS(3 nm ){ PbS(0 .75 nm ){ EuS(3 nm )/ PbS (001)
tri layer exhi bi ti ng a relati vel y stro ng anti f erromagneti c interl ayer coupl ing are pre-
sented (at vari ous tem peratures) in Fi g. 1. In contra st to regular, appro xi matel y
square- like, loops f ound in noncoupl ed tri layers (wi th PbS spacer thi cker tha n
about 2 nm ) [1, 2, 6], the experim enta l data clearl y show a characteri sti c almost
zero magneti c rem anence and a low Ùeld l inear \ pl ateau" wi th a well -deÙned ex-
terna l m agneti c Ùeld correspondi ng to the switch between anti ferrom agneti c- and
ferrom agneti c-l ike al ignm ent of magneti zati on vecto rs of two EuS layers. Qual i -
ta ti vely, the m agneti zati on loops of exchange-coupl ed EuS{ PbS/ PbS (001) m ul-
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ti layers are very sim i lar as for the previ ously studi ed EuS{ PbS structures grown
on KCl (001) substra tes [1, 2]. The key experim enta l observati on i llustra ted in
Fi g. 1 is tha t the above-m enti oned exp erimenta l features related to anti ferrom ag-
neti c interl ayer coupl ing exhi bi t a stro ng tem perature dependence, whi ch wi l l be
quanti ta ti vely analyzed in the next section.

3. D iscu ssio n an d co ncl usions

T o quanti ta ti vely analyze the experim ental observati ons, the M ( H ) depen-
dence was m odeled theoreti cal ly by determ ini ng the com ponent of the to ta l m ag-
neti zati on of the tri layer along the appl ied m agneti c Ùeld, i .e. the physi cal quanti ty
m easured by a SQUID m agneto meter. It depends, in parti cular, on the m utua l ori -
enta ti on of the m agneti zati on vectors M 1 ( T ) and M 2 (T ) of the two EuS layers
tha t corresponds to the m inimum of the to ta l m agneti c energy of the system . In
the m odel ing, one consi ders two exchange coupl ed ferrom agneti c layers of thi ck-
nessest 1 and t 2 wi th an area density of the interl ayer exchangeenergy given by the
standard expression: E ex = I ex M 1 M 2 =M 1 M 2 = I ex cos¢ , where ¢ i s the angle be-
tween vecto rs M 1 and M 2 . Each indi vi dual magneti c layer is pl aced in an externa l
m agneti c Ùeld H appl ied in the plane of the multi lay er and contri butes a Zeeman
energy (p er uni t area): E Z = À M 1 (T ) t 1 À 2 ( T ) t 2 . The indi vi dual layers
exhi bi t also temperature dependent in-plane cubi c (f ourf old) magneti c ani sotro py
wi th an area density E A = K 1 ( T ) t 1 sin2 ¢ 1 cos2 ¢ 1 + K 2 ( T ) t 2 sin 2 ¢ 2 cos2 ¢ 2 . Here,
¢ 1 and ¢ 2 are the angles between crysta l axi s [100] and m agneti zati on vecto rs

1 and 2 , respectivel y. In EuS{ PbS/ PbS (001) layers the ani sotro py consta nts
K 1 2 are negati ve and [110] and [1-10] are easy axes of m agneti zati on. The angle
¢ ( H ; T ) = ¢ 2 À ¢ 1 shows a characteri stic tem perature and m agneti c Ùeld depen-
dence [4]: for tem peratures just below the Curi e tem perature ¢ = 0 (para l lel ori en-
ta ti on of both magneti zati on vecto rs) but i t starts to increase at a wel l -deÙned tem -
perature (lower for hi gher externa l magneti c Ùeld). In the model calculati ons the
tem perature dependence of the ani sotro py constant was taken as K (T ) / M 4

s ( T ) ,
whi ch is expected for the cubi c ferromagneti c system s wi th a dominant sing le-ion
typ e m agneto crysta l l ine anisotro py. The results of the modeling are plotted in
Fi g. 1 (sol id l ines) for the case of m agneti c Ùeld appl ied along an easy m agneti za-
ti on axi s. The m ini mal izati on procedure appl ied corresp onds to a global minimum
appro ach and i t cannot predi ct any hysteresi s of M ( H ) dependence. Duri ng the
Ùtti ng pro cedure two experim ental features were consi dered of pri m ary im porta nce
for the determ inati on of the exchange coupl ing energy: the slope of the l inear part
of M ( H ) dependence at low magneti c Ùelds and the swi tchi ng Ùeld. The anti f er-
rom agneti c interl ayer coupl ing is also kno wn to inÛuence the satura ti on Ùeld of
hysteresi s loop whi ch can be used to evaluate the exchange energy. In the case of
EuS{ PbS mul til ayers substa nti al roundi ng of the M ( H ) dependence at Ùelds close
to the satura ti on is a lso observed for unco upl ed layers. Theref ore, in exchange
coupl ed EuS{ PbS{ EuS tri layers the M ( H ) dependence (cl ose to the satura ti on)
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is inÛuenced by both m agneti zati on pro cesses wi thi n indi vi dual EuS layers and
anti ferromagneti c interl ayer coupl ing between them [1, 2, 6, 8]. It m akes thi s part
of magneti c hysteresi s loop not suita bl e for determ inati on of the coupl ing energy.

Fig. 2. (a) Temp erature dependence of the antif erromagnetic exchange energy in

Eu{PbS{EuS /PbS (001) trilayer as determined from the mo del analysi s presented in

Fig. 1. (b) The temp erature dependence of the exchange integral parameter J e x =

I e x =M
2
s ( T ) is presented for the same sample.

Fi gure 2a presents the results of such a m odel ing of the experim enta l data ,
whi ch reveals tha t the anti ferrom agneti c exchange energy ( ) increases rapidl y
wi th decreasing temperature, i .e. increasing satura ti on m agneti zati on of each
of the layers. In Fi g. 2b the tem perature dependence of the exchange integra l
parameter, deÙned as ( ), is presented showi ng tha t the strength
of the very m icroscopi c exchange m echanism is also increasing wi th decreasing
tem perature. Qual i ta ti vely, the temperature dependence of the exchange integra l
is ( ) , i.e., i t fol lows the tem perature dependence of the m agneti zati on
of the layer. Thi s im pl ies tha t the exchange energy depends on tem perature as

( ). The analysis of a broader spectrum of EuS{ PbS structures both
on KCl and PbS substra tes, di scussed in R ef. [6], shows tha t even a more rapid
tem perature dependence of the exchange integra l is also found: ( T ) , wi th

= 1 2.
The exp erimenta l ly establ ished tem perature dependence of the anti ferro-

m agneti c interl ayer exchange in EuS{ PbS muli lay ers bri ngs addi ti onal inform a-
ti on vi tal for the cri ti cal evaluati on of the physi cal m odels of the interl ayer cou-
pl ing in al l-semiconducto r m ul til ayers. D ue to the lack of the su£ ci ent num -
ber of quasi- free charge carri ers (i n both ferrom agneti c and nonm agneti c lay-
ers), in al l -semiconducto r m agneti c heterostructur es new m echanisms of inter-
layer exchange coupl ing are exp ected to be e˜ecti ve. In parti cul ar, the canoni -
cal R uderm an{ Ki ttel { Ka suya{Y osida (R KKY) coupl ing vi a quasi-free electrons
observed in m etal l ic m ul ti layers [10] is stro ngly m odi Ùed in EuS{ PbS structures
due to the lack of electrons in ferrom agneti c EuS layer and the tw o-dimensional
character of electron gas in the PbS quantum well [11]. Parti cul arl y importa nt
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for al l -semiconducto r m agneti c mul til ayers are m echanism s requi ri ng no f ree elec-
tro ns but inv olving spin dependent tra nsi ti ons of electrons from the valence band.
In the model of Bl inowski and Kacman [12] the to ta l spin dependent energy of
valence electrons in semiconducto r m agneti c sup erlatti ce is calcul ated ta ki ng into
account tra nsi ti ons in the enti re Bri l louin zone, whereas in the m odel of D ugaev et
al . [13] the Bl oembergen{ R owl and- typ e coupl ing (i nvolvi ng onl y electroni c tra nsi-
ti ons cl ose to conducti on and band edges) is analyzed. T aki ng into account the re-
al isti c (a t the ato m ic scale) picture of the ul tra thi n ferrom agnet- nonm agnet- ferro-
m agnet hetero structure one has also to consi der the dipolar intera cti ons whi ch,
al tho ugh negl igible f or an ideal layered system , may becom e im porta nt f or struc-
tures wi th a smal l scale dom ain structure or a stro ng interf ace roughness [14].

The Ùrst, wel l -establ ished, exp erim ental Ùnding tha t has to be expl ained by a
successful theo reti cal m odel is the anti ferro magneti c sign of the coupl ing observed
for EuS{ PbS and EuS{ YbSe structures grown along [001] crysta l di recti on. In fact,
in the layer thi ckness and carri er concentra ti on range relevant to our structures,
onl y the Bl inowski and Ka cman (B{ K) m odel and dipolar (do main structures re-
lated) intera cti ons correctl y expl ain thi s observati on. These two mechanisms are
exp ected to be responsible for the interl ayer coupl ing in EuS{ PbS mul ti layers in
di ˜erent regions of the spacer thi ckness: the B{ K m echani sm for ul tra thi n spac-
ers below about 2 nm (rel ati vel y stro ng coupl ing, rapid exponenti al decay of the
coupl ing wi th increasing spacer thi ckness, no dependence on the thi ckness of EuS
layer) and the dipolar m echanism for thi cker spacers (rel ati vely weak coupl ing,
slow decay wi th increasing spacer thi ckness, increase of the coupl ing for thi cker
EuS layers). Thi s conclusi on is supported by the observati on of, predi cted by the
B{ K model, a 1 =2 t decay of the coupl ing in EuS{ PbS/ KCl structure s wi th ul tra -
thi n ( t ç 1 : 2 nm ) PbS spacers (neutro n studi es [3]), and by the exp erim ental ly
observed m ore rapid decay of the anti f erromagneti c interl ayer coupl ing wi th in-
creasing thi ckness of the nonm agneti c spacer for EuS-based structures wi th wi der
band gap spacer m ateri al (neutro n reÛecti vi ty comparati vestudy of EuS{ PbS and
EuS{ YbSe superlatti ces [7, 8, 15]). Our exp erimenta l results also suggest tha t the
anti ferromagneti c interl ayer coupl ing in EuS{ PbS structure s wi th ul tra thi n PbS
spacer layer is due to the m echanism of electroni c (B{ K m odel ) and not m ag-
neto stati c (di polar) ori gin. For the latter the standard I ex / M 2

s ( T ) dependence
is expected whereas in the B{ K m odel the coupl ing is inherentl y related to the
exchange spli tti ng of the valence band, whi ch, in the Ùrst appro xi mati on, is pro por-
ti onal to the m agneti zati on of the EuS layer, resul ti ng in an overal l I ex ¤ M 2

s ( T )

dependence. However, as Ùnite tem perature B{ K m odel calculati ons are not avai l -
abl e so far, thi s concl usion rem ains of qual ita ti ve character only.

In conclusi on, the model analysis of the experim ental ly observed m agneti c
hysteresi s loops in EuS{ PbS{ EuS/ PbS (001) tri layers indi cates tha t apart from the
exp ected dependence due to the tem perature dependence of the magneti zati on of
each of the indi vi dua l magneti c layers also the m ul til ayer microscopic exchange in-
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teg ral J ex / I ex =M 2
s ( T ) i s appro xi m atel y proporti onal to the magneti zati on of the

layers. Thi s Ùndi ng supports the m odels of interl ayer coupl ing in al l -semiconducto r
EuS{ PbS and related structure s as ori ginati ng f rom the exchange spli tti ng of the
valence and conducti on bands.
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