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K err m agnet ometr y w as employe d to study the temp erature dependence
of magnet izati on and magnetic hysteresis loops in ferromagnetic Eu S{ PbS

semiconductor multilayers in the temp erature range T = 3 À 35 K at low mag -
netic Ùelds H ç 1 5 0 Oe. For EuS{PbS /K C l( 100) structures w ith ultrathi n
non- magnetic PbS spacer of 1 nm , w e observed a maximum on the temp era-
ture dep endence of magnetizati on at low Ùelds H ç 30 Oe. For higher Ùelds,

w e found for these structures a regular mean- Ùeld- li ke increase in magne-
tization with decreasing temp erature. T he same regular beha vior w as also
found for EuS{PbS/K C l structures w ith thicker PbS spacer, as w ell as for

all EuS{PbS/ Ba F 2 (111) multilayers indep endently of spacer thickness. For
qualitati ve interpretation of these Ùndings, w e consider two magnetic contri-
butions to the total energy of EuS{PbS multilayers : the Zeeman energy and
the antif erromagnetic interlayer exchange coupling betw een ferromagnetic

EuS layers via diamagnetic PbS spacer.

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

1. I n t rod uct io n

EuS{ PbS m ul ti layers are layered ferrom agneti c epita xi a l structures com -
posed enti rely of semiconducto r m ateri a ls. Euro pium sulÙde (EuS) is a m odel
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non-meta ll ic Hei senberg ferrom agnet | a m ember of the fam i ly of europi um
chalcogenides [1, 2]. Lead sul Ùde (PbS) is the wel l -known IV{ VI com pound semi-
conducto r wi th a narro w energy gap. It is a diam agnet and serves as a \ non-
-magneti c" spacer layer in the EuS{ PbS m ulti layer structure s. Both materi als
crysta l l ize in cubi c (ro ck sal t) crysta l structure wi th thei r latti ce param eters a

m atchi ng very well (Â a =a = 0 :5 % ). It perm i ts the epi taxi al growth of pseudo-
m orphi c EuS{ PbS structures wi th an overal l thi ckness exceeding 100 nm [3, 4].
El ectroni c structure of EuS{ PbS mul til ayers can be described as mul ti ple quantum
wel l of PbS conÙned by the ferromagneti c barri ers of EuS wi th a typ e I orderi ng
of band edges at the EuS{ PbS hetero -interf aces [3{ 6].

Ma gneti c properti es of EuS{ PbS mul til ayers grown epi ta xi al ly either on
K Cl (100) or BaF2 (111) substra tes were examined in Ref. [7]. The measurements of
m agneti zati on (appl yi ng superconducti ng quantum interf erence devi ce | SQUID ),
ac magneti c susceptibi l i ty , and ferrom agneti c resonance (FMR ) showed tha t the
ferrom agneti c tra nsiti on in EuS{ PbS mul til ayers is observed even for ul tra thi n EuS
layers of onl y 2 m onolay ers (2 ML). The Curi e tem perature T C was found to de-
crease wi th decreasing EuS thi ckness for layers thi nner tha n about 10 ML = 3 nm
[3]. The ferrom agneti c tra nsiti on tem perature in EuS{ PbS m ulti layers depends
also on therm al stress caused by the di ˜erences between therm al expansion coe£ -
ci ents of the substra te and of the m ul ti layer [7{ 9]. FMR measurements of m agneti c
ani sotro py showed tha t the vo lum e (shape) contri buti on to the anisotro py dom i-
nates the surface one for pra cti cal ly al l thi cknesses of EuS layer [7, 8]. Theref ore,
in EuS{ PbS m ul til ayers at low m agneti c Ùelds the m agneti zati on vector l ies in the
pl ane of the layer.

EuS{ PbS m ul ti layers form a ferrom agneti c{ non-magneti c m ulti layer system
wi th negl igibl y smal l carri er concentra ti on both in ferrom agneti c and in non-
-magneti c layer. Theref ore, they consti tute an excellent model system to study
the m echanisms of interl ayer exchangeintera cti ons vi a non-m etal lic spacers. These
intera cti ons pro ved to be of importa nce for both basic and appl icati onal research
on m etal l ic magneti c m ul ti layers [10]. They also pl ay an importa nt ro le in new
semiconducto r spintro nic magnetotra nsport and magneto -opti cal structures [11].
In meta l lic f erromagneti c m ul til ayers the interl ayer exchange is bro ught about by
the spin polari zati on of conducti ng carri ers (an analog of the Ruderm an{ Ki ttel {
Ka suya{ Yoshida (R KKY) intera cti on) [12]. Thi s m echanism is expected to be
negl igible in m ost of semiconducto r structures due to the lack of the requi red
very hi gh concentra ti on of carri ers. A num ber of new m echanisms of interl ayer
exchange was pro posed speciÙcal ly for semiconducto r system s indi cati ng the pos-
sibi l i ty for fer roma gnet ic coupl ing vi a ei ther electrons on shal low donor centers
or by Bl oembergen{ Rowla nd typ e exci ta ti ons over the energy gap [13{ 15]. How-
ever recentl y, in neutro n di ˜ra cti on and SQUID m agneti zati on studi es, the an-
t i fer romagnet ic interl ayer exchange intera cti on between EuS layers vi a thi n PbS
spacer layer was discovered in EuS{ PbS superla tti ces grown on KCl (100) sub-
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stra tes [16{ 18]. As far as we kno w, thi s is the Ùrst al l -semiconducto r ferrom agneti c
system tha t shows anti f erromagneti c interl ayer coupl ing between the m agneti c lay-
ers. For structure s grown on BaF2 (111) onl y ferromagneti c interl ayer coupl ing was
observed. A theo reti cal model expl aining these exp erimenta l Ùndings was proposed
in Ref. [19]. In thi s model the interl ayer coupl ing stems from the spi n-structure
dependent contri buti on to the to tal energy of EuS{ PbS mul til ay er related to the
exchange coupl ing between 4 f 7 magneti c orbi ta ls of Eu and s; p , and d orbi ta ls
of Pb, S, and Eu form ing the valence and the conducti on band of EuS and PbS.
The aim of our work is to pro vi de new experim enta l evi dence for the interl ayer
exchange intera cti ons in EuS{ PbS structures usi ng magneto -opti cal Kerr (MOKE)
techni que f or the analysis of the temperature and the magneti c Ùeld dependence
of m agneti zati on M ( H ; T ) . Since our wo rk reports the Ùrst appl icati on of the Kerr
m agneto metry to EuS{ PbS mul ti layers, we wi l l also bri eÛy address the importa nt
issues of spectra l response and opti cal design of the structures .

2. E x per i m en t a l

W e studi ed magneti c pro perti es of EuS{ PbS m ul ti layers and tri layers grown
on two insul ati ng tra nsparent substra tes, KCl (100) or BaF2 (111). The typi cal
m ulti layer consisted of 10 or 20 repeti ti ons of a basic EuS{ PbS bi layer wi th EuS
thi ckness in the range d E u S = 3{ 8 nm and PbS spacer thi ckness varyi ng between
d P bS = 0:8À 10 nm . The m ul til ayers were grown on 50 nm thi ck PbS bu˜er layer
usi ng the metho d of vacuum evaporati on of EuS and PbS on m onocrysta ll ine
substra tes. The growth to ok place at substra te tem perature T s ¤ 250£ C. The
m olecular Ûuxes were produced usi ng electro n gun for the EuS and a standard
resisti ve heati ng for PbS. The thi ckness of the layers was moni to red in sit u by a
cal ibra ted quartz resonato r, as well as checked post-growth by X- ray di ˜ra cti on.
The surface m orpho logy was characteri zed by ato mic force m icroscopy. W e inv es-
ti gated both the m ul ti layers term inated wi th the top EuS layer and wi th the to p
PbS cap layer. It is an im porta nt experim enta l factor because our m easurem ents
were carri ed out for the radiati on energy ñh ! = 2 : 1 eV, i .e. in the spectra l range of
stro ng funda m enta l absorpti on in PbS layers (f or PbS, the energy gap E g = 0:3 eV
at low temperatures). Al tho ugh we could detect the Kerr e˜ect f or PbS cap layer
up to 10 nm , in pra cti ce, for MOKE studi es one shoul d select mul til ayers wi th
very thi n PbS cap layer d cap ç 2 nm or wi tho ut i t. The characteri stic tem perature
and m agneti c Ùeld dependence of the Kerr ro ta ti on in EuS{ PbS m ulti layers pro ves
tha t the e˜ect we observe is of m agneti c ori gin and any non-m agneti c contri buti on
is negligibl e. The strong Kerr e˜ect in EuS ori ginates from the large m agneti zati on
dependent shift of the conducti on band edge [1, 2].

The m easurements of the longi tudi na l MOKE were carri ed out in the tem -
perature range 3{ 35 K in l iqui d helium conti nuous-Ûow cryo stat. The externa l
m agneti c Ùeld (H ç 1 5 0 Oe) was appl ied in the pl ane of the m ulti layer. The angle



360 L. Kow alczyk et al.

of incidence of l ight on the layer was about 30 degrees. A halogen lamp was used for
the light source. The polari zati on of electro magneti c radiati on wa s modul ated by
a mechanical m odul ator at a frequency of about 60 Hz. For detecti on of reÛected
radi ati on we used photo multi pli er appl yi ng standa rd lock- in techni que. In order to
establ ish the opti m al exp erimenta l condi ti ons we studi ed the spectra l dependence
of the Kerr e˜ect in EuS{ PbS in the wa velength range Ñ = 5 0 0 À 825 nm coveri ng
the fundam enta l electronic tra nsiti ons in EuS. In agreement wi th the experim en-
ta l data for bul k EuS crysta ls, we found two m axim a of the Kerr ro ta ti on: for
ñh! = 1 : 6 5 eV (correspondi ng to the absorpti on edge of EuS), and for ñh! = 2 : 1 eV
(co rrespondi ng to the m axi mum of absorpti on in EuS) [1, 2]. In our m easurem ents
we used the wa velength Ñ = 6 2 5 nm whi ch corresponds to the second maximum.

3. D iscu ssio n an d co ncl usions

Two representati ve Kerr hysteresis loops of EuS{ PbS m ul til ayers are shown
in Fi g. 1. The EuS{ PbS structure whi ch is grown on BaF 2 (111) shows a much
softer loop tha n tha t grown on KCl (001) substra tes. The form er shows a m agneti c
rem anence of about 95%, whereas the remanence of the latter is onl y about 20%.
The stro ng reducti on of the magneti c remanence in EuS{ PbS/ KCl m ul til ayers may
resul t from the presence of the anti ferrom agneti c coupl ing between EuS layers.
Since the detai led understa ndi ng of the shape of the m agneti c hysteresis loops of
sing le (no n-coupl ed) ul tra thi n EuS layers is sti l l lacki ng, no deÙnite conclusion can
be obta ined based on thi s evidence onl y.

An im porta nt inf orm atio n concerni ng the magneti c properti es of EuS{ PbS
m ulti layers can be drawn from the studi es of the tem perature dependence of the
Kerr ro ta ti on. Fi gure 2 shows the Kerr ro ta ti on at di ˜erent magneti c Ùelds in
[EuS(3 nm )/ PbS(1 .2 nm )] 1 0 and [EuS(3 nm )=PbS(2 .3 nm )]1 0 , both of whi ch were
grown on KCl (001) substra tes. W hi le the sampl ewi th the thi cker PbS spacer shows

Fig. 1. T he magnetic hysteresis loops in (a) [EuS(7 nm){PbS(1 nm) ] È 20 multilayer

on K Cl(100) substrate and (b) [EuS(7 nm){PbS(1 nm) ] È 20 multilayer on BaF 2 (111)

substrate.
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Fig. 2. The temp erature dep endence of the K err rotation in (a) [EuS(3 nm){

PbS(1. 2 nm) ] È 10 /K C l(100) (thin PbS spacer), and (b) [EuS( 4 nm){PbS(2. 3 nm) ]

È 10 =K C l(100) (thicker PbS spacer). The measurements w ere perf ormed applyin g in

the plane of the layer, magnetic Ùelds indicated in the Ùgure.

the standard m ean-Ùeld- l ike increase in the m agneti zati on wi th the decreasing tem -
perature, the sam ple wi th the thi nner spacer shows an anom alous non-m onoto nic
dependence of M ( T ) in low externa l m agneti c Ùelds (H ç 3 0 Oe). The \ norm al"
M ( T ) behavi or is observed only in the presence of su£ cientl y high externa l m ag-
neti c Ùelds (H Ñ 4 0 Oe). These experim enta l Ùndings can be expl ained in a simpl e
m odel whi ch consi ders the tem perature dependent com peti ti on of the Zeeman en-
ergy of magneti c layers in externa l m agneti c Ùeld (whi ch favors ferrom agneti c
al ignm ent of magneti zati on vecto rs of al l EuS layers), and the exchange energy of
anti ferromagneti c interl ayer coupl ing (whi ch favors anti ferromagneti c al ignm ent of
m agneti zati on in coupl ed layers). Then, the decrease in the net m agneti c mom ent
wi th the decrease in tem perature is a reÛection tha t the di ˜erent m agneti c layers
are becom ing m ore strongly anti ferrom agneti cal ly coupl ed. In fact, a sim ulati on
of the M ( T ) curve wi th the incl usion of the anti ferromagneti c interl ayer coupl ing
and using a m ean-Ùeld W eiss theo ry for the descripti on of m agneti zati on of EuS
layers can qual i ta ti vely reproduce the observed anom aly [17]. It is interesti ng to
point out tha t no anom aly in the tem perature dependence of the m agneti zati on
is observed in al l the structures grown on BaF2 (111) substra tes, even for sampl es
wi th thi n PbS spacer layers (d PbS ¤ 1 nm ). Thi s result is consistent wi th our sug-
gestion concl uded from the qual i ta ti ve analysis of the Kerr hysteresi s loops and
favors the expl anati on tha t the hi gh rem anence in the structures grown on BaF2

ei ther indi cates no interl ayer coupl ing or the magneti c layers are ferrom agneti -
cal ly coupl ed. Ano ther e˜ect whi ch must be ta ken into account in the analysis of
the anomalous M (T ) behavi or in the EuS layers is the tem perature dependence
of crysta l line magneti c anisotro py. However, the contri buti on of thi s e˜ect is of
m inor im porta nce here because sim ilar M ( T ) behavi or has also been observed in
EuS{ PbS mul til ay ers on KCl (001) in both [100] and [110] in-plane crysta l lographic
di recti ons using SQUID m agneti zati on m easurements [17].
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In concl usion, our study of the Kerr rota ti on of the EuS{ PbS mul ti layers
shows the presence of anti ferromagneti c interl ayer coupl ing in Ùlm s whi ch were
grown on KCl and not tho se on BaF2 . Thi s is in agreement wi th the recent study
of the interl ayer coupl ing in EuS{ PbS by K ²pa et al . usi ng neutro n scatteri ng
and neutro n reÛectivi ty techni ques, as well as SQUID m easurements of m agneti c
hysteresi s loops [16]. Al tho ugh the MOKE hysteresi s loops do not show step- l ike
behavi or, indi cati ve of the presence of interl ayer coupl ing, the tem perature depen-
dence of the m agneti zati on of the thi nner PbS spacer sam ple does show a stro ng
decrease in the net magneti c m oment wi th decreasing tem perature in low m agneti c
Ùelds. Thi s anomaly can be expl ained as a resul t of the com peti ti on between the
Zeeman energy of ferrom agneti c layers in externa l magneti c Ùeld and the tem per-
ature dependent contri buti on of the anti ferromagneti c interl ayer exchange energy.
Our exp eriments show tha t the m easurements of M (T ) curves can be a sensi-
ti ve wa y of studyi ng the anti ferromagneti c interl ayer coupl ing in semiconducto r
m agneti c mul ti layers.
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