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M agnet ic propertie s of semicon ductor Eu S(t ) À P bS(d ) À EuS( t ) ferro -

magnetic tri layers (t = 3 0 Ë 300 ¡A and d = 7: 5 Ë 70 ¡A ) gro wn on n -typ e
mono crystall ine PbS ( 100) substrate were studied by SQ UI D magnetome-
try and ferromagnetic resonance tec hni que yieldi ng , in particular, the de-

p endence of the ferromagnetic C urie temp erature on the thic kness of the
EuS layer . Structural parameters of layers w ere examined by X -ray powder
di ˜ractio n analysis. A high structural quality of the substrate and the mul-
tilayer w as veri Ùed by the measurements of the X -ray rocking curve w idth

indicati ng the values of the order of 100 arcsec and by atomic force mi-
croscopy revealing the presence on the clef t PbS surf ace regions practicall y
Ûat in the atomic scale over the area of 1 È 0 : 1 ñ m2 :

PACS numb ers: 75.20.C k, 75.30.Et
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1. I n t rod uct io n

In EuS{ PbS semiconducto r m ulti layers ferrom agneti c layers of EuS f orm
electronic barri ers for nonm agneti c PbS quantum wel ls. Both m ateri als crysta l l ize
in a cubi c (ro cksal t) structure and are wel l m atched wi th respect to thei r latti ce
parameters: for EuS a 0 = 5 : 9 7 ¡A whereas for PbS a 0 = 5 : 9 4 ¡A. Theref ore, epi-
ta xi al EuS{ PbS multi layers can be grown pseudom orphi cal ly up to the overal l
thi ckness of the structure exceeding 2000 ¡A. Unti l now the EuS{ PbS mul ti layers
were grown on two insul ati ng, tra nsparent in the near inf rared and in the vi si-
bl e ranges of spectrum monocrysta l l ine substra tes: BaF2 wi th growth pro ceeding
along (111) crysta l axi s and KCl wi th growth along (100) di recti on. In both cases
the layers were deposited on freshly cl eaved surfaces. Ferromagneti c tra nsi ti on
in EuS{ PbS/ BaF 2 and EuS{ PbS/ KCl m ul til ayers is observed even in structures
wi th ul tra thi n layers of EuS of onl y 6 ¡A, i .e. two monolayers (2 ML). Ferrom ag-
neti c tra nsiti on temperature T c depends on the thi ckness t of the ferrom agneti c
layer of EuS and on the stra in intro duced by the di ˜erence in the therm al expan-
sion coe£ cients of the substra te and the m ulti layer [1, 2]. Parti cul arl y interesti ng
are EuS{ PbS m ulti layers grown on KCl (100) substra tes in whi ch, for very thi n
PbS spacer layers, the anti ferrom agneti c interl ayer coupl ing is observed in neutro n
di ˜ra cti on and magneti zati on exp eriments [3, 4]. The ferromagneti c m utua l ori en-
ta ti on of magneti zati on vecto rs of EuS layers can be obta ined by the appl icati on
of smal l externa l m agneti c Ùelds of 100 Oe.

In thi s work, we exam ine the m agneti c and structura l pro perti es of EuS{ PbS
m ulti layers grown on n -typ e PbS(1 00) substra tes cleaved from the bul k single crys-
ta ls prepared by vari ous modiÙcati ons of physi cal v apor tra nsport m etho d. The
devel opm ent of conducti ng n -typ e (100)-ori ented m onocrysta l l ine PbS substra tes
for the epi ta xi al growth of EuS{ PbS m ulti layers qual i ta ti vely expands our possi-
bi l iti es aim ing at the developm ent of new semiconducto r spi ntro nic tunnel ing and
l ight emi tti ng structures acti vel y expl oi ti ng ferrom agneti c character of EuS barri -
ers for the contro l of the charge and spin tra nsport perpendicul ar to the plane of
the structure.

2. G r owt h an d ch ar act er izat io n

For the growth of EuS{ PbS mul til ayers studi ed in thi s work we used PbS
(100) substra tes freshl y cl eaved f rom bul k PbS crysta ls. The bul k PbS m onocrys-
ta ls were grown by two m odi Ùcati ons of physi cal vapor tra nsport metho d: the
m etho d of self-selecting vapor growth (SSVG, [5]), and the low super-satura ti on
\ conta ctl ess" physi cal vapor tra nsport (LSS PVT, [6]) m etho d. The appl icati on of
both metho ds resulted in a successful growth of high qual i ty bul k PbS m onocrys-
ta ls wi th (100) crysta l cleavage planes. From single-crysta l line bl ocks of PbS
(wi th thei r volum e ranging from a hal f to a few cubi c centim eters) we selected
for the epi ta xi al depositi on of EuS{ PbS m ulti layers a numb er of freshly cleaved
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(100)-oriented pl ates about 1 mm thi ck wi th a typi cal area of about 4 È 8 mm 2 .
The X- ray powder di ˜ra cti on analysis (Cu K ˜ radiati on, see Fi g. 1) of PbS bul k
crysta ls showed, as expected, the rocksal t structure wi th the latti ce parameter
a 0 = 5 :9 3 8 ¡A for crysta ls grown by SSVG m etho d and a 0 = 5 : 9 3 7 ¡A for crysta ls
grown by LSS PVT m etho d. T o characteri ze the crysta l qual ity of these PbS pl ates
we measured the wi dth of the X-ray rocki ng curve for the (200) reÛex. It shows
the FW HM values in the range of 65{ 250 arcsec (see inset in Fi g. 1) for the set
of about ten PbS substra tes studi ed by us. The ato m ic force m icroscopy (AFM)

Fig. 1. The X - ray p owder di˜racti on spectrum for PbS substrate revealing rocksalt

lattice w ith a : ¡A . T he inset show s the ro cking curve for (200) reÛex for PbS

mono crystal.

analysis of PbS substra te plates indi cated the root- m ean-square (rm s) roughness
of 10 ¡A, i .e., about 3 ML for the analyzed area of ñ m2 . The characteri stic
feature of surf ace morphology of PbS substra te plates is the existence of very long
(i n some cases exceeding 10 ñ m) practi cal ly ato mically Ûat regions wi th a typi -
cal area of : ñ m 2 . Both techni ques of PVT growth appl ied in thi s work to
the growth of PbS produced n - typ e materi al as checked by Ha l l e˜ect and ther-
m oelectri c measurements. It is the consequence of the com positi on of the source
polycrysta l l ine PbS m ateri al whi ch is usual ly intenti onal ly prepa red wi th a slight
devi ati on from sto ichiom etri c com positi on to wards excess metal (deÙcient sul fur).
In al l IV{ VI semiconducto r com pounds the ani on vacancies are the wel l -known
source of high concentra ti on (typi cal ly n 1 7 1 8 cm 3 ) of quasi-free elec-
tro ns. As the electroni c energy levels of these defects are located above the botto m
of the conducti on band one observes m etal lic n -typ e conducti vi ty wi th practi cal ly
tem perature independent electron concentra ti on.
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The EuS{ PbS mul til ayers were grown on PbS(1 00) substra tes employing vac-
uum depositi on system equipped wi th an electron gun for the evaporati on of EuS
and tung sten boats for standard resistive heati ng of PbS. The thi ckness of the lay-
ers was contro l led in-situ by quartz resonato r. The substra te temperature duri ng
the growth was about 350£ C. As the latti ce param eters of PbS and EuS are very
sim i lar the X-ray di ˜ra cti on analysis of EuS{ PbS/ PbS(1 00) structures shows onl y
a single set of di ˜ra cti on peaks corresp ondi ng very closely to the rocksal t latti ce
parameter of PbS. Thi s is in contra st to EuS{ PbS/ BaF 2 and EuS{ PbS/ KCl struc-
tures in whi ch the substanti al m ismatch between the substra te and the layers is
reÛected in X- ray measurements as separate sets of di ˜ra cti on peaks. The FW HM
rocki ng curve wi dth for EuS{ PbS/ PbS structures (typi cal ly 200 arcsec) was some-
wha t larger tha n for the freshly cleft PbS crysta ls but com pares f avorably even
wi th the best structures grown previ ousl y on BaF2 or KCl substra tes f or whi ch the
rocki ng curve wi dth of 300 arcsec was found. The AFM analysis of the m orpho logy
of the to p PbS lay er in the EuS{ PbS m ulti layer showed rm s roughness of 40 ¡A for
the analyzed region of 1 0 È 1 0 ñ m 2 . The m easurements were taken in the ai r wi th
no special cleani ng pro cedure. Our m easurements indi cate tha t the morpho logy of
the to p layer is inÛuenced by a slow oxi datio n of PbS layer. Theref ore, m ost of
our structure s were capped wi th 100{ 1000 ¡A PbS protecti ve layer. In structures
intended for tra nsport measurements cappi ng of the to p PbS layer wi th m etal l ic
Au or and La B 6 ohm ic conta ct layers is also frequentl y employed.

3. Ma gn et ic pr oper t ies

Ma gneti c pro perti es of EuS{ PbS/ PbS(1 00) mul til ayers were studi ed by a
superconduct ing quantum interf erence (SQUID ) devi ce for m agneti zati on mea-
surements as a functi on of tem perature (T = 5 Ë 3 5 K) and m agneti c Ùeld
(B ç 5 T) as well as by the ferrom agneti c resonance (FMR ) techni que. W e stud-
ied EuS( t ) À PbS(d EuS( t ) ferrom agneti c tri layers wi th the thi ckness of ferro-
m agneti c EuS layers t ¡A and the thi ckness of nonm agneti c PbS spacer
d : ¡A. The EuS{ PbS{ EuS tri layers were deposited on PbS substra te over-
grown wi th a hom oepi ta xial 450 ¡A thi ck PbS bu˜er layer. The enti re EuS{ PbS
tri layer structure was capped wi th a 500 ¡A to p PbS layer.

Ferrom agneti c tra nsiti on is observed in al l EuS{ PbS/ PbS structures stud-
ied by us. The temperature dependence of m agneti zati on as well as the m agneti c
hysteresi s loop of the reference PbS{ EuS{ PbS/ PbS(100) structure wi th a sing le
thi ck (300 ¡A) EuS layer is presented in Fi g. 2. The ferrom agneti c Curi e tem per-
ature T of EuS{ PbS/ PbS m ulti layers decreases from the value 17.0 K observed
for the m ul ti layer wi th a 300 ¡A thi ck EuS layer to 15.0 K for tri layers wi th 30 ¡A
EuS layers. The dependence of the tra nsiti on tem perature on the thi ckness of EuS
layer is presented in Fi g. 3 for al l three substra tes used for epi ta xi al depositi on of
EuS layers. The T t dependence for EuS{ PbS/ PbS(1 00) m ulti layers is analogous
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Fig. 2. Ferromagnetic transition ( T c = 17:0 K ) in PbS(100 ¡A ) {EuS(300 ¡A ){PbS(100 ¡A )

/PbS(100) structure with a single thick layer of EuS; (a) the temp erature dependence

of magneti zation ; (b) the magnetic hysteresis loop.

Fig. 3. The dep endence of the ferromagnetic C urie temp erature of EuS{PbS multilayers

grow n on various substrates on the thickness of EuS layer. T he solid lines indicate the

mean- Ùeld theoretical model w ith sharp interf aces w hereas the broken lines corresp ond

to the mean Ùeld mo del for Ï 1 M L interdi˜used interf ace [1].

to the case of EuS{ PbS structures grown on KCl (100) substra tes and can be ac-
counted for both by a simpl em ean-Ùeld m odel ta ki ng into account the distri buti on
of m agneti c neighb ors at the magneti c-nonm agneti c interf ace [1] as wel l as by m ore
ri gorous theo reti cal m odels empl oying Green functi on techni ques for the analysis
of magnon exci tati ons in these m ul ti layers [7]. The substanti al (by the factor 2/ 3)
reducti on of the Curi e tem perature is expected only for EuS layers thi nner tha n
about 10 ML as exp erimenta l ly observed in EuS{ PbS/ KCl and EuS{ PbS/ BaF2

structures (see Fi g. 3). It is interesti ng to note tha t the ferrom agneti c Curi e tem -
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perature T c = 17 :0 K observed in the structures wi th thi ck EuS layers grown
on PbS substra te is by about 0.4 K hi gher tha n the tra nsi ti on temperature in
the bul k EuS crysta ls. Thi s result can be understo od ta ki ng into account tha t
EuS{ PbS/ PbS m ulti layers are expected to be pseudomorphi cal ly stra ined wi th
the EuS layer being biaxi ally com pressed. It resul ts in the decrease in the di stance
between nearest magneti c neighbors and the increase in the relevant exchange inte-
gra ls. Thi s e˜ect is discussed in deta i l in Ref. [1] in whi ch the large stra in- induced
shi ft of Curi e tem perature was exp erim ental ly observed in EuS{ PbS/ KCl struc-
tures as a consequence of both EuS/ PbS latti ce mismatch and the di ˜erence of
therm al expansi on coe£ ci ents between the KCl substra te and the m ulti layer (a lso
resul ti ng in com pressive stra in in EuS layer).

Ferrom agneti c tra nsiti on tem peratures in EuS{ PbS/ PbS structure s were also
cl earl y observed in X- band magneti c resonance m easurements carri ed out over
the tem perature range of T = 3 : 5 Ë 6 0 K. For thi s work, an im porta nt pi ece of
inf orm ati on obta ined from the FMR m easurements concerns the wi dth of the FMR
l ine. In EuS{ PbS/ PbS(1 00) m ul til ayers the FMR l ine wi dth is about 100{ 150 Oe
as com pared to 300{ 400 Oe observed in EuS{ PbS/ KCl structures and 400{ 600 Oe
found in EuS{ PbS/ BaF 2 mul til ayers. It supp orts our conclusi ons of a better qual i ty
of EuS{ PbS m ulti layers grown on PbS (100) as com pared to the layers grown on
other substra tes.

W e have also examined the m agneti c properti es of EuS{ PbS{ EuS/ PbS tri -
layers wi th a very thi n nonm agneti c PbS spacer. For a numb er of mul ti lay ers wi th
PbS thi ckness d = 7 : 5 ¡A and d = 1 0 ¡A we observed pronounced m agneti c e˜ects
(e.g. very low magneti c rem anence, characteri sti c ki nk on magneti c hysteresi s loops
and non-m onoto ni c,at low Ùelds, temperature dependence of m agneti zati on) whi ch
reveal the presence of anti ferromagneti c interl ayer coupl ing between EuS layers.
Thi s Ùnding is im porta nt for the developm ent of new spintro nic structure s as i t
o˜ers the possibi l i ty to swi tch between anti ferrom agneti c and ferrom agneti c al ign-
m ent of the magneti zati on vecto rs of EuS layers appl yi ng weak externa l m agneti c
Ùelds of 100 Oe. Thi s e˜ect is discussed in detai l in R ef. [8].

4 . Su m m ar y

A successful appl icati on of physi cal vapor tra nsport m etho d for the growth of
PbS crysta ls al lows us to obta in a high structura l qual i ty of sing le-crysta l materi als
wi th (100)-ori ented cl eaved surfaces exhi bi ti ng m orpho logical perfection suita ble
for the epita xi al growth of EuS{ PbS f erromagneti c mul ti lay ers. Ma gneti zati on and
m agneti c resonance studi es show tha t the Curi e temperature of the ferrom agneti c
tra nsiti on in EuS{ PbS{ EuS/ PbS(1 00) tri layers decreases wi th decreasing thi ck-
ness of the m agneti c layer. For a thi ck sing le layer of EuS grown on PbS the Curi e
tem perature is 17.0 K, i .e. about 0.4 K above the tra nsiti on tem perature in the
bul k EuS crysta ls. Thi s e˜ect is l ik ely to arise from the biaxi al com pressing stra in
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exp ected in pseudom orphi c EuS{ PbS structures due to the di ˜erence in latti ce
parameters of the two layers. For structures wi th ul tra thi n PbS spacers the m ag-
neti c hysteresis loops and as well as the characteri stic tem perature dependence of
m agneti zati on reveal the presence of anti ferromagneti c interl ayer coupl ing.
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