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Tem per at ure dependen ce of current { vo lta ge I À V character i stics and
resistivi t y is studied in ferromagnetic PbS{ EuS semiconductor tunnel struc -
tures grow n on n - PbS ( 100) substrates . For the structures with a single

( 2{ 4 nm thic k) ferromagnetic EuS electron barrier w e observe strongly non-
-linear I À V characteristics w ith an e˜ective tunnelin g barrier height of
0.3{0. 7 eV . The exp erimentally observed non- monotonic temp erature de-

p endence of the (normal to the plane of the structure) electrical resistance
of these structures is discussed in terms of the electron tunneli ng mechanism
taking into account the temp erature dependent shif t of the band o˜sets at
the EuS{PbS heterointerf ace as well as the exchange splitti ng of the elec-

tronic states at the bottom of the conduction band of EuS.

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

1. I n t rod uct io n

EuS{ PbS m ulti layers are al l -semiconducto r m agneti c quantum structures
in whi ch ferrom agneti c insul ati ng layers of EuS are electro nic barri ers whereas
non-magneti c conducti ng layers of PbS are quantum wells. Both these semicon-
ducto r com pounds crysta l l ize in the rock sal t structure wi th wel l m atchi ng latti ce
parameters, (a E uS À a P bS )=a PbS = 0:5% at room tem perature. It perm i ts epi ta xi al
growth of high crysta l qual i ty superlatti cesand other layered structures empl oyi ng
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hi gh vacuum depositi on techni ques [1]. Ferrom agneti c tra nsiti on in EuS{ PbS m ul-
ti layers is observed even in structures wi th ul tra thi n layers of EuS of onl y 0.6 nm
(i .e., j ust two m onolayers). The tra nsi ti on tem perature of EuS{ PbS m ul ti layers de-
creases (f rom the value of 16.5 K observed in bul k crysta ls [2, 3]) wi th decreasing
thi ckness of EuS layer, and also depends on the stra in bro ught about by the di ˜er-
ence in the therm al expansion coe£ ci ents of KCl (100) and BaF 2 (111) substra tes
and the m ul ti layer [4, 5]. The photo lum inescence studi es of EuS{ PbS hetero struc -
tures showed tha t these hetero structur es exhi bi t typ e-I orderi ng of conducti on
and valence band edges wi th narro w gap (0.3 eV at low temperatures) PbS layers
form ing quantum wells f or both holes and electro ns [1, 6]. EuS{ PbS mul ti layers
consti tute an intri guing new spi ntro nic system in whi ch one expects to contro l the
electri cal and opti cal properti es of the structure by changing the m agni tude and
ori enta ti on of magneti zati on vecto rs of EuS barri ers. The key physi cal e˜ect here is
the large sponta neous exchange spli tti ng of the conducti on band of EuS observed
below the Curi e tem perature [2, 4]. It resul ts in a large tem perature and m agneti c
Ùeld contro l led change of the height of the electro nic barri er for electro ns at the
EuS{ PbS hetero interf ace. These e˜ects were already observed in m etal À EuS hy-
bri d structures exhi bi ti ng very large tunnel ing magnetoresistance [ 7 ; 8 ] . In thi s
respect , parti cul arly interesti ng are EuS{ PbS m ul til ayers grown on KCl (100) and
PbS (100) substra tes in whi ch, for very thi n PbS spacer layers, the anti ferro-
m agneti c interl ayer coupl ing is observed in neutro n di ˜ra cti on and m agneti zati on
exp eriments [5, 9, 10]. The ferrom agneti c m utua l orienta ti on of m agneti zati on vec-
to rs of EuS layers can be obta ined by the appl icati on of smal l externa l m agneti c
Ùeld of the order of 10 m T thus pro vi ding an e£ cient way of contro l of the m agneti c
state of the m ul til ayer.

In all -semiconducto r EuS{ PbS structures, the search for new spintro nic tra ns-
port and opti cal e˜ects bro ught about by the ferrom agneti c character of electro nic
barri ers is in its ini ti al stage. The recent report showed, in parti cular, tha t the
structures wi th doubl e EuS ferrom agneti c barri er exhi bi t strongly nonl inear I À V

characteri sti cs wi th a range of vo l tages corresp ondi ng to negati ve di ˜erenti al re-
sistance [11]. In thi s work, we report exp erimenta l studi es of verti cal (tunnel ing)
electron tra nsport thro ugh a model PbS{ EuS{ PbS hetero structure s conta ining a
sing le EuS ferrom agneti c barri er wi th the nom inal thi ckness of 2{ 4 nm . W e ex-
pl oi t here the technological appro ach to the verti cal tra nsport, devel oped in our
Insti tute, whi ch is based on the use of conducti ng n -PbS substra tes [12{ 14].

2 . G r owt h an d el ect r i cal m easur em ent s

PbS{ EuS( t ){ PbS hetero structure s wi th EuS thi ckness in the range
t = 2 À 4 nm were epita xi al ly grown by high vacuum therm al evaporati on of
PbS and electron-beam evaporati on of EuS on freshly cleaved (100)-ori ented sub-
stra tes of n -typ e PbS crysta ls. The substra te temperature duri ng growth wa s about
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Fig. 1. A scheme of EuS{PbS multilayer structure with a single ferromagnetic barrier

w hich is employed in this work to study the vertical electron transp ort. T he bottom

electro de is pro vided by conducting n -PbS mono crystall i ne substrate w ith deposited

layer of A u. T he right hand side of the Ùgure presents a mo del of energetic p osition of

the edges of valence and conduction bands in EuS{PbS heterostructure along the grow th

direction of the multilayer.

3 5 0 £ C. The PbS m onocrysta ls were grown in our Insti tute by various modiÙcati ons
of physi cal vapor tra nsport m etho d [13, 14]. X- ray and atom ic force microscopy
(AFM) characteri zati on of the crysta l qual i ty of a series of PbS substra te pl ates
showed the X- ray rocking curve for the (200) reÛex wi th the ful l wi dth at half m ax-
im um (FW HM) param eter in the range 65{ 250 arcsec and the root- m ean-square
(rm s) roughness of 1 nm for the analyzed area of 1 0 È 1 0 ñ m2 . The characteri stic
feature of surface m orphology of PbS substra te plates is the presence of long, pra c-
ti cal ly ato m ical ly Ûat regions wi th typi cal dim ensions of (1 À 1 0 ) È 0 :1 ñ m 2 . The
FW HM rocki ng curve wi dth for EuS{ PbS structures grown on PbS substra tes is
typi cal ly 200{ 300 arcsec, whereas the AFM analysis (p erform ed in air) of the m or-
phology of the top PbS layer in the EuS{ PbS m ul til ayer showed rm s roughness of
4 nm for the analyzed region of 1 0 È 1 0 ñ m2 [12]. The inv estigated sam ples in the
form of rectangular pi l lars wi th the side di mensions 200À 5 0 0 ñ m were prepared by
a di rect cleavage of the hetero struc ture s along the (010) and (001) crysta l planes.
The n -PbS substra te also served as a botto m electro de. The structures were capp ed
wi th 100 nm PbS layer (see Fi g. 1). The to p electri cal conta ct wa s m ade to thi s
cap layer using either Au or La B6 metal l izati on and conducti ng carb on or silver
pastes.
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W e appl ied the standard dc metho d to m easure the current, I , passing ver-
ti cal ly (see Fi g. 1) thro ugh the structure as a functi on of the appl ied vol ta ge,
V , in the tem perature range T = 4 :2 À 230 K. The tem perature dependence of
resistance was studi ed at low dc bi as (V < 1 0 0 m V) wi tho ut externa l m agneti c

Fig. 2. T he current{voltage ( I À V ) characteristics (at T = 4: 2 K in (a) and at T = 77 K

in (b)) of PbS{EuS(3 nm){PbS tunneli ng structure w ith a single EuS barrier grow n on

PbS substrate. T he solid lines show the best theoretical Ùt obtained using the Simmons

expression for the tunneling current and taking into account an additiona l resistor R s

connected in series w ith the tunnel resistor. The dashed lines illustrates the e˜ect of the

resistor R s on the I À V characteristics (here: R s = 0 and all the other parameters are

the same as in the calculatio ns show n by the solid lines). T he dotted lines present the

b est Ùts for the model w ithout the R resistor.

Fig. 3. T he temp erature dep endence of the tunneli ng resistance of PbS(100 nm){

EuS(3 nm){PbS( 60 nm) single barrier structure grow n on PbS (100) substrate (a).

Part (b) presents this dep endence mo deled taking into account the linear decrease (w ith

increasin g temp erature) of the p otential barrier for electrons due b oth to the increase in

the energy gap of PbS and the decrease in the energy gap of EuS. A t low temp eratures,

the expected dominant e˜ect is due to the decrease in the electronic barrier brought

about by the exchange splittin g present below the ferromagnetic Curie temp erature of

EuS (solid line). For comparison, the case of \paramagneti c" (no exchange splittin g)

EuS is also show n (broken line).
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Ùeld or appl yi ng smal l Ùeld in the plane of the structure. The PbS{ EuS m ulti -
layer structures exhi bi ted a pro nounced non-l ineari ty in the current{ vol ta ge I À V

characteri sti cs for verti cal , i .e., along the growth di recti on, electro n tra nsport. The
typi cal exam ple of the I À V characteri sti cs of the tri layer structure wi th a sing le
EuS barri er is presented in Fi g. 2 at T = 4 : 2 K (below the Curi e tem perature)
and T = 7 7 K (above the Curi e tem perature). The results of a m odel theoreti -
cal analysis of thi s I À V curve (sol id and bro ken l ines in Fi g. 2) are given in the
next section. Fi gure 3 presents the tem perature dependence of the resistance (at
low bias of V = 9 0 meV of the PbS{ EuS(4 nm ){ PbS tri layer structure over the
tem perature range T = 4 : 2 À 230 K. The non-monoto nic dependence of resistance
on tem perature wi th a bro ad m axi mum about T = 1 0 0 K observed in most of the
structures studi ed is discussed in the next section.

3. D iscu ssio n an d co ncl usions

It is exp ected tha t the dom inant m echanism of the verti cal (a long the growth
di recti on of the mul til ayer) electron tra nsport in PbS{ EuS{ PbS tri layers is due to
the electron tunnel ing from n -PbS layers vi a the spin-dependent EuS ferrom agneti c
barri er. The experim enta l ly observed stro ngly non- l inear I À V characteri stics of
the EuS{ PbS hetero structu res can indeed be m odeled using, e.g., the wel l -known
Simm ons expression for m etal l ic electron tunnel ing structure s [7]. However, the
m ore detai led analysis of the I À V experim enta l curves shows tha t the f ul ly sat-
isfactory theoreti cal descripti on is obta ined i f the equivalent electri cal circui t of
PbS{ EuS{ PbS tri layer structures conta ins addi ti onal (about 1 0 0 ¨ ) resistor R s

connected in series wi th the tunnel resistor (see Fi g. 2). Thi s addi ti onal resistor is
l ikel y to ori ginate, e.g., from the non-perfect ohm ic conta cts or from Au/ PbS in-
terf ace resistance. For compari son, we also show in Fi g. 2 the I À V characteri stics
calculated wi tho ut thi s addi ti onal resistor. W e would l ike to note tha t our m od-
el ing indi cates tha t the e˜ecti ve electron tunnel barri ers found in our structures
are of the order of 0.5{ 0.2 eV, i .e., they are about a factor of two smal ler tha n
exp ected based on the photo lum inescence experim ents and the tunnel ing studi es
of EuS{ metal hybri d structure s. Addi ti onally, we also observed tha t al tho ugh, as
exp ected, tunnel ing barri ers at T = 7 7 K (above the ferrom agneti c tra nsiti on) are
system ati cal ly found to be larger tha n the barri ers at T = 4 : 2 K (b elow the Curi e
tem perature), the di ˜erence is much smal ler tha n exp ected. These exp erimenta l
Ùndi ngs suggest tha t the EuS electron barri ers in EuS{ PbS structures studi ed in
thi s work are rather im perfect. The sam e conclusi on m ay be reached based on the
exp erimenta l ly found lack of any signiÙcant e˜ect of the appl icati on of the low
in-plane m agneti c Ùeld on the I À V characteri sti cs. Fi nal ly, we m enti on tha t in
som e of PbS{ EuS structures studi ed, we found only weakl y non- l inear I À V char-
acteri stics wi th rather low resistance and strongly reduced e˜ecti ve barri er height.
The verti cal current tra nsport in these structures is likely to proceed vi a pin-hole
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electri cal microbri dges or other interf ace defects tha t electri cal ly short- circui t the
EuS barri er.

Fi gure 3b presents the results of our m odel analysis of the tem perature de-
pendence of the resistance of PbS{ EuS{ PbS structures . Our concl usion is tha t
at high tem peratures, T > 1 0 0 K, the exp erimenta l ly observed decrease in the
resistance of the structures is l ikel y to ori ginate from the e˜ect of a decrease in
the electron tunnel ing barri er U at the EuS{ PbS interf ace, U = E EuS

g À E PbS
g ,

bro ught about by the simulta neous l inear decrease in the energy gap of EuS and
the increase in the energy gap of PbS. The m odel calculati ons presented in Fi g. 3b
correctl y repro duce both the overa l l tem perature dependence and the magni tude
of the e˜ect. At low tem peratures (b elow the Curi e tem perature) one expects
the decrease in the tunnel ing resistance due to the spintro ni c e˜ect related to
the decrease in the electron barri er U as governed by the exchange spli tti ng of
the conducti on band of EuS. Al tho ugh quali ta ti vely correct, our m odel predi cts
the m axi mum on the resistance vs. tem perature plot at tem perature considerably
lower tha n found experim ental ly.

In concl usion, we have studi ed experim enta l ly and developed a simpl em odel
of the strongly non-l inear I À V characteri sti cs of PbS{ EuS{ PbS tunnel ing ferro-
m agneti c tri layer structure s. Our analysis indi cates tha t EuS electroni c barri ers are
in these structures considerably reduced as com pared to the ones concl uded f rom
opti cal studi es. At hi gh tem peratures, the experim ental ly observed l inear decrease
in the tunnel resistance can be sati sfactory described by the electro n tunnel ing
m echani sm ta ki ng into account the tem perature dependence of the band structure
parameters of the EuS{ PbS hetero interf ace.
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