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Cu rr ent{ volt age character i stics and tem perature dependence of di ˜er -
ential conductance w ere studied in lithograph ica ll y patterned (lateral dimen-

sions from 1 0 È 10 ñ m 2 to 100 È 100 ñ m2 ) ferromagnetic Eu S{ PbS{EuS mi-
crostructures . Below the ferromagnetic transition temp erature a 4% decrease
in the structure conductance was observed for mutual antif erromagnetic ori-
entation of magneti zatio n vectors of ferromagnetic EuS layers.

PACS numb ers: 73.61.Le , 75.30.Et, 75.70.C n

1. I n t rod uct io n

PbS{ EuS hetero struc tures owi ng to the nearly perfect latti ce matching and a
large di ˜erence in the energy gap o˜er a uni que semiconducto r tunnel ing system, in
whi ch ferrom agneti c electro n barri ers of EuS separate diam agneti c PbS quantum
wel ls. D ue to a large spin spli tti ng of the conducti on band of ferrom agneti c EuS,
whi ch am ounts to about 0.36 eV, the EuS barri er height is spi n-dependent below
i ts Curi e tem perature. It results in di stincti vely di ˜erent tunnel ing probabi l i ti es
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for electro ns wi th opposite spin ori enta ti ons, suggesting its prospective appl icati on
for spin Ùlteri ng.

Bul k EuS is a ferrom agneti c semiconducto r wi th an energy gap of 1.6 eV and
the Curi e tem perature T C = 16:6 K (cf . [1] and references therei n). Ma gneti c prop-
erti es of PbS{ EuS m ul til ayers, grown on PbS substra tes, depend on the thi ckness
of EuS layers as well as on the thi cknessof non-magneti c PbS layers separati ng the
EuS ones. The Curi e tem perature of the structure s decreases wi th a decrease in
EuS layer thi ckness from i ts bul k value to 15 K for 3 nm thi ck layers [2]. In addi -
ti on, the structures wi th su£ cientl y thi n (below 2 nm ) non-m agneti c PbS spacers
reveal an anti ferrom agneti c interl ayer coupl ing between the EuS layers [3].

In our recent papers we investigated verti cal electro n tra nsport thro ugh
PbS{ EuS hetero struc ture s conta ining either a sing le EuS barri er [4], or two EuS
barri ers separated by a thi n PbS quantum wel l [5], embedded into a PbS m a-
tri x. The investigated sam ples in the form of rectangular pi l lars wi th the side
di mensions ranging from 200 to 500 ñ m were prepared by a di rect cleavage of the
hetero struc ture s. They revealed a pronounced nonl ineari ty in the current{ vol ta ge
( I À V ) characteri stics, typi cal of the tunnel current, but m ost of the sam ples ex-
hi bi ted rather low resistance and strongly reduced e˜ecti ve barri er height [4]. The
m ost interesti ng resul t obta ined for several sampl es wi th doubl e EuS barri er was
the appearance of a range of negati ve di ˜erenti al resistance in thei r I À V charac-
teri sti cs, whi ch is the feature characteri stic of resonant tunnel ing [5]. In the present
paper we report on a m anufa cturi ng of m esa-typ e m icrostructures of latera l di -
m ensions below 100 ñ m , suita ble for verti cal electron tra nsport measurements,
and thei r electri cal characteri zati on.

2. Fabr icat ion of m icr ost r uct ur es

The inv estigated hetero struc ture s were epita xi ally grown on (100)-ori ented
n -PbS m onocrysta l l ine substra tes by high-vacuum therm al evaporati on of PbS
and electron-beam evaporati on of EuS [1]. They consisted of two EuS barri ers,
2 to 10 nm thi ck, separated by a thi n PbS well , embedded into a PbS m atri x.
Som e of the structures conta ined a La B 6 cap layer evaporated in the pro cess of
m ulti layer growth, whi ch served as an ohm ic conta ct to n - typ e PbS. Fi gure 1
presents a cross-secti onal vi ew of one of the hetero struc ture s revealed by tra ns-
m ission electron microscopy (TEM). The sampl es for TEM analysis were prepa red
by means of m echanical po lishi ng f ol lowed by low-angle and low-energy ion mi l li ng
to a thi ckness of electron tra nsparency, whi ch was rather di£ cult for the PbS{ EuS
structures because of thei r hi gh bri ttl enessand the content of heavy elements.

The m esa-typ e structures of square cross-secti ons wi th the side dim ensions
ranging from 10 to 100 ñ m were patterned wi th the help of either standard pho-
to l i tho graphy or electron-beam l i tho graphy and chemically etched in the m ulti layer
structures usi ng either 0.5% aqueous soluti on of Br 2 :HBr (1:24) or 0.05% Br 2 solu-
ti on in ethyl ene glycol (C 2 H6O2 ). W e determ ined the etchi ng rate of about 5 nm / s
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Fig. 1. Bright Ùeld TE M micrograph of a cross- section of PbS{EuS double- barri er

heterostructure.

Fig. 2. A FM image of a microstructure of 10 È 10 ñ m 2 fabricated from PbS{EuS

double- barrier heterostructure.

for the Ùrst etchant and 2 nm / s for the second one. D imensions of the mesas and
the depth of etchi ng were contro l led by m eans of ato mic f orce m icroscopy (AFM)
(Fi g. 2). Ohm ic conta cts to the m icrostructures were made by gold evaporati on
thro ugh l i tho graphi cal ly patterned smal l wi ndows on the to p of m esas.
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3. V er t ica l t r an sp or t m easu r em ents an d d iscu ssion

W e measured the d c current, I , passing thro ugh the micro structures and,
sim ulta neously, the di ˜erenti al conducta nce, G = dI =dV , as a f uncti on of the ap-
pl ied vo l tage, V , in the tem perature range down to the l iquid hel ium tem perature.
Al l m easured structures revealed nonl inear I À V characteri sti cs, typi cal of the tun-
nel current. Predo minantly , larger m esas exhi bi ted lower resistance characteri stic
of strongly reduced e˜ecti ve barri er height (Fi g. 3). Simil arly as in the case of the
structures wi th a sing le EuS barri er [4] we consider here the verti cal current tra ns-
port in the inv estigated structures to pro ceed vi a pi nholem icrobri dges,whi ch give
ri se to shunti ng electri cal ly the EuS barri ers, as proposed by Rabson et al . [6].

Fig. 3. I À V characteristics of tw o microstructures w ith di˜erent lateral dimension s

fabricated from the same heterostructure consisting of a 2.5 nm PbS quantum well

sandw iched b etw een two EuS barriers of 3 and 4.5 nm thic kness, measured at 4.2 K .

Fig. 4. C onductance (normalized to its value at 20 K ) of three PbS{EuS microstruc-

tures of di˜erent PbS w ell thickness (w ritten in the inset) vs. temp erature.

Interesti ng resul t obta ined for several structures wa s the appearance of a
di stinct change in the structure conducta nce whi le lowering i ts tem perature be-
low T C of the EuS barri ers (Fi g. 4). The structure s wi th very thi n, below 2 nm ,
PbS wells separati ng the EuS barri ers exhi bi ted a decrease in the conducta nce
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below 15 K. On the other hand, the di ˜erenti al conducta nce of the structures wi th
thi cker PbS wel ls increased below 15 K. W e interpret these resul ts as an evidence
of the tunnel ing of spin-polarized electrons thro ugh the EuS barri ers below T C ,
ta ki ng into account anti ferromagneti c coupl ing of the EuS layers separated by a
thi n PbS spacer and random arra ngement of thei r magneti zati on in the case of
thi cker spacers. In fact, recent analysis of magneti c properti es of the sam e series
of EuS{ PbS{ EuS tri layers on PbS substra tes showed the anti ferromagneti c inter-
layer coupl ing for PbS spacers of 0.75 nm and 1.2 nm whereas the coupl ing was
not found for 2 nm thi ck spacers [7]. However, the observed by us changes in
the structure conducta nce of about 5% (Fi g. 4) are much smal ler tha n expected.
Li kel y, mentio ned above shunti ng of the tunnel current by pi nholes can account
for the reduced spin Ùlteri ng of the inv estigated microstructures.

Much e˜o rt has been done by us to reveal an e˜ect of destro yi ng the anti -
ferrom agneti c coupl ing of the EuS layers by appl yi ng of externa l m agneti c Ùeld,
up to 600 Oe, para l lel to the layer plane. Surpri sing ly, no noti ceable e˜ect of thi s
m agneti c Ùeld on the structure conducta nce wa s so far observed.

In conclusion, the electri cal characteri stics of l i tho graphi cal ly patterned
1 0 È 1 0 ñ m 2 ferrom agneti c EuS{ PbS{ EuS m esa structures reveal the contri buti on
of tunnel ing m echanism of charge tra nsport tha t is sensiti ve to the ferrom agneti c
tra nsiti on tem perature and m utua l ori enta ti on of m agneti zati on vecto rs of neigh-
bori ng EuS layers. Al tho ugh we observe a signi Ùcant im pro vement of the tunnel ing
I À V characteri sti cs of PbS{ EuS m icro structures upon reducti on of thei r latera l
di mensions f rom 100 ñ m to 10 ñ m , these characteri stics are sti ll stro ngly inÛuenced
by pi nhole m icrobri dges or other defects shunti ng electri cal ly the EuS barri ers.
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