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W e repor t t hin Ùlm s of ferrom agneti c Fe3 O4 (magnetite ) grow n by

a reacti ve magnetron sputtering at T = 300 Ë 4 50
£ C on lattice - matche d

MgO , and bilayer structures comp osed of Fe3 O4 and underlyi ng epita xial
Ùlms of highly conductive electron- dop ed In 2 O3 h Sni , LaN iO , and antif er-
romagnetic CoO . T he prepared Fe3O 4 /MgO Ùlms and the bilayer structures

demonstrated clearly deÙned resistance anomaly at Verwey transitio n point
( T V ¤ 100À 120 K ). Formation of high resistance interlayer w as indicated b e-
tw een the adj acent conducting Fe3 O4 and LaN iO layers. H owever, relatively
low interf ace resistivi ty of about 0.1 ¨ cm 2 (at T = 300 K ) w as estimated for

the patterned Fe3 O4 /I n2 O 3 hSni bilayer structures. Vertical electrical trans-
p ort measurements revealed strong nonli neari ty in the I À U dep endences of
the Fe3 O4 /I n2 O3 h Sni interf ace at T < T V .

PACS numb ers: 75.47.Gk, 75.47.Lx, 07.57.K p

1. I n t rod uct io n

D uri ng the last few years, there wa s increasing interest in vari ous oxi de
hetero struc ture s as well as electron- and hole-doped diode structure s conta ini ng
ferrom agneti c hal f-m etal lic oxi des wi th spin-polari zed carri ers. The hetero struc -
tures stacked from ferrom agneti c (F M), anti ferromagneti c (AFM), highly con-
ducti ng oxi des, and isolati ng barri er layers are highl y desirable for future spin-
tro nics appl icati ons. Ho wever, i t is well kno wn tha t spin-dependent tra nsp ort in
the heterostructure s and magneti c tunnel juncti ons depends crucial ly on intri nsi c
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behavi our of ferromagneti c electrodes and tunnel barri ers as well as on qual i ty of
interf aces between m agneti c materi als and usual conducto rs.

Ferri m agneti c m agneti te, Fe3 O4 , wi th an inv erse cubi c spi nel structure
(a = 0 : 8 3 9 6 nm ) is kno wn as a typi cal hal f-metal l ic ferro magnet. It exhi bi ts almost
ful ly spin-polari zed carri ers both above and below 300 K. Unusua lly high Curi e
tem perature value of the materi al (T c ¤ 850£ C) compared to colossal m agneto re-
sistance (CM R) mangani tes (T c ç 350 K) and other kno wn ferrom agneti c oxi des
m akes Fe3 O very prom ising for room tem perature appl icati ons [1]. It is im por-
ta nt to note, however, tha t growth of hi gh quali ty m agneti te Ùlm s is com pl icated
due to neighbouri ng phases, nam ely, Fe O (hem ati te) and FeO (wuesti te) in the
Fe{ O phase diagram . It means tha t there is a need to opti m izetechno logical condi -
ti ons precisely in order to grow single phase Fe O Ùlm s. Furtherm ore, addi ti onal
requi rem ents might be sati sÙed to form high qual it y interf aces between vari ous
oxi des in the hetero struct ures.

In thi s work, we were focussing on high qual ity Fe O thi n Ùlm s and bi layer
structures wi th Fe O layers grown on underl ayi ng conducti ve In O Sn (ITO),
La Ni O (LNO), and anti ferromagneti c CoO. ITO is a wi de gap ( 3 5 eV),
hi ghly doped -typ e semiconducto r wi th typi cal carri er density ( cm ).
La Ni O is a m etal l ic oxi de wi th the highest carri er density cm .
Hi ghly conducti ve ITO and La Ni O layers have been used in thi s work as botto m
electrodes to inv estigate verti cal electri cal tra nsport in the heterostruc ture s. W e
believe tha t high qual i ty Fe O / CoO bi layer structures could be very prom ising
in future for fabri cati on of m agneti c tunnel juncti ons.

Al l the Ùlms and hetero structur es were prepared in thi s work by a reacti ve
D C m agnetro n sputteri ng under vari ous Ar :O m ixture pressures usi ng di sc-shaped
m etal l ic Fe, In (9 mol . % Sn), Co , and ceramic (La Ni O ) ta rgets of 3 cm in
di ameter.

Series of Fe O Ùlm s ( m ) were grown in situ at
C under a Ùxed Ar: O (30:1) gas m ixture pressure of about 5 Pa onto

Mg O(1 00) substra tes and epi ta xi al conducti ve ITO and LaNi O underl ayers. T o
Ùnd the opti m ized depositi on condi ti ons for single phase Ùlm growth, series of
Mg O substra tes were kept in the o˜ -axi s positi on at di ˜erent distances from the
ta rget. It is wo rth noti ng in thi s case di ˜erent depositi on rates and di ˜erent Fe/ O
rati os (in a gas phase) duri ng Ùlm growth on di ˜erent substra tes. Just af ter de-
positi on, the magneti te Ùlm s were cooled down slowl y to room tem perature under
the sam e oxygen pressure condi ti ons. The overl yi ng Fe O Ùlm s were patterned
to inv estigate electri cal properti es of the interf aces. W i th thi s goal in m ind, small
di sc-shaped squares of the m ateri al (0.5 m m in diam eter) were deposited thro ugh
a mask on conducti ng ITO and LNO botto m layers.



Growth and In vestigation of Oxide H eterost ructur es . . . 661

The ITO Ùlm s of epi ta xi al qual i ty were m agnetro n sputtered under Ar: O2

(4 :1) pressure of about 5 Pa at 400£ C on latti ce-matched yttri um stabi l ized zi r-
conia, YSZ(1 00). The Ùlms were annealed af ter depositi on in vacuum at 525£ C
to achieve the highest carri er density . The LNO Ùlms were grown epi ta xi al ly
under Ar: O2 (4 :1) pressure of 5 Pa at 550£ C on latti ce-m atched NdG aO 3 . The
Ùlms were satura ted by oxygen duri ng addi ti onal anneal ing at T = 6 0 0 £ C and
p O 2 = 5 10 Pa.

Two phases, namely CoO (Na Cl structure, nm ) and Co O (no r-
m al spinel structure, nm ) are the most stable in the Co{ O system . Op-
ti m izati on procedure for growth of high resistive anti f erromagneti c sing le phase
Co O Ùlm s underta ken in thi s wo rk was sim i lar to tha t described by us earl ier in
m ore deta il for the Fe O Ùlm s [2]. Thi n CoO Ùlm s ( m) were grown
by magnetro n sputteri ng on latti ce-m atched Mg O(1 00) substra tes. The depositi on
condi ti ons of the Ùlm s m enti oned above are summ arized in Table.

TA BL E

Crysta l l ine structure of the Ùlm s and hetero structu res were characteri zed by
X- ray di ˜ra cti on (XR D ) and reÛected high-energy electron di ˜ra cti on (R HEED ).
W e were focussing on the characteri sti c electri cal resistance anomaly at the Verwey
tra nsiti on ( 120 K) to eluci date e˜ects of substra te and depositi on condi ti ons
on qual i ty of the ferrom agneti c m ateri al . Verti cal electri cal tra nsport inv estiga-
ti ons for the patterned Fe O In O Sn , Fe O La Ni O bi layer structures were
carri ed out to estim ate the interf ace resistance between the adjacent conducti ng
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layers and to study current{ vo l tage ( I À U ) characteri sti cs of the interf aces. The
m easurements were perform ed at T = 8 0 À 300 K by applyi ng three point- probe
m etho d for the patterned Fe3 O 4 / ITO and Fe3 O 4 / LNO bi layer Ùlms.

3. R esul t s an d d iscu ssio n

Fi gure 1 shows typi cal (004) XR D patterns for series of m agneti te Ùlm sgrown
sim ulta neously at 400£ C onto several Mg O(1 00) substra tes positi oned at vari ous
di stances from the ta rget. Thi ckness of the Ùlms (d = 0 m) and the
correspondi ng depositi on rate (40 to about 7 nm / m in) decreased system ati cal ly
wi th substra te to ta rget distance. The estim ated o˜- plane latti ce constant of the
hi ghest qual ity Fe O Ùlm s was of about 8.4 ¡A in a good agreement to recent
data for sim ilar Fe O Mg O Ùlm s [3{ 5]. Sl ight shift of the (004) Fe O XR D l ine
to ward very intense (002) l ine of Mg O substra te can be seen from the Ùgure. Slight
decrease in the o˜- plane latti ce parameter of Fe O Ùlm s observed in thi s work
wi th decreasing thi ckness m ay be easily understo od in term s of epi ta xi al stra in.

The m agneti te Ùlm s grown at sim ilar depositi on condi ti ons on hi gh qual i ty
(epi ta xi al ) ITO, LNO dem onstra ted dom inating (100) texture as found from thei r

XR D scans. Mea nwhi le, clearly deÙned RHEED patterns demonstra ted
epi ta xi al qual i ty f or Fe O Ùlm s grown at sim i lar depositi on condi ti ons on latti ce
m atched CoO ( %) layers. W orse crysta l line qual i ty of Fe O Ùlms
on ITO and LNO may be understo od ta ki ng into account relati vely large latti ce
m ismatch of Fe O latti ce in respect of tha t of ITO ( %) and LNO
( %).
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Fi gure 2a shows resistance versus tem perature for high qual i ty Fe3 O 4 Ùlm
prepa red on Mg O (1) and tha t bu˜ered by epi ta xi al CoO layer (2). Room tem -
perature resisti vi ty of both the Fe3O4 / Mg O and Fe3 O 4 =Co O/ Mg O Ùlm s ranged
typi cal ly from about 10 to 40 m ¨ cm. In both these cases, clearl y deÙned resis-
ta nce anomali es at the characteri sti c Verwey tra nsiti on (T V = 120 Ë 110 K) seen
in the Ùgure certi fy unambi guously high crysta l l ine qual i ty of the Ùlm m ateri al .

Simi lar curves for the Fe O / ITO (1) and Fe O / LNO (2) bi layer
structures are displ ayed in Fi g. 2b. Cl earl y deÙned increase at can onl y be
seen for the Fe O / LNO Ùlm s. Meanwhi le, only slight resistance increase and satu-
rati on behavi our of dependence below was m easured f or the Fe O / ITO
sam ples. T o expl ain the observed di ˜erence in the behavi our, we assume
e˜ecti ve shunti ng of the Fe O resistance by the underl ayi ng highl y conducti ve
ITO Ùlm and possible form ati on of hi gh resistance interf ace between Fe O and
LNO.

Fi gure 3a, b dem onstra tes the conta ct resisti vi ty , , of the Fe O ITO and
Fe O / LNO interf aces estim ated from the relati onshi p: , where

is the m easured vo l ta ge drop between points 2 and 3 when passing current
between 1 and 2 and is the interf ace square (see inset to Fi g. 3a). Thus, fol lowi ng
Fi g. 3a, b we point out relati vely low interf ace resistance of the Fe O / ITO inter-
face. It seems likel y tha t hi gh resistance interl ayer between Fe O and LNO occurs
duri ng growth of the Fe O to p layer.

In Fi g. 4a we show typi cal curves m easured at di ˜erent tem peratures
for the Fe O / ITO interf ace in a case of verti cal electri cal tra nsport real ized in
thi s work by appl yi ng 3 point- probe metho d. It is im porta nt to point out stro ng
nonl ineari ty of the interf ace resistance at low tem peratures, i .e. below the Verwey
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Fig. 3. C ontact resistivi ty of the Fe3 O 4 /I TO (a) and Fe3 O 4 /LN O (b) interf aces. T hick-

ness of Fe3 O 4 Ùlm on IT O, d [ñ m ]: 0.45 (1), 0.25 (2), 0.15 (3) and on LN O: 0.48 (1),

0. 20 (2), 0.15 (3).

tra nsiti on temperature and noti ceabl e asym metry of the I À U curves in respect of
the di recti on of the bi as current. One can concl ude tha t the ori gin of nonl ineari ty
and asym metri c I curves observed in thi s work for the Fe O / ITO hetero struc -
ture is simi lar to tha t reported recentl y for juncti ons based on manganites [6].
In contra st to the Fe O / ITO bi layer structure, alm ost l inear dependences
were m easured in the whole temperature range for the Fe O / LNO interf ace.

Fig. 4. T ypical I U curves measured at di ˜erent temp eratures for the patterned

Fe O /I T O bilayer structures in a case of vertical electrical transp ort (by applyin g

3 point- prob e metho d). Temp erature T [K ]: 285 (1), 204 (2), 110 (3), and 80 (4).
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4. Co n cl usion s

The highest qual i ty (epi ta xi al ) Fe3 O 4 Ùlms were grown at 400£ C by a re-
acti ve dc magnetro n sputteri ng on latti ce-matched Mg O. Both the highest crys-
ta l l ine qual i ty Fe3 O4 / Mg O Ùlms and textured m agneti te Ùlm s form ed on CoO and
La Ni O 3 layers exhi bi ted resistance anom aly at the Verwey tra nsi ti on tem perature.
Form ati on of high resistance interl ayer was indi cated between the adj acent Fe3 O4

and LaNi O 3 layers. At the sam e ti m e, relati vely low interf ace resisti vi ty of about
0.1 ¨ cm 2 (a t T K) was estimated for the patterned Fe O / ITO bi layer
structures . Verti cal electri cal tra nsport m easurements revealed strong nonl inear-
i ty in the dependences of the Fe O / ITO interf acesat low tem peratures, i .e.
below the Verwey tra nsi ti on point. The observed nonl inear characteri stics
of the Fe O / ITO interf ace reveal pro missing possibi l i ti es of the Fe O Ùlm s and
bi layer structure s for future appl icati on in various devi ces.

R ef er en ces


