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Schottky barrier and spin polarization at the Fe;0,-Nb:SrTiO 5 interface
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The interface between magnetitee;0,) and Nb-doped SrTiQshows typical characteristics of a Schottky
barrier. The magnetoresistance was found to depend on the bias current through the junction. This can be
understood within a model for a Schottky contact with a ferromagnetic component. The spin polarization of the
magnetite layer was determined to be about 60%.
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Spin electronics has attracted intense research activity in 5|5 5 115 3
recent years. Studies have focused on all-metal devices, spin 12,2 = 5 E;El Vs E;ET , (1)

injection into conventional semiconductors and oxide spin

electronics. The latter field appears promising due to the disit follows that the effective spin polarization for thnemoval
covery of various magnetoresistance effe€ws well as the  of a single electron from a B&ion is P=—y5/62+1/6
potential to combine materials with different characteristics=_5 /315 |3:m;m) denotes the product state composed of

such as ferromagnets, ferroelectrics, and superconductors jRe core state and the free electron. witand m, being the
a single device using heteroepitaxial growth techniquesyya ang thez component of the angular momentum of the
Spin-polarized transport across a Schottky contact has be re electrons, andy, being thez component of the angular

discussed as %n efficient means for spin injection in.tomomentum of the extracted electréspin up or spin dow)
semiconductors® and has been experimentally observed |n|J my) denotes the total wave function of#eMoreover, the

junctions between conventional semiconductors and ferro ) - N :
pectroscopic spin polarization must not necessarily agree

magnets. In a related approach the formation of all-oxide" . L . -
g PP ith the transport spin polarization, since the former in-

p-n junctions has been investigated in a system formed fron{/ '
electron- and hole-doped mangarfiteas well as at volves only the density of states, whereas the latter also de-

the La, Ba ;MNOs/Nb: SITiO; (Ref. 7 and pendsf on scatter.ing times and I_:ermi vgloc_ifﬁa?.fhe only _
Lag 2dPTo 26Ca 3MNO5/ AIN/Nb: SITiO; (Ref. 8 interface.  €xperimental estimate of the spin polarization in magnetite
In this paper the transport properties at the interface betwee#sing transport techniquésyielded a spin polarization of
magnetite(Fe;0,) and Nb-doped SrTiQ(Nb:SrTiO;) are  60% in agreement with the angular momentum coupling
studied. The ferrimagnet magnetite is an attractive materiafnodel. In general measurements of the spin polarization in
since it has a high Curie temperature of 860 K and an exmagnetite are difficult because of its insulating character at
pected high spin polarization. Band-structure calculationdow temperatures. The objectives of this paper are the study
have predicted a half-metallic stitend spin-resolved pho- of the transport properties at the interface between magnetite
toemission indeed indicates a spin polarization close t@nd an oxidic normal metal, especially across the Verwey
100% at room temperatute However, the situation is not as temperature, and the measurement of the transport spin po-
clear-cut as these studies suggest for the following reasonkirization in magnetite using an alternative technique based
Magnetite has a strongly correlated electron system and uren Schottky barrier formation. Clear evidence of a Schottky
dergoes a simultaneous structural and electronic transition &@rrier at the FgO,-Nb:SrTiO; interface is presented that
the Verwey temperaturg. At this transition the structure might be exploited in the construction of an all-oxide spin
changes from a high-temperature cubic to a low-temperaturansistor.

monoclinic phasé? The nature of the electronic transition is ~ Magnetite films were fabricated by pulsed laser deposi-
often viewed as a charge-ordering transition of thé*femd  tion from a stoichiometric polycrystalline target onto single
Fe* ions on the octahedral sité$The Verwey temperature crystal SrTiQ (001) and NK0.1%): SrTiO; (001) substrates.
sensitively depends on oxygen content with values for stoSubstrate temperature and oxygen partial pressure during
ichiometric bulk magnetite around 125 K. In magnetite adeposition were 430 °C and X110°> ™2 respectively.
strong electron-phonon interaction leads to polaron formaX-ray diffractometry showed epitaxial growth with no differ-
tion and a narrowing of the electronic bands. Moreover, onence between films on SrTiCand Nb:SrTiQ. Resistivity

site Coulomb correlatiod drive the charge-order transition and magnetization measurements were performed on five
and open a gap in the electronic spectrum below the Verwegnagnetite films on Nb:SrTiQwith thicknesses between 55
transition. The presence of strong electronic correlationsnd 176 nm. Verwey temperatures were determined from
casts doubts on the validity of band-structure models. Moreboth magnetization and resistivity with values between 110
over, angular momentum coupling effects have been argueaind 120 K without any systematic thickness dependence. All
to lead to a reduced spin polarization of —2f3>Here one  samples showed the same qualitative behavior; the data pre-
considers the removal of a single electron from the fullysented in this paper were measured on a magnetite film with
relaxed wave function of a Feion. Since the total wave a thickness of 70 nm. Magnetotransport measurements were
function |2,2) can be written as performed in a continuous flow cryostat equipped with a
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FIG. 1. (Color online Current-voltage(l-U) curves of a & g
Fe;0,-Nb: SrTiO; interface recorded in zero field at various tem- E‘ &
peratures as indicated. The inset shows the in-pladdecharacter- 8 2 @ .
istics at similar temperatures. Note the different current-axis scale. =
(b)

_ . . . _ . 1 4 . . T r T r
9-T s_uperconductlng solenoid using a standard four-point 50 100 150 200 220 300
technique. Measurements were performed on the as-grown
films; lateral substrate dimensions werex5 mn?. The Temperature T (K)
samples were contacted using two indium contacts of sizes

between X1 mn? and 2x 5 mn? on the back of the sub- FIG. 2. (a) Reverse saturation curreigdivided by the square of

strate and silver paint or indium contacts of sizes betweethe absolute temperature an@) the ideality factorn of a
1X1 and 2<x5 mn? on the magnetite film. The form of the Fe;0,-Nb:SrTiO; junction as a function of temperature.
current-voltage characteristics was not observed to depend
on contact area and material. Measurements were performeghown in the inset to Fig. 1. These curves are also nonlinear,
in in-plane and out-of-plane configurations, with mostly out-since the low-resistance substrate short circuits the high-
of-plane results presented here. The magnetic field was apesistance magnetite film for applied bias voltages sufficient
plied in plane and perpendicular to the current. The magnero inject carriers across the interface barrier. In this configu-
tite films on undoped SrTiQ were used as reference ration thel-U curves are symmetric, since there are always
samples; these showed ohmic behavior of the in-plane resiswo junctions involved in carrier conduction. The out-of-
tivity in contrast to the films on the doped substrates. Theplane data were analyzed within a thermionic emission
Nb:SrTiO; substrates are metallic with a positive tempera-model using
ture coefficient of the resistivity and a carrier density of
5% 10'° cmi 3 as determined from Hall effect measurements. eU
These substrates show a positive Lorentz-type magnetoresis- 1= 'S[ exp(—) - 1} *+UIR, 2
tance with a quadratic field dependence and magnetoresis-
tance values at 3 T of 40%, 4%, and 0.4% at 20, 60, anavith n, I, and R as parameters. The ohmic term is intro-
100 K, respectively. duced to account for leakage currents and yields only a small
Current-voltage(l-U) characteristics of the magnetite/ contribution. From the data the ideality factorand the re-
Nb: SITiO; interface recorded in zero applied field at variousverse saturation current=SAT? exp(-edg/KT) were ex-
temperatures are shown in Fig. 1. In this current range theracted (see Fig. 2, where A"=enmk3/(27%43) denotes the
curves recorded at temperatures above 120 K are essentialRichardson constang the electronic chargen’ the effective
linear, whereas a strong nonlinearity is seen below the Vemass,% Planck’s constantkg the Boltzmann constantbg
wey transition. Thel-U curves in the low-temperature re- the Schottky barrier height, anfl the junction area. The
gime are clearly asymmetric and characteristic for a Schottkydeality factors ranged from 1 at low to 4 at high tempera-
barrier. The polarity is such that the forward bias correspondtures. This indicates that above the Verwey temperature the
to the application of a positive voltage to the substrate. Theveak nonlinearity in the current-voltage curves might be due
asymmetry of thé-U curves shows that Nb:SrTicts asa to some tunneling process, whereas a good, nearly ideal
metal and magnetite as a semiconductor in these junction§chottky barrier is only formed below the Verwey tempera-
which is consistent with the metallic conductivity of the sub-ture, when the gap in the electronic spectrum of magnetite
strate and the theoretical band structure of magnetite. Fdras opened. The Schottky barrier height in zero field was
comparisonl-U curves in the in-plane configuration are determined from the reverse saturation current with
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FIG. 3. (Color online Magnetoresistance ratio[U(B) Temperature T (K)

-U(0)]/U(0) of a FgO,4-Nb:SrITiO; junction measured at 100 K
as a function of magnetic field at various current values (8r
forward and(b) reverse bias.

FIG. 4. (Color online (a) Ratio of the current measured in an
applied fieldB and in zero field as a function of the applied voltage
bias. The straight lines are guides to the dfg Spin polarizatiorP
$5=0.11+0.03 eV below the Verwey transition arby determined from current-voltage curvésolid squaresand from
=0+£0.05 eV above the transition. The uncertainty reflectanagnetoresistance vs magnetic field curiggsen circles The inset
both the fitting error and variations between the differentto (b) shows the band structure assumed in the calculation with
samples. In essence, these data clearly show that a gap at gghange splitting\e, and Zeeman energygB.

Fermi level opens in the electronic structure of magnetite

below the Verwey transition. of the exchange energy,, and the Zeeman energyB. The
Figure 3 shows the magnetoresistance rafld(B)  conduction band is assumed to be rigidly shifted by the ex-
-U(0)]/U(0) measured aT=100 K and various currents as change splitting\,, When a magnetic field is applied paral-
a function of the applied magnetic field. It is evident that thelel to the spin polarization, the conduction-band edges are
magnetoresistance has a strong bias dependence that progiégen byE.;)=E.—(+)Aed 2 - (+) ugB, whereE, is an aver-
that the magnetoresistance is an inherent property of the bagge conduction-band edge. Thdactor was assumed to be
rier and is not due to bulk scattering processes in the magsiose to two andug denotes the Bohr magneton. Accord-
netite film. At high magnetic fields the magnetoresistance isngly, the potential barrier becomes spin and magnetic field
linear in the applied field, whereas nonlinearities in the |0Wdependent. In the two-current model the spin-dependent cur-

field regime are due to domain reversal processes. rent densities are given by
correlated system with a gap in the electronic spectrum open-
eU
Jorf 29)1] 0
toresistance at the barrier might arise from the Zeeman effect nkgT
given by'8
eU
Xlexpl ——=]-1]. 5
[ p(nkBT> } ®

In the following we propose a model to account for the
T agnotore L, [ eb (+)Ay/2 - (+)ugB
JT(U = EA T exp —
ing below the Verwey transition. In a first approximation this
and will be derived in this paper in the two-current model. The total current density is then given by
x ed eU
i=A T2exp(— J){exp(—)—l]. (3)
ke T nkg
duction bands assumed in this calculation with the definitiorSince ugB<<A,,, Taylor expansion yields

Schottky barrier magnetoresistance. Magnetite is a strongly
keT
is modeled as a ferromagnetic semiconductor. The magne-
Within thermionic emission theory the current density is
=, 10 =K 77 exp] - £22 st 2ot 218
[ keT 2k T
The inset to Fig. 4 schematically shows the spin-split con-
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) I edg Agy ugB usB 2 mined in the plateau regime for further analysis. These val-
j=A T exp - o1 /oSN 5 1 1+ Pﬁ T ues depend linearly on the applied field for fields larger than
B B B B . ] H H
2 T; at smaller fields domain reversal processes yield a non-
e linear field dependence, since the directions of applied mag-
X {GX%@J - 1] ' (6) netic fields and spin polarization vectors must not be parallel
any more. Since the slope of the linear dependence is directly
with the spin polarization in zero fiel@=tanHA.,/2kgT). proportional to the spin polarizatior? was derived from
Equation(7) is only valid for the simplified semiconductor these and similar data obtained at various temperatures and is
band structure depicted in the inset to Figh)4 The current  shown in Fig. 4b). Alternatively, P can be derived from the

I=jS in a magnetic field is obtained as magnetoresistandesee Eq.(9)], and the magnetoresistance
data as presented in Fig. 3. The corresponding values are

usB [ usB\? shown in Fig. 4b); these agree well with the data from the

1(B) = I(O)[l +PE + <kB_T> } () analysis of the current-voltage curves. Direct fitting of the

magnetoresistance curves is difficult, since this would in-
volve detailed knowledge of the domain structure.
1(0) = SAT? exp(— %)cosr( Aex ){exp( eu ) _ 1] _ The spin polarization has a value of about 0.6 with a trend
kgT 2ksT nksT to a maximum near the Verwey temperature and a slight
8) decrease at higher temperature. This value is in agreement
with an experimental value derived from iron oxide tunnel-
At constant current and in the limRugB/(kgT)<1 the  ing junctions’ as well as with theoretical investigations on

voltage is given by the optical and tunneling spin polarizati&ht® The sign of
the spin polarization is positive opposite to the spectroscopic
U= M{In(l +|_> _ PM_BB} (9) spin polarization; this is reminiscent of the situation for Ni
e lsn/ T+1lg kgT |’ and Co!® Using P=tanh(A.,/2ksT) the temperature depen-

, _ N . dence of the exchange splitting could be derived from the
with ISA_,ISCOS_KAEX/ (_ZkBT))' In this I_'m'F the magnetore5|s-. spin polarization. However, this yields only an effective
tance will be linear in the magnetic field. If the magnetic, 51 ¢ that is valid for the simplified band structure shown in

field is antiparallel to the spin polariz:?\t'ion, the sign of thehe inset to Fig. @), but has no direct meaning for the real
B-dependent term changes and a positive magnetoresistangg. § siructure of magnetite. Our analysis hinges on the as-

is expected in this model. According to E@) the ratio of g, ntion that Eq(7) is still valid in the case of more com-

the current measured in zero field and in a finite field,yjicateq band structures, provided that the spin polarization
(B)/1(0), should only be a function of the field and not of p is yreated as an effective parameter. In future work a more

the applied voltage. Figure(@ shows this ratio as deter- eajistic band structure should be incorporated into the
mined experimentally at 120 K for various magnetic fields. ,qq4el.

Indeed, there is a finite voltage range where a constant ratio

is observed. The deviations at large positive and negative This work was supported by the DFG under Contract No.
voltages might be due to deviations from thermionic emis-DFG ES 86/7-3 within the Forschergruppe “Oxidische
sion theory. The values of the ratidB)/1(0) were deter- Grenz-flachen.”
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