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Determining Exchange Splitting in a Magnetic Semiconductor by Spin-Filter Tunneling
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A large exchange splitting of the conduction band in ultrathin films of the ferromagnetic semiconductor
EuO was determined quantitatively, by using EuO as a tunnel barrier and fitting the current-voltage
characteristics and temperature dependence to tunneling theory. This exchange splitting leads to different
tunnel barrier heights for spin-up and spin-down electrons and is large enough to produce a near-fully
spin-polarized current. Moreover, the magnetic properties of these ultrathin films (<6 nm) show a
reduction in Curie temperature with decreasing thickness, in agreement with theoretical calculation [R.

Schiller et al., Phys. Rev. Lett. 86, 3847 (2001)].
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Ferromagnetic semiconductors (FSs) having a tunable
charge carrier concentration that is spin-polarized are
ideally suited as spin injectors and detectors in semicon-
ductor spintronic devices. The europium chalcogenides
stand out among the FSs as ideal Heisenberg ferromagnets,
with a high magnetic moment and a large exchange split-
ting of the conduction band [1]. Utilizing the exchange
splitting (2AE,,) to filter spins, these materials produce a
near-fully spin-polarized current when used as a tunnel
barrier [2-4], making them strong candidates for spin
injection in semiconductors. Of the Eu chalcogenides,
EuO has the largest 2AE,, and the highest Curie tempera-
ture (T = 69 K for bulk). However, due to the high
reactivity of EuO with air, preparation of thin films of
EuO is highly challenging, precluding the study of EuO
down to a few monolayers. Successful preparation of
chemically stable, high-quality EuO as tunnel barriers in
this work has allowed for the study of EuO at the ultrathin
thickness scale, illuminating its magnetic properties, ex-
change splitting, and spin-filter capability at the few-
monolayers range.

In EuO, the large saturation magnetic moment ugJ =
7 g per Eu?" originates from the seven unpaired electrons
localized at the 4f levels in the energy gap between the
valence band and the conduction band, shown schemati-
cally in Fig. 1. The optical band gap (E, = 1.1 eV) is the
energy gap between the 4 levels and the conduction band.
Ferromagnetic order of the 4f spins causes Zeeman split-
ting of the conduction band, lowering (raising) the spin-up
(-down) band symmetrically by AE.,. Thus, free carriers in
the conduction band are spin-polarized. A large exchange
splitting of 0.54 eV was first determined by measuring the
redshift of the absorption edge in single crystals of EuO
cooled below T [1,5].

When an ultrathin film of EuO is used as the tunnel
barrier between two metallic electrodes, the exchange
splitting of the conduction band gives rise to a lower barrier
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height for spin-up electrons ®; (=®, — AE,,) and a
higher barrier height for spin-down electrons ®; (=®, +
AE,,), where ®, is the barrier height at 7 > T~. Because
the tunnel current depends exponentially on the barrier
height [6], the tunneling probability for spin-up electrons
is much greater than for spin-down electrons, leading to a
highly spin-polarized current—a phenomenon called the
spin-filter effect [7]. Using a spin-filter tunnel barrier, as
opposed to a ferromagnetic metal, is a unique approach to
achieving a spin-polarized current with built-in advan-
tages, such as interfacial band matching and a sharper
interface.

Because the splitting in bulk EuO is significant com-
pared to E,, EuO could potentially produce total spin
polarization (P = 100%). However, only a few mono-
layers of EuO are needed for tunneling, which can be
expected to have different properties than bulk. For ex-
ample, Schiller et al. [8] calculated the electronic structure
and magnetic properties of ultrathin, single-crystal EuO
(100) and found a reduction in T from the bulk value as
the thickness approached a few monolayers. However, due
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FIG. 1. Schematic of the energy gap of EuO, showing the
exchange splitting in the 54 conduction band for 7 < T, low-

ering the spin-up sublevel from the spin-down sublevel by
2AE,,. This figure was modified from Ref. [1].
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to the difficulty in preparing ultrathin EuO films, their
calculation had not been experimentally verified.
Furthermore, a reduction in 7 for ultrathin EuO raises
the question as to whether a reduction in 2AE,, should be
expected as well, which is directly relevant to spin filtering.

In this study using well-characterized, high-quality, ul-
trathin EuO films, we investigated this Heisenberg ferro-
magnet in the few-monolayers regime, allowing us to
verify the model by Schiller et al. In addition, by detailed
transport measurements of tunnel junctions with EuO bar-
riers, we uniquely determined the amount of exchange
splitting for ultrathin EuO.

Films of EuO were made by thermal reactive deposition,
whereby pure europium metal was evaporated in the pres-
ence of a dynamic oxygen partial pressure of 3 X
1077 Torr. Eu,O;, with a heat of formation AH, =
—1730 kJ/mol compared to —608 kJ/mol for EuO [9],
forms more readily. Because Eu,0; is paramagnetic, and
thus not a spin filter, the Eu metal evaporation rate and
oxygen flow were carefully controlled in order to produce
optimum EuO. To study the dependence of 7 on film
thickness, a wedge film was made in opening-shutter
mode with thickness ranging from 1 to 6 nm, in steps of
I nm. The magnetic and chemical properties of the films
were found to be critically dependent upon the materials
selection for the top and bottom interface layers [4,10]. The
wedge was deposited onto a Si/50 nm SiO, substrate with
a Cu bottom layer and a Y capping layer. Films prepared
under these conditions are known to be polycrystalline [4].
The films were characterized by superconducting quantum
interference device (SQUID) magnetometry, x-ray absorp-
tion spectroscopy (XAS), and x-ray magnetic circular di-
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FIG. 2. Dependence of T on thickness of EuO film with the
structure: 2 nm Cr/9 nm Cu/EuO/2 nm Y/8 nm Al. Top
inset: T dependence compared with Schiller et al. [8], where
n is the number of monolayers. The T of thicker EuO films
made separately are also plotted for reference. Bottom
inset: Hysteresis loop of the 6 nm film at 5 K. The measured
moment >7up is likely due to an underestimation of film
thickness, as described in text.

chroism (XMCD). Tunnel junctions were patterned in situ
using shadow masks, forming a cross configuration with a
junction area of (200 X 200) wm?. Deposition rate and
thickness were determined in sifu by a quartz crystal
monitor. Given that the crystal is located at a distance
from the substrate and the oxygen inlet, the actual thick-
ness may be greater than the nominal thickness to within
15%.

Figure 2 displays magnetization (M) versus temperature
(T) for 1-6 nm EuO films, showing a clear trend toward
lower T¢ as film thickness decreases. The T of the thicker
films approach that of bulk, while the thinnest, 1 nm film
has a T of 30 K. This is the general behavior of ferro-
magnetic films and is also what is predicted by Schiller
et al. This trend is caused by the lower coordination of the
Eu?* ions at the interfaces, such that the increasing, atomic
surface-to-volume ratio for the thinner films leads to
weaker exchange interactions. Experimental data are com-
pared with the calculation of Schiller ef al. in the inset in
Fig. 2. Overall, the experimental values are lower than the
theoretical curve. This is not unreasonable when consider-
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FIG. 3. (a) Normalized reference XAS spectra at the M5 edge

for EuO and Eu,0; films. (b) XAS of the 1-6 nm EuO wedge
(same as in Fig. 2) at 295 K. Inset: Relative amounts of EuO and
Eu,0; computed by deconvolving the XAS spectra.
(c) Corrected XMCD spectra; corrections as described in text.
Inset: Normalized MCD spectra.
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ing that the calculation was done for free-floating, single-
crystal EuO, whereas the films in this experiment are
polycrystalline, with materials at the interfaces. The mo-
ment at 5 K closely matches the bulk value of 7up.

The chemical composition and magnetic properties of
these ultrathin EuO films were further investigated using
XAS and XMCD. At the europium 3ds,, (Ms) absorption
edge, Eu’* and Eu®" have distinct signature peaks, as
shown in Fig. 3(a) for reference films of EuO and Eu,0;
[11-13]. For all film thicknesses, the Eu?* peak is clearly
dominant, as shown in Fig. 3(b). In order to obtain the
relative amounts of EuO and Eu,0j3, shown in the inset in
Fig. 3(b), the XAS spectra were deconvolved against the
reference EuO and Eu,0; spectra, resulting in ~90% EuO
for all film thicknesses.

The XMCD, measured at 18 K with 90% circularly
polarized light at a 60° incidence angle in the presence
of a £0.5 T magnetic field, is presented in Fig. 3(c) as the
difference in the XAS spectra for parallel and antiparallel
alignment of photon polarization and magnetization direc-
tion, respectively. The displayed XMCD are corrected for
the fraction of Eu?*, incomplete light polarization, inci-
dence angle, and finite temperature reduction of the mo-
ment (i.e., the spectra would be observed for pure EuO that
is fully magnetized with 100% circularly polarized light at
grazing incidence and at T = 0 K) [14]. After the correc-
tions, the maximum XMCD signal is measured to be
52.0% = 4.3%. This XMCD value is in excellent agree-
ment with the theoretically expected value of 51% for EuO
[11,13]. Additionally, the Eu?>" XAS and XMCD spectra
are identical to the Gd*" spectra for GAN as measured by
Leuenberger et al. [15], as was theoretically proposed [11].
For comparison, the normalized XMCD spectra for all
thicknesses are shown in the inset in Fig. 3(c), confirming
that the dichroism, and hence the magnetization, originates
entirely from EuO, as expected. These XAS and XMCD
measurements, along with the SQUID measurements,
show the excellent quality of these ultrathin EuO films.

Next, we address the transport behavior. The junction
resistance (R;) of tunnel junctions with the structure
3.6 nm Al/0.4 nm Mg/2.5 nm EuO/4.0 nm Y/8.0 nm
Al [16] was measured as a function of 7, using a 4-point
configuration with a constant bias applied with respect to
the Y electrode. As T decreased below room temperature,
R; increased as is common for a semiconducting barrier,
whereas at low temperatures R; decreased. As shown in
Fig. 4(a), when the junction was cooled below the T~ of
EuO, R; decreased dramatically. This is due to the low-
ering of the spin-up barrier height caused by the exchange
splitting in EuO (see Fig. 1). The drop in R; is large, as
much as 2 orders of magnitude for these junctions, showing
substantial exchange splitting. Such a resistance drop was
consistently observed for all junctions. This is in contrast to
the typical R;(T) behavior for a nonmagnetic barrier, such
as Al,Oj, for which @ is constant at all 7 and R; increases
monotonically by ~15% as T decreases [17].

The exchange splitting in this 2.5 nm EuO barrier is
quantitatively determined from R;(T) and current-voltage
(I-V) measurements in the following way. First, by fitting
the I-V curve to the Brinkman-Dynes-Rowell (BDR)
model [6] for tunneling between two metals through an
insulating barrier, the average barrier height ® and thick-
ness d were found. Beginning with the /-V curve at 98 K, at
which 2AE, =0, the BDR fit yielded ®,=0.92
0.01 eV and d = 3.1 = 0.1 nm. Then, holding the ®,
and d values constant, the /-V curve at 6 K was fit by
varying AE. such that ®, — AE,, = ®; and ¥, +
AE. = @), and the total current / = I; + I, where the
spin-up (spin-down) current /; (1)) corresponds to @ (®)).
This procedure yielded 2AE,, = 0.29 = 0.01 eV, which is
quite large for this ultrathin EuO film, though reduced from
the bulk value of 0.54 eV. Importantly, it is seen here that
tunneling can be utilized to quantitatively determine the
exchange splitting in a magnetic insulator, the first such
demonstration of extending the principle of electron tun-
neling to study magnetism in ultrathin films, which is
nontrivial, especially in systems as unstable as EuO.

Data analysis using the BDR model was performed for
I-V curves in the bias range —150 to 150 mV, which is
consistent with the R;(T) curve at V = 100 mV, plotted in
Fig. 4(b). Limiting the fit to this range ensured that ®, was
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FIG. 4. (a) R,(T) for a Al/Eu0O/Y junction, measured at the

biases indicated, shows the reduction in R; for T < T due to
exchange splitting in the EuO barrier. (b) R;(T) measured with
100 mV, replotted from (a). R,(T) was simulated using the M(T)
behavior for the 3 nm film from Fig. 2 and assuming that M(T) o
2AE(T). Zero P was deduced for T > T, and P increased as
splitting increased for T < T, reaching 98%. Inset: Energy
barrier profile for T < T. and T > T.
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not a function of bias [6,18]. Shown along with the mea-
sured R;(T) is a simulated R,(T) curve obtained by calcu-
lating R; using the BDR relation, with ®, = 0.92 eV and
d = 3.1 nm, and from the M(T) curve in Fig. 2 for the
3 nm EuO film. Here the assumption was that 2AE,, varies

with temperature as M(T), such that #}QK) =
M(T)

Wii=5 1 - 1he good agreement between the measurement
and the simulation nicely correlates the transport in the
EuO barrier to its magnetization.

Furthermore, knowing the /; and /| values from the BDR
fit, the spin polarization of the tunnel current is calculated
from P = (I; — I})/(I; + 1), shown in Fig. 4(b). This re-
sulted in nearly total polarization of 98% for 2AE =
0.29 eV (P =0 for 2AE,, = 0). Thus, the splitting in this
ultrathin EuO barrier is large enough to produce a near-
fully spin-polarized current, demonstrating its potential as
an ideal spin source. The same analysis carried out on tun-
neling measurements for a 1.5 nm EuO barrier from the
same sample set yielded @y =0.35eV, 2AE,, = 0.10 eV,
and P = 97%. Despite the smaller 2AE, for the thinner
barrier, in line with the lower T, a large P is still produced
because the splitting remains substantial relative to the
lower average barrier height of the thinner barrier.

It should be noted that this analysis does not take into
account any spin scattering events that could cause a loss of
P during tunneling, such as interfacial impurities, defect
states, or excitation of magnons at high bias. A spin detec-
tor, such as a superconducting electrode used in the
Meservey-Tedrow technique [19], or a ferromagnetic elec-
trode used in a quasimagnetic tunnel junction structure
[7,20], would directly probe P.

Figure 4(a) also shows R;(T) at higher applied bias. The
A_R — RJ,mafoJ(6 K)
R RJJnax ’

where R; .. is the maximum R;] is larger at 400 and
800 mV. High bias can drastically deform the potential
barrier, resulting in Fowler-Nordheim (FN) tunneling. The
larger AR/R at higher bias can be attributed to FN tunnel-
ing into the spin-up band of EuO—an effect that is also
known to produce high P at high V in EuS barriers [21,22].
Observation of this large AR/R at high bias signifies that
the spin-filter effect persists even at high bias, which is
relevant for operating a spintronic device [23]. When even
higher bias is applied, the barrier height is so low (modified
by bias) that change in @, by exchange splitting does not
make a significant change in tunneling probability, so that
P would decrease as observed in our earlier work [21].

In conclusion, this fundamental study of the magnetic
properties of high-quality, ultrathin EuO films revealed a
reduction in T from the bulk value as thickness is reduced
to a few monolayers. We have utilized the spin-filter capa-
bility of EuO barriers to quantitatively determine the
amount of exchange splitting in the conduction band.
Such an approach can be extended to other magnetic semi-
conductors and insulators. The spin-filter effect displayed
here shows the potential of EuO to generate a fully spin-
polarized current for spin injection.

amount of decrease in R; [given by
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