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In combining spin- and symmetry-resolved photoemission, magnetotransport measurements and
ab initio calculations we detangled the electronic states involved in the electronic transport in
Fe,_,Co,(001)/MgO/Fe,_,Co,(001) magnetic tunnel junctions. Contrary to previous theoretical pre-
dictions, we observe a large reduction in TMR (from 530 to 200% at 20 K) for Co content above 25 atomic
% as well as anomalies in the conductance curves. We demonstrate that these unexpected behaviors
originate from a minority spin state with A; symmetry that exists below the Fermi level for high Co
concentration. Using angle-resolved photoemission, this state is shown to be a two-dimensional state that
occurs at both Fe;_,Co,(001) free surface, and more importantly at the interface with MgO. The
combination of this interface state with the peculiar density of empty states due to chemical disorder

allows us to describe in details the complex conduction behavior in this system.

DOI: 10.1103/PhysRevLett.108.176602

Since the discovery of giant magnetoresistance (GMR) in
spin valves in 1988 [1], a new branch of physics referred to
as spintronics has considerably developed. The discovery
of the large tunnel magnetoresistance (TMR) in 1995 [2],
the prediction of the spin-transfer mechanism in 1996 [3,4],
and the demonstration of spin-dependent coherent tunnel-
ing in MgO-based epitaxial MTJs in 2001-2004 [5-10],
have largely contributed to developments in this field.
Currently, a number of new areas are being explored,
such as rf oscillators, devices and memories based on
the spin-transfer-torque effect, electric field assisted switch-
ing, magnonics, or spincaloritronics [11]. In addition,
industrial-scale devices such as magnetic recording heads
already use the exceptional electrical properties of GMR
and TMR. The technology transfer from research to indus-
try continues today, with MRAM demonstrators based on
MgO-based MTJs [12] and rf oscillators using spintronics
devices. While commercialization as well as broad utiliza-
tion into various areas of research has been rapid for spin-
tronic devices, in many cases a full understanding of the
underlying physics is lacking. MgO-based MTJs with FeCo
or FeCoB electrodes are a striking example of this situation.

FeCo(B)/MgO/FeCo(B)(001) multilayers, fabricated
by molecular beam epitaxy (MBE) or sputtering deposition
are widely utilized for their high spin current injection
efficiency and exceptional electrical sensitivity to any
change in the magnetic configuration of the electrodes.
Because of the huge TMR predicted by ab initio calcula-
tion for the equimolar and B2 ordered Fe,sCo,s alloy
and for pure bcc Co (1000%—-6000% at 0 K [13]), bce
FeCo(001) electrodes are now extensively used in MTJ
fabrication. However, the situation is not so clear regarding
the reported results. First, large TMR were actually
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obtained on MBE grown Fe/bce Co/MgO/Co/Fe(001)
[14]. However, a heating of the whole stacking up to
250 °C during 30 minutes suggest a possible alloying
between Fe and Co. On the other hand, contrary to
expectations, epitaxial Fe,sCo,s/MgO/Fe(001) and
Fe/MgO/Fe(001) MTJs exhibit the same TMR [15]. It
should be noted that the B2 order assumed in Ref. [13]
is not observed. Finally, reported TMR of sputtered
FeCo/MgO/FeCo(001) MTJs present a nonmonotonic
dependence as a function of the Co concentration with a
maximum around 25% of Co [16]. The detailed effect of
Co alloying into Fe on the spin-dependent tunneling
remains therefore obscure.

In this Letter, we explain quantitatively the unexpected
transport properties observed in FeCo/MgO/FeCo(001)
MTIJs. We demonstrate that transport measurements alone
are not sufficient to complete the current understanding of
this system, and that spin-, symmetry-, and angle-resolved
photoemission, together with DFT calculations taking into
account the chemical disorder, offer a unique path to
probing directly the tunneling electrons. We use a specific
photoemission experiment to untangle the different Bloch
waves responsible for the conduction along (001) as a
function of their symmetry (A; or As) and spin state
(majority T or minority | ), in contrast to standard transport
measurements where all these contributions are mixed.

bee MgO-based MTJs with Fe;_,Co,(001) electrodes
were grown by coevaporation using MBE. The epitaxial
relationship, growth mode, and surface flatness were con-
trolled using reflection high energy electron diffraction
(RHEED). In addition, the evaporation rates of the Co
and Fe sources, and consequently the alloys stoichiometry,
were accurately controlled by recording the intensity

© 2012 American Physical Society
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FIG. 1 (color online). TMR measured at 20 K and 300 K on a
series of bce Fe;_,Co,/MgO/Fe;_,Co,(001) MTJs grown
by MBE.

oscillations of the diffracted electron beam. Preserving the
bce structure is crucial to achieving the appropriate elec-
tronic band structure leading to large TMR. Using RHEED
analysis, it was verified that the Fe;_,Co, alloys retain the
bee structure found in pure Fe up to a Co concentration
x =0.7, but relaxes to the hcp structure for higher
values of x. Accordingly, transport measurements were
only performed on Fe; ,Co,(50 nm)/ MgO(2.5 nm)/
Fe,_,Co0,(20 nm)/Co(30 nm)(001) MTJs with 0 = x =
0.7. Micron-size MTJs were patterned by optical lithogra-
phy and Ar ion milling. Figure 1 displays the TMR varia-
tions as a function of x, at 300 and 20 K. As expected
theoretically, the TMR increases continuously from x = 0
to x = 0.25, but a dramatic decrease is observed for larger
values of x. A similar behavior was previously reported for
sputtered FeCoB/MgO/FeCoB MTJs [16], but the authors
explained this anomaly by crystallization issues in their
FeCoB alloys for high Co contents. Such reasoning,
however, cannot be applied to the case of single-crystal
samples like ours. Consequently, our results demon-
strate that at a fundamental level, the optimum Co con-
centration to obtain the most sensitive TMR devices
or the most highly polarized current injector based on
FeCo(B)/MgO/FeCo(B) MTIJs is around 25% of Co, and
not 40-80% as overwhelmingly used in ongoing research
and applications [17-20].

To understand this behavior, information on both spin
and symmetry of tunneling electrons are needed. For that
purpose, photoelectron spectroscopy (PES) experiments
were conducted at the SOLEIL synchrotron radiation
source, on the CASSIOPEE beam line [21]. Samples
were grown in sifu, in a MBE chamber coupled both to
the spin-resolved (SRPES) and the angle-resolved photo-
emission (ARPES) experimental chambers. The geometry
used in both experiments is shown in Fig. 2. The small
aperture of the detector allows detecting electrons only
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FIG. 2 (color online). (a) Schemes of the SR-PES experiment
and measurement on Fe(001) for majority spins (b) and minority
spins (c) The incident photon field is in-sample-plane for s
polarization and can be projected in sample in-plane and out-
of-plane components for p polarization. The small aperture of
the detector allows detecting electrons only with A symmetry.

with A symmetry. Moreover, the spin information is
obtained in SRPES using a Mott detector added to the
energy detector. Finally, the photon polarization is used.
We used two experimental geometries [Fig. 2(a)] with the
light polarization either out of the plane (s polarization) or
in the plane of incidence (p polarization). The final states
reached by photoemission are far above the Fermi level
(Er) and have the A; symmetry of free electrons [22,23].
The dipolar selection rules indicate that only the initial
states having the same symmetry as the electric field with
respect to the [001] direction can be excited. Thus, in s
polarization, only As— A; transitions are explored,
whereas both A; — A; and A; — A, transitions occur in
p polarization. An illustration of this orbital selectivity is
given in Fig. 2(b) on Fe(001) at a photon energy of 60 eV.
The peaks observed in PES spectra of (001) Fe film can be
assigned unambiguously: when a transition is seen for both
photon polarizations, the excited state’s symmetry is As,
and when it is only seen using p polarization, it is A;. The
observed s and p peaks in Fig. 2 fit well with theoretical
predictions [5] and previous experimental data. Using both
photon polarizations sequentially allows us to determine
the symmetry of the detected peaks in the photoemission
spectra. Such unique information is crucial in correctly
understanding which states may participate in the spin-
polarized electrical transport in MTJs.

Spin-resolved photoemission spectra were recorded at
hv = 60 eV for both s and p polarizations on different bcc
Fe,_,Co, films grown on Fe(001) buffer layers [Fig. 3(a)].
The alloy layer thickness chosen between 5 and 10 mono-
layers (ML) is small enough to keep the bce structure in the
whole x range. The spectra were measured in normal
emission (A direction). The observed peaks are assigned
using the density of states (DOS) calculated from first
principles for bulk bcc Fe;_,Co, alloys as described in
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FIG. 3 (color online). (a) Spin-resolved PES spectra obtained
at 60 eV photon energy on a series of Fe;_,Co, (001) layers
uncovered by MgO, x varying from 0 to 100%. The gray lines are
guide to the eyes to visualize the energy displacement of the
peaks. (b) A; and A5 DOS calculated from first principles for the
free Co(001) surface (red: bulk DOS, dark: surface DOS).
(c) ARPES measurement using p polarization performed on
bce Co(001) film covered by MgO.

Ref. [24]. The substitutional atomic disorder between
Fe and Co inside the bce lattice was treated using the
coherent potential approximation (CPA). Starting with
the minority spin, as expected from the calculations
[Fig. 3(b)], a clear signature of the As | state is observed
in the spectra for all concentrations [Fig. 3(a)-upper panel].
As the Co concentration is increased, E is displaced in
energy as the bands are filled, and the peaks are shifted
towards higher binding energy. For x up to 25%, the PES
spectra using s and p polarizations are similar, meaning
that there is no A; | state in this energy range. However,
starting at x = 37% and continuing to pure Co, an addi-
tional minority spin peak is resolved around —0.4 eV
below Ep, which is not predicted from the calculated
bulk DOS. This peak is strongly attenuated in s polariza-
tion, which means that the symmetry character of this state
is A;. Next we look at the majority spin spectra [Fig. 3(a)
—Ilower panel]. For p polarization, the strong peak at
—1 eV observed for pure Fe originates from the A;
band. As expected, the intensity of this peak is strongly
decreased for s polarization. Another contribution is ob-
served around —2.5 eV for both polarizations which is
consistent with the As T band. The different transitions
observed by PES are therefore all consistent with the

calculated density of bulk states, except a new A, | state
observed close to the Fermi level at Co concentrations of
37% or more.

What is the nature of this new A, | state? It is well
known that a A, surface state exists at bcc (001) free
surfaces. An empty surface state has been indeed identified
on Fe(001) [25-27]. Ab initio calculations show that it is
still present at the Fe/MgO interface as an interfacial state
(IS) coupled to bulk propagating states and thus named
interface resonant state (IRS) [5,27]. However, no direct
experimental evidence of the IS and of its influence on
transport in CoFe/MgO-based MTJs had been provided up
to now. As the incorporation of Co electrons dopes the
material with electrons, the IS should be gradually filled in
FeCo alloys. Ab initio calculations confirm that this surface
state is actually below E for the bec Co(001) free surface
[Fig. 3(b)]. Therefore, it should appear as a growing peak
close to Ey in the PES spectra, in accordance with our
observations. Photoemission also shows that this state is
clearly below Ep for x > 50%. However, a small spectral
weight is also observed between 37% and 50% Co. Since
this state is empty for pure Fe, this means that it crosses Ep
with increasing Co content. To further confirm its 2D
nature, we performed ARPES measurements to examine
the dispersion along A. For a 2D state, no dispersion is
expected perpendicularly to the surface because, contrary
to a bulk state, its binding energy should remain constant
with k| (the wave vector’s component perpendicular to the
surface, so along A). Furthermore, our ARPES measure-
ments were performed on a MgO-coated film, to confirm
that the surface state still exists at the interface with MgO.
This verification is critical to verify that the IS will be
relevant in the transport process in a MTJ. The ARPES
experiments were conducted on a 5 ML pure bee Co film
covered by 1.2 ML of MgO. The photon energy was varied
from 20 to 80 eV in order to scan k| over a whole Brillouin
zone. As previously, the electrons were collected along the
A direction. The obtained maps do not give a direct picture
of the band structure, since the relationship between the
photon energy and & is not linear and the intensity of the
spectra is perturbed by the MgO contribution [28,29]. We
know however that photons with energy above 60 eV probe
the bands near the I" point [29], and the bce Co bulk bands
are known. As for spin-resolved experiments, the polariza-
tion dependence of the spectra allowed us to unambigu-
ously identify the A; T and As | bulk bands. The results
(binding energy versus photon energy) are shown for p
polarization [Fig. 3(c)]. The new A, | state discussed
before is clearly observed at a constant binding energy,
and is thus a two-dimensional (2D) state. For s polarization
(not shown), we actually observed that this IS is strongly
attenuated in the whole photon energy range, confirming
its A; symmetry. To summarize, four important results are
obtained from our combined spin-resolved PES and
ARPES analysis: First, this new state has a 2D character.
Second, this state is an interface state since it is still
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FIG. 4 (color online). Top, parallel Gp(V) and antiparallel
G Ap(V) conductances of samples in Fig. 1, and bottom, possible
conduction channels with A; symmetry (see text).

clearly visible on a MgO-coated film. Third, the symmetry
of this state is A; | . And fourth, this interface state which
is empty for pure Fe, starts crossing E at least above 25%
Co, and is fully occupied above 50% Co.

Based on our PES results, we can now go further in
understanding the transport, and especially the conductance
curves reported in Fig. 4. During the tunneling process in
such epitaxial systems, the electron symmetry and spin are
conserved (coherent tunneling); the current is essentially
driven by A symmetry states, the barrier attenuation being
much stronger for the other symmetries [5,6]. Finally, con-
duction is explained by tunneling from an occupied band of
the first electrode to an unoccupied band of the second
electrode. Thus, the transport in parallel (P) configuration
consists of two contributions from the A T occupied states
to the A T empty states and from A, | occupied states to
A, | empty states. On the other hand, transport in the anti-
parallel (AP) configuration includes two components, from
A, Toccupied states to A; | empty states and vice versa. A
general overview of the different conduction channels dis-
cussed in detail below is given in Fig. 4.

If we consider only the bulk bands of pure bee Fe, A, |
states are far from E and therefore do not play any role in
the conduction process when the voltage bias is lower than
1 V. Hence, there should be a unique conduction channel in
P configuration, from A; T to A; T (named channel 1 in
Fig. 4), and no conduction in AP configuration, giving an
infinite TMR. Limited TMR are however observed due to
the occurrence of non-A (states with in-plane component
ky # 0) and As channels in AP conductance. Adding

the minority spin IS discussed above for pure Fe,
calculations show that it is empty [25,27], thus providing
a A, T— A, | conduction channel in the AP configuration
(channel 4) [30,31].

According to our PES data, this description remains
valid up to around x = 37%. For Co contents from 37%
to 50%, the IS becomes partially filled, which opens new
conduction channels in both P and AP configurations. In
the P configuration, the A (IS) |— A, (IS) | channel (chan-
nel 2) explains the small bump observed around O V in
Gp(V), which appears in a small voltage range since the IS
has a small energy width. Note that this bump is observed
in Gp(V) even down to x = 25%, although the IS was not
clearly detected by PES for this Co content. In the AP
configuration, the consequences for the voltage depen-
dence are much less dramatic. Indeed, the new A (IS) |—
A (Bulk) T transport channel (channel 4°) is towards bulk
A, T empty states, the density of which is almost constant
in energy. Hence, the A;(IS) |[— A,;(Bulk) 1 conduction
channel can occur at any voltage and does not show up
as a distinctive structure in the conductance curves.

For x > 50%, the IS is completely filled, which closes
all the conduction channels towards empty A, (IS) | states.
However, ab initio calculations including Fe/Co chemical
disorder (not taken into account in Ref. [13]) show that
bulk A, | empty states are now very close to Ep [24],
providing efficient conduction channels in each configura-
tion. Indeed, for conductance curves in the P configuration,
the structures between —0.5 and +0.5 V are due to the
A,(IS) |— A, (Bulk) | channel (channel 3), and can be
seen as the convolution of the IS (close to a Dirac function)
and the empty bulk A; | DOS, which presents a clear
peak around 0.1 eV [see Fig. 3(b) and [24]]. In the
AP configuration, a A;(Bulk) T— A,(Bulk) | channel
(channel 5) may now be activated, leading to a large
increase of Gap(V) conductance above around 0.5 V.
This increase is strong enough to reverse the sign of the
TMR above 0.7 V.

To summarize, the TMR decrease is naturally explained
by the vanishing of the A; half-metallic behavior for Co
contents larger than 25%, originating from the occurrence
of A;(IS) | and by the existence of empty A,(bulk) | just
above Ef.

In conclusion, our spin- and symmetry-resolved photo-
emission experiments coupled to transport measurements
and ab initio calculations hence give a complete descrip-
tion of tunneling transport in FeCo/MgO(001) based
tunnel junctions, including TMR and conductance anoma-
lies. These experiments highlight the existence of a 2D
electronic state, confined at the interface between the
magnetic layer and the MgO tunnel barrier. To our knowl-
edge, it is the first experimental evidence of this interface
state, so far only suspected to exist at the Fe/MgO in-
terface. In addition, the chemical disorder in the bcc
lattice leads to an empty A;(bulk) | band very close to
Er and strongly affects the TMR. This global approach,
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combining macroscopic transport measurements together
with deep insight into the fine electronic structure using
both photoemission through an MgO overlayer and
ab initio calculations, opens wide prospects for a more
complete understanding of the coherent spin-polarized
electron transport in magnetic tunnel junctions.
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