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Evidence of a Symmetry-Dependent Metallic Barrier
in Fully Epitaxial MgO Based Magnetic Tunnel Junctions
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We report on the experimental observation of tunneling across an ultrathin metallic Cr spacer layer that
is inserted at the interface of a Fe/MgO/Fe(001) junction. We show how this remarkable behavior in a
solid-state device reflects a quenching in the transmission of particular electronic states, as expected from
the symmetry-filtering properties of the MgO barrier and the band structure of the becc Cr(001) spacer in
the epitaxial junction stack. This ultrathin Cr metallic barrier can promote quantum well states in an

adjacent Fe layer.
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The field of magnetoelectronics, as it enters new do-
mains, is also experiencing a consolidation of its founda-
tions. The giant magnetoresistance (GMR) effect,
originally discovered on Fe/Cr multilayers [1], was de-
scribed at an early stage in terms of an interplay of band
structures between a magnetic metal and a nonmagnetic
metal spacer layer [2]. On the other hand, an equivalent
level of comprehension of the tunneling magnetoresistance
(TMR) effect between a magnetic metal and an insulating
spacer layer has only recently emerged, beyond the pio-
neering experiments on magnetic tunnel junctions (MTJs)
with an amorphous Al,Oj; barrier [3], through the study of
fully epitaxial MTJs. In fact, a convergence between ex-
periment [4—8] and theory [9,10] regarding the symmetry-
filtered spin-polarized tunneling across a MgO(001) barrier
is now fully apparent with values of TMR that currently
reach 1000% [11]. Indeed, electrons with A, electronic
symmetry tunnel across MgO(001) with respect to a barrier
of lowest energy, while electrons with other symmetries
perceive larger barrier heights and are thus filtered away.
The integration of this barrier into an epitaxial MTJ with
bee-ordered Fe-Co alloy electrodes [12—14], which exhibit
A, electrons for only one spin projection [see Fig. 1(a)],
results for the antiparallel (AP) configuration of electrode
magnetizations in a tunneling current of ATI electrons that
cannot find available spin- | states in the collecting elec-
trode with that symmetry. This in turn leads to the large
TMR effect.

This large spintronic response thus reflects the conser-
vation of two properties: spin and symmetry of the tunnel-
ing electron in the junction AP state once it enters, and
continues to tunnel through, the metallic counterelectrode.
The conservation of both properties can be tested by in-
serting a suitable spacer layer at the MTJ interface. To date,
this test was performed on polycrystalline MTJs, often-
times with an amorphous Al,O; barrier. An early study
revealed that the spin can be conserved during the post-
tunneling conduction process in a ferromagnetic spacer
over 8 A [15]. Such ferromagnetic spacers at MTJ inter-
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faces were shown by Nagahama et al. to bear quantum well
(QW) states [16]. Nonmagnetic metallic spacers such as
Au [17], Cr [18,19], and Ru [20] were also investigated.
The effect on the transport of spin-polarized QW states
within a Cu spacer was observed [21]—a result that effec-
tively launched the convergence between GMR and TMR
magnetoelectronics [22].

Yet in all instances, the insertion of the spacer dramati-
cally quenched the TMR amplitude and any spintronic
effects. Notably, recent experiments revealed minute oscil-
lations in TMR amplitude with increasing Cr spacer thick-
ness with a 2 monolayer (ML) period corresponding to the
Cr spin sublattice [19]. This was attributed to spin scatter-
ing at the Al,O;/Cr(001) interface, i.e., in a diffusive
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FIG. 1. (a) Band structures along the I' — H direction of
electron propagation, of spin-polarized bcc Fe and bcc Cr,
with A; (As) bands in black (gray). Panels (b)—(g): Sche-
matics of the two MTJ potential landscapes for A; spin- T
electrons in the parallel (P) junction state at zero, negative,
and positive bias.
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transport regime that destroys the conservation of symme-
try due to the amorphous structure of the Al,O; barrier.
Thus, the use of spacers to study the symmetry property of
electron tunneling requires fully epitaxial MTJs that pre-
serve the two-dimensional periodicity across the junction,
thereby conserving the electron momentum parallel to the
interface k|| and the coherence of the tunneling process. In
this vein, some of us have experimentally demonstrated
how electrons with a precise symmetry [23] tunnel with
respect to symmetry-resolved states in the insulating bar-
rier, and continue as hot electrons to tunnel despite the
presence of available states if these states are mismatched
in symmetry with respect to the tunneling electrons [22].
As was argued then [22,23], the ability within a hetero-
structure for a suitably chosen metallic layer to act as an
additional tunnel barrier for electrons at the Fermi level E
represents an important opportunity for both fundamental
and applied research.

We report here on spacer experiments that demonstrate
explicit control over the symmetry of the tunneling elec-
trons. We show how the dominant majority spin A; con-
duction channel can be quenched in fully epitaxial
Fe/Cr(x ML)/MgO/Fe(001) MTJs as the thickness x of
the Cr spacer layer is increased, in agreement with our
theoretical calculations. The resulting bias dependence of
conductance exhibits features related to the nondominant
electronic symmetries that are now apparent in the tunnel-
ing transmission. Thanks to this remarkable “insulating”
behavior of the ultrathin Cr metallic spacer, we ob-
serve large and enduring TMR for finite x, as well as
QW states in a Fe spacer layer that was inserted between
the Cr and MgO A, barriers. Our work on fully epitaxial
devices with GMR and TMR engineering explicitly out-
lines the convergence between these two branches of
magnetoelectronics.

MgO//MgO(10 nm) /Fe(26 nm) / Cr(x) /MgO(3 nm)/
Fe(6 nm)/Co(20 nm)/Pt(3 nm) expitaxial samples were
deposited by molecular beam epitaxy under ultrahigh vac-
uum conditions as described elsewhere [24]. A 3 nm thick
MgO barrier was chosen to filter mostly A, states at the I"
point [9,10,22]. The thickness x of the wedge-shaped Cr
spacer varies from O to 6 ML. Thanks to a small lattice
mismatch between bcc Fe(001) and Cr(001) (1.5%),
Cr(001) and MgO(001) (2.25%), and MgO(001) and
Fe(001) (3.7%), the two-dimensional layer-by-layer
growth and the high crystalline quality of the epitaxial
Fe, Cr, and MgO layers in the stack were achieved, as
witnessed through intensity oscillations in the reflection
high-energy electron diffraction pattern. Thanks to the
wedge shape of the Cr layer, MTJs with the same bottom
electrode, barrier, and top counterelectrode but variable Cr
spacer thickness can be patterned on the same wafer.

Standard Fe/MgO/Fe(001) MTJs yield 180% TMR at
T =300 K and V4. = 10 mV. This amplitude reflects the
mechanism of symmetry-conserved tunneling described

above, but also a non-negligible contribution from non-
dominant electronic symmetries. Figure 2 illustrates the
experimental TMR variation (Vg4 = 10 mV, T = 300 K)
with increasing Cr thickness x normalized to that found for
x = 0. We observe a much slower TMR decrease as com-
pared to previous studies on Al,Os-based MTIJs with a Cr
spacer [18,19]. Indeed, 40% of the initial TMR is preserved
for a 4 ML Cr spacer here, compared to the previously
reported total quenching [18] and subpercent TMR [19].
We argue that, while these previous results reflect a dif-
fusive spin-polarized tunneling regime, we are witnessing
the signature of a symmetry-conserved tunneling regime
here. Indeed, the insertion of the Cr spacer effectively fil-
ters away the dominant contribution of the tunneling A,
states so that other symmetries now dominate the junction
conductance. To confirm this explanation, we have per-
formed first-principles calculations. The electronic struc-
ture of the system is described in terms of a surface Green
function technique implemented within the framework of a
tight-binding linear muffin-tin orbital approach [25]. This
approach allows us to simulate on an ab initio level the ex-
perimental conditions for transport measurements of tun-
nel junctions with two semi-infinite leads. The correspond-
ing transport properties are evaluated within a Kubo-
Landauer approach, based on a transmission matrix formu-
lation within the linear response theory [26,27]. The sys-
tem studied consists of Fe/Cr(x ML)/MgO(10 ML)/Fe
embedded in two semi-infinite bcc(001) Fe leads. We
used the atomic structure of Ref. [28]. Given the quite
low conductances at large x, we had to reduce the MgO
thickness compared to experiments. The trend described
with increasing x would be exacerbated for larger thick-
nesses due to an enhanced filtering of A, states [9].
These calculations broadly reproduce (Fig. 2) the less-
ened TMR decrease with x. Figure 3(a) presents the con-
ductance G for each spin channel (PT, P|, APT, and
AP | ) as a function of Cr thickness x. We see that Gp,
decreases with increasing x and reaches the low conduc-
tance of the other spin channels for x = 6, which remain
broadly constant for all x. The large drop in Gp for x = 1
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FIG. 2. Experimental and theoretical variations of normalized
TMR with Cr thickness x.
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FIG. 3 online). Fe/Cr(x ML)/MgO(10 ML)/Fe:

(color
(a) evolution of the PT, P|, AP1, and AP | conductance
channels with increasing Cr thickness x. Transmission probabil-
ity of the dominant P 1 conductance channel as a function of kj
for (b) x =0 and (¢c) x = 6.

reflects the quenching of the Fe/MgO interface state [8].
This confirms the filtering effect of the Cr layer.

To characterize this filtering effect from a symmetry
standpoint, we examine, for the dominant P 1 spin channel,
the kj-resolved transmission probabilities for x = 0 [see
Fig. 3(b)] and x = 6 [see Fig. 3(c)]. For x = 0, the main
contribution to G arises close to the I (i.e., ky = 0) point,
corresponding to electrons with A; symmetry [9,10]. Upon
introducing the Cr spacer [Fig. 3(c) for x = 6], the trans-
mission remains mainly concentrated around the I" region
of the two-dimensional Brillouin zone but with a strongly
reduced probability. This change reflects the absence of A
states at £y within the Cr layer [see Fig. 1(a)], which acts
as an additional barrier for these otherwise highly trans-
mitted A, states as schematized in Fig. 1(b). For x = 6, the
P 1 spin channel is dominated by As states, which have the
second-smallest decay constant in MgO(001) [9,10,22] and
are present at Er both in bcec Fe(001) and bee Cr(001).

This controlled switch in the symmetry of the trans-
mitted spin-polarized carriers with the insertion of a Cr
spacer experimentally results in a drop in Gp to values
close to those of G4p, while G 5p remains broadly constant.
As schematized in Figs. 1(c) and 1(d), the Cr spacer acts as
a barrier for A, states regardless of the direction of applied
bias. At T = 300 K, we see a 250% increase in the resist-
ance x area product when going from Cr thickness x = 0 to
x =6 ML for our smallest 10 X 10 wm?> MTJs. It de-
creases to 210% for 30 X 30 um? MTJs, which may re-
flect the incidence of structural defects on this effect.

Figure 4 illustrates the relative variation of G with
applied bias, AG(V)=[G(V)— GV =0)]/G(V = 0)
for (a) x =0 and (b) x = 6. All these panels reveal the
incidence on G of the Fe Ag band edge located at E =
Er + 0.25 eV (see arrows). Indeed, starting from V = 0,
AGp(V)/Gp(0) for x =0 decreases and reaches two
minima located at |V|=0.25V. For |V|>0.25V,
AGp(V)/Gp(0) increases strongly. Assuming a MTJ bias
model of rigidly shifting the electrode Fermi levels [29]
and within a multichannel model [24] of symmetry-
conserved tunneling, this reflects a dominant conduc-
tion of A electrons as well as a much smaller contribu-
tion from Aj states. Once the Fe ATS band edge is reached,
the A, contribution to conduction completely dominates
and AGp(V)/Gp(0) rises quickly. These signatures of A;
dominant conduction in AGp(V)/Gp(0) with x = 0 are
absent for x = 6 [Fig. 4(b)]. Instead, AGp(V)/Gp(0) ex-
hibits the same signature as AGap(V)/Gp(0): starting
from V = 0, the rapid rise in conductance, before a less-
ened increase past V = 0.25 V, reflects the quenching of
one of the A5 conduction channels as the Fe ATS band edge
is reached.

We have thus shown how to control the symmetry
character of the tunneling electrons: by filtering away the
A, states, the Cr spacer acts as an analyzer of the secondary
electronic symmetries that, in addition to A, at the I point,
may contribute to tunneling transport across a simple MgO
barrier. As an additional confirmation that, despite its ultra-
thin thickness x, the Cr layer acts as a tunnel barrier for A,
electrons, we have inserted an additional Fe spacer be-
tween Cr and MgO at the lower junction interface.
Taking into account the band structures of Fe and Cr [see
Fig. 1(a)], this additional Fe spacer should confine A,
electrons as discrete states in a QW [see Fig. 1(e)]. In
our measurement geometry, a negative bias V injects elec-
trons at E from the upper Fe electrode into the QW at an
energy Er + eV [see Fig. 1(f)], while the well is probed
only at Er for all V>0 [see Fig. 1(g)]. We therefore
anticipate to observe QW states for V <0 but not V >0
if the ultrathin Cr indeed acts as a tunnel barrier for A,
electrons, as observed for a thick Cr buffer layer [16]. Upon
inserting an Fe spacer with thickness 7 < d <21 ML be-
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FIG. 4 (color online). Bias dependencies for Fe/Cr(x ML)/
MgO/Fe MTIJs of (a) AGp(V)/Gp(0) for x =0 and (b) AGp(V)/
GP(O) and AGAP(V)/GAP(O) for x = 6.
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FIG. 5 (color online). Relative variation of Gpap)(V) in stan-
dard Fe/MgO/Fe and Fe (7 ML) QW MTIJs in the (a) P and
(b) AP junction states. (c) d’Ip/dV*(V) data for Fe/MgO/Fe
and Fe(d) QW MTIs.

tween a uniform x = 6 ML Cr spacer and the MgO barrier,
we experimentally observe that the TMR amplitude is
restored to that of standard Fe/MgO/Fe junctions. We
present in Fig. 5 measurements on MTJs that were pat-
terned from a sample with a uniform x = 6 ML Cr spacer
and an additional Fe spacer wedge with thickness 7 < d <
21 ML below the 3 nm MgO barrier and the top Fe layer
(hereafter called Fe QW MTJ). As seen in Fig. 5(a) for an
Fe QW thickness of 7 ML, the aforementioned signature in
Gp(V) of a A| domination of conduction is again present,
which underscores the TMR amplitude restoration.
Furthermore, we observe shoulders in the Gp data at nega-
tive bias [see Fig. 5(a)]. This is enhanced in the bias
dependence of dG/dV = d*I1/dV? [see Fig. 5(c)], which
exhibits oscillations due to the formation of QW states at
energies above E for given Fe QW thicknesses in quali-
tative agreement with theory [30]. No oscillations appear at
positive bias as expected. No oscillations appear at nega-
tive bias in the AP junction state since, as discussed
previously, G,p is not dominated by A; states but rather
by Ajs states that are not confined in the Fe QW. This
experimental behavior confirms how ultrathin bcc
Cr(001) indeed acts as a tunnel barrier for, and thus can
filter, A electrons.

To conclude, we have presented symmetry-conserved
tunneling results that demonstrate how a metallic layer
such as Cr can act as a tunnel barrier in a Fe/MgO(001)
system. Such studies with appropriate spacer layers open
valuable opportunities for future research on the nondomi-
nant electronic symmetries that, alongside defect states and
interface states, can hamper large magnetoelectronic ef-
fects such as TMR, with immediate applications toward

reducing the leakage current in epitaxial transistors. Such
spacer layers can help distinguish between an intrinsic and
an extrinsic (i.e., defect-mediated) origin to interlayer
exchange coupling across epitaxial insulators [31,32], so
as to consolidate this sister effect to GMR into a compre-
hensive foundation of magnetoelectronics across spacer
layers.
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