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Spin-dependent coherent tunneling has been experimentally observed in high-quality sputtered-deposited
Co,FeAl/MgO/CoFe epitaxial magnetic tunneling junctions (MTJs). Consequently, the microfabricated MTJs
manifest a very large tunnel magnetoresistance (TMR) at room temperature and an unexpectedly TMR oscil-
lation as a function of MgO barrier thickness. First-principles electronic band calculations confirm the pro-
nounced coherent tunneling effect and are in good agreement with the experimental data. The present work
demonstrates the importance of coherent tunneling for large TMR with Heusler alloys
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Magnetic tunnel junctions (MTJs), which consist of two
ferromagnetic electrodes separated by a thin tunneling bar-
rier, are now considered as key components for next-
generation spintronics devices because of their large tunnel-
ing magnetoresistance (TMR) effect.!"? Experimentally,
progress toward devices with a large TMR ratio at room
temperature (RT) has been motivated by using MgO tunnel-
ing barriers. Currently, there are two methods to achieve
large TMR at RT. One is to use the half-metallicity of whole
conduction electrons in half-metallic materials such as “se-
lected” Heusler alloys (total band half-metallicity).>"® The
other is to use the half-metallic A; band in certain metals
(e.g., bec Co and Fe) (Refs. 7 and 8) and alloys (e.g., CoFe
and CoFeB) (Refs. 9 and 10) (specific band half-metallicity)
due to coherent tunneling.'">'? In earlier studies of TMR in
MTIs consisting of Heusler alloy electrodes, main concern is
to put on the former side.'>! Nevertheless, two contribu-
tions, i.e., their total band half-metallicity and coherent tun-
neling (specific band half-metallicity) were mixed in the ob-
tained TMR. Therefore, a clear experimental observation of
coherent tunneling in real Heusler-based MTJ devices is
lacking. In this Rapid Communication, we report a giant
TMR of 330-340 % at RT and its “remarkable” oscillation
due to coherent tunneling in a disordered B2 Co,FeAl Heu-
sler alloy “without total band half-metallicity.” This observa-
tion is further investigated and confirmed by first-principles
electronic band calculations. Our work clearly indicates that
besides bee Co, Fe, and CoFe(B), Heusler alloys have prom-
ising potentials for giant TMR due to coherent tunneling as
well as their tunable properties (such as magnetization and
furthermore magnetic damping) based on a large variety con-
stituent elements. In addition, Co,FeAl has the lowest damp-
ing constant in Heusler alloys,?> which is a substantial factor
in spin dynamics such as spin injection magnetization
switching with a low current. Our finding thus suggests that
the Co,FeAl-based MTJs may play a key role in future spin-
tronics devices.

Thin films for spin-valve-type MTJs were prepared on
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Cr-buffered MgO(001) substrates using an ultrahigh vacuum
magnetron sputtering system with the base pressure of below
8 X 107® Pa. The bottom Co,FeAl (CFA) electrode was de-
posited at RT and subsequently annealed at 480 °C for 15
min in order to smooth its surface and to induce a perfectly
flat bottom CFA/MgO interface. The structure of the an-
nealed CFA layer has been found to be disordered B2 struc-
ture by using x-ray diffraction.?® To further investigate the
local environments around Co atoms, we have also measured
%Co nuclear magnetic resonance (NMR). Figures 1(a) and
1(b) show *Co NMR spectra for CFA annealed at 480 °C
after deposition on Cr- and MgO-buffered MgO(100) sub-
strates and bulk CFA with L2, structure as a reference, re-
spectively. The peak intensity around 193 MHz in the spec-
trum in Fig. 1(b) corresponds to the nearest-neighbor
configuration of 4Fe+4Al around a Co atom in L2, structure.
The satellite peaks with lower intensities suggest the exis-
tence of B2-type disordering, in which Fe and Al atoms
swap.?* The two spectra in Fig. 1(a) are quite different from
the spectrum in Fig. 1(b) and show a perturbed B2 structure.
The closer inspection of the spectra in Fig. 1(a) indicates that
the structure corresponding to the CFA film grown on a Cr
buffer is less resolved in high-frequency side than that of a
film grown on an MgO-buffer layer, suggesting a less or-
dered B2 structure in the case of Cr buffer. The presence of a
high number of resolved resonance lines in Fig. 1(a) suggests
that in addition to the B2-type disorder some admixture of
the A2-type disordering is also present in the CFA films. This
may be attributed to the Co-rich composition of
Cos, gFeys 4Aly; ¢ for the CFA film, which was found in the
inductively coupled plasma analysis.

The MgO tunnel barrier was formed by rf sputtering di-
rectly from a sintered MgO target under an Ar pressure of 10
mTorr. As shown in Fig. 2(a), we designed a wedge-shaped
MgO tunnel barrier layer with the MgO thickness (fyg0)
ranging from 1.0 to 2.5 nm on each 2 X2 cm? substrate. The
top CoFe electrode was then grown on the MgO tunnel bar-
rier at RT, where CoFe means Co;sFe,s alloy. A 10-nm-thick
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FIG. 1. (Color online) (a) Co NMR spectra at 4.2 K for 30-
nm-thick Co,FeAl thin films in situ annealed at 480 °C after depo-
sition on a Cr-buffered (blue) and MgO-buffered (red) MgO(100)
substrates. The red solid line is Gaussian fit for each resonance
peaks. (b) Spectrum for bulk Co,FeAl with L2, structure. The peak
intensity at 193 MHz corresponds to the nearest-neighbor atoms of
4Fe+4Al around a Co atom in L2 structure. The satellite structure
extending symmetrically on both frequency sides of the main line
reveals B2-type disordering, in which Al and Fe atoms are swapped.

IrMn antiferromagnetic layer was subsequently deposited on
the top electrode in order to establish an exchange-bias field
with the electrode. Lastly, the sample is capped with a 7-nm
Ru layer. The structure of the fabricated MTJs was investi-
gated by cross-sectional high-resolution transmission elec-
tron microscopy (HRTEM). A typical HRTEM image is
shown in Fig. 2(b) for an MTJ structure with fy,0=2.0 nm.
This image clearly shows that all the layers from the CFA
lower electrode to the CoFe upper electrode were grown epi-
taxially and were single crystalline. Although atomic steps
can be seen at the lower interface, no appreciable lattice
defects were observed inside the MgO barrier, which may be
attributed to the small lattice misfit between CFA and
MgO.? We should point out that the quality of the sputtered-
MgO barrier is comparable with that of MgO barrier pre-
pared by electron-beam method.'%!7-1

Magnetotransport properties of the MTJ (junction area:
10X 10 um?) have been measured by the standard dc four-
probe method in a temperature range of 10-290 K, where a
magnetic field was applied along CFA [110] (IMgO[100]).
Details of our microfabrication process and measurements
are given in elsewhere.”® In Fig. 2(c), we show the fyuo
dependence of observed TMR ratios. In this study, the TMR
ratio is defined as (R,,—Rp)/Rp, where R4, and R are the
tunnel resistance when the magnetizations of the two elec-
trodes are aligned in antiparallel and parallel, respectively.
The TMR of the MTJ is modest for thin MgO barrier but
dramatically increases with increasing fyj,0. Notably, the
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FIG. 2. (Color online) (a) Schematic of the magnetic tunnel
junction structure. (b) High-resolution cross-section transmission
electron microscopy images of an MTJ with fy;,0=2.0 nm. The
vertical and horizontal directions, respectively, correspond to the
MgO [001] and MgO [100] axis. The arrow in the micrograph
shows the atomic step at the interface. (c) The MgO barrier thick-
ness (fyp0) dependence of TMR ratio at RT. Strong oscillation of
TMR as a function of fyeo is observed. Dashed green line repre-
sents background curve, which was fitted to quadratic function. (d)
Oscillatory component of TMR, i.e., after subtracting the back-
ground as a function of 7y,0. The oscillatory component of TMR is
fitted relatively well by superposing two cosine curves (solid red
line) with different periods (\): a short-period oscillation with \
=0.32 nm (dashed blue line) and a long-period oscillation with \
=0.63 nm (dashed green line).

highest TMR ratio of 330-340 % for CFA/MgO/CoFe MTJ
is much higher than that of Co,FeAl,sSi,s/MgO/CoFe
MTJs (109% at RT) (Ref. 18) and Co,MnSi/MgO/CoFe
MTJs (217% at RT),' suggesting that the CFA electrode is
more effective in enhancing the TMR effect.?

The most interesting result in Fig. 2(c) is that the TMR
ratios of MTJ exhibit an unexpectedly oscillatory behavior as
a function of fyj,o. The result is remarkable because such an
oscillation of TMR is normally observed only in Fe/MgO/Fe
MTIJs prepared by molecular-beam epitaxy’-?® while it is ab-
sent in sputter-deposited CoFe/MgO/CoFe (Ref. 9) and
CoFeB/MgO/CoFeB (Ref. 10) MTJs. To get further insight
into the physical origin of the result, as shown in Fig. 2(d),
we replot the oscillatory component of TMR (i.e., after sub-
tracting the background curve) as a function of ty,0. We
found that the oscillatory component of TMR is fitted rela-
tively well by superposing two kinds of oscillations function
(cosine curve) with different periods (N\): one of which is a
short-period oscillation with A=0.32 nm (dashed blue line)
and the other one is a long-period oscillation with A
=0.63 nm (dashed green line). Moreover, the amplitude of
the short-period is two times larger than that of the long-
period one. It should be pointed out that the TMR oscillation
observed in the Fe/MgO/Fe MTJ was also found to be a
superposition of the short- (A=0.32 nm) and long-period
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FIG. 3. (Color online) (a) Density of states of Co,FeAl with the
ordered L2, structure (green line) and with the disordered B2 struc-
ture (red line). Inset in (a) shows the magnification of DOS near the
Fermi level (Eg). (b) Band dispersion of the disordered B2 Co,FeAl
along the [001] (I'-X) direction. The red and black lines represent
majority-spin and minority-spin bands, respectively. Overall three
bands composed of two in the majority and one in the minority
channel cross Ep. The thick red and thick black lines represent
majority-spin A; and minority-spin A5 bands, respectively.

(A=0.99 nm) oscillations. These results strongly indicate
that the period of the oscillations is independent of electrodes
and thus the origin of the oscillatory should only relate to the
MgO tunnel barrier. Butler et al.!' proposed a model of in-
terference between tunneling states for the TMR oscillation
in epitaxial Fe/MgO/Fe MTIJs. An interference in the evanes-
cent states at E in the MgO barrier between A; and As states
at k=0 can cause an oscillation of tunneling transmittance as
a function of 71,0, where k=0 is parallel components of the
tunneling electrons wave vector. The tunneling transmittance
for a given k; oscillates as a function of fy,o with a period
proportional to 1/(k;-k,), where k; and k, are real compo-
nents of A; and Ajs states. Thus, we suggest that both the
large TMR and its remarkable oscillation in CFA/MgO/CoFe
MTJ] may be originated from the coherent tunneling
effect,'>1? in which both the electrons’ spins and their Bloch
states symmetry are conserved. Nevertheless, there is much
more to learn in order to fully understand the origin of TMR
oscillation through further theoretical and experimental in-
vestigations.

To support the interpretation of our experimental results
we have studied the band structure of disordered B2 CFA
along the I'-X (k;=0) direction in the Brillouin zone. The
calculations were performed using the pseudopotential
method with plane-wave-basis set. The electronic exchange-
correlation energy was treated under the local-density ap-
proximation for the experimental lattice constant of CFA,
0.572 nm. We used 120 « points in the irreducible wedge of
the Brillouin zone of the primitive cell and a plane-wave
cut-off energy of 500 eV. These parameters ensure good con-
vergences for total energy. Figure 3(a) shows the spin-
resolved densities of states (DOS) of the ordered L2, (green
line) and the disordered B2 (red line) CFA structure, respec-
tively. In agreement with previous theoretical band
predictions,>?” we found that: (i) there is no obvious peak in
the majority-spin DOS at the Fermi level (Eg), both in the
ordered L2, and the disordered B2 structure; (ii) compared to
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FIG. 4. (Color online) (a) Bias voltage dependence of differen-
tial conductance (G=dlI/dV) spectra at 300 and 10 K for CFA/
MgO/CoFe MTJ (fyg0=1.8 nm). Here, the negative bias voltage
corresponds to the tunneling of electrons from bottom CFA to top
CoFe. P and AP stand for parallel and antiparallel alignment of the
two electrodes. (b) Ivgo dependence of dI/dV spectra in the parallel
alignment [Gp(V)] measured at 300 K. Each spectrum is normal-
ized by the value at zero bias. The dark-yellow dotted arrows are
guide to the eyes.

the ordered L2, system, a few additional states are found in
the minority-spin DOS at Ep. for the disordered B2 one [see
inset of Fig. 3(a)]. This result has been explained by
Galanakis> due to the strong hybridization between the Fe 3d
and Co 3d, which will cause charge transfer from the Co
minority-spin states to the Fe minority-spin states, and give
rise to additional states at Er and CFA loses half-metallicity.
Moreover, within our calculation we found that the mixing of
25% Fe atom with Al atom (disordered B2) perturbs the sym-
metry of the Co and Fe sites creating new states at the con-
duction end of the band gap, which narrows the pseudogap
considerably.

Figure 3(b) shows the band structure of the disordered B2
CFA along the I'-X (k;=0) direction. Overall three bands
composed of two in the majority (solid lines) and one in the
minority (dotted lines) channel cross Eg. From the symmetry
analysis, surprisingly, we found that one of the majority-spin
conduction bands (thick red line) has a A, (spd-like state)
symmetry while the minority-spin conduction band (thick
black line) has a Ay (pd state) symmetry. Due to the symme-
try compatibility with MgO band structure, the A, state has
the smallest decay rate, followed by the Ay state across the
MgO barrier. One can therefore immediately confirm that the
disordered B2 CFA along the [001] direction behaves as a
half-metal in terms of the A; symmetry. Note that the band
structure of CFA is quite similar to that of bcc Co,?® but
contrasts sharply with bec Fe for which in addition to the A,
band, there are other bands (A, and As) in the majority chan-
nel that cross Er at ky=0. This effect is, we speculate, the
reason for the much larger TMR ratio for CFA/MgO/CoFe
and Co/MgO/Co (Ref. 8) than Fe/MgO/Fe (Ref. 7) MTJs.

Figure 4(a) shows the bias voltage dependence of differ-
ential conductance (G=dI/dV) spectra of CFA/MgO/CoFe
MTlJs at 10 and 300 K. The small dip around zero bias ob-
served in dI/dV spectrum for the antiparallel configuration
[G4p(V)] at 10 K is so-called “zero-bias anomaly” as usually
observed in typical MTJs due to magnon excitations,?® which
disappears at 300 K. Slightly asymmetrical of dI/dV spectra
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for the parallel configuration [G,,(V)] with respect to the po-
larity of bias voltage was observed at both 10 and 300 K.
The small asymmetrical feature probably reflects a slight dif-
ferent in the quality of the lower-CFA/MgO and the upper-
MgO/CoFe interfaces in our MTJs as confirmed by HRTEM
[see Fig. 2(b)]. It is interesting to note that, as marked by the
arrows in Fig. 4(a), G,(V) spectra present a local minimum
at about —0.35 and +0.38 eV for the negative and positive
bias, respectively. This behavior is remarkable. To our best
knowledge, such a conductance anomaly has not been ob-
served in other Heusler-based MTJs. Here, we explain the
local minimum by evoking the band dispersion of the disor-
dered B2 CFA in the following way. As seen in Fig. 3(b), in
fact the top of minority-spin As band, which dominates the
down spin conduction, lies at ~0.348 eV above Er. When
the energy of the conduction electrons arriving across the
barrier overcomes the top of this As band, the conduction
channel associated with this state disappears. Therefore, the
amplitude of the relative variation in G,(V) spectra from zero
bias to the local minimum quantifies the contribution of the
Aj electrons in P channel conductivity. This interpretation
remains in agreement with the results of Fig. 4(b) which
show G, (V) spectra measured at 300 K for CFA/MgO/CoFe
MTIJs with various MgO barrier thicknesses. We clearly
found the amplitude of the local minimum increases pro-
nouncedly with decreasing the MgO barrier thickness (as in-
dicated by dark-yellow dotted arrows). This important fea-
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ture strongly indicates that the contribution of As electrons to
the tunneling becomes more significant in the thin MgO bar-
rier thickness regime.

In conclusion, a new ferromagnetic electrode of the dis-
ordered B2 CFA Heusler alloy for pronounced coherent tun-
neling inducing giant TMR has been exploited. The micofab-
ricated CFA/MgO/CoFe MTJ exhibits a very high TMR ratio
of 330-340 % at RT and an unexpectedly TMR oscillation
as a function of MgO barrier thickness. Additionally, a simi-
lar TMR oscillatory behavior was also observed in the CFA/
MgO/CFA MTIJs.3 First-principles electronic band calcula-
tions confirm that the disordered B2 CFA along the [001]
direction behaves as a half-metal in terms of the A; symme-
try. The large TMR ratio together with the low damping con-
stant of CFA suggests that this material may play a key role
in future spintronics devices. Another important issue that we
should point out is that the Heusler alloy of CFA we used
includes considerable disorder, which strongly indicates that
Heusler alloys have promising potentials for giant TMR due
to coherent tunneling as well as their tunable magnetic prop-
erties (such as magnetization and furthermore magnetic
damping) based on a large variety of constituent elements.
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