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Spin-dependent tunneling spectroscopy has been studied in fully epitaxial magnetic tunnel junctions with
full-Heusler Co,FeAl(sSips (CFAS) alloys. We fabricated CFAS/MgO/CFAS structures with L2,- and
B2-ordered CFAS layers and measured the bias voltage dependence of differential conductance G. We found
for L2,-CFAS/MgO/L2,-CFAS structure symmetrical conductance curves with respect to polarity of the bias
voltage for parallel (P) and antiparallel (AP) magnetization configurations and two characteristic crossovers in
G between P and AP accompanied with a flat feature within £0.6 V in G (P). On the other hand, only one
crossover was observed at a negative-bias voltage for L2,-CFAS/MgO/B2-CFAS structure. The direct tun-
neling that reflects the specific spin-dependent density of states of the half-metallic L2,-CFAS is proposed as
a possible transport mechanism leading to the notable crossovers.
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I. INTRODUCTION

Half-metallic compounds which are fully spin polarized
near the Fermi level (Er) due to an energy gap in the
minority-spin band' have attracted great attention as key ma-
terials for creating spintronics devices such as future ultra-
high density nonvolatile memory devices and spin metal-
oxide-semiconductor field-effect transistor.> Especially, Co-
based full-Heusler alloys have been intensively studied since
the half metallicity is expected even at room temperature
(RT) due to their high Curie temperature around 1000 K.3-1¢
Recently, a very large tunnel magnetoresistance (TMR) ratio
of 570% was achieved in Co,MnSi(CMS)/AlO,/CMS mag-
netic tunneling junctions (MTJs) at 2 K.!'' However, the
TMR ratio, which is represented as 2P?/(1-P?),'7 where P
is a tunneling spin polarization, significantly decreases with
increasing temperature and becomes 67% at RT. This behav-
ior was attributed to a low-energy separation between Fermi
level and conduction-band edge,!! an inelastic tunneling pro-
cess including spin flip due to magnon-assisted tunneling’
through the formation of interface states near Ep in the
minority-spin gap'® or the formation of nonquasiparticle
states above E in the minority-spin gap,'® resulting in the
low TMR ratio at RT. Recently, we have reported a large
TMR ratio at RT and a relatively small temperature depen-
dence of TMR ratio (220% at RT and 390% at 5 K) in epi-
taxial Co,FeAl,sSips (CFAS)/MgO/CFAS MTJs.!* The
TMR ratio of 390% corresponds to P=0.81 for CFAS. Ab
initio calculations on quarternary Co,FeAl,_Si, alloys
which were performed after this observation demonstrated
the half metallicity of these alloys with the L2, structure and
predicted E to be adjustable by controlling the composition
x.29-22 For x=0.5 (CFAS) the Ej lies at the middle of the
minority-spin gap of about 1 eV, which will enhance the
temperature robustness of TMR ratio. This is consistent with
the large TMR ratio at RT obtained in the experiment.'* The
low density of states (DOS) of the majority-spin band near
E in CFAS may also contribute to the relatively small tem-
perature dependence of TMR ratio due to the decreasing of
the magnon excitation.
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In this paper we report two crossovers in differential
tunneling conductance G=dI/dV measured in epitaxial
L2,-CFAS/MgO/L2,-CFAS MTIs to discuss the origin of
the large TMR ratios obtained in the MTJs. The direct tun-
neling that reflects the specific spin-dependent DOS of the
half-metallic CFAS obtained from the first-principle
calculations®®?? is proposed as a possible transport mecha-
nism leading to the notable crossovers.

II. EXPERIMENTAL DETAILS

Multilayers were deposited on single-crystal MgO (001)
substrates using an ultrahigh vacuum magnetron sputtering
system with the base pressure below 8 X 10 Pa. We used
MgO buffer layer in place of Cr buffer layer used in Ref. 14
because Cr buffer impedes a highly L2;-ordered CFAS struc-
ture due to the Cr atoms interdiffusion by postannealing at
higher temperatures above 723 K and thus limits to achieve
higher spin polarization. Typical MTJ structure fabricated is
a top-spin-valve type consisting of MgO (20)/CFAS (30)/Mg
(03)/Mg0(11 or 14)/CFAS (5)/C075F625 (2)/11‘20Mn80
(15)/Ru (7) (thickness in nm) on MgO (001) substrates. MgO
layers were sputter deposited from a sintered MgO target
directly using rf magnetron, whereas other metallic layers
were deposited using dc magnetron. We inserted the thin Mg
layer under the MgO barrier layer in order to avoid the oxi-
dation of the bottom-CFAS layer. CFAS layers were depos-
ited at RT from a stoichiometric target (Co 50.0%, Fe 25.0%,
Al 12.5%, and Si 12.5%). After the deposition of the bottom-
CFAS layer we postannealed for 15 min in situ at Tyyyom
=813 K. Postannealing was also performed at 7,,,=RT or
813 K after the deposition of the top-CFAS layer. Finally we
annealed the multilayers at 633 K in a furnace under a mag-
netic field of 5 kOe for 1 h in order to exchange bias the top
electrode. Both MTJs (junction area: 5X2-10X 10 um?)
and electrodes were patterned using a typical microfabrica-
tion technique, i.e., electron-beam lithography, photolithog-
raphy, and Ar ion-beam etching. The crystal structure of
CFAS films was investigated by x-ray diffraction (XRD).
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FIG. 1. Cross-sectional high-resolution transmission electron
microscopy image of a L2,-CFAS/MgO/L2-CFAS magnetic tun-
nel junction along the [110] direction of the CFAS layers. Structural
imperfections are circled.

MTJs were characterized by measuring R-H (TMR) and
current-voltage (I-V) curves with a dc four-probe method in
a temperature range of 7-290 K, where a magnetic field was
applied along CFAS [110] (IMgO[100]). In this study, the
positive current is defined as that electrons flow from the
top-CFAS layer to the bottom-CFAS layer. The composition
of deposited CFAS films was confirmed to be nearly stoichi-
ometric (Co 51.0%, Fe 23.2%, Al 14.1%, and Si 11.7%) by
inductively coupled plasma analysis.

III. RESULTS
A. Structural characterization

Cross-sectional high-resolution transmission electron mi-
croscopy (HRTEM) was used to clarify the detailed crystal
structure of the multilayer [CFAS(T,=873 K)/MgO/
CFAS(T,=813 K)]. In the HRTEM lattice image, as shown
in Fig. 1, very smooth and abrupt interfaces are realized in
the CFAS/MgO/CFAS structure. Both bottom- and top-
CFAS layers are grown epitaxially and single crystalline. The
lattice spacing of the CFAS layers are resolved with d
=0.20 nm, corresponding to body-centered cubic {110}
planes. The MgO layer shows a [001] growth orientation,
nevertheless a large number of structural imperfections are
observed. Interestingly, the defects are introduced not only at
the CFAS/MgO interfaces but also inside the MgO layer,
which is shown by circles in an MgO barrier to relax the
lattice mismatch between MgO and CFAS (approximately
4.7%). In the reports of the epitaxial MTJs with MgO layers
prepared using an electron-beam evaporation [Fe/MgO/Fe
(Ref. 23) and CMS/MgO/CoFe (Refs. 12 and 16)], in which
TMR enhancement due to the coherent tunneling has been
observed, almost all lattice dislocations form at the interfaces
and the desired epitaxial (001) growth for MgO layer is suc-
cessfully achieved, unlike in our MgO barrier. Therefore, the
coherent tunneling effect would be weakened in our MTJs as
well as in the MTJ with the polycrystalline MgO barrier.>*

B. TMR properties

We prepared MTJs with different ordering of CFAS films
by changing the postannealing temperature, in which
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FIG. 2. (Color online) TMR curves and schematic illustrations
of magnetic tunnel junctions with (a) L2,-CFAS/MgO(1.1 nm)/
L2,-CFAS and (b) L2,-CFAS/MgO(1.4 nm)/B2-CFAS structures.
Bias voltages of 1 mV (7 K) and 5 mV (RT) were applied for the
measurement.

L2,-CFAS/MgO/L2,-CFAS structure was achieved by post-
annealing at 813 K for both bottom- and top-CFAS layers
(Toorom=813 K and T,,,=813 K), accompanied with almost
perfect (001) orientation and very flat surface with an aver-
age surface roughness of 0.10 nm.” The L2,-CFAS/
MgO/B2-CFAS structure was formed when annealed at 813
K for only the bottom-CFAS layer (Tyouom=813 K and T,
=RT). Thus, we can investigate the L2; and B2 ordering
dependences on spin-dependent tunneling properties through
the two different structures for the top-CFAS layer.”> TMR
curves at both 7 and 290 K (RT) are shown for a
L2,/MgO(1.1 nm)/L2, structure in Fig. 2(a) and a
L2,/MgO(1.4 nm)/B2 structure in Fig. 2(b). Bias voltages
of 1 mV (7 K) and 5 mV (RT) were applied for the measure-
ment. TMR ratios at RT for both structures are approxi-
mately equal, 130—140 %. However a large difference was
observed at 7 K, 308% and 227% for the L2,-CFAS/
MgO/L2,-CFAS and L2,-CFAS/MgO/B2-CFAS structures,
respectively, which implies higher P in L2, than B2 at 7 K
[P(L2,)=0.78 and P(B2)=0.68 determined by Julliere’s
formula].!”

The lower tunneling spin polarization of 0.78 than that
expected from the half metallicity of the L2{-CFAS suggests
that the TMR enhancement due to the coherent tunneling
may be negligibly small and the inelastic tunneling process
still contributes in our MTJs due to the low-quality MgO
barrier as seen in Fig. 1. In fact, TMR ratios of
L2,-CFAS/MgO(1.4 nm)/CoFe MTJs on MgO-buffered
MgO (001) substrates, which were fabricated using the same
process as described in this study and have a degraded MgO
barrier as demonstrated in in situ reflective high-energy elec-
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FIG. 3. (Color online) Bias voltage dependences of (a) TMR
ratio, (b) resistance area (RA) product of antiparallel state, and (c)
RA of parallel state for L2;-CFAS/MgO(1.1 nm)/L2,-CFAS
structure. Inset in (a) indicates closeup near 1 V for the TMR curve
measured at 7 K.

tron diffraction, showed TMR of 130% and 95% at 7 K and
RT, respectively.?® These TMR values correspond to tunnel-
ing spin polarizations Pcyr.=0.505 (7 K) and 0.495 (RT) for
CoFe if we assume P(L2,-CFAS)=0.78 and 0.65 (RT) as
estimated above. Pc,p.=0.505 is close to the value of 0.506
derived from CoFe/AlO,/CoFe tunnel structures,”’ which
also suggests negligibly small TMR enhancement by
MgO(001) structure in our MTJs.

Figure 3(a) shows the bias voltage dependences of TMR
ratio at 7 and 290 K (RT) and Figs. 3(b) and 3(c) show the
resistance for antiparallel (AP) and parallel (P) states as a
function of bias voltage at 7 K and RT, respectively. The
TMR ratio at 7 K decreases rapidly at a low-bias voltage and
gradually in a higher voltage region; however, such sharp-
bias voltage dependence of TMR ratios does not appear at
RT. Note that the TMR becomes negative over 1 eV as
shown in the inset in Fig. 3(a). The resistance change in the
low-bias voltage region at 7 K is small for P but is remark-
able for AP similar to the TMR change, indicating that the
TMR reduction by the bias voltage is originated from the
resistance reduction in the AP state.

C. Spin-polarized tunneling spectroscopy

We obtained the bias voltage dependences of dI/dV by
the numerical calculation of /-V curves in order to investi-
gate the DOS of the CFAS films. Figure 4(a) shows the result
at 7 K for the L2,-CFAS/MgO/L2,-CFAS structure. Sym-
metrical curves are observed with respect to polarity of the
bias voltage for both P (dotted curve) and AP (solid curve)
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FIG. 4. (Color online) dI/dV spectra of MTIJs with (a)
L2,-CFAS/MgO(1.1 nm)/L2,-CFAS and (b) L2,-CFAS/
MgO(1.4 nm)/B2-CFAS structures at 7 K. The dotted lines (solid
lines) represent the parallel (antiparallel) magnetization configura-
tion. The arrows represent the points where the parallel and the
antiparallel lines cross each other.

states, indicating similar interface structures for both bottom
CFAS/MgO and MgO/top CFAS. A clear dip appears around
zero-bias voltage for Gp curve, which is characteristic of
the magnon excitation contribution to spin-dependent tunnel-
ing as commonly observed in typical MTJs.?® However, this
dip disappears at RT (data not shown). The Gp curve of
L2,-CFAS/MgO/L2,-CFAS exhibits a small change within
+0.6 V range as seen in Fig. 4(a). Such a feature has al-
ready been reported in the MTJs with half-metallic CMS
layers.!! Additionally, these curves demonstrate a distin-
guishing feature; two obvious crossovers between Gp and
Gap at +(=)0.6 and +(-)1.2 V and a distinct peak in G ,p at
+(-)0.9 V. The two crossovers and the peak in G,p were
observed even at RT (data not shown). On the other hand, as
shown in Fig. 4(b), the conductance characteristics of the
L2,-CFAS/MgO/B2-CFAS structure differ considerably
from those of the L2,-CFAS/MgO/L2,-CFAS structure,
which exhibits the pronounced asymmetry regarding the po-
larity and a crossover between Gp and G,p in the negative-
bias voltage region only (electrons flow: L2,-CFAS
— B2-CFAS).

IV. DISCUSSION

We propose the direct tunneling that reflects the specific
spin-dependent DOS of the half-metallic bulk CFAS as a
possible transport mechanism leading to the notable cross-
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Spin-resolved DOS of
L2,-Co,FeAl| 5Si 5 obtained from
the generalized gradient approxi-
mation (GGA)+U theorem. (b)
Calculated dI/dV spectra based on
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overs. In order to clarify the direct tunneling effect, we mod-
eled the calculated bulk band structure of CFAS (Ref. 22)
and estimated the tunneling conductance. For simplicity, we
assume that the conductance is determined only by DOS of
both electrodes and neglect parameters for the tunnel barrier
and the possible spin-filtering effect of MgO. Additionally,
we assumed no spin-flip process during tunneling for sim-
plicity. This assumption, however, does not change the es-
sential interpretation of the tunneling spectra. If spins of the
both electrodes are denoted by o (=7,]) and ¢’ (=7,]), re-
spectively, these assumptions provide tunneling current /
due to o to o’ spin channel under the application of finite
bias voltage V as written in Eq. (1) (Ref. 29):

2 A
I, (V)= % f (ITPYDE)D 4 (E + eV)[f,(E)

—fo(E+eV)]dE, (1)
where (|f|2) represents an averaged tunneling probability and
f is the Fermi distribution function. D, and D, represent
DOSs for o and o' spin bands of both electrodes, respec-

tively. If we consider at 7=0 K and assume that (|7]?) is
independent of spin, Eq. (1) is simplified as
Ep

D(E)D,.(E + eV)dE,

2 N
I(J',U'/(V) = GU',U"V: le<|T|2>
fi Ep—eV

(2)

where G, ,» represents the tunneling conductance for o to o’
spin channel. The conductances for the P and AP states are
given by Gp=G;;+G| | and Gap=G; +G | ;, respectively.
In order to calculate Eq. (2), we refer the DOS of L2,-CFAS
as shown in Fig. 5(a). The calculated bias voltage depen-
dence of Gp and Gp using Eq. (2) and DOS in Fig. 5(a) are
shown in Fig. 5(b) in a positive voltage range (the same for
the negative voltage) for L2;-CFAS/MgO/L2,-CFAS struc-
ture. The calculated curves can reproduce the experimental
result in Fig. 4(a) on the whole; two crossovers between Gp
and G ,p (corresponding to Vj and V) and a local maximum
(corresponding to V) at around 1.0 V for Gp. The appear-
ance of the maximum around 1.8 eV in Gp in Fig. 5(b) is
attributed to the assumed infinite barrier height in the calcu-
lation. In fact the effective barrier height of our MgO barrier
is determined to be approximately 2 eV by Simmons’ fitting
for the measured I-V curves.’® The Gp is almost constant

1.5 2.0

Bias voltage (V)

until V=V~1.2 V due to the gap E, in the minority-spin
band of L2,-CFAS [Fig. 5(a)] and no magnon contribution
assumed. For further increasing the bias voltage the Gp in-
creases monotonically up to 1.8 V in Fig. 5(b). On the other
hand, the G,p is zero until V=V,~0.5 V, the conduction-
band edge (or the valence-band edge) of the minority-spin
band over which the minority-spin electrons start to contrib-
ute to the tunneling and G4p increases monotonically in the
range of 0.5 V (V) <V<1.1 V (Vp) with increasing V and
gives a inflection point at V~ 1.1 V (V). The values of the
bias voltage Vz and Vi at the first and second crossovers,
respectively, are nearly the same as those in Fig. 4(a), respec-
tively, indicating that the plausible band structure of
L2,-CFAS calculated. The flat feature within £0.6 V ob-
served in Gp of L2,;-CFAS/MgO/L2,-CFAS [Fig. 4(b)] may
support the existence of a wide gap in the vicinity of Er in
the minority band since the total conductance within |V]|
<E, must be dominated mainly by majority-majority spin
channel for a half-metal/insulator/half-metal MTJ structure.'’
Here, the crossover at a smaller bias voltage in the experi-
ments is not E, itself but the crossover voltage will be influ-
enced by the existence of the dip, namely, magnon contribu-
tion, which changes the shape of the Gp curve. However,
the influence is not significant for CFAS with a wide band
gap because the magnon contribution is limited to near small
bias voltage. The second crossover at V; mainly reflects the
shape of the DOS around —1 eV. In the case of CFAS the
DOS of majority-spin band is low and nearly constant down
to —1.5 eV, while the DOS of minority-spin band around
—(1-2) eV has a deep minimum. This feature provides a
maximum around 1.1 V for G,p (Vp). On the other hand, the
DOSs of both majority- and minority-spin bands of the CMS
increase greatly below —0.5 eV and there is no deep mini-
mum in the minority band.*>® Consequently, the second
crossover and the peak in G,p may not appear in a MTJ
using CMS electrodes. In fact, Ishikawa et al.'? reported only
one crossover of the conductance curves in a CMS/MgO/
CoFe structure.

The only one crossover accompanied with the asymmetric
dl/dV curve observed in L2-CFAS/MgO/B2-CFAS struc-
ture suggests that the band structure of the B2-CFAS differs
from that of the L2,-CFAS. The (002) peak intensity in XRD
pattern for the B2-CFAS annealed at 633 K was weak,?
suggesting the existing of significant A2 or DO5-type disor-
dering structure in the B2-CFAS film, which destroys half
metallicity.?!
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FIG. 6. (Color online) Schematic illustrations of the DOS of the
CFAS electrodes.

A crossover in tunneling conductance curves is also re-
ported in the Fe/MgO/Fe structure due to the carbon (C)
contamination of the bottom Fe layer.>' The residual C atoms
on a substrate diffuse into bottom Fe/MgO interface and the
transport is predicted to be dominated by the Fe-C/MgO
electronic structure.®' In this paper, however, we grew the
CFAS/MgO/CFAS structure on a 20-nm-thick MgO buffer
layer, which acts as antidiffusion barrier which traps the re-
sidual C impurities and prevents their diffusion within the
layers during subsequent annealing stages. Therefore, C con-
tamination effect for the crossovers is ruled out in our junc-
tions. In fact, when a 10-nm-thick MgO underlayer was
used, the crossover was observed in Fe/MgO/Fe.?! In addi-
tion, we have observed two crossovers accompanied with a
peak in the AP curve as seen in Fig. 4(a), which is very
different from the C contamination effect.?!

Recently, we have fabricated MTJs on MgO substrates
using an AlO, barrier consisting of CFAS/AIlO,/CoFe and
found 162% TMR ratio at 26 K, which will be reported
elsewhere. From this TMR ratio, we obtained P=0.9 for
CFAS by assuming Julliere’s model and P=0.5 for CoFe,
which implies the half metallicity for CFAS. The smaller P
=0.78 in the present L2;-CFAS/MgO/L2,-CFAS structure
may be attributed to the magnon-assisted inelastic tunneling
in a low-bias voltage region.'® If we assume the interface
states near E in the minority-spin band gap as shown sche-
matically in Fig. 6, magnon-assisted inelastic tunneling is
possible in a low-bias voltage region, which reduces TMR
significantly as observed in Fig. 3. The interface states, how-
ever, do not affect the spin-dependent tunneling at higher
voltages since they lie only near Ey. Thus the two crossovers
are maintained even if the interface states assumed near E
in L2,-CFAS/MgO/L2-CFAS structure. In the case of the
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L2,-CFAS/MgO/B2-CFAS structure, the top B2-CFAS may
not be half metallic as mentioned above due to the lower
annealing temperature, which leads to the asymmetric con-
ductance without two crossovers as shown in Fig. 4(b).

The other possible reasons of the discrepancy between the
experiment and the calculation would be the lower L2; or-
dering parameter, which reduces the gap. In fact the gap
obtained in this study is about 0.6 €V as seen in Fig. 4(a),
while it is 1.2 eV in the calculation. Note that we obtain no
distinct proof of the TMR enhancement by the coherent tun-
neling effect in the present MTJs as mentioned in Sec. III B.

In this study we have used the sputtering method for the
MgO barrier formation, which gives a poor-quality barrier as
mentioned in Sec. IIl A. In order to achieve a higher TMR
reduction in inelastic tunneling process by realizing clean
barrier/CFAS interfaces is required. For this purpose, we
would need a high-quality MgO barrier using electron-beam
deposition method, which has been performed in the previ-
ous experiments of Heusler/MgO/Heusler MTJs.!>-13

V. CONCLUSIONS

In this work, we measured TMR and tunneling spectros-
copy in fully epitaxial MTJs using full-Heusler CFAS/MgO/
CFAS structures with L2, and B2 for CFAS layers, fabri-
cated on MgO-buffered MgO (001) substrates using
magnetron sputtering. Two distinct crossovers in differential
conductance curves Gp and G,p were observed at different
voltages for both positive and negative bias voltages in the
L2,-CFAS/MgO/L2,-CFAS structure, while only one cross-
over was observed at a negative voltage in the
L2,-CFAS/MgO/B2-CFAS structure. We proposed the di-
rect tunneling as a possible transport mechanism leading to
the notable crossovers, which reflects the specific spin-
dependent density of states of the half-metallic L2,-CFAS.
Based on this idea, we calculated Gp and G,p by the DOS
for half-metallic L2,-CFAS predicted from first-principle
calculations and successfully reproduced the conductance
curves as seen in the experiment.
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