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Demonstration of Half-Metallicity in Fermi-Level-Tuned Heusler Alloy Co,FeAlj 5Si 5
at Room Temperature
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Fermi level tuning has been successfully demonstrated in Co-based full-Heusler alloy Co,FeAl 5Sij 5
(CFAS). The half-metallic band gap of CFAS was proved by the behavior of differential conductance of
CFAS/(MgAl,)0,/CoFe magnetic tunneling junctions with an unexplored crystalline (MgAl,)O, barrier.
CFAS exhibits the highest effective spin polarization (P.y) at 300 K and the weakest temperature
dependence of P, among all known half metals. Further study shows that P.; of CFAS decays with
increasing temperature (T') following 7%/2 law perfectly, which indicates that the depolarization of CFAS

is determined by spin wave excitation only.
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Half-metals can be considered as the ideal materials for
spintronics, since the efficiency of spin-dependent devices
will be largest if the current is 100% spin polarized [1].
However, the strong temperature dependence of spin po-
larization (P) of all reported half-metallic materials,
mainly due to spin wave excitation [2—4] and the narrow
energy separation between the Fermi level and the conduc-
tion or valence band edge [5,6], limits their practical
applications. As a promising candidate of half-metal, Co-
based full-Heusler alloys attract broad interest in the last
decade because of their high magnetization and high Curie
temperature [7—18]. Recently, Sakuraba et al. [7,17,18]
reported a series of exciting results about Co,MnSi
(CMS) and proved its half-metallic character at a low
temperature. Unfortunately, the spin polarization of CMS
still has a strong temperature dependence possibly re-
sulting from the narrow energy separation between the
Fermi level and the bottom edge of the conduction band
of CMS. Almost at the same time, some groups [14-16]
were aware that the Fermi level position of ternary Heusler
alloy could be tuned by doping a fourth element. How-
ever, experimental evidence has been absent until now
because of the perplexing relationship between P and the
structure disorder of quaternary Co-based full-Heusler
alloy. Here, we report a new half-metallic material ap-
plying Fermi level tuning experimentally, the quaternary
Co-based full-Heusler alloy Co,FeAlysSips (CFAS),
which exhibits a high P above 0.9, although those for
Co,FeAl and Co,FeSi were reported only around 0.5 and
0.6 at a low temperature, respectively [8]. CFAS exhibits
the weakest temperature dependence of spin polarization
among all known half-metals, which is attributed to the
Fermi level position of CFAS locating in the middle of the
large band gap. Similar to the doping techniques in semi-
conductors, Fermi level tuning means that the electronic
structure of certain materials could be adjusted by doping
to obtain the desired property, and thus may lead to the
development of new families of half-metal with better
performance.
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PACS numbers: 72.25.—b, 75.47.—m, 75.50.—y

In this study, tunneling magnetoresistance (TMR) effect
is adopted to evaluate spin polarization, since it can be
deduced using Julliere’s model [19] at various tempera-
tures. The TMR ratio is defined as (R4, — Rp)/Rp, where
R, and Rp are the tunnel resistance when the magne-
tizations of the two electrodes are aligned in antiparallel
and parallel, respectively. Thin films for spin valve type
CFAS/(MgAl,)O,/CoFe magnetic tunneling junctions
(MT]Js) and CoFe/(MgAl,)O,/CoFe MTJs were prepared
using magnetron sputtering with a base pressure of 4 X
1077 Pa except for Al layer. All layers were deposited at
room temperature. The CFAS full-Heusler alloy film was
grown from a stoichiometric Co-Fe-Al-Si (Co: 50%, Fe:
25%, Al: 12.5%, Si: 12.5%) target. For CFAS/(MgAl,)O, /
CoFe MTJs, a stacking structure of Cr(40)/
Co,FeAl(5Si;5(80) / (MgAl,)0,[0.7(Mg) + 1.3(Al)]/
Coys5Feys(3)/Ir;,Mnyg(12) /Ru(7), where the numbers are
the layer thicknesses in nanometers, was employed.
Thermal treatment in situ: MgO(001) substrate was heated
at 800 °C; Cr buffer layer was annealed at 800 °C; CFAS
layer was annealed at 430 °C to obtain a perfect B2 struc-
ture. Al layer was deposited at the oxidization chamber
with a base pressure of 2 X 107% Pa. The (MgAl,)O,
tunnel barrier was formed by inductively coupled plasma
treatment for 120 s in a mixture of Ar + O, atmosphere
(7.0 Pa). The whole sample was annealed at 290 °C for
10 min ex situ and cooled down to room temperature
naturally in vacuum (1 X 10~* Pa) under a magnetic field
of 3000 Oe. For CoFe/(MgAl,)O,/CoFe MTJs, thin films
were prepared on Si/SiO, substrate. The stacking structure
of samples is as follows: Ru(7)/IrMn(12)/CoFe(3)/
(MgAl,)0,(0.7 + 1.3)/CoFe(3)/Ru(7), with thicknesses
in nanometers. The growth and oxidization conditions of
(MgAl,)O, tunneling barrier for CoFe/(MgAl,)O,/CoFe
MT]Js are the same as those for CFAS/(MgAl,)O,/CoFe
MTIJs. The post-annealing temperature in a magnetic field
for CoFe/(MgAl,)O,/CoFe MTJs is 250 °C. Junctions
with an area of 10 X 10 um? were made by micro-
fabrication techniques in a clean room.
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Typical resistance versus field curves of CFAS/
(MgAl,)O, /CoFe MTJs measured at 7, 26, and 300 K by
the four-probe magnetoresistance (MR) measurement sys-
tem are shown in Fig. 1(a). A bias voltage of 1.2 mV was
applied for measurement at 300 K, while 2.5 mV for
measurements at 26 and 7 K. A TMR ratio of 102.3% at
room temperature was achieved, which is the highest in
MTIs with non-MgO barrier. The TMR ratio reaches the
maximum (162%) at 26 K and then decreases slightly with
lowering measurement temperature. The reduction of
TMR ratio is probably ascribed to the incomplete antipar-
allel magnetization state between the free layer and pinned
layer resulting from the coercivity enhancement of the free
CFAS layer at a very low temperature.

Figure 1(b) shows the dependence of differential con-
ductance on bias voltage (dI/dV-V) of CFAS/
(MgAl,)O,/CoFe MTIJs at 7 and 300 K. Here, a negative
bias voltage means that electrons are tunneling from CFAS
to CoFe. Obvious asymmetry of G = dI/dV curves for the
parallel configuration [Gp(V)] with respect to the polarity
of bias voltage was observed at both 7 and 300 K. The
critical voltages (V,) corresponding to the minimum
Gp(V) at 7 and 300 K are —320 and —290 mV, respec-
tively. As shown by the illustration A and B in Fig. 1(c),
when the bias voltage V < —|V_|, both channels of the
majority spins and the minority spins in the MTJs will
open, and thus G (V) increases rapidly [17]. In view of the
contribution of thermal fluctuation, the difference of |V,|
between 0 and 300 K should be equal to |kgT/e| =
26 mV, where kg is the Boltzmann constant and e is the
charge of electron. Here, our data (~30 meV) is highly
consistent with the theoretical analysis and reveals the
large energy separation between the Fermi level and the
top of the valence band in CFAS. Besides, the rapid in-
creasing of Gp(V) in positive bias voltage range was
suggested to reflect a narrow energy separation between

the Fermi level and the bottom of the conduction band [17].
However, we found that Gp(V) of CFAS/(MgAl,)O,/
CoFe MTIJs are almost parallel with that of CoFe/
(MgAl,)O,/CoFe MTJs in a large range of positive bias
voltage, as shown in the inset of Fig. 1(b), which possibly
implies that Gp(V) in this bias voltage range mainly reflect
the property of CoFe rather than the bottom electrode. The
previous analysis can not explain the behavior of Gp(V) in
the whole bias voltage range well. Furthermore, when the
bias voltage varies from O mV to V, [from illustration B to
illustration A in Fig. 1(c)], only the channel of majority
spins opens and thus G »(V) should increase a little accord-
ing to the density of state (DOS) of CFAS [15,16].
Nevertheless, Gp(V) actually decreases slowly with bias
voltage from 0 mV to V., as Fig. 1(b) shows.

In order to solve these problems, here we suggest an-
other phenomenological explanation as follows. In the case
that bottom electrode has half-metallic band structure and
its spin polarization (P;) is much larger than that of top
electrode (P,), the parallel configuration [illustration C in
Fig. 1(c)] could be considered as a combination state of a
large parallel configuration and a small antiparallel con-
figuration [illustration D in Fig. 1(c)], since the states of
s-like conduction electrons in bottom electrode and top
electrode are not 100% parallel with each other. Note that a
constant current was employed for every point on dI/dV-V
curves and the sequentially changed constant current was
kept with the same step for the whole measurement.
Suppose electrons are tunneling from bottom to top, with
increasing current, more and more electrons with majority
spins are blocked at the interface due to the existence of the
small antiparallel configuration, causing a larger and larger
additional potential between the bottom electrode and top
electrode until V = V.. When Gp(V) was plotted as a
function of bias voltage, the additional potential was rep-
resented as the declining of Gp(V) from 0 mV to V..
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(a) Magnetoresistance curves of CFAS/(MgAl,)0,/CoFe MTJs at 7, 26, and 300 K. (b) Dependence of

differential conductance on bias voltage (dI/dV-V) of CFAS/(MgAl,)O,/CoFe MTJs for parallel and antiparallel configurations at 7
and 300 K. Dashed lines A are corresponding to the critical bias voltages (V..), at which dI/dV curves show the minimum values for
parallel configuration at 7 and 300 K; Dashed line B points to the bias voltage of 0 mV. The dependences of differential conductance of
CFAS/(MgAl,)O,/CoFe MTJs and CoFe/(MgAl,)O,/CoFe MTIJs for parallel configuration at 300 K on bias voltage (from 0 to
500 mV) are shown in the inset. (c) Schematic diagram of tunneling process of CFAS/(MgAl,)O,/CoFe MTIJs at a finite bias voltage

for parallel configurations.
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Oppositely, the blocking effect disappears when electrons
are tunneling from top to bottom because blocked electrons
with minority spins could change spin states to majority
spins more easily through spin flip in low P electrode.
Accordingly, this explanation of the behavior of Gp(V) in
negative bias voltage range also points out a large gap
between the Fermi level and the top of valence band of
CFAS.

To reveal the band structure of CFAS more clearly, spin
wave excitation model was adopted in this study. The
original definition of spin polarization is: Py =
(Dy — D,,)/(Dy + D,,), where D), and D,, stand for
the DOS at the Fermi level for the majority and minority
spins, respectively. In a half-metal, if the Fermi level
position is very close to the edge of the valence band or
the conduction band, a phenomenon called ““positive feed-
back™ may occur under the influence of thermal activity,
leading to a collapse of the half-metallic property [6]. For
simplicity, we describe P as a temperature-related Py(T)
with an integral of DOS from Ep — kgT to Ep + kgT.
According to this description, a material with a narrow
band gap or a narrow energy separation between the Fermi
level and the conduction or valence band edge smaller than
the thermal activation energy kg7 is not a half-metal at
temperature 7. Finally, the decaying of P.; could be
written as Py = Po(T)(1 — aT??), where the decay fac-
tor « is a material-dependent constant and may be affected
by the circumstance of interface.

In general, the fitting of TMR ratio should use a modi-
fied Julliere’s model which includes the contribution from
the spin-independent conductance (Gg;) of MTJs [4]. How-
ever, we found that Gg; was negligibly small because of a
crystallized barrier in our study. Cross-sectional high reso-
lution transmission electron microscope (HRTEM) images
of CFAS/(MgAl,)O,/CoFe multilayers are shown in
Fig. 2(a). (MgAl,)O, barrier clearly shows the crystalline
feature, unlike the amorphous structure report by Sakuraba
et al. [18] using a similar (Mg/Al)-O barrier. The nano-
beam diffraction pattern shown in Fig. 2(b) clearly indi-
cates that the bottom CFAS is B2 ordered, and that from the
(MgAl,)O, barrier [Fig. 2(c)] is consistent with spinel
MgAl,O, although it does not exclude the possibility of
v-Al,O3. The high-angle annular dark field (HAADF)
image in Fig. 2(d) shows uniform thickness of each layer
with dark contrast from the oxide barrier. The energy filter
elemental maps for Al and Co [Figs. 2(e) and 2(f)] show
that Al is uniformly distributed within the barrier layer
sandwiched with CFAS and CoFe, suggesting intermixing
of Mg and Al during the oxidation process of the barrier,
which retarded the formation of separate MgO and Al,O4
layers. The crystallized (MgAl,)O, brought an ideal bar-
rier for spin-dependent tunneling (Gg; = 0) and a low RA
of 1.7 X 10* Q um? for CFAS/(MgAl,)O,/CoFe mag-
netic tunneling junctions. Although the barrier with crys-
talline structure is formed, we do not believe that coherent

FIG. 2. (a) High resolution TEM image of an epitaxial
(MgAl,)O, barrier on B2-CFAS. (MgAl,)O,[100] axis is paral-
lel with CFAS[110] axis in horizontal direction because of the
small lattice mismatch between them. Both [001] axes of CFAS
and (MgAl,)O, are along the vertical direction. (b) Diffraction
pattern taken in CFAS. (c) Diffraction pattern taken in barrier,
{022} planes of spinel structure are indicated by arrows.
(d) HAADF-STEM image. (e) EELS map of Al. (f) EELS
map of Co. Mg map is absent because of the undistinguishing
Mg region in the image.

tunneling occurs in our junctions because of the following
reasons. First, the maximum TMR ratio of the MTJs with
inserted Mg layer is the same as that of the MJTs fabricated
under identical conditions except for a barrier without
inserted Mg layer (amorphous AlO, barrier) in Ref. [11].
Second, the behavior of Gp(V) in our junction is quite
different from that of MTJs with the contribution of co-
herent tunneling [20], while it is greatly in accord with the
character of half-metal with large band gap.

Attributing to Fermi level tuning, Py(T) of CFAS should
be a constant from 0 K to room temperature in our junc-
tions. This inference is confirmed by the perfect agreement
between experimental data and the fitting curve of tem-
perature dependence of TMR ratio for CFAS/(MgAl,)O, /
CoFe MTJs, as shown in Fig. 3(a). A CoFe/(MgAl,)O,/
CoFe MTIJs is employed to acquire Py(7) of CoFe pinned
layer. The good fitting result for CoFe/(MgAl,)O,/CoFe
MTIs is also plotted in Fig. 3(a). The fittings give values of
Py(T) for CoFe and CFAS in MTJs at 300 K being 0.493
and 0.91, respectively. Compared with the poor perform-
ance of Co,FeAl and Co,FeSi, the high Py(T) of CFAS at
room temperature clearly substantiates the success of
Fermi level tuning in CFAS.

On the other hand, the values of « for CoFe (3 nm) film
with exchange bias and CFAS (30 nm) film obtained from
the magnetization versus temperature curves, such as the
inset shown in Fig. 3(a), are only 3.5 X 107% and 4.3 X
107°, respectively, while those for CoFe and CFAS ob-
tained by TMR effect are 2 X 1073 and 3.2 X 107>, re-
spectively. Such high values of a obtained by TMR ef-
fect are because TMR effect relies heavily on the magnetic
properties of the upmost monolayer of electrodes at the
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FIG. 3 (color online). (a) Temperature dependence of TMR
ratio for CFAS/(MgAl,)0,/CoFe MTJs and CoFe/
(MgAl,)O,/CoFe MTJs and the fitting curves by Bloch 73/2
law. The inset shows the dependence of normalized magnetiza-
tion on temperature from 10 to 300 K for CFAS (30 nm) single
layer and the fitting curve by Bloch 7°/? law. (b) Temperature
dependence of Gp, G4, and Gy for CFAS/(MgAl,)O, /CoFe
MTJs and the fitting curve of Gy, where Gp and Gy, are the
conductance of MTJs for parallel and antiparallel configurations,
respectively; G is the prefactor for direct spin-dependent elastic
tunneling.

interface [4], where the magnetization usually decays
very fast [21]. Additionally, the large values of « than
those reported elsewhere are also due to that other re-
searchers neglected the temperature dependence of Gy,
which is the prefactor for direct spin-dependent elastic
tunneling with a function of G = (Gp + G,,)/2 in the
case that Gg; = 0, where Gp and G,, are the conductance
of magnetic tunneling junctions for parallel and antipar-
allel configurations, respectively. The unreasonable as-
sumption of Gy will bring a reduced o and a weaker
temperature dependence of spin polarization. Figure 3(b)
shows the temperature dependence of Gp, G4),, Gr for

CFAS/(MgAl,)O,/CoFe MTIJs, and the fitting curve of
Gy using the formula (2) given in Ref. [4]. The fitting
yields the barrier height ¢¢ = 0.82 eV with an effective
thickness of (MgAl,)O, barrier being o = 20 A, while
¢ =0.34 eV with r = 13 A. To sum up, our work
strongly suggests that « is as important as Py(T) to realize
higher P-.

In conclusion, Fermi level tuning has been successfully
demonstrated in CFAS. We believe that Fermi level tuning
would be one of the essential techniques to achieve the
materials with higher spin polarization for the spintronic
device in future.
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