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Use of Half Metallic Heusler Alloys in CoFeB/MgO/Heusler
Alloy Tunnel Junctions
P. J. Chen, G. Feng, and R. D. Shull

Magnetic Materials Group, National Institute of Standards and Technology, Gaithersburg, MD 20899-8552 USA

Heusler Alloys Co FeSi and Co MnSi were deposited on both single crystal MgO (100) and polycrystalline SiO silicon thermal oxide
substrates and characterized by x-ray diffraction before and after thermal annealing at various temperatures. Co FeSi and Co MnSi
deposited on MgO (100) grow as L2 or B2 structures but grow as an A2 structure on the SiO substrate. Co FeSi and Co MnSi were
also deposited in a magnetic tunnel junction (MTJ) stack as the free and reference layers above and below the MgO barrier layer respec-
tively, thereby replacing Co Fe B as those layers in the more common MTJ stack. The tunneling magnetoresistance (TMR) ratio
is higher if Co FeSi is the free layer, but lower when Co FeSi is the reference layer.

Index Terms—Co-based heusler alloys, magnetic tunnel junctions, MgO/CoFeB.

I. INTRODUCTION

M AGNETIC tunnel junctions (MTJs) with MgO as
the tunnel barrier have recently been widely studied.

Their applications include magnetoresistive random access
memory cells, read heads, magnetic field sensors, and spin
torque oscillators. Two methods have been found to result in
large tunneling magnetoresistance (TMR) values. One is to use
half-metallic materials like Heusler alloys [1]–[3] which should
have 100% spin polarized conduction electrons, on either
side of the MgO. The other method is to use certain metals
such as CoFe and CoFeB which have fully spin-polarized
Bloch states at the Fermi level, on either side of the MgO and
take advantage of the coherent tunneling [4]–[7] possibility
through the MgO provided by them. In addition, part of the
attraction of half-metallic Heusler alloys is that they have high
Curie temperatures, high spin polarizations and small magnetic
damping constants. Thus, these materials are suitable for use
in low power and high output spin-electronic devices. Heusler
alloys have been predicted to exhibit half metallic ferromag-
netic (HMF) behavior due to the presence of an energy gap
for only one type of spin carrier at the Fermi level [8], [9].
Therefore, they are expected to have 100% spin polarization.
In recent years, many experiments were performed to deter-
mine the magnetic properties of Heusler alloys because the
spintronic effects will be larger in materials having a large spin
polarization, thereby making applications easier. Many groups
have successfully used different Heusler alloys in different
MTJs stack structures. Successes to date include a high TMR
values at room temperature of 217% measured by S. Tsunegi
in a CoFe\MgO\Co FeSi stack [10], 180% by E. Ozawa in
a Co MnAl\MgO\CoFe stack [11], 340% by W. Wang in a
Co FeAl\MgO\Co FeAl\CoFe [12] stack structure, 386% in
stacks of Co FeAl Si \MgO\Co FeAl Si \CoFe [13]
by N. Tezuka, 166% by Z. Wen for Co FeAl\MgO\CoFe
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[14], and 179% found by T. Ishikawa in stacks of C 2MnSi/
MgO/Co MnSi [15]. All these MTJ stacks were grown on
MgO (100) substrates having a thick Cr seed layer to induce
epitaxy. Since the seed layering requires a costly preanneal at
high temperatures ( C), the present study was initiated to
determine if that step could be eliminated, either by deposition
directly onto single crystal MgO (100) or by growing the stacks
on amorphous Si/SiO2 substrates which are compatible with
the semiconductor industry.
In this paper, we will discuss the crystal structures resulting

from depositing Co FeSi and Co MnSi on MgO(100) and
SiO substrates separately and the effect of that on the TMR
ratio when placed in an MTJ stack with the Si/SiO amorphous
substrate.

II. EXPERIMENTAL PROCEDURE

Our standard sample stack was as follows: Si\SiO sub-
strate\Ta(5 nm)\Ru(20 nm)\IrMn(7.5 nm)\CoFe(4 nm)\Ru(0.8
nm)\Co Fe B , Co FeSi or Co MnSi (3.5 nm)\MgO(2
nm)\Co Fe B ,Co FeSi or Co MnSi (4 nm)\Ta(5
nm)\Ru(10 nm) with the thicknesses of the layers enclosed in
parentheses. All layers were grown in a multichamber deposi-
tion system with a base pressure of Pa (
torr). An argon gas pressure of 0.239 Pa (1.8 mtorr) was
maintained during deposition. All layers were grown at room
temperature. The MgO barrier layer was deposited by a RF
magnetron sputtering gun from a MgO single crystal target
while the other materials were deposited by DC magnetron
sputtering. The Co FeSi and Co MnSi were deposited by
cosputtering from pure Co, Fe, Mn and Si targets. The relative
compositions of the Co FeSi and Co MnSi deposits were
controlled by controlling the relative power of each sputtering
gun, and the final compositions of the thin film deposits were
determined by energy-dispersive x-ray scattering analysis
(EDAX). The samples were subsequently annealed in vacuum
at 360 C for 1 hour in the presence of an in-plane 398 kA/m
(5 kOe) magnetic field to improve the crystallinity of the barrier
and ferromagnetic layers.
We investigated the crystal structure of Co FeSi and

Co MnSi deposited on either a MgO (100) single crystal sub-
strate or a silicon thermal oxide substrate after deposition and
after an annealing treatment (at various temperatures) by x-ray
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diffraction (XRD) using Cu-K radiation. The sample stack for
the x-ray characterization consisted of either (1) Si(001)\SiO
substrate \MgO(2 nm)\Co FeSi or Co MnSi (55 nm)\MgO(5
nm), or (2) MgO(001) substrate \MgO(2 nm)\Co FeSi or
Co MnSi (55 nm)\MgO(5 nm). The bottom 2 nm of MgO was
deposited as a seed layer and the top 5 nm of MgO was the
capping layer. Grain sizes for a couple of the phases were also
determined from the diffraction line widths and positions using
the well known Scherrer relationship.
The TMR ratio of our samples was characterized by a current

in plane testing (CIPT) system manufactured by Capres, Inc.
[16]. All TMR values quoted in this report were measured at
room temperature.

III. RESULTS AND DISCUSSION

The XRD spectra of the as deposited and annealed Co FeSi
and Co MnSi samples are shown in Figs. 1 and 2. In these
spectra there are also a few peaks from the XRD sample holder
and substrates. For instance, the Si (111) peak in the spectra is
from the XRD sample holder, while the Si (004) peak is from
the silicon thermal oxide substrate Si (001)\SiO (300 nm). The
MgO (002) peak is from the MgO single crystal substrate. In
addition, the unlabeled diffraction line near 25 degrees is the
Cu K line for Si (111), and the line slightly higher is from a
tungsten sample holder. Similarly, the unlabeled lines near 38
degrees and 62 degrees are the Cu K diffraction lines for MgO
(200) and Si (400) respectively. Other than the extra diffraction
lines identified in Figs. 1 and 2 and the above artifacts from the
experimental conditions, all lines in these patterns could be at-
tributed to either the A2, B2 or L2 structures.
In Figs. 1(a) and 2(a), the Co FeSi and Co MnSi films with

the same 55 nm thickness were grown on MgO (100) single
crystal substrates. The Co MnSi (400) peak in-
dicates the ordering of that material in the L2 structure. The
weak Co MnSi (200) peak indicates the presence
of Co-Fe antisite disorder [17]. Note, the Co MnSi (400) and
Co FeSi (400) peaks are very strong in these spectra, while the
Co FeSi and Co MnSi (200) reflections are weak, indicating
these layers possess the L2 or B2 structure. As the annealing
temperature increased, the intensities of the (400) and (200)
peaks increased demonstrating a sequential improvement in the
crystal order during annealing at high temperatures. The L2
and B2 structures of Co FeSi and Co MnSi should have co-
herent interfaces with the MgO (100) crystal which should en-
able coherent electron tunneling through the MgO and result in
a giant TMR effect.
Figs. 1(b) and 2(b) show the XRD patterns of the 55 nm thick

Co FeSi and Co MnSi films deposited on SiO substrates for
both the as-deposited and annealed samples. The clear (220)
peak from the Co FeSi and Co MnSi films may suggest that
an A2 structure was formed for both Heusler alloys films on
annealing. In Fig. 2(b) Co MnSi (200) and (400) peaks are
shown in the 400 C, 500 C and 600 C patterns which means
that the B2 phase appears when the Co MnSi deposited on the
Si\SiO substrate is annealed at elevated temperatures. But we
do not find the presence of any B2 phase in the Co FeSi de-
posited on Si/SiO2 either in the as deposited condition or after

Fig. 1. (a) XRD patterns of 55 nm thick Co FeSi deposited on a MgO (100)
substrate and heat treated at the indicated temperatures. (b) XRD patterns of
55 nm thick Co FeSi deposited on a Si/SiO substrate and heat treated at the
indicated temperatures.

Fig. 2. (a) XRD patterns of 55 nm thick Co MnSi deposited on a MgO (100)
substrate and heat treated at the indicated temperatures. (b) XRD patterns of
55 nm thick Co MnSi deposited on a Si\SiO substrate and heat treated at the
indicated temperatures.

any high temperature annealing. Also interesting from Fig. 2(b)
is the fact that Co MnSi grows amorphous on Si/SiO while
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Fig. 3. Stack for the standard MgO/Co Fe B MTJ.

isomorphous Co FeSi grows in the A2 crystalline structure on
the Si/SiO substrate.
The Co FeSi and Co MnSi cube edge is thought to grow at

an angle of 45 degree with respect to an in-plane MgO (100)
direction [8]. If this is the case, then there is only a 5% misfit
between the MgO (100) lattice and that for either Co FeSi
or Co MnSi. Consequently, epitaxial growth of Co FeSi or
Co MnSi on MgO (100) would be expected and that is con-
sistent with the strong texture observed for the Co FeSi and
Co MnSi deposits shown in Fig. 1(a) and Fig. 2(a) respectively.
From the XRD spectra above we calculated the grain size

of the Co FeSi or Co MnSi deposits on both the MgO (100)
and Si/SiO substrates after deposition and after annealing at
the various temperatures. The as-deposited grain sizes for the
Co FeSi on either substrate, and the Co MnSi deposited on the
MgO (100) and Si/SiO substrates were 15, 13, and 31 nm re-
spectively. In all cases the grain size increased with annealing
(increasing with the value of the annealing temperature) as ex-
pected. We do not have any information of the surface rough-
ness of the layers other than to say it cannot be too large or the
TMR values listed below would have been much smaller. The
lattice constants for cubic Co FeSi and Co MnSi were deter-
mined to be 0.5653 nm and 0.5622 nm respectively. The cubic
lattice constant of MgO (100) is 0.41985 nm.
Fig. 3 shows the typical stack structure of our MTJs with

an MgO barrier and Co Fe B ferromagnetic layers. In
this structure, the 7.5 nm IrMn\4 nm CoFe\0.8 nm Ru\3.5 nm
Co Fe B portion of the stack acts as the reference layer.
The free layer is the 4 nm Co Fe B . The 5 nm Ta\10 nm
Ru acts as a capping layer.
The reasonably high measured TMR of the Co Fe B \

MgO\Co Fe B stack of 230% indicates the interfaces be-
tween Co Fe B \MgO\Co Fe B are enabling a signifi-
cant degree of coherent tunneling.
From Table I, the following observations can be made
1) if Co FeSi is deposited as the reference layer and the free
layer is Co Fe B , the MTJ TMR is only 20%;

2) Iif 0.4 nm Co Fe B is inserted between the
Co FeSi and the MgO barrier (e.g., the Co FeSi\0.4
nm Co Fe B \MgO\Co Fe B sample), the TMR
ratio can be increased to 41%;

3) Iif 0.4 nm Co Fe B is inserted between the MgO and
the Co FeSi free layer (e.g., the Co Fe B \MgO\0.4

TABLE I
THE TMR RATIO OF MTJS WITH CO FESI AND CO MNSI DEPOSITED

BELOW AND ABOVE THE MGO BARRIER LAYER

nm Co Fe B \Co FeSi sample) the TMR ratio is still
just 41%.

From these three observations, one can conclude Co FeSi
cannot form the L2 or the B2 structure on either Ru or
Co Fe B . This is concluded from the low TMR values
of the above configurations since only L2 or B2 structures
have interfaces with the MgO (100) that enable good coherent
tunneling and high TMR values.
Three further observations can be made from Table I as

follows:
1) Increasing the thickness of the Co Fe B to 0.8 nm
(e.g., the Co Fe B MgO\0.8 nm\Co FeSi sample), re-
sults in an increase in the TMR ratio to 116%. In this
case the Co Fe B may be forming a continuous layer.
There is good tunneling through theMgO/Co Fe B in-
terface, and the Co FeSi just contributes additional mag-
netization.

2) If the Co FeSi is deposited directly on top of the MgO
barrier layer and acts as the free layer (e.g., the 3.5 nm
Co Fe B \MgO\4 nm Co FeS sample), the TMR ratio
can be as high as 150%. This result is close to the TMR
ratio of that using Co Fe B as the free layer, implying
the Co FeSi can grow on top of the MgO (100) barrier
layer [18] in the L2 structure.

3) When the 4 nm thick Co MnSi layer is deposited on the top
of the MgO(100) barrier as the free layer, the TMR ratio is
29%. It is much lower than the TMR ratio of Co FeSi as
free layer. Due to the similarity in the growth of Co FeSi
and Co MnSi, it is quite likely that even in this latter case
the crystal structure of the Co MnSi is B2. The reason for
the low TMR ratio may come from the interdiffusion of
Mn into the MgO layer [19].

IV. CONCLUSION

In conclusion, we found that Co FeSi and Co MnSi form in
either the L2 or B2 structures when grown on the top of anMgO
(100) barrier layer. Otherwise Co FeSi and Co MnSi will grow
with the A2 structure. The L2 or B2 structures of the Heusler
alloy film will enable coherent electron tunneling across the in-
terface with the MgO barrier and result in a high TMR value.
When Co FeSi is adjacent to a Ru or Co Fe B layer, it will
form in an A2 structure and the TMR will be lower. Low TMR
values found in a Co Fe B (3.5 nm)\MgO\Co MnSi(4 nm)
sample may be due to Mn diffusion into the MgO.
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