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We studied magnetic tunnel junctions (MTJs) with a MgO(001) barrier and metastable bcc CosMn(001) disordered alloy
electrodes. A tunnel magnetoresistance (TMR) ratio was approximately 200-250% observed at room temperature. We successfully
observed the TMR ratio greater than 600% at 10 K which was higher than the past reported value of MgO-based MTJs with
ultrathin bcc Co(001) electrodes. However our experimental value was still much lower than the past theoretical prediction in
bcc Co/MgO/Co(001) MTJs. We discuss some differences in the bulk band structure affecting the TMR effect for bec Co and

bcc CozMn.

A magnetic tunnel junction (MTJ) is a key device
for spintronics, being utilized in sensors, hard drives,
and memories.® Current standard MTJs are com-
posed of FeCo(B) alloy electrodes and a MgO barrier,)
which exhibit a large tunnel magnetoresistance (TMR)
effect, up to 604% at room temperature (RT) after high-
temperature annealing.”) Recently some groups pro-
posed MTJ-based non-von-Neumann computing circuits,
in which one of the requirements for MTJs is a huge TMR,
effect, typically 500-1000% at RT.6"®) Most of the previ-
ous works focused on bee FeCo(B)* % 9717) and Cos-based
full Heusler alloys'®22) for magnetic electrodes to obtain
large TMR effects. This is due to the theoretical pre-
diction of the coherent tunneling for MgO-based MTJs
with Fe(001) or B2 ordered FeCo(001) electrodes®3:24
and because of the half-metallic electronic structures for
Coy-based full Heusler alloys.2%) In fact, the experimen-
tal TMR ratios reached 1.1-2.6x103% at low tempera-
ture (LT) in MgO-based MTJs with FeCo(B)(001)% or
some Heusler alloy electrodes such as CopMnSi(001),2%)
whereas those values were significantly reduced at RT.
Hence further research on materials and physics for
MTJs is crucial to achieve such huge TMR effect at RT.

The TMR ratio more than 10*% due to the coherent
tunneling has also been predicted in MgO-based MTJs
with bee Co(001) electrodes, which is much higher than
those with Fe(001) electrodes.?®) Indeed, Yuasa et al.
reported that MgO-based MTJs with the ultrathin bcc
Co(001) electrodes exhibited the TMR ratio of 410% at
RT and 507% at LT.2”) However there were no other ex-
perimental reports on the high TMR effect in MgO-based
MTJs with bee Co(001) electrodes and some questions
were also raised.' 1'% Tt is difficult, in general, to ob-
tain nm-thick and single-phase bee Co films. 2 14:27-31)
This would be because bee Co is not a true metastable
phase of bulk Co, as theoretically suggested.??) Thus the
research on MgO-based MTJs with other bee Co alloy
electrodes would shed light on this issue.

One interesting alloy 1is the metastable bcc

*E-mail: shigemi.mizukami.a7@tohoku.ac.jp

Co1_,Mn,.3336)  This metastable phase was first
reported as films which were grown on GaAs(001) with
molecular beam epitaxy (MBE),?®) and those bce film
thickness can be extended up to ~55 nm for approxi-
mately z = 0.25.33) The bec films have also been grown
on MgO(001) with MBE, and their X-ray magnetic
circular dichroism indicated that the magnetic moment
of Mn is ferromagnetically coupled to that of Co and
is maximized at approximately z = 0.25.3%) The Curie
temperatures T, for the bce films with > 0.33 have
been investigated.>*) We reported 10-nm-thick bee films
with x = 0.25 fabricated by sputtering whose saturation
magnetization is approximately 1600 emu/cm?®, which
is larger than that of bulk Co, about 1400 emu/cm3.36)
We also preliminarily reported the TMR effect in
CosMn/MgO/FeCo(B)(001) pseudo-spin  valve-type
MTJs, and its ratio was 150% at RT.?®) Note that a
fcc or hcp structure is stable in Co-rich Co;_,Mn,
binaries.?”4%) For these phases the magnetizations are
remarkably reduced with increasing x due to the anti-
ferromagnetic coupling of magnetic moments for Co and
Mn, then fcc Co;_,Mn, alloys become antiferromagnets
at z = 0.3 — 0.4. Thus the magnetism of the metastable
bee and stable fec/hep phases of Coi_,Mn, are quite
distinct at z = 0.2 — 0.4.

In this letter we report successful observation of the
high TMR ratio in the CozMn/MgO/CozMn(001) MTJs.
The TMR ratios of approximately 200-250% were ob-
served at RT. More importantly, the TMR ratio of
greater than 600% at LT was observed, which was higher
than the above-mentioned value in MgO-based MTJs
with the ultrathin bee Co(001) electrodes.?™) Tt should be
noted that the crystal structure of the metastable CozMn
studied here is A2, namely the disordered bce as men-
tioned above. This is contrast to the past study on MgO-
based MTJs with metastable B2 ordered Fe;Sn.*1:42)

Sample films were deposited on MgO(001) single crys-
tal substrates using a conventional magnetron sput-
tering with a base pressure of 2x10~7 Pa, as simi-
larly employed previously.?6:4347) We fabricated and



Appl. Phys. Express

300 T T

(@)

3 w/o CoFe |

n
o
o

TMR ratio (%)

-

o

o
T

TMR ratio (%)

|

WX
SN
L0y,

SN 22 Y00
0 (@O (@ E=E){ (((({((((aB (@

TMR ratio (%)

w/o CoFe

O n 1 n 1 n 1 n 1
0 100 200 300 400
MTJ annealing temperature (°C)

Fig. 1. The typical MR curves measured at RT for
Co3Mn/MgO/Co3Mn(001) MTJ (a) without the CoFe layer and
(b) with the CoFe layer. The data for the as-prepared MTJs are
denoted with the triangles (A), and the data for the MTJs
annealed were denoted with open circles (o). (c) The annealing
temperature T, dependence of the TMR ratio for the MTJ with
and without the CoFe layer measured at RT.

investigated epitaxial Co;_,Mn,/MgO/Co;_,Mn,(001)
MTJs with different z. Hereafter, we focus on the
MTJ with x = 0.25 stacking which showed the best
TMR effect: substrate/Cr(40)/CosMn(10)/MgO(2.4)/
CozMn(4)/CozFe(0, 1.5)/IrMn(10)/Ru(5) (thickness is
in nm). The data for the MTJs with different = will be de-
scribed in detail elsewhere. A thin CoFe alloy layer on the
top CosMn electrode was used to enhance the exchange
bias of IrMn. All layers were deposited at RT, and in
situ postdeposition annealing was performed for Cr and
CosMn at 700 and 200°C, respectively. Structure analy-
sis was conducted using X-ray diffraction analysis (XRD)
and transmission electron microscopy (TEM). Magne-
tization measurement was carried out using a vibrat-
ing sample magnetometer (VSM) and superconducting
quantum interference device (SQUID) magnetometer.
The microfabrication of the MTJs was performed using
standard photolithography and Ar ion milling. Thirty-six
junctions were obtained on the substrate with junction
areas of 30x30, 20x20, or 10x10 pum?. The MTJs were
annealed for one hour in a vacuum furnace under an in-

plane magnetic field of 5 kOe. Magnetoresistance (MR)
measurements were carried out under in-plane magnetic
field application with a four-probe method using a probe
station at RT and a physical property measurement sys-
tem (PPMS) at different temperatures.

Figures 1(a) and 1(b) show MR curves for the MTJ
without and with the CoFe layer, respectively, and Fig.
1(c) shows those TMR ratios as a function of the MTJ
annealing temperature T,. Here, the TMR ratio is de-
fined as the junction resistance change divided by the
resistance for the parallel state of the magnetization Rp,.
The as-prepared MTJs have no exchange bias, and the
antiparallel configuration of the magnaetization for the
MTJ is not realized, so the TMR ratio is small, as shown
in Figs. 1(a) and 1(b). For T, = 250 — 350°C in Fig.
1(c), the TMR ratio for the MTJ with the CoFe layer
increases, likely due to removal of some structural imper-
fections related to the bulk and/or interface of the MgO
barrier. The TMR ratio for the MTJ with the CoFe layer
exhibits the maximum value, 240%, at T, = 350°C, and
it then drops at T, = 375°C [Fig. 1(c)]. This deteriora-
tion of the TMR ratio may be due to atomic diffusion
from the top and/or bottom layers, as observed in other
cases.*>47) In addition, it might be related to an irre-
versible change of the bce crystalline structure to another
structure in Co-Mn. Note that a single bcc phase for
the 10-nm-thick CozMn(001) films on Cr(001) was main-
tained up to 400°C and then changed into fcc phase at
~ 450°C, suggested by the XRD and VSM measurements
(See Fig. S1 in supplementary material). Although the
MTJ without the CoFe layer shows a similar annealing
dependence of the TMR ratio, its TMR ratio is slightly
smaller [Fig. 1(c)]. This is because the exchange bias at
the CozMn(001)/IrMn interface is not strong enough to
stabilize the antiparallel state of the magnetizations, as
seen in Fig. 1(a) and as also observed in other MTJs with
different MgO barrier thicknesses (Fig. S2 in supplemen-
tary material).

The temperature dependence of the MR curves and
the TMR ratio for the MTJ annealed at T, = 325°C
are shown in Figs. 2(a) and 2(b), respectively. Here, the
sample is different from that shown in Fig. 1, although
the stacking and fabrication conditions are identical. The
TMR ratio is 634% at 5 K and rapidly decreases to 229%
at 300 K with increasing temperature. The bias voltage
V dependence of the TMR ratio for the same MTJ is also
shown in Fig. 2(c). Here, a positive bias +V means that
the current +1 flows from the top electrode to the bot-
tom. For both positive and negative bias V', the TMR ra-
tios sharply and significantly drop within approximately
+0.1 V.

Figure 3 shows a representative cross-sectional TEM
image of the MTJs after annealing. MgO(001) is epitax-
ially grown on the bottom CosMn(001) electrode, and
the top CosMn(001) electrode is also epitaxially grown
on the MgO(001) barrier. Thus, we confirm the presence
of the lattice coherence at the interfaces in the MTJ,
which is a prerequisite for the coherent tunneling mech-
anism. Note that the contrast between the top and bot-
tom CozMn layers mainly stem from the TEM sample
preparation process and measurement condition and do
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Fig. 2. (a) The MR curves measured at different temperatures,
(b) the temperature dependence, and (c) the bias voltage

dependence of the TMR ratio for the CozMn/MgO/CozMn(001)
MTJ with the CoFe layer and T, = 325°C.

Fig. 3. A cross-sectional TEM image of the
Co3zMn/MgO/CozMn(001) MTJ with the CoFe layer and
Ta = 325°C.

not affect the structural information obtained from the
TEM images.

Figure 4 shows the band dispersion along the <001>
axis for becec CogMn calculated from first principles us-
ing spin-polarized relativistic Korringa-Kohn-Rostoker
(SPR-KKR) code.*® We adopted coherent potential
approximation (CPA) to take the effect of substitu-
tional atomic random alloy disorder into account. The
exchange-correlation term was treated within the gener-
alized gradient approximation.?®) The angular momen-
tum cut-off /,,,4, in the multiple scattering expansion was
3, and the 90 energy points on the complex energy path
were used for the self-consistent calculation. For the Bril-
louin zone integration, we used 1330 irreducible k-points.
The lattice constant a of 0.285 nm was used in this cal-
culation.?®3%) In Fig. 4, although the energy levels are
broadened due to the alloy disorder, the basic feature
near the Fermi level Er is similar to that of bce Fe and

max

min

k// <001>

Fig. 4. The band structure of bcc CozMn disordered alloys
calculated from first principles for (a) a majority spin state and
(b) a minority spin state. The energy F = 0 corresponds to the
Fermi level Efp.

Co. There is a A; state at Er for the majority spin and
are no A; states at Er for the minority spin. Thus, we
expect coherent tunneling of the highly spin polarized A,
bands in bee CozMn, as in bee Fe, Co, and those alloys,
as a primary requirement to obtain a high TMR ratio,
in particular at LT.23:24)

However, there are some differences near Er in the
band dispersions between bce Co and bee CogMn. For
the case of bce Co, the A; band is only the state occu-
pied at Ep for the majority spin, and Ep is located just
below the bottom edge of the A; band at the I' point
for the minority spin; thus, a huge TMR effect was ex-
pected.?®) As seen in Fig. 4(a), in contrast, the Er in bee
CosMn touches the top edges of the heavily broadened
Ao and As bands, which tends to reduce the TMR ratio
compared with that of the bce Co/MgO/Co(001) MTJs,
as discussed for Fe/ MgO/Fe(001) MTJs.23:26) Moreover,
in Fig. 4(b), the bottom edge of the A; band for the mi-
nority spin is broadened by the alloy disorder, and finite
electron states likely exist at Ew, which can reduce the
spin polarization of the A; band as well as the TMR ra-
tio, as originally discussed for MgO-based MTJs with bcc
FeCo(001) disordered alloy electrodes.'®14:50:51) Hence
the above-mentioned differences in the electronic struc-
tures may reduce the TMR ratio from the predicted value
of bec Co/MgO/Co(001) MTJs. Note that it is yet un-
clear whether an interface resonance state (IRS) exists
at the interface of bce CozMn(001) and MgO(001) even
though the IRS could further degrade the TMR ratio, as
discussed in the Fe/MgO/Fe(001) MTJs.!314,23,26)

The other source of the reduction of the TMR ratio
would be a misfit dislocation generated at the top and
bottom interfaces of the MgO barrier, as examined in the
past.52:%3) For example, the lattice mismatch of about 3.4
% for Fe(001)/MgO(001) was reduced to about 3.1% for
Fe.9V.1(001)/MgO(001) by doping V into the Fe elec-
trode.52:%3) Consequently, the TMR ratio was enhanced
with reducing the misfit dislocation density.??5%) In our
case, the lattice mismatch for bee CogMn(001) (a=0.285
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nm) and MgO(001) is 4.5%. Although this mismatch
is better than 5.3-5.6% in bee Co(001) (a=0.282-0.283
nm)?* 29 and MgO(001) (a=0.4212 nm), it is not small
enough to form the stacking without the misfit dislo-
cations. Indeed, we found non-negligible number of the
misfit dislocations in our MTJs, as qualitatively consid-
ered from the above-mentioned mismatch (See Fig. S3,
supplementary material).

Finally we comment the relatively strong tempera-
ture and bias voltage dependence of the TMR effect,
as observed, respectively, in Figs. 2(b) and 2(c) in this
study. Those trends differ from the weak temperature
and bias voltage dependence of the TMR ratio observed
in MgO-based MTJs with the ultrathin bce Co(001)
electrodes.?”) A dominant origin in this study may be
electron-magnon inelastic scattering at the interface.?®)
This is because the theory for electron-magnon scattering
predicts the large bias voltage dependence of the TMR
ratio as well as the large temperature dependence of the
TMR ratio, as experimentally observed in Figs. 2(c¢) and
2(b), respectively.”®) Electron-magnon scattering is de-
termined by interface magnetism; thus, a detailed study
of the interfaces will be a further subject. We note that
the saturation magnetization for our bcc CosMn film
showed only about 7% reduction between 10 K and 350
K. The temperature dependence of the spin polarization
is roughly scaled with that of the saturation magnetiza-
tion,® thus the reduction of the spin polarization with
elevating temperature would be a minor origin of the
temperature dependence of the TMR ratio observed in
this study.

In summary, MgO-based MTJs with the metastable
bee CozMn(001) disordered alloy electrodes were stud-
ied. The TMR ratios of approximately 200-250% were
obtained at RT and we successfully observed the TMR
ratio greater than 600% at 10 K. This LT value was
higher than the past experimental value?” but much
lower than the theoretical value in bee Co/MgO/Co(001)
MTJs.28) Our theoretical calculation indicated that the
spin polarization of the energy bands having the A;
symmetries, which determine the coherent TMR effect,
is relatively low in bcc CosMn as compared with bcc
Co. The TEM observations indicated that the number
of misfit dislocations in our MTJs was not negligibly
small. These would be responsible for the reduction of
the TMR ratio compared to the TMR ratio predicted
for bee Co/MgO/Co(001) MTJs.

See supplementary material for the data of XRD and
magnetization of the CozMn films, the MgO barrier
thickness dependence of the TMR ratio, and the cross-
sectional TEM images showing the misfit dislocations.
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