SCIENCE AND TECHNOLOGY OF ADVANCED MATERIALS .
2024, VOL. 25, NO. 1, 2421746 Taylor & Francis

https://doi.org/10.1080/14686996.2024.2421746 Taylor &Frandis Group

FOCUS ISSUE ARTICLE 3 OPEN ACCESS | ™ Ceck or upcates.

Metastable body-centered cubic CoMnFe alloy films with perpendicular
magnetic anisotropy for spintronics memory

Deepak Kumar®*, Mio Ishibashi*, Tufan Roy(%°, Masahito Tsujikawa©, Masafumi Shirai®
and Shigemi Mizukami @

aWPI Advanced Institute for Materials Research, Tohoku University, Sendai, Japan;
bCenter for Science and Innovation in Spintronics, Tohoku University, Sendai, Japan;
“Research Institute for Electrical Communication, Tohoku University, Sendai, Japan

ABSTRACT ARTICLE HISTORY

A body-centered cubic (bcc) FeCo(B) is a current standard magnetic material for perpendicular Received 15 September 2024
magnetic tunnel junctions (p-MTJs) showing both large tunnel magnetoresistance (TMR) and high Revised 20 October 2024
interfacial perpendicular magnetic anisotropy (PMA) when MgO is utilized as a barrier material of p- Accepted 22 October 2024
MTlJs. Since the p-MTJ is a key device of current spintronics memory, i.e. spin-transfer-torque KEYWORDS
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such materials other than FeCo(B)/MgO. Here, we report, for the first time, PMA in metastable bcc multilayer; thin film; ab-initio
Co-based alloy, i.e. bcc CoMnFe thin films which are known to exhibit large TMR effect when used calculation; MRAM

for electrodes of MTJs with the MgO barrier. The largest intrinsic PMAs were about 0.6 and 0.8 MJ/

m? in a few nanometer-thick CoMnFe alloy film and multilayer film, respectively. Our ab-initio

calculation suggested that PMA originates from tetragonal strain and the value exceeds 1 MJ/m>

with optimizing strain and alloys composition. The simulation of the thermal stability factor

indicates that the magnetic properties obtained satisfy the requirement of the data retention

performance of X-1X nm STT-MRAM. The large PMA and high TMR effect in bcc CoMnFe/MgO,

which were rarely observed in materials other than FeCo(B)/MgO, indicate that bcc CoMnFe/MgO is

one of the potential candidates of the materials for X-1X nm STT-MRAM.
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We discovered large perpendicular magnetic anisotropy, ~0.8 MJ/m?, in metastable alloys,
which are also known to exhibit large tunnel magnetoresistance, demonstrating new candi-
date for spintronic memory applications.

Introduction effect [1,2]. The MTJs utilizing perpendicularly mag-

A magnetic tunnel junction (MTJ) consists of an insu-  netized magnetic electrodes are called perpendicular
lating barrier sandwiched by two magnetic electrode =~ MT]s (p-MT]), which are applied for spin-transfer-
layers and exhibits tunnel magnetoresistance (TMR)  torque magnetoresistive random access memory
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(STT-MRAM) [3]. The p-MT]Js also pave the way for
future innovations in in-memory computing [4] as
well as stochastic computing [5]; thus, the p-MT] is a
heart of spintronics applications.

Most of current p-MT]Js utilize body-centered cubic
(bcc) FeCo(B) alloy magnetic electrodes and an MgO
barrier [6,7], since large TMR effect was predicted in
(001)-oriented Fe/MgO/Fe MT]Js in 2001 [8,9] and the
concept was proven in Fe(FeCo)/MgO/Fe MT]Js in 2004
[10,11]. Large TMR effect is being pursued, to date [12-
15]. Such large TMR effect originates from coherent
tunnelling of electron in fully spin-polarized energy
bands with A;-symmetry along [001] crystallographic
direction of Fe and the A;-symmetry filtering effect in
MgO(001) [8,9], i.e., a bulk effect. Apart from such bulk
effect, an interface of Fe/MgO exhibits another feature, i.
e., an interfacial perpendicular magnetic anisotropy
(PMA), as first experimentally observed in FeCo(B)/
MgO p-MTJs in 2010 [7]. The PMA of FeCo(B)/MgO
originates from an anisotropic orbital magnetic moment
arising from an orbital hybridization of Fe and O atom at
the interface [16,17]. These two features, i.e., the large
TMR and interfacial PMA, are simultaneously obtained
in FeCo(B)/MgO p-MTJs and are rarely observed in
other systems. Thus, FeCo(B) and MgO are regarded as
the standard materials of p-MT]Js for STT-MRAM.

In STT-MRAM, the magnetization state of p-MTJs,
parallel or antiparallel of two magnetizations, is
regarded as a binary and is maintained via a uniaxial
bi-stability thanks to PMA [18]. The magnetization
state is read out via the TMR effect and is switched
through the current-induced STT in STT-MRAM
[18]. Production of embedded type STT-MRAM
quite recently started using several-tens-nm laterally-
scaled FeCo(B)/MgO p-MT]Js, and STT-MRAM for X-
1X nm technology nodes are being developed. It is one
of the requirements in the current X-1X nm STT-
MRAM technology to find a path to enhance the
data retention performance, i.e., the above-mentioned
bi-stability in p-MTJs, characterized by a thermal sta-
bility factor A [18]. The A is proportional to the effec-
tive PMA as well as the magnetic electrode thickness,
and A > 60 is required for the data retention over 10
years. It has been gradually recognized that the inter-
facial PMA of FeCo(B)/MgO could not be strong suf-
ficiently for X-1X nm technology nodes. Therefore,
several routes of engineering have been proposed to
gain the large A, via multi-interfaces of FeCo(B)/MgO
[19-23], nano-pilar of FeCo(B)/MgO [24,25], and use
of another high PMA materials, such as Pt-doped Co,
deposited on FeCo(B) [26]. On the other hand, this
issue could also be addressed via an invention of
unique magnetic materials exhibiting both TMR
large enough and PMA higher than that in FeCo(B)/
MgO p-MT]Js. The finding of such advanced materials
is challenging but leads to an innovation in spintronics
and STT-MRAM development [27-33].
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Here, we focus on bee Co, which is thermodynami-
cally unstable and is not obtained even as a metastable
form [34]. Bec Co is only available as few monolayer
thick films stabilized via an epitaxial strain [35,36].
Although bcc Co may not be suited for practical
uses, it is intriguing that bcc Co is theoretically
known to show large PMA with tetragonal distortion
of bec crystal structure [37,38]. The physical origin of
PMA for bee Co is different from the interfacial PMA
in FeCo(B)/MgO [7,16,17]. In addition, the large TMR
effect was also theoretically discussed [39] and was
experimentally proven in bcc Co/MgO MT]Js [35].
Thus, one route to realize advanced materials showing
large TMR and high PMA would be to explore some
derivatives from bcc Co obtained as non-equilibrium
metastable phase. This concept was partially demon-
strated by our recent works on MTJs with about 10-
nm-thick electrode films of metastable bcc CoMn and
CoMnFe ferromagnetic alloys [40-43]. We have
reported, for the first time, the TMR ratio of about
250% at room temperature (RT) in the bcc CoMn/
MgO/CoMn MT]Js [41]. Moreover, we demonstrated
the TMR ratio of about 350% at RT and exceeding
1000% at low temperature in the metastable bcc
CoMnFe/MgO/CoMnFe MT]Js [Figure 1(a)] [43].
The large TMR effects for CoMnFe/MgO/CoMnFe
MT]Js were obtained in the MTJs annealed at 350-
375°C [43], which almost satisfies the annealing tem-
perature of 400°C required in the back-end-of-line
process in STT-MRAM manufacturing [45]. On the
other hand, it remained as an issue to elucidate if bec
CoMnFe films show large PMA for p-MTJ in STT-
MRAM [Figure 1(b)].

In this article, we report, for the first time, PMA in
metastable bcc CoMnFe alloy films. Our ab-initio cal-
culation suggests that PMA originates from the tetra-
gonal strain and the value of PMA reaches 1 MJ/m’
with adequate strain and optimized alloy composition.
We experimentally confirmed the largest PMA of about
0.6 and 0.8 MJ/m? in a few nanometer-thick film and in
a multilayer film, respectively. We also observed clear
perpendicular magnetization in the multilayer films.
The simulation of the thermal stability factor A indi-
cates that the magnetic properties obtained satisfy the
requirement of the data retention performance of X-1X
nm STT-MRAM. The large PMA and high TMR effect
in bcc CoMnFe/MgO, which were rarely observed in
materials other than FeCo(B)/MgO, indicate that bcc
CoMnFe/MgO is one of the potential candidates of the
materials for X-1X nm STT-MRAM.

Experimental and computational methods

Sample films were fabricated using magnetron
sputtering (ULVAC, Inc., Japan) in an ultrahigh
vacuum chamber with a base pressure below
2x1077 Pa. The films were deposited at RT onto
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Figure 1. (a) Schematic of an in-plane magnetized magnetic tunnel junction (MTJ) with metastable bcc CoMnFe alloy film
electrodes, which were previously studied [43]. (b) Schematic of a metastable bcc CoMnFe alloy film with perpendicular magnetic
anisotropy (PMA), which is investigated in the present study. (c) The ternary equilibrium phase diagram of CoMnFe alloys, where g,
y, and € denote bcg, fcc, and hep phases, respectively [44]. Solid triangles and circles represent the composition ranges for MTJs
previously studied [43] and for films studied here, respectively. Broken lines are visual guides.

substrates of single crystalline MgO(001) via the
40-nm-thick Cr(001) buffer layer. The substrates
were heated at 700°C prior to the film depositions
and Cr buffer layer was deposited at RT, followed
by the post-annealing at 700°C to obtain the
atomically flat surface of Cr(001) [40-43]. The
composition for the CoMnFe films was varied
with co-sputtering technique with a Co elemental
and CogoMn,sFe;; alloy targets. Actual film com-
positions of some samples were analysed with an
inductively coupled mass spectrometry (ICP-MS).
Magnetic properties were characterized with
vibrating sample magnetometer (VSM, Toei Co.,
Ltd., Japan) and polar magneto-optical Kerr effect
(p-MOKE, Neoarc Corp., Japan). The ab-initio
calculation for magnetic anisotropy is performed
with Vienna ab initio simulation package (VASP)
[46,47] in combination with projector augmented
wave (PAW) method [48]. We used generalized
gradient approximation (GGA) for the exchange-
correlation energies [49]. The plane-wave cutoff
energy was set to 500 eV. We constructed a 2 x
2x5 supercell and used special-quasirandom-
structures (SQSs) using Alloy-Theoretic
Automated Toolkit (ATAT) package to simulate
the chemical disorder [50,51]. Brillouin zone inte-
gration was performed with 10x10x2 k-mesh.
Finally, magnetic anisotropy energy (MAE) AE
was obtained from magnetic force theorem
[52,53] and was evaluated from the relation:
AE = E[109) — Ejpo1j, where Ej190) and Efgoy; are the
sum of eigen energies for magnetization directions
along the crystallographic cubic and/or tetragonal
[100] and [001] axes, respectively.

Results and discussions

The TMR effect for in-plane magnetized MTJs with
thick metastable bcc CoMnFe electrodes with
different compositions

At first, we briefly revisit the TMR effect for the in-
plane magnetized MT]Js with thick metastable bcc
CoMnFe electrodes [43]. We have investigated the
TMR effects in the MT]Js with (Cog70Mng,1)1-<Fe, (y
=0.02-0.45) electrodes with different compositions y,
as denoted with the triangles in the ternary phase
diagram in Figure 1(c). Stacking structure of those
MTJs was MgO(001) substrate/Cr(40)/CoMnFe(10)/
MgO(2)/CoMnFe(8)/Ir,,Mn;5(10)/Ru (10) (thickness
in nm) [Figure 1(a)], where CoMnFe(001)/MgO(001)/
CoMnFe(001) MT]Js were epitaxially grown on Cr
(001), confirmed via X-ray diffraction measurements
[43]. The largest TMR ratios of about 350% at RT and
exceeding 1000% at low temperature were observed in
the y=0.08 MTTs, i.e., CogsMn;-Fe;;, with optimizing
the barrier thickness, and so on. At around this com-
position, the saturation magnetization for bcc
CoMnFe was about 1500 kA/m, being slightly larger
than the bulk value of Co, about 1400 kA/m, due to the
relatively large magnetic moments of Mn and Fe
[43,54-57]. Magnetic moments of Mn ferromagneti-
cally couple to those of Co in bcc cells, as unveiled via
X-ray magnetic circular dichroism and ab-initio cal-
culation studies in the metastable bcc CoMn films
[58], which is different from antiferromagnetism in
thermodynamically stable fcc/hcp CoMn and fcc
CoMnFe alloys [44,59]. Owing to the electronic band
structure similar to that of bcec Co [39], the large TMR
effect is obtained, i.e, the tunneling mechanism
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relevant to the spin-polarized electronic energy bands
with A;-symmetry along [001] crystallographic direc-
tion of bcc Co, the so-called coherent tunneling
[41,43]. It should be noted that the TMR effect of
400% to more than 600% was recently reported in
Fe/MgO and FeCo/MgO MTJs [13-15], whereas the
TMR effect was smaller in our MTJs with the compo-
sition close to FeCo [43]. This difference would be
related to some imperfections likely existing in our
MT]Js at the interface of and/or inside MgO barrier.
The TMR ratios in Fe, FeCo, and FeCo(B) MT]Js with
the MgO barrier variously depend on sample growth
methods, preparation conditions, stacking structures,
annealing temperatures, and so on [6,7,10-
15,35,36,60,61]. There are various discussions on
imperfections influencing to the TMR effects, to date
[62-67], which may still be open issues to be
addressed.

Computational verification of magnetic
anisotropy in metastable bcc CoMn alloy

As we mentioned in the introductory part, the strain-
induced large magnetic anisotropy of bcc Co was pre-
dicted via the ab-initio calculation in the past [37]. The
strain-induced magnetic anisotropy was also investi-
gated in bec Fe [37], whereas there is the composition
range unexplored for magnetic anisotropy in the tern-
ary phase diagram of bcc CoMnPFe alloys, in particular
around the composition in which we observed the
large TMR effect, as mentioned above. To gain insight
into the magnetic anisotropy of metastable bcc
CoMnFe alloys, we performed the ab-initio calculation
of a bulk crystalline MAE AE as a function of the
composition and tetragonal distortion, as shown in
Figure 2(a). Here, for simplicity, we performed the
calculation in bcc CoMn binary alloys. In the figure,
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the positive (negative) sign of AE corresponds to a
magnetically easy- (hard-) axis parallel to cubic and/
or tetragonal [001] direction, i.e., ¢ axis. The AE is
negligible at c/a ~1 because this MAE arises from the
symmetry reduction of cubic crystal structure. In the
figure, the sign and magnitude of AE vs. the axial ratio
c/a for pure bcec Co are consistent with those of the
previous theoretical calculation [37], where the value
for AE increases with decreasing the axial ratio c/a.
Indeed, our calculation unveiled that the large AE is
still available even for the CoMn alloys with Co-rich
compositions and c¢/a <1, though the values of AE
show the opposite trend with decreasing Co concen-
tration in c¢/a > 1.

Experimental verification of PMA of metastable
bcc CoMnFe alloy films

Our ab-initio calculation of MAE indicates that (001)-
oriented bcc CoMnFe films could show PMA when
the biaxial in-plane tensile strain is applied and tetra-
gonal distortion is induced in the bcc crystal lattice of
the films. Such tensile strain may naturally be applied
via an epitaxial growth of very thin films of bcc
CoMnFe (001) on top of the MgO(001) barrier, as
shown in Figure 2(b), because the lattice constant of
bce CoMnFe is slightly smaller than that of MgO. To
verify this concept, we investigated the magnetic prop-
erties of very thin films of bcc CoMnFe alloys with
different compositions.

We prepared the films of MgO (001) substrate/
Cr(40)/Mg(0.4)/MgO(2)/CoMnFe(2)/Cr(3) (thick-
ness in nm), as illustrated in Figure 3(a). The
nominal compositions for the films prepared are
denoted with solid circles in Figure 1(c). Here, the
co-sputtering technique allowed us to obtain the
films with the composition approximating to Co;.

(b) CoMnFe (001)
O° e
°°c® o o
a=0283 ! !
-0.284 nm [
1 1
1 1

(001)

a=0.421 nm

Figure 2. (a) Magnetic anisotropy energy (MAE) AE obtained from the ab-initio calculation for bcc CoMn alloys as a function of Co
composition x and axial ratio c/a. Positive AE corresponds to the magnetically easy axis parallel to ¢ ([001]) axis. (b) Schematic of
crystal structures of bcc CoMnFe and rocksalt MgO with their lattice constants and the epitaxial relationship of bcc CoMnFe(001)

grown on MgO(001).
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Figure 3. (a) Schematic of a stacking structure of the bcc CoMnFe film studied. (b) Polar magneto-optical Kerr effect (p-MOKE)
curves for the films with Co concentration of 65, 75.5, and 82.5%. (c) In- and out-of-plane magnetization curves for the film
with Co concentration of 82.5%. (d) Saturation magnetization M, and (e) intrinsic perpendicular magnetic anisotropy (PMA)
constant K for the films as a function of the Co concentration x. Solid circles are the experimental values and solid triangles
are the values obtained from the ab-initio calculation with different values for the axial ratio c/a [Figure 2(a)]. The lines and

curves are visual guides.

~(MnFe), (x<0.18), since the actual composition of
the alloy film deposited via the CogoMn,;Fe;; tar-
get was Co:Mn:Fe = 65:18:17 in our sputtering sys-
tem. Figure 3(b) shows the out-of-plane p-MOKE
curves for the films with typical compositions. All
the films showed in-plane magnetizations at rema-
nent state, whereas those show systematic changes
in their out-of-plane saturation magnetic field. This
behavior indicates that the sizeable PMA is induced
in those films, whereas a shape magnetic aniso-
tropy is still dominant and forces their magnetiza-
tion being in-plane at remanent state. Figure 3(c)
shows the representative magnetization curves, and
Figs. 3(d,e) display, respectively, the saturation
magnetization M, and the PMA constant K
for the films with different Co compositions. The
values of K were obtained via the relation

K = 1/2 p,M; (Heff - H;{f) + uyM? /2 [68,69]. Here,

S|l

the effective saturation field H:ff (G =1|,L) was evalu-
ated from the experimental data of the in-plane (j = ||)
and out-of-plane (j = L) normalized magnetization
m; curve H;(m;) via the numerical integration:

1
H' =2 [Hj(m;)dm;. For these evaluations, we

/ 0
neglected the contribution of Hfﬁf and evaluated the
values of H! using the normalized p-MOKE curves.
The values for M, were evaluated from the in-plane
magnetization measurement for the films. As seen in
Figure 3(d), the values for M tend to decrease with
increasing Co concentration and those values are

about 900-1300 kA/m, being smaller than those for
10-nm-thick films, 1400-1500 kA/m. In Figure 3(e),
the experimental data of K for the films tend to increase
with increasing Co concentration in the range of
65-82.5% and it reaches about 0.6 MJ/m’ at the Co
concentration of 82.5%. The trend of K vs. Co concen-
tration in this composition regime is qualitatively con-
sistent with that of the ab-initio calculation at c/a < 1, as
shown in Figure 2(a).

When we assume an ideal pseudomorphic epitax-
ial growth of bcc CoMnFe(001) on MgO(001), the in-
plane lattice constant a of bcc CoMnFe (001) expands
up to that of MgO(001), as shown in Figure 2(b), and
the out-of-plane lattice constant ¢ of bcc CoMnFe is
reduced. With assumption of the conservation of the
unit cell volume for bcc CoMnFe with and without
the strain, the value of c/a is evaluated as about 0.868
for bcc CoMnFe(001) on MgO(001), where we used
the lattice constants of 0.284 [43] and 0.421 nm. Note
that the bcc CoMnFe(001) is grown on MgO(001)
with an epitaxial relationship of <100>comnre//
<110>y40 [Figure 2(b)]. We also showed the theore-
tical K values for c¢/a = 0.85, 0.90, and 0.95 in Figure 3
(e). Some experimental values of K are similar to the
theoretical K values at c¢/a of about 0.85-0.90, suc-
cessfully demonstrating PMA in metastable bcc
CoMnFe films, as predicted from the ab-initio
calculation.

As observed in Figure 3(e), the experimental K
values tend to decrease in the films with the Co con-
centration of more than 82.5%. Although the origin of
this reduction of K is not experimentally confirmed at
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the present, it is likely that the c/a values tend to be
close to unity due to the strain relaxation via introduc-
tion of interface misfit dislocations. In other words,
the critical thickness, below which the pseudomorphic
growth is preserved, becomes smaller than 2 nm at
those compositions close to the pure Co. It could
also be considered that some structural changes
occur due to relatively large lattice mismatch and to
reduction of the stability of non-equilibrium bcc phase
for the films with the composition close to pure Co.

Observation of perpendicular magnetization and
PMA for metastable bcc CoMnFe alloy multilayer
films

For further exploring PMA of bcc CoMnFe films,
we investigated the effect of multilayered structures
on PMA for bcc CoMnFe films. We prepared the
films of MgO(001) substrate/Cr(40)/Mg(0.4)/MgO
(2)/CoMnFe(1.0)/[Cr(0.8)/CoMnFe(1.0)]5/Cr(3)
(thickness in nm) with the Co concentration of
82.5% and 86% and different period N for the
multilayer, as illustrated in Figure 4(a). Figures 4
(b,c) show the typical out-of-plane p-MOKE curves
obtained in the multilayer films with different N
for the Co concentration of 82.5% and 86%,
respectively. The multilayer films with N=1 show
the out-of-plane p-MOKE curves similar to those
of the single layer films [Figures 3(b,c)], whereas
the hysteresis loops are successfully observed in the
multilayer films with N=2-5. The hysteresis loops
for the multilayer films with the Co concentration
of 82.5% and N=3-5 show the reduction of the
remanent value with increasing N. Such hysteresis
loop shape would be caused by a nucleation of
magnetic domains, as similarly observed in some
PMA films [68,70,71].

Figures 5(a,b) show magnetization curves obtained in
the multilayer films with N =5 and the Co concentration

(nm)

(a) Cr (3) (b) Co 8.2'5%.
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of 82.5% and 86%, respectively. Figures 5(c,d) display,
respectively, the number of CoMnFe layer N +1 depen-
dence of the saturation magnetization M; and the PMA
constant K for the multilayer films. The values of K were
obtained with the relation mentioned above with taking
account of both H ;’ﬁf and H numerically obtained from
the normalized magnetization curves measured using
VSM. The values for M, were evaluated from the in-
plane magnetization measurement for the multilayer
films. As seen in Figures. 5(c,d), the values for M; and K
tend to monotonically increase with increasing N. The
value of K reaches about 0.8 MJ/m’ for the multilayer
films with the Co concentration of 82.5% and N = 5. The
largest value of K in the multilayer films is comparable to
the largest value observed in the 2-nm-thick CoMnFe
films, as shown in Figure 3(e). In the multilayer films,
the strain is induced in the first CoMnFe(001) layer
deposited on the MgO(001), then the strain would be
sequentially transferred to the next-nearest CoMnFe
layers through thin Cr(001) layers in coherently strained
multilayer films [68]. Bce stable thin Cr (001) layers also
help to stabilize metastable bcc structure of CoMnFe
(001) and mediate magnetic interlayer coupling among
the CoMnFe layers. Since the saturation magnetization
for the 1-nm-thick CoMnFe is relatively smaller than
that for the 2-nm-thick CoMnFe [Figure 5(c)], the
intrinsic PMA overcomes the shape magnetic aniso-
tropy, resulting in the perpendicular magnetization in
the multilayer films.

Simulation of the thermal stability factor for p-
MTIJs in STT-MRAM

It is noteworthy that PMA of bcc CoMnFe(001) films
on MgO(001) is naturally applicable to the top free
type p-MT]Js which are currently used in STT-MRAM,
where a magnetization of the magnetic layer on the
MgO barrier, i.e., a free layer, is switched via the
current-induced STT [19-26]. Although various
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Figure 4. (a) Schematic of a stacking structure of bcc CoMnFe multilayer films. Polar magneto-optical Kerr effect (p-MOKE) curves
for the films with Co concentration of 82.5% (b) and 86% (c) with different multilayer period N.
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Figure 5. In- and out-of-plane magnetization curves for the multilayer films with Co concentration of (a) 82.5% and (b) 86%. (c)
Saturation magnetization M; and (d) intrinsic perpendicular magnetic anisotropy (PMA) constant K for the multilayer films as a
function of the number of CoMnFe layers N +1 with the Co concentration of 82.5% and 86%.

advanced materials are being developed, such as
ordered Fe- or Mn-based alloys, most of thin films
for those alloys are grown not on MgO(001) but on
specific underlayers [29-33]; thus, it could be a future
issue to obtain such ordered alloy thin films on the
MgO(001) barrier for the top free type p-MTJs appli-
cations. For further considering the application of bec
CoMnFe films with PMA to the top free type p-MTJs
in STT-MRAM, we simulated the thermal stability
factor A, which characterizes the data retention
depending on the size of p-MTJs in STT-MRAM. We
assume the p-MT] with the CoMnFe multilayer as the
top free layer having the diameter D and thickness t, as
shown in the inset in Figure 6. The calculated values of
A are shown in Figure 6 as a function of
D with different N. In this calculation, we used single
domain  approximation and the relation
A ZEP/kBTZKeffV/kBT with Kg=K-96
Nu,M?/2 [24,25,72,73] and the experimentally-
obtained values of M; and K for the multilayer films
with the Co concentration of 82.5% and N=2-5
[Figures. 5(c,d)]. Here, E,, is the barrier energy of the
bi-stability of the upward and downward direction of
the magnetization, V(= 7 D* t/4) is the volume of the
magnetic layer, kg is the Boltzmann constant, T is the
absolute temperature, and 6N is the difference
in the dimensionless demagnetization coefficient
between the out-of-plane and in-plane orientations
[24,25,72,73]. Note that we assume t as a total
magnetic layer thickness of the multilayer films. In
Figure 6, we observe A exceeding 60, which is typically
required for the STT-MRAM, for D of about 9 to 15
nm in the case of N=3-5. These results indicate that
the magnetic properties, M, and K, observed in the

Ms

¢ «— D —»
I CoMnFe ML

MgO
L | L
10 20 30
D (nm)

Figure 6. The calculated values of the thermal stability factor A
at 300 K as a function of the diameter of D for magnetic tunnel
junctions (MTJs) with different multilayer period N. Inset
shows schematic of the CoMnFe(001) multilayer on MgO
(001) barrier for the top free p-MTJs with D and thickness t.
Broken line shows A of 60, a typical requirement for the STT-
MRAM applications. The calculation was performed using the
magnetic parameters experimentally evaluated in the multi-
layer films of CoMnFe alloy with Co concentration of 82.5%.

CoMnFe multilayers with PMA satisfy the require-
ment for p-MTJs used in X-1X nm STT-MRAM.

Toward practical STT-MRAM applications

Finally, we briefly discuss low Gilbert damping and
manufacturability for the alloy films. Those two prop-
erties are also crucial for practical STT-MRAM
applications.
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As mentioned in the introductory part, the magne-
tization state is switched through the current-induced
STT in STT-MRAM [18]. The threshold of the switch-
ing current is proportional to the Gilbert damping
constant « [18]. Thus, the low Gilbert damping for
magnetic free layer is preferable for low power con-
sumption in STT-MRAM. The Gilbert damping con-
stants of FeCoB/MgO with PMA were variously
reported, and typical values are in range from ~0.005
to ~0.03 [7,74-77]. Our past experimental study indi-
cated that the Gilbert damping constants are in range
from ~0.004 to ~0.013 for the in-plane magnetized 10-
nm-thick bce Co; ,Mn, epitaxial films, depending x
[78], and this low Gilbert damping was qualitatively
consistent with the Gilbert damping constant obtained
from the ab-initio calculation performed by part of the
present authors [78] as well as by the other group [79].
We also preliminary studied the Gilbert damping for
the above-mentioned multilayer film with PMA (Co
concentration of 82.5% and N=5) using the time-
resolved magneto-optical Kerr effect (TRMOKE), and
we obtained the effective Gilbert damping constant of
~0.02 (not shown here). This value is in the range for
FeCoB/MgO with PMA, as mentioned above. Note that
the Gilbert damping constant for very thin films is
sensitive to interface properties [76], growth conditions
[77], and nonmagnetic layer nearby [80,81], and so on.
Such various effects may influence the Gilbert damping
constant obtained in our CoMnFe films with PMA.

In STT-MRAM, p-MT]Js are fabricated on metal
lines connecting to semiconductor transistors. For
this manufacturing process, (001)-textured polycrys-
talline FeCoB/MgO p-MT]Js are utilized in practical
STT-MRAM. FeCoB forms (001)-textured polycrys-
talline film on (001)-textured MgO barrier due to
solid phase epitaxy with annealing, which is indeed
powerful property and is well suited for the manufac-
turing [6,82]. Although the present study is performed
using epitaxial film samples, (001)-textured polycrys-
talline films with PMA have to be developed for prac-
tical STT-MRAM, like as demonstrated in p-MT]Js
with other candidates of ordered alloys [83]. In prin-
ciple, bct CoMnFe alloy films with misfit strain may be
available even on (001)-textured polycrystalline MgO
barrier. This is because crystal orientation relationship
of bet CoMnFe(001)<100>|| MgO(001)<110> should
maintain in each grain even in (001)-textured poly-
crystalline films and the misfit strain is generated at
those interfaces, as discussed in different context and
system [84]. Recently, Yamamoto et al. reported such
polycrystalline p-MTJs with the top free layer of
Co75Mn,5/Mo/FeCoB with PMA and demonstrated
the TMR ratio more than 100% [85]. Since the PMA
reported in their p-MTTs is still smaller than the values
obtained in the present study, further investigation is
necessary in poly-crystalline films, as well.

D. KUMAR et al.

Summary

We recently reported large TMR effect in MTJs with
metastable bcc CoMnFe magnetic electrodes [43]. In
this study, we explored PMA for this metastable bcc
CoMnFe alloy for spintronics applications, in parti-
cular STT-MRAM. Our ab-initio calculation indi-
cated that the large MAE originates from the
tetragonal distortion of bcc crystal lattice and the
origin is different from the interface type of PMA in
FeCo(B)/MgO. Thin films of bcc CoMnFe layer
deposited on the MgO(001) layer exhibited the lar-
gest intrinsic PMA of about 0.6 MJ/m?>, as predicted
by our ab-initio calculation. We also observed the
clear perpendicular magnetization in their multi-
layer films deposited on the MgO(001) layers and
obtained the largest intrinsic PMA of about 0.8 MJ/
m’. The simulation of the thermal stability factor A
suggested that the magnetic properties experimen-
tally obtained in the multilayer films satisfy the data
retention requirement for p-MJTs in X-1X nm STT-
MRAM. The large PMA and high TMR effect in bcc
CoMnFe/MgO, which were rarely observed in mate-
rials other than FeCo(B)/MgO, indicate that bcc
CoMnFe/MgO is one of the potential candidates of
the materials for X-1X nm STT-MRAM; thus,
further studies, including the Gilbert damping and
polycrystalline p-MT]s, are demanded.
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