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MgO-barrier magnetic tunnel junctions with half-metallic Heusler alloy electrodes have attracted con-
siderable attention for spintronics applications. However, there remain a couple of issues related to ma-
terials that should be resolved before practical use. Recently, quarterly equiatomic Heusler alloys have
attracted attention as advanced Heusler alloys. ColrMnZ (Z = Al, Si, Ga, and Ge) half-metallic Heusler alloys
were designed and predicted to have moderate Curie temperatures and to be lattice-matched with the MgO
barrier, which is advantageous compared to traditional Co, Heusler alloys T. T [T. Roy et al., ]. Magn. Magn.

Keywords: ; N X - .

H:;f metals Mater. 498 (2020) 166092]. Here, we experimentally investigated the structure and magnetic properties of
Magnetically ordered materials thin films composed of one of these alloys, ColrMnAl, fabricated by sputtering deposition. We successfully
Thin films obtained films with the B2 chemical ordering, even without a post-annealing process. The lattice constants

for the films annealed at 500-600 °C were approximately equal to the predicted values. The magnetization
at 10 K was close to 500 kA/m, and the Curie temperature was approximately 400 K, which were ap-
proximately 70% of the values predicted for the fully ordered structure. The magnetic properties observed in
the B2-ordered films were well explained by ferrimagnetism that appeared in the B2-ordered ColrMnAl
with full-swap disorders of Co-Ir and Mn-Al and almost full-swap disorder of Co-Mn, which was predicted
from the first-principles calculations.

Vapor deposition
Magnetization
Computer simulations

© 2021 Elsevier B.V. All rights reserved.

1. Introduction

A magnetic tunnel junction (MT]J) exhibits the tunnel magne-
toresistance (TMR) effect [1-3], and is utilized in various storage
systems [4,5] and non-volatile magnetoresistive random access
memory (MRAM) [6]. Recently, advanced computing technologies
have emerged that demand MT]Js exhibiting huge TMR ratios at room
temperature [7-9]. Huge TMR ratios can be obtained in MT]Js using
electrodes composed of half-metallic ferromagnets, which are
magnetic metals with a band gap at the Fermi level for their min-
ority spin states [10,11]. A Co,-based full Heusler alloy is one of the
candidates for half-metals and has attracted considerable attention
to date [12,13]. Several Co,-based full Heusler alloys have been
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utilized for MT] electrodes [14-18]. Among them, a promising alloy
for MT]J electrodes is Co,MnSi and its derivatives. Indeed, MTJs with
Co,MnSi electrodes or those with Mn partially substituted by Fe
showed a record TMR ratio exceeding 2600% at low temperatures
[17]. However, this TMR ratio is considerably reduced at room
temperature [17,19]. The reduction in the TMR ratio with increasing
temperature may be due to the reduction in the spin polarization
and thermal fluctuation of the magnetic moment at the hetero-in-
terface of MgO(001) barrier/Heusler alloy(001) [19-23]. In addition,
there are numerous discussions on the intrinsic and/or extrinsic
interface electronic states that exist at these interfaces, reducing the
TMR ratio [24,25]. Thus, it is crucial to find unique Heusler alloys
with a lattice constant that matches that of MgO(001) as well as
unique interface electronic structures that are robust against ter-
mination elements.

Such candidates may be found in equiatomic quaternary Heusler
alloys with a chemical formula of XX'YZ [26-28], where X, X’, and
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Fig. 1. Schematics of various crystal structures of ColrMnAl. (a) Fully ordered struc-
ture, Y. (b) XA, e.g., with a full-swap disorder of Ir-Al (c) L2, (or L2B) e.g., with a full-
swap disorder of Mn-Al. (d) B2, e.g., with full-swap disorders of both Co-Ir and Mn-AL
(e) Fully disordered structure, A2. The DOs-ordered state is also possible with some
full-swap disorders but is omitted here.

Y denote transition metal elements, and Z represents a main group
element. The fully ordered crystal structure is a cubic LiMgPdSn or Y
type, as shown in Fig. 1(a). X, X, Z, and Y occupy the Wyckoff posi-
tions 4a (0, 0, 0), 4b (1/2,1/2,1/2), 4c (1/4,1/4,1/4), and 4d (3/4, 3/4,
3/4), respectively [28]. In recent years, intensive theoretical and
experimental studies on the numerous elemental compositions of
these alloys were performed, and many interesting properties were
discussed [29-38]. A couple of these alloys were examined for use as
MT]J electrodes [39,40]. Equiatomic quaternary Heusler alloys can
have various chemically disordered states, e.g., XA [Fig. 1(b)], L2 (or
L24B) [Fig. 1(c)], B2 [Fig. 1(d)], and A2 [Fig. 1(e)], which belong to
different space groups. Therefore, it is also crucial to understand the
influence of such disordered states on various properties [40-44].

The present authors have theoretically studied equiatomic qua-
ternary Heusler alloys ColrMnZ (Z=Al, Si, Ga, Ge) [37]. The ground
states for these alloys are ferromagnetic, and the Curie temperatures
(Tc) are well above room temperature. Their spin polarizations are
close to unity because the band gap is at the Fermi level in their
minority spin states. Their cubic lattice constants are relatively
larger than that of Co,MnSi and their lattice mismatches to MgO
(001) are quite small, e.g,, 0.81% for Z=Al; thus, it is expected that
they will form better interfaces in ColrMnZ(001)/MgO(001)
MT]Js [37].

In this study, we experimentally investigated the structure and
magnetic properties of ColrMnAl thin films for the first time. We
successfully obtained B2-ordered ColrMnAl epitaxial films, even
without a heat treatment, using a sputtering deposition technique.
The saturation magnetization at 10 K was close to 500 kA/m, and the
Curie temperature was approximately 400 K. These values were
approximately 70% of the values predicted for Y-ordered ColrMnAl
[37]. We discuss various types of disorders and their effects on
magnetic properties using first-principles calculations. The magnetic

Journal of Alloys and Compounds 868 (2021) 159175

properties observed in these films are well explained by ferri-
magnetism in B2-ordered ColrMnAl when the full-swap disorders of
Co-Ir and Mn-Al and almost full-swap disorder of Co-Mn are
considered.

2. Experimental procedures and first-principles
calculation details

All films were deposited on single-crystalline MgO(100) sub-
strates by magnetron sputtering using Co, Ir, and MnAl alloy targets.
The base pressure was lower than 2 x 1077 Pa. Prior to film deposi-
tion, the MgO substrates were flushed at approximately 700 °C in the
chamber. The 50-nm-thick ColrMnAl films were deposited at room
temperature, followed by in-situ post annealing at annealing tem-
peratures (T,) of 300, 400, 500, and 600 °C. All films were capped by
a 3-nm-thick layer of Ir after cooling the substrate. The composition
of the films (at%) was Co:Ir:MnAl =28.1:27.6:20.7:23.6, which was
analyzed using inductively coupled plasma mass spectroscopy (ICP-
MS). The film structures were characterized by X-ray diffraction
(XRD) using Cu K, radiation. The magnetizations of the films were
measured using a vibrating sample magnetometer (VSM). The tem-
perature dependence of the magnetic properties was also measured
using a VSM in a physical property measurement system (PPMS) at
10-400 K with an applied in-plane magnetic field.

First-principles calculations were performed using the spin-po-
larized relativistic Korringa-Kohn-Rostoker (SPRKKR) method, as
implemented in the SPR-KKR program [45]. The calculations were
performed in full-potential mode. The substitutional disorder in the
system was considered within the coherent potential approxima-
tion. The generalized gradient approximation was used for the ex-
change correlation functional as modeled by Perdew, Burke, and
Ernzerhof (PBE) [46]. For all atoms, the angular momentum cut-off
(Imax ) was restricted to two, and the Brillouin zone was sampled with
a 26 x26 x 26 k-mesh. Lloyd’s formula was used to determine the
Fermi energy [47,48]. For magnetic interactions, the Heisenberg
exchange coupling constant was calculated within a real-space ap-
proach, as proposed by Liechtenstein et al. [49]. Furthermore, the
Curie temperature (Tc) was evaluated in terms of the Heisenberg
exchange coupling constant within a mean-field approximation.

3. Experimental results

Fig. 2 (a) shows out-of-plane XRD patterns of the films with
various post-annealing temperatures (T,). The (002) superlattice and
(004) fundamental diffraction peaks are observed for all the films.
The (002) and (004) peaks shift to higher angles as the annealing
temperature increases. However, diffraction peaks from the (111)
plane, which should be observed in Y, XA, L2, and DOs; ordering,
were not detected in any film. This suggests that these films have B2
chemical ordering. It should be noted that the films exhibit super-
lattice (002) peaks even though the films are not annealed. Fig. 2(b)
shows in-plane XRD patterns of the films with various T,. The (200)
superlattice and (400) fundamental diffraction peaks are also ob-
served for all the films.

Fig. 3 (a) shows the out-of-plane and in-plane lattice constants,
which were evaluated from the (004) and (400) diffraction peaks, re-
spectively. The out-of-plane lattice constant is nearly constant for an-
nealing temperatures below 400°C and decreases with increasing
annealing temperature above 400 °C. At 500-600 °C, it is 0.596-0.597 nm,
which is relatively close to the theoretical value, 0.5905 nm, of Y-ordered
ColrMnAl [37]. The in-plane lattice constant is approximately equal to the
theoretical value for all the films [Fig. 3(a)]. The tetragonal axial ratios, i.e.,
the ratio of the out-of-plane and in-plane lattice constant, of the films are
almost equal to unity, 1.01-1.02, indicating that the films were suffi-
ciently thick for strain relaxation and their crystal structures are virtually
cubic. Fig. 3(b) shows the ratio of the integrated intensities of the (002)
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Fig. 2. (a) Out-of-plane 2¢-» and (b) in-plane 26,-¢ XRD patterns for films with
various post-annealing temperatures (T,).

Log / (arb.unit)

and (004) diffraction peaks of the films, which tends to increase with
increasing post-annealing temperature (T,). The change in behavior of
the integrated intensity ratio appears to correlate with that in the
out-of-plane lattice constant, showing a relatively large increase above
400 °C. The increase in the integrated intensity ratio indicates an increase
in the long-range B2 chemical ordering in the films. Hence, the films may
have better B2 chemical ordering with T, =500-600 °C.

As shown in Fig. 1(d), the B2-ordered state results from the full-
swap disorders of both Co-Ir and Mn-Al. In principle, other types of
disorders can also change the Y-ordered state into the B2 state in
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Fig. 3. (a) Out-of-plane (solid circle) and in-plane (solid triangle) lattice constants of
the films as a function of the post-annealing temperature (T,). The dashed line is the
value predicted from the first-principles calculations for Y-ordered ColrMnAl [37].
(b) Integrated intensity ratio of the (002) and (004) peaks of the films as a function of
the post-annealing temperature (T,). (c) Theoretical intensity ratio of the (002) and
(004) peaks with different occupation numbers (x;) for the following cases: x;; is
varied while maintaining Xc, =Xvn =Xa =1/8 (solid circles), x5 is varied while
maintaining X;; =Xco =Xmn =1/8 (solid triangles), and x;. (=xa;) is varied while
maintaining Xc, =Xwn = 1/8 (solid squares). Note that curves are visual guides, and
the B2 cell assumed in the calculations is shown in the inset.

equiatomic quaternary alloys because of the number of elements.
Additional insight into the types of disorders present in the films at
T, =500-600 °C is obtained by comparing the experimental intensity
ratio to the theoretical one. The theoretical peak intensity can be
calculated with the following expression [50]:

I = Cm|F[2LPAe=2M, (1)

Here, m, F, LPA, and M are the multiplicity, structure factor,
Lorentz-polarization-absorption factor, and Debye-Waller factor,
respectively, which depend on the diffraction peak index [50]. Cis a
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constant independent of the diffraction peak index. F was calculated
for B2-ordered ColrMnAl using the reduced B2 unit cell with the
corner site A and body-centered-site B occupied by four element
atoms [inset in Fig. 3(c)]. The small off-stoichiometry in the films
was neglected, for simplicity. The structure factor for the superlattice
peak (Fs) depends on the site occupancies of the four elements, and
it can be expressed as [50].

Fszz(fA _fB)v (2)

where the atomic form factor (fag)) is expressed as the weighted
average of the atomic form factors for the atoms occupying site
A (B):

fa = feoXco + S Xir + fyun (174 — Xun) + fu (174 — Xa1), (3)

fo = funXvin + faXal + foo (174 — Xco) + fi; (174 = Xpr). (4)

Here, f; and x; are the atomic form factor and the occupation number
at the correct site for the four elements (j=Co, Ir, Mn, and Al), re-
spectively. The value for x; ranges from 1/8-1/4. In the case of
X; =1/4 for all j, Co and Ir (Mn and Al) occupy the A (B) site. In
contrast, the case of x; =1/8 for all j represents the A2-disordered
state, and all four elements randomly occupy both A and B sites. The
structure factor for the fundamental peak (F) does not change with
chemical ordering:

F=2( +f) = feo +fir +fun +fa1)72. (5)

Fig. 3(c) shows the theoretical intensity ratio of the (002) and (004)
diffraction peaks with various occupation numbers (x;). The theo-
retical values are sensitive to the disorder of Ir and Al because of the
huge difference between the largest and smallest atomic form fac-
tors, fi; and fa;, respectively. If x;, is varied while xc, =xpn =Xa1 =1/8
remains fixed, i.e, only the Ir atoms show ordering, the intensity
ratio shows a large increase with increasing x;. [solid circles in
Fig. 3(c)]. Similarly, if x4, is varied while the other elements are fully
disordered, x;; =Xco =Xmn = 1/8, the intensity ratio also exhibits a
visible change [solid triangle in Fig. 3(c)]. The theoretical intensity
ratio is closer to the experimental values at T, =500-600 °C for the
case shown with the solid squares in Fig. 3(c), at X, = xa; = 1/4. This is
the case where Ir and Al fully occupy A and B sites, respectively,
while Co and Mn occupy random sites. These values are not sig-
nificantly sensitive to the ordering of Co and Mn and are nearly the
same even in the case where Co (Mn) occupies A (B) sites because
fco = fun. Therefore, the XRD data shown in Fig. 3(b) suggest that the
films annealed at 500-600 °C are close to the B2-ordered state, with
Ir and Al separately occupying the A and B sites, while the occu-
pancies of Co and Mn are not clear from the XRD data.

Fig. 4 (a) shows the magnetization hysteresis loops for the films
annealed at various post-annealing temperatures (T,). These mea-
surements were performed with an applied in-plane magnetic field.
Fig. 4(b) displays the T, dependence of the saturation magnetization
(M;) at room temperature. The values of M; lie between 300 and
350kA/m at T, =500-600 °C, and they are probably correlated with
the change in the structure observed in the XRD data [Figs. 3(a)
and 3(b)].

Fig. 5 (a) shows the magnetization hysteresis loops measured at
various temperatures (T) for the film annealed at 500 °C. For this
measurement, the film was refabricated with lower concentrations
of Co and Ir to yield a composition closer to the stoichiometry. The
temperature dependence of the saturation magnetization (Ms) is
also shown in Fig. 5(b). The M value at 10 K is close to 500 kA/m, and
this value is approximately a factor of 0.7 smaller than the theore-
tical value, 722 kA/m (4.03 pp/f.u.) [37]. The measurement set-up
could only achieve temperatures up to 400 K, and the precise value
of the Curie temperature (T¢) for the film was not obtained. Hence,
the theoretical curve for Mg vs. T was calculated and is shown in
Fig. 5(b) using the approximate equation [51].
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Fig. 4. (a) Hysteresis loops of the magnetization (M) of the films with various post-
annealing temperatures (T,). (b) Saturation magnetization (Ms) at room temperature
as a function of T,. Note that curve is a visual guide.

M, = Mo [1 — (T/Te)?]3. (6)

The experimental data are fitted to the calculated data, yielding
Mso = 485 kA/m and Tc = 405 K. Thus, T¢ for the film is approximately
400K, which is also approximately a factor of 0.7 smaller than the
predicted value, 584 K, of the fully ordered structure [37].

4. Discussion

Chemical disorders in the films may be one origin for the difference
in the magnetization (Msp) and Curie temperature (T¢) between the
experiment and the values predicted for Y-ordered ColrMnAl [37]. Note
that the film thickness is sufficiently large, according to previous in-
vestigations of Heusler alloy films with similar thicknesses [52,53];
thus, an interfacial effect, such as a dead layer, would be excluded as a
possible origin of the difference. For further understanding, first-prin-
ciples calculations were performed of the electronic structures of
ColrMnAl with various atomic disorders. In the following calculations,
it was assumed that the films had a cubic structure because the
experimentally observed small tetragonal distortion had a negligible
effect on the calculations. Fig. 6 displays the formation energy (Erorm)
for full-swap disorders of various constituent atoms with respect to
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that of Y-ordered ColrMnAl. The formation energy for the swap dis-
order of Mn-Al is the lowest among the disordered structures con-
sidered here, indicating that Y-ordered ColrMnAl tends to have random
swapping of Mn and Al and to change its ordered state from Y to L2,
[Fig. 1(c)]. This tendency is consistent with the theoretical results
obtained for Co,-based Heusler alloys [54]. Co-Mn and Co-Ir swap
disorders show the second and third lowest formation energies,
respectively, and the difference in Egoy, between them is very small.
Hence, Co-Mn and Co-Ir swap disorders could occur simultaneously if
they are introduced by some mechanism in addition to Mn-Al swap
disorder. The swap disorders of both Co-Mn and Co-Ir in addition that
of Mn-Al change the chemical order of ColrMnAl from L2; to B2. In
contrast, the swap disorders of Co-Al Ir-Al, and Ir-Mn exhibit relatively
high formation energies, as shown in Fig. 6, implying that Al and Ir tend
to separately occupy their own sites.

These insights are consistent with the analysis of the chemical
ordering based on the XRD data (Fig. 3). However, the degree of Co-
Mn swap disorder is not clear from the experiments, as mentioned
previously. For further understanding, first-principles calculations
were also performed of the electronic structures with various
amounts of Co-Mn swap disorder. Figs. 7(a) and 7(b) show the for-
mation energies (Erorm) and the total magnetic moments (M) for
B2-ordered ColrMnAl with various degrees of Co-Mn swap disorder.
Here, the disorder is represented by the occupation number of Co
(Mn), Xco(mn), at A (B) site in the B2 unit cell, as defined in the inset in
Fig. 3(c). It was assumed that Ir and Al occupied sites A and B,
respectively, i.e., X | =xa; = 1/4, because the formation energy of the
Ir-Al swap disorder was considerably higher than that of the Co-Mn
swap disorder (Fig. 6). Two cases were considered for this calcula-
tion: the parallel and anti-parallel alignment of spins for Mn at site A
(anti-site) and at site B (ordinary site), which are denoted by
Mn}-Mn} and Mn}-Mn}, respectively, in Fig. 7. As shown in
Fig. 7(a), the formation energies in the anti-parallel spin state
(Mnk-Mn}) were smaller than those in the parallel spin state
(Mn}-Mn}) in almost the entire range of 1/8 <Xcommn)<1/4.
Therefore, the B2 alloys assumed here may tend to be ferrimagnetic
rather than ferromagnetic. This difference in magnetic ordering is
clearly shown in Fig. 7(b), where such ferrimagnetic alloys show a
considerable reduction in the total magnetic moment. The experi-
mental magnetization measured at low temperatures is close to the
theoretical data for xy, of approximately 0.14-0.15, as shown in
Fig. 7(b). Tc for various Xcomn) Was also calculated, as shown in
Fig. 7(c). The theoretical values of Tc slowly decay with decreasing
Xcovn) and are comparable to the experimental data at Xco(mn) Of
approximately 0.15. Hence, the magnetic properties are well ex-
plained by the first-principles calculation at xco(vn) 0f 0.14-0.15. This
Xco(vn) Value is close to Xcoomn) = 0.125, the full-swap disorder of Co
and Mn. This may theoretically be in accord with the presence of the
full-swap disorder of Co-Ir in the films because those formation
energies are comparable, as shown in Fig. 6.

Finally, note that the swap disorders of not only Co-Mn but also
Co-Ir and Mn-Al showed no reduction in the magnetic moments of
the Y-ordered state when ferromagnetic spin alignments were as-
sumed for all the elements. Hence, the reduction in the magnetic
moment in the experiments is explained by ferrimagnetism due to
the swap disorder of Mn from the theoretical point of view. In ad-
dition, the calculations indicated that the anti-parallel alignment of
spins for Mn within B sites, which can be accompanied by the swap
disorder of Mn-Al, was energetically very high. Thus, the most rea-
listic interpretation is the ferrimagnetic ordering accompanied by
the swap disorder of Co-Mn, as discussed above.

5. Summary

The structural and magnetic properties of ColrMnAl Heusler alloy
thin films, previously designed for spintronics applications, were
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Note that the curves are visual guides.

studied experimentally. Films with the B2 chemical ordering were
successfully obtained using the sputtering deposition technique,
even without the heat treatment. The lattice constants of the films
annealed at 500-600°C were close to the predicted values. XRD
analysis of the films suggested that Ir and Al almost occupied two
different crystallographic sites in the B2 structure. The saturation
magnetization of approximately 500 kA/m at low temperature and
the Curie temperature of approximately 400 K were obtained, which
were approximately 70% of the values predicted from the Y-ordered
ColrMnAl. First-principles calculations were performed that con-
sidered the various swap disorders. The experimental magnetization
and the Curie temperature agreed well with the values calculated in
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B2-ordered ColrMnAl with nearly full-swap Co-Mn disorders as well as
full-swap Co-Ir and Mn-Al disorders. The disordered states is consistent
with those formation energies predicted by first-principles calculations.
Future work will seek to understand the physics and chemistry inducing
these swap disorders and to find a way to control them.
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