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Abstract

We explored MnaVAI (MVA) Heusler alloy thin films to investigate their potential as a material
with negative spin polarization. Density-of-state calculations showed that MVVA has a gap in the
majority-spin state at the Fermi energy, leading to negative spin polarization. Negative spin
polarization was found to be higher in the L2;-ordered state than that in the B2-ordered state. Vi
antisites (V atoms occupying Mn sites) introduced an in-gap state that significantly reduced
negative spin polarization, while Mny and Alyv antisites preserved the energy gap and thus weakly
affected negative spin polarization. High-quality MVA films were fabricated via magnetron
sputtering at elevated temperatures, achieving the B2 and L2; order parameters of 0.88 and 0.5 at
600°C in the stoichiometric composition, respectively. The comparison of stoichiometric and
various off-stoichiometric samples revealed that the Mn-rich and Al-rich compositions showed
an improved ordering and a smaller number of Vwu, antisites. The benefit of using off-
stoichiometric compositions was further highlighted by the obtained negative magnetoresistance,
which was measured via epitaxial MVVA/Ag spacer/CoFe current-perpendicular-to-plane giant
magnetoresistance devices. Devices with the MVVA composition of Mn;,VoeAl12 showed a very
large negative magnetoresistance of —4.4%, indicating high negative spin polarization in MVA.
Furthermore, highly efficient spin-transfer torque generation, with a torque direction opposite to

that seen in positive spin polarization materials, was demonstrated via spin injection from MVA.
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I. Introduction

Co-based Heusler alloys have been studied extensively for the use in various spintronic
applications [1-7] due to their predicted high spin polarization (P) and high Curie temperature.
Furthermore, large magnetoresistance (MR) and high spin-transfer torque (STT) efficiency have
been experimentally demonstrated in these materials [8-15]. Contrary to Co-based alloys, Mn-
based Heusler alloys have not been as extensively studied despite the theoretical predictions of
high P and large perpendicular magnetic anisotropy in them [16,17,26-32,18-25]. Therefore, this
study focuses on a Mn-based Heusler alloy Mn,VAI (MVA) [16,17,22-25], which has a Curie
temperature of 768 K and saturation magnetization (Ms) smaller than that of most Co-based
Heusler alloys due to its ferrimagnetic ordering. The small Ms of ferrimagnetic Heusler alloys is
beneficial for reducing the critical current density for magnetization switching by STT, which is
ideal for low-power operation. Moreover, MVA is expected to possess high negative spin
polarization that originates from the electronic structure with a gap in the majority-spin state at
the Fermi energy (Ef) [18,21]. Negative P denotes that the spin momentum direction of spin-
polarized conduction electrons is opposite to the net magnetization direction. This behavior is
opposite to that exhibited by Co-based Heusler alloys with high positive P, whose electronic
structure has a gap in the minority-spin state at Er. Negative P materials exert an STT with torque
direction opposite to that seen in positive P materials, which can increase the design freedom of
STT-based devices beyond the limits of conventional positive P materials. Device structures that
use negative P materials have been proposed for energy-assisted writing in hard disk drive (HDD)
applications [33-38]. Furthermore, the small Ms of MVA results in a small disturbance in the
writing field of the write head of an HDD, making MVA a very suitable candidate for this

application.

Until now, negative P values have been studied primarily by measuring negative MR in MR

devices that combine a positive and a negative P material, where the measured resistance becomes
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high (low) for the parallel (antiparallel) magnetization configuration. This is the opposite to that
occurs in a standard MR device comprising two positive P materials. In giant MR (GMR) studies,
CoFeGd, FeCr, FeV, NiCr, and FesN have been reported to exhibit negative MR [39-44].
However, the amplitude of the negative MR ratio was less than 1% at room temperature in the
case of pseudo-spin-valve current-perpendicular-to-plane GMR (CPP-GMR) devices, indicating
the low negative P of these devices. Recently, we demonstrated a relatively large negative MR of
—1.8% in Mn,VGa, which has the same crystal structure and magnetic ordering as MVA [27].
The large negative MR of Mn,VGa indicates high potential of Mn-based Heusler alloys.
Moreover, negative P materials have been studied for fabricating tunnel MR (TMR) devices, and
they show a larger negative MR ratio than those used in GMR devices [26,45,46]. The
controllability of the STT direction by negative P materials makes these types of materials more
attractive as a source of STT rather than a source of MR. In this respect, these materials are more
suitable in GMR devices as such devices induce a stronger STT than TMR devices owing to their
higher current tolerance. However, only a few studies have investigated the STT of negative P
materials [41,44]. Therefore, implementing high negative P in GMR devices and evaluating the

STT effect is critical to the development of spintronic devices utilizing negative P.

In this study, we investigated the potential of MVA as a negative P material by examining the
effects of thermal treatment and composition on atomic ordering and by evaluating MR and STT
properties using CPP-GMR devices. In addition, first-principles calculations were conducted for
obtaining the density of states (DOSes), antisite formation energy, and transport properties. High-
quality MVA films were fabricated via magnetron sputtering at deposition temperatures of 500°C
and 600°C. Off-stoichiometric MVVA was found to show improved ordering and reduced number
of Vwmn antisites, which are crucial in obtaining high negative P according to the first-principles
calculation. The amplitude of negative MR obtained using CPP-GMR devices increased in off-

stoichiometric compositions, and devices with the structure of Mn2,VosAli2/Ag spacer/CoFe
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exhibited a very large negative MR of —4.4%, indicating high negative P in MVVA. Additionally,
STT generation via spin injection from MVA was demonstrated. The evaluated STT efficiency
was higher than that of FeCr, one of the widely studied negative P materials, demonstrating the

advantage of MVA.

I1. Experimental and computational methods

The DOSs of B2- and L2;-ordered MVVA were calculated using the density functional theory
(DFT) and Korringa—Kohn—Rostoker method offered in the Akai-KKR software package [47-
49]. Generalized gradient approximation (GGA) was used for estimating the exchange-correlation
energy [50], and disordered states were treated within coherent potential approximation. For all
these calculations, we used a lattice constant of a = 5.875 A. Brillouin-zone integrations for the
self-consistent field and DOS calculations were performed using 16 x 16 x 16 and 25 x 25 x 25
k-points. The imaginary part of energy for the DOS calculation was set to 0.00005 Ry. Formation
energies were calculated by means of the DFT implemented in the Vienna ab initio simulation
program [51]. We calculated the formation energy E:(X) of each defect X using the equation
Ef(X) = Etor(X) — Erot(Mn VAL + X miu; [52,53], where Eio(X) is the total energy of the
supercell, including defect X, and E.,:(Mn,VAI) is the total energy of antisite-free MVA in an
equivalent supercell. A MVA supercell contained 32 atoms. The difference between this number
of atoms and that of the stoichiometric composition is considered to be nj= +1 (—1) for an excess
(deficiency) of element i, and y; is its chemical potential. In this study, we used the values of pyy,,
Wy, and uu; derived from the energies of a-Mn, body-centered cubic V, and face-centered cubic
Al, respectively. We adopted the GGA for yielding the exchange-correlation energy and used
projected augmented wave pseudopotential [54,55] to properly investigate the effect of core

electrons. The Brillouin-zone integration was performed with 8 x 8 x 8 k-points for each supercell.
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First-principles calculations for ballistic transmittance based on the Landauer formula [56] were
performed using the QUANTUM ESPRESSO code [57,58]. For the exchange-correlation energy,
we adopted the ultrasoft pseudopotential method and GGA [50]. A set of 10 x 10 x 1 grids of k-
points was used for Brillouin-zone integrations. Cutoff energies for the wave function and charge
density were set to 40 (Ryd) and 400 (Ryd), respectively. Stacking models of MVVA/spacer/MVA
(001), where spacer materials were Ag, V, and Cr, were constructed using tetragonal supercells,
with the in-plane lattice parameter of the supercell set to 4.061 A. The interface of the
MV A/spacers (001) featured two types of termination: Mn and VAI terminations. Additionally,
Al terminations were considered specifically for the Ag spacer. Stacking models comprised seven
atomic layers that contained all spacers, with the 17, 15, and 15 atomic layers of MVVA being

employed for the Mn, VAI, and Al terminations, respectively.

Three types of MV A samples were prepared on MgO (001) substrates via magnetron sputtering.
The order of layers in each sample was from bottom to top, and numbers shown in parentheses
indicate their thicknesses in nanometers. Single-layer MVA films (type-A sample) consisted of
MVA (35)/Ru (2), where the Ru layer serves as a passivation layer. CPP-GMR stacks for MR
measurements (type-B samples) consisted of
Cr(5)/Ag(100)/Cr(5)/W(5)/MVA(10)/Ag(5)/CosoFeso(7)/Ru(8). CPP-GMR stacks for STT
measurements (type-C samples) consisted of
Cr(5)/Ag(100)/Cr(5)/W(5)/MVA(15)/Ag(5)/FexoNiso(5)/Ru(8). MVA layers were grown by the
co-sputtering of Mn, V, and Al targets. The MVVA composition was controlled by changing the
sputtering power and measured via X-ray fluorescence (XRF) analysis calibrated with standard
samples whose composition was analyzed using inductively coupled plasma mass spectrometry.
The MVA layer was deposited either at an elevated substrate temperature (Ts) or at room
temperature and then subsequently annealed at a post-annealing temperature (T,). The layers

above the MV A layer were deposited at room temperature after the sample had cooled down. In
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the type-A samples, the following eight MVVA compositions were prepared: Mn2VAI, Mn22VosAl,
Mn1gV12Al, Mn2Vi2Alos, MN2VogAli o, Mn22VAlgs, MnigVAlL2, and Mn22VosAlso. In the type-
B and type-C samples, selected compositions were used. Table 1 shows the XRF compositions of
the type-A samples deposited at Ts = 600°C, showing that the deviation between the nominal and
actual compositions is less than 1.3%. The compositions used in the type-A, B, and C samples are

shown in Table 1.

Table 1. Compositions of MVA samples measured via XRF analysis.

XRF composition of

’c\loonTplggiltion type-A samples with T, = 600°C sTayrEgleAs sTayrEglgs sTayrﬁglgs
Mn (at%) V (at%) Al (at%)

1 MnyVAI 49.26 25.97 24.77 4 4

2 Mn22VosAl 54.54 20.90 24.57 v v

3 MnigViLAl 43.98 30.72 25.30 4

4  MnyVi2Alps 48.76 31.13 20.11 4

5  MnyVosAli 49.73 20.24 30.03 v 4

6 Mn22VAlgs 54.66 25.67 19.68 v

7 MnygVAlL 45,11 25.25 29.63 4

8  MnasVosAlir 54.25 15.70 30.05 v v v

The crystal structure and atomic ordering of the prepared films were investigated via laboratory

X-ray diffraction (lab-XRD) with a Cu—K« radiation source. The degrees of the B2 and L2; orders

[ i P oo o
(Sp2 and Spp,) were calculated as Sy = | o @nd Sy, = sy, where Ly and I
00274004 11174444

represent the experimental and simulated hkl peak intensities, respectively [59,60]. In the XRD
simulation model of the off-stoichiometric composition, abundant elements simply occupy the
site of deficient elements. In addition, anomalous X-ray diffraction (AXRD) measurements that
can distinguish Mn and V with close atomic number were conducted at BL13XU in SPring-8 to
quantitatively analyze site occupation [61,62]. The 004 and 111 diffraction peaks were measured
at energy around the Mn K-absorption edge (6.539 keV) and corrected with respect to the Lorentz
factor, self-absorption, and area. The experimental integrated intensities were then compared with

simulated |Fy,x;|%. Here, Fy,y, is the structural factor of the hkl diffraction peak and expressed as
6
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follows: Fyoq = 2fx + fy + fz and Fy11 = fy — fz, Where fx, fy, and f; are the energy-
dependent atomic scattering factors of the X (Mn), Y (V), and Z (Al) sites, respectively. The
magnetic properties of MVVA were evaluated by measuring the magnetization (M) versus in-plane
magnetic field (H) curves using a vibrating sample magnetometer at room temperature. Ms was
calculated from the M values estimated at sufficiently high H, and the sample thickness was

estimated using X-ray reflectivity.

The type-B and type-C samples were processed in pseudo-spin-valve CPP-GMR devices using
the following procedure. First, thin films were patterned into circular pillars with a diameter of
80 nm via electron-beam lithography and Ar-ion milling. After patterning, the pillars were
covered with a thin Ta adhesion layer and a SiO, passivation layer. After the lift-off of the
covering layers, a Au top electrode was fabricated. A total of 150 devices were prepared on one
sample. Resistance versus in-plane magnetic field (R—H) measurements were conducted using the
four-probe method. All devices were measured with an auto-prober system that has an H range
of 0.25 T at room temperature. Few of these devices were additionally analyzed using a physical
property measurement system (PPMS) at lower temperatures. The MR ratio was defined as MR =
(R — Rpax)/Rmax,» Where R, .« is the maximum R in the measured H range. Note that this
definition differs from the conventional definition using parallel and antiparallel resistances
because the parallel resistance was not always measurable because MVVA magnetization was not
saturated in the H direction in the measured H range and antiparallel resistance was not
measurable because the complete antiparallel configuration was not obtained owing to the gradual

change in MVVA magnetization.

The STT measurements of type-C samples were conducted on circular devices with a diameter
of 80 nm using the PPMS. This method is described in great detail in Ref. [44]. First, a sufficient

perpendicular field (H,) was applied to saturate the MVA and NiFe magnetic layers in the
7
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perpendicular direction. Then, R was measured by sweeping the bias current (lp). Positive I, was
defined as the current flow from top to bottom. By applying sufficient I,, NiFe magnetization
reverses against H; due to the STT induced by spin injection from the MVA layer, and this

magnetization reversal was reflected as the R change through the MR effect. The R—Iy curves were

fitted phenomenologically using R = f(I,) + % <1 + erfc(lb_lc)) Here, f is a second-order

width

polynomial function representing the R change due to the Joule heating by applying ls, AR
represents the R change due to magnetization reversal, erfc is the error function, and critical
current (I¢) corresponds to the I, value at the center of the R change. lwiqin represents the I, width

of the R change, and approximately 85% of the R change occurs in the range of I¢ % lwidth.

The cross-sectional microstructure of samples was analyzed using high-angle annular dark-field
scanning transmission electron microscopy (HAADF-STEM), nano-beam electron diffraction

(NBED), and energy-dispersive X-ray spectroscopy (EDS).

I11. Results and discussions
A. First-principles calculations of DOSs and formation energies of antisites and vacancies
Figure 1(a) shows the energy dependence of DOSs for L2;- and B2-ordered Mn;V Al together
with P at Er and Ms. Both results exhibit a gap structure around Er in the majority-spin state. The
resulting negative P is very high (=95%) for the L2;-ordered state and decreases to —76% for the
B2-ordered state, indicating that the L2;-ordered state is desirable for obtaining a higher negative
P. Additionally, we investigated the effect of off-stoichiometry on P by changing the Mn/V ratio
because these two elements primarily determine the ferrimagnetic and spintronic properties of
MVA. Figure 1(b) shows the energy dependence of the DOS for L2;-ordered Mn22VosAl and

Mn1.sV1.Al The Mn-rich composition maintains the gap structure with a slightly smaller negative
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P than that observed in the stoichiometric case. In contrast, an in-gap state appears in the V-rich
composition, considerably decreasing negative P. The effect of Vmna antisites on negative P has
also been reported in the case of Mn,VGa, which has a similar DOS with a gap in the majority-
spin state [26—28]. Additionally, calculations were performed for the MVVA compositions of
Mn2VogAli2 and Mn2 VoAl 2 as they exhibit higher ordering in the experimental results, which
we discuss later. In these compositions, the energy gap is maintained with a P of approximately
—80%. In all compositions except for Mn1gV1,Al, the calculated Ms is close to the following
values estimated from the Slater—Pauling rule: 2 pg/f.u. (MnVAI and Mn2,Vo6Al12), 1.6 pe/f.u.
(Mn22VogAl), and 2.4 us/f.u. (MnVosAlio). For MnygVi Al the deviation in the calculated Ms
from the Slater—Pauling value of 2.4pg/f.u. is relatively large, which coincides with the

deterioration in the gap structure.

We calculated the formation energies of antisites and vacancies in MVA to gain insight into site
occupation in off-stoichiometric samples, as shown in Table 2. The formation energy of the Mn
vacancies is higher than those of the Vwmn, and Alw, antisites, indicating that in Mn-deficient
compositions, V or Al atoms occupy the Mn site instead of forming Mn vacancies. Similarly, V
and Al vacancies are not expected to form because of their high formation energies. For
comparison, we refer to the case of Co,MnSi [53,63]. In this system, the formation energy of
Cos;i antisites is very high (2.25 eV and 2.3 eV), which rules out this type of antisite formation
and helps to predict site occupation in off-stoichiometric compositions. Here, the first value
presented in parentheses is adopted from Ref. [53], and the second is from our own calculation
of the same system. Contrary to studies on Co,MnSi, in this study, we do not rule out any specific
types of antisites in MV A because all antisites similarly have relatively small formation energies.
The formation energies of Vi and Aly are especially small, suggesting that disorder between

these two atoms can easily occur in MVA.
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Table 2. Formation energies of antisites and vacancies.

Formation energy

(eV)

Mny antisite 0.93
Mna, antisite 0.85
Vwmn antisite 0.73
Va1 antisite 0.37

Alwn antisite 0.58
Aly antisite 0.29
Mn vacancy 2.1
V vacancy 3.0

Al vacancy 3.9

B. Growth of single-layer MVA: effect of thermal treatment and composition tuning

In this section, we discuss the growth of MVA as a result of different thermal treatments and
varying composition. Figure 2(a) shows the out-of-plane XRD profiles of the type-A
stoichiometric Mn,VVAI samples prepared at Ts= 300°C—600°C and T, = 500°C-600°C. All results
show only the diffraction peaks related to the (001) plane, indicating (001)-oriented growth. At
elevated deposition temperatures, the 002 superlattice peaks implying the presence of the B2 order
were not observed at Ts = 300°C, have appeared very faintly at Ts = 400°C, and were clearly
observable at Ts = 500°C and 600°C. In post-annealing samples, the 002 peak appeared clearly at
T, =600°C. Figure 2(b) shows the corresponding XRD profiles along the [111] direction at =
54.7°. The 111 superlattice peaks indicate the presence of the L2; order, and they appeared only
for samples where Ts= 500°C-600°C or T, = 600°C. In all the samples, no peaks other than those
associated with the full-Heusler crystal phase were observed, showing that single-phase MVA
films were obtained at all temperatures. Figure 2(c) shows the Ts and T, dependence of Sz, and
S12,- The S, value was 0.7 at 500°C and increased to 0.88 at 600°C. Meanwhile, the S, value
was approximately 0.5 at 600°C. In post-annealed samples, Sg, and S;,. were smaller than those
observed for elevated temperature deposition samples, indicating that the latter approach achieves
the better ordering of MVVA. The small S, was consistent with the calculated formation energies

of antisites, implying that the mixing of V and Al can occur easily. Figure 2(d) shows the Ts and
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T, dependence of Ms. Ms showed a similar trend to that seen for order parameters. The
experimental values were smaller than the Slater—Pauling value of 2 ps/f.u., reflecting disorder in

our films.

In addition to stoichiometric samples, we also prepared off-stoichiometric samples. Based on
the results of the thermal treatment study, Ts=500°C and 600°C were used to obtain high ordering.
For each sample, two among Mn, V, and Al atoms were selected, and their balance changed by
0.2, resulting in samples 27, as listed in Table 1. Additionally, a Mn22VosAl12 sample was
prepared. We confirmed the (001)-oriented single-phase growth of MVA for all compositions
using XRD (selected data are later shown in Fig. 4). Figure 3(a) shows a bar graph for the M; of
the type-A samples with different compositions. The Ms values show clear composition
dependence, but they do not change significantly for each composition when the temperature is
varied between Ts = 500°C and 600°C. In Fig. 3, we also introduced a parameter, Ms ratio, which
is defined as the experimental Ms normalized by the M; calculated based on the Slater—Pauling
rule. The M ratio is expected to be close to unity when the gap in the electronic structure is
preserved and there is no disorder in MVVA [20]. Here, the temperature effect on Ms was neglected
considering the high Curie temperature of MVVA. The right-hand side vertical axis of Fig. 3(a)
shows the M; ratio for samples with T;= 600°C using a circle symbol. Ms ratios higher than that
of the stoichiometric composition were obtained for the following compositions in the ascending
order: Mn-rich V-deficient composition (Mn22VosAl), Al-rich V-deficient composition
(Mn2VosAl:2), and the combination of these two (Mn22VosAl12). These results suggest that these
compositions can promote better ordering than that is achievable with the stoichiometric
composition. Note that the calculated DOS demonstrates that these off-stoichiometric
compositions possess relatively high negative P. Figure 3(b) shows the in-plane M—H curves for
type-A samples (Ts = 600°C) of MnyVAI, Mn,2VosAl, Mn;VogAliz, and Mnz2VoeAlro. The M—

H curve for Mn,VAI displays a gradual change over a wide H range of £0.5 T with a coercive
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field (Hc) of ~65 mT. The M-H curve for Mn,,VosAl is similar to that for Mn,VVAI. For Al-rich
compositions (MnzVosAli2 and Mn22VosAli2), Ms increases and Hc decreases to ~40 mT, with

magnetization curves showing improved squareness.

Figure 4(a) shows the out-of-plane XRD profiles for type-A samples (Ts = 600°C) of Mn,VAI,
Mn2.2VosAl, Mn2VogAli2, and Mn22VoeAli2. The 004 and 002 reflections were observed in all
four samples, indicating the single-phase (001)-oriented growth and presence of B2 ordering.
Figure 4(b) shows the intensity ratio of the 002 peak over the 004 peak. The intensity ratios for
the Mn;VosAli, and Mn22VosAli, samples were found to increase in comparison with the
stoichiometric and Mn2.2VogAl compositions. This increase in the intensity ratio for the Al-rich
compositions is explained by the fact that the intensity of the 002 reflection primarily depends on
the amount of Al in the V-AI plane as the atomic scattering factors of Mn (Z =25) and V (Z =
23) are similar and that of Al (Z = 13) is smaller. As seen in the right-hand axis of Fig. 4(b), we
calculated the Sg; ordering parameter considering the off-stoichiometry. Sg; increases for the Al-
rich compositions. Because all four samples have a stoichiometric or a slightly Mn-rich content,
the higher B2 ordering indicates that the X site is more dominantly occupied by Mn atoms, with
the smaller numbers of V and Al atoms occupying this site. Considering that Vwun antisites
significantly influence the negative P of this Heusler alloy, MV A films with their X sites occupied

primarily by Mn atoms are expected to have high negative P.

To further improve our understanding of the type of disorder and reveal site occupation in our
samples, we conducted AXRD measurements on type-A samples (Ts = 600°C) of MnyVAI,
Mn2.2VogAl, and Mn;VosAli,. Figures 5(a) and 5(b) show the X-ray energy dependence of the
004 and 111 reflections obtained around the Mn K-absorption edge, respectively. The energy
profile of the 004 peak shows a dip at the Mn K-absorption edge for all compositions in a similar

manner. The energy profile of the 111 peak is almost flat for Mn,VAI and Mn;Vg Al » but shows
12
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a dip for Mn2.2VosAl. The experimental results were analyzed by fitting them using simulations.
We introduced parameters A and B, which represent the fractions of disorder between Mn atoms
in the X site and V atoms in the Y site as well as Mn atoms in the X and Al atoms in the Z site,
respectively. Initially, disorder between the Y and Z sites is first neglected. Then, the atomic

scattering factors of the X, Y, and Z sites of the Mn,VVAI sample are expressed as follows: Fy =

49.26 0.74
(B2-A-B)fun+ (o +A) fy +Bfar » Fy=Afun+(A—=A)fy , and F, = Bfyn +
0.23 24.77 h d h . . £ f hel
Ef" + (? - B) fa1, Where £, f,, and f,,, are the atomic scattering factors of each element.

Three sets of values were used for A and B to find the best fit, (0, 0.07), (0.06, 0.06), and (0.15,
0.04), which all reproduce the Sp, value of 0.88 observed in lab-XRD. The range of B is smaller
than that of A because the 002 reflection is more sensitive to B due to the larger difference in the
atomic scattering factor between Mn and Al than that between Mn and V. Figure 5(c) shows the
simulated curve for the 004 reflection of the stoichiometric Mn2VAI sample. In the case of the
004 peak, simulated curves are the same regardless of the values of A and B because the 004 peak
reflects the summation of the scattering factors of each site. The simulated curves reproduce the
experimental energy profile, demonstrating the accuracy of the simulation. Figure 5(d) shows the
simulated 111 reflection intensity based on the XRF composition of the Mn,VAI and Mn2.2VogAl
samples. Depending on A and B values, simulated curves for the stoichiometric sample show
either a convex, flat, or concave energy profile. Because the 111 peak intensity was determined
based on the difference in the scattering factor between the Y and Z sites, a peak (dip) appears
when the A (B) parameter is higher than the other one while the profile becomes flat for A = B.
For the stoichiometric Mn,VAI sample, the experimental 111 reflection profile is almost flat,
which is consistent with the simulated curve for A = 0.06 and B = 0.06. These results indicate that
there is no clear preference in the formation of Mn—V and Mn-Ga disorders in MV A, as suggested
earlier when discussing the formation energy of different disorder types in MVVA. In the case of

Mn-rich Mn2,VosAl, the 111 profile shows a dip, indicating that the excess Mn atoms
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preferentially occupy the empty V sites. The simulated curve for the Mn2.2VosAl sample where A
= 0.1 and B = 0.06 (calculated from Sg, = 0.85 observed via XRD) reproduces its experimental
profile. Similar to the stoichiometric sample, the flat profile obtained for the Mn,VosAl1 2 sample

indicates that the amount of Mn—V and Mn—Ga disorders present in this sample is similar.

We now consider disorder between the Y and Z sites. Note that this type of disorder changes the
111 peak intensities but does not affect the shape of the energy profile. By applying Y-Z disorder

to the AXRD analysis to satisfy the conditions needed to obtain S;, observed via XRD, site

occupation was determined as follows: [Mn1.85V0.00Alo.06][MNo.06Vo.71Al0.23][MNo.06Vo.24Al0.7] for
MnVAL  [Mn18sVo1Aloos][MNo22VossAlo2s] [MNo12Vo19Alosg]  for  MnaoVogAl,  and
[Mn1.61V0.04Al0.05] [MNo.0aVo71Alo.25] [MNo0sVoosAlog] for MnaVosAliz.. Notably, the Al-rich

composition has the smallest number of Vu, antisites.

The anisotropic magnetoresistance (AMR) was measured for type-A samples (Ts = 600°C) of
MnaVAI, Mnz,VosAl, MnaVosAliz, and Mn22VoeAli, (data are shown in the Supplemental
Material [64]). All the MVVA samples exhibit positive AMR ratios for the current along the MVA
[110] direction, and negative ratios for the current direction along the MV A [100] direction. Such
sign reversal by the current direction was reported in the case of Mn,VGa and analyzed from the
viewpoint of DOS, and the analysis result supported the negative P of Mn,VVGa [28]. The similar
AMR behavior observed in Mn,VGa and MVA supports that these materials have similar
electronic band structure with negative P. The amplitude of the AMR ratio changed with the
composition, and the change was especially large for Mn22VosAl1 2, implying the modification in

the electronic band structure by the composition tuning.

C. Negative MR in CPP-GMR devices
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In this section, we discuss the fabrication of CPP-GMR devices and investigate their MR
properties. Figure 6(a) shows the stacking structure of the type-B samples used to fabricate CPP-
GMR devices. The MVA layer compositions were MnaVAI, Mnz2VosAl, Mn;VosAli,, and
Mn22VosAliz. The deposition temperature was Ts = 500°C as this temperature achieved a flat
surface with an average roughness (Ra.) of approximately 0.3 nm. For Ts = 600°C, the roughness
increased to R, = 1.2 nm. Each MVA layer was grown on a Cr/W buffer layer. In our previous
study of CPP-GMR using Mn,VGa, we found that these buffer layers were effective in
suppressing the diffusion of Mn,VGa [27]. Figure 6(b) shows an example of R—-H curves for
Mn,VAI. The behavior of the R—H curve in the case of the downward H sweep can be understood
based on the schematics of the magnetization configuration shown above the figure. As seen in
the M-H curves in Figure 3(b), MVA magnetization changes gradually while the CoFe layer
switches at around the zero field. The abrupt change in R seen in Figure 6(b) corresponds to the
magnetization switching of the CoFe layer, and afterward, the trend of the R change alters from
negative to positive. This result implies that R is higher (lower) when the magnetization
configuration of the CoFe and MVA layers is more parallel (antiparallel), and the maximum MR
ratio reaches —1.5%. A negative MR indicates negative P in the MV A layer because the bulk spin
asymmetry of CoFe and interfacial spin scattering asymmetry of CoFe/Ag are positive [65].
Owing to the incomplete antiparallel configuration of devices resulting from the gradual change

in MVVA magnetization, the full MR ratio could not be evaluated.

Figures 6(c)-6(e) show an example of the R—H curve for the Mn22VosAl, Mn2VosAli 2, and
Mn2.2VosAlr2 samples, respectively. Negative MR is observed in all three compositions. Figure
6(f) shows a summary of the MR ratios obtained from all devices for each sample. Defective
devices that showed abnormal R were excluded. The shapes of R—H curves exhibit device-to-
device variations within each sample because of the incomplete antiparallel configuration of

devices. Namely, devices with a more antiparallel magnetization configuration near the zero field

15



377

378

379

380

381

382

383

384

385

386

387

388

389

390

391

392

393

394

395

396

397

398

399

400

401

402

exhibit a larger negative MR. Another possible reason for this variation in the magnitude of MR
is the spatialy nonuniform ordering within the thin film of each sample. The negative MR ratio is
statistically enhanced using off-stoichiometric compositions, reaching a maximum of —4.4 % for
the Mn2,VoeAl12 sample. This enhancement in the negative MR is consistent with the high Ms
ratio observed for these compositions, demonstrating that improved ordering via composition
tuning increases negative P in MVA. The resistance area (RA) product is calculated to be 24
mQ-um?. Figure 6(g) shows the temperature dependence of the MR ratio for Mn;2Vo Al 2. The

negative MR ratio increases as the temperature is reduced, reaching a maximum of —7.9%.

D. STT in CPP-GMR devices

We next investigated STT induced via spin injection from the MVA layer. Figure 7(a) shows
the stacking structure of the type-C samples used for the STT measurement. Compared with the
type-B samples, the upper magnetic layer in the type-C sample was changed from CoFe to NiFe
to reduce Ms. This is necessary to induce the magnetization reversal of this layer using STT within
the I, tolerance of the device. Furthermore, the MVA layer thickness was increased to stabilize
MVA magnetization against STT. Based on the results presented in the previous section, the
MVA layer composition was adjusted to Mn22Vo6Al12 and a deposition temperature of Ts=500°C
was used. Figure 7(b) shows an example of the R—H curve. Similar to the results presented in the
previous section, negative MR was observed. Compared with the type-B samples, the amplitude
of the negative MR ratio was smaller, decreasing to —1.8% due to the different upper magnetic
layer. Figure 7(c) shows R-l, curves measured at several H, values. The H, values were large
enough to align MVVA and NiFe magnetizations along the field direction at zero bias. R—Iy curves
exhibit an overall parabolic increase due to Joule heating. Additionally, R—I, curves show a
decrease in the positive I, region when sufficient I, was introduced. This decrease in R is attributed

to magnetization reversal detected through the negative MR.
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In the following, we deduce that magnetization reversal occurs in the NiFe layer and not in the
MVA layer. The layer that exhibits magnetization reversal was not determined solely by the Iy
direction because the injection of transmitted spin from the MVA layer with negative P and
injection of reflected spin from the NiFe layer with positive P enable STT to reverse the
magnetization of the opposite layer in the positive I region. The STT required for magnetization
reversal is proportional to the magnetic volume, defined as the product of M; and thickness, and
Gilbert damping constant («). Although the MVA layer was three times as thicker as the NiFe
layer, which was intended to stabilize MVA magnetization against spin injection, the magnetic
volume of the MVA layer was calculated to be 4.8 nm T and was similar to that of the NiFe layer
(4.5 nm-T) because of the smaller Ms of MVVA. However, the « value of Mn22VosAl: 2 was 0.025,
which was larger than that of NiFe whose o was 0.011. This indicates that MVA magnetization
was more stable against STT than NiFe magnetization, suggesting that magnetization reversal
occurred in the NiFe layer. The o value was estimated from the ferromagnetic resonance
measurement of the type-A sample of Mn22VosAli, (data are shown in the Supplemental
Material [64]), and high « observed in MVA has been reported previously [24]. To be more

precise, the STT efficiency of each layer needs to be considered, which we discuss later.

To compare STT induced by materials with negative and positive P, we show results for an
identical set of measurements conducted for a CPP-GMR device in which the lower magnetic
layer was replaced with CozFeGaosGeos (CFGG), with high positive P. The results are from
Ref. [66] and shown in the inset in Fig. 7(c). The layer structure of the CPP-GMR device was
Cr(5)/Ag(100)/CFGG(15)/Ag(7)/FexNig(7.5)/Ru(8), and the post-annealing of the sample was
performed at 500°C after the deposition of the CFGG layer. The increase in R due to
magnetization reversal appeared in the negative I, region. Because NiFe and CFGG have positive

P, the current direction determined that magnetization reversal occurred in the NiFe layer. The
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magnetization reversal of the CFGG layer was not detected in the positive I, region in the
measured range because of its large magnetic volume. This comparison clearly shows that I,
polarity for the magnetization reversal of the Heusler alloy was opposite for MVA and CFGG,

reflecting the opposite sign of P in these two materials.

In addition, the dependence of STT on the relative angle between two magnetic layers could be
seen in this comparison. The lwign Values estimated by fitting were approximately 0.52 mA for
the CFGG device and 2.2 mA for the MVA device at uoH; = 2.2 T, which indicated that
magnetization reversal occurred more abruptly with I, for CFGG than that for MVVA. When both
the magnetic layers have positive P, the angle dependence of STT efficiency was lower (higher)
near the parallel (antiparallel) configuration [67]. Therefore, after commencing magnetization
reversal from the parallel configuration (zero angle), the STT efficiency increased with the
increase of the magnetization angle, which resulted in abrupt magnetization reversal,
corresponding to the small lwian Of the device using CFGG. Meanwhile, when the two magnetic
layers have positive and negative P values, the STT efficiency exhibited the opposite angular
dependence [67], resulting in gradual magnetization reversal that corresponds to the large lwidn

of the MVA device.

According to theory, when the magnetization is near the equator in the middle of magnetization
reversal at a certain current density, the damping and STT of the system balance out. The critical

current density /. that satisfies this balance is expressed as

2|e| NiFe
Je = Uo WaMS dHegs. 1)
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Here, d = 5 nm is the thickness, MNiFe s the M; of the NiFe layer, and a = 0.011 is the damping
constant of the NiFe layer. # is Planck’s constant, and e is the elementary charge. The effective
field Herr includes H;, the demagnetizing field of the NiFe layer, and the dipolar field from the
MVA layer, all of which have only a z-direction component on average because of the circular
pillar shape of the device. This equation means that J. depends linearly on H, and that STT
efficiency n can be estimated from the slope of this linear relationship. We assumed that NiFe
magnetization was on the equator at Ic, which was estimated from fitting the R—Iy curves. Figure
7(d) shows the dependence of I on H,. In addition to the data shown in Fig. 7(c), data from other
devices fabricated on the same sample were measured and are shown on the same graph. A clear
linear dependence was observed in multiple devices, which is consistent with the theoretical
model. From the slope, n was estimated to be —0.72. This value is much higher than —0.15
reported for FeCr [44], demonstrating that MVVA with high negative P could induce larger STT.
Furthermore, the n value in the MV A layer was higher than that in the NiFe layer, indicating that
STT induced by the MVA layer, which acts upon the NiFe layer, was stronger than that of NiFe
acting upon MVA. The higher STT efficiency of the MVA layer, together with its higher stability,

verified that magnetization reversal occurred only in the NiFe layer.

E. Cross-sectional TEM of GMR stacks

We conducted cross-sectional TEM to confirm that the designed GMR stacks were properly
fabricated. Figures 8(a) and 8(b) show the HAADF-STEM image and corresponding EDS
mapping of the type-B sample with a Mn2,VosAl1 2 layer, respectively. In the EDS mapping, only
the Fe signal from the CoFe layer and the Mn signal from the MV A layer are shown for simplicity.
The STEM and EDS results confirm sharp and flat interfaces between neighboring layers with no
interdiffusion. The layer thicknesses are consistent with the designed values. The inset in Fig. 8(a)
shows the NBED patterns obtained for the MVA layer. The 002 and 111 spots are observed in
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these patterns, confirming the existence of the B2 and L2; ordering in the thin film, which is
consistent with the XRD results shown earlier. Figures 8(c) and 8(d) show the HAADF-STEM
images obtained for the MVA/Ag/CoFe and W/MVA/Ag structures, respectively. Atomically
sharp interfaces were observed at the CoFe/Ag, Ag/MVA, and MVA/W interfaces, with atomic

dislocations being denoted using L symbol in these figures. Figure 8(e) shows atomic-resolution

EDS elemental maps of Ag, Mn, V, and Al in the MVVA/Ag interface. An Al-rich termination
layer is formed at the interface. The second layer from the interface consists of Mn, and the third
layer consists of alternately arranged V and Al. Below the second layer, the structure is uniform
and comprises the alternate stacking of a Mn-rich layer and the V- and Al-rich layers, indicating

the presence of the L2; structure in the MVA film.

F. Transmittance calculations

We calculated the transmittance of the MV A/spacer/MVA (001) structure to examine the Fermi
surface matching of MV A with a spacer and to gain insight into the suitability of different spacer
materials with MVA to best utilize the negative P of this material. To find an ideal spacer material,
in addition to Ag used previously, we explored transmittance in the V and Cr spacer layers.
Figures 9(a)-9(c) show the in-plane wave vector dependence of minority-spin transmittance in
the parallel magnetization configuration for the Ag, V, and Cr spacers, respectively. The minority
spin was considered here because of the negative P of MVVA. The Mn and VAI terminations were
considered. For the Ag spacer, the Al termination observed via TEM was also considered, where
V atoms in the VAI termination were replaced by Al atoms. Table 3 shows the interfacial RA
calculated from transmittance. The V spacer exhibits the lowest interfacial RA, regardless of the
termination. The Ag spacer shows a slightly higher interfacial RA than V, and the Cr spacer
displays a significantly higher interfacial RA. This result indicates that V is a more suitable spacer

material than Ag, which we used in our earlier experiments; furthermore, Cr is not a suitable
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spacer material for any MVA devices. For all spacer materials used here, the Mn termination
demonstrates a smaller interfacial RA than the VAI termination. In the case of the Al termination

for the Ag spacer, the RA value is almost the same as that of the VAI termination.

The results obtained for MVVA are now compared with those for a CFGG,Ag/CFGG(001) stack,
for which a high MR ratio has been reported experimentally. The interfacial RA of the majority-
spin electron in this system is calculated to be 1.77, 1.69, and 2.32 mQ-um? for the FeGa, FeGe
and, Co terminations, respectively. The majority spin was considered because of the positive P of
CozFeGagsGeos The interfacial RA is much higher in the MVA/Ag/IMVA(001) structure than in
the CFGG/Ag/CFGG(001) structure, which partly explains the smaller magnitude of the negative
MR ratio in the MVA system than that observed in the system using a Co-based Heusler alloy
and a Ag spacer. The high interfacial RA indicates weak hybridization between Ag and Mn (V)
orbitals. Although the V spacer shows some promising initial results, further research is necessary
to find an optimal spacer material to increase the MR ratio so that it is comparable to the very

large MR ratio observed in Co-based Heusler/Ag systems.

Table 3. Interfacial RA of the MVVA/spacer/MVA (001) structure

Interfacial RA Mn VAI Al
(mQ-um?) termination  termination  termination
Aqg spacer 6.02 6.142 6.130

V spacer 4.288 5.480 -

Cr spacer 9.282 9.975 -

V1. Conclusion

MnaVAI Heusler alloy thin films were investigated for spintronic applications utilizing the
negative spin polarization of the material. The DOS calculations showed that MVVA has a negative
P due to a gap in the majority-spin state, which is higher in MV A with the L2; order than in MVA

with the B2 order. Vwn antisites considerably reduced the negative P of the material, while Mny
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and Aly antisites in the Mn-rich and Al-rich compositions weakly influenced P. These results
indicate that improving the ordering and suppressing Vwn antisites are crucial for achieving high
negative P in MVVA. The thermal treatment of MVVA was explored to improve the atomic ordering
of the material. The B2 and L2; orders were observed in stoichiometric Mn,VAI samples grown
at Ts = 500°C and MVA samples post-annealed at T, = 600°C. MVA grown at elevated
temperatures showed higher order than samples grown via post-annealing. Samples with off-
stoichiometric compositions (Mn22VosAl, Mn:VogAliz, and Mn.2VosAlro) exhibited better
ordering than the stoichiometric sample. Furthermore, the Al-rich composition was found to
reduce Vwun antisites. We fabricated GMR stacks comprising MVVA/Ag/CoFe, for which TEM
analysis revealed sharp and flat interfaces between each layer, without any notable interdiffusion.
A negative MR ratio was observed in the fabricated CPP-GMR devices, which provided evidence
for negative P in MVVA, and the amplitude of negative MR increased when employing samples
with an off-stoichiometric composition for fabricating devices. A maximum negative MR ratio of
—4.4% at room temperature was observed for the Mn;2VosAli, sample, which is the largest
negative MR ever reported for a pseudo-spin-valve CPP-GMR, indicating the high negative P of
MVA. In addition, STT induction via spin injection from the MVA layer was demonstrated to be
more efficient than that obtained in FeCr. These results demonstrate that MVA is a potential
candidate for spintronic applications due to its high negative spin polarization. In particular, the
demonstration of efficient STT generation in MVA-based devices is important from an
application point of view as negative P materials are of interest as an STT source due to their

ability to control the direction of torque.
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761 Fig. 1. First-principles calculations of the spin-dependent total DOSs for (a) L21- and B2-ordered
762 MnyVAI (b) L2:-ordered Mnz2VogAl and MnigVi Al and (¢) L2:-ordered Mn,VogAly2 and
763 Mn22VosAlyo. Spin polarization (P) at Er and M are also shown.
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33



772 Fig. 3 (one column)

(a)

320 e 1.0
2 [ 75=s600"C

= | O 7s=500C o> fos
= 15 - |

5§

= 06 o
© =
N @©
z "0 i S
S 043
g °

= 054

5 0.2
B |

% 0.0 ' } ' 0.0
%) 3 \?\ w?\ \“’ \\@q q\’\'\ V\\W

\X\Q\% AeP 3w \\ -
\\\(\“:]'%\‘i\’\ I \‘;\Qq’ g\\(\"u Q\Q\ \\(\’f"

Q

(b) 2.0
—— Mn,VAI
159 MV
== Mn; ;Vy Al
1.0 == MgV Al {
—_ == Mng ;VogAly
5 0.5
F_f 0.0 I
= -0.51 |
-1.04 I
_1_5-
-2.0
-1.0 -0.5 0.0 0.5 1.0

H(T
773 LoH (T)

774 Fig. 3. (a) Composition dependence of M;s obtained for type-A samples (Ts= 500°C and 600°C),
775  and black circles represent M; ratio for Ts = 600°C. (b) M—H curves for type-A samples (Ts =
776 600°C) of MnaVAIL MnzoVosAl, MnaVosgAlro, and MnzoVosAlro.

777

34



778  Fig. 4 (one column)

(@)

MVA 002 1
MgQ subst.

C

\"""‘N Mn 2V gAls

Mn, VoAl
Mn, 5V gAl

Log intensity (arb. unit)

Mn,VAI

30 40 50 60 70

—

o

-
e
'S
o
=1
S

o
w
5

Intensity ratio 002/004
o o
5 8
o o
g8 &
B2 order parameter, Sg,

o

)

o
o
=
a

o
o
o
=)
=
=]

% '\ N et
\‘\(é $§‘ \\gx Qe
@\m- Q\Q'L @\(\q}

779
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796  Fig. 6. (a) Structure of type-B samples used to fabricate CPP-GMR devices. (b)—(e) Examples of
797  R-H curves measured for CPP-GMR devices comprising Mn,VVAI, Mn; 2V sAl, MnaVo gAl: 2, and
798  Mn22VoeAliz. Solid and dashed lines represent the downward and upward H sweeps, respectively.
799  (b) Schematics depicting the magnetization configurations of the MVVA and CoFe layers for the
800  downward H sweep. () Composition dependence of the MR ratio distribution. (g) MR ratio as a
801  function of measurement temperature for the Mn,,VosAl1, Sample.
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Fig. 7. (a) Structure of the type-C samples. Arrow indicates the positive current direction. (b)
Example of R—H curve. Solid and dashed lines represent the downward and upward H sweeps,
respectively. (c) R—Iy curves and H; values together with fitting curves and /.. Data are offset for
clarity. Inset shows reference results for an identical set of measurements conducted on a CPP-
GMR with CFGG instead of MVVA, which are from [66]. (d) Ic—H. curves from the results from

(c) and I—H; curves from several other devices from the same sample.
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NBED patterns obtained for the MVA layer. (b) Corresponding EDS mapping. Only the Fe (Mn)
signal from the CoFe (MVA) layer is shown for simplicity. (c) and (d) magnified HAADF-STEM
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atomic dislocations. (e) Atomic-resolution EDS mapping at the MVA/Ag interface.
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Supplemental Material

Negative spin polarization and effect of composition on the atomic order and electronic
structure of Mn,VVAI Heusler alloy thin films

Hirofumi Suto?, Vineet Barwal!, Keisuke Masuda?, Kodchakorn Simalaotao?, Taisuke Sasaki?,
Yoshio Miural, Hiroo. Tajiri?, Loku Singgappulige Rosantha Kumara?, Tomoyuki.
Koganezawa?,and Yuya Sakuraba®

'Research Center for Magnetic and Spintronic Materials, National Institute for Materials Science
(NIMS), Tsukuba, 305-0047, Japan

ZJapan Synchrotron Radiation Research Institute (JASRI), Kouto, 679-5198, Japan

Ferromagnetic resonance (FMR) measurement of the single layer MVA sample for
Mn22VosAly2

Figures S1(a) and S1(b) show the frequency dependence of the FMR resonance field and half-
width of the FMR peaks measured for the type-A sample (Ts = 600°C) for Mn22VoesAliz,
respectively. The FMR measurements were conducted by applying a in-plane magnetic field (H).
From the slope of the halfwidth, the damping parameter of Mn22VoeAl12 was estimated to be
0.025.
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FIG. S1. (a) Resonance field of FMR versus frequency for the type-A sample (Ts = 600°C) for
Mn22VoeAli 2. (b) Corresponding half-width of the FMR peaks versus frequency.

Anisotropic magnetoresistance measurements of the single layer MVVA samples

Figures S.2(a)-(d) shows the anisotropic magnetoresistance (AMR) ratio as a function of ¢ for
type-A samples (Ts = 600°C) of MnaVAI, Mn22VosAl, MnaVosAliz, and Mn22VoeAlio. The
current was applied along MVA [110] and MVA [100] and the measurement temperature was set
from 10 to 300 K. All the MVA samples exhibit positive AMR ratios for the current along the
MVA [110] direction, and negative ratios as the current direction aligned with the MVA [100]
direction. Such sign reversal of the AMR ratio by the current direction was reported in Mn,VGa
and explained from the viewpoint of DOS [1]. The similarity in the AMR measurement between
MVA and Mn,VGa is consistent with the fact that these materials have similar DOS. The AMR
results changed with the compositions as follows. The results for Mn,Val and Mn,,VosAl are
similar, showing small temperature dependence. In Mn,Vo Al », the AMR results for the current
along [110] shows gradual decrease with lowering the temperature. In Mn2,VosAli 2, the AMR
results for both [110] and [100] current directions decrease with lowering the temperature. The
amplitude of negative AMR for the [100] current direction was enhanced in comparison with the
other compositions. These changes imply the modification in the electronic band structure.
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Further analysis is necessary to understand the origin of the composition dependence, which is
beyond the scope of this study.
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FIG. S2. Angle dependence of the AMR ratio of or the type-A sample (Ts = 600°C) for (a)
MnoVAL (b) Mn22VogAl, (€) MnzVogAlrz, and (d) Mnz2VosAli2 measured from 10 to 300 K.
The current was applied along the MVA [110] and MVA [100] directions. The legends are
common in (a)-(d).
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