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ABSTRACT 9 

  Magnetic materials with high negative spin polarization have been sought as a building block to 10 

increase the design freedom and performance of spintronics devices. In this paper, we investigate 11 

negative spin polarization of Mn2VGa Heusler alloy in current-perpendicular-to-plane giant 12 

magnetoresistance (CPP-GMR) devices. We fabricated an epitaxial CPP-GMR stack consisting 13 

of Mn2VGa/Ag/CoFe with L21 ordering in the Mn2VGa layer and observed negative 14 

magnetoresistance (MR), which provided evidence of negative spin polarization. The MR ratio 15 

depended on thermal treatments (deposition at an elevated temperature and post-annealing), 16 

because these processes affected the ordering, roughness, and magnetic properties of Mn2VGa. 17 

The maximum MR ratio reached −1.8% at room temperature and −3.0% at low temperature, 18 

representing the highest among the negative MR values in pseudo-spin-valve CPP-GMR devices 19 

despite the underestimation due to an incomplete antiparallel magnetization configuration. These 20 

findings demonstrate the potential of Mn2VGa for a material with high negative spin polarization.  21 

 22 
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I. INTRODUCTION 24 

  Material research has played a crucial role in improving the performance of spintronic devices. 25 

One key research direction has been the search for materials with high spin polarization, because 26 

these materials can significantly enhance magnetoresistance (MR) and spin-transfer torque (STT) 27 

efficiency, which are the main operation principles of the spintronic devices  [1–7]. For example, 28 

Co-based Heusler alloys, predicted to possess +100 % spin polarization, have been extensively 29 

studied and have experimentally demonstrated very high MR ratios  [8–15]. On the other hand, 30 

another research direction into negative spin polarization materials has also gained recent 31 

attention. In negative spin polarization materials, the spin momentum direction of the spin-32 

polarized conduction electron is opposite to the magnetization direction [16,17]. This relation is 33 

in contrast to the standard positive spin polarization found in the aforementioned Co-based 34 

Heusler alloys and many other spintronic materials. Intriguingly, negative spin polarization 35 

materials can reverse the signs of MR and STT. In particular, negative STT can realize new device 36 

structures by exerting STT of the desired spin direction and improve their performance beyond 37 

the limitation of conventional positive spin polarization materials. This characteristic is 38 

advantageous to devices demanding strong STT, such as spin-torque oscillators for energy-39 

assisted writing in hard-disk-drive applications, in which oscillation of large magnetic volume is 40 

crucial  [18–23]. 41 

 42 

  Tunnel magnetoresistance (TMR) studies on Fe4N and Fe3O4 have reported large negative MR 43 

over −50% at room temperature, demonstrating the negative spin polarization of these 44 

materials  [24,25]. Similarly, giant magnetoresistance (GMR) studies reported that materials such 45 

as CoFeGd, FeCr, FeV, NiCr, and Fe4N have negative spin polarization [16,26–29]. However, 46 

the amplitude of the reported negative MR ratio is smaller than −1% at room temperature in the 47 

case of pseudo-spin-valve current-perpendicular-to-plane (CPP)-GMR devices, indicating the 48 

small negative spin polarization of these materials. Considering that negative STT is beneficial to 49 
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devices demanding strong STT, implementation of negative spin polarization in CPP-GMR 50 

devices is highly demanded for practical applications because their all-metallic structure can 51 

withstand higher current density than TMR devices. 52 

 53 

  Mn2VGa (MVG) belongs to Mn-based Heusler alloys and is a promising candidate for a negative 54 

spin polarization material  [30–36]. The calculated density of states has a pseudo gap in the 55 

majority-spin band, from which high negative spin polarization is expected  [33–35]. In addition, 56 

its Curie temperature of ~784 K is sufficiently high for room temperature operation. The 57 

saturation magnetization (Ms) is small due to the ferrimagnetic configuration of the Mn and V 58 

moments, and this property is suitable for hard disk drive applications because the small stray 59 

fields from small Ms materials can minimize disturbance to the writing field  [22,37]. Klewe, et 60 

al.  [32] fabricated TMR devices using a sputter-deposited epitaxial stack consisting of MgO(001) 61 

substrate/MVG/MgO barrier/Co0.7Fe0.3 and confirmed negative MR, providing evidence of 62 

negative spin polarization in MVG. However, no study has been reported on CPP-GMR devices.  63 

 64 

  In this study, we investigated the negative spin polarization of MVG in epitaxial CPP-GMR 65 

devices. We fabricated GMR devices with MVG and CoFe magnetic layers with a Ag spacer and 66 

demonstrated a negative MR ratio of –1.8% at room temperature. A tungsten layer provides a 67 

suitable template that enables a high-quality epitaxial MVG layer to grow and stops the 68 

interdiffusion between the MVG layer and the low resistance Ag bottom electrode. Deposition of 69 

the MVG layer at an elevated temperature followed by post-annealing can enhance the ordering 70 

and negative spin polarization of MVG while maintaining the flatness of the GMR film. These 71 

results demonstrated the potential of MVG as a high-performance negative spin-polarization 72 

material. 73 

 74 

II. EXPERIMENTAL AND COMPUTATIONAL METHODS 75 
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  We prepared the following three series of samples by magnetron sputtering on MgO(001) 76 

substrates: (A) single-layer MVG films, (B) MVG films on bottom electrodes, and (C) CPP-GMR 77 

stacks with an MVG layer. The numbers in the parentheses in the following are thickness in 78 

nanometers. The series-A samples were composed of MVG (37)/Al (2), in which the MVG layers 79 

were deposited directly on MgO substrates and passivated by an Al layer. The series-B samples 80 

were composed of a bottom electrode/ MVG(37) / Al(2), where the  bottom electrodes were Cr(5) 81 

/ Ag(50), Cr(5) / Ag(50) / V(5), and Cr(5) / Ag(50) / Cr(5) / W(15). The series-C samples were 82 

composed of Cr(5) / Ag(80) / Cr(5) / W(15) / MVG(10) / Ag(7) / Co50Fe50(7) / Ag(5) / Ru(8). The 83 

MVG layers were deposited by co-sputtering from Mn55Ga45 and V targets at elevated substrate 84 

temperatures (Ts) ranging from 300°C to 600°C. In some samples, the MVG layers were 85 

additionally post-annealed at a temperature (Tp) of 500°C for 30 min after the deposition. The 86 

layers above the MVG layer were deposited at room temperature after cooling down. The typical 87 

composition of the MVG layer was Mn54.29V20.45Ga25.26, as measured by X-ray fluorescence (XRF) 88 

analysis calibrated by the standard sample whose composition was analyzed by inductively 89 

coupled plasma mass spectrometry. The MVG composition was adjusted to be Mn-rich and V-90 

poor because this off-stoichiometric composition can achieve higher ordering  [36]. In addition, 91 

anti-site of V atoms occupying the Mn site is detrimental to negative spin polarization according 92 

to the calculation  [32], and a Mn-rich and V-poor composition can suppress such anti-sites  [36]. 93 

 94 

  The crystal structure and atomic ordering of the prepared films were investigated using X-ray 95 

diffraction (XRD) with a Cu–Kα radiation source. The degree of B2 and L21 order (𝑆𝐵2 and 𝑆𝐿21) 96 

were calculated as SB2 = √
I002
exp

/I004
exp

I002
sim

/I004
sim  and SL21

 = √
I111
exp

/I444
exp

I111
sim

/I444
sim , where Ihkl

exp
and 𝐼hkl

sim  represent the 97 

experimental and simulated hkl peak intensities, respectively. In the XRD simulation, the off-98 

stoichiometric composition was taken into account in the simulation model, where the excess Mn 99 

atoms simply occupy the deficient V sites. The magnetic properties of MVG were evaluated by 100 
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measuring the curves of magnetization (M) versus magnetic field (H) using a vibrating sample 101 

magnetometer at room temperature. The Ms was estimated from the M-H curves. The surface 102 

morphology was measured using atomic force microscopy with a scan area of 1 μm × 1 μm, and 103 

the average roughness (Ra) and the peak-to-valley height (P-V) were calculated. The cross-104 

sectional microstructure of the samples was analyzed using high-angle annular dark-field 105 

scanning transmission electron microscopy (HAADF-STEM), nano-beam electron diffraction 106 

(NBED), and energy-dispersive X-ray spectroscopy (EDS).  107 

 108 

  Pseudo-spin-valve CPP-GMR devices were fabricated using the following procedure. The 109 

series-C samples were patterned into circular and elliptical pillars with dimensions of 80 nm × 80 110 

nm and 140 nm × 70 nm by electron-beam lithography and Ar ion milling. The pillars were then 111 

covered with a thin Ta adhesion layer and a SiO2 passivation layer. After the lift-off of the 112 

covering layers, a Au top electrode was fabricated. For each device size, 75 devices were 113 

fabricated on one substrate. Resistance versus magnetic field (R-H) measurements were 114 

conducted using the four-probe method. All the devices were measured by an auto-prober system 115 

with an H range of 2.5 kOe at room temperature. A few devices were additionally measured by a 116 

physical properties measurement system using a higher H range and lower temperatures. The in-117 

plane magnetic field was applied along the longitudinal direction of the elliptical pillars. The MR 118 

ratio was defined as 𝑀𝑅 = (𝑅 − 𝑅max) 𝑅max⁄ , where 𝑅max is the maximum R in the measured H 119 

range.  120 

 121 

The first-principles calculations for ballistic transmittance based on the Landauer formular  [38] 122 

were performed using the QUANTUM ESPRESSO code  [39,40]. For the exchange-correlation 123 

energy, we adopted the ultrasoft pseudopotential method and the Generalized Gradient 124 

Approximation  [41]. A set of 10 × 10 × 1 grid of k-points is used for the Brillouin zone 125 

integrations. The cutoff energy for the wave function and charge density is set to 40 (Ry) and 400 126 
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(Ry), respectively. Stacking models of MVG/Ag/MVG(001) were constructed using tetragonal 127 

supercells, with the in-plane lattice parameter of the supercell fixed at a = 4.067 Å. The 128 

MVG/Ag(001) interface featured two types of termination: Mn termination and VGa termination. 129 

The stacking models consist of 7 atomic layers of Ag spacer, with 17 and 15 atomic layers of 130 

MVG for Mn termination and VGa termination, respectively. 131 

 132 

III. RESULTS AND DISCUSSION 133 

  We first studied the epitaxial growth of MVG and the effect of Ts on the ordering using the 134 

series-A samples. Figure 1(a) shows the out-of-plane XRD profiles of the samples for Ts = 300ºC 135 

–600ºC. All the results indicate (001)-oriented growth, and the appearance of 002 superlattice 136 

peaks indicates the presence of B2 ordering. Figure 1(b) shows the corresponding XRD profiles 137 

along the [111] direction at χ = 54.7°. The appearance of 111 superlattice peaks indicates the 138 

presence of L21 ordering. Figure 1(c) shows the Ts dependence of 𝑆𝐵2 and 𝑆𝐿21. The 𝑆𝐵2 value 139 

was 0.8 already at Ts = 300ºC, which further enhances to 0.9 at Ts = 600ºC. The 𝑆𝐿21  value 140 

monotonically increases with Ts and reaches 0.8 at Ts = 600ºC. The first-principles 141 

calculations  [32,36] reported that L21-ordered and B2-ordered MVG have negative spin 142 

polarization, which is higher for the L21-ordered structure. The XRD results indicated that the 143 

experimental samples had relatively high ordering, from which high negative spin polarization 144 

can be expected.  145 

 146 

  We also examined the MVG growth on bottom electrodes using the series-B samples as a 147 

preliminary step to fabricate CPP-GMR stacks. The structures of the bottom electrodes were Cr 148 

(5)/Ag (50), Cr (5)/Ag (50)/V(5), and Cr (5)/Ag (50)/Cr (5)/W (15). We first used Cr/Ag bottom 149 

electrodes to fabricate CPP-GMR stack because Cr/Ag is the standard bottom electrode employed 150 

in studies on Heusler alloy-based CPP-GMR devices  [12]. However, we found that the 151 

interdiffusion occurred between MVG and Ag (the results are shown in the supplementary 152 
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material). Thus, we searched for a suitable bottom electrode structure. The diffusion problem 153 

between Mn and Ag is consistent with the report that Co2MnZ-type Heulser alloys showed lower 154 

thermal stability with a Ag spacer than Co2FeZ-type Heulser alloys  [10]. In addition, the phase 155 

diagram of Ag-Mn system shows a certain amount of Mn is miscible to Ag at the annealing 156 

temperatures. Figures 1(d) and 1(e) show the out-of-plane and [111]-direction XRD profiles of 157 

the series-B samples for Ts = 500ºC, respectively. The XRD peaks indicate the (001)-oriented 158 

epitaxial growth of both bottom electrode and MVG layer in all the samples, regardless of the 159 

various lattice misfits with respect to the MVG lattice constant reported for bulk study: MgO 160 

(+0.9%), Ag (–2.2%), V (+2.6%), and W (+7%). Similar to the series-A samples, 002 and 111 161 

superlattice peaks were observed indicating the presence of B2 and L21 ordering. In the case of 162 

the Cr/Ag/Cr/W bottom electrode, the 𝑆𝐵2 and 𝑆𝐿21 values were calculated to be 0.99 and 0.82, 163 

respectively, which were higher than those of the series-A sample at Ts = 500ºC. In this calculation 164 

the XRD results of the sample only with the Cr/Ag/Cr/W bottom electrode shown as the dashed 165 

line in Figs 1(d) and 1(e) were subtracted as a background. The order parameter of the sample 166 

with Cr/Ag and Cr/Ag/V bottom electrodes were not analyzed because the MVA layer on these 167 

bottom electrodes were not properly fabricated as discussed below by considering Ms of the MVG 168 

layers. 169 

 170 

 171 
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 172 

Fig. 1. (a) Out-of-plane and (b) [111]-direction XRD profiles for the series-A samples for Ts = 173 

300ºC –600ºC. The legends are common for (a) and (b), and the data are offset for clarity. (c) The 174 

Ts dependence of SB2 and SL21
 calculated from the peak intensities in (a) and (b). (d) Out-of-plane 175 

and (e) [111]-direction XRD profiles for the series-B samples with Cr/Ag, Cr/Ag/V, and 176 

Cr/Ag/Cr/W bottom electrodes for Ts = 500ºC. The data for the sample only with the Cr/Ag/Cr/W 177 

bottom electrode and without the MVG layer is also shown. The legends are common for (d) and 178 

(e), and the data are offset for clarity. 179 

 180 
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 181 

  We next evaluated the magnetic properties of MVG. It has been reported that the saturation 182 

magnetization of MVG is sensitive to disorder because of the ferrimagnetic configuration of the 183 

Mn and V moments and thus can be a good indicator of the ordering  [36]. Figure 2(a) shows the 184 

in-plane M-H curves of the series-A samples for Ts = 300ºC –600ºC. The M-H curves were similar 185 

for Ts = 300ºC and 400ºC with Ms of 120 emu/cc and a coercive field (Hc) of approximately 800 186 

Oe. By further increasing Ts, the Ms increased to 190 emu/cc at Ts = 500ºC and 220 emu/cc at Ts 187 

= 600ºC, and the Hc decreased to 400 Oe at Ts = 600ºC. The Ms value is similar to those reported 188 

in the previous study of MVG thin films  [36]. The Ms value estimated from the Slater-Pauling 189 

rule based on the XRF composition was approximately 300 emu/cc. The experimental values 190 

were smaller than the Slater-Pauling value reflecting the imperfect ordering. Although both Ms 191 

and order parameters showed an increasing trend with respect to Ts, the trend is not completely 192 

consistent. In the XRD results, 𝑆𝐵2 and 𝑆𝐿21 were almost the same between Ts = 400 and 500ºC, 193 

while Ms changed significantly between these temperatures. Although the reason for the 194 

inconsistency is unclear, this result suggests the importance of measuring both order parameters 195 

and Ms to evaluate the quality of the MVG films. 196 

 197 

  Figure 2(b) shows the Ts dependence of Ms of the series-A samples calculated from the results 198 

in Fig. 2(a). In addition, the Ms of the sample deposited at Ts = 300ºC and post-annealed at Tp = 199 

500ºC is shown as an open square. The dashed line shows the Ms calculated from the Slater-200 

Pauling rule. The Ms value for Ts = 300ºC + Tp = 500ºC was higher than those for Ts = 300 and 201 

400ºC but lower than that for Ts = 500ºC, indicating that post-annealing at 500ºC improved the 202 

ordering, though it was not as effective as Ts of the same temperature. This additional post-203 

annealing will be employed later in the series-C sample. Figure 2(b) also shows the results of the 204 

series-B samples. The Ms values for the three bottom electrode structures were measured at Ts = 205 

500ºC. The Ms values of the Cr/Ag and Cr/Ag/V samples were significantly smaller than that of 206 
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the series-A sample, indicating that these bottom electrode structures have a detrimental effect on 207 

the MVG growth. The reason for the small Ms of the Cr/Ag sample might be the interdiffusion 208 

between MVG and Ag, as discussed above. The reasons for the small Ms of the Cr/Ag/V sample 209 

might be interdiffusion between MVG and V, which disturbed the composition of MVG. In 210 

contrast, the Ms of the Cr/Ag/Cr/W sample was slightly higher than the series-A samples. The Ts 211 

dependence was measured for the Cr/Ag/Cr/W samples, which showed the similar trend to that 212 

of the series-A samples, indicating that the W layer provided a good template for the growth on 213 

MVG, despite the large misfit. Figure 2(c) shows the in-plane M-H curves of the Cr/Ag/Cr/W 214 

samples for Ts = 300ºC–600ºC. In comparison with the series-A samples, the Hc was high 215 

especially at lower Ts with Hc of ~2 kOe at Ts = 300 ºC. The saturation field (Hs) was also high 216 

being ~7 kOe at Ts = 300 ºC. We speculate that the large Hc and Hs might be due to the dislocations 217 

or lattice distortions at the interface between the MVG and W layers resulting from the large 218 

misfit, which functioned as pinning sites. 219 

 220 

 221 
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Fig. 2. (a) M-H curves of the series-A samples for Ts = 300ºC –600ºC. (b) Dependence of Ms on 222 

Ts for the series-A and series-B samples. The dashed line represents the value estimated from the 223 

Slater-Pauling rule. (c) M-H curves of the series-B samples with the Cr/Ag/Cr/W bottom electrode 224 

for Ts = 300–600ºC.  225 

 226 

  To demonstrate the negative spin polarization of MVG, we fabricated CPP-GMR stacks using 227 

the Cr/Ag/Cr/W bottom electrode. The structure is shown in Fig. 3(a). Figures 3(b) and 3(c) show 228 

the out-of-plane and [111]-direction XRD profiles of the series-C samples, respectively, for Ts = 229 

300ºC–500ºC and Ts = 300ºC + Tp = 500ºC. 002 and 111 superlattice peaks were observed in all 230 

the samples. Figure 3(d) shows 𝑆𝐵2 and 𝑆𝐿21 calculated from the data in Figs. 3(b) and 3(c). The 231 

𝑆𝐵2 values indicate that the ordering was monotonically improved with increasing Ts and that 232 

additional post-annealing can improve the ordering. This result is consistent with that of the 233 

single-layer samples. The 𝑆𝐿21 values show a similar trend except that the value was higher at Ts 234 

= 300ºC than Ts = 400ºC. A possible reason for this inconsistency is low accuracy because of the 235 

weak peak intensities at Ts = 300ºC. Here, we did not evaluate Ms of the samples because the 236 

thickness variations in the CoFe layer can cause large errors in the estimated Ms of the MVG layer 237 

because CoFe has much higher Ms than MVG. We also examined the surface morphology of the 238 

series-C samples. Figure 3(e) shows the Ra and P-V values with respect to the annealing conditions. 239 

For Ts = 300ºC and 400ºC, the films were sufficiently flat to fabricate the CPP-GMR devices. 240 

However, the flatness abruptly degraded at Ts = 500 ºC. The yield of the CPP-GMR devices from 241 

this film was low due to the roughness, which will be discussed later. On the other hand, the 242 

flatness for Ts = 300ºC + Tp = 500ºC was almost the same as that for Ts = 300ºC, indicating that 243 

the additional post-annealing did not degrade the flatness.  244 

 245 
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 246 

 247 

Fig. 3. (a) Structure of the series-C samples. (b) Out-of-plane and (c) [111]-direction XRD profiles 248 

of the series-C samples for Ts = 300ºC, 400ºC, 500ºC and Ts = 300ºC + Tp = 500ºC. The insets 249 

show the enlarged view around the MVG 002 and 111 peaks. The legends are common for (b) 250 

and (c), and the data are offset for clarity. (d) Annealing condition dependence of SB2 and SL21
 251 

calculated from the peak intensities in (b) and (c). (e) Annealing condition dependence of Ra and 252 

P-V. 253 

 254 

  We measured the R-H curves from the CPP-GMR devices fabricated from the series-C samples. 255 

Figures 4(a)–4(d) show examples of the R-H curves. The shapes of the R-H curves had large 256 
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device-to-device variations within each sample, which can be attributed to the following reason. 257 

As shown in the M-H curves in Fig. 2(c), the magnetization of the MVG layer changed gradually 258 

with H with low squareness, indicating that the field response of the MVG magnetization was 259 

spatially non-uniform. Considering that the R-H curves reflected the local magnetic behavior of 260 

the small device area, we speculate that the distributions in the field response resulted in variations 261 

in the R-H curves. In addition, spatially non-uniform ordering of the MVG layer might lead to a 262 

distribution in the MR ratio because the spin polarization is affected by the ordering. The R-H 263 

curve in Fig. 4(a) for the upward H sweep can be interpreted as the schematics of the 264 

magnetization configurations shown above the figure. The abrupt R change around the zero field 265 

corresponds to the magnetization switching of the CoFe layer, and the slope of the R change 266 

switches from negative to positive at this point. This interpretation indicates negative MR in 267 

which R was higher (lower) when the magnetization configuration was more parallel (antiparallel). 268 

Note that plateau regions with lower R corresponding to a complete antiparallel configuration 269 

were not obtained, and the full MR ratio could not be evaluated. The negative MR provides 270 

evidence of negative spin polarization in the MVG layer because both bulk spin asymmetry of 271 

CoFe and interfacial spin scattering asymmetry of CoFe/Ag are positive  [42]. The bulk and 272 

interfacial contributions to the negative spin polarization in the MVG layer cannot be separated 273 

in this experiment, and further study is necessary to understand these properties. In the previous 274 

TMR study on MVG reported similar R-H curves with an incomplete antiparallel magnetization 275 

configuration due to gradual change in the magnetization in the MVG layer  [32]. 276 

  The R-H curve in Fig. 4(a) exhibits hysteresis in the large H range and the downward and upward 277 

H sweeps coincide at around H = ±18kOe. Considering that the CoFe layer had small Hc, the 278 

shape of the R-H curve is determined by the magnetization behavior of the MVG layer, and the 279 

result indicated that the Hs of MVG layer was 18 kOe or higher, where the parallel configuration 280 

was obtained. This large Hs is, to some extent, consistent with the M-H curve of the series-B 281 
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sample (Fig. 2(c)) in which the Hs was as high as 7 kOe at Ts = 300ºC. The difference in Hs 282 

between the M-H and R-H curves might be attributed to the different thickness of the MVG layer 283 

(37 nm in the series-B and 10 nm in the series-C sample). The large Hc and Hs were related to the 284 

interface with the W layer presumably due to the dislocations or lattice distortion originating from 285 

the large misfit between MVG and W. Thus, we speculate that the thinner MVG layer was more 286 

affected by the interface with the W layer, resulting in higher Hs. Additionally, patterning of the 287 

devices into nanopillars could affect the magnetization behavior due to pinning and different 288 

domain formation  [43]. The inset shows the R-H curve in the H range used in the auto-prober 289 

measurements. Because the R-H was measured only in the minor loop, the curve was asymmetric, 290 

and the amplitude of MR ratio was smaller than that measured in the higher field range. Note that 291 

the statistical data of the MR ratio presented in the following paragraph were obtained from the 292 

minor loop. The R continued to change even at H = ±30 kOe, suggesting the existence of other 293 

small contributions to R. 294 

 295 

  In the R-H curve at Ts = 400ºC Ts = 500ºC and Ts = 300ºC + Tp = 500ºC shown in Figs. 4(b), 4(c), 296 

and 4(d), the downward and upward H sweeps coincide within the measurement field range, 297 

because higher Ts or post-annealing reduced the Hs of the MVG layer. In addition, the amplitude 298 

of the negative MR ratio increased. Figure 4(e) shows the summary of MR ratio obtained by auto-299 

prober measurements of all the devices in each sample. The defective devices showing abnormal 300 

R were excluded. The distributions in R and MR ratio are presented in the supplementary material. 301 

The number of data points was significantly small in the case of Ts = 500ºC because of the low 302 

device yield, which might be due to the increased roughness. The MR ratio shows large 303 

distributions within each sample because of the shape variations in the R-H curves. When we 304 

excluded the Ts = 500ºC sample because of the lack of statistical data, the MR ratio increased in 305 

the following order: Ts = 300ºC, Ts = 400ºC, and Ts = 300ºC + Tp = 500ºC with the maximum 306 

negative MR ratio being ~−1.8 %. The resistance area product (RA) of the Ts = 300ºC + Tp = 500ºC 307 
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sample was calculated to be 22 mΩ·μm2. Figure 4(f) shows the measurement temperature 308 

dependence of the MR ratio for the Ts = 300ºC + Tp = 500ºC sample. The negative MR ratio was 309 

enhanced by lowering the measurement temperature and reached ~−3.0%. 310 

 311 

 312 

Fig. 4. (a)–(d) Examples of the R-H curves measured in the CPP-GMR devices fabricated from 313 

the series-C samples for Ts = 300ºC, 400ºC, 500ºC and Ts = 300ºC + Tp = 500ºC. The solid and 314 

dashed lines represent the downward and upward H sweeps, respectively. The schematics above 315 

(a) depict the magnetization configurations of the MVG and CoFe layers for the upward H sweep, 316 

and the inset in (a) shows the minor loop measured in the smaller H range. (e) Annealing condition 317 

dependence of MR ratio of all the devices. (f) Measurement temperature dependence of MR ratio 318 

for Ts = 300ºC + Tp = 500ºC. 319 

 320 
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 321 

  To confirm that the negative MR was obtained in the GMR stack properly fabricated as designed, 322 

we observed the cross-sectional microstructure of the series-C sample for Ts = 300ºC + Tp = 500ºC. 323 

Figures 5(a) and 5(b) show a HAADF-STEM image and EDS mapping, respectively. The results 324 

confirm sharp and flat interfaces between the layers without noticeable interdiffusion. The 325 

thicknesses of the layers were close to the designed values. Figure 5(c) shows the EDS line profile 326 

along the growth direction. The MVG layer composition was estimated to be Mn54.8V20.5Ga24.8, 327 

which was in good agreement with the XRF results. The CoFe layer composition was close to 328 

Co50Fe50, as designed. Figure 5(d) shows the NBED patterns obtained in the MVG layer. The 002 329 

and 111 superlattice spots were observed, confirming the existence of the B2 and L21 ordering. 330 

Figure 5(e) shows the atomic-resolution HAADF-STEM image and the corresponding Fourier-331 

transform filtered image obtained at the upper interface of MVG with Ag. An atomically flat 332 

matched interface was observed. The interface has a few dislocations marked by ⊥ symbols. 333 

Figure 5(f) shows the similar results at the lower interface of MVG with W. The lower interface 334 

was rougher than the upper interface, indicating that the flatness was improved in the MVG layer 335 

by appropriate thermal treatment.  336 

 337 
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 338 

Fig. 5. (a) HAADF-STEM image and (b) EDS mapping of the series-C sample for Ts = 300ºC + 339 

Tp = 500ºC. (c) EDS line profile obtained from (b). (d) NBED patterns obtained in the MVG layer. 340 

(e) Atomic-resolution HAADF-STEM image and the corresponding Fourier-transform filtered 341 

image obtained at (e) the upper interface of MVG with Ag and (f) the lower interface of MVG 342 

with W. The yellow ⊥ symbols indicate dislocations. 343 

 344 

  Finally, we calculated the transmittance of MVG/Ag/MVG(001) to examine the Fermi surface 345 

matching of MVG with Ag spacer for utilizing the negative spin polarization of MVG. Figures 346 

6(a) and 6(b) show in-plane wave vector dependence of the minority-spin transmittance in the 347 

parallel magnetization configuration for Mn and VGa termination, respectively. We confirmed 348 

that the magnetic structure of MVG in MVG/Ag/MVG(001) is consistent with that of bulk L21-349 

MVG obtained in the previous work35. The transmittance originates dominantly from the 350 

minority-spin channel, reflecting the negative spin polarization of MVG. From the transmittance, 351 

the interfacial RA was calculated to be 6.97 mΩ·μm2 for Mn termination and 5.86 mΩ·μm2 for 352 

VGa termination. For comparison, we refer to the cases of Co2FeGa0.5Ge0.5 / Ag / 353 

Co2FeGa0.5Ge0.5(001), in which a high MR ratio has been reported experimentally. The interfacial 354 
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RA of majority-spin electron in this systems was calculated to be 1.77, 1.69, and 2.32 mΩ·μm2 355 

for FeGa, FeGe and, Co termination, respectively  [12,44] , which are much lower than that of 356 

minority-spin electron in MVG / Ag / MVG(001). It has been reported that the calculated 357 

interfacial RA and experimental MR ratio have negative correlation; the lower RA tends to have 358 

higher MR ratio  [45]. Therefore, relatively high interfacial RA of MVG / Ag / MVG(001) 359 

reflecting weak hybridization between Ag and Mn (V) orbitals suggests that the Ag spacer is not 360 

suitable for MVG, which partly explains the small magnitude of negative MR ratio obtained in 361 

this study. Further research is necessary to find an optimal spacer material.  362 

 363 

 364 

Fig. 6. In-plane wave vector dependence of the minority-spin transmittance in parallel 365 

magnetization configuration calculated for Mn2VGa / Ag / Mn2VGa(001) with (a) Mn termination 366 

and (b) VGa termination. 367 

 368 

  This work demonstrated the negative MR ratio in the epitaxial MVG/Ag/CoFe pseudo-spin-369 

valve CPP-GMR devices, providing evidence of the negative spin polarization in MVG. Despite 370 

the large device-to-device distributions in the measured MR ratio within each sample, reflecting 371 

the variations in the field response and ordering of the MVG layer in the small device area, the 372 

MR ratio exhibited a statistical change with the annealing conditions and was enhanced in the 373 

following order: Ts = 300ºC, Ts = 400ºC, and Ts = 300ºC + Tp = 500ºC. This trend coincides with 374 

the trend of Ms for these thermal treatments, and the increase in the MR ratio is attributed to both 375 

reduced Hs and improved ordering by optimizing the annealing conditions. The maximum MR 376 
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value at room temperature was ~−1.8 % for Ts = 300ºC + Tp = 500ºC. Note that this value is 377 

underestimated because of the incomplete antiparallel configuration. Interestingly, the R-H curves 378 

for Ts = 300ºC showed a large hysteresis, and the MVG layer acted as a fixed magnetic layer in 379 

the minor loop measured in the small H range. This behavior is applicable to sensor operation, 380 

though the MR ratio is small. According to the Ts dependence of Ms shown in Fig. 2(b), Ts = 381 

500ºC and above significantly improved the ordering of the MVG grown on the MgO substrates 382 

or W layers. However, such an annealing condition increased the roughness and was unsuitable 383 

for the CPP-GMR stacks. In addition, the transmittance calculation indicated that the Ag spacer 384 

is not suitable for MVG. In these aspects, the potential of MVG has not been fully exploited. To 385 

this end, suitable template materials to facilitate ordering and improve the flatness of MVG, 386 

adjusting MVG composition to promote ordering at lower temperatures, optimal thermal 387 

treatments, and suitable spacer materials needs to be further studied. 388 

 389 

 390 

IV CONCLUSIONS 391 

  We studied the negative spin polarization of MVG in epitaxial pseudo-spin-valve CPP-GMR 392 

devices. We used a W insertion layer to prevent interdiffusion between the MVG layer and the 393 

low-resistance Ag bottom electrode. The MVG layer on the W layer exhibited similar Ms to those 394 

on MgO substrates, indicating that the W layer did not disturb the ordering of MVG. We 395 

fabricated the GMR stack consisting of MVG/Ag/CoFe, and TEM observation confirmed the 396 

sharp and flat interfaces between each layer without noticeable interdiffusion. Negative MR ratio 397 

was observed in the CPP-GMR devices, and the MR value changed with thermal treatments 398 

because the thermal treatments affected the ordering, roughness, and magnetic properties of MVG. 399 

The maximum negative MR ratio was approximately –1.8% at room temperature. This value is 400 

the highest negative MR reported in pseudo-spin-valve CPP-GMR devices, even though it is 401 
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underestimated due to the incomplete antiparallel magnetization configuration. These results 402 

demonstrated the potential of MVG as a material with high negative spin polarization. 403 

 404 

SUPPLEMENTARY MATERIAL 405 

  The supplementary material explains TEM and XRD data of CPP-GMR stack using Cr/Ag 406 

bottom electrodes and distributions of R and MR in all the devices fabricated on series-C sample 407 

for Ts = 300ºC + Tp = 500ºC. 408 
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Supplementary material 560 

Negative spin polarization of Mn2VGa Heusler alloy thin films studied in current-561 

perpendicular-to-plane giant magnetoresistance devices 562 

Hirofumi Suto, Vineet Barwal, Kodchakorn Simalaotao, Zehao Li, Keisuke Masuda, Taisuke 563 

Sasaki, Yoshio Miura, and Yuya Sakuraba 564 

Research Center for Magnetic and Spintronic Materials, National Institute for Materials Science 565 

(NIMS), Tsukuba, 305-0047, Japan 566 

 567 

STEM observation and XRD of CPP-GMR stack containing a Cr/Ag bottom electrode 568 

  Figures S1(a) show the structure of the CPP-GMR stack containing a Cr/Ag bottom electrode 569 

and a 20-nm-thick MVG layer deposited at 550ºC. Figures S1(b) and S1(c) show a HAADF-570 

STEM image and EDS mapping, respectively. The TEM observation shows the formation of Ag 571 

columns penetrating the MVG layer, disrupting the designed layer structure. Because The layers 572 

above the MVG layer were deposited at room temperature after cooling down, their structure was 573 

not damaged. The electrical current is expected to flow preferentially through the Ag columns, 574 

and this stack is not suitable to evaluate the spin polarization of MVG. Figure S1(d) shows the 575 

EDS line profile obtained from the region where MVG layer exist. A small amount of Mn and Ga 576 

was detected in the whole Ag bottom electrode. This diffusion of Mn and Ga into the Ag bottom 577 

electrode is consistent with the phase diagram of Ag-Mn and Ag-Ga system, which shows small 578 

amount of Mn and Ga is miscible to Ag at the annealing temperature. Figure S1(e) shows the EDS 579 

line profile obtained from the region with the Ag column. The composition of the column though 580 

the MVG layer is almost the same as that of the bottom electrode.  581 

  Figures S2(a) and S2(b) show the out-of-plane and [111]-direction XRD profiles. Despite the 582 

disrupted layer structure, (001)-oriented growth of the MVG layer was maintained, and 002 and 583 

111 super lattice peaks were observed.  584 

 585 



28 

 

 586 

FIG. S1. (a) Structure of the CPP-GMR stack containing a Cr/Ag bottom electrode and a MVG 587 

layer. (b) HAADF-STEM image and (c) EDS mapping. EDS line profile obtained from (d) the 588 

region where MVG layer exist and (e) the region with Ag column through the MVG layer. The 589 

dotted lines in (c) shows the position of the EDS line profiles. 590 

 591 

 592 

 593 

FIG. S2. (a) Out-of-plane and (b) [111]-direction XRD profiles of the CPP-GMR stack shown in 594 

Fig. S1. 595 
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 597 

Resistance and MR ratio distribution of CPP-GMR devices for Ts = 300ºC + Tp = 500ºC 598 

  Figures S3 show the Rmax and MR ratio of the 75 devices with dimensions of (a) 80 nm × 80 nm 599 

and (b) 140 nm × 70 nm fabricated from the series-C samples for Ts = 300ºC + Tp = 500ºC, 600 

respectively. The data from 5 devices showing abnormal R were excluded from the analysis. 601 

 602 

 603 

FIG. S3. Rmax and MR ratio of the devices fabricated the series-C samples for Ts = 300ºC + Tp = 604 

500ºC. The device size is 80 nm × 80 nm in (a) and 140 nm × 70 nm in (b). 605 


