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ABSTRACT
We demonstrate high-throughput evaluation of the half-metallicity of Co2MnSi Heusler alloys by 
spin-integrated hard X-ray photoelectron spectroscopy (HAXPES) of composition-spread films 
performed with high-brilliance synchrotron radiation at NanoTerasu, which identifies the opti
mum composition showing the best half-metallicity. Co75–xMnxSi25 composition-spread thin films 
for x = 10–40% with a thickness of 30 nm are fabricated on MgO(100) substrates using combina
torial sputtering technique. The L21-ordering and (001)-oriented epitaxial growth of Co2MnSi are 
confirmed by X-ray diffraction for x = 18–40%. The valence band HAXPES spectra exhibit 
a systematic compositional dependence and the smallest photoemission intensity at the Fermi 
level (EF) for a slightly Mn-rich composition of x = 27%. The density of states (DOS) for L21-ordered 
Co2MnSi with different Mn compositions obtained from first-principles calculation also show the 
smallest total DOS at EF for x = 27% because of the formation of a clear half-metallic gap in the 
minority spin channel and the less localized d-states in the majority spin channel, indicating the 
best half-metallic nature of this composition. Our experimental results demonstrate that high- 
throughput evaluation of half-metallicity is possible even with spin-integrated HAXPES by 
capturing systematic changes in the electronic structures through the measurements on the 
composition-spread film. Moreover, the anisotropic magnetoresistance (AMR) of the composi
tion-spread film is measured for electric current directions along the [110] and [100] of Co2MnSi. 
Previous studies indicated that a larger negative AMR ratio is a signature of a higher spin 
polarization. The largest negative AMR ratio is observed for x = 27% for both current directions, 
which also supports the best half-metallicity for this off-stoichiometric composition.
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IMPACT STATEMENT
High-throughput systematic measurement of hard X-ray photoelectron spectroscopy for the 
Co-Mn-Si composition-spread film using the newly developed synchrotron light source 
NanoTerasu revealed the best composition exhibiting the highest half-metallic nature

1. Introduction

Half-metallic ferromagnets have been considered as 
promising materials for realizing various efficient 
spintronics devices [1]. In the electronic band struc
tures of half-metals, one of the spin states has 
a finite band gap at the Fermi level (EF), which is 
called half-metallic gap [1]. Due to the formation of 
a half-metallic gap, spin polarization (P) that is 
defined by the difference in the density of states 
(DOS) between the majority (D" EFð Þ) and minority 
(D# EFð Þ) spin states at EF as 
P ¼ D" EFð Þ � D# EFð Þ

� �
= D" EFð Þ þ D# EFð Þ
� �

can be 
ideally 100% [1]. This leads to a high magnetoresis
tance ratio in spintronic devices such as current- 
perpendicular-to-plane giant magnetoresistance 
(CPP-GMR) [2] and tunnel magnetoresistance 
(TMR) devices [3,4]. The high spin polarization of 
half-metallic materials also contributes to an effi
cient electrical spin injection into semiconductors 
at room temperature, leading to semiconductor 
spintronic devices [5,6]. Among the various candi
dates, Heusler alloys, typically denoted as X2YZ (e.g., 
X = Co, Ni; Y = Mn, Fe; Z = Al, Si, Ge, and Ga), are 
the promising half-metallic materials [7,8]. For 
example, Co2MnSi [9–14] has been considered as 
a robust half-metal that has a large minority gap of 
up to 0.81 eV [15] and high Curie temperature of 
985 K [16]. In fact, the first magnetic tunnel junc
tion (MTJ) device exhibiting a high TMR ratio at 
room temperature has been demonstrated using the 
Co2MnSi as electrodes [3].

The half-metallicity of Heusler alloys strongly 
depends on the atomic composition (i.e., off- 
stoichiometry). For example, for Mn-containing 

Heusler alloys such as Co2MnSi, CoMn anti-sites (Co 
atoms at nominal Mn sites) tend to increase the DOS 
at EF in the half-metallic gap, leading to a steep reduc
tion of spin polarization [17–27]. Therefore, careful 
optimization of the atomic composition of Heusler 
alloys is inevitable for obtaining half-metallic proper
ties. However, quantitative determination of spin 
polarization has been difficult because of time- 
consuming experimental processes for fabricating 
spintronic devices using lithographic techniques such 
as nonlocal spin-valve (NLSV) devices [28–31] and 
CPP-GMR devices [32,33]. Thus, developing 
a simple, high-throughput evaluation method for half- 
metallicity is crucial for searching ideal half-metallic 
Heusler alloys from various candidates including 
atomic combination and fabrication conditions. 
Recently, anisotropic magnetoresistance (AMR) mea
surement has been proposed as a facile evaluation 
method for half-metallicity of Heusler alloys. It has 
been demonstrated experimentally that a larger nega
tive AMR ratio corresponds to a higher spin polariza
tion of various Heusler alloys [34–36], which also 
suggests a smaller DOS at EF within the half-metallic 
gap. Thus, the AMR ratio is a good indicator for 
searching optimized compositions of Heusler alloys. 
However, although a qualitative correlation between 
a large negative AMR ratio and high spin polarization 
has been confirmed, the AMR ratio itself does not give 
quantitative spin polarization values, which makes 
AMR measurement an indirect evaluation method 
for half-metallicity. To increase the throughput of 
measurements, combinatorial techniques such as 
using composition-spread films are an effective strat
egy [37–41]. Although the quantitative determination 
of spin polarization and compositional optimization 
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in a Heusler alloy using NLSV devices fabricated from 
single composition-spread films have been demon
strated [42], it is still time-consuming to fabricate 
and analyze the NLSV devices for the compositional 
optimization. The evaluation of spin polarization 
using CPP-GMR devices would also be time- 
consuming because the devices with a ferromagnetic 
layer of various thicknesses have to be prepared using 
complex lithographic processes [32,33].

Direct observation of electronic structures is the 
most reliable for evaluating half-metallic electronic 
structures. This is possible by photoelectron spectro
scopy (PES) such as vacuum ultraviolet PES and soft 
X-ray PES [43–46]. However, these methods are sur
face-sensitive; the measurements are strongly affected 
by the surface state due to the short inelastic mean-free 
path of electrons. In contrast, hard X-ray photoelec
tron spectroscopy (HAXPES) is a bulk-sensitive prob
ing technique [47–49]. Recently, Ueda et al. have 
reported spin-resolved HAXPES of a 30-nm-thick 
Co2MnSi thin film buried under an oxide capping 
layer to directly evaluate spin-dependent valence 
band electronic states and confirmed a half-metallic 
gap and high spin polarization of ≈ 90% [50]. 
Although spin-resolved HAXPES measurement is 
a powerful tool for the direct observation of half- 
metallic gap in the minority spin state [50–53], it is 
a time-consuming technique; due to the small photo
ionization cross sections of hard X-rays, HAXPES is 
inherently an electron-poor measurement, and the 
efficiency is further reduced by spin resolution. Thus, 
spin-resolved HAXPES is not an efficient measure
ment method in principle, which may not be suitable 
for high-throughput characterization.

Because of the characteristic shape of electronic 
structures near EF of the half-metallic Heusler alloys 
such as Co2MnSi, spin-integrated HAXPES could also 
detect half-metallic gap formation [54–56], which 
takes less measurement time compared to that for 
spin-resolved one. As the calculated DOS will be 
shown later, in the minority spin state, the low DOS at 
EF in the half-metallic gap is surrounded by the two 
edges of high DOS. The DOS at EF should be the 
smallest if there is a half-metallic gap at EF. On the 
other hand, in the majority spin state, only a few states 
contribute to the DOS at EF emerging from strongly 
dispersing bands and they would not be largely influ
enced by the composition. Thus, the total DOS at EF 
should be the smallest when the half-metallic gap is 
formed at EF and the total DOS at EF should reflect the 
existence of half-metallic gap in the minority spin state 
due to no DOS in the minority spin state and small sp- 
dominated DOS in the majority spin state at EF. This 
would lead that if the composition dependence of 
photoemission intensity near EF is measured system
atically using composition-spread films, it would be 
possible to evaluate the half-metallicity of Heusler 

alloys by spin-integrated valence band HAXPES spec
tra even without time-consuming spin resolution 
experiments. Therefore, performing spin-integrated 
HAXPES experiments on Heusler alloy composition- 
spread films can be a high-throughput method for 
evaluating half-metallicity. Modak et al. have reported 
spin-integrated HAXPES of Co2MnAl1–αSiα composi
tion-spread films performed at BL15XU of SPring-8 
[57]. They have successfully observed a systematic 
shifting of the peak position of the HAXPES spectra 
toward the higher binding energy, with a total energy 
shifting of 0.40 eV from the Co2MnAl to Co2MnSi 
side, demonstrating a combinatorial tuning of EF in 
the composition-spread film. They have also per
formed a combinatorial measurement of thermoelec
tric properties using the composition-spread films. 
However, the half-metallic gap formation has not 
been analyzed from the valence band HAXPES spectra 
at EF in detail.

In this study, we investigate the Mn-composition 
dependence on the half-metallicity of Co2MnSi 
Heusler alloy using composition-spread films and 
spin-integrated HAXPES. To overcome a critical 
issue of inefficiency in the measurement of HAXPES 
caused by the low photoionization cross sections, we 
performed the experiment using high-brilliance syn
chrotron radiation at a newly-built 3 GeV synchrotron 
light source ‘NanoTerasu’ in Japan [58–60]. We cor
relate spin-integrated HAXPES spectra of the compo
sition-spread film with theoretical DOS obtained from 
first-principles calculation. To verify the half-metallic 
electronic structures directly observed by HAXPES in 
terms of transport properties, we also measured the 
composition dependence of AMR systematically. We 
show that our experimental results combining compo
sition-spread films and spin-integrated HAXPES 
demonstrate high-throughput evaluation of the half- 
metallicity of Co2MnSi Heusler alloy.

2. Experimental details

2.1. Composition-spread films

Co75–xMnxSi25 composition-spread thin films with 
Mn composition x ranging from 10 to 40 at.% were 
fabricated using a combinatorial sputtering system 
(CMS-A6250X2, Comet Inc., Japan), as shown in 
Figure 1(a). Single-crystal MgO(100) substrates with 
a size of 10 × 10 mm2 (Furuuchi Chemical Corp., 
Japan) were cleaned with acetone, ethanol, and deio
nized water with ultrasonication. The substrates were 
installed in the deposition chamber and further 
cleaned by in situ Ar-ion milling. First, uniform layers 
of Co (0.138 nm), Mn (0.047 nm), and Si (0.180 nm) 
were deposited on the substrates. After that, a wedge- 
shaped Co layer with a maximum thickness of 0.135  
nm was deposited on the uniform Si layer with 
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a composition gradient width of 7 mm using a linear 
moving mask. Subsequently, the substrates were 
rotated by 180°, and a wedge-shaped Mn layer with 
the same maximum thickness and composition gradi
ent width was deposited on the wedge-shaped Co 
layer. The deposition process for the one-unit layer 
of 0.5 nm with a flat surface was repeated 60 times to 
obtain 30-nm-thick Co75–xMnxSi25 composition- 
spread films. The deposition was performed with 
a substrate temperature of room temperature (RT) 
and Ar process gas pressure of 0.5 Pa. After the deposi
tion, the films were in situ post-annealed at 500°C for 
30 min and capped with Al (2 nm) at RT to prevent 
oxidization.

The positional dependence on the actual com
position of the composition-spread films was mea
sured using X-ray fluorescence (XRF; ZSX Primus 
II, Rigaku, Japan), as plotted in Figure 1(a). For 
example, compositions for the Co-richest and Mn- 
richest regions were estimated to be Co63Mn10Si27 

and Co35Mn40Si25, respectively. Thus, the Mn 
composition was varied from 10% to 40% within 
the composition-spread film. Hereafter, this com
position-spread film is referred to as Co75–xMnx 

Si25 with x being the actual composition deter
mined by XRF for simplicity.

The compositional dependence on the crystal struc
tures of the composition-spread films was measured 
using X-ray diffraction (XRD; SmartLab, Rigaku, 
Japan) with a collimated Cu-Kα radiation by 
a 0.5 mm incident slit. The measurement position 
was varied at an interval of 1 mm. It is noted that 
due to the collimator width of 0.5 mm, each diffraction 
pattern except for the uniform regions of x = 10% and 
40% should include the neighboring composition 
regions with a maximum of ≈ ±1.8%.

After the XRF and XRD measurements, the film 
was cut into two pieces; one of them was used for 
HAXPES experiment and the other for AMR measure
ment described from the next section. Using the sam
ples from the identical composition-spread film for 
each measurement enables us to obtain a set of sys
tematic experimental data.

2.2. Hard X-ray photoelectron spectroscopy 
(HAXPES) experiment

The spin-integrated HAXPES experiment was per
formed at BL09U of NanoTerasu. The measurement 
system and vacuum chambers used in the present 
work were developed at BL15XU of SPring-8 [61] 
and were transferred to BL09U of NanoTerasu. The 
composition-spread film was installed in an ultrahigh 

Figure 1. (a) Side-view and top-view schematic diagrams of Co2MnSi composition-spread thin films (Co75–xMnxSi25, x = 10–40 at.%) 
on MgO(100) substrates. The positional dependence of the composition measured by X-ray fluorescence (XRF) is also plotted below 
the side-view diagram. (b) Top-view schematic diagrams of multiterminal devices for anisotropic magnetoresistance (AMR) 
measurement. The magnified-views of the AMR devices for the electric current (I) directions along the [110] and [100] of Co2MnSi 
(CMS) are also displayed.
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vacuum chamber. The synchrotron X-ray with 
a photon energy of ≈ 6 keV, monochromatized by 
a symmetrical layout-type double crystal monochro
mator [62] and a Si(111) channel-cut crystal, was 
irradiated to the film with a fixed incident angle of 2° 
relative to the surface parallel. The p-polarized X-ray 
was used to excite photoelectrons, where the electric 
field oscillates in-plane of the incidence and points to 
the direction of the electron detector. The irradiation 
position of X-ray was varied in a vertical direction 
with an interval of 0.5 mm, which corresponds to the 
same positions as those of 15 multiterminal devices 
that will be described later. Using a monolithic Wolter 
mirror, the incident X-ray beam was focused to 7 × 10 
(vertical × horizontal) µm2, and the footprint of the 
X-ray beam on the sample at grazing incidence was 
as small as ≈ 7 × 300 (vertical × horizontal) µm2. The 
photoelectrons were detected and analyzed using 
a high-resolution hemispherical electron analyzer 
(R4000, Scienta Omicron). The measurement range 
of kinetic energy was 5932 to 5951 eV with a step of 
25 meV, where this energy range refers to the valence 
band region. The pass energy was set to 100 eV, and 
the overall energy resolution was ≈ 200 meV. The 
measurement was performed at room temperature. 
Owing to the high-brilliance synchrotron radiation, 
a spectrum with a good signal-to-noise ratio was 
taken for ≈ 1 h per position. Thus, the HAXPES 
experiment was completed within only 1 day. The 
charge-up effect was not observed, and the energy 
shift of the incident X-ray was carefully calibrated 
using the peak position of Au 4f7/2 before and after 
the measurements of Co75–xMnxSi25 for each x. The 
binding energy (EB) was determined using the peak 
positions of Au 4f7/2 and EF of Au.

The obtained raw HAXPES spectra were horizon
tally shifted considering the energy shift of the inci
dent X-ray for each measurement. Due to this 
correction of energy offset, data points regarding the 
energy were different between measurement positions. 
To match the energy values between the spectra with 
respect to the EB = 0 eV with a step of 25 meV, the 
photoemission intensity data were interpolated and 
complemented.

2.3. Theoretical calculation

The density of states (DOS) of L21-ordered Co2MnSi 
with different Mn compositions were calculated using 
the AkaiKKR software, which employed the density 
functional theory (DFT) and the Korringa–Kohn– 
Rostoker coherent-potential approximation (KKR- 
CPA) [63–66]. The CPA method can accurately simu
late multielemental-disordered phases, especially in 
alloy systems. The following parameters were set during 
the calculations; the imaginary part at EF (edelt) was set 
to 0.001. The parameter bzqlty, which impacts the 

quality of the Brillouin zone mesh, was assigned 
a value of 10, leading to produce 1062 k points. The 
maximum considered angular momentum (xml) was 3. 
The exchange–correlation potential (sdftyp) was set to 
the local density approximation (mjw). The spin-orbit 
interaction and relativistic effects were considered, thus 
setting the reltyp parameter to srals. The width of the 
energy contour (ewidth) was fixed at 1.0. The lattice 
constant was optimized within the calculation by mini
mizing the total energy.

2.4. Anisotropic magnetoresistance (AMR) 
measurement

To evaluate the dependence of composition and 
electric current direction on the AMR effect, multi
terminal devices were fabricated using the remaining 
composition-spread films by conventional photo
lithography and Ar-ion milling techniques, as 
shown in Figure 1(b). The devices were patterned 
along the [110] and [100] directions of the Co2MnSi 
film with 15 devices for each direction, which were 
aligned to the composition gradient. The device-to- 
device distance within the composition gradient 
region was designed to be 0.5 mm. For the [110] 
devices, the bar width was designed to be 100 µm, 
which corresponds to the compositional variation 
with a maximum of ≈ ±0.37% for each bar. For the 
[100] devices, the horizontal distance between the 
two terminals was designed to be 100 µm, so that 
the composition variation for each bar can be the 
same as that for the [110] devices. The angular- 
dependent resistivity was measured by a standard 
DC four-probe method using the Physical Property 
Measurement System (PPMS Versalab; Quantum 
Design) with a motorized sample holder. 
A constant electric current (I) of 100 µA was applied 
to the long-axis of the devices, where the relation
ship between the directions of I and the crystal axis 
of Co2MnSi was I//[110] and I//[100]. A constant 
external magnetic field (H) of 0.3 T, which was 
enough to saturate the magnetization, was rotated 
in-plane to the film surface, where the relative angle 
(φ) was defined from the [110] direction of Co2 
MnSi as shown in Figure 1(b). The AMR ratio was 
defined as (ρ∥ – ρ⊥)/ρ⊥, where ρ∥ (ρ⊥) is the 
resistivity of the films where φ = 0° (90°). The mea
surement was performed at 300 K.

3. Results and discussion

3.1. Crystal structures

The out-of-plane (χ = 0°) and tilted-plane (χ = 54.7°) 
one-dimensional (1D) XRD patterns of the Co75–xMnx 
Si25 composition-spread film are shown in Figure 2(a, b), 
respectively. Two-dimensional (2D) XRD images for χ =  
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0° and 54.7° are also shown in Figure 2(c, d), respectively. 
For x = 10% and 13%, only ring-shaped diffraction peaks 
were observed at 2θ ≈ 45.4° for both χ = 0° and 54.7°, 
which might be originated from polycrystalline Co2MnSi 
and/or silicides such as Co2Si. Because the intensity of 
the ring-shaped peaks was very small, the effect on the 
electronic structures from HAXPES experiment and 
transport properties could be negligible. From x = 16%, 
a weak fundamental peak from 004 was observed at 2θ ≈ 
66.3° for χ = 0° along with the ring-shaped peaks. From x  
= 18%, a spot-like superlattice diffraction peak originat
ing from 002 at 2θ ≈ 31.8° began to be observed for χ = 0° 
along with a fundamental peak from 004. For χ = 54.7°, 
a spot-like superlattice 111 peak at 2θ ≈ 27.3° also began 
to be observed from x = 18% along with a fundamental 
444 peak at 2θ ≈ 141.3°. The appearance of the 111 peak 
indicates the L21-ordering of Co2MnSi from x = 18%. 
For a nearly stoichiometric composition of x = 24%, the 
intensity for these peaks tended to be stronger and shar
per than those observed for x = 18%. In addition, 
a superlattice 222 peak was observed at 2θ ≈ 56.3° for χ  
= 54.7°. The 004 peak was broad towards the titled direc
tion in the 2D XRD image. The ring-shaped peaks were 
still observed for x up to 24%. With increasing x, the peak 
intensity of 111 increased, showed a maximum at x =  
31%, and decreased after further Mn composition. On 
the other hand, the broadening of the peaks towards the 

tilted direction in the 2D XRD images became smaller 
continuously until x = 40%. The 222 peak disappeared at 
x = 40%. The degrees of L21 and B2 order were estimated 
to be ≈ 1 for x = 18–40%, where 002 and 111 superlattice 
peaks were observable. As a result, the L21-ordering and 
(001)-oriented epitaxial growth of Co2MnSi were con
firmed for a relatively wide range of x = 18–40%. Because 
the 111 peak was observed for χ = 54.7°, Co2MnSi was 
grown with 45° in-plane rotation. Thus, the epitaxial 
relation can be denoted as MgO(001)[100] || Co2MnSi 
(001)[110].

3.2. HAXPES spectra

The valence band HAXPES spectra of Co75–xMnxSi25 
composition-spread films are shown in Figure 3(a). 
The magnified views of the spectra near EF for x = 10
–24% and 24–40% are shown in Figure 3(b,c), respec
tively. The spectra were normalized by the intensity at 
EB ≈ 3 eV for each spectrum, which is justified by the 
fact that the spin-integrated total DOS at E – EF ≈ 3 eV 
obtained from first-principles calculation show almost 
the same values in the curves between different Mn 
compositions, as will be shown later in Figure 5. From 
Figure 3, a systematic change in the spectra depending 
on the Mn composition was observed, which clearly 
shows the advantage of the usage of composition- 

Figure 2. Compositional dependence on (a) out-of-plane (χ = 0°) and (b) tilted-plane (χ = 54.7°) one-dimensional (1D) X-ray 
diffraction (XRD) patterns of Co75–xMnxSi25 composition-spread film on MgO(100) substrate after post-annealing at 500°C. The 
diffraction peaks originated from MgO(100) substrate are indicated by the symbol *. Two-dimensional (2D) XRD images for χ = 0° 
and 54.7° are also shown in parts (c) and (d), respectively.
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spread films in the photoemission spectroscopy 
experiment. The observed HAXPES spectra in this 
study agree well with those observed experimentally 
and with the simulated photoemission spectra of Co2 
MnSi weighted by photoionization cross section in the 
previous reports [50,54–57,67–73]. From Figure 3(b), 
it can be seen that the intensity at EF became smaller as 
x increased from the Mn-poorest composition of x =  
10% to the nearly stoichiometric composition of x =  

24%. From Figure 3(c), the intensity at EF for the Mn- 
rich compositions changed slightly.

To make the change of intensity at EF against the 
Mn composition more visible, the difference in inten
sity with respect to the spectrum for x = 24% is plotted 
in Figure 4(a). If the intensity of the spectrum is 
smaller than that for x = 24%, the value becomes nega
tive, and the largest negative value at EF means the 
smallest intensity at EF compared to the spectrum for 

Figure 3. (a) Valence band hard X-ray photoelectron spectroscopy (HAXPES) spectra of Co75–xMnxSi25 composition-spread film. 
Magnified views near the Fermi level (EF) of the spectra for (b) x = 10–24% and (c) x = 24–40%.

Figure 4. (a) Difference in intensity of valence band HAXPES spectra of Co75–xMnxSi25 composition-spread film with respective to 
the spectrum for x = 24%. (b) Compositional dependence of difference in intensity at EF.
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the nearly stoichiometric composition of x = 24%. The 
compositional dependence of the difference in inten
sity at EF is plotted in Figure 4(b). It is now clearly 
shown that the difference in intensity at EF is the 
largest negative for x = 27%, and it becomes larger as 
further increasing x up to the Mn-richest composition 
of x = 40%. Thus, the intensity of the valence band 
HAXPES spectra at EF was the smallest at EF for 
a slightly Mn-rich composition of x = 27%.

3.3. Density of states (DOS)

The spin-resolved total DOS of L21-ordered Co75–x 
MnxSi25 for spd-states of all atoms with different Mn 
compositions is shown in Figure 5(a). The formation 
of a half-metallic gap in the minority spin state was 
confirmed for x = 27–40%. When the Mn composi
tion decreased from 24%, the in-gap states in the 
minority spin state around EF began to increase and 
showed a maximum at x = 10% (i.e., the Co-richest 
composition). On the other hand, for the majority 
spin state, the DOS around EF showed almost the 
same for x = 10–27%. However, it began to increase 
as increasing x from 31% and showed a maximum 
broad peak at x = 40%. These tendencies agree well 
with the calculation results in the previous reports 
[17,73].

Based on the spin-resolved DOS, spin-integrated 
total DOS for all atoms and PDOS for Co and Mn 
atoms for spd-states and only d-state are shown in 
Figure 5(b,c), respectively. The compositional depen
dence of the spin-integrated total DOS for all atoms 
and PDOS for Co and Mn atoms for spd-states at EF is 
also plotted in Figure 5(d).

From Figure 5(d), the total DOS at EF (black 
curve) was the smallest at x = 27%. With decreasing 
x from 27%, the total DOS increased steeply and 
showed the largest at x = 10%. With increasing 
x from 27%, the total DOS also increased but 
more gradually until x = 40%. The PDOS of Co 
atoms at EF (orange curve) began to increase steeply 
from x = 24% towards lower x (i.e., higher Co com
position) and showed a maximum at x = 10%. On 
the other hand, the PDOS of Mn atoms at EF (green 
curve) began to increase gradually from x = 27% and 
showed a maximum at x = 40%. Based on these 
tendencies, the steep increase in the total DOS at 
EF (black curve) for x lower than 27% can be origi
nated from the steep increase in the PDOS for Co 
atoms at EF (orange curve), while the gradual 
increase in the total DOS at EF (black curve) for 
x higher than 27% can be originated from the gra
dual increase in the PDOS for Mn atoms at EF 
(green curve).

Figure 5. (a) Spin-resolved total density of states (DOS) of L21-ordered Co75–xMnxSi25 for spd-states of all atoms with different Mn 
compositions. Spin-integrated total DOS for all atoms and partial density of states (PDOS) for Co and Mn atoms for (b) spd-states 
and (c) only d-state. (d) Compositional dependence of spin-integrated total DOS for all atoms and PDOS for Co and Mn atoms for 
spd-states at EF.
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By comparing the DOS for spd-states (Figure 5(b)) 
with the DOS for only d-state (Figure 5(c)), it is 
apparent that both the total DOS for all atoms and 
PDOS for Co and Mn atoms are dominated by the 
d state. Therefore, based on Figure 5(a,c), the steep 
increase in the PDOS for Co atoms at EF (orange 
curve) for x lower than 27% should correspond to an 
increase in the in-gap states in the minority spin 
d-state, which leads to a steep reduction of spin polar
ization and destruction of half-metallicity. On the 
other hand, the gradual increase in the PDOS for Mn 
atoms at EF (green curve) for x higher than 27% 
should correspond to an increase in the broad states 
of the majority spin d-state.

The large DOS in the majority spin d-state is not 
preferable for half-metallicity. For the other types of 
Heusler alloys such as Co2CrAl [74,75] and Fe2CrSi 
[76–78], they had received a certain attention because 
they were predicted to have large DOS in the majority 
spin state, which leads to a high spin polarization 
based on its definition. However, half-metallicity has 
not actually been confirmed in these materials. This 
would be because a large d-DOS in the majority spin 
state decreases the conductivity of s electrons in the 
majority spin state through s–d scattering process [79]. 
Based on the calculated DOS in Figure 5, the half- 
metallicity of Co75–xMnxSi25 tends to improve with 
increasing x due to a decrease in the DOS in the 
minority spin state and an increase in the d-DOS in 
the majority spin state. However, in terms of electrical 
transport, not only the spin polarization but also the 
scattering of s electrons by d-DOS at EF should be 
considered [79]. Therefore, Heusler alloys possessing 
a half-metallic gap in the minority spin state and small 
d-DOS in the majority spin state at EF can be consid
ered as good half-metals.

As a result, the DOS calculation (Figure 5) shows 
that the total DOS at EF was the smallest for x = 27%, 
which is attributed to a half-metallic gap in the min
ority spin state and a small d-DOS in the majority spin 

state at EF, indicating the best half-metallicity at this 
slightly Mn-rich composition. From the HAXPES 
results (Figure 4), the intensity of the valence band 
HAXPES spectra was the smallest for x = 27%. Thus, 
the best half-metallicity among the Co2MnSi compo
sition-spread film can be detected by the spin- 
integrated HAXPES with the smallest intensity of the 
valence band HAXPES spectra at EF.

3.4. AMR ratio

To further verify the half-metallicity of the Co2MnSi 
composition-spread film in terms of transport proper
ties, the AMR of the film was measured. The angular- 
dependent AMR of Co75–xMnxSi25 composition-spread 
film for the electric current direction along the [110] 
and [100] of Co2MnSi is shown in Figure 6(a, b), 
respectively. The compositional dependence of the 
AMR ratio for I//[110] and [100] is plotted in 
Figure 6(c). All the curves showed two-fold symmetry. 
For I//[110], the AMR ratio was positive up to x = 17%. 
The sign of the AMR ratio changed to negative at x =  
18%. The AMR ratio showed a negative maximum of 
−0.176% at x = 27%, which was larger negative than that 
for the nearly stoichiometric composition of x = 24% of 
−0.168%. After further increasing x, the absolute value 
of the negative AMR ratio became smaller. For I//[100], 
the overall tendency for the compositional dependence 
of the AMR ratio was similar to that for I//[110]; the 
AMR ratio showed the negative maximum of −0.045% 
at x = 27%, which was larger negative than that for x =  
24% of −0.038%. The negative maximum value of the 
AMR ratio for I//[110] (−0.176% at x = 27%) was larger 
than that for I//[100] (−0.045% at x = 27%). The sign of 
the AMR ratio changed from positive to negative at x  = 
24% for I//[100], which was different from the case of 
I//[110] (x = 18%). This means that the opposite sign of 
the AMR ratio between I//[110] and [100] was observed 
for x = 18% and 21% (Figure 6(c)).

Figure 6. Angular-dependent AMR of Co75–xMnxSi25 composition-spread film for the electric current direction along the (a) I//[110] 
and (b) I//[100] of Co2MnSi. (c) Compositional dependence of AMR ratio for I//[110] and [100].
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The maximum negative AMR ratio of −0.176% 
for I//[110] at x = 27% in our Co75–xMnxSi25 compo
sition-spread film was comparable to that observed 
in the previous studies of Co2MnSi thin films 
[34,35,80–82]. In particular, the largest negative 
AMR ratio observed at the off-stoichiometric com
position of x = 27% agrees with the previous study 
where the AMR ratio of Co2MnSi thin films with 
slightly Mn-rich composition measured at 300 K was 
larger than that for the stoichiometric composition 
[82]. Conventional two-fold AMR curves were 
observed for all compositions and both current 
directions at 300 K in this study, which is also con
sistent with the previous reports [80,82].

Based on the previous experimental and theoretical 
studies [34–36,42,83–85], a larger negative AMR ratio 
in half-metallic Heusler alloys suggests a higher spin 
polarization, and thus, a smaller DOS at EF in the 
minority spin states, leading to better half-metallicity. 
The largest negative AMR ratio was observed at x =  
27% for both I//[110] and [100] (Figure 6(c)). Thus, 
the AMR results suggest that a slightly Mn-rich com
position of x = 27% would possess the smallest DOS at 
EF in the minority spin states, thus the best half- 
metallicity among the studied compositions, which 
supports the HAXPES and DOS calculation results. 
Because the half-metallicity of Co2MnSi is very sensi
tive to CoMn anti-site [17–27], the excess Mn atoms 
would contribute to suppress the CoMn anti-site, lead
ing to a better half-metallicity.

Recent theoretical analysis of AMR based on the 
electron scattering theory has suggested that when the 
dominant s–d scattering process is affected by the 
crystal field, the sign of the AMR ratio can sometimes 
be positive even for half-metallic materials depending 
on the electric current direction with respect to the 
crystal axis such as [110] and [100] [84]. In fact, the 
sign change of the AMR ratio depending on the cur
rent direction has been observed experimentally in 
Heusler alloys such as Co2MnGa [86] and Mn2VGa 
[87] for particular compositions. Hence, only measur
ing AMR for one particular current direction would 
not be sufficient to judge the half-metallicity of 
Heusler alloys. However, up until now, no systematic 
experimental study on the current direction depen
dence of AMR using systems with higher half- 
metallicity has been reported, which needs to be ver
ified in the future. In our study based on the Co75–x 
MnxSi25 composition-spread film, combining the 
AMR results with the HAXPES and DOS calculation 
results, it is suggested that finding a composition 
showing a larger negative AMR ratio for both I// 
[110] and [100] may be a more reliable guideline for 
searching good half-metallicity of Heusler alloys, espe
cially for Co2MnSi thin films. The largest negative 
AMR ratio was observed for x = 27% for both I// 
[110] and [100] (Figure 6). Our HAXPES and DOS 

calculation results have indicated that this composi
tion shows the best half-metallicity. Thus, measuring 
crystal-axis dependent AMR would provide more reli
able insight into evaluating the half-metallicity of 
Heusler alloys.

Consequently, our results obtained from the 
HAXPES experiment, DOS calculation, and AMR 
measurement clearly indicate the best half-metallicity 
for the off-stoichiometric Mn composition of x = 27% 
in the Co75–xMnxSi25 composition-spread film. These 
results are consistent with each other. The change in 
the DOS at EF, and thus the half-metallicity, was 
successfully detected by spin-integrated HAXPES of 
Co2MnSi composition-spread films. Thus, high- 
throughput evaluation of the composition-dependent 
half-metallicity of Co2MnSi Heusler alloys has been 
demonstrated by spin-integrated HAXPES using com
position-spread films at NanoTerasu.

It is noteworthy that we were able to identify the 
composition exhibiting the best half-metallicity 
despite the use of spin-integrated HAXPES, which 
does not provide direct spin resolution. We would 
like to emphasize that this was possible only by com
bining spin-integrated HAXPES with composition- 
spread films, allowing us to systematically capture 
the changes in the electronic structures across differ
ent compositions in the composition-spread film. It 
would have been difficult to identify the composition 
with the best half-metallicity simply by analyzing the 
spectra of a few individual films with different 
compositions.

The high-throughput evaluation method would be 
suitable for obtaining a large amount of systematic 
data of composition-dependent electronic structures, 
deserving of machine learning and materials infor
matics. This would be beneficial for data-driven mate
rials exploration of novel half-metals, leading to the 
development of efficient spintronic devices in the 
future.

4. Conclusion

We investigated the Mn-composition dependence on 
the half-metallicity of Co2MnSi Heusler alloy using 
composition-spread films and spin-integrated 
HAXPES performed at BL09U of NanoTerasu. Our 
results obtained from the HAXPES experiment, DOS 
calculation, and AMR measurement consistently indi
cated the best half-metallicity for an off-stoichiometric 
slightly Mn-rich composition of x = 27% in the Co75–x 
MnxSi25 composition-spread film. The spin-integrated 
valence band HAXPES spectra exhibited the smallest 
photoemission intensity at EF for x = 27%. The DOS 
calculation showed that the total DOS at EF was the 
smallest for x = 27%, which is attributed to a half- 
metallic gap in the minority spin state and a small 
d-DOS in the majority spin state at EF, indicating the 
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best half-metallicity at this composition. Thus, the best 
half-metallicity among the Co2MnSi composition- 
spread film can be detected by the spin-integrated 
HAXPES with the smallest intensity of the valence 
band HAXPES spectra at EF even without time- 
consuming spin resolution. From the AMR measure
ment, the largest negative AMR ratios of −0.176% and 
−0.045% were observed for x = 27% for both I//[110] 
and [100], respectively. Thus, it is suggested that find
ing a composition showing a larger negative AMR 
ratio for both current directions would provide 
a more reliable guideline for half-metallicity of 
Heusler alloys. Our high-throughput evaluation of 
the half-metallicity of Co2MnSi Heusler alloys com
bining composition-spread films and spin-integrated 
HAXPES using high-brilliance synchrotron radiation 
will be beneficial for data-driven materials exploration 
for developing efficient spintronic devices in the 
future.
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