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A B S T R A C T   

Co2MnSi (CMS) alloy is one of promising ferromagnetic electrode materials for spintronics devices. A series of 
CMS films sandwiched by Pt and MgO are sputtered. For the as-deposited films with in-plane anisotropy a low 
saturation magnetization of 494.8 ± 30.0 emu/cm3 is determined. After annealing perpendicular magnetic 
anisotropy (PMA) is shown to build in the stacks with CMS thickness ranged from 2 to 3 nm. The largest 
saturation magnetization of 1002.0 ± 68.5 emu/cm3 is obtained. CMS/MgO interface is found to be requisite for 
PMA development and Pt/CMS interface is shown to be not essential for PMA. Thermal stability is shown to be 
significantly improved with the insertion of Pt buffer. Strong PMA over 1 × 106 erg/cm3 is demonstrated in a 
wide annealing temperature range with the insertion of 0.8 nm MgO and 4 nm Pt buffer. Our results provide 
some useful information for designing next generation CMS-based spintronic devices.   

1. Introduction 

Magnetic films with perpendicular magnetic anisotropy (PMA) are of 
great importance for spintronic devices such as spin-transfer-torque 
driven switching based magnetic random access memory (STT-MRAM) 
due to high thermal stability and good scalability [1,2]. The PMA allows 
integrating the perpendicularly magnetized film materials as ferro
magnetic electrodes in perpendicular magnetic tunnel junctions (p- 
MTJs) [3]. From the view of practical applications, the critical current 
density in STT switching has to be reduced to lower the power con
sumption of the spintronic devices. Perpendicularly magnetized mate
rials with high spin polarization and good thermal stability at reduced 
dimension are required to realize low energy consumption when used as 
ferromagnetic electrodes for the next generation p-MTJs [4]. 

Co-based Heusler alloys have gained growing interest as ferromag
netic electrode candidates for spintronics applications due to the half- 
metallic nature theoretically predicated perfect spin polarization 
[5,6]. Among them, Co2MnSi (CMS) is one of the intensively studied 
materials used in such as MTJs and giant magnetoresistance devices for 
its high Curie temperature (985 K), wide band gap (0.4–0.81 eV) in the 
minority spins and large saturation magnetization (~1040 emu/cm3) 
[7,8]. A high spin polarization of 93% at room temperature (RT) is 

revealed in CMS by in situ ultraviolet-photoemission spectroscopy [9]. A 
large tunneling magnetoresistance ratio up to 236% at room tempera
ture is reported to achieve in a fully epitaxial MTJ consisting of Co2MnSi 
with MgO barrier [10]. A large activation barrier of 1.07 eV is optically 
determined for the structural magnetic transition of CMS alloy film, 
showing CMS possesses good thermal stability [11]. The inverse spin 
Hall voltage of CMS/Pt is also found to be one order larger than that in 
(Fe,CoFe)/Pt epitaxial films [12]. Recently, a high room temperature 
two-terminal magnetoresistance ratio up to 0.1% is demonstrated in 
semiconductor-based lateral devices with full ordered CMS, showing 
CMS can be used for spin injection for semiconductor-based spintronic 
devices [13]. Robust half-metallicity at interfaces is further confirmed in 
CMS-based all-full-Heusler-alloy spintronic devices [14]. However, PMA 
cannot be exhibited in the individual CMS alloy films. Lots of works have 
revealed that PMA can be built in some Co-based Heusler alloys sand
wiched by MgO and heavy metals [15]. Large interfacial PMA in the 
order of 1 × 106 erg/cm3 has been demonstrated to set up in the 
structures of thin CMS films sandwiched by Pd and MgO oxide layers, 
which makes the alloy attractive used in the STT-based spintronic de
vices [16]. PMA has been demonstrated in the structures of CMS with 
MgAl2O4 and even antiferromagnetic NiO oxide [17,18]. The PMA in the 
structures is believed to originate from the orbital hybridization or 
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alloying effects at the interfaces [19–21]. Recently, significantly 
enhanced extraordinary Hall effect is found in CMS with insertion of 
adjacent MgO layer, which may be attributed to proper Mn-O bonding at 
the interface [22]. In the sandwiched structures the bottom and top 
interfaces have shown positive contribution to the PMA of the CMS. 
However, it has not been clear yet which interface is the most critical 
factor in promoting the interfacial PMA and the thermal stability related 
to ultrathin CMS films has to be further improved. It is of great impor
tance to investigate physical origin of the interfacial PMA of CMS alloy 
films for designing CMS-based spintronic devices. 

In this work, we systematically investigate the perpendicular mag
netic properties of Pt/CMS/MgO nanostructures. PMA is shown to set up 
in the annealed structures with CMS in the thickness range of 2–3 nm. 
CMS/MgO interface is revealed to be critical to develop PMA while Pt/ 
CMS interface is not essential for promoting PMA. Thermal stability is 
shown to be significantly improved with the insertion of Pt buffer. For 
the CMS stacks with the insertion of 0.8 nm MgO and 4 nm Pt buffer 
strong PMA over 1 × 106 erg/cm3 can be demonstrated in a wide 
annealing temperature range. 

2. Experimental details 

Film stacks of Si(100) substrate/Ta(10)/Pt/CMS/MgO/Pt(4) (the 
unit of the thickness is given in nanometers), schematically shown in 
Fig. 1a, were fabricated by magnetron sputtering in a chamber with a 
base pressure less than 1.0 × 10− 5 Pa. The gas pressure was set at 0.3 Pa 
and the flow rate of working Ar gas was fixed at 60 sccm. The metals and 
MgO layers were sputtered using direct current (DC) and radio fre
quency (RF) power, respectively. The sputtering rates of Ta, Pt, CMS and 
MgO layers for the deposition were 0.2, 0.1, 0.2 and 0.2 nm/s, respec
tively. For the stacks the required thicknesses of CMS, Pt and MgO layers 

were obtained by controlling deposition time. The 10-nm-thick Ta as 
bottom seeding layer was pre-sputtered on Si to reduce the roughness of 
the substrate. After growth, 4-nm-thick Pt layer was sputtered as the 
capping for the protection. The sample annealing was performed in a 
vacuum chamber with a base pressure of 6 × 10− 4 Pa at various tem
peratures for half an hour each. The structure of the stacks was char
acterized by an X-ray diffractometer (XRD, Rigaku Smartlab) with Cu Kα 
radiation. In-plane and out-of-plane magnetic hysteresis loops were 
measured using a vibrating sample magnetometer (VSM, Microsense 
EZ7) with the field applied along in-plane and out-of-plane directions, 
respectively. The extraordinary Hall effect (EHE) measurements were 
performed with the van der Pauw technique and the field applied 
perpendicular to the sample plane. 

3. Results and discussion 

A series of Ta(10)/Pt(6)/CMS(d)/MgO(1.2)/Pt(4) stacks with 
various CMS thicknesses d were fabricated. All the as-deposited stacks 
exhibit completely in-plane anisotropy. After annealing at 200 ◦C PMA 
appears and out-of-plane magnetization significantly develops with the 
measuring field applied perpendicular to the sample plane. The 
annealed stacks with CMS layer in the thickness range of 2–3 nm can 
exhibit good PMA. Fig. 1b and c show out-of-plane magnetization hys
teresis loops for the Ta(10)/Pt(6)/CMS(d)/MgO(1.2)/Pt(4) stacks with 
CMS thickness of d = 2 and 3 nm, respectively, annealed at various 
temperatures. The magnetic easy axis is completely in plane for all the 
as-deposited films and PMA emerges only after annealing. Out-of-plane 
magnetization loops with high remanence are observed in two structures 
annealed at 200 ◦C. Annealing at the high temperatures leads to 
significantly reduced remanence, showing PMA deteriorates. 

Fig. 1d shows the plot of CMS thickness dependent saturation 

Fig. 1. a) Schematic of the stacks sputtered on Si (100) substrate. Out-of-plane magnetization hysteresis loops of the Ta(10)/Pt(6)/CMS(d)/MgO(1.2)/Pt(4) stacks 
annealed at various temperatures with CMS thickness d of b) 2 nm and c) 3 nm. d) Thickness dependent saturation magnetization per unit area of the stacks annealed 
at various temperatures. 
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magnetization per unit area (Ms × d) of the stacks annealed at various 
temperatures. The slope of the linear fitting CMS thickness dependent 
saturation magnetization per unit area gives the saturation magnetiza
tion of the CMS film. The thickness of magnetic dead layer (MDL) can be 
obtained by the intercept with the thickness axis of the linear fitting in 
the plot. The magnetic parameters of Pt/CMS/MgO structures derived 
from the fitting are listed in Table 1. For the as-deposited stacks with in- 
plane anisotropy the data in the thin region is used for the fitting in order 
to obtain the thickness of MDL. The thickness of MDL of 0.32 ± 0.22 nm 
is derived from the linear fitting and a low saturation magnetization of 
494.8 ± 30.0 emu/cm3 is determined. After annealing at 200 ◦C a large 
saturation magnetization of Ms = 1002.0 ± 68.5 emu/cm3 is achieved. 
which is close to the bulk value of CMS (~1040 emu/cm3) [23]. This 
significant increase in Ms with annealing temperature can be attributed 
to improved chemical orders or crystallization with the annealing 
[11,24,25]. Further annealing at higher temperatures leads to reduced 
magnetization, which can be attributed to the oxidation and degradation 
of PMA at high temperatures. After annealing at 200 ◦C the thickness of 
MDL is considerably increased from 0.49 ± 0.25 nm of the as-deposited 
films to 1.17 ± 0.29 nm. Further annealing leads to a gradual increase in 
the thickness of MDL. The thickness of MDL increases to 1.36 ± 0.18 nm 
after annealing at 400 ◦C. As the interfacial oxides of Mn, Co and Si in 
the region of CMS/MgO interface has been revealed by XPS analysis 
[26], the monotonic increase in the thickness of MDL with annealing 
temperature can be mainly attributed to the progress of the oxidation 
from the top CMS/MgO interface with annealing temperature. 

To investigate the effects of the CMS/MgO interface, the Ta(10)/Pt 
(6)/CMS (3)/MgO(d)/Pt(4) stacks with various top MgO thicknesses 
were fabricated. Fig. 2a and b show the EHE loops of the annealed Ta 
(10)/Pt(6)/CMS(3)/MgO(d)/Pt(4) stacks with top MgO thickness d =
0 and 2 nm, respectively. For the structure without MgO a close-to-zero 
remanence is observed in the EHE loop and the magnetic easy axis 
nearly completely lies in the sample plane. The remanence increases 
with the annealing temperature and reaches a medium value of 0.49 
after annealing at 350 ◦C. This increased remanence after annealing can 
be ascribed to the contribution from two interfaces of Pt/CMS. In the 
presence of MgO layer with thickness of 0.5 nm or thicker almost full 
remanence is demonstrated in the stacks after annealing at 200 ◦C. The 
remanence remains nearly constant with the annealing temperature and 
falls at high annealing temperatures over 300 ◦C. Fig. 2c shows EHE 
loops of Ta(10)/Pt (6)/CMS(3)/MgO(d)/Pt(4) stacks with various MgO 
thicknesses annealed at 250 ◦C. For the annealed stack without MgO 
layer EHE loop with zero remanence is observed and square EHE loops 
appear in the presence of MgO layer, showing MgO layer is crucial for 
the PMA development. The coercivity is shown to increase with 
increasing MgO thickness. This can be ascribed to sufficient oxidation, 
which is required to promote PMA. Fig. 2d presents typical XRD patterns 
of the stacks with different thickness of MgO layer before and after 
annealing at 300 ◦C for comparison. For the as-deposited Ta(10)/Pt(6)/ 
CMS(3)/Pt(4) stack without MgO layer, no obvious peak can be recog
nized even after annealing. In contrast, in the presence of 0.5 nm MgO 
layer Pt (111) peak at 2θ = 39.5◦ is witnessed in the as-deposited stack. 
After annealing, the intensity of the peak becomes high and the position 
shifts towards a higher angle of 2θ = 40.6◦. A strong diffraction peak 
centered at 2θ = 40.7◦ is witnessed for the annealed stack with 0.8 nm 

MgO layer. It suggests that CoPt alloy with a lattice constant in between 
face-centered-cubic Pt and Co has formed at the interfaces after 
annealing. It indicates MgO capping can facilitate the formation of 
(111)-oriented CoPt alloy in the stacks, which has been revealed to 
positively contribute to PMA and thermal stability [21]. 

Fig. 3 shows MgO thickness dependence of perpendicular anisotropy 
constant Kµ of the structures annealed in the temperature range of 
200–350 ◦C. The perpendicular anisotropy constant Kµ is estimated 
using the equation Kµ=Ms(HK − Hc)/2, where HK is saturation field and 
Hc is the coercivity of the hysteresis loop with the field applied along the 
easy axis. The saturation field HK can be determined from the intersec
tion between the saturated parts of the in-plane and out-of-plane 
magnetization hysteresis loops For the as-deposited structure without 
MgO layer no PMA appears and Kµ is negative. With increasing 
annealing temperature Kµ increases and reaches to a small positive value 
of 1.28 × 105 erg/cm3 after annealing at 350 ◦C. The contribution of the 
bottom and top Pt/CMS interfaces may account for this small positive 
value of PMA. In contrast, for the stack with the insertion of 0.5 nm MgO 
layer a positive Kµ of 3.4 × 105 erg/cm3 is observed annealed at 200 ◦C 
and Kµ increases to 1.16 × 106 erg/cm3 after annealing at 250 ◦C. This 
large Kµ achieved after annealing at 250 ◦C is comparable to that re
ported in Pt/Co2FeAl/MgO system, which can be attributed to oxidation 
of CMS at the CMS/MgO interface [16,27]. The hybridization between 
Co/Mn and O orbitals at the top CMS/MgO interface arising from the 
proper oxidation results into this enhanced PMA [16,22,28]. The 
initially rapid increase in PMA of the stacks with MgO layers annealed in 
the temperature range of 200–300 ◦C indicates oxidation at the CMS/ 
MgO interface is critical for the development of PMA. Further annealing 
at 350 ◦C PMA disappears and Kµ turns to be negative again. 

Insets show the out-of-plane and in-plane magnetization hysteresis 
loops of the Ta(10)/Pt(6)/CMS(3)/MgO(d = 0, 0.8)/Pt(4) stacks after 
annealing at 250 ◦C. For the stack without MgO layer after annealing at 
250 ◦C square loop was obtained with the field applied in the sample 
plane, showing the magnetic easy axis lies in the sample plane. The Hk 
and easy axis Hc are determined to be 2.5 kOe and 0.09 kOe, respec
tively. Using the saturation magnetization per unit area of 1.96 × 10-4 

emu/cm2 Kµ is estimated to be − 0.78 × 106 erg/cm3. The negative sign 
of Kµ indicates the easy axis is in plane. For the stack with 0.8 nm MgO 
after annealing at 250 ◦C square loop with a coercivity Hc of 0.82 kOe is 
achieved with the field applied perpendicular to the sample plane, 
showing good PMA. Using Hk of 8.0 kOe and the saturation magneti
zation per unit area of 1.5 × 10-4 emu/cm2, Kµ is estimated to be 1.80 ×
106 erg/cm3. For the stacks with MgO layer of 0.8 nm or thicker large Kµ 
over 1 × 106 erg/cm3 can be demonstrated in a wide annealing tem
perature range of 200–300 ◦C. It shows that 0.8 nm MgO is sufficient to 
provide optimum oxidation for the PMA of the CMS-based structures. 

To examine the effects of Pt buffer on the PMA, a series of samples of 
Ta(10)/Pt (d)/CMS(3)/MgO(1.2)/Pt(4) with Pt buffer thickness varied 
from 0 to 12 nm were investigated. Fig. 4a and b show the EHE loops of 
Ta(10)/Pt(d = 0,2)/CMS (3)/MgO(1.2)/Pt(4) stacks annealed at various 
temperatures. Square EHE loop with a full remanence is obtained for the 
structure without Pt buffer annealed at 200 ◦C, showing the magnetic 
axis has been perpendicular to the sample plane. Annealing at higher 
temperatures results into significantly reduced remanence, indicating 
PMA seriously degrades. In contrast, with the insertion of Pt buffer large 
remanences can maintain in the samples annealed in a wide temperature 
range of 200–300 ◦C and the remanence considerably drops only after 
annealing at 350 ◦C. It shows Pt buffer is not essential for promoting 
PMA but can obviously improve thermal stability. Fig. 4c shows the EHE 
loops of Ta(10)/Pt(d = 0–12)/CMS(3)/MgO(1.2)/Pt(4) stacks annealed 
at 250 ◦C. Slanted EHE loop with a low remanence of 0.29 is formed in 
the annealed stack without Pt buffer. For the Pt-buffered stacks square 
EHE loops with almost full remanence appear. Once the PMA is built the 
coercivity is shown to decrease with increasing Pt buffer thickness. This 
can be explained by smoother surface of thicker Pt buffer, which is easier 
to facilitate the domain wall motion during the magnetic switching [29]. 

Table 1 
Magnetic parameters derived from the Pt/CMS/MgO structures annealed at 
different temperatures.  

Annealing temperature Saturation magnetization Ms 
(emu/cm3) 

Thickness of MDL 
(nm) 

as-deposited 494.8 ± 30.0 0.32 ± 0.22 
200 ◦C 1002.0 ± 68.5 1.17 ± 0.29 
300 ◦C 1001.9 ± 122.7 1.31 ± 0.44 
400 ◦C 695.2 ± 29.9 1.36 ± 0.18  
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The amplitude of extraordinary Hall voltage is also shown to decrease 
with increasing Pt buffer thickness. This can be reasonably ascribed to 
the shunting effect of good conductor of Pt metal. Fig. 4d presents 
typical XRD patterns of the stacks with different thickness of Pt buffer 
annealed at 300 ◦C. For the as-deposited Ta(10)/Pt(0,2)/CMS(3)/MgO 

(1.2)/Pt(4) stack without Pt or with 2 nm Pt buffer, similar Pt (111) 
peak at 2θ = 39.6◦ is witnessed. This can be ascribed to the diffraction 
from the Pt capping. After annealing, strong diffraction peak appears 
and peak position shifts towards a higher angle with increasing thick
ness of the Pt buffer. It, again, reflects that (111)-textured CoPt alloy 

Fig. 2. EHE loops of the Ta(10)/Pt(6)/CMS(3)/MgO(d)/Pt(4) stacks annealed in the temperature range of 200–350 ◦C. a) MgO thickness d = 0 and b) d = 0.5 nm c) 
EHE loops of the Ta(10)/Pt(6)/CMS(3)/MgO(d = 0–2)/Pt(4) stacks with Mg annealed at 250 ◦C. d) Typical XRD patterns of the stacks with different thickness of MgO 
layer before and after annealing. 

Fig. 3. MgO thickness dependence of Kµ of the Ta(10)/Pt(6)/CMS(3)/MgO (d = 0–2)/Pt (4) stacks annealed at various temperatures. Insets show out-of-plane and in- 
plane magnetization hysteresis loops of the Ta(10)/Pt(6)/CMS(3)/MgO(d = 0, 0.8)/Pt(4) stacks annealed at 250 ◦C. 
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formed at the interfaces after annealing can promote PMA and improve 
the thermal stability of the stacks. Also, it indicates the top interface of 
CMS/MgO/Pt indeed positively contributes to PMA, accordingly, square 
EHE loop with large remanence can be formed in the annealed stacks 
without Pt buffer, as we observed. 

Fig. 5 shows Pt buffer thickness dependence of Kμ of the stacks. For 
the stacks without Pt buffer a large Kμ of 1.22 × 106 erg/cm3 is obtained 
after annealing at 200 ◦C and then Kμ monotonically decreases with 
increasing annealing temperature, showing the thermal stability is poor. 
For the annealed sample with insertion of 2 nm Pt buffer Kμ of 1.32 ×
106 erg/cm3 is obtained after annealing at 200 ◦C and the Kμ reaches a 
maximum of 1.73 × 106 erg/cm3 after annealing at 250 ◦C. Further 
annealing at 300 ◦C PMA disappears and Kμ turns to be zero again. Insets 
show the out-of plane and in-plane magnetization hysteresis loops for 
the Ta (10)/Pt (d = 0, 4)/CMS (3)/MgO (1.2)/Pt(4) stacks annealed at 
200 ◦C. For the stack without Pt buffer annealed at 200 ◦C square loop 
with a coercivity of 0.5 kOe is obtained with the field applied perpen
dicular to sample plane, showing a good PMA. Using Hk = 6.0 kOe and 
the saturation magnetization per unit area of 1.32 × 10-4 emu/cm2 Kµ is 
estimated to be 1.21 × 106 erg/cm3. For the stack with 4 nm Pt buffer 
annealed at 200 ◦C square loop with a coercivity of 0.4 kOe is witnessed 
with the field applied perpendicular to the sample plane. Kµ is estimated 
to be 1.84 × 106 erg/cm3 using Hk = 8.0 kOe and the saturation 
magnetization per unit area of 1.45 × 10-4 emu/cm2. A large window of 
annealing temperature with Kμ over 1.0 × 106 erg/cm3 is demonstrated 
in the annealed samples with the insertion of 4 nm Pt buffer or thicker, 
indicating thermal stability of the stacks can be effectively improved by 
the insertion of Pt. A close-to-zero Kμ is observed for all the Pt-buffered 

stacks annealed at 350 ◦C, showing PMA deteriorates after annealing at 
high temperatures. The interfacial PMA induced by Pt buffer was pre
viously found in Co-based Heusler alloy films after annealing, which 
mainly comes from the interfacial band hybridization [30]. Our result 
shows that thermal stability of the structures can be significantly 
improved by the insertion of Pt buffer. 

To facilitate a comparison, a brief summary of magnetic parameters 
of annealed Co-based Heusler alloy (Co2FeSi, Co2FeAlSi and Co2MnSi) 
sandwiched by thin oxides (MgO and MgAl2O4) and heavy metals (Pt 
and Pd) is made in Table 2 [31–33,17]. Large saturation magnetizations 
ranged from 600 to 1100 emu/cm3, comparable to the bulk value of 
Heusler alloy, are achieved. Strong interfacial perpendicular anisotropy 
density in the order of 106 erg/cm3 is achieved for all the sandwiched 
stacks by annealing in the temperature range of 300 ~ 400 ◦C. The 
magnetic dead layer in the thickness range of 0.8 ~ 1.31 nm is obtained 
after annealing, which is ascribed to the interdiffusion at the interfaces 
during the annealing at high temperatures to promote perpendicular 
magnetic anisotropy. 

4. Summary 

In short, we investigate the perpendicular magnetic properties of the 
Pt/CMS/MgO structures. For the as-deposited stacks the magnetic easy 
axis lies in the sample plane. After annealing strong PMA is shown to 
build in the Pt/CMS/MgO stacks with CMS thickness ranged from 2 to 3 
nm. The largest saturation magnetization close to the bulk value of CMS 
is achieved after annealing. No obvious PMA can be formed without 
MgO layers, indicating the top CMS/MgO interface is requisite for the 

Fig. 4. EHE loops of the Ta(10)/Pt(d)/CMS(3)/MgO(1.2)/Pt(4) stacks annealed in the temperature range of 200–350 ◦C. a) Pt buffer thickness d = 0 and b) d = 2 nm 
c) EHE loops of the Ta(10)/Pt(d = 0–12)/CMS(3)/MgO(1.2)/Pt(4) stacks annealed at 250 ◦C. d) Typical XRD patterns of the stacks with different thickness of Pt 
buffers before and after annealing. 
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PMA development. The thermal stability of the stacks is shown to be 
significantly improved by Pt/CMS interface. It shows that stacks with 
0.8 nm MgO and 4 nm Pt buffer layers can exhibit strong PMA over 1 ×
106 erg/cm3 in a wide temperature range. (111)-textured Pt or CoPt 
alloy are identified, which may be correlated to enhanced PMA and 
improved thermal stability of the stacks. Our results provide some useful 
information for the next generation CMS-based spintronic devices. 
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