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Perpendicular magnetic anisotropy in full-Heusler Co2FeSi alloy and MgO 
bilayers 
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Dept. of Electrical and Electronic Engineering, School of Eng., Tokyo Institute of Technology, 2-12-1 Ookayama, Meguro-ku, Tokyo 

152-8552, Japan 
 

We systematically investigated perpendicular magnetic anisotropy (PMA) in bilayers comprising ultrathin full-
Heusler Co2FeSi (CFS) alloy and MgO as an insulator. The MgO layer was fabricated using two different sputtering 
techniques: reactive sputtering and radio-frequency sputtering. The characteristics of the layers fabricated using the 
different methods were compared. Irrespective of the MgO fabrication technique, the CFS/MgO bilayers exhibited 
PMA when the CFS surface was exposed to oxygen, which resulted in additional Fe–O bonds at the interface. 
Additionally, we characterized PMA in the bilayers while varying the substrate temperature TS for CFS sputtering. 
CFS samples that were 0.6-nm thick exhibited PMA when they were formed at TS as high as 300°C. The bilayer formed 
at 350°C exhibited in-plane magnetic anisotropy. Quantitative analysis of the magnetic anisotropy energy density 
revealed that the dominant magnetic anisotropy contribution in PMA differed between the bilayers formed at 300°C 
and 350°C. We expect these findings to be useful in the further development of high spin-polarized ferromagnetic 
electrodes containing PMA for next-generation spintronics devices. 
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1. Introduction 
 

Half-metallic ferromagnet (HMF)1)2) thin films 
containing perpendicular magnetic anisotropy (PMA)3) 
are attractive as ferromagnetic materials for next-
generation magnetoresistive random access memory4) 
and racetrack memory.5) The extremely high spin 
polarization in a HMF leads to highly spin-polarized 
electrons in such magnetoresistive devices, efficiently 
yielding a very large tunnel magnetoresistance (TMR) or 
a high spin-transfer torque (STT).6) 

Magnetostrictive devices based on PMA exhibit 
features superior to those containing in-plane magnetic 
anisotropy (IMA) including high scalability and low 
energy consumption for magnetization switching.7) The 
critical current density JC0 for the STT-effect current-
induced magnetization switching can be dramatically 
decreased as the thermal stability of a ferromagnetic film 
remains constant. 

Numerous Co-based full-Heusler alloys such as 
Co2FeSi (CFS),8)–10) Co2MnSi (CMS),11)12) and 
Co2Mn0.5Fe0.5Si13) are theoretically expected to be HMFs. 
Half-metallicity has been experimentally demonstrated 
in some of these alloys.13)14) However, because of the 
highly symmetric crystal structure, full-Heusler alloys 
show little crystal anisotropy. Thus, a thin film of a full-
Heusler alloy has the easy axis in the plane. 

Two approaches are known to induce PMA in such 
ferromagnetic thin films. One approach involves forming 
a superlattice with ultrathin layers, such as [Co/Pt]n 
superlattices, to yield interfacial anisotropy.15) We have 
previously reported that superlattices of ultrathin CMS 
and Pd layers exhibit PMA.11) We determined that the 
PMA was strongly dependent on the surface 
configuration and thus occurred only when the 

superlattices formed on the MgO(111) substrate. 
Although the PMA energy density was as high as values 
typically reported for a conventional CoFeB/MgO 
system,16) this technique is not compatible with 
MgO(001)-tunnel barrier technology to attain high 
TMR.17) Recently, superlattices comprising two different 
non-half-metallic full-Heusler alloys with (001) 
orientation were reported to exhibit half-metallicity with 
PMA.18) 

Another approach is to form bilayers with MgO to 
induce interfacial PMA, similar to the effect observed in 
the CoFeB/MgO system.16) The origin of this PMA is 
considered to be hybridization19) of the Fe 3d and O 2p 
orbitals; this technique is therefore widely used with Fe-
containing alloys, including full-Heusler alloys. Wen et al. 
first reported PMA in an ultrathin full-Heusler 
alloy/MgO bilayer with Co2FeAl.20) We have also achieved 
MgO-interface-induced PMA for CFS,9)10) which is 
theoretically a half-metal.21) Many other groups have also 
studied MgO-induced PMA for various types of Co-based 
full-Heusler alloys.22)23) 

We have thus far demonstrated PMA in CFS/MgO 
bilayers in which the MgO layers were formed via two 
different techniques: reactive sputtering from Mg 
metallic targets with an Ar–O2 gas mixture9) and radio-
frequency (RF) sputtering from MgO insulating targets 
with pure Ar gas.10) In the present paper, we compare 
these two fabrication techniques and discuss their 
influence on PMA. In addition, we characterized the 
substrate temperature dependence of the PMA for the 
samples with RF-sputtered MgO layers and found that 
the mechanism of the anisotropy differs for the samples 
formed at a substrate temperature TS greater than 300°C. 
 

2. Experimental 



 
2.1 Fabrication method 

We used a facing target sputtering system equipped 
with multi sputtering sources and a load-lock chamber to 
fabricate all of the samples. The base pressure of the 
sputtering chamber was 10−4 Pa. All of the samples were 
prepared on MgO single crystal substrates with (001) 
orientation. 

A stack of samples is illustrated in Fig. 1(a). Ultrathin 
CFS and MgO bilayers were formed on (001)-oriented Pd 
layers. CFS layers were deposited from stoichiometric 
targets with dc plasma with pure Ar gas. MgO layers 
were formed either via reactive sputtering from Mg 
metallic targets at 0.13 Pa in Ar and an O2 gas mixture 
with approximately O2 1% or via RF sputtering from 
MgO targets at 0.13 Pa in pure Ar. The TS during CFS 
was 300°C unless otherwise noted. The MgO layers were 
formed at room temperature (RT) and capped with either 
Ta or Cr layers to prevent degradation in the 
environment. 

 
2.2 Characterization method 

Crystallographic properties were characterized by X-
ray diffraction. The chemical composition was measured 
by inductivity coupled plasma optical emission 
spectrometry (ICP-OES). Magnetic properties were 
characterized with a vibrating sample magnetometer. 
 

3. Results and Discussion 
 
3.1 Basic characterization of CFS layers 

The chemical composition of the sputtered CFS layers 
was 52 at.% Co, 25 at.% Fe, and 23 at.% Si, which were 
slightly off-stoichiometric because the sputtering 
efficiency varies by element. The thick (~30 nm) CFS 
layers formed at TS = RT and 200°C on the Pd(001) buffer 
layers had the B2 structure, as indicated by the 
appearance of (200) diffraction peaks with no (111) 

diffraction. When the CFS layers were formed at 
temperatures above TS = 300°C, (111) diffraction peaks 
were observed; these layers thus had the L21 structure.8) 
The saturation magnetization of a 100-nm-thick CFS 
film on the Pd buffer was 1100 emu/cm3, which is very 
similar to the bulk value.24) 
 
3.2 Comparison between MgO formed by reactive 
sputtering and that formed by RF sputtering 

Figure 1(b) and 1(c) compares M–H loops for the 
CFS/MgO bilayers in which the MgO layers were formed 
via reactive and RF sputtering, respectively. The CFS 
thickness was 0.6 nm. The sample whose MgO layer was 
reactively sputtered clearly exhibited PMA, whereas the 
sample with an RF-sputtered MgO layer exhibited IMA. 
The absence of PMA in the RF-sputtered samples is 
attributable to an interfacial structure with few Fe–O 
bonds, which resulted in much weaker interfacial 
anisotropy than shape magnetic anisotropy. 

By comparing the fabrication procedures after the step-
by-step deposition of the CFS layers, we observed that 
oxygen gas with a relatively high partial pressure was 
introduced to strike plasma for RF-sputtering Mg targets 
in the oxide mode prior to the sputtering. Then, to form 
the interface using similar procedures, we exposed the 
surface of the CFS layer to pure O2 at 2 Pa for 10 min, 
equivalent to 9ML (mega Langmuir), before RF-
sputtering. The sample prepared in conjunction with the 
oxygen treatment demonstrated very clear PMA, as 
shown in Fig. 1(d). The sample with 0.9 ML also exhibited 
PMA. 

We also fabricated a sample with no MgO layer but 
with the surface exposed to oxygen as a control sample; 
it exhibited no PMA. This result indicates that PMA 
originates from the interfaces rather than from the CFS 
layer, which might be oxidized. The saturation 
magnetization MS did not change with the oxygen 

Fig. 1 (a) Schematic of a full stack of samples with a 
CFS/MgO bilayer. (b–d) M–H curves for CFS/MgO 
bilayers. The MgO layer was formed by (b) reactive 
sputtering and (c,d) RF sputtering. (d) The CFS surface 
was exposed to oxygen prior to RF sputtering of MgO 
layers.9,10) 

Fig. 2 M–H loops for CFS (0.6 nm)/MgO bilayers formed 
at (a) TS = RT, (b) TS = 200°C, (c) TS = 300°C, and (d) TS 
= 350°C. The MgO layers were RF sputtered and the 
surface of CFS was exposed to an oxygen atmosphere. 



exposure; thus, this result further suggests that the CFS 
was not oxidized. Only the surface can absorb oxygen to 
increase the number of Fe–O bonds at the CFS/MgO 
interface. In the thicker CFS layer, PMA disappeared, 
further indicating that the PMA originated at the 
interface. We attempted to quantitatively estimate the 
magnetic anisotropy energy (MAE) for these samples. 
However, because of the small signal-to-noise ratio, they 
did not give reasonable results. 

 
3.3 Substrate temperature TS dependence for the 
RF-sputtered sample 

The dependence of TS on the magnetic anisotropy is 
characterized in this section. The TS was varied from RT 
to 350°C. The M–H curves for the CFS/MgO bilayers with 
various TS are summarized in Fig. 2. Robust PMA was 
obtained over a wide TS range between RT and 300°C. By 
contrast, the PMA disappeared in the sample formed at 
TS = 350°C; the MS was almost constant over the 
investigated TS range. 

Higher-temperature processes enable the formation of 
CFS layers with greater crystallinity; such layers are 
expected to exhibit greater spin polarization. To 
understand the change in the sample formed at TS = 
350°C, we further varied the thickness of the CFS layers 
for TS = 300°C and 350 °C. 

Figures 3 and 4 show M–H loops for CFS/MgO bilayers 
formed at TS = 300°C and 350°C with various CFS 
thickness. For the TS = 300°C samples, M–H loops with a 
high squareness ratio were observed between tCFS = 0.4 
nm and 0.7 nm. For the samples with tCFS ³ 0.8 nm, the 
easy axis was the in-plane direction. This change 
dramatically occurred when tCFS was increased from 0.7 
nm to 0.8 nm. We evaluated several samples and 
observed that this behavior was reproducible. The 
samples formed at TS = 350°C exhibited PMA when tCFS 
was less than 0.6 nm. Furthermore, thicker films 
exhibited in-plane anisotropy. Although the thickness 
range over which the CFS/MgO bilayers exhibited PMA 
was approximately the same, magnetic hysteresis loops 
for the samples prepared at TS = 350°C changed 
gradually, whereas those for samples prepared at TS = 
300°C changed sharply. 

Fig. 3 Magnetization vs field curves for CFS/MgO 
bilayers formed at TS = 300°C. The thickness of the CFS 
layers was varied from 0.4 nm to 1.4 nm. 

Fig. 4 Magnetization vs field curves for CFS/MgO 
bilayers formed at TS = 350°C. The thickness of the CFS 
layers were varied from 0.4 nm to 1.4 nm. 



 
3.4 Quantitative evaluation for TS = 300°C and 
350°C samples 

We quantitatively analyzed the MAE in the samples 
from the M–H curves corresponding to the hard axis. The 
total of MAE, Ktot, is expressed as K0 - 2pMS2, where K0 
is the uniaxial MAE in a bilayer and 2pMS2 is the 
demagnetization energy in the CGS system of units. K0 
including interfacial PMA was further recorded as the 
following equation:16) 

𝑲𝟎	𝒕𝐂𝐅𝐒 = 𝑲𝐢 + 𝑲𝐛𝒕𝐂𝐅𝐒	・・・(1) 
where Ki is the interfacial MAE and Kb is the MAE of 
bulk CFS. Using this equation, we separately analyzed 
the contribution from the interface and that from the film 
itself. 

Figure 5 shows the product of K0 and tCFS as a function 
of tCFS. The top and bottom panels correspond to TS = 
300°C and 350°C, respectively. When TS = 300°C, K0tCFS 
increased between 0.7 nm and 0.8 nm. In the other tCFS 
range, K0tCFS proportionally increased with increasing 
tCFS, as expressed in Eq. 1. For the sample formed at TS 
= 350°C, K0tCFS well followed Eq. 1 and no jump was 
observed. Interestingly, the slope for the both series of 
samples was positive, indicating that the films in such an 
ultrathin range may exhibit uniaxial anisotropy in the 
out-of-plane direction. 

The fitting results are summarized in Fig. 6. For the 
samples formed at TS = 300°C, Ki did not change before 
and after the jump, whereas Kb increased more than 

fourfold by thinning tCFS. However, the Ki of the samples 
formed at 350°C was much larger and the Kb was the 
same as that corresponding to TS = 300°C with tCFS ³ 0.8 
nm. 

The aforementioned results indicate that the structure 
of the CFS layers with tCFS < 0.7 nm formed at TA = 300°C 
might differ from that of the thicker CFS layers and 
might not have the L21 structure. This structural change, 
which might be caused by epitaxial stress, may lead to 
disruption of the half-metallicity. Demonstrating the 
half-metallicity in this ultrathin region would require 
further optimization of the buffer or capping layer.25) In 
contrast, when the CFS layers were formed at TS = 350ºC, 
Kb did not change even in the ultrathin region; the Kb 
also matched that of the layers formed at TS = 300°C. 
These results demonstrate that the structure near the 
interfaces is identical to that far from the interface, 
which was the L21 structure. Another important finding 
is that the contribution of the magnetic anisotropy in the 
film itself was out-of-plane. This new anisotropy might 
be induced by elastic stress26) and warrants further 
investigation. 
 

Summary 
 

PMA in bilayers composed of ultrathin full-Heusler 
CFS alloy and MgO were systematically investigated. 
The CFS/MgO bilayers with RF-sputtered and reactively 
sputtered MgO layers were compared. Both techniques 
led to CFS/MgO bilayers with PMA, but oxygen exposure 
of the CFS surface was required to form the CFS/MgO 
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Fig. 6 Interfacial magnetic anisotropy Ki and film-
originated magnetic anisotropy Kb extracted from the 
fitting. Fig. 5 K0 tCFS as a function of tCFS. 



interface. 
In addition, we characterized the PMA while varying 

the TS for CFS sputtering. Robust PMA was observed at 
temperatures as high as TS = 300°C. PMA in the sample 
formed at TS = 350°C behaved differently when the 
thickness of the CFS layers was varied. Quantitative 
analysis of MAE density revealed that the interface and 
bulk contribution were dominant in the bilayers formed 
at 300°C and 350°C, respectively. Our findings should be 
useful in the further development of half-metallic 
ferromagnetic electrodes with PMA for next-generation 
spintronics devices. 
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