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Superlattice films with full-Heusler Co2MnSi (CMS) alloy and Pd layers prepared on Pd-buffered

MgO(001), (110), and (111) substrates were investigated. Crystal orientation and epitaxial relation-

ship of Pd and CMS layers were analyzed from x-ray diffraction, pole figure measurements, and

transmission electron microscope observation. Formation of the L21-ordered structure in the CMS

layers was confirmed by observation of CMS(111) diffraction. Perpendicular magnetic anisotropy

(PMA) was obtained in the [CMS (0.6 nm)/Pd (2 nm)]6 superlattice film formed using MgO(111)

substrates although other superlattice films prepared using MgO(001) and (110) substrates showed

in-plane and isotropic magnetic anisotropy, respectively. The perpendicular magnetic anisotropy

energy constant K for the superlattice films prepared using MgO(111) substrate was estimated to be

2.3 Mergs/cm3, and an interfacial anisotropy constant Ki per one CMS-Pd interface in the superlat-

tice films was estimated to be 0.16 ergs/cm2. Ki in superlattice films with various crystal orienta-

tions showed positive values, indicating that Pd/CMS interfaces had an ability to induce PMA

regardless of their crystal orientation. VC 2015 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4907892]

Highly spin-polarized ferromagnetic materials with per-

pendicular magnetic anisotropy (PMA) are very attractive

for future spintronics device applications, such as perpendic-

ular magnetic tunnel junctions (p-MTJs)1–3 and magnetic

domain-motion memory devices,4–6 since they can realize

extremely high tunnel magnetoresistance (TMR), low spin

transfer torque currents for magnetization switching and for

magnetic domain wall motion. One of the highest spin polar-

ized materials are half-metallic ferromagnets (HMFs)7 with

the perfect spin polarization of 100%. Most of Co-based full-

Heusler alloys such as Co2MnSi (CMS),8 Co2FeSi,9 and

Co2FeSi1�xAlx
10 are theoretically predicted as HMFs with

high Curie temperatures. In particular, half-metallicity of

CMS was experimentally confirmed by extremely high TMR

ratios up to 1995% at 4.2 K and 354% at 290 K observed in

in-plane MTJs.11 On the other hand, these half-metallic full-

Heusler alloys do not have intrinsic PMA, since they have a

highly symmetric cubical crystal structure. Addition of PMA

to several ferromagnetic materials without intrinsic PMA was

attained by MgO-induced interfacial anisotropy in Fe-based

ferromagnetic films, e.g., Fe,12 CoFeB,3 and Co2FeSi.13 Since

the key factor in this technique is considered to be the hybrid-

ization of orbital of the Fe-O bonding,12,14 this technique can-

not be applied to CMS. Another way to add PMA is to form

superlattice films that are a multi-stacking structure with alter-

nating layers of different materials. For instance, superlattice

films composed of Co and Pt or Pd layers formed on

MgO(111) substrates are well known to show PMA,15 which

were used as the pined layers in p-MTJ. Additionally,

non-half-metallic full-Heusler Co2FeAl alloys have been

reported to show PMA by forming superlattice films with Pt

on MgO(001) substrates.16 In this paper, we fabricated full-

Heusler CMS alloy films and superlattice films composed of

CMS and Pd (hereafter, this structure is referred to as [CMS/

Pd]n) using MgO substrates with various crystal orientations

of (001), (110), and (111). We demonstrated that superlattice

films formed using MgO(111) substrates showed PMA. A

relationship between crystal orientation and magnetic property

of the [CMS/Pd]n superlattice films was investigated.

All the specimen films were prepared using our devel-

oped DC Facing Targets Sputtering system17 with a base

pressure below 9.0� 10�5 Pa. The substrate temperature

during sputtering was 300 �C. Kr gas was used for the sput-

tering. Gas pressures for CMS, Pd, and Ta sputtering were

0.52, 0.13, and 0.13 Pa, respectively. Deposition rates of

these layers were 0.060, 0.027, and 0.077 nm/s, respec-

tively. Crystal structures of the samples were evaluated by

out-of-plane x-ray diffraction (XRD) measurements with a

Cu-Ka source and transmission electron microscope (TEM)

observation. Magnetic properties were evaluated by vibrat-

ing sample magnetometer (VSM) measurement, in which

the contribution from the MgO substrate was subtracted.

PMA energy constant K was estimated from the difference

of magnetization energy between in-plane and out-of-plane

M-H curves.

First, crystallographic features of Pd/CMS bilayers sput-

tered on MgO substrates with various crystal orientations

were evaluated by XRD. The sample structures were MgO-

substrates/Pd (20)/CMS (60)/Ta-capping layers (the numbers

in parentheses are the film thickness in nanometer), where

crystal orientations of the MgO substrates were (001), (110),

and (111). Figure 1 shows XRD diagrams of the Pd/CMSa)Electronic mail: nakagawa@pe.titech.ac.jp
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bilayer samples. When an MgO(001) substrate was used, both

Pd and CMS layers showed (001) orientation. When an

MgO(110) substrate was used, only Pd(220) and CMS(422)

peaks appeared, indicating that the orientations of Pd and

CMS layers were (110) and (211), respectively. Note that a

peak observed around 2h¼ 32� (that is, near the position of

CMS(200) diffraction peak) was a spurious signal from the

MgO(110) substrate. When an MgO(111) substrate was used,

the Pd and CMS layers showed (111) and (220) orientations,

respectively.

In-plane epitaxial relationship among the MgO substrate,

Pd, and CMS layers of the samples was analyzed by x-ray

pole figure scans. Figures 2(a)–2(c), 2(d)–2(f), and 2(g)–2(i)

show pole figures for the Pd/CMS bilayer films prepared using

MgO(001), (110), and (111) substrates, respectively, in which

top, middle, and bottom panels show pole figures for MgO,

Pd, and CMS diffraction, respectively. For the Pd/CMS films

formed on the MgO(001) substrate, all the peaks showed four-

fold symmetry with respect to the in-plane rotation angle, u.

Diffraction peaks from Pd were observed at same angles of dif-

fraction of MgO substrates, and those from CMS were shifted

by 45� with respect to each of MgO and Pd diffraction peaks.

This crystallographic relationship can be expressed as

MgO(001) [100] jj Pd(001) [100] jj CMS(001) [110]. This rela-

tionship can be explained that the lattice constant of CMS is

almost same as square root of 2 times that of Pd. For a case of

the MgO(110) substrate, Pd(200) peaks showed twofold symme-

try at tilt angle w¼ 45.0� as well as MgO(200), indicating that

the single crystalline Pd layer was grown. On the other hand,

CMS(400) diffraction peaks showed two components as shown

in Fig. 2(f). This indicated that the CMS layer had a twinned

crystal structure rotated by 180� each other. For the sample on

the MgO(111) substrate, the Pd and CMS layers showed two

and three orientation components in the plane, respectively.

The L21-ordered structure of full-Heusler CMS alloys is

very important to obtain their half-metallic nature, since the

half-metallicity cannot be obtained for the other disorder

structures, such as A2 and B2.18 Ordered crystal structures of

full-Heusler alloys can be distinguished by superlattice dif-

fraction, i.e., when the L21 structure was formed, (111) and

(200) superlattice diffraction peaks appear.19,20 CMS(111)

diffraction peaks for all the CMS films were measured with

appropriate tilt and in-plane angles since the CMS thin films

were oriented. Figure 3 shows CMS(111) diffraction patterns

for all the samples. Detailed goniometer angles for each sam-

ple were also shown in Fig. 3. From this analysis, formation

of the L21 structure was confirmed for all the CMS layers

formed using MgO(001), (110), and (111) substrates.

Magnetic properties of the Pd/CMS bilayer samples

were evaluated. All the samples showed in-plane magnetic

anisotropy. The saturation magnetization Ms of the Pd/CMS

bilayers formed on MgO(001), (110), and (111) substrates

was 706, 695, and 744 emu/cm3, respectively. These values

were slightly smaller than a bulk value.21 This decrement

may be caused by degradation of crystallinity.

[CMS/Pd]n superlattice films were fabricated using the

same sputtering condition as the above-described Pd/CMS

bilayers. The sample structures were MgO-substrates/Pd(20)/

[CMS(tCMS)/Pd(2)]6/Ta-capping layers, where the crystal

FIG. 1. XRD diagrams of Pd/CMS bilayers formed on MgO(001), (110),

and (111) substrates.

FIG. 2. X-ray pole figures of MgO, Pd and CMS for the Pd/CMS bilayer

samples prepared using MgO(001), (110), and (111) substrates.

FIG. 3. CMS (111) diffraction peaks for CMS films prepared on Pd-buffered

MgO(001), (110), and (111) substrates.
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orientations of the MgO substrates were (001), (110), and

(111). The schematic superlattice film structure was shown in

Fig. 4(a). The number of the CMS/Pd bilayers in superlattice

films was fix to 6. In XRD diagrams, the satellite peaks were

confirmed for all the superlattice films, which suggest that the

periodic layered structures were formed. Crystallization in the

superlattice region was confirmed by cross section transmis-

sion electron microscope observation (Fig. 4(b)), although

continuous layer growth of CMS was not clarified from this

TEM image.

Figures 5(a)–5(c) show magnetization characteristics of

the [CMS/Pd]6 superlattice films with tCMS¼ 0.6 nm formed

using MgO(001), (110), and (111) substrates, respectively.

Red and blue curves in Fig. 5 show M-H loops for in-plane

and out-of-plane magnetic fields, respectively. The longitudi-

nal axes were magnetization divided by Ms of each loop. The

[CMS/Pd]6 superlattice films fabricated using the MgO(001)

and (110) substrates showed in-plane and isotropic magnetic

anisotropy, respectively. On the other hand, M-H loops for

the superlattice film fabricated using the MgO(111) substrate

clearly showed PMA with a good squareness ratio as shown

in Fig. 5(c). Ms for the superlattice films formed using the

MgO(111) substrate was 971 emu/cm3. The increment of Ms

of the superlattice film was due to the influence of polariza-

tion at CMS/Pd interfaces. The coercivity of the superlattice

film was 259 Oe. The PMA energy constant K of the super-

lattice film was estimated to be 2.3 Mergs/cm3. This K value

was consistent with that of a [Co2FeAl/Pt]n superlattice

film.16

Magnetic anisotropy at the interfaces in superlattice

films was investigated by changing the CMS layer thickness

tCMS. Figure 6 shows the product of K and tCMS as a function

of tCMS. K�tCMS linearly decreased with increasing tCMS.

Negative K�tCMS values mean in-plane magnetic anisotropy.

The intercept of the vertical axis corresponds to the CMS-Pd

interfacial magnetic anisotropy, which was positive for

superlattice films formed using MgO with all the crystal

orientations. This indicated that magnetic anisotropy of the

CMS/Pd interface was perpendicular regardless its crystal

orientation. An interfacial anisotropy Ki per one CMS-Pd

interface was quantitatively estimated by fitting using a rela-

tion of K�tCMS¼KV�tCMSþ 2Ki, where KV is a magnetic ani-

sotropy energy of CMS. Ki for superlattice films formed

using MgO(001), (110), and (111) substrates was 0.12, 0.08,

and 0.16 ergs/cm2, respectively. The largest Ki was observed

for the superlattice films formed on MgO(111) substrate. KV

for superlattice films formed using MgO(001), (110), and

(111) substrates was �4.3, �1.6, and �3.1 Mergs/cm3,

respectively. The largest KV was observed for the superlat-

tice films formed using MgO(110) substrate. This difference

was considered to be crystal magnetic anisotropy.

In summary, superlattice films with full-Heusler CMS

alloy and Pd layers prepared on Pd-buffered MgO(001),

(110), and (111) substrates were investigated. Crystal orien-

tation and epitaxial relationship of Pd and CMS layers were

analyzed using x-ray diffraction, pole figure measurements,

and transmission electron microscope observation.

Formation of the L21-ordered structure in the CMS layers

was confirmed by observation of CMS(111) diffraction.

PMA was obtained in the [CMS (0.6 nm)/Pd (2 nm)]6 super-

lattice film formed using MgO(111) substrates although

other superlattice films formed using MgO(001) and (110)

substrates showed in-plane and isotropic magnetic anisot-

ropy, respectively. The PMA energy constant K for the

superlattice films formed using the MgO(111) substrate was

estimated to be 2.3 Mergs/cm3, and an interfacial anisotropy

constant Ki per one CMS-Pd interface in the superlattice was

estimated to be 0.16 ergs/cm2. Ki in superlattice films with

various crystal orientations showed positive values, indicat-

ing that Pd/CMS interfaces had an ability to induce PMA

regardless of their crystal orientation.

FIG. 4. (a) Schematic structure of [CMS/Pd]6 superlattice films using

MgO(001), (110), and (111) substrates. (b) Cross section TEM image for

superlattice films formed using MgO(111) substrate.

FIG. 5. Magnetic properties of

[CMS(0.6 nm)/Pd(2 nm)]6 superlattice

films formed on Pd-buffered MgO(001),

(110), and (111) substrates.

FIG. 6. The product of magnetic anisotropy constant K and CMS layer

thickness tCMS as a function of tCMS.
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