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In order to characterize the interface/surface properties of polycrystalline Co2MnSi Heusler alloy

films, grain-size evolution with increasing annealing time has been investigated. Here, samples with

nanometer-scale grains have been prepared by our specially-designed sputtering system in order to

maximize the interface/surface area. Our well-controlled grains clearly show Si phase segregation.

This Si phase becomes conductive near room temperature and may be responsible for the significant

decrease in tunneling magnetoresistance previously reported by �Wang et al., Appl. Phys. Lett. 93,

122506 �2008��. © 2009 American Institute of Physics. �doi:10.1063/1.3276073�

In order to realize 100% spin polarization induced by

spontaneous magnetization at room temperature �RT�,

half-metallic ferromagnets �HMF� have been widely

investigated.
1

The HMF possesses a bandgap � at the Fermi

level EF only for its minority spins, achieving 100% spin

polarization at EF. However, to date there has been no ex-

perimental report on the half-metallicity at RT which is cru-

cial for future spin-source applications. Among theoretically

proposed HMFs, Heusler alloys hold the greatest potential

due to their following properties; high Curie temperature

�usually above RT�, lattice constant matching with major

substrates �such as III-V semiconductors and MgO� and large

� at EF in general. Recently, a magnetic tunnel junction

�MTJ� with an epitaxial L21-phase Co2MnSi film has been

reported to show very large tunneling magnetoresistance

�TMR� ratios of 70% at RT and 159% at 2 K �Ref. 2�. These

are the largest TMR ratio obtained in a MTJ with a Heusler

alloy film and AlOx barrier. In addition, a MTJ using epitax-

ial Co2Fe�Al,Si� films with an epitaxial MgO barrier has

been found to double the TMR ratio, with values as high as

150% at RT and 312% at 7 K being reported.
3

Even so, such

rapid decrease in the TMR ratio with increasing temperature

does not follow the simple temperature dependence of the

saturation magnetization �empirically known to follow the

Bloch formula T3/2 �Ref. 4��. This suggests that a small frac-

tion of atomically disordered phases cannot be ignored in the

spin-polarized electron transport at a finite temperature. The

elimination of such disordered phases, especially near the

barrier interface, should improve the TMR ratios further and

should realize half-metallicity at RT. In this study we fabri-

cated polycrystalline Co2MnSi films with controlled grain

sizes by sputtering in order to investigate the dependence of

both the magnetic and structural properties on the annealing

time. In particular, the surface/interface phase segregation

has been studied.

Polycrystalline films were prepared using a HiTUS

sputtering system to deposit with full control of the grain

size.
5

MgO�001� substrates were cleaned with acetone and

annealed at 573 K for 20 min at a base pressure of

3�10−5 Pa. The plasma was generated by an rf field at

3�10−1 Pa Ar pressure and steered onto the target with a dc

bias �VT� ranging from �250 to �990 V, which controlled

the deposition rate. This resulted in the change of the average

grain size of as-deposited films. The smaller grains are ex-

pected to exhibit significant properties due to grain-boundary

effects, while the larger ones exhibit properties closer to

those of the bulk material. The Co2MnSi films were grown at

573 K, and the film thickness maintained at 23 nm with a

2 nm thick Ru capping layer. The chemical compositions of

the samples were estimated from energy dispersive x-ray

spectroscopy �EDX�. These films were systematically an-

nealed at 760 K for 3 to 9 h. This is the maximum tempera-

ture we could achieve for annealing and is near the annealing

temperature used in the earlier studies.
2

After each annealing,

magnetization curves were measured by using a PMC alter-

nating gradient force magnetometer �AGFM� at RT. Grain

size analysis was also carried out by transmission electron

microscopy �TEM�, and the crystal structures were charac-

terized by grazing incidence X-ray diffraction �XRD�.
The chemical composition of the Co2MnSi Heusler alloy

films were measured by EDX and the data is listed in Table

I. The Co concentrations are found to decrease with increas-

ing target bias voltage VT, while the Mn concentrations in-

crease to give an almost stoichiometric composition for VT

=−750 and �990 V. It should be noted that the Si concen-

tration stays almost the same with the variation of VT and are

intentionally maintained to be slightly lower than the stoichi-

ometric value by 5�8%. After 9 h annealing, a few large

segregated particles were observed of sub-micron size by

scanning electron microscopy �SEM�. By focusing the EDX

analysis onto these particles, Si-rich phases were found even

a�
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TABLE I. Chemical compositions of the films measured by EDX. Those for

segregated particles are shown in parenthesis.

Bias voltage

�V�

Co

�at. %�

Mn

�at. %�

Si

�at. %�

�250 67.48�21.03� 12.78�18.87� 19.74�60.10�

�500 60.19�51.36� 21.87�27.77� 17.94�20.87�

�750 51.39�28.27� 31.27�22.02� 17.35�49.71�

�990 49.39�34.96� 33.83�28.07� 16.79�36.97�
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in these Si-poor matrices. The values are shown in parenthe-

sis in Table I.

Observable nanoparticles are initially formed only for

two as-deposited films grown at higher values of VT as

shown in Fig. 1. The average grain sizes of these films were

measured to be 1.01 and 1.99 nm for VT=−750 and �990 V,

respectively �see Fig. 2�. For each analysis over 300 grains

were measured in order to obtain a reliable average

grain-size.
5

After 3 h annealing at 760 K, crystalline forma-

tion takes place for all the samples forming grains with

sizes ranging from 2.59 nm �VT=−250 V� to 6.97 nm �VT

=−500 V�. After 6 h annealing the average grain size in-

creases further and reach a maximum, ranging between 18.26

and 31.11 nm for VT=−750 V and �250 V, respectively.

This increase agrees with the well-established grain evolu-

tion for the HiTUS system that the grain size becomes larger

with increasing bias.
5

However, additional annealing for 9 h

in total, decreases the grain sizes, which suggests some

changes in the Co2MnSi grains, such as minor phase segre-

gation. For the smaller initial grains, the decrease of the

grain sizes is more prominent.

XRD results shown in Fig. 3 further support both the

formation of Co2MnSi and minor phase segregation. A

Co2MnSi�220� peak is observed at 2�=45.70° for the film

grown at VT=−990 V and annealed for 9 h, clearly showing

the Co2MnSi matrix formation. The lattice constant of the

Co2MnSi film is estimated to be 0.5619 nm, which is within

a 1% mismatch of the reported bulk value 0.56540 nm.
6

A

small Co2MnSi�220� peak is also visible for VT=−750 V,

however, the peak almost disappears with decreasing magni-

tude of VT. Our XRD sensitivity, however, does not allow us

to characterize the remaining films as well as to evaluate the

ordering of the Co2MnSi matrix. This is partially because the

grain size is very small as discussed above, which broadens

the diffraction peaks in accordance with the Scherrer equa-

tion. In our samples, amorphous phases may be present even

after annealing as the initial average grain size is below

2 nm. Also some of the smaller particles can be indicative of

the presence of an amorphous phase. Such amorphous phases

cannot be clearly confirmed by XRD. A Si�211� peak appears

for VT=−500 V at 2�=33.27°, supporting the Si phase seg-

regation observed by the EDX analysis. Although the EDX

results in Table I do not show significant Si segregation for

the film grown at VT=−500 V, the XRD clearly shows Si

segregation. Minor Si segregation is also observed for the

larger value of VT, indicating that all the films studied suffer

from Si phase segregation. For the lowest VT, a Co�111� peak

becomes prominent at 2�=44.38° due to the excessive Co

concentration as supported by the EDX data in Table I.

Figure 4�a� shows the magnetization curves of the

Co2MnSi films at RT as a function of the annealing period.

All the films exhibit almost no magnetic moment at RT be-

fore annealing, which agrees with the small initial grain sizes

��2 nm�. The values of the saturation magnetization satu-

rate after around 2 h annealing for the films grown at

VT=−250 and �750 V, which agrees with the above opti-

mized annealing condition. For the two remaining films the

saturation magnetization increases monotonically. The value

of the saturation magnetization is almost saturated after 5 h

annealing. For these samples, the measured magnetic mo-

ment per formula unit is less than 65% of the calculated

FIG. 1. �Color online� Evolution of average grain sizes of Co2MnSi films

grown at VT=−250 �black triangles�, �500 �green triangles�, �750 �blue

squares�, and �990 V �red circles� with respect to the annealing period.

Dotted lines are guides to the eye.

FIG. 2. �Color online� TEM images of polycrystalline Co2MnSi films grown

at �a� VT=−750 and �b� �990 V. The grain-size evolution is shown with

increasing annealing period from 0 to 9 h.

FIG. 3. �Color online� XRD patterns for the 5 h annealed Co2MnSi films

grown at VT=−250 �black line�, �500 �green line�, �750 �blue line�, and

�990 V �red line�. Co2MnSi peaks are indicated with circles and Si peaks

are shown with squares.
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value from a generalized Slater–Pauling curve �5 �B / f.u.�.
6

For the Co2MnSi film with an average grain size of 18 nm,

corresponding to the sample grown at V=−750 V, the vol-

ume of the bulk Co2MnSi matrices is calculated to be 54% of

the total volume. This corresponds to a three-monolayer-

thick disordered surface or interface region as previously re-

ported for epitaxial films.
7

This is also consistent with data

from X-ray magnetic circular dichroism studies in similar

Co-based Heulser alloy films.
6,8

In addition, for our sputter-

ing system, the packing density of similar films has been

measured to be approximately 90%.
9

Therefore about 49% of

the saturation magnetization is expected as compared with

that of an epitaxial Co2MnSi film. Because our Heusler alloy

films are not fully L21 ordered, an additional decrease in the

saturation magnetization is also expected. This means that

the samples with small grain sizes are dominated by surface/

interface properties as compared with epitaxial films. It

should be noted that the purpose of this study is not to maxi-

mize the saturation magnetization with the perfect L21 struc-

ture but to maximize the area of the interface/surface of

Co2MnSi polycrystalline grains. Additionally, the coercivity

HC, determined from the magnetization curves measured at

RT �Fig. 4�b��. decreases with increasing target bias and

hence increasing grain size. The film grown at VT=−990 V

shows a coercivity of 16 Oe, which is comparable with that

for a highly ordered Co2MnSi film.
10

This provides further

evidence that the bulk regions of the Co2MnSi grains are

highly ordered.

These results suggest that two types of behavior exist in

the films. The films with smaller grains have their magnetic

behavior dominated by the grain boundaries, while those

with larger grains exhibit bulk properties. In particular the

structural characterization by XRD shows significant Si

phase segregation, which may be responsible for the de-

crease in the grain sizes after about 5 h annealing as ob-

served from the TEM analysis. Since Si phase segregation

was observed at the surface of all the Co2MnSi films with

Si-poor concentrations, this may also occur in epitaxial Heu-

sler films with much larger grains. Here Si segregated nano-

particles at the Heusler/tunnel barrier interfaces become al-

most insulating at low temperature where very large TMR

ratios are observed. Si normally behaves as a conductor at

RT, and therefore opens additional transport paths for a spin-

independent tunneling current across Heusler alloy/barrier

interfaces. This results in a significant decrease in TMR ra-

tios as observed for most epitaxial tunnel junctions with

Co2MnSi �Ref. 2� and Co2Fe�Si,Al� �Ref. 3� Heusler alloy

films. Si segregation can be avoided by intentionally reduc-

ing the Si concentrations in a few monolayers near the inter-

faces and surfaces in such Heusler alloy films. As theoreti-

cally predicted, the B2 disordered structure does not disrupt

the half-metallicity in some cases.
11

Such an interfacial treat-

ment may maintain the half-metallicity at RT resulting in

significant TMR ratios at RT.

In summary, chemical composition analysis has shown

that Si phase segregation occurs at the surface of Co2MnSi

sputtered films with nanometer-scale grains after annealing

and occurs for all grain sizes. Based on our detailed analysis

of the grain-sizes, the annealing condition is optimum at

760 K for 6 h. Even under this condition, segregated nano-

particles with Si concentrations up to 60% are observed by

EDX. Such minor phase segregation is difficult to detect by

macroscopic measurements such as magnetic studies and

XRD as bulk effects dominate these measurements espe-

cially for the case of epitaxial films. Our findings provide a

way to improve interface properties of Heusler alloy films to

achieve the half-metallicity at RT.

The authors would like to thank Professor K. O’Grady of

the University of York for the use of his facilities, fruitful

discussions and proof-reading the manuscript.
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