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Anisotropic magnetoresistance in Co2(Fe,Mn)Si Heusler epitaxial films:
A fingerprint of half-metallicity
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The anisotropic magnetoresistance (AMR) effect was systematically investigated in epitaxially grown
Co2FexMn1−xSi films against Fe composition x and the annealing temperature. A change of sign in the AMR
ratio from negative to positive was clearly detected when x increased from 0.6 to 0.8. This sign reversal can
reasonably be explained by the change in the dominant s-d scattering process from s↑ → d↑ to s↑ → d↓ caused
by the creation of large d-states at the Fermi level, suggesting the disappearance of half-metallicity at x = 0.8.
The variations in the remanent density of states in the half-metallic gap against annealing temperature are also
discussed from the viewpoint of the AMR ratio on the basis of the s-d scattering model.
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The anisotropic magnetoresistance (AMR) effect is one of
the most conventional magnetoresistance effects in ferromag-
nets, in which the electric resistivity changes with a relative
angle between the current and the magnetization directions.
The AMR ratio is generally defined by

�ρ

ρ
= ρ‖ − ρ⊥

ρ⊥
,

where ρ‖(ρ⊥) represents the resistivity when the electric
current flows parallel (perpendicular) to the magnetization.
The AMR effect basically originates from s-d scattering from
the conduction state (s-state) to localized d-states hybridized
by spin–orbit interactions. Theories on what initiated the AMR
effect were proposed by Campbell et al.1 and Malozemoff,2

in which resistivity due to s-d scattering from the s-state to
the up-spin d-states (d↑), down-spin d-states (d↓), or both
was taken into consideration. However, the difference in the
s-d resistivity ρs→d↑ or ρs→d↓ between the up-spin s-state
(s↑) and the down-spin s-state (s↓) was neglected in their
formalizations,3 even though such differences are essential to
explain the AMR effect in highly spin-polarized ferromagnetic
materials such as half-metallic materials. Kokado et al.4

recently systematically investigated the relationship between
the sign of the AMR ratio and the dominant s-d scattering
process using an extended theory that specified the spin state
of the s-state in s-d resistivity. As a result, they found that when
the dominant s-d scattering process is s↑ → d↓ or s↓ → d↑,
the sign of the AMR ratio tends to be positive (ρ‖ > ρ⊥), as
confirmed from body-centered cubic Fe, face-centered cubic
Co, and Ni.5 In contrast, when the dominant scattering is s↑ →
d↑ or s↓ → d↓, the sign tends to be negative (ρ‖ < ρ⊥), which
is in good agreement with the AMR effect in Fe4N.6,7

It is interesting to study the AMR effect in half-metallic
materials on the basis of the theoretical prediction for the AMR
effect by Kokado et al.4 Because the density of states (DOS)
in either up- or down-spin electrons at the Fermi level (EF ) is
absent in half-metal, the sign of the AMR ratio should always
be negative due to dominant s↑ → d↑ or s↓ → d↓ scattering.
Half-metallic materials have recently attracted a great deal

of interest in the spintronics field as an ideal spin-polarized
current source for various kinds of spintronics devices,
such as magnetic tunnel junctions (MTJs)8–11 and giant-
magnetoresistive devices;12–15 thus, if the sign of the AMR
ratio can be an indicator of half-metal or non-half-metal, it
should be a useful technique to distinguish between half-metal
and non-half-metal without any complicated microfabrication
processes to make spintronic nanodevices. Negative AMR
ratios have been reported in the epitaxial thin films of candidate
half-metallic oxides such as La0.7Sr0.3MnO3, La0.7Ca0.3MnO3,
and Fe3O4.16,17 However, there have been no systematic
investigations into the AMR effect in the films of half-metallic
Heusler compounds such as Co2MnSi (CMS), even though
they are promising because of their high Curie temperature
that is well beyond room temperature. The dependence of the
Gilbert damping constant and tunneling magnetoresistance
(TMR) on Fe composition has recently been systematically
investigated in Co2FexMn1−xSi (CFMS) epitaxial films and
those based on MTJs.18,19 Consequently, a clear transition
from a half-metallic to a non-half-metallic state has been
confirmed around x = 0.6–0.8. Therefore, it is interesting to
study the AMR effect in CFMS thin films with different Fe:Mn
composition ratios systematically to clarify the relationship
between half-metallicity and AMR ratio sign. The dependence
of the AMR effect on the annealing temperature was also
investigated in this Rapid Communication in CMS films to
quantitatively analyze the AMR ratio.

We directly deposited 50-nm-thick CFMS films on
(001)-oriented MgO substrates using an ultra-high-vacuum
compatible sputtering system (Pbase ≈ 3 × 10−8 Pa). The
compositions of the sputtering targets were adjusted
to Co43.7Mn28.0Si28.3 and Co43.7Fe28.0Si28.3 to obtain a
stoichiometric composition (i.e., Co:Mn (Fe):Si ≈ 2:1:1) in
deposited films. The Fe compositions x in CFMS were set
to 0.0, 0.2, 0.4, 0.6, 0.8, and 1.0 by cosputtering the CMS
and Co2FeSi (CFS) targets with a fixing sputtering rate of
0.03 nm/s. All CFMS films were annealed at 600 ◦C for 20 min
to study x dependence. CMS films were annealed at various
temperatures from 350 ◦C to 600 ◦C for 20 min to examine
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FIG. 1. (Color online) Dependence of XRD patterns on Fe
composition x for CFMS films annealed at 600 ◦C. The inset indicates
the dependence of the peak intensity ratio of (002) to (004) on x,
suggesting degrees of B2 ordering.

annealing temperature dependence. The structural properties
of the films were investigated with an x-ray diffractometer
(XRD). The magnetization measurements of the films were
carried out using a vibrating sample magnetometer. The AMR
effect in all films was measured using a direct current (dc)
four-terminal method by applying a dc current of 200 μA in
the 〈110〉 in-plane direction of the CFMS film and rotating
the direction of the external magnetic field on the film plane.
A magnetic field of 3 kOe, which is high enough to saturate
the magnetization of CFMS, was applied in all measurements.
The relative angle between the directions of the magnetic
field (i.e., magnetization) and the dc current is defined as φ.

The XRD patterns for the CFMS films with different x are
shown in Fig. 1. For all x, only (002) and (004) peaks from
the CFMS layer were confirmed, indicating (001)-oriented
growth. Epitaxial growth was also confirmed by measuring the
fourfold symmetry of (022) peaks in the φ-scan measurements.
The degree of long-range B2 ordering (SB2), which can
be roughly estimated from the intensity ratio of the (002)
superlattice to (004) fundamental peaks, is shown in the inset
of Fig. 1. A highly ordered B2 structure (SB2 > 0.75) can
be confirmed in all CFMS films with different x, which is
important because B2 ordering is known to be a necessary
condition to obtain half-metallic electronic structures.20

Figure 2 plots the dependence of the AMR ratio on φ for all
CFMS films measured at 10 K, where the AMR ratio was
calculated with [(R(θ ) − R⊥)R⊥] × 100(%). Clear twofold
symmetric curves can be observed for all x. Interestingly,
the sign of the AMR ratio suddenly changed from negative
to positive between x = 0.6 and x = 0.8. The sign of the
AMR ratio does not change with temperature from 10 to
300 K in all CFMS films. Because no remarkable changes
were observed in the structural analysis and magnetization
measurements between x = 0.6 and x = 0.8, it is reasonable
to consider the change in sign of the AMR ratio as originated
from variations in the intrinsic electronic structure of CFMS.
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FIG. 2. (Color online) Dependence of the AMR ratio on the in-
plane relative angle φ in Co2Fe1−xMnxSi epitaxial films measured at
10 K.

Figure 3 plots the calculated spin-resolved DOS for
CFMS with different x. The tight-binding linear muffin-tin
orbital method within the framework of local spin density
functional theory was used in the band calculations.21,22 The
partial disorder between Fe and Mn was treated by coherent
potential approximation using Green’s function technique. We
found that CMS has a perfect half-metallic electronic structure
from this calculation with an energy gap in the down-spin
channel. In contrast, CFS has large d-states at EF . The inset
shows the dependence of the summation of d-states in CFMS
on x at EF . The number of d-states gradually increases with
increasing x in the down-spin channel, in contrast to almost

FIG. 3. (Color online) Spin-resolved DOS for CFMS (x = 0.0,
0.2, 0.4, 0.6, 0.8, and 1.0) in the B2 structure calculated from first
principles. The inset indicates the dependence of the summation of
partial d-states on Fe composition x in CFMS at EF .
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no change in the up-spin channel. A similar DOS was also
predicted in CFMS by Galanakis et al.23 Thus, from the s-d
scattering model proposed by Kokado et al.4 a change in
sign of the AMR ratio from negative to positive is expected
when a certain number of Fe atoms replaces Mn atoms,
because dominant s-d scattering changes from s↑ → d↑ to
s↑ → d↓. Therefore, it was concluded that the most likely
reason for the observed sign reversal in the AMR ratio with
x = 0.6–0.8 was the increase in d-states in the down-spin
channel in the CFMS films. Previous experiments on the TMR
effect and damping parameter using CFMS films also clearly
demonstrated that CFMS has large d-states in the down-
spin channel when x becomes 0.8;8,18,19 i.e., the TMR ratio
drastically decreased and the damping constant increased at x

= 0.8, which agrees well with the preceding discussion based
on the present results. Therefore, our observations of the AMR
effect suggest that the sign of the AMR ratio can indicate high
spin polarization originating from half-metallicity.24 Previous
theoretical studies on the DOS in CFS found the half-metallic
electronic structure by using the local density approximation
with Coulomb correlations.25 However, the DOS, without
considering the electron correlation shown in Fig. 3, agrees
well with the AMR and TMR, at least in present and recent
studies.18,19

The XRD patterns of CMS films with different annealing
temperatures are plotted in Fig. 4. When the film was annealed
at 350 ◦C, no CMS peaks except for the peaks from an MgO
substrate were observed. After the annealing temperature was
increased over 400 ◦C, (002) and (004) CMS peaks appeared.
The epitaxial growth in all films was also confirmed by
observing a fourfold symmetric (022) peak in the φ-scan
measurements. The intensity ratio of the (002) superlattice
to the (004) fundamental peak was almost constant above

FIG. 4. (Color online) Dependence of XRD patterns on annealing
temperature for CMS epitaxial films. The inset indicates the depen-
dence of the peak intensity ratio of (002)–(004) and (111)–(022) on
the annealing temperature, suggesting respective degrees of B2 and
L21 ordering.

FIG. 5. (Color online) (a) Dependence of the AMR ratio on the in-
plane relative angle φ in CMS epitaxial films with different annealing
temperatures measured at 10 K. (b) Dependence of the AMR ratio on
the annealing temperature in CMS epitaxial films and xD/(xD)400.

400 ◦C, as can be seen in the inset of Fig. 4. The long-range
order parameters of the B2 structure were estimated to be
almost 0.9 for annealing temperatures above 400 ◦C, indicating
nearly perfect B2 ordering. In contrast, the intensity ratio of the
(111) superlattice peak to the (022) fundamental peak clearly
increased with increasing annealing temperatures from 500 ◦C,
indicating the promotion of L21 ordering with annealing
beyond 500 ◦C. The long-range order parameter of the L21

structure estimated from the extended Webster model26 was
∼0.68 at 600 ◦C.

Figure 5 plots the dependence of the AMR ratio on the
relative angle φ measured for CMS films with different
annealing temperatures. All highly B2-ordered CMS films
indicate clear twofold symmetric curves with minima at φ =
0◦ and 180◦, indicating negative AMR ratios. The observed
AMR ratio of about − 0.2% to − 0.4% was almost the same as
the value reported in other half-metallic materials.16,27 Picozzi
et al. predicted that the disordering between Mn and Si, i.e.,
B2-type disordering, does not affect half-metallic electronic
structures.20 Moreover, in a previous study on MTJs with a
CMS electrode and an Al-O barrier,28 high spin polarization
over 0.9 was clearly confirmed in a highly B2-ordered CMS
electrode with no L21 ordering. Therefore, negative AMR
ratios from 400 ◦C to 600 ◦C are consistent with the prediction
based on Kokado’s model.4 When we focus on the quantitative
change in the AMR ratio against annealing temperature, we
can clearly see that the magnitude of the AMR ratio gradually
increased with increasing annealing temperature, as shown in
Fig. 5(b). The most probable explanation for this increase
is the change in DOS at EF due to the enhancement of
L21 chemical ordering, because the degree of L21 ordering
seems to be the only parameter that changed remarkably with
annealing. To find the change in DOS, we investigated the
dependence of xD ( = D↓/D↑) on annealing temperature using
Kokado’s model,4 where D↑ and D↓ were the majority-spin
DOS and minority-spin DOS, respectively, at EF . This xD

can be evaluated by substituting the measured AMR ratio
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into an expression of the AMR ratio.29 Figure 5(b) plots
the dependence of xD/(xD)400 on annealing temperature,
where (xD)400 represents xD at an annealing temperature
of 400 ◦C. The calculated xD/(xD)400 decreases by almost
half with increasing annealing temperatures from 400 ◦C to
600 ◦C. Thus, this indicates that although a nearly half-metallic
electronic structure was formed in the CMS film annealed
at 400 ◦C, a small amount of minority-spin DOS remained
in the half-metallic gap at 400 ◦C and gradually decreased
by almost half with increasing annealing temperatures up to
600 ◦C, which is most likely due to the enhancement of L21

ordering.
In conclusion, we clearly observed a change in the sign of

the AMR ratio from negative to positive in CFMS epitaxial
films in this study when x increased from 0.6 to 0.8. This
sign reversal can be well explained by the dominant s-d
scattering process changing from s↑ → d↑ to s↑ → d↓,
suggesting the disappearance of half-metallicity caused by

the creation of large d↓ states at EF when x = 0.8.
The magnitude of the AMR ratio gradually increased with
increasing annealing temperature for CMS. Our analysis,
based on the theoretical model, implies that a certain amount
of remanent DOS in the half-metallic gap gradually decreased
by almost half when the annealing temperature was increased
from 400 ◦C to 600 ◦C. The AMR effect can be an indicator
of half-metallicity or non-half-metallicity, which can easily be
examined without having to make any microfabricated device
structures.
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