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FeSi is a non-magnetic narrow-gap semiconductor that
can be doped n-type by Co, which also gives rise to mag-
netic order. Here we report on the growth of sputtered
thin films of Fe0.8Co0.2Si, which are predominantly ε-
phase (B20 lattice structure), and possess that phase’s
characteristic magnetotransport properties.

The ordinary Hall coefficient shows that each Co atom
donates roughly one electron, whilst the magnetometry
suggests that each gives rise to close to one Bohr magne-
ton of moment. These results indicate that a highly spin-
polarised electron gas persists despite the inevitable dis-
order in these thin films, suitable for spintronic devices.
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1 Introduction Fe1−xCoxSi is a remarkable com-
pound which has attracted much attention due to its un-
usual magnetic and electrical properties. At room tempera-
ture, the parent FeSi compound takes its most stable crystal
structure, the cubic B20 or ε-phase [1]. This non-magnetic
phase has a low carrier density and is a strongly-correlated
narrow-gap insulator at low temperatures [2]. Conventional
band theory does not adequately explain the remarkable
thermodynamic behaviour of FeSi [3, 4]; it has been sug-
gested it can be described by spin fluctuations or as a
d-electron Kondo insulator [5]. However, recent findings
using photoemission spectroscopy argue it is most appro-
priately described as an itinerant semiconductor [6, 7].

Manyala et al. have shown that the conductivity of
FeSi increases on Co doping [8]; they report that sub-
stituting Co for Fe gives rise to electron-doping and that
each Co atom contributes one Bohr magneton (μB) to the
spontaneous magnetisation in a high-quality bulk crystal
[9]. Local-density approximation calculations for the band
structure have been computed by Guevara et al. [10], and
have shown that the ε-phase of the doped material has a
half-metallic ground state. The prospect of a highly-spin
polarised material based on Si is very attractive for spin-
tronics applications [11]. Nevertheless, to realise its tech-
nological potential, thin films are needed.

In the past, thin film growth of FeSi has been car-
ried out using molecular beam epitaxy (MBE) techniques

[12] or pulsed laser ablation [13]. Thin film growth of the
Co-doped material has been documented for variable dop-
ing ranges, using pulsed laser deposition (PLD) techniques
[14]. These methods produce highly ordered films, in con-
trast to the polycrystalline material that typically arises
from sputtering. Despite this, the thin films grown here, al-
though possessing some disorder, still exhibit the unusual
properties that have only previously been studied in high
quality, single crystal bulk samples [8, 9, 15].

2 Methods Samples were sputtered from a stoichio-
metric Fe0.8Co0.2Si target onto MgO (001) substrates in a
chamber with a base pressure of ∼ 2× 10−8 Torr. The rate
of deposition was ∼ 0.3 Ås−1, as determined by x-ray re-
flectometry. The samples were annealed post-growth in a
two step process; firstly, a 15 ◦C/min ramp to a 30 minute
hold at 250 ◦C to outgas the vacuum furnace, followed by
a similar ramp to 600 ◦C for a 120 minute hold.

Vibrating sample magnetometry (VSM) was used to
obtain the magnetic data with the field applied in the plane
of a 43± 1 nm thick sheet film. Standard four-probe longi-
tudinal and Hall resistivity measurements were made on
a Hall bar geometry sample (47 ± 1 nm thick) defined
by depositing through a shadow mask. The measurements
were carried out in a gas-flow cryostat with the field ap-
plied normal to the sample plane. An ∼ 80 nm thick
cross-section for high-resolution transmission electron mi-
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croscopy (HRTEM) and energy dispersive x-ray analysis
(EDX) was prepared using a focussed ion beam (FIB) on
this sample subsequent to measurement.

3 Results and discussion
3.1 Structural characterisation A TEM image of

part of this FIB cross-section is shown in Fig. 1(a). An
amorphous layer of silica (composition confirmed by
EDX), 3–4 nm thick, can be seen as a bright stripe at
the top and bottom of the film, probably formed during
annealing. The FeCoSi film is not laterally homogeneous:
some parts (10–15% of the film) appear darker than the
rest. HRTEM images of the regions between these dark
parts show lattice fringes that extend throughout the film
height, displayed in Fig. 1(b) and its inset. This is consis-
tent with a Scherrer analysis of the narrow B20-structure
Bragg peaks seen in X-ray diffraction patterns of a sheet
film (not shown), which indicates crystallographic coher-
ence over lengthscales comparable with the film thickness.
The lattice constant measured from an FFT in these areas,
calibrated against that of the MgO substrate, is 4.45± 0.04
Å, in keeping with expectation for the Co-doped material.
Selected area K-edge EDX here with a ∼ 5 nm probe
yields a stoichiometry of Fe0.80Co0.20Si1.17, slightly Si-
rich but at the nominal Co doping level. The dark regions
show nanocrystallinity with some amorphous parts, dis-
played in Fig. 1(c) and its inset, so are difficult to assign
to any specific phase. The stoichiometry within this region
yields Fe0.88Co0.11Si0.58: slightly underdoped with Co but
very Si deficient, the Si presumably having migrated to
form the SiOx layers during annealing.

3.2 Magnetic characterisation Hysteresis loops
measured by VSM are shown inset to Fig. 2(a). Loops
measured above T ∼ 40 K show a ferromagnetic re-
sponse that is largely temperature independent, which we
attribute to the Fe and Co-rich non-B20 phase material,
which will have a high Curie temperature. There is also
a more slowly saturating contribution that first appears at
the ε-phase Curie temperature TC ∼ 40 K [9], and grows
as the sample is cooled further, which we attribute to the
ε-phase material. In Fig. 2(a) we show the size of the latter
contribution in units of μB per Co atom at 1 T, having sub-
tracted temperature-independent background. It reaches
∼ 1μB/Co at low temperatures.

3.3 Magnetotransport The temperature depen-
dence of the resistivity of ε-phase Fe1−xCoxSi has a char-
acteristic form that reflects its electronic band structure
[9, 15]. Fig. 2(b) shows that it is well-reproduced in our
sample. Furthermore, the absolute resistivities are very
similar to those measured for well-ordered single crystals
[15]. On application of an 8 T field we see that there is sig-
nificant magnetoresistance below ∼ 60 K, of comparable
magnitude to that found in bulk crystals [9, 15], or chemi-
cally synthesised nanowires [16]. In the inset of Fig. 2(b)
we show the magnetoresistance isotherms at various tem-
peratures below this value. All show positive linear mag-

(b) (c)
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Figure 1 TEM characterisation. (a) Survey image, with the var-
ious layers marked, including the Pt cap added for FIB sample
preparation. The dark band is sputtered Pt, above it is e-beam
evaporated Pt. (b) HRTEM image of a ε-phase pure part of the
film. (c) HRTEM image including a Si-deficient region, which
appears darker then the surrounding B20 material. Insets to (b)
and (c) show higher magnifications of relevant areas.

netoresistance to very low fields, explained by Manyala et
al. as being due to quantum interference phenomena [9].
What is particularly striking about the transport data is that
they are very similar to those found for phase-pure B20
single crystals in spite of the much higher level of disorder
in our sputtered films, indicating that the ε-phase material
is dominating.

We also measured the Hall resistivity of our sample.
For T � TC K we find a strong anomalous Hall contribu-
tion, in addition to the ordinary Hall effect, defined as the
Hall resistance obtained when the high-field ordinary Hall
slope is extrapolated back to zero field. We plot this signal
in Fig. 2(a) and can see that it resembles the magnetisation
of the sheet film as measured by VSM.

We used the ordinary Hall slope, measured at high
fields ( >5 T), to determine the carrier density n of our
material. The results are shown in Fig. 2(c). The sign of
the ordinary Hall effect indicates electron-like carriers. At
temperatures below TC, when magnetic order is present,
we see that n is almost constant and takes a value of
0.47 × 1022 cm−3 at the lowest temperature. This corre-
sponds closely to the density of Co atoms at the x = 0.2
stoichiometry, 0.52 × 1022 cm−3, showing that the Co
atoms are very effective donors to dope the material n-type,
with donors strongly ionised. The carrier density starts to
rise rather linearly on warming above TC.

4 Conclusion To summarise, we have grown sput-
tered Fe1−xCoxSi films at x ≈ 0.2 that, whilst not be-
ing phase pure, have magnetotransport properties that are
dominated by the majority B20 phase. In particular, the Co
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Figure 2 Temperature dependence of mag-
netic and magnetotransport properties of
nominally Fe0.8Co0.2Si thin films. (a) The
magnetic moment per Co atom contribu-
tion of the ε-phase material (the impurity
phase background has been subtracted) and
the anomalous contribution to the Hall ef-
fect, both measured at μ0H = 1 T. The
curves are similar but not identical. The
small discrepancy could be due to the mea-
surements being on different samples, as
well as the different field geometry. Inset are
VSM hysteresis loops, showing only the fer-
romagnetic contribution from (Fe,Co) impu-
rity phases at high temperatures, and a more
slowly saturating contribution from the ε-
phase Fe0.8Co0.2Si below TC ≈ 40 K. The
measurements extended to 2 tesla, showing
that all the signals displayed here have satu-
rated. (b) Longitudinal resistivity, with a pro-
nounced minimum at 43 K and a weak maxi-
mum at 110 K, characteristic of this material.
This minimum is partly washed out at high
field, again typical behaviour. Magnetoresis-
tance isotherms are inset, which are very lin-
ear in field. (c) (Electron-like) carrier density
as determined from the ordinary Hall effect.

atoms act as donors that each contribute close to one car-
rier each to the electron gas. Magnetometry shows that this
phase also possesses almost one μB per Co dopant, indicat-
ing that in spite of the disorder, a strongly spin-polarised
electron gas persists in this silicon-based magnetic semi-
conductor material. Further growth optimisation, as well
as a direct measurement of the carrier spin polarisation of
these thin films [17, 18], is desirable.

Acknowledgements This work was partially supported by
the (UK) EPSRC. We would like to thank Michael Ward for FIB
sample preparation and help with the TEM imaging.

References

[1] A. I. Al-Sharif, M. Abu-Jafar, and A. Qteish, J.
Phys.:Cond Matt. 13, 2807 (2001).

[2] G. Aeppli and Z. Fisk, Comments Cond. Matt. Phys.
16, 155 (1992).

[3] V. Jaccarino, G. K. Wertheim, J. H. Wernick, L. R.
Walker, and S. Arajs, Phys. Rev. 160, 467 (1967).

[4] G. Shirane, J. E. Fischer, Y. Endoh, and K. Tajima,
Phys. Rev. Lett. 59, 351 (1987).

[5] T. Jarlborg, Phys. Rev. B 51, 11106 (1995).
[6] D. Zur, D. Menzel, I. Jursic, J. Schoenes, L. Patthey,

M. Neef, K. Doll, and G. Zwicknagl, Phys. Rev. B
75, 165103 (2007).

[7] M. Klein, D. Zur, D. Menzel, J. Schoenes, K. Doll,
J. Röder, and F. Reinert, Phys. Rev. Lett. 101,

046406 (2008).
[8] N. Manyala, Y. Sidis, J. DiTusa, G. Aeppli,

D. Young, and Z. Fisk, Nat. Mater. 3, 255 (2004).
[9] N. Manyala, Y. Sidis, J. F. DiTusa, G. Aeppli,

D. Young, and Z. Fisk, Nature (London) 404, 581
(2000).

[10] J. Guevara, V. Vildosola, J. Milano, and A. Llois,
Phys. Rev. B 69, 184422 (2004).

[11] S. Bader and S. S. P. Parkin, Annu. Rev. Cond. Matt.
Phys. 1, 71 (2010).
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