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Magnetoresistance in polycrystalline and epitaxial Fe,_,Co,Si thin films
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Thin films of Fe,_, Co, Si were grown using molecular beam epitaxy on Si(111). These 20-nm-thick films, with
compositions x = 0 or 0.5, were produced by two methods: the first produced large (111)-textured crystallites
of the B20 phase; the second produced phase-pure B20 (111) epilayers. The lattice mismatch with the substrate
causes biaxial tensile strain in the layers, greater in the epilayers, that distorts the (111)-oriented material to a
rhombohedral form. Magnetotransport measurements show that a combination of additional scattering arising
from crystal grain boundaries and strain-free polycrystalline films results in a higher resistivity than for the
epitaxial films. Magnetometry for x = 0.5 suggests an increase in the ordering temperature in strained films

relative to the polycrystalline films of 15 & 4 K. Moreover, the characteristic linear magnetoresistance, typical of
bulk single-crystal material of this composition, is retained in the polycrystalline film but reduced in the epitaxial
film. While the bulk properties of these materials are reproduced qualitatively, there are small quantitative
modifications, due to the strain, to properties such as band gap, Curie temperature, and magnetoresistance.
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I. INTRODUCTION

The transition-metal (TM) monosilicides are isostructural
over the series from CrSi to NiSi."> Substitution of the TM
can be used to tune a variety of low-temperature magnetic
and electrical transport characteristics, the origins of which
arise from the B20 crystal structure. At low temperatures
FeSi has a paramagnetic, narrow-gap semiconductor ground
state,>* while TM substitution dramatically alters the magnetic
phase of the material through doping. The addition of holes
by substituting Mn for Fe produces a paramagnetic metal,
whereas electron doping with Co can engineer a material
with a helimagnetic metallic state’ in addition to other
more unconventional spin textures.’ These are a result of
the lack of inversion symmetry in the B20 structure. This
property encourages neighboring moments to be canted by a
small angle as a result of Dzyaloshinskii-Moriya interactions,
resulting in helical patterns and skyrmion lattice textures which
can give rise to a topological addition to the Hall effect.®
A linear increase in conductivity upon electron doping is
observed for Fe;_,Co,Si for concentrations of Co in the
range 0 < x < 0.4. It has been shown that for every Co
atom substituted for Fe in FeSi, one electron is added as
a carrier while there is a corresponding contribution of one
Bohr magneton to the magnetic moment.>”-# This implies that
for low Co concentration, Fe;_,Co,Si could provide a 100%
spin-polarized source of electrons.

In order to utilize the extraordinary properties reported in
bulk materials in spintronic devices thin films are required,
and attempts have been made to produce epitaxial thin films
of Fe;_,Co,Si with mixed success. Molecular beam epitaxy
(MBE) has been used to produce films in a variety of
available metastable phases.” Using Si(111) as a substrate,
von Kanel et al. produced the CsCl structure in addition to
the stable (B20) bulk structure.'? The CsCl structure has also
been stabilized on Si(111) after production of polycrystalline
FeSi by pulsed laser annealing,'! a technique that has also
been used to produce polycrystalline Fe;_,Co,Si.'”> More
recently, solid-phase epitaxy has produced MnSi films on
Si(111),!3 a technique used previously to produce FeSi on
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Si(100).'* There are few reports on the effects of reduced
dimensions on magnetotransport in these thin films, although
magnetotransport on chemically grown Fe; _, Co, Si nanowires
has been reported. >

Here we report the growth of polycrystalline and epitaxial
Fe,;_,Co,Si grown by MBE on Si(111), although we have
become aware (after carrying out the current research) of
a similar technique used to grow MnSi.'® Although MnSi
possesses the same B20 structure as Fe;_,Co,Si, it is a
helimagnetic metal with a very different band structure and
correspondingly different transport properties. The intrinsic
strain of the TM monosilicide at the interface to Si(111)
increases for the heavier TM elements as the lattice parameter
is reduced. Because of the extreme sensitivity of the alloys’
magnetism to crystal structure,!” strain in the films can be
expected to alter the transport properties significantly. We
present magnetotransport and magnetometry data on both
polycrystalline and epitaxial films influenced by both strain
and disorder.

II. SAMPLE GROWTH AND CHARACTERIZATION

Thin films were prepared using MBE by coevaporation of
Fe, Co, and Si onto Si(111) substrates from electron beam
sources at a total rate of 0.3-0.6 A s~!. The growth chamber
base pressure was 5 x 107! mbar. Wafers with a resistivity
of 2000-3000 €2 cm at room temperature (used in order
to minimize shunting through the substrate during electrical
transport measurements) were prepared by flash annealing
to 1200°C in situ prior to evaporation. This produced the
characteristic 7 x 7 reconstruction of the Si(111) surface,
observed by low-energy electron diffraction (LEED; not
shown), suggesting a clean and ordered surface.

Two methods were used to produce the films. In each case,
a 5.4-A buffer layer of Fe was evaporated at room temperature,
followed by coevaporation of Fe;_, Co, Si. In the first method,
the Fe;_,Co,Si alloy was grown at room temperature. This
growth produced (111) B1 Fe;_,Co, Si (CsCl) texture normal
to the surface as seen in x-ray diffraction (XRD). We observe
a similar spectrum to Fig. 1 for x = 0.5 with a slightly lower
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FIG. 1. (a) XRD of the 20-nm epitaxial film has narrow Bragg
peaks corresponding to the B20 phase of FeSi. (b) LEED pattern taken
at a beam energy of 100 eV of an identically grown FeSi surface after
growth. The hexagon indicates the position of reciprocal lattice of
the Si(111) substrate face based on LEED prior to growth. The FeSi
diffraction pattern is rotated by 30° with respect to the Si surface
reciprocal lattice.

intensity (111) Bragg peak from the film. Following the recipe
of von Kinel et al.,'" in situ annealing at 400°C for 1 h
produced polycrystalline B20 Fe;_,Co,Si apparent in the
nonpreferentially orientated XRD spectra. From these spectra
the Bragg reflections for the thin films are just visible above
the measurement noise floor.

In the second method, the alloy was evaporated at 400 °C
rather than room temperature. This produced an epitaxial
(111) B20 phase confirmed by high-angle XRD, shown in
Fig. 1(a), where, besides the Si substrate Bragg reflections,
only the epitaxial Bragg peaks for the B20 structure are
observed. This provided a lattice parameter of dy;; = 7.741 &+
0.003 A. Figure 1(b) shows LEED of an FeSi film grown
in identical conditions. The positions of the Si reciprocal
surface unit cell measured prior to growth are also shown,
illustrated by a dashed line.'"® The epitaxy is achieved by
a 30° in-plane rotation of the Fe;_,Co,Si unit cell relative
to the Si substrate, aligning the Fe;_,Co, Si[110] parallel to
the Si[112]."° This produces a ~6% biaxial in-plane tensile
strain on the Fe;_,Co,Si lattice. This deforms the cubic B20
structure to become slightly rhombohedral. XRD and LEED
provide an overall profile of the epitaxial relationship between
our film and the substrate.

For additional confirmation of the structure, cross-sectional
high-resolution transmission electron micrographs (HRTEM)
were taken to locally probe the (x = 0) Si-FeSi interface.
Figure 2(a) illustrates a grain boundary of the polycrystalline
film. The grains were ~62 nm in lateral extent and extended
vertically throughout the 20-nm height of the film. Figure 2(b)
shows HRTEM of the epitaxial film. This illustrates matching
of the FeSi(111) crystal with the Si(111) substrate. If the
system were indeed cubic, then, provided with the out-of-
plane lattice parameter d;;, from our XRD measurements
the in-plane parameter d, ;o should be 6.3 +0.1 A. HRTEM
measurements show this to be larger, d;o = 6.69 £ 0.05 A,
corresponding to the silicon substrate lattice parameter of
di;p = 6.7+ 0.1 A. These measurements confirm there is a
6% biaxial strain, as anticipated for epitaxial samples. The
resulting unit cell is rhombohedral, with a characteristic angle
of 92.5°. This is a slightly distorted cubic B20 structure. In
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FIG. 2. HRTEM of (a) polycrystalline thin-film FeSi at the
Si(111) interface and (b) epitaxial FeSi. A 3 x 3 nm? area of the
FeSi epilayer is shown enlarged as an inset.

contrast to the polycrystalline film where ~15 grain boundaries
were observed per micron cross section, no grain boundaries
were observed anywhere in the 4-um-wide cross section of
the epitaxial film.

III. MEASUREMENT METHODS

The thicknesses of all four films were measured using
low-angle x-ray reflectometry, and all were within the range
20.5 to 20.9 nm. The samples were cleaved into approximately
2.5 x 9.0 mm? rectangles along the [110] edges of Si. The re-
sistivity was measured using a standard in-plane four-probe dc
technique, with the probes separated by 2.7 mm on the surface.
The long axis defining the current direction for the epitaxial
sample was along the Fe;_,Co,Si[112]. Measurements were
performed in a He gas flow cryostat in applied magnetic fields
up to 8 T. Vibrating sample magnetometry (VSM) was used to
study the onset of magnetic ordering in the x = 0.5 films. For
each measurement, in order to ensure a large signal-to-noise
ratio, multiple fragments of the sample that were not used
for transport measurements were stacked upon each other.
Hysteresis loops were measured using an in-plane field. As
multiple fractions of the original samples were used, it is
likely that, for the epitaxial sample, some relative in-plane
misalignment of the crystals would have arisen. Nevertheless,
the applied magnetic field direction for the samples was close
to the Fe;_,Co,Si[112] crystal orientation.
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FIG. 3. (Color online) (a) Zero-field resistivity of parent com-
pound FeSi 20-nm-thick films. Long-dashed fits illustrate the VRH
regime, and short-dashed lines are fits to the data to estimate the
energy gaps (see main text). (b) MR isotherms of each film at 5 K
(circles) and 20 K (diamonds). At 20 K both films behave in a similar
manner. At 5 K a larger negative component to the MR is observed
in the polycrystalline film (open symbols) than in the epitaxially
grown film (solid symbols). Fits (solid blue lines) correspond to WL
suppression in a magnetic field in addition to a quadratic magnetic
field dependence. (Only every eighth data point is shown.)

IV. MAGNETOTRANSPORT OF FeSi FILMS

Measurements of the parent structure, FeSi (x = 0), are
shown in Fig. 3. Both films have a negative temperature
coefficient of resistivity, as expected for this narrow energy gap
semiconductor.*?° The resistivity p of the polycrystalline film
exceeded that of the epitaxial film over the entire temperature
T range. This is anticipated due to the additional scattering
of conduction carriers from boundaries between crystallites
when compared to the epitaxial film. There are two regimes
apparent in the transport which cross over at 30 K. Below 30 K
the conduction is mediated by three-dimensional (3D) variable
range hopping (VRH),?*?? as illustrated by the fits below
30 K for both curves obeying In[p(B)/p(0)] o« T~/*. Above
30 K carriers thermally activated across the semiconducting
energy gap A provide the main contribution to conduction.
By assuming that the change in carrier density, rather than
mobility, dominates the change in resistivity for each film the
gap energy was estimated using In p o A /2kg T, fitted to data
from Fig. 3(a), where kg is Boltzmann’s constant. From this
assumption the gap energies of epitaxial and polycrystalline
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films were AEPI =269+0.1 meV and APOLY =355+
0.1 meV, respectively, values similar to those measured in
bulk material.>3-26

Biaxial strain on the epitaxial FeSi relative to the as-
sumed strain-free polycrystalline film may contribute to
the differences in resistivity, by increasing the volume of
the unit cell. Accounting for the 6% biaxial strain using the
measured lattice parameters from HRTEM and XRD, it is
possible to ascertain the volume V of both the epitaxial film
(Vepr = 102 £3 A3) and the polycrystalline film (Vpory =
89.9 +£0.6 A3). These parameters allow us to quantify the
influence of the strain on the energy gaptobe dIn A /dInV =
In (AEPI/APOLY)/ In (VEPI/VPOLY) = —2.240.7. This analy—
sis suggests that strain on the crystal may influence the
band structure by reducing the energy gap. Although only
biaxial strain is considered here, as opposed to hydrostatic
pressure in the literature, this value is similar to that of
theory?’ (—5.9) and experimental trends, which suggest that
pressure increases the band separation.’®*° Biaxial in-plane
strain (or, alternatively, uniaxial out-of-plane stress) as we
show here for a cubic system with the (111) axis out of
the plane would result in a rhombohedral crystal structure.’!
This anisotropic deformation might partially compensate for
the change in volume and account for the smaller change in
energy gap calculated here. These results suggest that with
suitable substrates or piezoelectric materials one may be able
to engineer the film properties with strain.

The magnetoresistance (MR), defined as Ap/p = [p(H) —
p(0)]/p(0), where H is the applied magnetic field, of the films
at 20 and 5 K is shown in Fig. 3(b). At 20 K FeSi films
exhibited negative MR, in keeping with bulk measurements,
where contributions from both negative and positive MR have
been reported.*3>33 Nearly identical trends were observed
in both films at this temperature, reminiscent of an external
magnetic field destroying coherent scattering that leads to
weak localization (WL).

At 5 K both films possess a positive component to the
MR that appears quadratic in field. This can be modeled
by MR that occurs from the constriction of VRH site wave
functions due to a transverse field.”! This MR is predicted to
obey In[p(B)/p(0)] o B™ with m = 2 in the predominantly
“weak” fields used here. A combination of both these influ-
ences, 2D WL** and the VRH field dependence, are used to fit
the conductivity:

2 B

\I/l B | B, |
(%) (%)) W

where W is the digamma function. Fits of Eq. (1) to the data
are shown in Fig. 3(b). The first term on the right-hand side of
Eq. (1) arises from VRH using the scaling parameter a, which
depends upon the hopping-site density and wave-function
decay length of these sites.?! The remaining two fitting
parameters relate to the second term in the sum and are
attributed to WL. This model assumes negligible influence
from spin-orbit effects and magnetic impurity scattering, such
that B; and B, are the characteristic fields for elastic and
inelastic scattering, respectively.?

2 62 1 32
o =o(0)exp(—aB?) + —|W( -+ —
hr

064423-3



N. A. PORTER, G. L. CREETH, AND C. H. MARROWS

TABLE 1. Thouless lengths extracted from fits to Eq. (1) for the
FeSi 20-nm thin films.

Arh (nm) 5K 20K
Polycrystalline 32+3 21£2
Epitaxial 57+7 23+ 4

At 5 K the weak limit of VRH is only obeyed for magnetic
fields less than 5 T, and fitting is limited to this field range.
Although we cannot calculate the field for the weak-strong
limit crossover directly, it may be that the magnetic length
(Wh/eB) at 5 T, A = 11 nm, no longer satisfies the necessary
condition that it is much greater than the radius of the hopping
wave function.”! The length scale for phase-coherent scat-
tering is known as the Thouless length*® (Ar, = /i/4eB).
At 20 K the Thouless length extracted from the fits of both
epitaxial and polycrystalline films is ~22 nm (see Table I).
This length is likely to be limited by inelastic scattering from
thermally activated phonons. Both films will contain some
intrinsic crystal defects and impurities, whether in the film
of the epilayer or in the crystallites for the polycrystalline
film. At 5 K this length scale for the polycrystalline sample
is increased slightly to 32 + 3 nm, implying an increase in
the length scale for coherent scattering. For the epitaxial film
the Thouless length increases much further to 57 & 7 nm. At
these low temperatures defects play a greater role as phonons
are frozen out. In the polycrystalline film additional disorder,
and hence scattering, introduced by grain boundaries restricts
this value. In the epitaxial film, with significantly fewer grain
boundaries, carriers travel much greater distances limited, in
the main, by defects or impurities.

The contribution from scattering at grain boundaries is
influential below 20 K. Above this temperature differences
in the electron transport of the film should be intrinsic to
the alloy itself rather than limited by this scattering. It is
likely that the change in band structure (narrowing of the
semiconducting energy gap) of the parent FeSi alloy is an
effect of the strain imparted by the substrate, which increases
the volume of the unit cell. We continue to see the impact of
this strain upon the magnetic and magnetotransport properties
of the electron-doped metallic alloy Fe;_,Co, Si, presented in
the following two sections.

V. MAGNETOMETRY OF Fe, 5Co,5Si FILMS

Magnetometry of the polycrystalline sample below and
above the ordering temperature at 5 and 80 K, respectively,
is shown in Fig. 4(a). At 5 K there is a small, uoH, =
1.6 = 0.4 mT, coercive field. In the epitaxial film [Fig. 4(b)],
an opening of the hysteresis loop is observed; the increased
coercive field is uoH, = 5.6 0.4 mT. M(H) loops taken
above the ordering temperature of the films at 80 K are also
shown in Figs. 4(a) and 4(b), neither of which has resolvable
hysteresis. Hysteresis below the ordering temperature in the
films is in contrast to bulk, where the material is a helimagnet
with the propagation vector lying along one of the [100] cubic
axes defined by weak anisotropic exchange®>"-*® for which
one would expect to see no hysteresis and hence no remnant
magnetization. One origin of such remnant magnetization in
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FIG. 4. (Color online) VSM of (a) polycrystalline and (b)
epitaxial Fey5Cog5Si films with an in-plane magnetic field. (c) The
saturation magnetization of both films as a function of temperature.

helical thin films is when uncompensated moments are retained
in zero field when the film thickness is a noninteger multiple
of the wavelength of the helix.’!

Using isothermal hysteresis loops over the range 2—-120 K
the saturation magnetization was calculated using the unit-cell
volume and the sample volume. These are shown in Fig. 4(c),
where each data point was obtained from individual hysteresis
loops. In Fe;_,Co, Si for 0 < x < 0.25 it is purported that the
conduction electrons originating from the cobalt substitution
possess one Bohr magneton, implying a fully-spin-polarized
electron gas.” For higher electron doping, in our case, x = 0.5,
this no longer holds true, and 0.15 wp per formula unit (f.u.) is
anticipated.>”** Below 10 K the saturation magnetizations for
the two samples are close to this bulk measured value, with a
slightly higher saturation magnetization measured in the epi-
taxially grown films. By using the hysteresis loops, an Arrott
plot method was used to ascertain the ordering temperatures
T.. In the polycrystalline film 7, = 46 £ 3 K, in agreement
with measured values for bulk.?>>-*%38 For the epitaxial sample
T, = 61 £ 3 K. This higher ordering temperature suggests that
the magnetization may be stabilized by strain in the sample
relative to the polycrystalline film. It is worth noting that in
both films a slight increase in the saturation magnetization is
observed as the samples are warmed beyond 7,. This arises
from an increase in paramagnetic susceptibility occurring from
thermally activated electrons excited into non-spin-split bands
in a similar manner to that observed for x = 0 in FeSi.?

The magnetic characteristics of bulk Fey7Cog3Si have
been measured by Onose et al.,’” suggesting that the ordering
temperature of this alloy is suppressed under hydrostatic
pressure. These measurements imply a linear reduction
of dT./dP ~ —6.3 K GPa~! up to a pressure of 7 GPa,
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above which the alloy becomes nonmagnetic. As there is
a reduction in 7, under pressure for bulk, it is reasonable
to anticipate the increase in 7, we observe for our strained
films. For instance, the compressibility of the parent alloy
FeSi is approximately linear,> d P /dV ~ —2 GPa A=3. If we
expect a similar d7./dV and dT,/dP for our x = 0.5 alloy,
we predict dT./dV = (dT./dP)dP/dV)~ 12.6 K A~}
for bulk hydrostatic compression. The 15 £+ 4 K increase in
ordering temperature we observe corresponds to an increase
in the unit-cell volume from the polycrystalline film to
the epitaxial film of ~12 A3, so that AT./AV ~ 125 K
A3, Hence we find the increase in 7, is smaller than we
predict. Nevertheless, taking into account the assumptions
used and the fact that films are under biaxial strain rather
than hydrostatic pressure, we find an increase in ordering
temperature for our films that is qualitatively in agreement
with the experimental evidence on bulk Fe;_,Co, Si.

VI. MAGNETOTRANSPORT OF Fe, 5Co,.5Si FILMS

Transport data for the doped films (x = 0.5) are shown in
Fig. 5. Substitution of Co for Fe introduces carriers, producing
a metallic temperature dependence of resistivity, as shown
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FIG. 5. (Color online) (a) Resistivity of doped Fe,_,Co,Si
20-nm-thick films for x ~ 0.5 measured in 0 and 8 T magnetic
fields. In each film a significant MR was noted below ~60 K. (b)
MR isotherms of each film at 5 K (circles) and 100 K (diamonds).
At 100 K both polycrystalline (open symbols) and epitaxial (solid
symbols) films demonstrate similar quadratic MR. At 5 K a linear
MR is observed in each film and is enhanced in the polycrystalline
sample. (Only every eighth data point is shown.)
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in Fig. 5(a). Again, the polycrystalline sample has a higher
resistivity for the reasons outlined previously. The onset of
linear MR below ~50 K coincides with the onset of magnetic
ordering, as shown in Fig. 4. In Fig. 5(a) transport in an
8-T field is also included; below ~90 K a marked change in
resistance is apparent in both films. MR isotherms are shown
in Fig. 5(b).

The MR at 100 K (above the Curie temperature) is shown in
Fig. 5(b). This physical MR is quadratic in field, as anticipated
for nonmagnetic carriers, arising from the Lorentz force
acting on carriers with a momentum dispersion.*’ Importantly,
it is almost identical in both films. At 5 K the MR is
linear over the entire field range, which is characteristic
of Fe;_,Co,Si,>!33%4! although the origin is disputed.>*°
Nevertheless, both descriptions emphasize the importance of
a (nearly®”) fully-spin-polarized electron gas to account for
the observed MR, and there have been attempts to verify
this experimentally.*”> The MR, which is dependent upon the
B20 structure, is stronger in the polycrystalline film than the
epitaxial film at 8 T, reaching almost 6% and 4%, respectively.
The naive expectation might have been that that disorder from
grain boundaries in the polycrystalline film would partially
quench the effect; in fact, in the positive linear MR in epitaxial
film the has a reduced magnitude. We note that a reduction in
MR has been observed for bulk Fe;_, Co, Si under hydrostatic
pressure, in contrast to biaxial strain here.*’ The reduced MR
in the epitaxial film relative to the polycrystalline film, along
with the other physical properties discussed previously, may
be attributed to strain in the epitaxial layer.

VII. CONCLUSION

In conclusion, both epitaxial and polycrystalline
Fe;_,Co,Si films have been produced on Si(111) using MBE.
Epitaxial films registered with the substrate had a unit cell
distorted from cubic to rhombohedral with a correspond-
ing increase in unit-cell volume. This strain makes small
quantitative modifications to almost all measured properties
of both undoped and doped materials. For doped films we
see an enhancement in the magnetic ordering temperature.
Comparison of the electrical properties of x = 0 films suggests
areduction in the gap that may originate from the biaxial strain
of the epitaxial film relative to the strain-free polycrystalline
film. The influence of disorder from grain boundaries on the
magnetotransport is evident from WL at low temperatures for
the FeSi polycrystalline film. This disorder, also present in the
doped samples (x = 0.5), does not appear to significantly sup-
press the linear MR below the magnetic ordering temperature
whereas the MR in the strained epitaxial film is comparatively
weaker. These modified electronic and magnetic properties
are likely to affect the nature of chiral skyrmion states in these
thin-film systems.
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