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The magnetotransport properties of C-Fe films formed by e-beam vapor deposition onto glass substrates are
presented in the temperature region of 2 K to 300 K. Hall effect measurements reveal a significant anomalous
Hall voltage whose magnitude increases with increasing temperature. Measurements of the ordinary Hall
coefficient in 10 nm-thick films reveal a charge carrier density ranging from n=3.0x10**m~3 at 2K to

approximately half that value at 290 K. A comparison between anomalous Hall effect and parallel field
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magneto-optic Kerr effect measurements reveals a highly anisotropic coercive field with the easy direction
lying in the plane of the film. Magnetoresistance measurements show that the films posses isotropic linear
positive magnetoresistance beyond their saturation magnetization. The presence of carbon nanotubes formed
during the e-beam process is confirmed via atomic force microscopy.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Carbon-iron has a complex and technologically important binary
phase diagram which includes iron allotropes, free graphite, and
metastable iron carbide CFes [1]. In practice, varying compositions of
metastable phases can be trapped via non-equilibrium processes such
as quench-condensation. Of these, cementite, CFes, has received the
most attention. Although its mechanical, electrical, and magnetic
properties have been studied for years, it has only recently been
synthesized in bulk form [2,3]. Efforts to form CFe; films have
included electron shower plasma vapor deposition [4], plasma
enhanced chemical vapor deposition [5], and glow discharge methods
[6]; in all cases the resulting film structure, morphology, and
composition were found to depend dramatically on substrate
temperature during deposition. These studies are motivated by the
fact that metal-C films can be used as coatings to improve the
strength, hardness, and wear properties of their pure metal counter-
parts [7]. In the present paper we present the magnetotransport
properties of thin amorphous C-Fe films formed by e-beam vacuum
deposition of arc-melted buttons of CFe; onto cryogenic substrates.

2. Sample preparation

C-Fe films of thickness 5, 10, and 20 nm were deposited onto
liquid nitrogen cooled, fire polished silica glass substrates in a 0.4-
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UTorr vacuum by direct e-beam deposition of arc-melted C-Fe
buttons. The buttons were synthesized from high purity graphite
and iron with a starting stoichiometry of CFes 55 to account for some
evaporative loss of Fe during the arc-melting process. The binary
phase diagram of the carbon-iron system shows that the only
intermetallic compound that will form from a mixture with 6.67% or
more carbon by mass will be CFes, and that any excess carbon in the
hypereutectic mixture will be precipitated out as graphite. However,
due to the metastable nature of CFe; and the sensitivity of C-Fe alloys
to cooling rates, one is not guaranteed to yield a single phase of this
material. The upper curve of Fig. 1 shows the x-ray diffraction (XRD)
pattern of the button used to deposit our films while the lower one
represents the pattern of a resulting 100 nm film. From the pattern of
the film we can see that it is amorphous but also retains some
structure which is reminiscent of the Fe (110) plane. Patterns of the
films used in our magnetotransport study were too thin to obtain an
XRD pattern. Further XRD analysis of a pure 100 nm Fe film (not
shown here) revealed an identical pattern to the C-Fe film. This
implies that C is primarily in the form of an amorphous matrix, or has
precipitated from the film in another manner. This latter possibility
will be addressed later.

Hall and magnetoresistance measurements were performed using
a standard 4-probe configuration with a Quantum Designs PPMS. The
samples were tested at temperatures from 2 K to 290 K and in applied
magnetic fields ranging from —9T to 9 T. Coercive field measure-
ments of 10 nm-thick ferromagnetic C-Fe and Fe films were taken at
room temperature 30 min after deposition using the magneto-optical
Kerr effect (MOKE) and then re-measured after exposure in air for
144 h for comparison. Ambient atomic force microscopy (AFM)
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Fig. 1. XRD patterns of a 100 nm film (upper curve) and of the target button (lower
curve).

characterizations were performed using tapping mode with an
Agilent 5500 SPM equipped with PicoScan v5.3.3. Oxide-sharpened
silicon nitride cantilevers from Nanosensors were used for imaging,
with an average force constant of 48 N/m and a resonance frequency
of 190 kHz.

3. Results and discussion

In the upper inset of Fig. 2 we show an AFM micrograph of a 5 nm
thick C-Fe film that was deposited onto fire-polished glass at 84 K.
The synthesis of thin films of metastable carbides CT3 (T =Ni, Co) has
been previously shown to form freestanding, vertical, multiwall
carbon nanotubes (MWCNT) [8]. The synthesis of the C-Fe films
presented here followed the same procedure as those experiments.
The inset of Fig. 1 shows an AFM image of a 5-nm thick film which
possesses many spike-like protrusions approximately 70 nm tall
standing vertically out of the relatively smooth film matrix. Although
we have not made a structural analysis of the protrusions, we believed
that they are MWCNT or at least carbon “towers” that have
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Fig. 2. Normalized sheet resistance of a 5, 10, and 20 nm thick C-Fe film as a function of
temperature. The upper inset shows a 10 pumx 10 um AFM image of the surface of a
5 nm-thick film. The spike structures are multiwall carbon nanotubes that are formed
from carbon precipitating out of the C-Fe base. The lower inset shows the low-
temperature logarithmic temperature dependence of the conductance of the 5 nm and
10 nm C-Fe films.

precipitated out during deposition. Topography images were also
acquired for 10 and 20 nm films; these too exhibit carbon spikes,
although they were not as sharp as those in the 5-nm film. The
mechanism by which the nanotubes nucleate and grow during the
deposition is unknown [8]. However, the density of the nanotubes is
too low to significantly affect the transport properties of the films.

The temperature dependence of the resistivity of a 5, 10, and
20 nm-thick C-Fe film is shown in the main panel of Fig. 1. The
resistivities have been normalized by their 300 K values. The films
exhibit behavior typical of weakly disordered two-dimensional
metals, with the resistivity decreasing with decreasing temperature
until reaching a minimum near 20-30 K. Below this minimum the
conductivity of the films decreases logarithmically, as can be seen in
the lower inset of Fig. 1. This behavior has been observed in a wide
variety of disordered thin film systems [9], and can be attributed to
disorder-enhanced electron-electron interaction effects and/or co-
herent backscattering effects. Since the latter is usually suppressed in
magnetic films, the anomalous logarithmic temperature dependence
of the conductance in Fig. 1 is primarily due to electron-electron
interactions.

The perpendicular magnetoresistance (MR) of a 10 nm film at 10 K
is shown in the main panel of Fig. 3. The MR appears to have two
components: a low-field contribution associated with the magneti-
zation alignment, which saturates at about 1.5 T, and a rather weak
linear contribution that extends to the highest fields studied. This
linear positive magnetoresistance (LPMR) is also found in a parallel
field configuration as shown in the inset of Fig. 3. The magnetization
dependent component probably arises from spin scattering from
magnetic moments in the film. The origin of the isotropic LPMR,
however, cannot be explained by electron-electron interactions or the
Lorentz force alone because they are expected to produce an MR that
varies logarithmically or with the square field, respectively. Interest-
ingly, LPMR has been reported in other C-Fe systems, but has not been
adequately explained. In Fe,—C;_, composites this LPMR was observed
to occur only at particular C-Fe ratios and temperatures [10]. The
authors attributed the effect to competition between the Lorentz force
in graphite and the deflection of charges around Fe nano-particles as
their concentration was adjusted or the applied field was changed.
Isotropic LPMR in ferromagnetic thin films of Fe, Ni, Co and their
granular mixtures with other nonmagnetic materials has also been
observed, and tentatively explained by a modification of quantum
electron-electron interaction theory, though the results agree only
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Fig. 3. Main panel: perpendicular magnetoresistance of a 10 nm-thick C-Fe film taken
at 10 K. Inset: Parallel magnetoresistance of a 10 nm-thick C-Fe film taken at 2 K.
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Fig. 4. Hall resistance of a 10 nm-thick film at a various temperatures. The steeply
sloped low field region is due to the anomalous Hall effect. The ordinary Hall effect is
represented by the much shallower slope of the high field regions (|B|>1.5T).

qualitatively [11]. Our data is more consistent with this latter work, in
that we observe a relatively robust, isotropic, LPMR.

The Hall resistance as a function of magnetic field is presented in
Fig. 4 for selected values of temperature. The linear low field region, 0
to ~1.5 T, of the MR curve is due to the anomalous Hall effect (AHE)
[12,13]. The knee in the curve represents the perpendicular saturation
field of the magnetization. Beyond this saturation field the ordinary
Hall effect produces a much smaller positive slope, from which the
carrier density can be derived. Once the AHE contribution saturates,
we can determine the ordinary Hall coefficient, Ry = 1/ne by making a
linear least-squares fit to the high field regions of the Hall resistivity
curve, B>1.5T and B<—1.5T, in order to determine the slopes. The
average of the negative and positive field slopes is proportional to Ry.
Fig. 5 displays the temperature dependence of the Hall carrier density
and we observe that the value falls from n =29.687 x 102 m—2 at 2 K
to nearly half that value, n =15.995x 10%® m—3, at 290 K.
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Fig. 5. Temperature dependence of the Hall carrier density. The dashed line represents a
quadratic least-squares fit to the data.
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Fig. 6. Parallel field MOKE magnetization loops taken on a 10 nm-thick Fe film and a
10 nm-thick C-Fe film deposited under similar conditions. Data was taken immediately
after the film depositions, and then the measurements were repeated 6 days later in
order to document aging and/or oxidation effects. Note that the coercive field of the C-
Fe film is approximately 5 times larger than that of the pure Fe film.

We have used longitudinal magneto-optical Kerr effect (MOKE)
measurements to determine the in-plane magnetic properties of the
C-Fe films. The coercive fields of 10 nm-thick Fe and C-Fe films with
the field applied parallel to the film plane were determined at room
temperature. As can be seen in Fig. 6, the parallel saturation fields are
approximately 150 times smaller than their perpendicular counter-
parts as determined from AHE measurements, indicating an in-plane
easy axis. This is expected for films of these thicknesses. Fig. 4 also
shows the effects of oxidation on the coercive fields of an elemental Fe
film and a C-Fe film. The hysteresis loops were measured after 0.5 h
and 144.5 h of exposure to atmosphere. Clearly the coercive field rises
over time; C-Fe increasing from ~69.2 Oe to ~76.4 Oe and Fe from
~4.5 to ~6 Oe. Although the coercive field of C-Fe is significantly
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Fig. 7. Magnitude of the AHE as a function of the temperature dependent sheet
resistance of a 10 nm-thick C-Fe film. The solid line is a linear least-squares fit to the
data.
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larger than that of pure iron, it is consistent with values obtained from
getter sputtering onto ~200 °C quartz substrates [14].

We note that the magnitude of the AHE in Fig. 3 increases with
increasing temperature. The total Hall resistivity is comprised of two
terms [12,13],

Pu = RoB + RM, (1)

where R, is the ordinary Hall coefficient, Rs is the anomalous Hall
coefficient, and M is the magnetization. The saturation magnetization
is expected to decrease with increasing temperature due to thermal
fluctuations. Consequently, the magnitude of the AHE often decreases
at higher temperatures. However, the anomalous Hall coefficient is
itself a function of the longitudinal resistivity p. Since p varies with
temperature, the AHE can also pick up a temperature dependence via
Rs. Depending on the precise nature of the dominant scattering
mechanism, Ry may be proportional to p or to p? The former
corresponding to skew scattering and the latter to side-jump
scattering [13]. In practice, R; is often found to vary with p as a non-
integer power between 1 and 2. In Fig. 7 we plot the AHE magnitude at
each temperature against the sample's sheet resistance for that
temperature. The data display a simple linear relationship between
the two, suggesting that R is dominated by skew scattering, and that
the temperature dependence of the AHE is primarily governed by R
and not M.

4. Conclusion

In summary, we have presented electrical and magnetic transport
properties of thin, metastable C-Fe films with thicknesses of 5, 10, and
20 nm. We observe a robust anomalous Hall effect that is dominated
by skew scattering in this thickness range. Comparisons between the
AHE saturation field and longitudinal saturation fields obtained from
MOKE measurements show an anisotropic magnetization, with an in-

plane easy axis. Magnetoresistance measurements show an isotropic
linear positive magnetoresistance beyond the saturation magnetiza-
tion which we believe is arising from electron-electron interaction
effects. Further studies in C-Co and C-Ni films will be needed to verify
the universality of the linear magnetoresistance. Topography images
of the films provide clear evidence of multi-wall carbon nanotubes
formed as an outgrowth of precipitated carbon during the deposition
process.
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