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In the past decades, ferromagnet-metalloid alloy films of Co-Fe-B have been widely used in alternative
magnetic devices due to their excellent performance, such as easy industrial-scale fabrication, considerable
ability for tunneling magnetoresistance and perpendicular magnetic anisotropy. However, the insufficient
thermal tolerance and interfacial state densities in the typical Co-Fe-B/MgO system limits the devices’
optimization. Because of the improvement in thermal stability and interfacial properties by carbon element
replacement, alternative theoretical and experimental work on Co-Fe-C alloy film properties have been
reported. Here, we report on the magnetostrictive behavior, soft magnetism, and microwave properties
of a series of (Co0.5Fe0.5)xC1−x films grown on silicon (001) substrates. The addition of carbon changes
the Co-Fe-C films from nanocrystalline body-centered-cubic to an amorphous phase and leads to a high
saturated magnetostriction constant of 75 ppm, high piezomagnetic coefficient of 10.3 ppm/Oe, excellent
magnetic softness with a low coercivity less than 2 Oe, narrow ferromagnetic resonance line width of
25 Oe at the X band, extremely low Gilbert damping of 0.002, and up to 500 °C thermal stability. The
large saturated magnetostriction constant and piezomagnetic coefficient result from the coexistence of
nanocrystalline body-centered-cubic and amorphous phases. The extremely low Gilbert damping is related
to the minimized density of states around the Fermi energy of the alloys induced by carbon doping. The
combination of these properties makes Co-Fe-C films promising candidates to be widely used in voltage-
tunable magnetoelectric devices and microwave magnetic devices.

DOI: 10.1103/PhysRevApplied.12.034011

I. INTRODUCTION

In recent decades, the development of different magnetic
devices such as spin-transfer-torque random-access mem-
ory (STT RAM) or spin-torque oscillators [1,2], requires
the magnetic properties of each layer to be precisely tuned
according to the specifics of the application. The tradi-
tional ferromagnetic metals, Fe, Co, and Ni, have large
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ferromagnetic moments and can be easily fabricated as
bulk or films with high purity. However, they have rigid
magnetic 3d electron occupation and electronic band struc-
ture, which make them difficult to be tuned except by
extreme avenues such as a considerably large electric
field [3,4]. Thus, the modulation of magnetic properties of
these materials is limited. This problem can be solved in
binary alloy systems. For example, in the NixFe1−x and
CoxFe1−x alloy systems, transitions occur from a body-
centered-cubic (bcc) to a face-centered-cubic (fcc) phase.
Such phase transitions result in a nontrivial change in the

2331-7019/19/12(3)/034011(11) 034011-1 © 2019 American Physical Society

https://orcid.org/0000-0001-7116-6479
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevApplied.12.034011&domain=pdf&date_stamp=2019-09-09
http://dx.doi.org/10.1103/PhysRevApplied.12.034011


JIAWEI WANG et al. PHYS. REV. APPLIED 12, 034011 (2019)

electronic band structure, which can be seen as additional
features in the Slater-Pauling curve [5,6]. In addition,
extraordinary behaviors can be achieved around the phase
boundary, such as a giant magnetostriction as large as
260 ppm observed in a textured CoxFe1−x system [7].

The conventional binary alloys of NixCo1−x, NixFe1−x,
and CoxFe1−x were thoroughly investigated in bulk sam-
ples during the 1960s and 1970s [8–10]. But many
emerging technologies require films of these materials.
Industrial-scale fabrication of magnetic devices requires
homogeneous thin-film growth over large surface areas via
magnetron sputtering. It has been found that doping met-
alloid elements into a binary alloy matrix is superior to
simple binary alloys in forming smooth layers over large
areas [11,12]. The light elements such as B, Si, and N
often break down the crystalline phase of binary alloys,
forming a uniform amorphous structure [13]. A successful
case was the ferromagnet-metalloid alloy Co-Fe-B because
of its perfect soft ferromagnetism [14] without magne-
tocrystalline anisotropy, high spin polarization [15], and
considerable large tunneling magnetoresistance (TMR) in
magnetic tunnel junctions (MTJs) [16].

To date, Co-Fe-B alloys have been widely used in
designing parallel and perpendicular anisotropy MTJs with
a MgO tunneling barrier. However, the thermal stability of
a Co-Fe-B alloy film is still a key obstacle. For example,
current-induced magnetization switching in the perpen-
dicular anisotropy STT RAM is of great interest because
of its small threshold current density and good thermal
stability [17]. But a postannealing process is necessary
to enhance TMR and integrate STT RAM in perpendic-
ular MTJs’ design. It was found that the perpendicular
anisotropy drastically decreased when the annealing tem-
perature was over 350 °C [18]. Thus, the perpendicular
anisotropy system can only work in a limited tempera-
ture range for annealing. There have been a few reports
on experimental works that the thermal stability of fer-
romagnetic materials could be effectively improved by
doping with carbon atoms. El-Gendy et al.’s work showed
that the Co-Fe-carbide nanoparticles had a larger thermal
stability than commonly used materials [19]. Recently,
Chen et al.’s experiments showed Co0.4Fe0.4C0.2 alloy
films provided better thermal tolerance, higher perpendicu-
lar anisotropy critical thickness, and an analogous intrinsic
damping constant with Co0.4Fe0.4B0.2 films [20]. More-
over, the theoretical calculation from Chen et al. [21] made
the suggestion that C-doped MTJ was predicted to have a
significantly higher TMR than the B-doped MTJ due to
its higher interfacial state densities in the Co-Fe-X/MgO
interface. Thus, the Co-Fe-C alloy is a promising candi-
date that could be more widely used than the Co-Fe-B
alloy. But the magnetic properties of alloys are always held
to the composition-dependent rule. Thus, the composition
dependence of the ferromagnetic properties of Co-Fe-C
is highly desired. Because the Co0.4Fe0.4B0.2 composition

was used in most research regarding its lowest intrinsic
damping constant and highest tunneling spin polarization
in the Co-Fe-B alloys [15], (Co0.5Fe0.5)xC1−x was cho-
sen in our study due to its compositional similarity. So
far, there have been no reports on carbon content- (CC)
dependent magnetostriction, magnetism, and microwave
properties in (Co0.5Fe0.5)xC1−x alloy films.

In this paper, we study magnetostriction, soft mag-
netism, and microwave properties of different CCs in a
series of (Co0.5Fe0.5)xC1−x films grown on a silicon (001)
substrate. It is shown that a combination of high satura-
tion magnetostriction constant (λs), high piezomangetic
coefficient (dλ/dH ), very low coercivity, narrow ferro-
magnetic resonance (FMR) line width, low Gilbert damp-
ing constant, and high thermal stability are achieved.
The notable result is that λs is larger than the value
in Ga-Fe-B alloys [22] and three times larger than in
Co-Fe-B alloys [23]. The minimum in-plane Gilbert damp-
ing is 0.002. All of these properties make Co-Fe-C films
attractive for voltage-tunable magnetoelectric devices in
multiferroic composite structures and other microwave
magnetic devices.

II. EXPERIMENTAL DETAILS

A. Sample preparation

Multilayers structures of Ta(5)/(Co0.5Fe0.5)xC1−x(20)/

Ta(5) (in nm) with various CCs are sputtered onto (001)-
oriented 6 × 6 mm2 silicon substrates using two separate
targets of Co0.5Fe0.5 and carbon. The Si (001) substrate
is naturally oxidized with an oxide thickness of 1–2 nm.
The CC of the (Co0.5Fe0.5)xC1−x films is varied by chang-
ing the carbon target power while keeping the Co0.5Fe0.5
target power at 30 W on the 2-inch-diameter targets. The
(Co0.5Fe0.5)xC1−x films are deposited in a 3 mTorr Ar
atmosphere in a vacuum chamber with a base pressure
better than 1 × 10−7 Torr.

B. Experimental characterization

The respective deposition rate and the crystal structures
are examined by x-ray reflectivity (XRR) and x-ray diffrac-
tion (XRD) using a Bruker D8 high-resolution diffractome-
ter with Cu Kα radiation. The (Co0.5Fe0.5)xC1−x films’
compositions are characterized by x-ray photoelectron
spectroscopy (XPS) on CMSE’s PHI Versaprobe II. Fast
Fourier transform (FFT) analysis in the high resolution
transmission electron microscope (HRTEM) is employed
for (Co0.5Fe0.5)xC1−x films’ crystallization nature. Mag-
netostriction constants are measured using Si machined
cantilevers with the largest drive magnetic field up to
300 Oe and the best resolution of 0.1 ppm. Before measure-
ment, a large magnetic field along the in-plane magnetic
easy axis (MEA) is used to saturate the sample. The can-
tilever’s bending is monitored when an ac magnetic field
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is applied along the in-plane magnetic hard axis (MHA).
A standard sample of a 100-nm Ga0.176Fe0.704B0.12 film
with λs = 70 ppm [22] is used to calibrate the system
(instrument details are introduced in Ref. [24]). Magnetiza-
tion versus magnetic field M-H curves are measured using
a Quantum Design SQUID Magnetic Properties Mea-
surement System (MPMS) and Vibrating Sample Magne-
tometer (VSM). Microwave properties are characterized
using a homemade broadband apparatus equipped with an
adjustable frequency of 0.01–26 GHz FMR spectrometer.

III. RESULTS AND DISCUSSION

A. Structure and composition

XRD and XPS measurements are carried out to char-
acterize the structure and composition of the films.
Figure 1(a) shows that bcc (110) reflection from Co0.5Fe0.5
can be seen in the Co-Fe-C films with low CC. The
signal-to-noise ratio (SNR) analysis after normalizing the
Si substrate (004) reflection in the Supplemental Mate-
rial S1 [25] indicates that the doping carbon atoms in
the Co0.5Fe0.5 alloy decrease the (110) reflection inten-
sity, leading to refined grain size and a more disordered
lattice. This result matches what has been observed in
Ga-Fe-B and Co-Fe-B films [15,22]. To characterize the
films’ crystallization nature with CC, a rocking curve of
(110) reflection is employed as shown in Fig. 1(b). The
accurate full width at half maximum (FWHM) is obtained
using the Gauss peak function fitting as the dashed curves
in Fig. 1(b). The dotted curves are guided to realize the
broadening process of FWHM with the CC increase. The
FWHMs of Co-Fe-C films are collected in Fig. 1(c) as red
balls. The grain sizes of the Co-Fe-C alloy films with low
CC are obtained using the Debye-Scherrer model [35] as
black balls in Fig. 1(c). Both the SNR and grain size anal-
yses in the Supplemental Material S1 [25] and Fig. 1(c)
reveal that the transition of grain size and the lattice dis-
order are gradual. Moreover, the values of SNR and grain
size approach the minimum limits (SNR equals 1, grain
size equals 2–3 nm [36]) when the CC reaches around 4%,
suggesting that 4% is a critical CC.

XPS is used to characterize the films’ composi-
tions because of its high sensitivity to light elements
such as boron or carbon. We use the C 1s, Fe
2p, and Co 2p peaks of XPS (Supplemental Material
S2 [25]) to study the elemental proportions in the films.
Here, our (Co0.5Fe0.5)xC1−x films can be expressed as
(CoxFe1−x)yC1−y with x = 0.51–0.53 and y = 0–0.16 (Sup-
plemental Material S3 [25]). The slight composition devi-
ation can be understood since the Fe and Co elements
on the target surface have different ionization energies and
the CC can tune the deposition rate. Moreover, except for
the Ar and Ta signals in the XPS survey spectrum (not
shown here), no other elements are observed, suggesting
the absence of impurities and confirming the high purity of
Co-Fe-C alloy films.

To directly observe the films’ nanostructures changing
with carbon doping, HRTEM is performed in the samples
with low, medium, and high CCs, respectively. Bright field
scanning transmission electron microscopy (STEM) imag-
ing and the corresponding energy-dispersive x-ray spec-
troscopy mapping for each constituent element [Figs. 2(a)
and 2(b)] reveal that Co, Fe, and Ta atoms are distributed
homogeneously inside each layer region without any seg-
regation at the surface or interface. The straight interfaces
between the Co-Fe-C film and Ta are distinct as denoted
by two yellow dotted lines. Note that the thickness of each
layer is 5 nm for the underlayer Ta, 20 nm for the Co-Fe-C
alloy film, and 5 nm for the capping Ta, respectively, which
is consistent with the deposition rates determined by XRR.
The HRTEM images of the Co-Fe-C films with CC 0%
[Fig. 2(d)], 4.4% [Fig. 2(e)], and 13.2% [Fig. 2(f)] are
obtained in the same region of each sample denoted by
the white solid rectangle in the low-resolution image in
Fig. 2(c). FFT focused on the selected zones (yellow dot-
ted squares, note that only Co-Fe-C is included to avoid
confusion from other layers) is performed to observe the
nanostructure evolution with carbon doping. As shown
in the respective insets of Figs. 2(d)–2(f), the transform
images change from a diffraction matrix in the CC 0%
to a plurality of diffraction rings involving a few dots in
the CC 4.4%, and then to a weak diffraction in the CC

(a) (b) (c)
FIG. 1. Samples’ structure and
grain size estimation. (a) XRD pat-
tern of (Co0.5Fe0.5)xC1−x films with
x = 0 to 5.2%. (b) Rocking curves
of the Co0.5Fe0.5 (110) reflection.
FWHM is obtained using Gauss
peak function fitting as dashed
curves. Dotted lines are guided to
show the FWHM broadening pro-
cess. (c) FWHM (red balls) and
grain sizes (black balls) estimations
of samples with CC x = 0 to 5.2%.
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(a)

(c) (d) (e) (f)

(b) FIG. 2. Structure determi-
nation via HRTEM. (a) A
bright-field STEM image of
Ta/(Co, Fe)C/Ta/SiO2/Si (001)
substrate. (b) The corresponding
energy-dispersive x-ray spec-
troscopy mappings for Fe, Co,
and Ta elements, respectively.
(c) Cross sections of low-
resolution TEM with white solid
rectangle displaying the corre-
sponding location of HRTEM.
(d)–(f) HRTEM images of
Co-Fe-C alloy films with CC 0%,
4.4%, and 13.2%, respectively.
The FFT of selected zones (yel-
low dotted squares) are inserted
at the bottom left corner.

13.2%. These results verify that the Co-Fe-C films have
the ordered lattice at CC 0%, the disordered amorphous at
CC 13.2%, and the intermediate nanostructure at CC 4.4%.

B. Magnetostriction and piezomagnetic coefficient

The magenetostriction behavior of these Co-Fe-C films
is shown in Fig. 3(a) as a function of the in-plane driv-
ing magnetic field for Co-Fe-C films with different CCs.
Samples with CCs lower than 4% show no magnetostric-
tive response until the magnetic field reaches more than
30 Oe. With the CC increasing to greater than 4%, the
responsive magnetic field to magnetostriction decreases to
lower than 20 Oe and then gradually becomes smaller.
The magnetostrictive behavior suggests that 4% is a crit-
ical CC to separate the films’ structure into nanocrystalline
and amorphous, which is consistent with the XRD results
shown in Fig. 1(c). The λs for these Co-Fe-C films are
collected as black squares in Fig. 3(b). Interestingly, the
λs value of the binary Co0.5Fe0.5 film is 13 ppm, which is
20% of the reported value of 67 ppm [7]. The main reason
for this behavior is our use of the small 20-nm-thickness
samples for magnetostriction measurements, compared to
a thickness of 500-nm Co1−xFex films in Ref. [7]. A
large thickness is helpful for releasing strain from lat-
tice mismatch and forming magnetic domains and crystal
boundaries in the film, leading to the magnetostriction dis-
crepancy in samples with different thicknesses. The λs
values first increase and reach a maximum of 75 ppm at CC
5.2%, and then drop to 27 ppm at CC 6.4%, finally gradu-
ally reducing to 10 ppm at CC 15.8%. To ensure the results

are repeatable, the magnetostriction, M-H, and broadband
FMR measurements of the second group of samples fabri-
cated in the same condition are reproduced. The collected
information is shown in Fig. S4 [25] for comparison.

To obtain the piezomagnetic coefficient (maximum
value of dλ/dH ) of the Co-Fe-C films, magnetostriction
constants are derived with respect to the in-plane driving
magnetic fields in Fig. 3(c). As shown by the red cycles in
Fig. 3(b), a peak in the area with a CC between 4% and
6% is observed and the biggest value is 10.3 ppm/Oe at
4.8% CC. There have been some reports that the chemical
and structural heterogeneity in the oxide and metallic alloy
can lead to extraordinary behaviors [7,37]. Thus, a coexis-
tence phase with a CC between 4% to 6% in these films is
reasonable. We separate the CC into three parts, that is,
the nanocrystalline bcc phase with CC < 4%, the amor-
phous phase with CC > 6%, and the coexistence phase
with CC between 4% and 6%. The phase boundaries are
marked with light orange and green dotted lines as shown
in Figs. 3(b) and 3(d). The CC separation here is consis-
tent with the grain size estimation by XRD in Fig. 1(c)
and is confirmed by FFT analysis in the HRTEM images
as shown in Fig. 2. It is believed that the doping metal-
loid atoms will form atom pairs or clusters that destabilize
the parent D03 phase [38]. Therefore, the CC region of
4% to 6% is the optimized concentration for the magne-
tostriction behavior and piezomagnetic effect for Co-Fe-C
films. It should be mentioned that the peak value of λs
in the Co-Fe-C films is higher than the reported value in
Ga-Fe-B films and is three times higher than the widely
used material Co-Fe-B films. Meanwhile, the maximum
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bcc Mix Amorphous

(a) (b)

(c) (d)

FIG. 3. Samples’ magne-
tostriction and magnetism. (a)
Magnetostriction constant of
(Co0.5Fe0.5)xC1−x films with
x = 0 to 15.8%. (b) The satu-
rated magnetostriction constant
(black) and piezomagnetic
coefficient (red) with different
CCs. The structural boundaries
of the alloy are marked with
light orange and green dotted
lines. (c) Piezomagnetic coef-
ficient versus corresponding
driving magnetic field for
(Co0.5Fe0.5)xC1−x films with
x = 0 to 13.2%. (d) The Ms
(black) and Hc (red) versus CC.
The blue open triangles are the
fitted Ms from broadband FMR
measurement.

dλ/dH is much larger than other well-known magnetostric-
tive materials such as Terfenol-D, Ga-Fe-B films, and Met-
glas [39], making these Co-Fe-C films excellent candidates
for voltage-tunable magnetoelectric devices in multiferroic
composite structures.

The ultraexcellent mechanical response induced by elec-
trical and magnetic fields in the coexistence phase is uni-
versal in the piezoelectric, ferroelectric, and magnetic alloy
materials [7,37,40]. For the piezoelectric and ferroelec-
tric materials, the local structural heterogeneity triggers
the competition between bulk and interfacial energies.
The high mechanical response to the electric field occurs
when the impact of interfacial energies is sufficiently
large [37,40]. For the magnetic alloy materials, the authors
thought the phase boundary played a significant role in the
enhancement of the mechanical response to the magnetic
field, which was evidenced in the Fe-Ga alloy system [7].
Therefore, we believe that this interfacial mechanism is
closely related to our coexistence phase sample’s results.
However, the real microscopic origin needs further simu-
lation and first-principles calculation.

C. Soft magnetism

Now, we explore the magnetic properties of these
Co-Fe-C films. The M-H hysteresis loops (not shown
here) scanning between H =+1 and −1 kOe are mea-
sured with the field applied along the MEA by the MPMS.
The saturation magnetization (Ms) and coercivity (Hc)
of each Co-Fe-C film are collected in Fig. 3(d). As CC
increases, the Ms becomes smaller and the entire trend
is nearly linear, similar to the results of Co-Fe-B [41]
and Ga-Fe-B [22]. The binary Co0.5Fe0.5 film has a Ms
of 23.5 kG, which is close to what has been reported by

Schoen et al. [42]. The alloy structure transition with a
carbon addition does not show an obvious influence on the
Ms, but the soft magnetism of these films is dramatically
improved. The Hc of these Co-Fe-C films is reduced from
about 110 Oe for the binary Co0.5Fe0.5 film to about 10 Oe
with CC > 4% and reaches 2 Oe at 15.8%. When the CC
is less than 4%, the carbon addition cannot totally destroy
the bcc lattice, but can refine the grain size, resulting in
varied Hc. At a CC of 4% or higher, a carbon addition
destabilizes the parent phase, turning Co-Fe-C films from
nanocrystalline to amorphous. The elimination of magne-
tocrystalline anisotropy results in the extremely low Hc.
These changes in soft magnetism are related to the struc-
ture transition with the carbon addition, which agrees with
the previous XRD results. It should be noted that the Hc
of the Co-Fe-C films in the nanocrystalline region first
increases and reaches a maximum of about 180 Oe at
a CC 1.6%, and then sharply drops. This result can be
understood when combined with the FMR results.

We characterize the magnetic anisotropy of these
Co-Fe-C films by VSM in order to obtain further infor-
mation about the soft magnetism. Because these Co-Fe-C
films do not have perpendicular anisotropy (not shown
here), the large out-of-plane demagnetization field forces
the magnetic moments to lie in-plane. A schematic dia-
gram of the in-plane magnetic anisotropy measurement
obtained from the VSM is shown in the inset of Fig. 4(b).
The remanent magnetization ratios (Mr/Ms) along different
in-plane directions with 15° or 30° intervals are obtained
from the M-H loops to show the magnetic anisotropy.
Interestingly, an in-plane uniaxial magnetic anisotropy
(UMA) is observed in the Co-Fe-C films with CCs larger
than 4%, shown as the blue curve in Fig. 4(a), but the
films with CCs less than 4% have magnetic isotropy as the
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(a) (b)

(c)
(d)

FIG. 4. Samples’ magnetic anisotropy analysis and Gilbert damping. (a) In-plane angular dependence of Mr/Ms for (Co0.5Fe0.5)xC1−x
films with x = 3.3% and 7.1%, respectively. The 0° is along the MHA direction. Solid curves are theoretical fittings with a sine square
function. (b) The collection of UMA coefficients A (black) and fitted UMA constants (red) from Eq. (2) of the Co-Fe-C films. The
inset is the side view sketch of in-plane magnetic anisotropy measurement by VSM with magnetic field direction and sample rotation
direction. The structural boundaries of the alloy are marked with light orange and green dotted lines as in Fig. 3. (c) Line width
(symbols) versus frequency for samples with x = 0 to15.8% and fitted to Eq. (1) (solid lines) to determine both Gilbert damping αtot
and inhomogeneous linewidth broadening �H 0 in (d).

orange curve in Fig. 4(a). The Mr/Ms in the UMA can be
expressed as: Mr/Ms = A*sin2ϕ+B, where ϕ is the angle
between the applied magnetic field direction and MHA,
and A and B are the fitting anisotropic coefficients, which
are varied between 0 and 1. The coefficient A represents the
intensity of the sample’s UMA, as the sample is isotropic
with A = 0, completely UMA with A = 1, and a super-
position state of isotropic and UMA with 0 < A < 1. The
coefficient A of each Co-Fe-C film is collected as black
squares in Fig. 4(b). At CCs less than 4%, the films are
isotropic with A = 0. The value for A sharply increases
from 0 to 0.8 in the coexistence phase and then gradu-
ally decreases in the amorphous phase. These films are
superposition states with 0 < A < 1. The CC-dependent
features of coefficient A have a similar evolution trend as
the UMA constant (Ku) except in the nanocrystalline bcc
phase, which will be mentioned later.

The origin of the UMA can be attributed to mag-
netocrystalline anisotropy, induced anisotropy, interfacial
charge transfer, and the strain effect [43]. We first rule out
the induced anisotropy due to the absence of a magnetic
field during deposition. There have been some reports on
the UMA induced by substrate surface topography [44].
However, the silicon- (001) oriented substrate did not show
any special topography such as strip or step (not shown

here), indicating the UMA is not related in this scenario.
The interfacial charge transfer also cannot be the reason
for UMA in these films due to the inserted metallic seed
layer Ta between the substrate and Co-Fe-C films. The
thickness of the Ta layer is 5 nm, well above the electric
field screening length (1–2 unit cells). Therefore, the UMA
could be from the films’ magnetocrystalline anisotropy
and strain effect. For the films with CC > 6%, the UMA
from magnetocrystalline anisotropy can be excluded due
to its absence in amorphous films. The strain effect from
the silicon substrate could be the only reason for the
UMA. The underlayer Ta thickness-dependent magnetic
anisotropy analysis is carried out to further verify the
strain effect in the Supplemental Material S5 [25]. So
far, we believe the residual stress from substrate cutting
could contribute to the amorphous films’ UMA. For the
films with CC < 4%, there is a magnetic anisotropy com-
petition between magnetocrystalline anisotropy and the
strain effect. However, the magnetocrystalline anisotropy
is 10–100 times larger than the strain effect in these films
(detailed calculations are in the Supplemental Material
S6 [25]), suggesting the dominant contribution is from
magnetocrystalline anisotropy. Since these films are poly-
crystalline here, the magnetocrystalline anisotropy in each
grain randomly distributes, making the films isotropic. It
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is much more complicated for the films in the coexistence
phase. The carbon addition here destroys the bcc structure
and destabilizes the parent phase. The collapse of the par-
ent structure eliminates the magnetocrystalline anisotropy
contribution and brings in the strain effect.

D. Microwave properties

Broadband FMR measurement is carried out with an
external magnetic field applied parallel to the MEA. The
narrow FMR line width at the X band (25 Oe in Fig.
S7 [25]) is achieved in the sample with a CC of 4.8%.
Figure 4(c) shows the curves of absorbed line width (�H )
versus resonant frequency (f ) with CCs ranging from 0%
to 15.8%. A linear fitting is applied to each sample using
the relation [45]

�H(f ) = 4παtot

γ
f + �H0, (1)

where γ is the electron gyromagnetic ratio, αtot is the total
Gilbert damping constant, and �H 0 is the inhomogeneous
line width broadening at 0 Hz. As shown in Fig. 4(d), in
the nanocrystalline phase, both αtot and �H 0 are maxi-
mum at CC 1.6%. Then αtot and �H 0 sharply decrease to
0.002 and 10 Oe, respectively, when carbon doping reaches
the coexistence phase. In the amorphous phase, αtot grad-
ually increases and �H 0 decreases with CC increasing.
There have been some reports that the in-plane total damp-
ing is the sum of the intrinsic and extrinsic damping,
where the extrinsic part arises from the spin pumping and
two-magnon scattering [46]. But the total extrinsic contri-
bution is about 10−3 [45], which will not dominate the
CC-dependent features in total damping. The minimum
αtot here is 0.002, indicating that the minimum of intrin-
sic damping of these Co-Fe-C films is about 0.001, better
than the reported value of 0.004 in Co0.4Fe0.4B0.2 film [47].
There are only a limited number of reports for composi-
tion analysis of �H 0. For CoxFe1−x alloys, the value of
�H 0 is related to the number of defects of the films [48]
and uniformity of the structure phase [49]. We consider the
same factors in these Co-Fe-C films as they have the same
parent phase. The relatively large �H 0 in the nanocrys-
talline phase compared to the other phases is caused by the
large number of multicrystal boundaries (a type of struc-
ture defect). The sharp decrease of �H 0 in the coexistence
phase is attributed to the same phase that remains inter-
mixed throughout the transition, but not the segregation
near the phase transition as suggested by Schoen et al. [49].
The in-plane Ms and Ku can be fitted using [50]

(ω/γ )2 = (H + 2Ku/Ms)(H + 4πMs + 2Ku/Ms), (2)

where Eq. (2) is used when H is applied along MEA in
the UMA samples. The fitted γ / 2π = 29.5 ± 1.0 GHz/T is
consistent with the reported value [48]. The fitted Ms of

samples are shown as the blue open triangles in Fig. 3(d),
which agree well with the measured values. The Ku is
marked with red circles in Fig. 4(b). Interestingly, the
Ku is not 0 in the nanocrystalline phase, different from
the previous anisotropic coefficient A’s features. It can
be understood that anisotropic coefficient A is from the
M-H loops measurement, representing the macroscopic
anisotropy. However, Ku is from resonant field fitting of
FMR, representing the intrinsic anisotropy. Based on the
strong crystallization evidence in XRD, FFT in HRTEM,
and relatively large Hc and �H 0 in the low CC sam-
ples, it is believed that the macroscopic isotropy is due
to a random distribution of respective magnetocrystalline
anisotropic axes that exist in each grain. Hence, the fitted
large Ku in the nanocrystalline phase indicates the average
magnetocrystalline anisotropy of all grains. Interestingly,
the fitted Ku in the low CC samples reaches 105 erg/cm3,
which is 10 times more than the value of the amorphous
samples. This result is consistent with what we have men-
tioned in the intensity comparison of magnetocrystalline
anisotropy and strain effect. With carbon doping, the mag-
netocrystalline anisotropy is continuously damaged in the
nanocrystalline and coexistence phase, resulting in the
sharp decrease of Ku. For the amorphous phase, the mag-
netocrystalline anisotropy is eliminated and the uniform
amorphous proportion is enhanced with the carbon addi-
tion, leading to Ku continuing to gradually decrease. The
maximum Ku at CC 2% will be discussed later. Thus, Ku is
strongly influenced by the alloy structural transition with
the carbon addition.

E. Thermal stability of magnetic properties

To test the thermal stability of the Co-Fe-C alloy films,
three different samples with CCs 0%, 4.4%, and 13.2%
are annealed at the same temperature for 1 h in a contin-
uous Ar gas flow. All samples show the increased Ms with
increasing annealing temperature [Fig. 5(a)], the same as
the reported results in Co-Fe-B alloy films [51,52] marked
by solid balls in Fig. 5(a). Considering the elements’ C and
B similarities, this behavior can be understood by the ele-
ments’ interdifussion, which occurs during the annealing
as explained by Wang et al. [52]. During the annealing
above the critical temperature, carbon atoms might diffuse
away from Co-Fe-C at the interface, resulting in the reduc-
tion of magnetic impurities (carbon atoms), and therefore,
increase the magnetic moment. Since the size of a carbon
atom is much smaller than that of the other atoms (Co,
Fe, and Ta), carbon diffusion must be easier and faster
than other atoms, and therefore, dominates the magneti-
zation variation during annealing. The net varied Ms is
defined as �4πMs = 4πMs (T) − 4πMs (0), where 4πMs
(0) is the saturated magnetic moment without annealing.
The calculated curves are shown in Fig. 5(c), from which
one can see all three samples are thermally stable up to
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(a) (b)

(c) (d)

FIG. 5. Thermal stability of Co-Fe-C
films with CC 0%, 4.4%, and 13.2%.
Annealing temperature-dependent Ms
(a) and αtot (b). The Co-Fe-B alloy
film’s Ms after annealing in the refer-
ences are collected for comparison as
solid balls in (a). The net varied Ms (c)
and αtot (d) after annealing.

250 °C. The apparent Ms increase in CC 13.2% and the
minimal Ms increase in CC 4.4% are observed at the range
of 250 °C–500 °C. Overall, the annealing temperature-
dependent Ms of Co-Fe-C alloy films show better thermal
stability than that of the Co-Fe-B alloy films, which agrees
well with the reported works [19,20].

The respective αtot of the three samples after anneal-
ing and the corresponding net varied values are displayed
in Figs. 5(b) and 5(d). Interestingly, the sample with CC
0% shows a continuous reduction of αtot in the whole
annealing range. The αtot of the sample with CC 13.2%
is thermally stable up to 300 °C, then sharply jumps to
a high value, and finally continues to gradually increase.
These microwave properties that change after annealing
are consistent with Bilzer’s work [53] in the Co-Fe-B alloy
films. However, the medium doping sample with CC 4.4%
shows the maximum thermal tolerance, from which no
apparent alteration of αtot is shown in the whole annealing
range. Based on the above discussion, the Co-Fe-C alloy
film with a coexistence phase has the best thermal stability
among all the samples. It is certain that the varied magnetic
properties after annealing depend strongly on the transfor-
mation of the films’ nanostructures. Further investigation
is in process to understand the internal mechanism.

F. Electronic structure calculation

Ebert et al. [54] and Lounis et al. [55] suggested that
the intrinsic damping is proportional to the total den-
sity of states (DOS) at the Fermi energy [n(EF )] in the
breathing Fermi-surface model (as in the case for the
CoxFe1−x system [45]). Thus, we perform electronic struc-
ture calculations for the Co-Fe-C alloy to gain a deeper

understanding of the relation between Gilbert damping and
CC. The schematic bcc structure of the Co-Fe-C alloy is
shown in Fig. 6(a). With the carbon addition, the local
distortion of the positions of the Fe or the Co atom near
the interstitial C atoms can be clearly observed. The peri-
odic cell used for calculation is marked as a dashed line.
The detailed description of the calculation method is in
the Supplemental Material S8 [25]. A CC less than 6%
is employed in our calculation considering the nanocrys-
talline bcc structure. Several representative examples are
given in Fig. 6(d). The 3d states (valley in the DOS below
EF ) change obviously, but do not shift with a CC increase.
Focusing on the DOS around EF [inset of Fig. 6(d)]
clearly shows that the CC-dependent features in n(EF )
directly correlate to features related to damping as shown
in Fig. 6(b). The calculated Ms of each supercell is col-
lected to compare with the measured Ms in Fig. 6(c). The
initial increase of n(EF ) with CC < 2% is related to the
carbon doping effect on the band splitting of the metal fer-
romagnetism introduced in the Stoner criterion [6]. This
low-content doping tunes the magnetic properties of alloys
such as Hc, Ku, and intrinsic damping as shown in the
previous data. Then, n(EF ) decreases with CC > 2%, orig-
inating from the strong hybridization between C 2p states
and Fe or Co 3d states, which localize the electrons around
the EF of the alloy. The extremely low Gilbert damp-
ing that we measure is related to the minimum in n(EF )
for CC around 5%, at which the doping of carbon atoms
optimally hybridizes with the surrounding metal Fe or Co
atoms [45]. Additional work is being done to investigate
the mechanism of the n(EF ) turning point happening at a
CC around 2%. All the calculations are carried out in the
periodic supercell. The unit cell destruction from carbon
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(a)

(d)

(b)

(c)

FIG. 6. DOS calculation for
Co-Fe-C films with CC less than
6%. (a) Side view of schematic
structure of interstitial C atoms
(red balls) in the bulk Co0.5Fe0.5
alloy. The radius of C atoms is
amplified for clearness. The Fe
and Co atoms are represented
by gold and blue balls, respec-
tively. The dashed line show the
Co-Fe-C supercell employed in
our calculation. (b) The mea-
sured αtot (black open) and the
calculated n(EF ) (red curve).
(c) The comparison of mea-
sured Ms (black open) and
calculated Ms (red open). The
light orange dotted line is the
structural boundary as in Fig. 3.
(d) Electronic structure of bulk
(Co0.5Fe0.5)xC1−x with x < 6%.
All alloy compositions are
aligned to a common Fermi
energy EF , at zero energy to
facilitate comparison. The inset is
the DOS enlargement around EF .

doping is not considered in the calculation, which may lead
to disagreement between the calculated n(EF ) and the Ms
with the measured damping and the Ms that varies near the
structure boundary.

IV. CONCLUSION

In summary, we study the magnetostriction, soft mag-
netism, and microwave properties of different CC concen-
trations in (Co0.5Fe0.5)xC1−x films grown on silicon (001)
substrates. Three distinct CC regions are identified: below
4%, the phase is primarily nanocrystalline bcc, above 6%,
the phase is primarily amorphous, and between 4% and
6%, there is mixture of nanocrystalline and amorphous.
A combination of high λs, high dλ/dH, low Hc, narrow
FMR line width, low αtot and high thermal stability are
achieved. The large λs and dλ/dH are related to the coex-
istence of nanocrystalline bcc and the amorphous phase.
The extremely low damping is related to the minimum in
n(EF ) of the alloys that is induced by carbon doping. We
also analyze the competition between magnetocrystalline
anisotropy and strain effects in determining the magnetic
anisotropy of the Co-Fe-C films. This work will stimulate
the Co-Fe-C films’ applications in voltage-tunable magne-
toelectric devices in multiferroic composite structures and
other microwave magnetic devices.
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