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Tuning of the intrinsic magnetic damping parameter in epitaxial CoNi(001) films :
Role of the band-filling effect
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The band-filling effect, which is due to tuning the electron occupation number near the Fermi level, on the
intrinsic magnetic damping parameter is demonstrated by employing high-quality epitaxial Co1−xNix alloy films,
in which the Fermi level and the density of states can be continuously tuned by varying the Ni concentration x.
The intrinsic magnetic damping parameter, measured by the time-resolved magneto-optical Kerr effect, changes
weakly at small x and increases sharply for x > 0.80. The experimental results are well reproduced by the
density functional theory calculation. More interestingly, the magnetic damping parameter and the density of
states near the Fermi level share similar variation trends, demonstrating their correlation. The band-filling effect
in 3d magnetic transition metal alloys provides a way to tune the magnetic damping parameter as a key element
in the controlg of energy loss and speed of spintronic devices.
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I. INTRODUCTION

In the design of high-speed information storage tech-
nology, the magnetic damping parameter determines the
characteristic times of magnetic relaxation of magnetization
procession because it strongly affects the required energy
and speed of operations [1–3]. Ultralow magnetic damping is
found in insulating ferromagnets such as yttrium-iron-garnet
[4–9], and also in metallic ferromagnetic thin films [10–15].
Ab initio calculations, based on the breathing Fermi-surface
model, generalized torque correlation model, and scattering
model, have been performed to reveal the mechanism of
the magnetic damping in metallic ferromagnets [16–23]. Ac-
cording to the breathing Fermi-surface model, the magnetic
damping parameter is related to both the strength of the spin
orbital coupling and the density of states (DOS) near the
Fermi level [16–18]. Recently, He et al. [24] reported the
variation of magnetic damping of Fe0.5(PdxPt1−x)0.5 epitaxial
alloys with the Pt atomic concentration and explained the
phenomena in terms of altering spin-orbit interaction. Low
magnetic damping parameters in measurements for Fe25Co75

films [10,11] and half-metallic Heusler alloys [14,15] agree
with an interesting theoretical finding that the magnetic damp-
ing parameter is proportional to the DOS near the Fermi level
[16–18]. If this conjecture is confirmed, the magnetic damping
parameter can be tuned by adjusting the Fermi level with
different alloy compositions [10,11,14,15].

It is noted that the phase transition, from body centered cu-
bic to face-centered-cubic (FCC), may happen in many alloys
such as FeCo as the alloy composition changes [10]. This may
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complicate studies of damping-composition relation because
of the abrupt changes of the DOS. CoNi disordered alloy films
have single FCC structure and can be easily deposited at all
compositions by epitaxial growth [25].Their DOS at the Fermi
level can be continuously tuned by changing the alloy com-
position. Hence, CoNi alloys are ideal for investigating the
band-filling effect on magnetic damping, through changing
the Fermi level as a function of the alloy composition.

In order to elucidate the mechanism of the intrinsic mag-
netic damping α0, we have fabricated high- quality epi-
taxial Co1−xNix (CoNi) disordered alloy films on SrTiO3

(STO)(100) substrates. Since Co and Ni metals have different
3d electrons, the Fermi level and thus the DOS of CoNi
alloys can be continuously and significantly tuned by the alloy
composition. The electronic structure calculations have been
performed based on density functional theory (DFT). The
time-resolved magneto-optical Kerr effect (TRMOKE) mea-
surements show a strong dependence of the magnetic damping
on the Ni chemical concentration x. The experimental re-
sults are well reproduced by DFT calculations. The magnetic
damping and the DOS at Fermi level show similar variation
trends as a function of x for the 3d magnetic transition metal
alloys.

II. EXPERIMENTS

A series of 20-nm thick Co1−xNix disordered alloy films
were deposited from CoNi (0 � x � 1.0) alloy targets on STO
(001) single crystalline substrates by high vacuum DC mag-
netron sputtering with a base pressure lower than 3 × 10−5 Pa
and a working Ar pressure at 0.35 Pa. The deposition rate
is 0.1 nm/s. STO substrates were kept at 650 ◦C for 1 h to
remove the surface contamination and were then cooled to
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FIG. 1. (a) XRD spectra of Co1−xNix thin films on STO substrates. (b) ϕ scanning at 2θ = 44.36◦ for the Co film and 2θ = 39.98◦ for the
STO substrate. (c) Measured XRR (black line) and fitting curve (red line) of a typical Co sample. (d) Hysteresis loops of Co film with the
external magnetic field along [100], [110], and [001] orientations.

500 ◦C before deposition. The substrates were kept at 500 ◦C
during deposition and for another 2 h after deposition to get a
high-quality single crystalline structure. The microstructure of
all samples and the thickness and the surface roughness were
characterized by x-ray diffraction (XRD) and x-ray reflec-
tivity (XRR), respectively, with a Bruker D8 diffractometer
with five-axis configuration and Cu Kα (λ = 0.1542 nm). The
planar Hall effect (PHE) was measured by physical properties
measurement system with standard Hall bar patterns. Magne-
tization hysteresis loops were measured by vibrating sample
magnetometry. Measurements of Gilbert damping were per-
formed by TRMOKE. We used 400-nm laser pulses of 1 kHz
repetition rate for the pump beam, which was focused on the
sample at the fluence of 0.4 mJ/cm2. The 400-nm pulses were
generated by frequency doubling of 800-nm pulses (100 fs)
using a β barium borate crystal. The transient MOKE signal
was detected by a much weaker probe beam of 800 nm
at an incident angle of 45◦ in a balanced detection mode.
A vector magnet was used to provide magnetic field along
arbitrary directions in the sample plane. All measurements in
the present work were performed at room temperature.

III. RESULTS AND DISCUSSION

Figure 1(a) shows the XRD spectra of CoNi alloys for 0 �
x � 1, two peaks are found near 46◦ and 52◦, corresponding to
FCC STO 002 and CoNi 002 diffractions, respectively. Since
no diffraction peaks for L10 and L12 structures are observed
in XRD spectra, all samples were chemically disordered. This
coincides with the results that the sheet resistivity achieves
a maximal value near x = 0.75 (not shown), indicating the

random locations of Ni and Co atoms [26,27]. The lattice
constant along the film normal direction is 0.352 nm for all
samples. Moreover, the diffraction peak of the (111) plane is
located at 2θ = 44.36◦ and accordingly the in-plane lattice
constant is also 0.352 nm. Therefore, there is no lattice dis-
tortion in the present CoNi films, due to the lattice relaxation.
Figure 1(b) shows the ϕ scanning at 2θ = 44.36◦ for Co and
2θ = 39.98◦ for the STO substrate. The Co film and STO
substrate have the same fourfold symmetry, and prove the
epitaxial growth of the samples. The results in Figs. 1(a)
and 1(b) indicate that all CoNi films are of FCC structure.
The thickness and the surface roughness are fitted from XRR
spectra [in Fig. 1(c)] to be close to the designed value of
20.0 nm and to be about 0.2 nm for Co films, respectively.
For all samples, the interference fringes can be observed in
a wide angle region from the critical angle, 2θ ≈ 1.0 degree,
to 8.00◦, indicating low surface roughness. In-plane magnetic
hysteresis loops of the Co sample are shown in Fig. 1(d),
the external magnetic fields are applied at 0◦ and 45◦ to the
[100] axis, respectively. From the hysteresis loops, we can get
a coercive field at 130 Oe for the easy axis and 100 Oe for
the hard axis. The slanted out-of plane hysteresis loop shows
the in-plane magnetic anisotropy in the present systems. In a
word, epitaxially grown CoNi alloy films with high quality are
achieved in the present work.

The magnetocrystalline and the uniaxial magnetic
anisotropy parameters K1 and Ku are measured by the
PHE, where the PHE voltage is proportional to 2 sin φ cos φ.
The schematic picture of PHE measurements is shown in
Fig. 2(a). The magnetization may advance or lag behind the
magnetic field H and they coincide with each other at φH = 0,
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FIG. 2. (a) Schematic geometry of PHE measurements. (b) PHE curve of typical Co0.75Ni0.25 film at H = 2.0 kOe. (c) Torque curve of
Co0.75Ni0.25 film as a function of φ. (d) K1 and Ku with varying Ni concentration x. Solid lines refer to sin(2φH ) in (b) and L = K1 sin 4φ +
Ku sin 2φ in (c) fitted results, and serve a guide to the eye in (d).

90, 180, and 270◦, as shown in Fig. 2(b). From a PHE curve as
a function of φH , the values of φ and φ − φH can be deduced,
where φ and φH are the in-pane angles of the magnetization
and the applied field with respect to the [010] orientation,
respectively. Therefore, a typical torque curve [Fig. 2(c)]
can be gained by calculating L = MSH sin(φ − φH ), where
MS is the saturated magnetization and H is the applied field.
According to the equilibrium equation ∂E/∂φ = 0, where the
free energy consists of the magnetic crystalline anisotropy
energy, the uniaxial anisotropy energy, and the Zeeman
energy, i.e., E = EZ + EK , EZ = −MSH cos(φH − φ), and
EK = K1 sin2 φ cos2 φ + Ku sin2 φ with the magnetization
aligned in the film plane. Thus, one also has L =
K1 sin 4φ + Ku sin 2φ. The magnetic torque curves are fitted
and the magnetocrystalline anisotropy K1 and the uniaxial
magnetic anisotropy Ku (the demagnetization energy is not
included) can be determined for all samples, as shown in
Fig. 2(d). The magnetocrystalline anisotropy K1 approaches
zero near x = 0.8 and is negative for other samples [25].
In particular, it is interesting to find that K1 is almost zero
near x = 0.80 although it is negative K1 for both FCC Co
and Ni. Similar phenomena were observed in epitaxial NiFe
films [28]. The peculiar nonmonotonic variation of the
magnetocrystalline anisotropy with the alloy composition is
attributed to the band-filling effect when the Fermi level is
shifted with the alloy composition. Meanwhile, Ku is found
to be more than 10 times smaller than K1 in magnitude and to
decrease monotonously with the increasing Ni concentration
x of Co1−xNix. Therefore, the attributes of a soft magnet can
be understood near x = 0.80. With negative K1 and negligible
Ku, the cubic edges 〈100〉 is the hard direction and 〈110〉 are
the medium hard direction [29], which coincides with the
results of Fig. 1(d).

The magnetization precession relaxation time is measured
by the TRMOKE. A variable magnetic field up to 3.0 kOe was
applied at 75◦ to the [010] orientation of the sample as shown
in Fig. 3(a). The TRMOKE results of the Co0.75Ni0.25 film
under different magnetic fields are shown in Fig. 3(b). The
magnetic damping is demonstrated by the decay of the magne-
tization precession with the time delay. The MOKE signal can
be fitted by θk = a + A exp(−t/τs) sin(2π f t + φ0), where f
is the precession frequency and τs is the spin precession
relaxation time, A is the amplitude, φ0 is the phase of the
magnetization precession, and the parameter a corresponds
to the background signal. It is found that the precession
frequency increases with increasing H . Figure 3(c) shows the
dispersion relationship, i.e., frequency f versus the external
magnetic field H for different samples. The dispersion can be
fitted by the following Kittel equation [30]:

f = γ (H1H2)1/2,

H1 = 4πMs − 2Ku

Ms
sin2 φ + 2K1

Ms
(2 − sin2 2φ)

+ H cos(φ − φH ),

H2 = 2Ku

Ms
cos2 φ + 2K1

Ms
cos 4φ

+ H cos(φ − φH ), (1)

where γ is the gyromagnetic ratio and φ can be obtained
by the equilibrium equation ∂E/∂φ = 0. With the data of
K1 and Ku in Fig. 2(d), and of the saturation magnetization
MS in Fig. 3(d) for all samples, the gyromagnetic ratio γ

is calculated to be 2.01, 2.068, 2.10, 1.913, 1.80, and 1.91
(107 s−1Oe−1), and the g factor is 2.27, 2.34, 2.37, 2.16, 2.03,
and 2.16 for x = 0 (Co), 0.25, 0.50, 0.75, 0.80, and 1.0 (Ni),
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FIG. 3. Schematic geometry of TRMOKE measurements (a). Measured TRMOKE results for the Co0.75Ni0.25 film under different in-plane
external magnetic field at φH = 75◦ with respect to [010] (b). Precession frequency f versus H for different samples (c) and saturation
magnetization MS as a function of x (d).

respectively. The values of g are close to the results found
in the literature [31,32]. The nonvanishing g − 2.0 term in-
dicates the effect of the spin orbital interaction in CoNi alloys
[17]. Here, MS of the CoNi alloys, measured by Vibrating
Sample Magnetometer (VSM), is plotted as a function of Ni
concentration x. The variation trend obeys the Slater-Pauling
curve [31].

The damping parameter α can be determined by fitting the
following H dependent precession relaxation rate [33]:

1/τs = αγ (H1 + H2)/2 = αX,
(2)

X = γ (H1 + H2)/2.

where H1 and H2 are defined in Eq. (1). Figure 4(a) presents
a plot of 1/τs versus X . Apparently, 1/τs changes linearly
as a function of X for x = 0.25, 0.75, 0.80, and 1.0 at high
H whereas the data at lower H may deviate from the linear
dependence because the samples are not saturated [11]. The
slope corresponds to the intrinsic magnetic parameter α0

whereas the intercept is caused by the extrinsic contribution
to the entire magnetic damping. The intrinsic one is related
to the electronic band structure near the Fermi level. Since
the extrinsic one is caused by microstructural inhomogeneity
and depends on the magnitude of the external magnetic field,
the linear dependence can be obtained only when the extrinsic
one is almost suppressed under strong external magnetic fields
[34]. In the following, we will focus on the intrinsic one
α0. Figure 4(b) shows that the measured intrinsic magnetic
damping parameter α0 almost keeps constant for small x and
varies significantly for x > 0.80. The value of α0 at small
x is three times less than the maximum value of pure Ni
sample. Since the spin precession relaxation time τs depends
on the term X , it changes significantly with both the alloy

composition and the magnitude of the external magnetic field,
as shown in Fig. 4(a).

DFT calculations are carried out with Vienna ab initio Sim-
ulation Package (VASP) [35,36]. We use the experimentally
measured lattice constants and special quasirandom structures
of 32 atoms [37,38] for Co1−xNix alloys. To calculate the
intrinsic damping α0, we utilize our recently extended torque
method [39] that is based on the scattering theory of the mag-
netic damping [20]. Note that the scattering theory of Gilbert
damping and the Kambersky¡¯s torque-correlation model have
the same essential physics in damping, since both capture
the intraband (conductivity-like) and interband (resistivity-
like) contributions. The measured results are reproduced by
the calculations, that is to say, both of the experimental and
calculated damping parameter α0 change weakly from x = 0
to x = 0.80, and then they significantly increase and have a
maximum for pure Ni, as shown in Fig. 4(b). Figure 4(c) is
the DFT calculated DOS at the Fermi energy for Co1−xNix

alloys, where the Fermi energy is 5.42, 5.36, 5.21, 5.02,
4.92, 4.78 (eV) for x = 0, 0.25, 0.50, 0.75, 0.875, and 1.0,
respectively. It is found that the DOS at the Fermi level
and the damping parameter α0 have similar trends. This is
consistent with the breathing Fermi-surface model [22]. In
addition to the Fermi energy, the electronic band structure
near the Fermi level is expected to change gradually with x, as
demonstrated by different DOS distributions near the Fermi
level for various x in Fig. 5. Accordingly, the change of DOS
near the Fermi level in Fig. 4(c) is induced by the alternations
of both electronic band structure and Fermi energy level shift.

It is essential to analyze the effects of other factors,
such as, the relaxation time of electronic momentum and
the shape of the Fermi surface, on the intrinsic magnetic
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FIG. 4. Relaxation rate 1/τs versus the term X for x = 0.25,
0.75, 0.80, and 1.0, where X = γ (H1 + H2)/2 (a), measured (black
squares) and DFT calculated (red circles) magnetic damping pa-
rameter α0 (b) and DOS at Fermi level (c) as a function of x. In
comparison, the experimental data of Oogane et al. (up triangles)
[12], calculated results of Mankovsky et al. (down triangles) [13],
and Starikov et al. (diamonds) [21] are also given in (b). The solid
lines refer to the linear fitting results in (a) and serve as a guide to the
eye in (b), (c).

damping parameters of CoNi alloys. The intrinsic magnetic
damping parameter of epitaxial CoNi films is larger than that
of polycrystalline ones, as shown in Fig. 4(b), although the
intrinsic magnetic damping parameter shows similar variation
trends with x for both polycrystalline and single crystalline
CoNi films. Similar phenomena have also been observed in
polycrystalline and epitaxial FeCo films [10,11]. The differ-
ence in the intrinsic magnetic damping parameter between
single and polycrystalline films can be explained in terms
of the anisotropy of the Fermi surface and the relaxation
time of the electronic momentum. First, the intrinsic magnetic
damping parameter strongly depends on the shape of the
Fermi surface and exhibits anisotropy [40], leading to the
difference between single and polycrystalline CoNi films.
Secondly, the intrinsic magnetic damping parameter strongly
depends on the relaxation time of the electronic momentum,
which is in turn related to the microstructure of CoNi films.
With the dominant contribution of the intraband transition,
for example, the magnetic damping parameter is proportional
to the relaxation time of electronic momentum [17,22,23],
and it increases sharply for longer relaxation time of the
electronic momentum. For high-quality epitaxial films, the
relaxation time of the electronic momentum is expected to
be longer than that of the intrinsic polycrystalline films,

FIG. 5. DOS per atom versus the energy for x = 0 (a), 0.50 (b),
and 1.0 (c). Here, the Fermi energy is 5.42, 5.21, and 4.78 (eV) for
x = 0, 0.50, and 1.0, respectively.

due to different defect distributions and short range order of
atoms [26]. Accordingly, larger magnetic damping parameters
are achieved in epitaxial films. Very recently, the anisotropy
of magnetic damping has been observed experimentally in
epitaxial films of Fe on GaAs(001) substrates and FeCo on
MgO(001) substrates [40,42]. The anisotropy of magnetic
damping is ascribed to the crystal orientation-dependent den-
sity of states near the Fermi surface in Fe/GaAs and to the
anisotropy of spin orbit coupling strength in CoFe/MgO. In
the present experiments, therefore, the value of the (intrinsic)
magnetic damping depends on the orientation of the external
magnetic field with respect to the crystal orientation. In con-
trast, for polycrystalline films, the crystal orientations of all
small crystals are aligned randomly, leading to an average
effect on the magnetic damping. Again, with a closer look
at the results in Fig. 4(b), one can find that the calculated
value of the intrinsic magnetic damping parameter is equal
to the measured one at x = 1.0 whereas it is slightly smaller
than that of the measured value at x < 1.0. This phenomenon
can be ascribed to the artifact that the relaxation time of the
electronic momentum also changes with the alloy composition
[16–19]. Interestingly, the intrinsic magnetic damping param-
eter in epitaxially grown Co/Ni multilayers with perpendicu-
lar magnetic anisotropy is smaller than that of polycrystalline
samples, due to the alternative stacking of ultrathin Co and
Ni layers, different from the present results [41]. Finally,
the disagreement between the experimental and the previous
calculation results is mainly due to the vertex corrections used
in the first principles calculation in Ref. [13], which must be
taken into account in the angular-momentum transfer between
the precessing magnetization and the itinerant carriers. Since
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the vertex corrections will lead to underestimation of the
intrinsic magnetic damping parameter, our results are slightly
larger than the numerical results of Mankovsky and Starikov
et al. [13,21].

In short summary, a series of high-quality epitaxial
Co1−xNix disordered alloy films were grown on STO (100)
substrates. The Fermi level can be continuously tuned by
changing the alloy composition. The intrinsic damping param-
eter α0, measured by TRMOKE, does not change much for
x < 0.80 and increases sharply for x > 0.80. The experimen-
tal results of α0 are well reproduced by the DFT calculations.
Particularly, the band-filling effect is demonstrated by similar
variation trends of the intrinsic magnetic damping parameter
and the DOS at the Fermi level, as a function of the chemical
concentration of Ni. This very effect arises from the combi-
nation of the electronic band structure and the Fermi energy
with the varying Ni content x. Moreover, the intrinsic mag-
netic damping parameter is also found to strongly depend on

the relaxation time of electronic momentum through varying
microstructure.
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