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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
Co1-4Ni, alloy films, in which the Fermi level and the density of states can be continuously tuned
by varying the Ni concentration . The intrinsic magnetic damping parameter, measured by 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
controlling of energy loss and speed of spintronic devices.

PACS numbers: 72.25.Rb, 71.20.Be, 71.70.Ej, 75.78.-n

Introduction

In the design of high-speed information storage
technology, the magnetic damping parameter deter-
mines the characteristic times of magnetic relaxation
of magnetization procession because it strongly af-
fects the required energy and speed of operations! 3.
Ultra-low magnetic damping is found in insulating fer-
romagnets such as yttrium-iron-garnet* ?, and also in
metallic ferromagnetic thin films!® 15, Ab initio calcu-
lations, based on the breathing Fermi-surface model,
generalized torque correlation model, and scattering
model, have been performed to reveal the mecha-
nism of the magnetic damping in metallic ferromag-
nets'¢23. According to the breathing Fermi-surface
model, the magnetic damping parameter is related to
both the strength of spin orbital coupling and the den-
sity of states (DOS) near the Fermi level! ¥, Re-
cently, He et al.?* reported the variation of magnetic
damping of Feg 5(Pd,Pt1_5)o.5 epitaxial alloys with
the Pt atomic concentration and explained the phe-
nomena in terms of altering spin-orbit interaction.
Low magnetic damping parameters in measurements
for FegsCors films'®!! and half-metallic Heusler al-
loys'41® agree with an interesting theoretical finding
that the magnetic damping parameter is proportional
to the DOS near the Fermi level' '8, If this conjec-
ture is confirmed, the magnetic damping parameter
can be tuned by adjusting Fermi level with different
alloy compositions!®11:14:15,

It is noted that the phase transition, from body cen-
tered cubic (BCC) to face-centered-cubic (FCC), may
happen in many alloys such as FeCo as the alloy com-
position changes'®. This may complicate studies of

damping-composition relation because of the abrupt
changes of DOS. CoNi disordered alloy films have sin-
gle FCC structure and can be easily deposited at all
compositions by epitaxial growth?. Their DOS at the
Fermi level can be continuously tuned by changing
the alloy composition. Hence, CoNi alloys are ideal to
investigating the band filling effect on magnetic damp-
ing, through changing the Fermi level as a function of
the alloy composition.

In order to elucidate the mechanism of the intrin-
sic magnetic damping «ap, we have fabricated high
quality epitaxial Coj_,Ni, (=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 con-
tinuously and significantly tuned by the alloy com-
position. The electronic structure calculations have
been performed based on density functional theory
(DFT). The time-resolved magneto-optical Kerr effect
(TRMOKE) measurements show strong dependence
of the magnetic damping on the Ni chemical concen-
tration x. The experimental results are well repro-
duced 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 transi-
tion metal alloys.

Experiments

A series of 20 nm thick Co;_,Ni, disordered alloy
films were deposited from CoNi (0 < = < 1.0) alloy
targets on STO (001) single crystalline substrates
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FIG. 1: (a) XRD spectra of Co1—;Ni, thin films on STO
substrates. (b) ¢ scanning at 20 = 44.36° for the Co
film and 20 = 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.

by high vacuum DC magnetron sputtering with a
base pressure lower than 3 x 10~° 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 hour
to remove the surface contamination and were then
cooled to 500°C before deposition. The substrates
were kept at 500°C during deposition and for another
2 hours after deposition to get 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 reflectivity (XRR), respectively, with a Bruker
D8 diffractometer with 5-axis configuration and Cu
Ka (A = 0.1542 nm). The planar Hall effect (PHE)
was measured by physical properties measurement
system (PPMS) with standard Hall bar patterns.
Magnetization hysteresis loops were measured by
vibrating sample magnetometry. Measurements of
Gilbert damping were performed 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/cm?. The 400-nm pulses
were generated by frequency doubling of 800-nm
pulses (100 fs) using a beta barium borate (BBO)
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.

Results and discussion

Figure 1(a) shows the XRD spectra of CoNi alloys
for 0 < z < 1, two peaks are found near 46° and 52°,
corresponding to FCC STO 002 and CoNi 002 diffrac-
tions, respectively. Since no diffraction peaks for L1,
and L1y 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), indicat-
ing the random locations of Ni and Co atoms26:27.
The lattice constant along the film normal direction
is 0.352 nm for all samples. Moreover, the diffrac-
tion peak of (111) plane is located at 20 = 44.36°
and accordingly the in-plane lattice constant is also
0.352 nm. Therefore, there is no lattice distortion in
the present CoNi films, due to the lattice relaxation.
Figure 1(b) shows the ¢ scanning at 260 = 44.36° for
Co and 260 = 39.98° for STO substrate. The Co film
and STO substrate have the same four-fold 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 sur-
face roughness are fitted from XRR spectra (in Fig. 1
(¢)) 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, 20 ~ 1.0
degree, to 8.00 degrees, indicating low surface rough-
ness. In-plane magnetic hysteresis loops of Co sample
are shown in Fig. 1(d), the external magnetic fields
are applied at 0° and 45° to the [100] axis, respec-
tively. From the hysteresis loops, we can get coercive
field at 130 Oe for easy axis and 100 Oe for 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 K; and K, are measured by
Planer Hall Effect (PHE), where PHE voltage is pro-
portional to 2sin¢cos¢@. The schematic picture of
PHE measurements is shown in Fig. 2(a). The mag-
netization may advance or lag behind the magnetic
field H and they coincide with each other at ¢ = 0,
90, 180, and 270 (degrees), as shown in Fig. 2 (b).
From a PHE curve as a function of ¢z, the values of
¢ and ¢ — ¢y can be deduced, where ¢ and ¢y are
the in-pane angles of the magnetization and the ap-
plied field with respect to the [010] orientation, respec-
tively. Therefore, a typical torque curve (Fig. 2(c))
can be gained by calculating L = MgH sin(¢ — ¢g),
where Mg is the saturated magnetization and H is
the applied field. According to the equilibrium equa-
tion OE/0¢ = 0, where the free energy consists of
the magnetic crystalline anisotropy energy, the uni-
axial anisotropy energy, and the Zeeman energy, i.e.,
E = E; + Ex, Ez = —MgH cos(¢pg — ¢), and
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FIG. 2: (a) Schematic geometry of PHE measurements.
(b) PHE curve of typical Cog.75Nig.25 film at H = 2.0
kOe. (c) Torque curve of Coo.75Nip.25 film as a function of
¢. (d) K1 and K, with varying Ni concentration z. Solid
lines refer to sin(2¢x) in (b) and L = K sin 4¢+ K, sin 2¢
in (c) fitted results, and serve a guide to the eye in (d).

FEx = K sin? ¢ cos? ¢+ K, sin? ¢ with the magnetiza-
tion aligned in the film plane. Thus, one also has L =
K sind¢+ K, sin 2¢. The magnetic torque curves are
fitted and the magnetocrystalline anisotropy K; and
the uniaxial magnetic anisotropy K, (the demagne-
tization energy not included) can be determined for
all samples, as shown in Fig. 2(d). The magnetocrys-
talline anisotropy K7 approaches zero near x = 0.8
and is negative for other samples®®. In particular,
it is interesting to find that K; is almost zero near
x = 0.80 although it is negative K; for both FCC Co
and Ni. Similar phenomena were observed in epitax-
ial NiFe films2®. The peculiar nonmonotonic varia-
tion of the magnetocrystalline anisotropy with the al-
loy composition is attributed to the band filling effect
when the Fermi level is shifted with the alloy compo-
sition. Meanwhile, K, is found to be more than 10
times smaller than K; in magnitude and to decrease
monotonously with the increasing Ni concentration x
of Coj_;Ni,. Therefore, the attribute of soft magnet
can be understood near x = 0.80. With negative K3
and negligible K, the cubic edges (100) is the hard di-
rections and (110) are the medium hard directions®?,
in coincide 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 Cog75Nigos film un-
der different magnetic fields are shown in Fig. 3(b).
The magnetic damping is demonstrated by the de-
cay of the magnetization precession with the time
delay. The MOKE signal can be fitted by 6, =
a+ Aexp(—t/7s)sin(27 ft + ¢p), where f is the pre-
cession frequency and 7, is the spin precession relax-
ation time, A is the amplitude, ¢q is the phase of the
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FIG. 3: Schematic geometry of TRMOKE measurements
(a). Measured TRMOKE results for the Cog.75Nig.25 film
under different in-plane external magnetic field at o = 75
degrees with respect to [010](b). Precession frequency f
versus H for different samples (c) and saturation magne-
tization Mg as a function of z (d).

magnetization precession, and the parameter a cor-
responds to the background signal. It is found that
the precession frequency increases with increasing H.
Figure 3(c) shows the dispersion relationship, i.e., fre-
quency [ versus the external magnetic field H for dif-
ferent samples. The dispersion can be fitted by the

following Kittel equation3?,

f=n(H Hy)"?

2K, 2K,

Hy, = 47M, — v sin? ¢ + Y8 (2 — sin? 2¢)

+ H cos(¢ — én) (1)
2K, 2K

Hy = cos? ¢ + L cos 4¢

+ Hcos(¢ — ¢n),

where v is the gyromagnetic ratio and ¢ can be ob-
tained by the equilibrium equation 9E/d¢ = 0. With
the data of K3 and K, in Fig. 2(d), and of the satura-
tion magnetization Mg in Fig. 3(d) for all samples, the
gyromagnetic ratio vy is calculated to be 2.01, 2.068,
2.10, 1.913, 1.80, and 1.91 (107 s~'Oe~!), 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), re-
spectively. The values of g are close to the results of
literatures3:32. The non-vanishing g — 2.0 term indi-
cates the effect of the spin orbital interaction in CoNi
alloys'”. Here, Mg of the CoNi alloys, measured by
VSM, is plotted as a function of Ni concentration .
The variation trend obeys the Slater-Pauling curve3!.

The damping parameter « can be determined by fit-
ting the following H dependent precession relaxation
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FIG. 4: Relaxation rate 1/75 versus the term X for z =
0.25, 0.75, 0.80, and 1.0, where X = ~(H; + H2)/2 (a),
measured (black squares) and DFT calculated (red circles)
magnetic damping parameter ao (b) and DOS at Fermi
level (c) as a function of x. In comparison, experimental
data of M. Oogane et al. (up‘c]riangles)m7 calculated results
of S. Mankovsky et al.(downtriangles)™® and A. A. Starikov
et al.(diamonds)?" are also given in (b). The solid lines
refer to the linear fitting results in (a) and serve to the eye
in (b, c).

rate33,

1/7s = ay(Hy 4+ H2)/2 = aX

X = (t + )2 2
where Hy and Hs are defined in Eq. 1. Figure 4(a)
presents a plot of 1/7, versus X. Apparently, 1/75
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''. The slope corresponds
to the intrinsic magnetic parameter oy 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*. In the following, we will focus
on the intrinsic one «p. Figure 4(b) shows that
the measured intrinsic magnetic damping parameter
ap almost keeps constant for small x and varies
significantly for > 0.80. The value of ag at small x
is three times less than the maximum value of pure
Ni sample. Since the spin precession relaxation time
Ts 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 Simulation Package (VASP)3%3¢. We use the
experimentally measured lattice constants and spe-
cial quasi-random structures (SQSs) of 32 atoms373%
for Cop_.Ni, alloys. To calculate the intrinsic
damping «g, we utilize our recently extended torque
method®® that is based on the scattering theory of
the magnetic damping?®. Note that the scattering
theory of Gilbert damping and the Kamberskys
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 ag
change weakly from x = 0 to z = 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 Coj_,Ni,
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
o have similar trends. This is consistent with the
breathing Fermi-surface model??. In addition to the
Fermi energy, the electronic band structure near the
Fermi level is expected to change gradually with z,
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 effects of other factors,
such as, the relaxation time of electronic momentum
and the shape of the Fermi surface, on the intrinsic
magnetic 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 = for both polycrystalline and single
crystalline CoNi films.  Similar phenomena have
also been observed in polycrystalline and epitaxial
FeCo films'®!!.,  The difference of the intrinsic
magnetic damping parameter between single and
polycrystalline films can be explained in terms of the
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anisotropy of the Fermi surface and the relaxation
time of electronic momentum. First, the intrinsic
magnetic damping parameter strongly depends
on the shape of the Fermi surface and exhibits
anisotropy*!, leading to the difference between single
and polycrystalline CoNi films. Secondly, the intrinsic
magnetic damping parameter strongly depends on
the relaxation time of electronic momentum which is
in turn related to the microstrucutre 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'”?2:23, and it increases sharply
for longer relaxation time of electronic momentum.
For high quality epitaxial films, the relaxation time
of electronic momentum is expected to be longer
than that of the intrinsic polycrystalline films, due to
different defect distributions and short range order
of atoms?®. 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*!'*3. The anisotropy of magnetic damping
is ascribed to the crystal orientation-dependent
density 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 contrast, 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 z < 1.0. This phenomenon
can be ascribed to the artifact that the relaxation
time of electronic momentum also changes with the
alloy composition'®'?.  Interestingly, the intrinsic
magnetic damping parameter in epitaxially grown
Co/Ni multilayers with perpendicular 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*2.
Finally, the disagreement between the experimental
and the previous calculation results is mainly due
to the vertex corrections used in the first princi-
ple calculation in Ref.13, which accounts into the
angular-momentum transfer between the precessing
magnetization and the itinerant carriers. Since 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.'3:2%.

In short summary, a series of high quality epitaxial
Co1_;Ni, disordered alloy films were grown on STO
(100) substrates. The Fermi level can be continuously
tuned by changing the alloy composition. The intrin-
sic damping parameter aq, measured by TRMOKE,
does not change much for z < 0.80 and increases
sharply for > 0.80. The experimental results of
ap 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 combination of the
electronic band structure and the Fermi energy with
the varying Ni content z. Moreover, the intrinsic
magnetic damping parameter is also found to strongly
depend on the relaxation time of electronic momen-
tum through varying microstructure.
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