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Engineering Gilbert damping in ferromagnetic metal films is of great importance to exploit and design
spintronic and high-frequency electromagnetic devices. The spin-orbit parameter ξ has been found to be efficient
for tuning the Gilbert damping rate αG in a wide range. However, the theoretically predicted cubic (quadratic)
scaling of the conductivity-like ασ (resistivity-like αρ) part of αG on ξ has not been verified in real ferromagnetic
metal materials. To clarify this relationship, herein, we focus on the damping mechanism in oriented hcp Co1−xIrx

soft magnetic films by combining ferromagnetic resonance measurements with first-principle calculations. The
αG is found to increase linearly as the Ir concentration x changes from 0.02 to 0.23, where ξ is dominant over
other related parameters. In particular, we demonstrate the ξ 2.51 (ξ 1.69) dependence of ασ (αρ) in oriented hcp
Co1−xIrx soft magnetic films by extracting ασ and αρ according to the temperature dependence of αG, which
validates the theoretical prediction. The difference in the ξ dependence of the two types of damping is mainly
derived from the non-negligible variation in the density of states at the Fermi surface (DE f ) induced by ξ . The
present results provide a deeper insight into the Gilbert damping mechanism and suggest an approach to tailor
the magnetic damping freely in magnetic metallic materials.

DOI: 10.1103/PhysRevB.108.094424

I. INTRODUCTION

Magnetic damping determines how fast the magnetization
relaxes toward the effective magnetic field in magnetiza-
tion dynamics and plays a central role in many aspects of
magnetization switching and dynamics [1,2]. It is usually
characterized by the Gilbert damping rate αG in the Landau-
Lifshitz-Gilbert equation [1]. The strength of αG has a large
impact on the speed and energy required to operate spintronic
and high-frequency electromagnetic devices [3]. For example,
small αG is essential for minimizing the magnetic switching
current and the power consumption in spin-torque-transfer-
based magnetic memory devices [4]. Conversely, large αG

is preferred to reduce the reversal time and improve the
signal-to-noise ratio in heat-assisted magnetic recording [5].
Therefore, it is desirable to independently optimize αG in
ferromagnetic metal films for a particular application [6].
However, even the intrinsic αG is challenging to engineer
because it is affected by numerous parameters and its physical
mechanisms in various ferromagnetic metals have yet to be
confirmed [2,3].

Intrinsic Gilbert damping has been thought to arise from
the combined effects of spin-orbit (SO) coupling and electron-

*Corresponding author: wtao@lzu.edu.cn
†Corresponding author: gaomz@lzu.edu.cn

lattice scattering, and has been treated by various theoretical
models, e.g., breathing Fermi surface, torque correlation, and
scattering models [7–9]. Accordingly, the impact parame-
ters of αG include the density of states (DOS) at the Fermi
surface (DE f ) [10], SO parameter (ξ ) [7], lattice constant,
gyromagnetic ratio (γ ), saturation magnetization (Ms) [5,11],
and electron-lattice scattering rate [7,8]. The first parameter is
reported to be a leading factor for determining the αG of many
alloys with almost invariant ξ , such as Fe1−xCox, Co1−xNix,
and Fe1−xVx alloys [10,12,13]. However, DE f is affected by
the details of the band structure near the Fermi surface E f and,
consequently, is difficult to control [3]. By contrast, ξ can be
easily controlled, and plays a dominant role in αG in Fe-, Co-,
and Ni-based compounds and alloys with rare-earth elements
or 5d metals [7,14,15]. Consequently, ξ can be effectively uti-
lized to engineer αG. Hence, both theoretical and experimental
efforts have been dedicated to determine the dependence of αG

on it [7,14,16].
In theory, Kambersky’s torque correlation model parti-

tions Gilbert damping into intraband and interband scattering
mechanisms [2,8]. The former (latter) is predicted to decrease
(increase) with an increasing electron-lattice scattering rate
(proportional to the resistivity ρ), resulting in a conductivity-
like ασ (resistivity-like αρ) Gilbert damping rate [7,17]. Based
on this model, Gilmore predicted that ασ and αρ are propor-
tional to ξ 3 and ξ 2 in 3d magnetic pure metals, respectively
[16]. Experimentally, He et al. successfully elucidated the ξ 2
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dependence of αG in L10 ordered FePd1−xPtx films at room
temperature where αρ was generally dominant over ασ [7].
However, the scaling exponents of ασ and αρ with ξ have
rarely been reported for real ferromagnetic metal materials.
The difficulty lies in the fact that the extraction of ασ and αρ is
restricted by the existence of extrinsic damping contributions.
Moreover, other leading parameters of αG, such as DE f and the
electron-lattice scattering rate, may have non-negligible and
tangled changes, when ξ is tailored by doping or by adjusting
the composition ratios in alloys.

In this work, aiming to uncover the ξ dependence of ασ and
αρ in real ferromagnetic metals, we study αG, ασ , and αρ in
hcp Co1−xIrx soft magnetic films with varying Ir composition
x. An hcp Co1−xIrx alloy with a prominent intrinsic αG is
selected, as it is expected to have noticeable changes in ξ with-
out additional alterations in DE f (such as alteration caused
by the band filling effect). This is because Ir atoms have ten
times larger ξ than Co atoms, but the same number of outer
d electrons with Co atoms [18]. Ferromagnetic resonance
(FMR) measurements show that αG increases linearly and the
value thereof is tripled by increasing x from 0.02 to 0.23. This
tendency generally follows the trend of ξ 2, as, according to the
calculation results, ξ dominates the other parameters related to
αG. We then demonstrate approximate cubic (quadratic) scal-
ing of the ασ (αρ) with ξ in the CoIr system by discarding the
other effects and separating αG into ασ and αρ . Our results will
contribute to advance the scientific knowledge for magnetic
damping, and are expected to facilitate the design and fabrica-
tion of new magnetic alloys with tailored damping properties.

II. METHODS

A. Experiment

Direct-current magnetron sputtering with a 0.07-m target-
to-substrate distance was employed to prepare c-axis-oriented
hcp Co1−xIrx (0.02 � x � 0.23) polycrystalline films in a lay-
ered structure: substrate/Ti (8 nm)/Au (25 nm)/CoIr (35 nm)/
Au (2 nm). The Si(100) wafers with oxidized surface were
used as substrate. To induce in-plane uniaxial anisotropy, the
substrate was inclined using a 15◦ wedge during the sputtering
process. The seed and CoIr layers were grown in an Ar atmo-
sphere at 0.15 and 0.25 Pa, respectively. The CoIr layers were
grown under 60 W source power by using a Co target with
Ir pieces symmetrically placed on an erosion racetrack, which
enabled the Ir concentration to be manipulated by changing
the number of Ir pieces.

The compositions of the films were determined by energy
dispersive x-ray spectroscopy (EDS, Apreo S). The crystalline
structures were characterized by x-ray diffraction (XRD,
X’Pert PRO with Cu Kα radiation, Philips). The tempera-
ture dependence of static magnetic properties was measured
by combining a vibrating sample magnetometer (Versalab,
Quantum Design) and superconducting quantum interfer-
ence devices (MPMS XL7 SQUID, Quantum Design). FMR
spectra were recorded by a physical property measurement
system (PPMS-9, Quantum Design) equipped with a
broadband nanoinstrument phaser system (coplanar waveg-
uide FMR system) in the frequency ( f ) range 6–18 GHz
at selected temperatures. For each measurement, an external

magnetic field (H) was swept parallel to the in-plane hard
axis of the CoIr film, unless otherwise noted, and the exter-
nal magnetic field was set up to 40 kOe to magnetize the
sample before the measurement. The temperature dependence
of electrical resistivities (ρ) was also assessed by a physical
property measurement system, with the films patterning into
50-µm-wide Hall bars using standard photolithography and
argon ion-milling techniques.

B. Calculation method

Calculations were performed using the full-potential lin-
earized augmented plane-wave method based on density
functional theory [19]. The generalized gradient approxima-
tion with the Perdew-Burke-Wang form was employed for
the exchange-correlation effects [20]. The wave functions
were described by spherical harmonics inside the muffin-
tin spheres, and by plane waves in the interstitial region.
The muffin-tin radius (Rmt) of Co (Ir) atoms is 2.20 a.u.
(2.32 a.u.). The maximum angular momentum (lmax) and the
cutoff parameter RMTKMAX were confined to 10 and 7.0, re-
spectively. The band and core-level states were treated with
scalar relativistic and fully relativistic effects, respectively.
The magnitude of the largest vector in the Fourier expansion
of the electron density (Gmax) was 14.0.

The supercells of Co0.97Ir0.03, Co0.94Ir0.06, Co0.87Ir0.13,
Co0.81Ir0.19, and Co0.75Ir0.25 were identified based on the hcp
Co lattice structure (a = b = 2.458 Å and c = 4.033 Å). For
each Ir composition, several doping structures were con-
structed for the electronic structure calculations. A property
(R) involved in this work is the weighted average value ac-
cording to the probabilities of these structures:

R =
n∑

i=1

PiRi, (1)

where Ri and Pi are the corresponding calculated property and
probability (decided by the total energy) of the ith doping
structure, respectively. As an example, details of the calcu-
lation of the weighted average value of ξ are provided in
the Supplemental Material [21]. The volume and lattice pa-
rameters of all the structures were optimized, and the atomic
positions in each supercell were fully relaxed until the force
on each atom was less than 10.0 mRy/a.u. The k points
with a reasonable convergence were set. As an example, for
the supercells with a P-6m2 structure, the k points were
8000, 30 000, 60 000, 15 000, and 60 000 for Co0.97Ir0.03,
Co0.94Ir0.06, Co0.87Ir0.13, Co0.81Ir0.19, and Co0.75Ir0.25, respec-
tively. SCF calculations with SO coupling parallel to the c axis
(z axis) were performed.

III. RESULTS AND DISCUSSION

A. Crystal structure and static magnetic properties

The hcp Co1−xIrx (0.02 � x � 0.23) films have sta-
ble crystal structure parameters and equivalent structural
qualities. The crystal structure and lattice constant c of the
Co1−xIrx films were verified by XRD, as shown in Fig. 1(a).
Only two peaks can be clearly observed: the (111) peak of
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FIG. 1. (a) XRD pattern for the Co1−xIrx films. The inset displays the lattice constant c obtained using XRD results (red dots) and first-
principles calculations (blue five-pointed stars). The dotted line is drawn for guidance. (b) Temperature dependence of the resistivity ρ for the
Co1−xIrx films. The inset displays the residual electrical resistivity.

Au and the (002) peak of the CoIr layer. The unique (002)
peak reveals that the oriented hcp-CoIr films with their c
axes perpendicular to the film plane have been successfully
prepared. The (002) peak of Co1−xIrx is also observed to
shift to smaller diffraction angles with increasing Ir content,
according to which the lattice constant c was obtained using
the Bragg equation. The lattice constant c is plotted in the inset
of Fig. 1(a), which shows that the experimental results are
consistent with the calculated ones. The value of c undergoes
a slight linear increase as x increases from 0.02 to 0.23; how-
ever, in relative terms this increase is only 1.5%, indicating a
small and stable lattice expansion.

Figure 1(b) presents the temperature dependence of the
electrical resistivity ρ in the Co1−xIrx films. The close value
and the same behavior of ρ vs temperature for all five samples
reflect the similar value and variation of the electron-lattice
scattering rate. Apart from this, the ρ(T ) determination for a
series of Ti/Au/Co0.81Ir0.19 (t)/Au films with different thick-
nesses t (t = 10 − 120 nm) and for several Ti (8 nm)/Au
(27 nm) films manifests that the ratios of ρ(T )/ρ(300 K) for
the Co1−xIrx films are largely unaffected by the Ti and Au
layers. Moreover, the value of the residual electrical resistiv-
ity [inset of Fig. 1(b)] remains almost invariant, suggesting
the structural quality (similar microstructural defects) of the
CoIr samples to be equivalent [2]. This is also evident from
the scanning electron microscopy observations (shown in the
Supplemental Material [21]).

Stable magnetic structural features should also be ex-
pected, considering the high Curie temperature of hcp Co
[22,23] The in-plane easy and hard hysteresis loops (examples
are shown in the Supplemental Material [21]) confirm that all
the films clearly exhibit good soft magnetic properties and
in-plane uniaxial anisotropy over the whole measured temper-
ature range. The Ms, conforming to the Bloch law, increases
slightly by approximately 2%, when the temperature reduces
from 300 to 5 K. According to the fitting results based on
Bloch’s law [24], at T = 0 K, Ms decreases linearly with a
relative reduction of about 22% when x increases from 0.02
to 0.23.

B. Gilbert damping αG

To study the magnetization dynamics, frequency depen-
dent FMR spectra were recorded at T = 300 K. (Typical FMR
spectra of the Co0.87Ir0.13 film are shown in the Supplemen-
tal Material [21]. The gyromagnetic ratio γ was obtained
by fitting the frequency dependence of the FMR field HR

[25].) Accordingly, the f dependence of �H was obtained,
and is displayed in Fig. 2. The FMR linewidth �H scales
linearly with frequency, enabling a precise determination of
the measured Gilbert damping parameter αG from the standard
equation [3],

�H = �H0 + 4π

γ
αG f , (2)

where �H0 is the zero-frequency linewidth. From the �H −
f fitting, the αG is obtained and displayed in Fig. 3(a). Ob-
viously, αG increases linearly with increasing x. Accordingly,
we find that the value of αG at x = 0 (0.014) is in agreement
with our test result (0.015) using a 35-nm hcp Co film and
the reported values (0.018–0.012) [26]. The value of αG in-
creases from 0.017 to 0.043, corresponding to a 153% relative
increment, only by changing x from 0.02 to 0.23. The simple
and remarkable linear variation in αG with the composition
provides a convenient way to optimize the damping properties
without inducing excessive changes in other magnetic proper-
ties, thereby facilitating the interpretations of various effects
on αG.

The measured Gilbert damping αG consists of intrinsic
(αint) and extrinsic damping contributions, wherein the latter
is usually caused by two-magnon scattering (TMS), interfa-
cial contributions, radiative damping (αrad), and eddy-current
damping (αeddy). However, extrinsic damping is found to con-
stitute only a small proportion (less than 10%). Hence it is
negligible as discussed in the following. First, TMS is ruled
out by the very close values of αG determined by in-plane and
out-of-plane FMR (with geometry suppressing TMS) mea-
surements. According to the behavior of �H vs f in Fig. 2(a),
the Co0.98Ir0.02 film is most likely to contain TMS among the

094424-3



SHA ZHANG et al. PHYSICAL REVIEW B 108, 094424 (2023)

FIG. 2. Relation between the resonance linewidth �H and frequency obtained at T = 300 K with a magnetic field parallel to the (a)
in-plane hard axis of the Co1−xIrx films and (b) out-of-plane and in-plane hard axes of the Co0.98Ir0.02 film.

Co1−xIrx films. However, the difference in αG is observed to
be only 0.0002, as shown in Fig. 2(b). Second, interfacial
contributions are disregarded, considering that the thickness
of the CoIr samples is significantly larger than the thickness
that could enable visible spins to be pumped into adjacent lay-
ers (as well as the thickness that could induce interfacial TMS)

FIG. 3. (a) Composition dependence of αG for the Co1−xIrx films.
The ξ 2 (b), γ Ms (c), and DE f (d) for the Co1−xIrx alloys and pure
hcp Co with the lattice constants of the P-6m2 Co1−xIrx supercells.
The parameters (pink crosses) of pure hcp Co at each x represent
the value obtained under the lattice constants of the corresponding
Co1−xIrx supercell.

[2,10,27,28]. Third, the αrad and αeddy can also be ignored,
as their values are estimated to be smaller than 0.0016 and
0.0001 according to the reported radiative and eddy-current
damping equation, respectively [1,29]. Therefore, αG is ap-
proximately equal to αint, and the impact parameters of αint

give rise to the linear variation in αG.
We then clarify the x dependence of αint for CoIr alloys.

In the disordered CoIr alloys, Ir impurities have strong scat-
tering efficiency, owing to the reported results about the 3d
transition metals with 5d impurities, as well as to the peak
in Ir-DOS near E f of CoIr alloy [30,31]. Consequently, the
impact on the variation of damping from grain boundaries
and microstructural defects would be limited in comparison to
the contributions within the grains [28,30]. The dominance of
phonon-driven (atomic-displacement) scattering at room tem-
perature and/or impurity-driven (chemical disorder) scattering
may effectively diminish the roles of microstructural defects
in Gilbert damping [28]. Moreover, the films present equiva-
lent structural quality. Therefore, we focus on the influence
of ξ , γ Ms, DE f , and lattice constants. The electron-lattice
scattering rate is almost fixed and excluded, considering the
invariant residual resistivity with x.

First-principles calculation of the ξ , γ Ms, and DE f of the
Co1−xIrx alloys and hcp Co (with the lattice constants of
the P-6m2 Co1−xIrx supercells) were performed. The main
results, shown in Figs. 3(b)–3(d), indicate that the relative
variation in ξ 2 is more significant than that in the other
parameters. This variation is closely related to that in αG,
although each of the parameters undergoes a consistent linear
variation. Specifically, the stable lattice expansion (only 1.5%
as mentioned above) is not expected to impact the change
in αG. This is because ξ , γ Ms, DE f of hcp Co under the
lattice constants of Co1−xIrx [indicated by the pink crosses
in Figs. 3(b)–3(d)] are altered insignificantly by the changes
in the lattice constants. αint is inversely proportional to γ Ms

if the other parameters are fixed [17,30,32]; however, the
relative reduction in γ Ms is only 22% and is insufficient to
induce the relative increment of 153% in αG. Hence, γ Ms

cannot be the overarching factor responsible for the increase
in αG. The DE f has a 33% relative increment. The ασ , as a
part of αG, is proportional to DE f [13,16] hence DE f would
play a role in the increase of αG. However, the increase in
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FIG. 4. (a) Temperature dependence of αG (left scale label) and its constituents ασ (T ), αρ (T ), αeddy(T ), and αrad (T ) (right scale label) for
the Co0.81Ir0.19 film. The round dots indicate the experimental results, and the curves are the fitted results. (b) Composition dependence of ασ

and αρ for the Co1−xIrx films. The results obtained according to Eq. (5) and their linear fittings are displayed with solid dots and dashed lines,
respectively. The hollow dots are data points extracted from the linear fittings. (c) Relationships between ln(λσ ) and ln(ξ ) (shown in red) and
between ln(λρ ) and ln(ξ ) (shown in blue) for the Co1−xIrx films. The solid dots are the results transformed from the extracted data points, and
the curves are the corresponding linear fittings. k refers to the slopes of the linear fittings.

DE f is regarded as a result of the changes in ξ rather than
the band filling effect or/and the lattice distortion. The band
filling effect is not significant as Co and Ir atoms contain the
same number of outer d electrons. The calculated DE f of pure
hcp Co with the lattice constants of Co1−xIrx [pink crosses
in Fig. 3(d)] manifests that changing the lattice parameter
alone does not induce remarkable changes in DE f . In addition,
the impact of DE f on αG would be diluted, as the intraband
scattering (inducing the ασ ) would have been suppressed by
disorder in our polycrystalline films [2,13,30]. In view of the
above, compared with the other parameters, the ξ has the most
pronounced effect on αG. Hence the linear variation in αint of
the Co1−xIrx films is most likely to originate from the linear
increase in ξ 2, similar to the reported quadratic scaling of αint

with ξ in L10 FePdPt films [7].

C. Conductivity-like damping ασ and resistivity-like damping αρ

The dependence of αint on ξ 2 was observed in this system
and in L10 FePd1−xPtx films at room temperature [7]. As the
αint is governed by ασ at low temperature and by αρ at high
temperature according to the torque correlation model [1],
the prediction that αρ is proportional to ξ 2 is preliminarily
confirmed [7,16]. However, the ratio of αρ/ασ is reported
to be 1.25–3.6 [1,2,33], indicating the non-negligible con-

tribution of ασ even at room temperature. Hence, to further
understand the ξ dependence of αint, it is essential to clarify
the scaling exponents of ασ and αρ with ξ .

To this end, variable-temperature FMR measurements were
performed. The �H − f results were fitted at each tempera-
ture (T ) to obtain the temperature dependence of αG. Taking
Co0.81Ir0.19 as an example, as shown in Fig. 4(a), the αG

increases with decreasing temperature, in agreement with the
published results [1,2]. The small proportion extrinsic damp-
ing (less than 10% as mentioned above) would be inessential
to this increase at low temperature. For instance, we are not
aware of any mechanism that enhances two-magnon scatter-
ing with decreasing temperature [2]. In particular, as Ms is
almost constant across the measured temperature range, the
dipolar interactions that induce TMS should not change much
with temperature [2]. However, we still discard the Co0.98Ir0.02

film in the following discussion because its TMS, despite be-
ing small, is more notable than in the other films. Furthermore,
assuming a uniform magnetization profile and excitation field,
the contributions of αrad and αeddy to αG(T ) can be estimated
via [1,2,29]

αrad(T ) = γμ2
0 Ms(T )dl

8Z0w
, (3)
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αeddy(T ) = 1

12ρ(T )
γμ2

0 Ms(T )d2, (4)

where μ0 is the permeability of vacuum and d is the thickness
of the CoIr layer. Further, Z0, w, and l are the waveguide
impedance, width of the waveguide, and length of the sample
on the waveguide, respectively. Here, we set Z0 = 50 
 and
l/w = 50 for fitting. The αeddy and αrad are estimated to be
smaller than 0.0002 and 0.0017 even at low temperature,
respectively.

Phenomenologically, the temperature dependence of αint

(= αG − αrad − αeddy) can be fitted with a combination of
the conductivity-like term (ασ (T )) and resistivity-like term
[αρ (T )] [2]:

αint (T ) = ασ

σ (T )

σ (300 K)
+ αρ

ρ(T )

ρ(300 K)
, (5)

where σ (T ) [inversely proportional to ρ(T )] is the
temperature-dependent conductivity, whereupon the ασ and
αρ of the Co1−xIrx films can be extracted by fitting the ex-
perimental αG(T ) with ασ (T ), αρ (T ), αrad(T ), and αeddy(T )
included. As an example, Fig. 4(a) presents the fitting re-
sults of αG(T ), ασ (T ), αρ (T ), αrad(T ), and αeddy(T ) of the
Co0.81Ir0.19 film. Obviously, the fitting agrees well with the
experimental results of αG. From the fitting, the experimental
values of ασ (T ) and αρ (T ) can be obtained. Damping at room
temperature is useful for applications of various spintronic
and electromagnetic devices, thus we preferentially focus on
the data at T = 300 K (unless otherwise noted). The com-
positional dependence of ασ and αρ is plotted with solid red
diamonds and blue dots in Fig. 4(b), respectively. Both ασ

and αρ increase linearly with increasing x, whereas the former
increases faster. The ratios of αρ/ασ are 0.945, 0.897, 0.844,
and 0.795 for x = 0.06, 0.13, 0.19, and 0.23, respectively.
These ratios are smaller than those of Fe films and this is at-
tributed to the disordered structure and the significantly slower
changes in ρ(T ) [1,2]. To facilitate subsequent discussion, the
value of ασ (αρ) at the Ir compositions used in our calculation
(hollow points) was extracted from the linear fitting of the
experimental ασ (αρ) results.

Generally, both the ασ and αρ are inversely proportional
to γ Ms, which is separated from the other parameters, as the
Landau-Lifshitz damping rate λG = αGγ Ms [17,30,32]. De-
spite the small reduction in γ Ms, we still exclude its effect by
transforming ασ (αρ) into the corresponding Landau-Lifshitz
damping rate λσ (λρ) so as to contrast with the reported
theoretical results where fixed parameters are specified except
for ξ . Subsequently, ln(λσ ) and ln(λρ ) versus ln(ξ ) were
calculated, and the corresponding results were displayed in
Fig. 4(c). Both the ln(λσ ) and ln(λρ ) are linearly depen-
dent on ln(ξ ). The slopes are estimated to be 2.51 ± 0.11
and 1.69 ± 0.05 for the ln(λσ )-ln(ξ ) and ln(λρ )-ln(ξ ) lines,
respectively. The ratio of the two slopes is 1.48. Similarly,
we also estimated the slopes for the results under T = 5 K,
and the corresponding value are 2.42 ± 0.11 and 1.77 ± 0.06,
respectively. These results indicate that the scaling exponent
of ασ (αρ) with ξ in the disordered Co1−xIrx alloys ap-
proximately agrees with Gilmore’s prediction that ασ (αρ) is
proportional to ξ 3 (ξ 2) in pure Fe, Co, and Ni metals [16].

The smaller value of the scaling exponents in the Co1−xIrx

system may be attributable to the ignored extrinsic damping
contributions (e.g., TMS) and the underrated impact factors
(e.g., microstructural defects) [2]. In addition, the ξ 3-x and
ξ 2-x curves of the CoIr system do not differ significantly in
shape. Hence, a greater range of variations in αG and ξ with
small changes in other related parameters is required to verify
the scaling exponents.

We then turned to clarifying the origin of the greater mag-
nitude of the ξ scaling exponent of ασ than that of αρ . The
αint depends on the product of the integral over the spectral
functions (related to DOS) and the squared torque matrix
elements (related to ξ ), according to the torque correlation
model [8,16,34]. By treating the SO interaction as a per-
turbation and expanding the states in the powers of ξ , the
squared torque matrix elements (which contain two submech-
anisms: spin flips and orbital excitations) are shown to have
contributions of the order of ξ 2 and higher [16]. Gilmore
suggests that the ξ 3 dependence of ασ (in pure Fe, Co, and
Ni metals) is due to the zero return of the spin flip in the ξ 2

order of the intraband (only with pure spin states) [16]. Be-
cause, in pure metals with the prominent atomic-displacement
scattering processes, the spin flips are more significant than
orbital excitations, the zero return of the spin flip weakens
the ξ 2 term and leads to the dominance of the ξ 3 term in
the intraband case [16,30]. However, in the CoIr system,
impurity-driven scattering is considerably more pronounced
than atomic-displacement scattering [16,30]. Thus, the orbital
excitations are more significant than spin flips, resulting in
the comparable strength of the ξ 2 term for ασ and αρ . Conse-
quently, the zero contribution of the spin flip to the ξ 2 order
is not sufficient to induce this great difference in the ξ scaling
exponents of the two types of damping in the CoIr system.

We note that the change in DE f may actually be the leading
cause of the greater ξ scaling exponent of ασ in the CoIr
system. The integral over the spectral functions is essentially
proportional to DE f in ασ [10,16], whereas it is unnecessary
to consider the correlation between αρ and DE f (which has
not been observed) owing to the complicated influence of
the spectral overlap [16]. In Gilmore’s prediction [16], the ξ

was artificially tuned from zero to full strength, which would
cause a significant variation in the split of DOS between the
majority and minority spin states and hence DE f . However,
the influence of this variation in DE f on ασ was not discussed.
In the CoIr alloys, the 33% relative increment in DE f mainly
originates from the change in ξ (as discussed above). If the
influence of DE f on ασ is deducted, the scaling exponent will
be 1.57 ± 0.21, in accordance with that of αρ . Therefore, we
argue that the difference in the ξ dependence of the ασ and αρ

for the CoIr system mainly comes from the variation in DE f

induced by ξ .

IV. CONCLUSION

In this study, we investigated the variation and mechanism
of damping as a function of the composition in oriented hcp
Co1−xIrx films. To this end, we employed FMR measurements
and first-principles calculations. The Gilbert damping rate
αG exhibits a significant linear increase with increasing Ir
concentration x. This is most likely due to the dominance
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of the SO parameter ξ , considering the significantly smaller
changes in other leading parameters and the stable high resis-
tivity of the system. Based on the temperature dependence of
αG, the conductivity-like (ασ ) and resistivity-like (αρ) Gilbert
damping rate were separated out, and were found to increase
linearly with different slopes with increasing x, whereupon
we have experimentally demonstrated the approximate cubic
(quadratic) scaling of ασ (αρ) with ξ in the disordered CoIr
alloy. The greater ξ scaling exponent of ασ than that of αρ

is derived from the non-negligible variation in DE f induced
by ξ , rather than the finding that the contribution of the ξ 2

term of the squared torque matrix elements for the intraband
is smaller than that for the interband. The latter is considered
to be the main reason for this difference in pure 3d ferro-
magnetic metals. However, further studies that entail greater
variations in αG and ξ but small changes in other related

parameters would be required to verify these scaling expo-
nents. The present results provide deeper insight into the
damping mechanism in magnetic metallic materials. Further-
more, they provide theoretical and experimental bases on
which to design and fabricate new magnetic alloys with tai-
lored damping properties.
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