
Journal of Physics D: Applied
Physics

     

PAPER

Gyromagnetic ratio of oriented hcp Co1−xIrx soft
magnetic films
To cite this article: Sha Zhang et al 2021 J. Phys. D: Appl. Phys. 54 505005

 

View the article online for updates and enhancements.

You may also like
Lithium Rich Composition of Li2RuO3 and
Li2Ru1-xIrxO3 Layered Materials as Li-Ion
Battery Cathode
S. Sarkar, P. Mahale and S. Mitra

-

Anomalous critical fields and the absence
of Meissner state in Eu(Fe0.88Ir0.12)2As2
crystals
Wen-He Jiao, Hui-Fei Zhai, Jin-Ke Bao et
al.

-

Superconductivity in doped Weyl
semimetal Mo0.9Ir0.1Te2 with broken
inversion symmetry
Manasi Mandal, Chandan Patra, Anshu
Kataria et al.

-

This content was downloaded from IP address 202.201.11.84 on 19/03/2024 at 06:42

https://doi.org/10.1088/1361-6463/ac1ddd
/article/10.1149/2.030406jes
/article/10.1149/2.030406jes
/article/10.1149/2.030406jes
/article/10.1149/2.030406jes
/article/10.1149/2.030406jes
/article/10.1149/2.030406jes
/article/10.1149/2.030406jes
/article/10.1149/2.030406jes
/article/10.1149/2.030406jes
/article/10.1149/2.030406jes
/article/10.1149/2.030406jes
/article/10.1088/1367-2630/15/11/113002
/article/10.1088/1367-2630/15/11/113002
/article/10.1088/1367-2630/15/11/113002
/article/10.1088/1367-2630/15/11/113002
/article/10.1088/1367-2630/15/11/113002
/article/10.1088/1367-2630/15/11/113002
/article/10.1088/1361-6668/ac3b38
/article/10.1088/1361-6668/ac3b38
/article/10.1088/1361-6668/ac3b38
/article/10.1088/1361-6668/ac3b38
/article/10.1088/1361-6668/ac3b38
/article/10.1088/1361-6668/ac3b38
/article/10.1088/1361-6668/ac3b38
https://pagead2.googlesyndication.com/pcs/click?xai=AKAOjsv3vZBw1ezzVhAqUYRg7lDRuNvUobms99QIUSVn6i3QTKuQK0PWWL0MURhjrSRHWHfdnRUUMs8iF6UK96IIlCPznSyfiz0MQM8-4b03DXoDih5A7g6yDk9EnTnmGclJlWxGLWXfpA9W4UYuq1KPmERyScM7vRgNXjoBHo96tvrA9m5dXuhALN1Et_BSQpXjejRksuv5STSL2vsa9QSC0fGyuXyx84QtkLS6I1ntF0dQXv-bqRH6UyVWTxgWcA9XoqnotN0ElkshLs6ikC0ZB86BGVfvNBphJL6A0fFlFBGyVoEKoLVqARb4S-H7rELAEBzX3__rIBWiUmj2PTDmzpo&sig=Cg0ArKJSzOJICSV24eNe&fbs_aeid=%5Bgw_fbsaeid%5D&adurl=https://ecs.confex.com/ecs/prime2024/cfp.cgi%3Futm_source%3DIOP%26utm_medium%3Dbanner%26utm_campaign%3Dprime_abstract_submission


Journal of Physics D: Applied Physics

J. Phys. D: Appl. Phys. 54 (2021) 505005 (9pp) https://doi.org/10.1088/1361-6463/ac1ddd

Gyromagnetic ratio of oriented hcp
Co1−xIrx soft magnetic films

Sha Zhang1,2, Ting Fu1, Tao Wang1, Xiaolong Fan1, Meizhen Gao1,∗, Zhiwei Li1,∗
and Fashen Li1

1 Institute of Applied Magnetics, Key Laboratory of Magnetism and Magnetic Materials of Ministry of
Education, Lanzhou University, Lanzhou 730000, People’s Republic of China
2 The Key Laboratory of Physics and Photoelectric Information Functional Materials, North Minzu
University, Yinchuan 750021, People’s Republic of China

E-mail: gaomz@lzu.edu.cn and zweili@lzu.edu.cn

Received 15 June 2021, revised 12 August 2021
Accepted for publication 16 August 2021
Published 29 September 2021

Abstract
The gyromagnetic ratio γ is a key quantity that determines spin and magnetic properties. In this
study, γ is investigated via the electric detection of ferromagnetic resonance and first-principles
calculations for c-axis oriented hcp-Co1−xIrx (0.00⩽ x⩽ 0.23) soft magnetic films with
easy-plane magnetocrystalline anisotropy. γ increases linearly from 19.13 GHz kOe−1 for pure
Co film to 19.32 GHz kOe−1 at x = 0.23, which is in agreement with the calculated result. The
calculations reveal that the primary reason for the variation of γ is the different trends in the
spin and orbital magnetic moments of the neighboring Co atoms of Ir, especially the linear
increase of the latter. An investigation into the electronic structure indicates that the increase in
these orbital magnetic moments is due to the appearance of 3d unoccupied minority states
moving towards the Fermi level, which is induced by the local lattice distortion centered at Ir.
Our findings provide the important γ data for the applications of CoIr soft magnetic films in
high-frequency electromagnetic and spintronic devices, and will provide guidance in the
understanding of the dynamic magnetic properties in disordered binary magnetic alloys.

Keywords: gyromagnetic ratio, Hcp Co1−xIrx alloys, ferromagnetic resonance,
soft magnetic films, first-principles calculation

(Some figures may appear in colour only in the online journal)

1. Introduction

Soft magnetic films have attracted significant attention owing
to their potential application to various high-frequency elec-
tromagnetic and spintronic devices, such as microwave
absorbers, micro-transformers, recording media, magnetic
memories, and spin valve devices [1–5]. Of the spin and
magnetic properties that determine these practical applica-
tions, the gyromagnetic ratio (γ) is an important quantity,
which corresponds to the Landé g factor (γ = g eµ0

2me
, where

me is electron mass and µ0 is the permeability of vacuum)
[6, 7]. γ is one of the fundamental quantities that characterize

∗
Authors to whom any correspondence should be addressed.

the high-frequency response of a ferromagnetic material,
particularly for determining the natural resonance frequency
(f r) [8, 9]. γ (g factor) is necessary for the manipulation of
spin dynamics and resonance [10–13], and it is an important
tool for electronic structure investigation because it is directly
related to the ratio of the orbital and spin momentums, as well
as the spin-splitting energy [7, 8, 11, 14].

Owing to the importance of γ and the increasing interest
in spintronics and new schemes for quantum computation
[15], γ has recently been the subject of many experimental
and theoretical studies [11, 13, 16–19]. In the experimental
studies, quantum beating spectroscopy, Kerr rotation, and
electrically detected electron spin resonance (ESR) tech-
niques were primarily used for the investigation of γ; the
electrically detected ESR technique is particularly suitable for

1361-6463/21/505005+9$33.00 1 © 2021 IOP Publishing Ltd Printed in the UK

https://doi.org/10.1088/1361-6463/ac1ddd
https://orcid.org/0000-0002-1215-3368
https://orcid.org/0000-0003-2239-2802
mailto:gaomz@lzu.edu.cn
mailto:zweili@lzu.edu.cn
http://crossmark.crossref.org/dialog/?doi=10.1088/1361-6463/ac1ddd&domain=pdf&date_stamp=2021-9-29


J. Phys. D: Appl. Phys. 54 (2021) 505005 S Zhang et al

precise measurements in magnetic films [7, 14]. Moreover,
the utilization of electric detection of ferromagnetic resonance
(FMR) has recently demonstrated reliability and validity in
the study of γ (measured using a direct current (dc) electrical
method) in magnetic films [12, 13, 18–20]. Because γ corres-
ponds to the g factor, theoretical studies primarily investigate
the g factor instead of γ [6, 16]. For materials with consider-
ably strong spin-orbital coupling, such as magnetic materials,
g factor can be studied via their significant spin and orbital
magnetic moments [21]. For materials that have an energy
band gap, such as semiconductors, g factor is discussed with
the aid of the spin-splitting energy between the highest occu-
pied and lowest unoccupied states [6, 10, 11].

Among the known soft magnetic films, close-packed
hexagonal (hcp) CoIr films with grains that have a c-axis per-
pendicular to the film plane are a type of soft magnetic mater-
ial with high easy-plane magnetocrystalline anisotropy energy
that have been attracting special research interest. They are
proven to be effective in increasing f r without decreasing the
high initial permeability (µi) [22], in maintaining magnetic
moments strictly lying in the film plane, as well as the Néel
wall for thick films [5], and in achieving improved effects in
recording medias [1, 23–25]. As an importance parameter, γ
is involved in most of the reported works of CoIr films. How-
ever, few works consider the accurate value of γ, but roughly
set it as 17.6 GHz kOe−1 (g= 2) [5, 9, 22, 23, 26–28]. To sup-
plement the important γ data for CoIr soft magnetic films, in
this study, the γ of oriented hcp Co1−xIrx (0.00⩽ x⩽ 0.23)
soft magnetic films is investigated according to the electric
detection of FMR. Moreover, to understand the physical ori-
gin of the variation in γ, the magnetic moments, γ, and the
electronic properties of these Co1−xIrx alloys are studied using
first-principles calculation.

2. Methods

2.1. Experiment

All samples were prepared using the magnetron sputter-
ing method with Si surface oxidation wafers as the sub-
strate. The base pressure of the vacuum was smaller than
5.0× 10−5 Pa. To improve the c-axis orientation of CoIr films,
the samples were fabricated with a layered structure: sub-
strate/Ta (8 nm)/Au (25 nm)/Co1−xIrx (35 nm)/Au (2 nm),
where x changes from 0.00 to 0.23. The seed layers were
deposited with an Ar pressure of 0.15 Pa. The Co1−xIrx lay-
ers were grown with an Ar pressure of 0.25 Pa by using the
Co target with Ir pieces symmetrically placed on the erosion
race-track, where the concentration of Ir can be manipulated
by changing the number of Ir pieces. To induce an in-plane uni-
axial anisotropy, the substrate was inclined using a 15◦ wedge
during the sputtering process.

A surface profile meter (Dektak 8, Bruker, Billerica, MA,
USA) and x-ray photoelectron spectroscopy were exploited
to determine the film thicknesses d and composition of the
samples, respectively. The x-ray diffraction technique (XRD,
X’Pert PRO with Cu Kα radiation, Philips, Amsterdam, the
Netherlands) was used to characterize the crystalline structure.

The static magnetic properties were measured using the
vibrating sample magnetometer. The films were magnetized
along the in-plane easy axis before their complex permeab-
ility measurements (with a static magnetic field ∼2.0 kOe
from an permanent magnet), then the measurements were
obtained using a vector network analyzer (E8363B, Agilent,
Santa Clara, CA, USA) via the shorted micro-strip method.
The gyromagnetic ratio of the films was obtained by fitting
the FMRpeaks, whichweremeasured using an independently-
built frequency-conversion FMR system [13]. For this meas-
urement, a microwave generator (SMF 100 A, Rohde &
Schwarz, Munich, Germany) was used to inject a radio fre-
quency (RF) current (4–20 GHz) into the CoIr strip samples,
which were magnetized along the in-plane direction (with a
quasistatic magnetic field with a maximum value of ∼2 T
from an electromagnet). The rectified voltage, recorded as the
derivative of the microwave power absorption with respect
to the applied field, was measured using the lock-in amp-
lifier (SR830, Stanford Research Systems, Sunnyvale, CA,
USA) [18]. To increase the signal-to-noise ratio, quasistatic
dc magnetic field was modulated using the ac magnetic field
of 0.05 kOe with a low frequency of 875 Hz.

2.2. Calculation method

We performed the first-principles density functional the-
ory calculations using the full potential linearized aug-
mented plane wave method, as embodied in the WIEN2K
code [29]. The generalized gradient approximation with the
Perdew–Burke–Wang form was employed for the exchange-
correlation effects [30]. The band states and core-level states
are treated with scalar relativistic effects and fully relativistic
effects, respectively. The muffin-tin radii (Rmt) were 2.20 and
2.32 a.u. for Co and Ir atoms, respectively. The wave functions
were described by spherical harmonics inside the muffin-tin
spheres, and plane waves in the interstitial region. The max-
imum angular momenta (lmax) for the expansion of the spher-
ical harmonics was confined to lmax = 10. The cutoff parameter
RMTKMAX to limit the number of plane waves was set to 7.0.
The magnitude of the largest vector in the Fourier expansion
of the electron density (Gmax) was 14.0.

Pure Co has an hcp lattice structure (the lattice constants
are a = 2.458 Å and c = 4.033 Å) with the c-axis parallel
to the z-axis of the Cartesian coordinate system. Based on this
unit cell, the supercells of Co0.97Ir0.03, Co0.94Ir0.06, Co0.87Ir0.13,
Co0.83Ir0.17, Co0.81Ir0.19, and Co0.75Ir0.25 were identified. As
the main phase of the Co1−xIrx films experimentally exhib-
its a c-axis-oriented hcp structure, the hcp structure among
all possible crystal structures was selected for all doping
levels except Co0.94Ir0.06 (for Co0.94Ir0.06, the hcp structure is
unreachable; therefore, the 63CmCm structure exhibiting the
highest symmetry and lowest energy was chosen) [1]. Then,
the volume and lattice parameters of the selected structures
were optimized, and the atomic positions in each supercell
were fully relaxed until the force on each atom was less than
5.0 mRy a−1 u. Subsequent to the test calculations of the
energy convergence with respect to the number of k-points, the
k-points were set to 800, 800, 6000, 8000, 1500, and 6000 for
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Co0.97Ir0.03, Co0.94Ir0.06, Co0.87Ir0.13, Co0.83Ir0.17, Co0.81Ir0.19,
and Co0.75Ir0.25, respectively. SCF calculations with spin-orbit
(SO) coupling parallel to the (110)-axis (x-axis) were per-
formed to obtain the γ of the ab-plane.

3. Results and discussion

3.1. The trend of γ

The composition dependence of the CoIr film XRD pattern
is shown in figure 1. Only two peaks can be clearly observed:
(111) peak of Au and the (002) peak of the Co1−xIrx layer. The
unique (002) peak reveals that the oriented hcp-CoIr films with
their c-axes perpendicular to the film plane are successfully
realized. A significant left-drift of the (002) peak of Co1−xIrx
is also observed with increasing Ir percent. The diffraction
angle 2θ reduces from 44.47◦ to 43.73◦ as x increases from
0.00 to 0.23. According to the angle, the lattice constant c was
obtained using the Bragg equation c= nλ/(2sinθ)[27], and
the results are displayed with red round dots in the inset of
figure 1. It can be observed that the constant c increases lin-
early with x, which indicates that Ir was successfully doped in
hcp Co, as the atomic diameter of Ir is bigger than that of Co.

To obtain the static magnetic parameters of the Co1−xIrx
films, the in-plane hysteresis loops were measured with an
applied magnetic field parallel and perpendicular to the easy
axis. The initial magnetization curves parallel and perpendic-
ular to the film plane were also measured. As an example,
figures 2(a) and (b) show the in-plane hysteresis loops and the
initial magnetization curves of the Co0.94 Ir0.06 film, respect-
ively. The films clearly exhibit good soft magnetic properties
and in-plane uniaxial anisotropy. The saturation magnetiza-
tions (Ms) of the samples obtained from the hysteresis loops
are denoted with red round dots in figure 2(c). Ms follows a
linear variation with increasing x, and it reduces from 1470 Gs
to 1002 Gs, which is in good agreement with the reported
Ms [2, 28, 31]. The total out-of-plane anisotropy field (Hout)
was obtained by calculating the area between two magnetiza-
tion curves, as shown in figure 2(b). The results are displayed
with red round dots in figure 2(d), and they are in accord-
ance with those reported in our previous study within the error
range [27].Hout contains the demagnetization field (4πMs) and
the equivalent magnetocrystalline anisotropy field. Hence, the
magnetocrystalline anisotropy constant (Kg) can be obtained
through Kg =−Ms(Hout − 4πMs)/2. A negative Kg means the
CoIr film has easy-plane magnetocrystalline anisotropy, while
a positiveKg indicates that themagnetization easy axis is along
the c-axis. As x increases, Kg changes from positive to negat-
ive near x = 0.06, which is in agreement with previous liter-
atures [23, 27, 28, 31]. The possible errors of Kg (as well as
Hout) come from the so-called perpendicular anisotropy field
[4], the surface roughness, the crystal orientation degree, and
so on. Similar to Hout, the in-plane uniaxial anisotropy field
(Hu) was also estimated, and it is denoted by blue diamonds
in figure 2(d). Considering its small value, its accuracy will be
influenced by the selected area of the samples, the accuracy in
searching the easy (difficult) axis, the measurement conditions

Figure 1. XRD pattern of the Co1−xIrx films. The inset displays the
lattice constant c of the Co1−xIrx system obtained using XRD results
(red round dots) and first-principles calculations (blue five-pointed
stars), while the dotted line is for guidance.

and instrument status, and so on. Therefore, the value of Hu in
figure 2(d) is only for reference in the following discussion.

In this study, we experimentally obtained the value of the
gyromagnetic ratio by the dc electric detection of FMR. As
shown in the inset of figure 3, the CoIr films were cut into
6 mm × 10 mm strips and fixed at the center of the detector.
When an RF signal (5–20 GHz) was applied to the CoIr
strip, an RF magnetic field was observed, which can push
the spin into precession [32]. As a consequence of the rec-
tification effect of the rectifier diode, a rectified dc voltage
(V′ ∝ dIFMR/dH) was detected in the strip, hence allowing the
measurement of the resonance peaks associated with the spin
dynamics [13].

Taking the Co0.81Ir0.19 film as an example, figure 3(a) shows
a typical FMR spectrum (V′–H curve) with an RF signal
(12 GHz, 20 dBm), where the external quasistatic magnetic
field (H) is parallel to the RF current direction. Two resonance
peaks with opposite polarity and an asymmetric line shape can
be observed near H=±0.8 kOe . The measured signal is
fitted with the sum of the derivatives of the Lorentzian and
anti-Lorentzian functions [33, 34]:

V ′ =− S
∆H(H−H0)[

(H−H0)
2
+(∆H/2)2

]2
+A

(H−H0)
2 − (∆H/2)2[

(H−H0)
2
+(∆H/2)2

]2 (1)

whereH0 is the resonance position, while∆H is the linewidth.
S and A are the amplitudes for the Lorentzian and anti-
Lorentzian terms, respectively. H0 and ∆H can be obtained
from the fitting; in the displayed curve, H0 = 0.748 kOe
and ∆H= 0.154 kOe for the peak in positive field range.
Here, we only consider H0. The V′–H curves measured
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Figure 2. (a) Hysteresis loops along both easy axes (red line) and hard axes (black dashed line) in the film plane for the Co0.94Ir0.06 film.
(b) Initial magnetization curves parallel (red line) and perpendicular (blue dashed line) to the film plane for the Co0.94Ir0.06 film. (c) The
composition dependence of saturation magnetizations (Ms) for the Co1−xIrx films. The experimental values and calculation results are
displayed using red round dots and blue five-pointed stars, respectively. The dotted line is for guidance. (d) The composition dependence of
total out-of-plane anisotropy field Hout (red round dots) and in-plane uniaxial anisotropy field Hu (blue diamonds) for the Co1−xIrx films.

Figure 3. (a) Typical FMR resonance spectrum measured with
external magnetic field H parallel to the RF current direction for the
Co0.81Ir0.19 film. Open circles are raw data and curve indicates the
line shape fitted using equation (1). (b) The relation between the
frequency and the resonance position for the Co0.81Ir0.19 film. The
open circles and the red curve represent the resonance positions of
FMR obtained from the V′–H curves and the fitting line,
respectively. The inset shows the schematic diagram of our FMR
resonance system.

at different frequencies (5–20 GHz) were fitted, and the
corresponding results of H0 are denoted by open circles in
figure 3(b). Obviously, H0 shifts toward the high field range

with increasing frequency. To determine the gyromagnetic
ratio, we fitted H0 using the Kittel equation [13]:

f=
γ

2π

√
(H0 +Hu)(H0 +Hu +Hout). (2)

The value of Hout mentioned above (in figure 2(d)) was used
for the fitting. The value of Hu changes easily in the fitting,
as the Hu in equation (2) is significantly affected by the angle
between the in-plane easy axis and the long axis of the strip
(the RF current direction). For example, in the fitting of the
Co0.81Ir0.19 film in figure 3(b), the fitted value of Hu is much
smaller than that in figure 2(d). However, when the RF cur-
rent direction was parallel to the in-plane easy (hard) axis, the
fitted value of Hu based on the new measured H0 is 97 Oe
(–115 Oe), which is closer to its value in figure 2(d). For con-
sistency, we use the V′–H curves obtained with the RF current
direction parallel to the long axis of the strips. As denoted by
a red line in figure 3(b), the fitted curve coincides with the H0

results obtained from the V′–H curves. From the fitting, we

obtain the gyromagnetic ratio γ = 19.31 GHz kOe
−1

for
the Co0.81Ir0.19 film.

Similarly, γ is determined for the other Co1−xIrx films, and
the results are displayed with red round dots in figure 4. The
value of γ for the Co film is 19.13 GHz kOe−1, smaller than
the reported value for pure hcp-Co (19.16–19.28 GHz kOe−1)
[3, 32, 35]. This is owing to the anisotropy in γ [36], which
is observed for all Co1−xIrx alloys in our calculation. Taking

pure Co as an example, γ = 19.15 GHz kOe
−1

along the

x-axis, while γ = 19.21 GHz kOe
−1

along the z-axis. As
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Figure 4. Composition dependence of the gyromagnetic ratio (γ)
for the Co1−xIrx films. The experimental values and calculation
results are represented by the red round dots and blue stars,
respectively. The dotted line is for guidance.

the value of γ displayed in this study is in ab-plane, a smaller
value is reasonable. γ in the CoIr films is larger than that in
the Co film; it increases linearly from 19.14 GHz kOe−1 at
x = 0.01–19.32 GHz kOe−1 at x = 0.23.

To verify the resulting γ, we measured the complex per-
meabilities of the Co1−xIrx films, and fitted them using the
above results of γ and the same magnetic parameters in
figure 2 (except forHu, which changes in a suitable range). The
fitting equations, obtained according to the Landau–Lifshitz–
Gilbert equation, are as follows [9]:

µ ′ = 1+ 4πMsγ
ω2
xωy+ω2(α2ωy−ωx)

[ωxωy− (1+α2)ω2]
2
+α2ω2(ωx+ωy)

2

(3a)

µ ′ ′ = 4πMsγαω
ω2
x +(1+α2)ω2

[ωxωy− (1+α2)ω2]
2
+α2ω2(ωx+ωy)

2

(3b)

where ωx = γ(Hout +Hu), ωy = γHu, ω = 2πf, and α is the
damping constant. Taking the Co0.81Ir0.19 film as an example,
the measured complex permeability and the fitting results are
shown in figure 5. Clearly, the fitting results agree well with
the measurements, and the other films yield similar results.
Consequently, the complex permeability fittings indicate that
the value of γ obtained using equation (2) is reasonable.

3.2. Physical origin of the variation in γ

To understand the physical origin of the variation in γ, the
magnetic and electronic properties of the hcp Co1-xIrx alloys
are studied through first-principles calculation. The calcula-
tion results of lattice constant c, Ms, and γ along the x-axis are
displayed using blue stars in the inset of figures 1, 2(c) and
4, respectively. Obviously, all the calculated results are con-
sistent with the experimental results. Therefore, it is adequate

Figure 5. Complex permeability spectra of the Co0.81Ir0.19 film. The
dots and the curves are experimental data and fitting results using
equation (3), respectively.

Figure 6. Composition dependence of total spin magnetic moments,
M x

s, (blue stars) and total orbital magnetic moments, M x
l (red

half-filled diamonds), with SO coupling parallel to the x-axis of the
Co1−xIrx system. The dotted curves are for guidance. The changes in
theM x

l/M
x
s ratio indicate the increasing trend of γ on composition.

to deduce the physical mechanism of the variation trend in γ
from the electronic structures of the system.

As is known, γ is proportional to the Landé g factor (g)
via the relation γ = g eµ0

2me
. Therefore, γ in the ab-plane is dir-

ectly related to the ratio of the total orbital magnetic moment
(Mx

l) and total spin magnetic moment (Mx
s) with SO coupling

parallel to the x-axis of the system [21, 36], according to the
Kittle equation g= 2+ 2Mx

l /M
x
s [8, 35]. Thus, the values of

Mx
s (Mx

l) was obtained by calculating the weighted average
value of the local spin (orbital) moment for all atoms in the
supercell of each CoIr case, and the results are displayed in
figure 6. Generally, both the magnetic moments decrease lin-
early with increasing x, but Mx

s decreases faster, hence, res-
ulting in the linear increase in γ.

For a more detailed explanation, we consider the local spin
moment (ms) and local orbital moment (ml) of each atom, with
the SO coupling parallel to the x-axis. The weighted average
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Table 1. Weighted average value of spin magnetic moments (ms, µB/atom) for Ir and its neighboring Co atoms, and those for the total
number of Co atoms (tot-Co), in each x case with SO coupling parallel to the x-axis in the Co1−xIrx system.

x tot-Co-ms Ir-ms Co1-ms Co2-ms Co3-ms Co4-ms

0.00 1.673 — 1.673 — — —
0.03 1.679 0.433 1.567 1.635 1.700 1.707
0.06 1.680 0.468 1.586 1.677 1.732 1.724
0.13 1.679 0.459 1.641 1.669 1.822 —
0.17 1.667 0.452 1.639 1.753 — —
0.19 1.577 0.496 1.538 1.633 1.754 —
0.25 1.538 0.473 1.538 1.539 — —

Table 2. Weighted average value of orbital magnetic moments (ml, µB/atom) for Ir and its neighboring Co atoms, and those for the total
number of Co atoms (tot-Co), in each x case with SO coupling parallel to the x-axis in the Co1−xIrx system.

x tot-Co-ml Ir-ml Co1-ml Co2-ml Co3-ml Co4-ml

0.00 0.144 — 0.144 — — —
0.03 0.149 −0.070 0.162 0.149 0.147 0.143
0.06 0.160 −0.081 0.174 0.160 0.152 0.150
0.13 0.165 −0.046 0.169 0.164 0.162 —
0.17 0.175 −0.037 0.182 0.170 — —
0.19 0.177 −0.074 0.181 0.179 0.146 —
0.25 0.187 −0.074 0.204 0.155 — —

value of ms for Ir and its neighboring Co atoms, and those for
the total number of Co atoms (tot-Co), are listed in table 1,
while the corresponding results of ml are shown in table 2.
Compared to the host Co atoms, Ir atoms have a significantly
smaller value of ms and ml. This will induce linear decreas-
ing trends ofMx

s andMx
l, owing to the increase in the relative

number of Ir atoms with increasing x. However, as Ir has a
negative value of ml, a faster decrease in Mx

l than that in Mx
s

should be observed, if only the variations in the local magnetic
moment of Ir are taken into account, thereby inducing a reduc-
tion in γ with increasing x. This is diametrically opposed to the
experimental result.

In view of this, we next focus on the local spin (orbital)
magnetic moments of Co atoms. As shown in tables 1 and 2,
the opposite trends in the weighted average value of ms and
ml are observed for Co. Comparing with pure Co, a reduc-
tion in ms is shown in Ir’s neighboring Co atoms, and it gradu-
ally vanishes in those of the atoms farther from Ir. However,
an increase in ml for Ir’s neighboring Co atoms is observed.
For example, in Co0.97Ir0.03, the ms are 1.567 µB/atom,
1.635 µB/atom and 1.700 µB/atom for the first (Co1), second
(Co2), and third (Co3) nearest neighbors of Ir dopants, respect-
ively; however, the ml are 0.163 µB/atom, 0.149 µB/atom and
0.147 µB/atom for the Co1, Co2, and Co3 atoms, respect-
ively. Alternatively, with increasing x, the values of ms (such
as for Co1) slightly decrease, while those of ml significantly
increase. The different trends in ms and ml for Ir’s neighbor-
ing Co atoms induce the different observations of ms and ml

for the total number of Co atoms (tot-Co), hence results in a
faster decrease in Mx

s than in Mx
l. Thus, the local magnetic

moments of Ir’s neighboring Co atoms are significant for the
change of γ.

To understand the different behavior of ms and ml in Ir’s
neighboring Co atoms, we calculated the electronic densities

of state (DOSs) of the Ir and Co atoms for each concentration,
with the SO coupling parallel to the x-axis. Figure 7 shows
the DOSs of Ir atoms and Ir’s first nearest neighbor Co (Co1)
atoms. For pure hcp Ir, no exchange splitting, and hence, no
local spin moment, appears, which is different from the dis-
tinct splitting between the majority and minority spin states of
pure hcp Co. When Ir is introduced to hcp Co, affected by the
band structure of the host, exchange splitting appears in the
Ir DOS, which results in a finite spin (orbital) moment for Ir.
Moreover, the band structures of the host Co atoms are affected
by the dopant. When Ir is introduced to hcp Co, lattice dis-
tortion centered at the Ir atoms appears, and it increases with
increasing doping level [1]. For example, the bond lengths of
Co2-Ir and Co1-Ir increase with x, whereas their ratio slightly
decreases and then increases. The local lattice distortion alters
the band structures of host Co atoms, particularly those of Ir’s
nearest neighbor Co atoms (Co1 and Co2 atoms), which are
directly affected by the distortion, as the DOSs of Co1 atoms
shown (black line in figure 7). The minority spin states of the
Co1 DOSs move towards the low-energy side, and they are
intensifiedwith increasing x, which is significantly observed in
the unoccupied minority spin states. This appearance reduces
the exchange splitting between the majority and minority spin
states, and hence leads to a reduction in the ms of Co atoms.
We observe that the appearance of the unoccupied minority
spin states also plays an important role in the variation of ml

for Co atoms.
In the reported literature, which discuss the relation

between the gyromagnetic ratio and spin (orbital) magnetic
moment in the ferromagnetic/nonmagnetic (FM/NM) bilayer
systems using band calculations, the changes in ml are attrib-
uted to the d charge transfers from Cu (Pd) to Co (Ni) at the
interface [21]. In view of this, we have calculated the occu-
pation numbers of the d orbitals, and few charge transfers
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Figure 7. Total DOSs of Co1 (black line) and Ir (red dot line) atoms
with SO coupling parallel to the x-axis in the Co1−xIrx system. The
positive and negative directions represent the majority and minority
spin states, respectively.

occurred between atoms. Moreover, the number of electrons
in each Co 3d suborbital is approximately equal. As the ml of
Co atoms primarily comes from 3d orbitals, the change in the
ml of Co atoms should arise from the evolutions of band struc-
tures of 3d suborbitals [1]. Hence, the DOSs of 3d suborbitals
for Co atoms were calculated. As an example, figure 8 dis-
plays the 3d-DOSs of Co1 and Co2 atoms for the Co0.81Ir0.19
case, with the SO coupling parallel to the x-axis. Compared
with those for pure Co, considerable variations in the appear-
ance of 3d-DOSs for Co1 and Co2 can be clearly observed:
both the occupied and unoccupied minority states of most 3d
suborbitals move towards to the Fermi level, and particularly
occurs for the unoccupied minority states.

In 3d transition metals and their alloys, the band widths
of 3d orbitals (∼eV) are significantly larger than the energy
scale of SO coupling (∼meV); therefore, the relativistic SO
interaction can be regarded as a small perturbation to the elec-
tronic structure [37]. Hence, second-order perturbation the-
ory is used to analyze the influence mechanism of SO coup-
ling [37]. For example, the mechanisms of magnetocrystalline
anisotropy energy are usually discussed through the perturb-
ation expression of SO coupling induced energy [1, 38–40].
Inspired by this approach, we try to discuss the causes of
the changes in ml using the perturbation expression of orbital

Figure 8. The d DOSs of Co1(blue line) and Co2 (red line) with SO
coupling parallel to the x-axis for the Co0.81Ir0.19 alloy, as well as
those of pure Co (black line).

angular momentum. As discussed in [1], this system conforms
to the conditions of second-order perturbation theory. Further-
more, as shown in figure 8, the majority spin states of Co are
almost completely occupied, and the minority spin states are
partially occupied. Therefore, the ml of Co atoms along the
x-axis (110-axis) can be approximated as [35]:

ml = µBξ
∑
o−

∑
u−

|⟨o− |Lx|u−⟩|
2

δεu−o−
(4)

where o−(u−) represents occupied (unoccupied) minority
spin states, and δεu−o− = εu− − εo− is the energy splitting
between the corresponding occupied and unoccupied states. Lx
is the x component of the orbital angular momentum operator.
ξ and µB are the spin–orbit coupling constant and Bohr mag-
neton, respectively. Although this formula is not sufficiently
accurate to reproduce the value of ml, it is adequate for inter-
preting the evolution.

In equation (4), the non-zero terms are
∣∣〈dz2− |Lx|dyz−

〉∣∣2,∣∣〈dx2y2− |Lx|dyz−
〉∣∣2 and

∣∣〈dxy− |Lx|dxz−
〉∣∣2. Neglecting the

details of the band structures to conduct a qualitative
discussion, the value of each term is determined by the energy

7
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splitting δεu−o− . As mentioned above, due to the local lattice
distortion centered at Ir, the unoccupied minority states of
most 3d sub-orbitals move towards the Fermi level. Hence
almost all the δεu−o− values of non-zero terms for Ir’s neigh-
boring Co atoms decrease compared with those for pure Co
atoms, particularly for Co1 and Co2 atoms. Consequently,
according to equation (4), the ml of Co atoms increase. As
the left-shifts of the unoccupied minority states increase with
increasing x, the reduction of δεu−o− , and in turn, the increase
in ml becomes more and more obvious.

4. Conclusion

C-axis oriented hcp-Co1−xIrx (0.00⩽ x⩽ 0.23) films with
good soft magnetic properties were successfully fabricated
using magnetron sputtering. The experimental results of the
structural and magnetic properties are in agreement with our
theoretical results and previous literature. The γ of the hcp
Co1−xIrx system was investigated according to the dc elec-
tric detection of FMR and first-principles calculations. γ
increases linearly from 19.13 GHz kOe−1 at x = 0.00 to
19.32 GHz kOe−1 at x = 0.23 with increasing x. The results
calculated using first-principles are in good agreement with
the experimental results. The local magnetic moments calcu-
lations show that the variation in γ is due to the different beha-
viors in the spin and orbital magnetic moments of Ir’s neigh-
boring Co atoms: a slight decrease inms and a significant linear
increase inml with increasing x. The electronic structure study
indicates that the significant movements of the unoccupied
minority spin states toward to the Fermi level, induced by the
local lattice distortion centered at Ir, is crucial for the changes
in ms and ml of Co atoms. As exhibited by the movements of
the upoccupied minority spin states, the decreasing exchange
splitting between majority and minority spin states induces
a slight decrease in the ms of Ir’s near neighbor Co atoms.
The movements also lead to a decrease in the energy split-
ting between corresponding occupied and unoccupied minor-
ity spin states, hence increasing theml of Co atoms. Our results
supplement the important γ data for hcp-Co1−xIrx soft mag-
netic films, and will provide guidance in the understanding of
the behaviors of γ and dynamic magnetic properties in dis-
ordered binary magnetic alloys.
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