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Disentangling intrinsic and extrinsic Gilbert damping
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Magnetic damping is of great interest due to its importance in magnetization switching and dynamics. Here,
we report the quantitative disentanglement of intrinsic and extrinsic Gilbert damping in epitaxial Fe thin films.
Both intrinsic damping and two-magnon scattering (TMS) make significant contributions to the total Gilbert
damping, leading to an enhanced total damping at low temperature. Our result suggests the correlation between

interfacial magnetic anisotropy and TMS.
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I. INTRODUCTION

Magnetic damping determines the magnetic relaxation rate
in magnetization dynamics, which is usually characterized
by the phenomenological Gilbert damping parameter «g in
the Landau-Lifshitz-Gilbert equation [1]. Minimizing «g is
of critical importance for magnonic devices of high-speed
and low-power dissipation [2—4]. Hitherto, great efforts have
been dedicated to quantitatively estimate o in metallic ferro-
magnets, e.g., the breathing Fermi-surface, torque correlation,
and scattering models [5-7], aiming to exploit the damp-
ing mechanisms and engineer ag [8]. In Kambersky’s [5]
torque correlation model, it is predicted that intrinsic Gilbert
damping is governed by intraband transition (conductivity-
like behavior) at low temperature and by interband transition
(resistivitylike behavior) at high temperature [6]. Such non-
monotonic temperature dependence of ag has been observed
in three-dimensional magnetic metals [6,9], demonstrating
the critical role of spin-orbit coupling and electron-phonon
scattering in magnetic relaxation processes. In addition to
the intrinsic damping, there exist several pervasive extrinsic
damping mechanisms, e.g., two-magnon scattering (TMS)
[10,11], eddy-current damping [12,13], radiative damping
[14], and interfacial contributions [15]. Among these extrinsic
contributions, TMS damping can be extracted via angular-
dependent o measurements [16]. However, this approach
would become impracticable with the presence of anisotropic
Gilbert damping [17]. Meanwhile, the extractions of eddy-
current and radiative damping usually rely on numerical
calculations [3] rather than direct measurements. As a re-
sult, the interplay between intrinsic and pervasive extrinsic
damping results in a substantial obstacle to quantitative inves-
tigation of the various damping mechanisms [18]. Therefore,
from both fundamental and technological interests, it is ur-
gent to have an effective experimental method to disentangle
the various damping mechanisms and determine the intrinsic
Gilbert damping.
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In this paper, we report thickness-dependent «g measure-
ments in epitaxial Fe thin films. Intrinsic and extrinsic Gilbert
damping are disentangled in the quantitative manner. The
temperature dependences of intrinsic Gilbert and TMS damp-
ing are revealed, which result in an enhanced «g at low
temperature. The correlation between the interfacial fourfold
anisotropy and TMS damping is revealed as well. Our result
manifests the thickness-dependent o measurement as an ef-
fective method to quantitatively explore the various damping
mechanisms.

II. SAMPLES AND EXPERIMENTS

The samples were fabricated in an ultrahigh vacuum cham-
ber with a base pressure of 2 x 107!° Torr. The MgO(001)
substrate was annealed at 600 °C for 10 h. Then Fe films of
different thicknesses were grown epitaxially on MgO(001)
substrates at room temperature, succeeded by a 3-nm-thick
MgO layer as the protection layer. Epitaxial Fe films were
examined by x-ray diffraction (XRD) and x-ray reflectivity
(XRR). Figure 1(a) shows the XRD spectrum of Fe thin film
on a log scale; two diffraction peaks were found for MgO
(002) and Fe (002). The XRR spectrum was fitted to obtain the
thickness (5 nm) and surface roughness (0.3 nm) [Fig. 1(b)].
Such XRD and XRR spectra confirm the single crystallinity
and quality of the epitaxial Fe films.

The samples were patterned into a standard Hall bar with
a length of L =4 mm and a width of w = 100 um by opti-
cal lithography and ion beam etching. An electrical current
(0.1 mA) flowed along the Fe [100] direction. The planar
Hall effect (PHE) was measured in a physical property mea-
surement system (Quantum Design PPMS-9T system) with
a rotatable sample stage. A static magnetic field was kept
in the film plane during PHE measurements. The tempera-
ture dependence of the Fe film resistivity was also recorded
[Fig. 1(c)].

Frequency-dependent ferromagnetic resonance (FMR) was
measured using a coplanar waveguide (CPW) transmission
setup. Samples were placed face down over the signal line
of the CPW affixed at one end of a custom variable tem-
perature insert, inserting into a Cryogenic Ltd cryogen-free
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FIG. 1. (a) X-ray diffraction (XRD) spectrum and (b) x-ray re-
flectivity (XRR) spectrum (blue line) with fitting curve (green line)
of the MgO(001)/Fe(5 nm)/MgO sample. (c) Temperature-dependent
resistivity of the MgO(001)/Fe(5 nm)/MgO sample.

vector magnet. FMR signals were probed by vector network
analyzer through S,1 transmission data at various magnetic
fields within the temperature range between 10 and 300 K.

III. RESULTS AND DISCUSSION

A. Damping mechanisms in magnetic thin films

The total Gilbert damping o consists of intrinsic and ex-
trinsic damping contributions [8], wherein the latter is usually
caused by TMS, eddy-current and radiative damping, and
interfacial contributions such as interfacial spin loss. Both
intrinsic and extrinsic damping mechanisms are thickness de-
pendent.

Intrinsic Gilbert damping may comprise the bulk con-
tribution ag“lk and interface contribution oziGmer . Here, ag“lk
is an intrinsic property of a bulk magnetic material which
is independent of the film thickness. On the contrary, the
interface contributions including interfacial spin loss [15],
interfacial isotropic scattering [19], and interfacial inhomo-
geneous magnetization states [20] are thickness dependent.
Phenomenologically, the interface contribution &M is inverse
in the film thickness dp. (ozié“er = Binter/dre) With the coeffi-

cient IBinter [19]

TMS is caused by the scattering centers for magnon
scattering. In high-quality single-crystalline thin film, the
scattering centers are present at the interfaces with respect to
the ultralow density of scattering centers in the bulk of the
film, as specified in the literature [16,18]. Hence, TMS damp-
ing arms is quadratic in 1/dg. (@tms = Brwms /d]%e), where
Brms is the coefficient of TMS damping, and dp. is the Fe
film thickness [18,21].

In a ferromagnetic conductor, any change in the magne-
tization induces eddy currents, resisting the magnetization
dynamics which provides a damping mechanism [12]. Eddy-
current damping aeqqy is quadratically proportional to the film
thickness (oteqqy = ﬂeddydée) [9,22]. The coefficient of Beqay =
y Mo /12 is proportional to the conductivity o, as well as
the saturation magnetization p1oM;. Thus, oeqay 18 expected to
be effective for the thick film.

In CPW-based FMR experiments, the inductive coupling
between the dynamic magnetization and the signal line of
the CPW carries the energy out of the sample, leading to
radiative damping o [3]. Here, aaq scales linearly with the
film thickness (¢¢;ag = Braadre) [14]. The coefficient of B,q =
ny ugMsl /2ZoW is proportional to sample length / and in-
versely proportional to the CPW impedance Z; (50 €2) as well
as the width of the signal line W. Here, 7 is a dimensionless
parameter accounting for the dynamic magnetization profile
in the sample. For ultrathin films, o;,g is usually negligible.

The total damping « is given approximately by the sum
of the damping mechanisms as

+ ﬂT_g/lS + IBraddFe + ﬂeddydlze- (1)
ch dFe

ﬂinter
oG = alca;ulk +

Hence, disentanglement of the various damping mecha-
nisms is achievable via a thickness-dependent measurement
of aG.

B. Disentanglement of intrinsic and extrinsic damping

To extract g, FMR signals were detected by measuring
the real part of the Sy; transmission parameter as a function
of in-plane magnetic field H [Fig. 2(a)]. Figure 2(b) shows
typical S»1 (H ) data of the MgO(001)/Fe(3.3 nm)/MgO sample
with H along the Fe [100] direction (microwave frequency
f = 12GHz). The change in Sy;(H) data due to FMR is
fitted with a combination of symmetric and antisymmetric
Lorentzian curves [3]:

(AH)?
(H — Hyes)* + (AH)?
—2AH(H — Hy)
(H — Hye)* + (AHY*

V(H) = Vsym

+ Vasym

@)

where Vi and Viym are the amplitudes of symmetric and
antisymmetric curves, respectively. Here, H. is the resonance
field, and AH is the linewidth corresponding to the half width
at half maximum. The obtained AH scales linearly with f, as
described by

2
AH = AHy + 2% 3)
Y
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FIG. 2. (a) Schematic of the ferromagnetic resonance (FMR)
measurements [MgO(001)/Fe(3.3 nm)/MgO sample]. (b) Typical
S>1(H) data at f = 12 GHz are fitted with Eq. (2) to extract AH.
(c) The obtained AH is plotted against f at 7 = 300 and 10 K.
The linear fitting with Eq. (3) provides a¢ at different temperatures.
(d) The temperature dependence of «g is well described by Eq. (4).

where o is the Gilbert damping parameter, and y is the gy-
romagnetic ratio. Here, AH is the inhomogeneous linewidth
broadening caused by long-range magnetic inhomogeneity.
The linear fitting with Eq. (3) yields a Gilbert damping param-
eter of g ~ 0.006 at T = 300 K, coincident with the reported
values [23,24].

According to the linear fitting shown in Fig. 2(c), AH) is
temperature independent, while o (the slope of the linear
fitting) is apparently enhanced at low temperature. Figure 2(d)
presents the temperature evolution of «g, which validates the
increase of o at low temperature, in agreement with the lit-
erature [9]. Phenomenologically, the temperature dependence
of ag can be fitted with a combination of the conductivitylike
and resistivitylike terms [9]:

o(T)
= ad
0 (300 K)
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FIG. 3. (a) The thickness dependence of «g at 7 = 10 and
300 K. Different damping mechanisms can be disentangled via
the fitting with Eq. (1). (b) The temperature dependence of o is
effectively described by a combination of conductivitylike and resis-
tivitylike terms. (c) The coefficient iy, 0f interfacial contributions
is temperature independent in approximation. (d) The coefficient
Brms of two-magnon scattering (TMS) damping is enhanced at low
temperature.

where o (T) and p(T) are the temperature-dependent conduc-
tivity and resistivity for the same film thickness, respectively.
Here, o, and «, are the fitting parameters to characterize
the conductivitylike and resistivitylike contributions to «g
[6]. This fitting gives the ratio of a,/a, = 1.5 [Fig. 2(d)],
indicating that the conductivitylike contribution is dominative
and gives rise to the og enhancement at low temperature.

For the sake of a quantitative understanding of this
phenomenon, the disentanglement of the various damping
mechanisms is demanded. Figure 3(a) depicts the thickness
dependence of ag at T = 10 and 300 K. Apparently, ag
is not a constant vs dpe, indicating the emergence of the
extrinsic damping contributions. The various damping mech-
anisms are disentangled via the fitting with Eq. (1) [Fig. 3(a)],
wherein the intercepts at 1/dp. = Onm™ quantify the bulk
contribution of intrinsic Gilbert damping a&"*. A significant
contribution of TMS (Brms) is observed [Fig. 3(d)] in addition
to a2 [Fig. 3(b)]. Meanwhile, a small interface contribu-
tion Biner is revealed, which is temperature independent in
approximation [Fig. 3(c)]. In addition, the quantitative fitting
reveals the negligible contributions of eddy-current damping
Qeqdy and radiative damping oaq, which are due to the ul-
trathin film thickness of epitaxial Fe [20]. It is worth noting
that ozgulk and frvs are both enhanced at low temperature.
Here, Bryvs is pronounced for ultrathin films and becomes
negligible for thick films [9]. The temperature dependence of
o'k is fitted with Eq. (4), producing the ratio of /o, =
0.8 [Fig. 3(b)]. Accordingly, the conductivitylike contribu-
tion (intraband transition) dominates Gilbert damping at low
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temperature, while the resistivitylike contribution (interband
transition) becomes dominative when adjacent to room tem-
perature. Therefore, the intraband transition is an effective
contribution to intrinsic Gilbert damping in Fe and gives rise
to the o2 enhancement at low temperature.

In addition, the o enhancement at low temperature is also
partially ascribed to the increase of TMS damping at low
temperature [Fig. 3(d)]. In ultrathin films, the uniform mag-
netization precession is expected in FMR mode. However, the
presence of interfacial magnetic anisotropy could lead to the
short wavelength magnons at the interfaces, contributing to
TMS. Interfacial magnetic anisotropy thus plays a key role in
TMS damping. To comprehend the increase of TMS damping
at low temperature, we systematically studied the in-plane
magnetic anisotropy of MgO(001)/Fe samples, with thickness
and temperature dependence.

C. Interfacial fourfold magnetic anisotropy

It is well known that the body-centered cubic crystalline
structure of the epitaxial Fe film on MgO(001) leads to an
in-plane fourfold magnetic anisotropy [25]. Meanwhile, per-
pendicular magnetic anisotropy is absent in the MgO(001)/Fe
system, thus is excluded in the following discussion. The
in-plane magnetic anisotropy of Fe films is determined via
the conventional balancing torque method [26]. The azimuthal
directions of the external magnetic field H (¢ ) and Fe mag-
netization (¢, ) are required for the quantitative determination
of magnetic anisotropy. Here, ¢y, can be measured via PHE,
which is expressed as R, = AR sin2¢y, [27]. The transverse
resistance R,y depends on ¢, with respect to the current
direction [Fig. 4(a)]. Here, AR characterizes the magnitude
of PHE.

For a magnetic thin film with uniaxial anisotropy K, and
fourfold anisotropy Kj, the balancing torque equation can be
written as [25]

T(¢w) = Hsin (b — ¢u) = —3Ho sin 2y — ;Hy sin 4y
(%)

Here, H, = 2K, /M, and Hy = 2K4/M are the uniaxial and
fourfold anisotropic fields. Here, M; is the saturation magne-
tization, and H, and H, can be determined quantitatively via
the fitting with Eq. (5).

Figure 4(b) shows the ¢y-dependent R,y of the
MgO(001)/Fe(2 nm)/MgO sample (H = 5000e) at room
temperature. Apparently, the ¢gy-dependent R,y deviates
from the sin2¢y curve due to the magnetic anisotropy of
single-crystalline Fe film. We calculated ¢y, at different ¢y
according to ¢y = sin_l(ny /AR)/2, as well as the torque
moment t(¢y,) [Fig. 4(c)]. According to the quantitative fit-
ting with Eq. (5), the uniaxial anisotropic field of H, = 11 Oe
and fourfold anisotropic field of Hy = 207 Oe were obtained.
The strength of Hy is consistent with the reported value in
the literature [25,26]; the small H, is usually attributed to the
step surface of the MgO(001) substrate [26]. The obtained Hy
is independent of the strength of H [Fig. 4(d)], revealing the
intrinsic nature of the obtained Hy.

Phenomenologically, Hy of single-crystalline Fe thin film
can be partitioned into the bulk contribution and surface
contribution (Hy = H4b + Hj/dge) [28]. The bulk contribution
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FIG. 4. (a) Schematic of planar Hall effect (PHE) measurements.
(b) The ¢y-dependent R,y of the MgO(001)/Fe(2 nm)/MgO sample
(H = 5000e) at room temperature. Red curve plots the PHE ex-
pression of AR sin2¢y. (c) The torque moments as a function of ¢y,
fitted with Eq. (5). (d) Hy is independent of the static magnetic field
H. (e) The linear fitting of 1/dg.-dependent Hy (Hy = Hf + H}/dg.)
provides H} (the intercept) and H; (the slope) at room temperature.
(f) The magnitude of H; is enhanced at low temperature.

(H}) is independent of the Fe film thickness dre, while the
surface contribution (H} /dr.) is inverse in dg.. Therefore, H4b
and H; can be determined through the thickness dependence
of Hy, as shown in Fig. 4(e). The positive Hf (the intercept
of the linear fitting) reveals the intrinsic fourfold magnetic
anisotropy of single-crystalline Fe films, with the easy direc-
tions along the Fe [100] axes. Meanwhile, the negative H (the
slope of the linear fitting) evidences the interfacial fourfold
anisotropy at the Fe/MgO interfaces with the easy directions
along the Fe [110] axes. The temperature dependence of Hj
is presented in Fig. 4(f). The magnitude of H; is enhanced at
low temperature.

D. TMS and interfacial magnetic anisotropy

The positive H? aligns the bulk Fe magnetization along the
Fe [100] axes, while the negative H; tends to tilt the interfacial
Fe magnetization toward the Fe [110] axes [Fig. 5(a)], leading
to the Fe magnetization reorientation and the nonuniform
magnetization states at the Fe/MgO interfaces. Here, Hy is
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FIG. 5. (a) Schematic of H? and H. The presence of H; causes
the Fe magnetization reorientation at the Fe/MgO interfaces. (b) The
linear dependence of Brys on |HS|?, illustrating the dominant role of
Hj on two-magnon scattering (TMS) damping.

competitive with Hs, so that the nonuniform magnetization
states persist at FMR and result in a nonuniform magne-
tization precession at resonance (i.e., the short wavelength
magnons). Interfacial magnetic anisotropy shifts the energy
dispersion of the magnons (standing spin wave) with the wave
vector normal to the film interface, resulting in the short wave-
length magnon mode which is degenerate with FMR mode in
frequency. Energy dissipation occurs in the manner of the un-
conserving magnon scattering between two degenerate modes
(referred to as TMS), as well as the relaxation of the dephas-
ing character [10]. Therefore, interfacial magnetic anisotropy
plays a key role in the TMS process, i.e., an extrinsic damping
mechanism.

Hence, it is conceivable that the enhanced Hj at low tem-
perature [Fig. 4(f)] could induce an increase of TMS damping,
which is observed in Fig. 3(d). Figure 5(b) presents a linear
dependence of Bmvs on |HJ|2, illustrating the correlation be-
tween TMS damping and the interfacial fourfold anisotropy
Hj [11,21]. In this regard, Gilbert damping could be reduced
by optimizing the interface, e.g., the ays of Fe/Pd is much
smaller than that of Fe/Cu [29]. The inhomogeneous mag-
netization states at the interfaces might play the same role
of the scattering centers [22], contributing to TMS damping,
which could be suppressed by the external magnetic field.
Therefore, a sufficiently strong magnetic field or FMR mode
at sufficiently high frequency (i.e., large wave vector) can
help to suppress TMS damping as well [18]. Additionally,
single-crystalline films may provide the lower TMS damping
with respect to polycrystalline films, due to the much lower
density of scattering centers in the bulk of films.

IV. SUMMARY

In summary, intrinsic and extrinsic Gilbert damping of Fe
thin films are disentangled via thickness-dependent o mea-
surements. An enhanced ag at low temperature is observed,
which is attributed to both intrinsic Gilbert and TMS damping.
Intrinsic Gilbert damping is found to be governed by the
intraband transition at low temperature, as well as by the
interband transition close to room temperature. Meanwhile,
the in-plane fourfold anisotropy of Fe films is determined
quantitatively with thickness and temperature dependence.
The correlation between the interfacial fourfold anisotropy
and TMS damping is revealed as well. Our result manifests
the thickness-dependent o measurement as a universal and
effective method to quantitatively disentangle the various
damping mechanisms.
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