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Magnetic damping is one of the most important parameters governing the critical current density for
current-induced magnetization switching in spin-torque devices. The anisotropic nature of magnetic damping,
influenced by both intrinsic and extrinsic factors, has been demonstrated in both theoretical and experimental
studies. Nevertheless, understanding the underlying mechanisms of magnetic damping anisotropy, particularly
in the bilayer structure of a ferromagnet and a nonmagnetic metal, remains an open challenge. In this study,
we investigate the crystallographic dependence of magnetic damping in an epitaxial Cr/Fe bilayer, which
has negligible magnetocrystalline anisotropy. We experimentally extracted the total damping by conducting
frequency-dependent ferromagnetic resonance measurement at different in-plane angles. The observed damping
reveals a strong angular dependence with an anisotropy of ∼400% in the bilayer. All possible contributions to
the total damping will be discussed carefully to clarify the origin of the profound damping anisotropy observed
in our Cr/Fe bilayer.
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Relaxation of the excited magnetic state to the equilibrium
state, where magnetic energy dissipates into the surrounding
medium, is a complex phenomenon making it an active topic
in the field of spintronics. The rate of magnetic relaxation,
also known as magnetic damping (α), is a crucial parameter
for the efficient operation of various spin-based devices, such
as magnetic random-access memories (MRAM), spin-torque
oscillators, and magnonic circuits [1–4]. It has been theo-
retically suggested that α has an anisotropic nature rather
than isotropic [5,6]. The origin of this anisotropy is diverse,
with many factors potentially influencing magnetic damping.
Recent experimental studies have shown that anisotropy of
the Gilbert damping (αG), which is an intrinsic character of
ferromagnetic thin films, can be attributed to spatial variation
in spin-orbit coupling at the interface with the substrate or
within the crystal structure. For example, Chen et al. re-
ported the twofold symmetry of αG, which originates from
the twofold symmetry of spin-orbit coupling at the Fe/GaAs
interface [7]. Similarly, Li et al. reported a giant damping
anisotropy of 440% in an epitaxial Fe50Co50 thin film, which
is attributed to tetragonal crystal distortion [8]. Apart from
the αG, additional damping (αsp) induced by spin pumping
effect in the ferromagnet (FM)/nonmagnetic metal (NM) bi-
layer can also exhibit anisotropic behavior [9]. Furthermore,
other extrinsic effects, such as two-magnon scattering, can
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also contribute to the crystallographic dependence of mag-
netic damping [10,11]. From a practical point of view, the
performance of magnetic devices may not be influenced solely
by intrinsic damping αG, but the total damping αtot, which is
a joint phenomenon from both intrinsic and extrinsic effects.
Thus, each contribution should be thoroughly considered
to understand the mechanisms behind the magnetic damp-
ing anisotropy in specific systems when designing magnetic
devices and further optimizing magnetic device performance.

Motivated by these findings, our study reports the angu-
lar dependence of magnetic damping in an epitaxial Cr/Fe
bilayer, although its magnetic anisotropy is found to be negli-
gible. The Cr/Fe structure is widely recognized as a classical
framework in the field of magnetism owing to its giant magne-
toresistance [12–15]. Moreover, among 3d transition metals,
Cr has been reported to exhibit a large orbital Hall conductiv-
ity originating from orbital texture in Cr, which is even larger
than its spin Hall conductivity [16–18]. Though the Cr/Fe
system has been one of the popular material systems in the
spintronics field, there is still lack of experimental studies on
the possible anisotropic damping in Cr/Fe bilayers. Therefore,
it is desirable to investigate the angular dependence of the
αtot in the Cr/Fe bilayer. To experimentally calculate the αtot,
we performed frequency-dependent ferromagnetic resonance
(FMR) measurements with respect to in-plane angles and
observed a profound damping anisotropy in our bilayers. To
interpret the FMR result, we carefully considered all possi-
ble intrinsic and extrinsic effects that contribute to the total
damping in the Cr/Fe bilayer. Extrinsic effects are believed
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FIG. 1. (a) θ -2θ x-ray diffraction pattern for the Cr/Fe film on MgO (110) substrate. Inset in (a) is φ scan (in-plane rotation scan) pattern of
Cr/Fe (011). (b) Reciprocal space mapping taken around Cr/Fe (211) diffraction peak. (c) Cross-sectional high-resolution transmission electron
microscopy (HR-TEM) image of the Cr/Fe bilayer film on MgO substrate with MgO (110) [001] zone axis. Inset in (c) is a Fourier filter image
of the interface between MgO substrate and the subsequent Cr layer. (d) Atomic force microscopy (AFM) image of surface topography for
Cr/Fe (211) film. (e) Normalized magnetization curve (M/MS) of Cr/Fe (211) film where the external magnetic field applied along ϕ = 0◦; 45◦;
90◦; 135◦. (f) Angular dependence of the ratio of remanent magnetization (Mr) to the saturation magnetization (MS) obtained from in-plane
hysteresis loops at various ϕ. Inset in (f) is an image of the Cr/Fe film on MgO (110) substrate with the blue arrows indicating crystal directions.
The orange arrow indicates the in-plane external magnetic field direction. The azimuthal angle labeled by ϕ is defined as the angle between
the external magnetic field H and the [−111] crystal direction.

to dominantly contribute to the αtot in our Cr/Fe bilayer. Pre-
sumably, the most relevant effect would associate the angular
momentum dissipation with the orbital texture of Cr, which
shows strong crystallographic dependence.

The Cr (5 nm)/Fe (4 nm) bilayers were successfully grown
by molecular beam epitaxy (MBE) method. The MgO (110)
substrates were first annealed at ∼680 ◦C for 15 min to re-
move residual organic contaminations. Afterwards the Cr and
Fe layers were grown at the growth temperatures Tgrowth of
∼400 ◦C and ∼150◦C, respectively, under a base pressure of
∼10−9 Torr. Finally, the capping layer of Mg (1 nm) / MgOx

(2 nm) was deposited to prevent oxidation in the ambient
condition. The crystalline structure of the Cr/Fe bilayer were
examined using a high-resolution transmission emission mi-
croscope (HR-TEM) and reciprocal space mapping (RSM)
was carried out with x-ray diffraction. Static magnetic prop-
erty was then characterized by conducting a vibration sample
measurement. During the measurement, the external magnetic
field was applied along different azimuthal directions (ϕ)
within the film plane.

The broadband ferromagnetic resonance measurement
(FMR) was carried out by mounting the samples surface down
on the coplanar waveguide, which was connected to a mi-
crowave source. The microwave current (Irf ) was fixed at the
power of ∼15 dBm and microwave frequency spanning from
10 GHz to 19 GHz, while the external magnetic field was
sweeping parallel to the Irf . A lock-in amplifier was used to
detect the derivative of the microwave absorption in terms of

the external magnetic field. The crystallographic dependence
of FMR spectra were investigated by applying the external
magnetic field at different crystal directions. All FMR mea-
surements were conducted at room temperature. For the spin
Hall magnetoresistance (SMR) and anisotropic magnetore-
sistance (AMR) measurements, the single Hall-bar devices
were fabricated with the current line along different crystal-
lographic orientations using ion milling and photolithography
process.

The crystallinity of the Cr/Fe film on MgO (110) sub-
strate was examined by x-ray diffraction (XRD) as shown in
Figs. 1(a) and 1(b). As clearly seen from the θ -2θ scan result,
the single phase of the Cr/Fe (211) peak was solely observed
without additional peaks [see Fig. 1(a)]. Moreover, the φ scan
result shown in the inset of Fig. 1(a) reveals a typical twofold
symmetry of the tetragonal crystal of Cr/Fe (211) [12]. Fig-
ure 1(b) shows the RSM around the (211) diffraction peak.
The peak is elongated along [−111] direction, thus revealing
the presence of strain due to a lattice misfit between MgO and
Cr (∼17%) [19].

The crystal structure of the Cr/Fe film was visualized by
a cross-sectional transmission electron microscopy (TEM) as
shown in Fig. 1(c). We can confirm the in-plane epitaxial
relation between Cr/Fe (211) film and MgO (110) : Cr/Fe
(211) [−111] // MgO (110) [−110] from the TEM image.
The Fourier-filtered image [inset of Fig. 1(c)] shows misfit
dislocations periodically introduced at the MgO/Cr interface
to relax the 17% lattice misfit. Despite the presence of the
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FIG. 2. (a) Schematic diagram of the broadband strip-line ferromagnetic resonance measurement system with the image of the coplanar
waveguide (CPW) placed in the center of the electromagnet poles. The blue arrow represents the microwave current (Irf ) direction, and the
orange arrow indicates the external magnetic field (H) direction. (b) The FMR derivative absorption signals of the Cr/Fe film with the in-plane
magnetic field applied along ϕ = 0◦; 45◦; 90◦; 135◦. The Irf was fixed at 16 GHz and 15 dBm. (c) Plot of resonance field (HFMR) and linewidth
(�H ) as a function of ϕ. HFMR and �H are deduced from FMR spectra fitted using Lorentzian function. (d) Frequency dependence of the
FMR derivative spectra along [−111] crystal direction measured in the range 12.7–17.7 GHz.

dislocations, the crystal is still subjected to a small tensile
strain, which explicitly explains the elongated peak in the
RSM image. Besides, the TEM image also reveals that the
Cr layer was grown following Volmer-Weber mode (island
growth mode). The subsequent Fe layer was coherently grown
on a Cr layer due to an excellent lattice match between Cr and
Fe (∼0.6%), subsequently resulting in the orange-peel-like
surface of the Fe layer. Such type of surface structure may
affect the magnetocrystalline anisotropy of our film.

The film morphology was characterized using atomic force
microscopy (AFM). An AFM image at a randomly selected
location on the film surface, employing a scan size of 1 µm
× 1 µm, as shown in Fig. 1(d). The analysis revealed that
the estimated average roughness over a substantial area of
1 µm² is approximately 0.5 nm. We note that the thin film is
homogeneous and continuous (see the Supplemental Material
[20]), indicating the orientation independence of the grain
distribution, which is a critical observation for understanding
the film properties.

We characterized magnetic properties of our film using a
vibrating sample magnetometer (VSM) [see Figs. 1(e) and
1(f)]. The azimuthal angle labeled by ϕ is defined as the
angle between external magnetic field H and the [−111] crys-
tal direction [inset of Fig. 1(f)]. The hysteresis loops were

collected by measuring magnetizing curves along different
in-plane magnetic field angles (ϕ). From the hysteresis loops,
we calculated the ratio of the remanence (Mr) to the saturation
magnetization (Ms) as a function of ϕ, as summarized in
Fig. 1(f). The estimated Mr/Ms ratio was found to be nearly
angle independent, indicating a negligible magnetocrystalline
anisotropy. Unlike the uniaxial magnetic anisotropy previ-
ously observed in the Cr/Fe bilayers [21], the observed
isotropic behavior of the Cr/Fe (211) film in the present study
is attributed to the large surface roughness.

The angular dependent FMR was obtained with the sample
mounted on the coplanar waveguide surface under a DC mag-
netic field, as illustrated in Fig. 2(a). Figure 2(b) shows the
typical derivatives of FMR taken at four different ϕ at 16 GHz.
The observed FMR spectra were fitted using the Lorentzian
function [22]. Based on the fits, the resonance field (HFMR)
and linewidth (�H) at a given rf were extracted accordingly.
Figure 2(c) shows the dependence of HFMR and �H on ϕ

at every 15◦. We observed that the HFMR is independent of
ϕ while �H exhibits a noticeable dependence on ϕ. The
ϕ-independent HFMR is attributed to the magnetic isotropy
behavior, as shown in Fig. 1(f). On the other hand, the �H
shows a strong anisotropy with respect to the angles ϕ. If a
ferromagnetic film has a large uniaxial magnetic anisotropy
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FIG. 3. (a), (b) Frequency dependence of resonance field (HFMR) and linewidth (�H ), respectively, at various in-plane ϕ angles. Solid
lines are fitted curves using Eq. (1) (a) and Eq. (3) (b). The total magnetic damping (αtot) are extracted from the slope of the Eq. (3) fitting.
(c) Angular dependence of the αtot in the Cr/Fe bilayer. The solid lines are guides for eyes. The dash line indicates the reference value of the
magnetic damping of Fe given in Ref. [29]. Error bars are smaller than the symbol size.

and/or a large fourfold MCA, the magnetization of the film
is hard to align to the hard-axis direction, thus resulting in
the linewidth broadening in the FMR absorption spectra. This
effect is known as the magnetic dragging effect and has been
reported in previous literature [7,23]. However, this is not
the case for our Cr/Fe film because of a nearly zero in-plane
magnetic anisotropy, and all the resonances occurred in the
magnetic field range over 500 Oe, where the magnetization is
fully saturated. Therefore, this result is not related to the con-
tribution of the dragging effect. Specifically, �H values reveal
minima at ϕ ∼ 0◦, 90◦, and ϕ ∼ 180◦ and maxima at ϕ ∼ 45◦
and ϕ ∼ 135◦, meaning that magnetic damping of the Cr/Fe
film could hold fourfold symmetry. Therefore, we conducted
the frequency dependent FMR to accurately extract the αtot in
our bilayer. Figure 2(d) displays the frequency dependence of
FMR derivative spectra measured in the range 12.7–17.7 GHz.
The DC magnetic field (H) was swept along the Cr/Fe [−111]
direction (ϕ = 0◦). A frequency dependence experiment was
also conducted along various azimuthal angles at every 15◦.
The deduced HFMR and �H values were plotted in Fig. 3.

Figures 3(a) and 3(b) show the plot of the resonance fre-
quency ( f ) against the resonance field (HFMR) and the plot
of the linewidth (�H) against the resonance frequency ( f ),
respectively, at various in-plane ϕ angles labeled by colored
solid circles. In the absence of in-plane magnetic anisotropy,
the relation between resonance frequency f (GHz) and res-
onance field HFMR (Oe) can be well fitted using the Kittel
equation below [24]:

2π f = γ
√

HFMR − Ha )(HFMR − Ha + 4πMs ), (1)

where γ is the gyromagnetic ratio. Ha and Ms are the
anisotropy field and saturation magnetization, respectively,
and both were experimentally obtained from the VSM result.
The parameter γ achieved from the fit was then used in the
fitting of the relation between �H and f in Fig. 3(b) to extract
the total damping αtot in our sample.

Given that �H is the sum of many possible contributions,
as follows:

�H = �H0 + �HG + �Hsp + �HTMS. (2)

�H0 is a frequency-independent term originated from the
inhomogeneity of the sample. �HG contributed by Gilbert
damping is an intrinsic character of the FM material.

Meanwhile, �Hsp represents the linewidth broadening due
to the spin pumping from the FM to the adjacent NM layer,
which is induced by the ferromagnetic resonance [25]. The
last term, �HTMS, is the linewidth broadening originated from
the relaxation process called two-magnon scattering [26],
which initiates by bulk and/or surface defects in the FM layer.
Note that the second and the third terms in Eq. (2) linearly
depend on the frequency while the fourth is a nonlinear func-
tion of frequency. However, such nonlinear behavior is only
observed in high frequency range with approximately few
tens’ of GHz [26,27]. Figure 3(b) shows the deduced �H
values plotted as a function of frequency ( f ). We can observe
that �H scales linearly with f and the slopes of �H ( f ) differ
greatly between in-plane angles. Our experimental data were
fitted using the function below [28]:

�H = �H0 + 4παtot f

γ
. (3)

Here αtot is the total magnetic damping of our Cr/Fe bilayer,
which is the sum of all contribution from intrinsic (αG) and
other extrinsic (αTMS and αsp) effects as mentioned above.
The parameters obtained from the best fits using Eqs. (1) and
(3) are listed in Table I. The αtot extracted from the slope of
�H ( f ) function at different ϕ was shown in Fig. 3(c). The
magnetic damping in our Cr/Fe bilayer shows strong angular
dependence. Particularly, αtot values vary from ∼0.012 along
the [−111] direction to ∼0.060 near the [2–51] direction,
which yields an anisotropy (�α/αmin) of ∼400%. This large
in-plane anisotropy of αtot raises a relevant issue on which the
relaxation channel would be the most dominant in our sample.
To further clarify the possible mechanism accounting for the
damping anisotropy, we conducted additional experiments,
which will be discussed in the next section.

According to previous literature, the anisotropic αtot origi-
nates from either intrinsic or extrinsic effects, as discussed in
the following paragraphs.

Early theoretical work has provided a quantitative descrip-
tion of intrinsic magnetic damping in metallic ferromagnets
using the breathing Fermi-surface model [29]. According to
these studies, the Gilbert damping of a transition metallic
ferromagnet is described by αG ∼ ξ 2n(EF), where ξ is the
strength of spin-orbit coupling (SOC), and n(EF) is the den-
sity of state at Fermi level. Chen et al. [7] applied such a theory
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to explain the anisotropy of αG in an epitaxially grown Fe on
a GaAs substrate, where the twofold symmetry of interfacial
SOC results in an anisotropic density of states at the interface
of Fe and GaAs. Similarly, Li et al. found that the variation of
SOC for different magnetization directions is responsible for
damping anisotropy in an epitaxial binary alloy of Fe and Co.
Interestingly, Li et al. observed that the angular dependence of
αG and anisotropic magnetoresistance (AMR) is coincident,
since both phenomena originate from SOC [8]. In other words,
damping anisotropy due to asymmetry in SOC should be
reflected in the angular dependence of AMR.

In our case, weak magnetocrystalline anisotropy, which
also relates to SOC, may imply that the variation of SOC
with respect to the azimuthal angles is negligible. To confirm
this assumption, we also conducted AMR measurement for
our Cr/Fe bilayer along three in-plane angles ϕ = 0◦, 45◦,
and 90◦. Measurement configuration is schematically shown
in Fig. 4(a), the longitudinal resistance along the x axis is
measured while rotating the external magnetic field in the xz
plane. The collected AMR data are presented in Fig. 4(b)
with solid symbols in the upper part. The AMR ratio was
calculated using the equation AMR (%) = (Rxz − R0)/R0 and
summarized in Fig. 4(c) (solid circles). We found that the
AMR results in our sample slightly vary with in-plane angles,
which does not follow the αtot trend. Moreover, the observed
damping constant in our sample (approximately in the order
of 10−2) is significantly higher than the intrinsic damping
reported earlier for Fe (in the order of 10−4 − 10−3) [30] as
shown by the blue dashed line in Fig. 3(c). Therefore, we
conclude that the intrinsic Gilbert damping does not provide
a dominant contribution to the total magnetic damping of
our Cr/Fe sample, hence other extrinsic effects should be
considered.

One of the important extrinsic effects involved in the
magnetic relaxation process in the FM/NM bilayer is the
spin-pumping effect. In principle, the spin current induced by
the magnetization precession in the FM layer is pumped into
the adjacent NM layer, carrying away angular momentum
to the NM layer. Consequently, this process provides an ad-
ditional channel for spin dissipation, known also as non-local
damping. According to spin-pumping theory, the magnitude
of this effect is strongly affected by the transmission of
the spin current through the FM/NM interface, which is
parametrized by the spin mixing conductance (g↑↓) [25]. The
anisotropy of nonlocal magnetic damping is associated with
the variation of the spin mixing conductance with respect to
the ϕ. Since it is not possible to quantitatively separate the
spin-pumping contribution from the total magnetic damping
in this study, we intentionally investigated the angular de-
pendence of another spin-related phenomenon, i.e., spin Hall
magnetoresistance (SMR), as an alternative measurement as
the spin-mixing conductance also plays a crucial role in SMR:
the spin current is generated via the spin Hall effect in a NM
then flows through the FM/NM interface into the neighboring
FM layer, where it interacts with the magnetization and causes
a resistance change, known as the SMR signal [31]. As in
the spin pumping effect, the spin-mixing conductance is a
key parameter for the strength of SMR. A higher spin-mixing
conductance leads to a stronger spin current injection, thus
resulting in a greater SMR signal. Investigating the angular
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FIG. 4. (a) Schematic diagram of the Hall bar device and the measurement configurations of the anisotropic magnetoresistance (AMR) and
the spin Hall magnetoresistance (SMR). The red arrow indicates the charge current (Jc) direction. The polar angle θ is defined by the angle
between the external magnetic field and the normal direction of the film (z axis). (b) AMR data (solid symbols in the upper part) and SMR
data (open symbols in the lower part) measured with the Hall bar devices along different in-plane angles (ϕ = 0◦; 45◦; 90◦). The solid lines are
fitting curves using sin2(θ ) function. (c) Summary of AMR (solid symbols) and SMR (open symbols) results as a function of ϕ. Error bars are
smaller than the symbol size. (d) Schematic of the Cr atomic arrangement from the top view of Cr (211) plane. The gray symbols represent Cr
atoms. The blue arrows indicate crystal directions.

dependence of the SMR signal can provide valuable informa-
tion on the variation of spin-mixing conductance with respect
to in-plane angles, which, in turn, helps us to understand the
in-plane anisotropy of the spin pumping effect in our Cr/Fe
bilayer.

The measurement configuration is schematically shown in
Fig. 4(a), where the longitudinal resistance along the x axis
is measured while the external magnetic field is rotated in
the yz plane. The SMR data are shown in Fig. 4(b) (open
symbols in the lower part). The SMR ratio was then cal-
culated using the equation SMR (%) = (Ryz − R0)/R0 and
summarized in Fig. 4(c) (open circles). The observed SMR
shows a different angular dependence, where the maximum
occurs near ϕ = 45◦. This result clearly indicates that the
pronounced anisotropy of the magnetic damping in our Cr/Fe
bilayer cannot be solely explained by the nonlocal damping
contribution from spin pumping.

In addition to the spin pumping contribution, a pro-
cess known as two-magnon scattering (TMS) is commonly
considered. TMS involves the degeneration of the uniform
precession mode (k = 0) into spin wave modes with (k �=
0); here k is the wave vector determined by the magnon dis-
persion relation. In the theory [10,32,33], TMS is initiated at
defect sites where the translation symmetry of crystal breaks,
resulting in the nonconservation of the k vector. In general, the

presence of structural defects does not cause angle-dependent
behavior if they are randomly distributed in the film plane.
However, TMS is invoked to explain the fourfold symmetry
of magnetic damping in some systems with crystal structure
of cubic or tetragonal symmetry. To relax the strain induced by
the lattice mismatch between materials in epitaxial thin films,
structural defects such as dislocations are often introduced
along the main crystallographic orientations which are also
edges of the tetragonal structure. For this reason, αTMS origi-
nated from these networks of dislocations would also follow
the crystal symmetry, thereby reflecting twofold or fourfold
anisotropy [11,34].

The Cr/Fe (211) bilayer in our study exhibits a tetragonal
nature, where the two main crystal directions of the in-plane
rectangular lattice are [−111] and [0–11], as schematically
shown in Fig. 4(d). In fact, as shown in Fig. 1(c), arrays
of dislocations formed along the [−111] direction due to
an extremely large lattice mismatch of ∼17% compared to
the [0–11] crystal direction (∼4%). It is expected that this
crystal directions would have a large αTMS. However, our
observations show that the damping along this direction is at a
minimum (∼0.012), while the maxima occur near the [−102]
and [2–51] directions, which are diagonals of the rectangular
lattice. Therefore, the two-magnon scattering model cannot
adequately explain our observations.
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An intriguing possibility is that the observed magnetic
damping anisotropy in our bilayer could be attributed to the
atomic arrangement within the in-plane film. Specifically, it
is possible that the orbital texture is different with respect to
the in-plane angles, leading to an angular-dependent behav-
ior in the magnetic relaxation process. Recent studies have
suggested that orbital ordering can play a significant role in
the magnetic properties of a FM/3d-NM bilayer [16,35–37].
Further experimental and theoretical investigations are needed
to elucidate the role of orbital ordering in the observed damp-
ing symmetry and to fully understand the complex interplay
between intrinsic and several extrinsic damping mechanisms
in magnetic thin films.

In conclusion, we experimentally investigated the angu-
lar dependence of αtot in the epitaxial Cr/Fe bilayer. HFMR

was observed to be isotropic due to its negligible magne-
tocrystalline anisotropy, while �H was found to be highly
anisotropic with fourfold symmetry. The extracted αtot exhib-
ited a strong angular dependence with up to ∼400% variation.

We found that the two representative extrinsic effects, spin
pumping and two-magnon scattering, cannot explain our ob-
servation. One possible origin of our observation can be the
angular momentum dissipation with the orbital nature in the
Cr/Fe bilayer, which strongly depends on crystallographic
orientation. Our results provide insights into the anisotropic
nature of αtot in bilayer systems composed of a ferromagnet
and a 3d nonmagnetic metal that must be taken into consider-
ation in the designs of spintronic devices.
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