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ABSTRACT

The orbital component of magnetization dynamics, e.g., excited by ferromagnetic resonance (FMR), may generate “orbitronic” effects in
nanomagnetic devices. Yet, distinguishing orbital dynamics from spin dynamics remains a challenge. Here, we employ x-ray magnetic circu-
lar dichroism (XMCD) to quantify the ratio between the orbital and spin components of FMR-induced dynamics in a Ni80Fe20 film. By apply-
ing the XMCD sum rules at the Ni L3;2 edges, we obtain an orbital-to-spin ratio of 0.1086 0.005 for the dynamic magnetization. This value is
consistent with 0.1026 0.008 for the static magnetization, probed with the same x-ray beam configuration as the dynamic XMCD experi-
ment. The demonstrated method presents a possible path to disentangle orbitronic effects from their spintronic counterparts in magnetic
media.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0198326

Magnetism generally consists of orbital and spin components.
Although orbital magnetism is largely quenched in 3d transition-metal
ferromagnets, it can remain up to �10% of spin magnetism due to
spin–orbit coupling.1,2 This seemingly small orbital magnetism yields
crucial effects for various device applications, such as magnetic anisot-
ropy for perpendicular magnetic recording and Dzyaloshinkii–Moriya
interactions for chiral nanomagnetic memories.3–5 The sum-rule anal-
ysis of x-ray magnetic circular dichroism (XMCD) allows for quantify-
ing the orbital moment lL and the spin moment lS in ferromagnets.6

From XMCD measurements of static magnetization in a transmission
geometry,7,8 it is typically straightforward to quantify the ratio lL=lS
of the orbital to spin contributions.

When a ferromagnet is excited, e.g., by ferromagnetic resonance
(FMR), its dynamic magnetic response also has orbital and spin com-
ponents. The value of lL=lS for the dynamic magnetization may not
be equal to that for the static magnetization, as the orbital and spin
dynamics may be distinct.9,10 For instance, excited orbital angular
momentum could be more strongly coupled to the lattice, thereby lead-
ing to stronger dissipation. With a greater dynamic loss of orbital
moment than spin moment, lL=lS for the dynamic magnetization
would be smaller than the static counterpart. Indeed, in sub-picosecond

demagnetization excited by laser pulses, time-resolved XMCD experi-
ments report a greater reduction in orbital magnetism than spin
magnetism.9,10

Furthermore, recent studies suggest that FMR in a ferromagnet
can pump a flow of nonequilibrium orbital angular momentum into
an adjacent “sink” layer or interface.11–14 Such FMR-driven orbital
pumping is predicted to coexist with the well-known spin
pumping15—and may hold the key to understanding the reportedly
large orbitronic effects in nanomagnetic devices.16–24 The orbital and
spin outflows may be absorbed or scattered differently in the sink25–27

or at the ferromagnet interface.28,29 Again, if the dynamic orbital loss is
stronger (or weaker) than the spin loss, lL=lS for the FMR-excited
dynamic magnetization may be reduced (or increased) compared to
the static magnetization. We note that conventional FMR spectroscopy
is often used to quantify lL=lS via the well-known g-factor,
ðlL=lSÞFMR ¼ ðg � 2Þ=2. However, recent experiments show that
ðlL=lSÞFMR includes an additional spin-mixing factor and, hence,
does not generally equal the true value of lL=lS.

8 Thus, quantifying
lL=lS with XMCD under dynamic excitation is of critical importance
for elucidating fundamental angular-momentum dynamics in mag-
netic materials.
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In this Letter, we quantify lL=lS of FMR-excited dynamic mag-
netization in a thin film of Permalloy (Ni80Fe20). Our focus here is on
the magnetism of Ni, which has greater spin–orbit coupling and hence
larger lL=lS at static equilibrium than Fe.2,8 Moreover, the relatively
large spin–orbit splitting of the L3 and L2 core level manifolds for Ni
(the largest among the elemental 3d ferromagnets) facilitates the sepa-
ration of the XCMD spectral contributions from these core levels. We
have conducted XMCD measurements on both static and dynamic Ni
magnetizations in the same sample, probed by the same circularly
polarized x-ray beam configuration, as illustrated in Fig. 1. Our work
presents a unique way to disentangle FMR-driven orbital dynamics
from spin dynamics, which may be of interest for testing orbitronic
effects in magnetic multilayers.14,16

Our film sample was grown by DC magnetron sputtering at a
base pressure of 3� 10�8 Torr and Ar sputtering gas pressure of
3 mTorr. The film stack structure is MgO(substrate)/Ti(3 nm)/Cu
(3 nm)/Ni80Fe20(30 nm)/Ho(4nm)/Ti(3 nm). The MgO substrate
[MTI Corp, (001)-oriented] allows for luminescence-yield detection of
x-ray absorption.30 Luminescence yield is equivalent to detecting x-ray
transmission in the film sample7 and permits more reliable quantifica-
tion of lL=lS, compared to total electron yield and fluorescence yield
that are prone to artifacts.31,32 All film layers were grown with the sub-
strate at room temperature and are hence polycrystalline. The Ti/Cu
seed layer is intended to provide higher-quality growth of ferromag-
netic films with narrower FMR linewidths.33 The overlayer of Ho—a
rare-earth metal with large orbital magnetism relative to spin magne-
tism34—was intended for examining proximity-induced magnetism at
the NiFe/Ho interface and its orbital and spin dynamics. However, we
were unable to detect Ho magnetism above the noise level of the
XMCD measurements. Hereafter, we exclusively focus on XMCD at
the Ni L3;2 edges.

All measurements were conducted within the same synchrotron
beamtime at room temperature at Beamline 4.0.2 of the Advanced
Light Source, Lawrence Berkeley National Laboratory. We carried out
both static and dynamic XMCD measurements on the same sample
holder, equipped with a photodiode for luminescence yield detection
and a coplanar waveguide for driving 2-GHz FMR. In this setup, the
sample is mounted with the film immediately adjacent to the wave-
guide. A 90% circularly polarized x-ray beam illuminates the sample
through a tapered �0.1-mm-diameter hole in the waveguide’s center
conductor. The incidence angle of the beam was 40� with respect to
the film plane, allowing us to detect primarily the magnetization com-
ponent in the film plane. Further details of the experimental setup are
found in Ref. 30. We note that a 2-GHz microwave field was applied
during both types of measurements (Fig. 1) to ensure a similar temper-
ature. In the static XMCD experiment, the microwave field was

collinear with the equilibrium in-plane magnetization [Fig. 1(a)], so it
did not induce FMR. In contrast, the microwave field was orthogonal
to the precessional axis to induce FMR in the dynamic XMCD experi-
ment [Fig. 1(b)].

We first demonstrate our static XMCD result for quantifying
lL=lS of the Ni magnetization at equilibrium. The x-ray photon
energy was stepped discretely from 820 to 909 eV to acquire x-ray
absorption spectra (XAS). At each energy setpoint, the static magnetic
field, Bk, was alternated between þ0.3 and �0.3T along the incident
x-ray beam axis. The circular polarization of the x-ray beam was fixed.
To enhance the signal-to-noise ratio, we averaged 23 pairs of XAS
scans.

The x-ray transmission intensity was normalized, and the linear
background [Fig. 2(a) inset] was subtracted to produce the spectra in
Fig. 2(a), following the method explained in the supplementary mate-
rial. The normalized transmitted x-ray intensity I is converted to the
x-ray absorption A ¼ �ln ðIÞ. Figure 2(b) shows the resulting XAS for
Bk ¼þ0.3 and �0.3 T. By taking the difference between the XAS at
the two opposite magnetization directions, the static XMCD spectrum
in Fig. 2(c) was obtained. In producing the XMCD spectrum, we

FIG. 1. Schematic illustrations of (a) the static XMCD experiment to probe the static
magnetization, Mstat , and (b) the dynamic XMCD experiment to measure the
dynamic magnetization,mdyn.

FIG. 2. (a) Normalized x-ray transmission (measured via luminescence yield) and
(b) x-ray absorption spectra (XAS) under the opposite directions of the static applied
field Bk. Inset of (a): normalized x-ray transmission before subtracting the linear
background. (c) Static XMCD spectrum, obtained from the difference between the
two XAS spectra in (b), along with the integrated XMCD curve and the parameters
p and q used in Eq. (1).
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performed post-edge normalization described in the supplementary
material.

The ratio between the orbital moment lL and spin moment lS is
computed with the standard XMCD sum-rule formula:

lL
leffS

� lL
lS

¼ 2
3

q
3p� 2q

� �
; (1)

where q is the value of the integrated XMCD spectrum across the L3
and L2 edges, whereas p is the value of the integrated XMCD spectrum
across only the L3 edge.

6 Figure 2(c) shows the integrated XMCD spec-
trum and the definitions of q and p. Here, q is obtained in the post-
edge energy range (explained in the supplementary material), and p is
obtained using the cutoff energy of 863 eV that delineates the L3 and
L2 core level manifolds. Strictly speaking, the denominator in Eq. (1) is
the “effective” spin moment leffS ¼ lS � 7hTzilB=�h that includes the
expectation value of the magnetic dipole operator hTzi. The 7 hTzi
term can exceed a few percent of lS in atomically thin 3d ferromag-
nets, but it diminishes to an undetectable level when the 3d ferromag-
net thickness is several atomic monolayers or greater.8,35,36 In our
present 30-nm-thick Permalloy film, we safely assume that leffS ¼ lS.

From the static XMCD experiment, we arrive at an orbital-to-
spin ratio of lL=lS � 0:102 by applying Eq. (1). This value is compa-
rable to the typical lL=lS of �0.1 for Ni in Permalloy in recent
XMCD experiments.8,37 We identify an uncertainty of 60.008 for
lL=lS due to the variation in the outcome of the post-edge normaliza-
tion (see the supplementary material). This uncertainty is graphically
represented as a shaded band in Fig. 2(c).

We now describe our time-resolved dynamic XMCD experiment,
with the sample magnetized by the external field B? orthogonal to the
x-ray beam [Fig. 1(b)]. The magnetization was excited by a 2-GHz
microwave field and precesses about B?. The circularly polarized x-ray
beam probed the FMR-induced dynamics of the nonequilibrium mag-
netization [mdyn in Fig. 1(b)]. Similar to the normalization of the static
transmission signal (described in the supplementary material), the
dynamic transmission signal acquired via lock-in detection30 was nor-
malized by the incident beam intensity upstream at the end station
detector of the beamline.

Figure 3(a) shows time traces of the dynamic differential x-ray
transmission signal obtained at a fixed photon energy of 852.8 eV and
different B?, employing the phase-modulated lock-in protocol out-
lined in Refs. 30 and 38. These traces are fit excellently by sinusoids
with an oscillation period of 500 ps, as expected from the 2-GHz
microwave excitation. From each fit, we extract both the amplitude
and phase of the dynamic magnetization. Figures 3(b) and 3(c)
reveal a peak in the amplitude and a 180� shift in the phase, which are
consistent with FMR.39–41 The resonance field Bres � 4:5mT is
obtained by fitting the B? dependence of the amplitude with

/
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
DB2=ðDB2 þ ðB? � BresÞ2Þ

q
and that of the phase with /o

þ atanðDB=ðB? � BresÞÞ. The fits also yield the FMR linewidth,
DB � 1:0 mT; the phase offset /o from the experimental setup is
shifted to 0 in Fig. 3(c) for clarity.

To quantify lL=lS for the dynamic magnetization, it is necessary
to measure the energy dependence of the dynamic XMCD signal. All
following measurements were performed at B? ¼ Bres to maximize
the signal amplitude. As shown in Fig. 4(a), time traces of differential
x-ray transmission reveal sinusoidal oscillations. All have the same

period of 500 ps, but the phase exhibits a discrete 180� shift, corre-
sponding to the sign of the static XMCD signal at that energy (e.g.,
compare 852.6 eV near the L3 edge maximum amplitude with
870.5 eV near the L2 edge maximum). By plotting the energy depen-
dence of the oscillation amplitude [Fig. 4(b)], we observe a trend that
resembles the XMCD spectrum for the static magnetization [Fig. 2(c)].

Yet, caution must be taken before applying the XMCD sum rules.
What is shown in Fig. 4(b) is the amplitude of the measured differen-
tial x-ray transmission, dI ¼ I� � Iþ, between the dynamic

FIG. 3. (a) Time traces of the differential dynamic x-ray transmission signal, arising
from FMR-induced magnetization oscillations, at several values of applied field B?
[orthogonal to the x-ray beam axis, see Fig. 1(a)]. The photon energy is fixed at the
peak of the Ni L3 edge. (b) and (c) B? dependence of the precessional (b) ampli-
tude and (c) phase. The symbols are the values derived from the measurements.
The red curves represent the best fits, from which the resonance field
Bres � 4:5 mT is quantified.

FIG. 4. (a) Time traces of the differential dynamic x-ray transmission signal, arising
from FMR-induced magnetization oscillations, at several values of photon energy.
The field B? is fixed at Bres ¼ 4:5 mT. (b) and (c) Energy dependence of (b) the
amplitude of the differential x-ray transmission, dI, and (c) the equilibrium average
x-ray transmission, Iavg, derived from the average of the two curves in the inset of
Fig. 2(a).

Applied Physics Letters ARTICLE pubs.aip.org/aip/apl

Appl. Phys. Lett. 124, 122404 (2024); doi: 10.1063/5.0198326 124, 122404-3

Published under an exclusive license by AIP Publishing

 21 M
arch 2024 21:04:34

pubs.aip.org/aip/apl


magnetization oriented parallel (Iþ) and antiparallel (I –) to the inci-
dent beam. To analyze dynamic XMCD properly, dI must be con-
verted to the differential x-ray absorption

dA ¼ lnðIþÞ � lnðI�Þ: (2)

Since the precessional cone angle here is only �1�, dI is a small
perturbation about the average transmission Iavg, such that
I6 ¼ Iavg6 dI/2 with dI � Iavg. Then, we can re-write Eq. (2) as

dA ¼ ln 1þ dI
2Iavg

 !
� ln 1� dI

2Iavg

 !
� dI

Iavg
: (3)

We take Iavg from Fig. 4(c), which is the average of the static transmis-
sion spectra at Bk > 0 and< 0 [inset of Fig. 2(a)]. The resulting
dynamic XMCD amplitude dA obtained from Eq. (3) is presented in
Fig. 5(a). This analysis protocol is crucial for deriving an accurate
dynamic XMCD spectrum; applying the XMCD sum rules on dI vs
energy [Fig. 4(b)] would result in an incorrect estimation of lL=lS.
We also remark that, in principle, Iavg can be obtained from the DC
luminescence yield signal acquired simultaneously with the dynamic
signal. However, in practice, our detection electronics (optimized for
the dynamic luminescence yield signal) did not produce a sufficient
signal-to-noise ratio for the DC signal, such that Iavg needed to be
obtained from a separate set of static measurements (Fig. 2).

Figure 5 is the central result of this study. Figure 5(a) reveals that
the dynamic XMCD data closely track the static XMCD spectrum.
This close correspondence already suggests that lL=lS is similar for
the dynamic magnetization and the static magnetization. Furthermore,
comparing the XMCD integrals for the dynamic and static cases in
Fig. 5(b) again reveals close agreement.

Nevertheless, by applying the sum-rule analysis [Eq. (1)] to the
dynamic XMCD integral, we obtain ðlL=lSÞdyn � 0:108. This value is
noticeably higher than the mean ðlL=lSÞstat � 0:102 for the static
magnetization. The possibility that ðlL=lSÞdyn > ðlL=lSÞstat would
suggest stronger dissipation for spin dynamics than orbital dynamics.
This is contrary to the intuitive expectation of stronger orbital dissipa-
tion by the more direct orbital-to-lattice coupling. A potential explana-
tion is that the thin Ho layer, interfaced with the Permalloy film, more
efficiently absorbs FMR-pumped nonequilibrium spin angular
momentum than orbital angular momentum.

However, from our present XMCD results alone, we are unable
to conclude that dynamic spin dissipation is stronger than orbital
dissipation—or that ðlL=lSÞdyn is higher than ðlL=lSÞstat.
Considering the uncertainty in q due to the limited post-edge data
density for the dynamic XMCD, the uncertainty in ðlL=lSÞdyn may be
up to 60.005. Taking into account for the uncertainties in our static
and dynamic XMCD results, we have ðlL=lSÞdyn ¼ 0:1086 0:005
and ðlL=lSÞstat ¼ 0:1026 0:008—i.e., the values of ðlL=lSÞdyn and
ðlL=lSÞstat are indistinguishable. Moreover, there are conceivably
additional sources of uncertainty for ðlL=lSÞstat, as the setup here was
optimized for dynamic XMCD but not for static XMCD. For instance,
the substrate may have an energy-dependent luminescence yield back-
ground7 that distorts the XAS spectrum, although it is yet unclear how
this may affect the XMCD spectrum; the influence of such a substrate-
dependent background may be investigated in future experiments.
Despite the extended averaging, our derived ðlL=lSÞstat may also be
affected by small fluctuations of the static XMCD measurements.
Considering the points above, ðlL=lSÞstat and ðlL=lSÞdyn are essen-
tially identical within experimental uncertainty for this particular
sample.

In summary, we have employed XMCD to quantify the
orbital-to-spin ratio lL=lS of FMR-excited dynamic magnetization
in a Permalloy film. This dynamic lL=lS ratio turns out to agree
closely with its static counterpart to within a few percent. Our pre-
sent results cannot determine conclusively whether FMR-driven
orbital dynamics differs from spin dynamics. Nevertheless, in future
studies, experimental uncertainties may be tightened for a more
precise quantification of lL=lS. Future work will also benefit from
studying a series of samples with different compositions and layer
structures. A systematic relative variation in the dynamic lL=lS
ratio among these samples may uncover orbital dissipation that is
distinct from its spin counterpart.26–29 Moreover, the dynamic
XMCD method may allow for resolving the variation of lL=lS dur-
ing magnetic precession42 in a highly anisotropic, single-crystalline
magnetic film, whose orbital magnetism is strongly linked to the
crystal orientation. Such time-resolved mapping of lL=lS may pro-
vide direct insight into the breathing Fermi surface mechanism that
governs intrinsic magnetic damping.43,44 Overall, our unique
approach provides an avenue for quantitatively evaluating dynamic
orbital-based effects—beyond the conventional spin-based pic-
ture—in nanomagnetic structures.

See the supplementary material for additional information on the
post-edge normalization of the static XMCD spectrum.
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FIG. 5. Energy dependence of (a) the static and dynamic XMCD amplitudes and (b)
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to the data shown in Figs. 4(b) and 4(c).
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