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Abstract
Exchange-coupled hard and softmagnetic layers find extensive use in data storage applications, for
which their dynamical response has great importance.With bulk techniques, such as ferromagnetic
resonance (FMR), it is difficult to access the behaviour and precise influence of each individual layer.
By contrast, the synchrotron radiation-based technique of x-ray detected ferromagnetic resonance
(XFMR) allows element-specific and phase-resolved FMRmeasurements in the frequency range
0.5–11 GHz.Here, we report the study of themagnetization dynamics of an exchange-coupled
Ni0.81Fe0.19 (43.5 nm)/Co0.5Fe0.5 (30 nm) bilayer systemusingmagnetometry and vector network
analyser FMR, combinedwithXFMRat theNi andCo L2 x-ray absorption edges. The epitaxially
grown bilayer exhibits two principal resonances denoted as the acoustic and opticalmodes. FMR
experiments show that theKittel curves of the two layers cannot be taken in isolation, but that their
modelling needs to account for an interlayer exchange coupling. The angular dependence of FMR
indicates a collective effect for themodes of themagnetically hardCoFe and soft NiFe layer. The
XFMRprecessional scans show that the acousticmode is dominated by theNi signal with theCo and
Nimagnetization precessing in phase, whereas the opticalmode is dominated by theCo signal with
theCo andNimagnetization precessing in anti-phase. The response of the Co signal at theNi reso-
nance, and vice versa, show induced changes in both amplitude and phase, which can be ascribed to
the interface exchange coupling. An interesting aspect of phase-resolved XFMR is the ability to distin-
guish between static and dynamic exchange coupling. The element-specific precessional scans of the
NiFe/CoFe bilayer clearly have the signature of static exchange coupling, inwhich the effective field in
one layer is aligned along themagnetization direction of the other layer.

1. Introduction

In recent years,multilayers consisting of alternating hard and softmagnetic layers have attracted a great deal of
attention due to their potential applications in data storagemedia [1–3], permanentmagnets [4, 5], and
microelectromechanical systems [6–8]. In particular, bilayer systems composed of exchange-coupled hard and
soft layers have been proposed as superior data storagemedia because they can be used to overcome the so-called
super-paramagnetic limit, while retaining relatively lowwriting fields [9]. Further, exchange coupling between
layers can lead to increased damping [10] and faster writing speeds due to higher resonance frequencies. For
such applications it is important to gain detailed knowledge of themagnetization dynamics in the different
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layers.Here, we focus on the study of a bilayer system consisting of amagnetically soft NiFe layer, exchange-
coupled to a harder CoFe layer.

In the past, ferromagnetic resonance (FMR) has beenwidely used to studymagnetization dynamics of
multilayer systems [11–15] and exchange-coupled bi- and trilayer systems [16–18]. Both broadband coplanar
waveguide (CPW) and resonant cavity FMR techniques are commonly employed.However, thesemethods are
limited in that they can only detect the net response of themultilayer sample. In practice, the response of
individual layers can only be inferred indirectly by comparing the experimental FMR spectrawith
micromagneticmodelling [14]. Recently, x-ray detected FMR (XFMR) has emerged as a powerful synchrotron
radiation based tool that can be used to study the element-selectivemagnetization dynamics [19–32].Magnetic
and chemical contrast in XFMR is obtained by x-raymagnetic circular dichroism (XMCD) [33, 34], while phase
differences in themagnetization precessions can bemonitored using a stroboscopicmeasurement technique.
The element specificity of XFMRoffers clear advantages over FMR, in particular, it allows layer resolution of the
magneto-dynamics inmultilayer samples.

Spin valve type structures, inwhich two ferromagnetic layers are separated by a thin layer of normalmetal
such asCu, have been studied byXFMR [30, 31, 35, 36]. Bailey et al [31] reported an unexpectedly large phase
variation of∼40° across a spin valve trilayer driven at 3 GHz.Marcham et al [30] used phase-resolvedXFMR to
confirm the spin pumping effect in a spin value structure. By recording the phase of precession of theCoFefixed
layer as theNiFe free layer is swept through the FMRcondition a clear signature of spin transfer torque (STT)
was observed. Fitting the amplitude and phase delay yielded the value of the spinmixing conductance [30],
which is the quantity that controls all spin transfer phenomena [37]. So far, XFMRhas not been reported for
strongly exchange coupled bilayers, partly because the higher resonance frequencies required for such
measurements are not attainable at some synchrotron facilities [38].

In this paperwe present anXFMR study on aNiFe (43.5 nm)/CoFe (30 nm) bilayer, detected at the photon
energies of theNi andCo L2 x-ray absorption edges. The observation of theCoFe layer resonance requires a
radio-frequency (RF) of 8 GHz or above. To characterize the bilayer we performed an extensivemagnetization
study including hysteresis loopmagnetometry, vector network analyser (VNA)–FMRof the frequency versus
appliedfield (ν-Ba) transmission and the angular dependence. The results reveal the influence of theCPW
patterning,magnetic anisotropy, and interlayer exchange coupling. TheXFMRenables element-specificfield
and time-delay scans. The obtained precessional scans show that the two ferromagnetic layers are strongly
coupled by static interlayer exchange interaction.

2.Methods

2.1. Sample preparation
Epitaxial Co0.5Fe0.5 andNi0.81Fe0.19 layers were grown onMgO (001) substratesmeasuring 10× 12 mm2 in a
molecular beam epitaxy (MBE) system (base pressure 5 × 10−10 Torr). After degreasing, theMgO substrates are
annealed at 700 °C until the expected diffraction pattern is observed by reflection high-energy electron
diffraction (RHEED). After cool-down to room temperature, 3 nmof Fe seed layer and 30 nmof Pt buffer layer
were deposited at a rate of 0.1 Å s−1, followed by an anneal at 500 °C leading to a streaky RHEEDpattern. The Fe
and Pt layers are inserted for strain accommodation reasons, reducing theMgO lattice constant of 4.213 Åmore
gradually towards the 3.55 Å ofNi0.81Fe0.19. After cool-down to 100 °C, 43.5 nmofNi0.81Fe0.19 and 30 nmof
Co0.5Fe0.5 were grown at a rate of 0.5 Å s−1 and 0.6 Å s−1, respectively. Owing to the low-temperature growth, the
RHEEDpatterns gradually change from streaks to streaky spots. To prevent the sample fromoxidation, a 5 nm
thin, amorphous Pt capwas deposited at room temperature. The epitaxial relationship of theNiFe/CoFe bilayer
stack isMgO(001)[100]∥ Fe(001)[110] (3 nm)∥ Pt(001)[100] (30 nm)∥ Ni0.81Fe0.19(001)[100] (43.5 nm)∥
Co0.5Fe0.5(001)[110] (30 nm) /Pt (5 nm). The in-plane rotation is due to the transition frombcc Fe, to fcc Pt and
fccNi0.81Fe0.19, back to bcc Co0.5Fe0.5. TheMBE grownfilms have atomically abrupt interfaces andwell-defined
anisotropies. The given thicknesses of theNiFe andCoFe layers were determined by polarized neutron
reflectivity (not shown).

The bilayer was orientedwith respect to theCPWwith the transmission line along theCo0.5Fe0.5(001)[110]
direction, which corresponds to the easy axis [39]. In the angular dependentmeasurements thefieldwas applied
at an angle βwith respect to theMgO[100] direction in the (001) plane (cf figure 1).

2.2. VNA–FMR technique
Prior to the XFMR experiments, the samplewas characterized usingVNA–FMR [40]. To achieve good coupling
with the RFwaves the bilayer sample was placed top–down directly onto theCPW(‘flip-chip’method) [41] and
then positioned in the electromagnet. AVNA (AgilentHPE5071C)was used to determine the scattering
parameter S21 of the system, which is proportional to the amount of RF absorption in the sample. In particular,
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two-dimensional ν-Bamaps of S21 were obtained as a function of driving frequency ν and applied fieldBa. This
allowed us to identify the resonancemodes and tomap-out themagnetic anisotropy by rotating the appliedfield
with respect to the crystal axes of the bilayer sample.

2.3. CPWpatterning forXFMR
For the XFMRmeasurements a straight CPWstructure was patterned on the bilayer in order to carry the RF
current while allowing x-ray transmission. 100 nmCuwas deposited onto the sample by e-beam evaporation
with a 500 μmwide signal line patterned through all the layers to the substrate with gaps of 200 μmeither side
until the ground plane is reached. Patterningwas performed by photolithography andAr ion beam etching, with
CPWdimensions set by calculation to give a characteristic impedanceZ0 = 50Ω. Passing RF current through the
Cu overlayer favours in-phase excitation of theNiFe andCoFe layers [19], while the Cu remains thin enough to
allow the transmission of soft x-rays. The RFfield produced by theCPW is given by μ=B W P Z(2 )RF

rms
0 0

[28], whereW (=500 μm) is theCPWcentre conductor width, giving an rmsRFfield of 175 μT for a driving
powerP=1W.The patterned sample wasmounted to aCPW formed froma printed circuit board, and
electrically contacted usingwire bonding.

2.4. XFMR technique
2.4.1. XFMRprinciple
The dynamical process of spin precession is detected using element-specificXMCD [42].We recall that static
XMCD is obtained as the difference between the two x-ray absorption spectra with the helicity vector of the
circular polarization parallel and antiparallel respectively to an externalmagnetic field [34]. TheXMCD signal is

proportional to the projection of the helicity vector, which is along the beamdirection k̂ , onto themagnetization

M, hence ∝I k Mˆ ·XMCD . The sameXMCD spectrum can be obtained by reversing either themagnetic field or
the circular polarization direction in the experimental geometry. In the XFMR technique, we use the XMCD
effect tomeasurewithfixed circular polarization the small periodic oscillations in themagnetization direction.

Themagnetization dynamics can be described by the Landau–Lifshitz (LL) equation [43]. Applying a bias
fieldBa to obtain amagnetizationM along the z-axis, a small transverse RFfield ω=B t B t( ) exp (i )y

RF RF along
the y-axis will drive themagnetization in precession about the z-axis at the angular frequencyω0 of the

resonance. According to theKittel equation [44],ω γμ= +H H M( )0 0 eff eff 0 , where γ is gyromagnetic ratio, μ0

is the vacuumpermeability,Heff is the effectivemagnetization, andM0 is the saturationmagnetization.
Linearization of the LL equation gives a damped harmonic oscillator with amplitudeA and phaseϕ given as

γμ ω ω λ ω≈ − +A M H| | [( ) ]y0 0 0
2 2 2 and ϕ λω ω ω= −tan ( )0 , where λ is the relaxation rate in s−1. The

precessingmagnetization traces out a conewith angle θ, reducing the z-axis projection to θ=M M cosz 0 .
Orthogonal to the biasfield, themagnetization varies periodically in timewith θ ω ϕ= −M t M t( ) sin cos ( )y 0 .

There are two principalmethods tomeasure XFMR, namely time-averaged using a longitudinal geometry

( ∥k Bˆ
a) [20, 24] and time-resolved using a transverse geometry ( ⊥k Bˆ

a) [28]. In time-averagedXFMR, the

Figure 1. Schematic representation of the samplemounted onto aCPW(within the POMS chamber, which provides themagnetic
field). The holes (vias) improve the RF transmission by electrically connecting conducting planes on the upper and lower surfaces of
the CPW.The depicted coordinate frame refers to the crystalline axes for theMgO(001) substrate of the samplewith epitaxial
relationshipMgO(001)[100]∥ NiFe(001)[100]∥ CoFe(001)[110]. The plane of the bilayer samplewas set to 30°. The applied fieldBa
is perpendicular to the x-ray beamdirection and along the CPW transmission line (in the default geometrywith β=0°). TheXFMR
electronic signal circuitry, RF excitation circuit, and x-ray detection system are also shown. Adelay line enables phase shifting of the
RF oscillationwith respect to the x-ray pulses with 0.5 ps step resolution.
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shortening of themagnetization vector along the z-axis leads to a difference ΔMz = θ θ− ≈M M(1 cos )0
1

2 0
2.

The time-averagedXFMR requires no synchronizationwith the synchrotron, whichmeans it can bemeasured at
any frequency, provided the RF power is sufficiently strong.

In this study, the XFMR ismeasured in the time-resolvedmode, which gives access to the precessional phase.
With the biasfield perpendicular to the incident x-ray beam, the oscillating component of the Larmor
precession is observedwith amagnitude M| |y = θ θ≈M Msin0 0 . Thus theXFMR signal in transverse geometry

also has the advantage that it is larger than in longitudinal geometry by a factor θ−2 1. At the resonance frequency
the cone angle θ is typically in the order of 10mrad (≈ °0.57 ) [23, 45], resulting in a dynamic XMCD in transverse
and longitudinal geometry of 1%and 0.005%, respectively, of the static XMCD. The precession angle is strongly
elliptical due to the shape anisotropy of the film.We can expect a larger amplitude in the plane (My) than normal
to the plane (Mx), hence this favours ameasurement geometry where the x-rays are incident at grazing angle.
The time-resolvedXFMR is detected stroboscopically by using the periodic x-ray pulses from the synchrotron.
The RF is fixed to amultiple of the x-ray pulse frequency (499.65 MHz) and the applied field can be used to tune
the resonance.

2.4.2. XFMR setup
Time-resolvedXFMRmeasurements were performed on beamline I06 atDiamond Light Source and on
beamline PM3 (dipole PGMvariable polarization) at BESSY II of theHelmholtz-ZentrumBerlin. A schematic
of the experimental setup can be seen infigure 1 (see also references [26, 28, 29, 35] for alternative approaches).
AtDiamond, the biasfieldwas supplied using the portable octupolemagnet system, inwhich the field can be
applied in any direction up to 0.9 T [46]. The vectormagnet is particularly suitable for XFMR as it allows a
simple change ofBa from (i) parallel to the photon direction, which is needed for static XMCD scans to (ii)
orthogonal to both the photon direction and the RF excitation, required for phase-resolvedXFMR. The vector
electromagnet design consists of eight current coils, positioned externally along the three-fold axes of the six-
way-cross vacuum chamber, which allows free access for the x-ray beamand the samplemanipulator. At BESSY
two sets of orthogonalHelmholtz coils,mounted inside the vacuumchamber, were used to apply a longitudinal
or transverse biasfield.

For the stroboscopicmeasurements, the RF has to be a harmonic of x-ray pulse frequency, hence the
resonance is driven atmultiples of themaster oscillator clock of the storage ring. These higher harmonics are
generated using anRF comb generator (AtlanticMicrowave) driven by themaster oscillator, which has a
frequency of 499.65 MHz, both atDiamond andBESSY II, corresponding to∼2 ns intervals between
consecutive x-ray pulses. The desired frequency is selected usingfilters and amplifiers to drive a narrow band,
high power (25–30 dBm)RFfield to theCPW.Aprogrammable delay line (Colby Instruments) enables phase
shifting of the RF oscillationwith respect to the x-ray pulses with a step resolution of∼0.5 ps. The timing jitter of
themaster oscillator signalmeasured using a spectrum analyser was found to be small (<0.5 ps). A limiting
factor, determining themaximumRF (14 GHz) detectable by time-resolved XFMR, is the longitudinal photon
bunch length (∼35 ps full width at halfmaximum inmultibunch operation [47]). Other factors, such as
increasing RF losses and a decreasing cone angle, bring the upper frequency of operation down to∼11 GHz. The
error in the phase oscillation (relative to the photon bunch clock) is determined by the total timing jitter over all
components (< 1 ps, which ismuch smaller than photon bunch length of∼35 ps). For instance, a 2 ps jitter at
8 GHz results in a lower limit of the phase resolution of∼3°, provided a similar step size is used between the data
points in the time-delay scan.

Incident x-rays impinge only on the central part of the CPWsignal line patterned on thefilm, therefore
avoiding non-uniformRF excitation [14]. Themagnetization precession is detected bymeasuring its rotating
component normal to the staticmagnetic field, in the transverse geometry, where the x-ray beam is
perpendicular to the biasfield (as explained in section 2.4.1, see alsofigure 1). The x-ray beamhas an incidence
angle of 30°with respect to the plane of the sample, to ensure that the XMCD is sensitive to the larger in-plane
component of themagnetization precession. The x-ray absorptionwasmeasured in transmission geometry by
detecting the x-ray excited optical luminescence emerging from theMgO substrate [48], using a photodiode
mounted behind the sample.

Small amplitude precessionwasmeasured using lock-in detectionwhilemodulating the phase of the driving
RFfield through 180°. For each point in anXFMR scan the signal at a photon energy below the x-ray absorption
edge (background signal) is subtracted from that at the resonance to yield a relative XMCD signal. It was
confirmed that the background signal was free from anyRF cross-talk.

Aswill be illustrated in section 4, various kinds ofmeasurement protocols can be performed atfixed
frequency in transverse geometry by recording the XMCD signal at the photon energy of the selected x-ray
absorption edge. Field scans are performed by sweeping themagnetic biasfield at a constant delay time. The
signal of thefield scanwill contain amixture of the real and imaginary part of the element-specificmagnetic
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susceptibility, depending on the delay setting [28]. It is practical to set the delay time such that the peak at
resonance ismaximized.Time-delay scans are performed at constant biasfield by sweeping the delay time. These
delay scansmap the element-specificmagnetization precession, fromwhich the amplitude and relative phase is
extracted using a sinusoidal fit. Collecting the delay scans as a function of biasfield gives the field dependence of
amplitude and phase for each element, andwe call this theXFMRprecessional scans. By normalizing theXFMR
signal to the static XMCD, the amplitude of the signal can be obtained per atom for each different chemical
element in the sample. This allows a quantitative decomposition of the resonance features.

3. Characterization results

3.1. Superconducting quantum interference device (SQUID)magnetometry
Magnetic hysteresis loops of theNiFe/CoFe bilayer are shown infigure 2, obtained using a SQUID
magnetometer. The transitions between themagnetization states in the double switching loop seen infigure 2(a)
would be sharper if themagnetic layers were acting independently. The roundedness of the transition suggests a
rotation of themagnetization (the redmarking circle infigure 2(a)) until a sufficiently high field is reached to
completely switch the respective layer. The hysteresis loopwith the field applied along the in-plane hard axis is
seen infigure 2(b), showing the characteristic shape of a bilayer sample.

3.2. VNA–FMR
Figure 3(a) shows themagnitude of the FMR signal as a function of frequency and applied field, withBa along the
easy axis (β=0°). The horizontal streaks which appear across the ν-Bamap are parasitic resonances arising from
theCPWcavitymodes. Figure 3(b) shows the datapoints extracted from the ν-Bamap, togetherwith the
modelled curveswhichwill be described in section 3.5. Themeasured resonance curves infigure 3(b) show a
slight deviation from the fit at near zerofield.We ascribe this to the presence of an exchange spring in theNiFe
layer, pinned at the interface by the anisotropic CoFe layer (cf, redmarking circle on hysteresis loop in
figure 2(a)).

Two principal resonances can be observed, namely a low- and a high-frequencymode. It is customary in the
literature to refer to these resonances as the acoustic and opticalmode, respectively. Such a nomenclature is only
sensible if the twomodes arewell separated from each other, which is the case here. Aswewill demonstrate by
XFMR in section 4.2.2, in the acousticmode themagnetization of the two layers precess in phase, while in the
opticalmode they process in anti-phase. Along the easy axis, the opticalmode is only visible at frequencies above
9 GHz (figure 3).

3.3. FMRfield sweeps
A cross-section of the ν-Bamap can be obtained by taking an individualfield sweep at a constant frequency.
Figures 4(a) and (b) displays FMR field sweeps at 9.5 GHz for the unpatterned and patterned sample,
respectively, which show that there are differences in relative amplitudes for the observedmodes. In the

Figure 2.Magnetic hysteresis loop of theNiFe/CoFe bilayer with in-plane appliedmagneticfield along (a) easy axis and (b) hard axis
ofmagnetization. The redmarking circle shows the exchange spring behaviour at smallfield, as described in the text.
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patterned sample threemodes are observed: apart from the opticalmode at low field (∼6.2 mT) and the acoustic
mode at highfield (∼70 mT), there is also amiddlemode (∼33 mT). In section 4.2.1wewill demonstrate that
thesemodes aremainly due to theCoFe,NiFe, and the Fe-seed layer, respectively. Applying anRFfield to the
patterned sample drives the buriedNiFe and the Fe-seed layer with greater amplitude relative to theCoFe layer
than in the ‘flip-chip’ geometry.

3.4. Angle-dependence of resonant frequency
Thefield sweeps infigure 4(c) for the patterned sample show the changes of the FMR signal under rotation of the
magnetic field away from the easy axis. The in-planemagnetic field angle, β, is definedwith respect to the easy
magnetization direction of theCoFe layer, which is along theCPW transmission line.

Figure 3. (a) Frequency versusfield (ν-Ba)mapmeasured byVNA–FMRwithBa along easy axis (ν is normalized at 0 T) showing the
optical and acousticmodes of theNiFe/CoFe bilayer. (b) The resonance conditions extracted from (a) are shown by the symbols. The
black lines give the result ofmodelling the twomodes to theKittel equation simultaneously with themagnetic anisotropy, which
requires us to include the interlayer exchange coupling (see section 3.5 and table 1). The data points at lowestfield value are below the
coercive field, since the sweepwas fromnegative to positivefield.

Figure 4.VNA–FMRfield scans of theNiFe/CoFe bilayer at 9.5 GHz. Left panel: (a) unpatterned sample and (b) sample patterned
into aCPW,whereBa is along the easy axis (β=0°). (c) Patterned samplewith in-planemagnetic field at an angle βwith respect to the
easy-axis (which is along the CPW transmission line). The dashed red curve for β=35° corresponds to the precessional scans shown in
figure 9 (right panel). The transmission S21 (dB) ismeasuredwith respect to the unloaded experimental set-up at zero appliedfield.
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Themagnetic anisotropy of the bilayer was obtained by angle-dependent VNA–FMRmeasurements,
sweeping the appliedmagnetic field atfixed frequency. To ensure that both resonantmodeswere clearly visible,
the frequencywas set to 15 GHz. Field sweeps were taken for β in steps of 5°. Subsequently, a Lorentzian line
shapewas fitted to the FMRpeak and the resonance fieldwas plotted as a function of the appliedfield angle, as
shown infigure 5(a).

The opticalmode (at lowfield) reveals a strong cubic anisotropywith easy axes along β=0° and 90° and hard
axes along±45°, relative to theCo0.5Fe0.5 [110] crystal axis. In contrast, theNiFemode (at highfield) gives a
more isotropic behaviour. This suggest that the opticalmode is predominantly driven by theCoFe, which is
known to have a strong four-foldmagnetic anisotropy. Figure 5(b) shows the acousticmode on an expanded
scale, which reveals aweak anisotropy deviating from a perfect circle for an isotropicmedium. Thismode is
therefore predominantly driven byNi0.81Fe0.19 (permalloy), which is known to possess aweakmagnetic
anisotropy. TheNiFe shows both cubic and uniaxial anisotropy components with easy axes along β=0°. The
presence of uniaxial anisotropy suggests that theNiFe layer possesses an intrinsic two-fold anisotropy, perhaps
induced during crystal growth [49, 50].

3.5.Modelling
The resonance angular frequency,ω πν= 20 , for a uniform thin film layer with index i is given by theKittel
equation [44] (in SI units) as

ω γ= H B (1)i i i
0 eff eff

with the effectivemagnetic field determined by the external, dipole, and anisotropy fields as

φ μ φ φ μ φ φ

φ φ φ φ

= − + −

+ − − −∥ ∥
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2

j

where μ H0 is the Zeeman field,M0 is the saturationmagnetization, ∥KC is the in-plane cubic anisotropy
constant, ∥KU is the in-plane uniaxial anisotropy constant. The interlayer exchange coupling field for layer i is
equal to

Figure 5.Magnetic anisotropy of the resonancemodesmeasured byVNA–FMRat 15 GHz as a function of β, the angle of the applied
fieldBawith respect to theNi0.81Fe0.19[100]∥ Co0.5Fe0.5[110] axes in the (001) plane. (a) Red (blue) corresponds to the acoustic
(optical)mode, where the symbols represent experimental data points and thin lines are guides to the eye. (b) The acousticmode
shown on an expanded scale. For bothmodes the black lines give the result of themodelling including cubic and uniaxial anisotropies
and interlayer exchange coupling (see table 1 for the extracted parameter values). The easy axes of both layers, whereBres has a
minimum, are found at β=0°.
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μ =H
A

M d
(4)i

i i0 ex
ex

0

with an interlayer exchange coupling constant Aex (in units of energy/unit area (Jm
−2)) and a layer thickness d.

The in-plane anglesφ,φH ,φM j,φC , andφU correspond to the direction/s of the layermagnetization, external
biasfield,magnetization in the adjacent layer j, cubic easy axis, and uniaxial easy axis, respectively, with respect
to theNi0.81Fe0.19 [100]∥ Co0.5Fe0.5 [110] axes. For the gyromagnetic ratio γ μ= g B , where μB is the Bohr
magneton, we used for both layers a Landé g-factor of g=2.1 [51].

The parameter values, obtained bymodelling simultaneously theKittel curves (figure 3(b)) and the
magnetic anisotropies (figures 5(a), (b)), are listed in table 1 and are comparedwith literature values where
appropriate. The perpendicular uniaxial anisotropy (termnot included in equations (2) and (3)) was found to
be negligible. The angular dependence of the resonancemodes infigure 5 requires, apart from cubic and uniaxial
anisotropies, an interlayer coupling of Aex = 0.775 mJ m−2 (same value for both layers). Using in equation (4), d
(NiFe) = 43.5 nm and d(CoFe) = 30 nm, this corresponds to μ H0 ex(NiFe) = 19.8 mT and μ H0 ex

(CoFe) = 15 mT.Wenote that a good fit of the Kittel curve for the acousticmode could only be obtained by
including μ H0 ex , while assuming independent layers without coupling gave an unrealistically large value of the
magnetic anisotropy for theNiFe layer.

Table 1 shows that the saturationmagnetization obtained for the optical and acousticmodes agree well with
the reported values for Co0.5Fe0.5 andNi0.81Fe0.19 single layers, respectively. On the other hand, the value for the
cubic anisotropy of theCoFe in the bilayer is almost a third smaller than for a single layer. The anisotropy of the
NiFe is significantly enhanced compared to the single layer. This suggest the excitation of collectivemodes,
instead of individual layermodes.

4. Characterization of hybridmodes

4.1. XMCD
Figure 6 shows the static XMCD spectra for theCo andNi L2,3 absorption edges with the appliedmagnetic field
along the x-ray beam. The L3 and L2 edges correspond to transitions from the respective2p3 2 and2p1 2 core
levels into the unoccupied3d states, which are spin polarized [33]. At the L3 edges the XMCD spectra suffer from
saturation effects, because the soft x-rays are strongly attenuated on passing through the filmwhich is thicker
than the x-ray attenuation length [42]. To alleviate the saturation effects, the XFMRwas probed at the photon
energy of the less intense L2 edges (indicated by the arrows infigure 6).

4.2. XFMR
4.2.1. Field scans
In performingXFMR field scans, the RFwas set to 8 GHz. The photon energy was tuned to the x-ray absorption
edge of the specific element, whichwasmeasured bymonitoring the luminescence emerging from theMgO
substrate. Thefield sweeps obtained using the XMCDat theNi, Co, and Fe L2 edges are shown infigure 7. For
each element, the XFMR signal at the resonance peakwasmaximized by tuning the RF delay time. The signals
were normalized per atomusing themagnitude of themeasured static L2 XMCD signal. Thismeans that at the
resonancewe can directly compare the relative contributions of each chemical element.

Thefield scans show twodistinct resonances, namely around 40 mTand 12 mT, aswell as an anticipated
resonance below 0mT. The acousticmode at 40 mT (red arrow) shows that the strongest signal arises from the
Ni in theNi0.81Fe0.19 layer, but theCo contributes as well, which confirms that this is amixedmode. Near 0 mT
theCo signal is increased, revealing the leading trail of the opticalmode (blue arrow). The field scan for Fe shows
that this element is present for both acoustic and opticalmodes. Themiddlemode at∼12 mT (green arrow in
figure 7) appears only clearly in the Fe signal, whichmeans that it does not originate from theCoFe orNiFe layer.

Table 1.Magneticmaterials parameters for theNiFe/CoFe bilayer obtained by simultaneousmodelling of the resonancemodes (figure 3)
andmagnetic anisotropies (figure 5) using theKittel formula (equations (1)–(3)). Listed are the extracted values for the saturationmagneti-
zation,M0, cubic anisotropy constant, ∥KC , uniaxial anisotropy, ∥KU , and interlayer exchange coupling field, μ H0 ex. The values ofM0 and

∥KC are compared to literature values for CoFe andNiFe thinfilms.

Optical Co0.5Fe0.5 Acoustic Ni0.81Fe0.19
mode [39] mode [52, 53]

M0 (kAm−1) 1720 1700 900 800

∥KC (kJm−3) 32.0 46.2 2.0 ∼0

∥KU (kJm−3) 0 — 0.8 —

μ H0 ex (mT) 15 — 19.8 —
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Most likely, it has its origin in the 3 nm thick Fe seed layer, which is separated from theNiFe/CoFe bilayer by a
30 nm thick Pt buffer layer. Thismode is only visible after the sample has been patterned (cf figure 4), which
increases the RFfield present in the Fe seed layer. Since both layers in the bilayer film contain Fe, wewill present
in the following only time-delay scans of theNi andCo signals, representative of each layer.

4.2.2. Time-delay scans
The precession of theCo andNimagnetization can be visualized in a direct way by the XFMR time-delay scans.
Such scans are obtained at constant driving frequency and biasfield using a variable delay time to retard theRF
fieldwith respect to the periodic x-ray pulses. As an example, figure 8 shows the delay scans for the acoustic
mode (at 37 mT) and the opticalmode (at 3 mT)measured at 8 GHz,with the XFMR signal normalized to the
static XMCDmagnitude for each element. These scans reveal the phase difference between theNi andCo signals
originating from the two separate layers, at the given applied field. Figure 8 shows that at 37mT theCo phase lags
∼7° behind theNi phase, while at 3 mT this phase lag has increased to∼167°. Thus, theNi andCo signals are
roughly in phase for the acousticmode and in anti-phase for the opticalmode.

In the acousticmode theNi signalmuch is stronger than theCo signal, while the opposite applies to the
opticalmode (even though its peakmaximum is beyond reach at 8 GHz).We can conclude therefore that the

Figure 6. Static XMCD spectra for (a) Co and (b)Ni L3 and L2 absorption edgesmeasured in x-ray transmission. TheXFMRwas
monitored at the L2 edgesmarked by the arrows.

Figure 7. Field scansmeasured byXFMRat theNi, Co, and Fe absorption edges of the bilayer with the RF at 8 GHz. The signal was
recorded atfixedRFphase corresponding to themaximizedXFMR signal at resonance. For each element theXFMR signal was
normalized to the static XMCDmagnitude. The drawn lines represent a seven-point Savitzky–Golay smooth through the
experimental data points (symbols). The three element-specific resonantmodes aremarked by colour-coded arrowswith theirmain
component, although for the Comode only the leading tail is visible.
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acousticmode is primarily driven by theNiFe layer (figure 8(a)), while the opticalmode is primarily driven by
theCoFe layer (figure 8(b)). This is in agreementwith the results derived from the FMRfitting for the twomodes
(table 1), however XFMRprovides this information in amuchmore direct waywithoutmodelling.

By collecting delay scans of the form shown infigure 8 as a function of the applied field a full picture of the
resonant behaviour of the bilayer emerges. TheXFMRprecessional scansmeasured at 8 GHz infigure 9(a)
display the amplitude and phase of theNi andCo signals as a function of the applied field. The observed
resonance behaviour resembles that of coupled driven harmonic oscillators. Below resonance (i.e., at the high
field side) theNi andCo signals are in phase with the RFfield, and this can serve as a reference for the phase of the

Figure 8.Typical time-delay scans obtained at 8 GHz showing the precession of the Co andNi spins at (a) 37 mT (acousticmode) and
(b) 3 mT (approaching the opticalmode). Shown are single scanswithout averaging. TheXFMR signal has been normalized to the
static XMCDmagnitude for each element. The solid lines are sinusoidalfits to the data. As seen, at 37 mT (3 mT) theCo phase lags
∼7° (∼167°) behind theNi phase. For conversion at 8 GHz, 1 ps corresponds to 3°.

Figure 9.XFMRprecessional scans at theNi andCo L2 edges as a function of the applied field taken along theCoFe easy axis direction
at 8 GHz (left panel) and taken at 35° to the easy axis at 9.5 GHz (right panel). (a), (c) show the amplitudes of theNi andCo
magnetization precession and (b), (d) show their phases with respect to the RFfield. TheXFMR signal has been normalized per atom
to the static XMCDmagnitude for each element. The dashed vertical line at 37 mT in (a), (b) indicates the approximate position of the
acousticmode.
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driving RF signal. Around 37 mT the resonance of the acousticmode is reached (dotted vertical line), where the
Ni signal is strong inmagnitude and∼90° out-of-phase with the driving RF signal. TheCo follows theNi
precession in phase up to theNi signalmaximum, at which point theCo phase is lagging 90° behind the RF, so
that its amplitude vanishes. Above theNi resonance (i.e., at the lowfield side) theNi signal is in anti-phasewith
the RFfield, i.e., its phase is rotated by∼180°. TheCo precession is no longer in phase with that of theNi, but is in
phasewith theRFfield. Interestingly, theCo, which is dragged by theNi at resonance, shows a dispersive line
shapewith its inflection point at themaximumof theNi amplitude (dashed vertical reference line infigures 9(a)
and (b)). Aswewill discuss in section 5 this is a clear indication of static interlayer exchange coupling. Such a
behaviour differs from the resonance response observed for spin pumping in spin valve structures, in which the
fixed layer is excited by the resonance of the free layer through a non-magnetic interlayer [30]. Finally, near
∼0 T, theCo amplitude increases in the vicinity of the optical resonance.

4.2.3. XFMRalong a hard direction
The opticalmode can be reached by increasing the RF frequency aswell as by tuning the resonance positions
using the angular dependence of themagnetic anisotropy.We performedXFMRdelay scans at 9.5 GHzwith the
magnetic field set at β=35°, for which the correspondingVNA–FMR field sweep is shown infigure 4(c). Some
complicationsmight occur away from the crystal axes, where themagnetization is no longer aligned along the
appliedfield [54]. Themore obvious choice of β=45° (i.e., along the hard axis) was not achievable, due to
conflicting requirements for XFMR, namely to keepBRF andBanon-parallel while at the same timemaximizing
the oscillatingmagnetization component along the x-ray beam.

At β=35° the resonant fields of the twomodes have shifted to larger applied field values (70 mT and 30 mT,
respectively). Themodes have alsomoved closer together due to the angular dependence of themagnetic
anisotropy (cf figure 5). As a result themodes aremore strongly hybridized, so that the acousticmode contains
relativelymoreCoFe signal than asmeasured along the easy axis. The acousticmode in the precessional scan at
β=35° (figures 9(c), (d)) shows a comparable behaviour as for β=0° (easy axis), namely theNi signal changes
180° in phase across the resonance, while theCo signal shows a dispersive shape for the amplitude and a
symmetric peak shape for the phase.

What is new infigures 9(c), (d) is the appearance of the opticalmode at 30 mT,which is driven by theCo, as
confirmed by its increase in amplitude. There is no clear increase in theNi amplitude since it has a dispersive line
shape. Going across the resonance, the Co phase increases by roughly 90° and theNi phase shows an additional
increase from180°.Hence, both the acoustic and opticalmode show a behaviour similar as for coupled
harmonic oscillators. Far above resonance (which cannot be reached at 9.5 GHz) both signals will be in anti-
phasewith theRF, hence theCo phase will further increase to 180°, while theNi phasewill return to 180°.

5.Discussion

For strong enoughmagnetic coupling between two ferromagnetic layers, the resonance response of the system is
represented by collective acoustic and opticalmodes, which are the in-phase and anti-phasemutual precession
modes, respectively. The precession in one layer drags themagnetization of the other layer, and vice versa. The
linewidths of the resonance peaks depend on thefield separation between themodes, which is angular
dependent due to themagnetic anisotropy.

The element specificity of XFMR adds substantial benefits to the study ofmultilayermaterials. For instance,
when the two layers in a bilayer system aremagnetically similar, the averaged FMR signal of the opticalmodewill
be small, since the signals of both layers are in anti-phase andwould cancel each other. Roughly speaking, the
intensity of the opticalmode is proportional to the difference in effectivemagnetization of the two layers and
inversely proportional to the interlayer exchange [55].However, using the element specificity of XFMR the
individualmagnetic responses of the two layers become distinguishable. A further unique property of time-
resolvedXFMR is the visualization of the precession of each individual layer, which allows us to determine the
phase lag of each layer with respect to the RFfield.

5.1. Static versus dynamic exchange coupling
For the acousticmode (dashed line infigures 9(a), (b)) theNi amplitude shows a symmetric peak, whereas the
Co amplitude shows a dispersive line shape, i.e., its amplitude has amaximum (minimum) at the high (low) field
inflexion point of theNi amplitude peak. Furthermore, the Co phase shows a symmetric peak at theNi signal
resonance, where theNi phase passes through 90°. These type of line shapes are the hallmark of static exchange
coupling, as will be shownbelow.

The observed behaviour of the phase and amplitude is different than that for dynamic exchange coupling, as
reported byMarcham et al [30], where instead theCo amplitude peak is symmetric and theCo phase has a
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dispersive shape.Hence the lagged responses of the static and dynamic exchange coupling are completely
different. The dynamic coupling is due to spin pumping, which according to theOnsager relations is the
reciprocal effect of spinmomentum transfer, or STT [37].

In the case of the static exchange coupling the interface energy has the form = −U A m m·ex
(1) (2), wherem(1)

andm(2) are themagnetizations of the two layers and Aex is the interlayer exchange coupling constant. This
means that the effective field in the second layer is aligned along themagnetization of the first layer, i.e.,

∝H meff,static
(2) (1), which is responsible for the observed behaviour of the precessional scans.
Two ferromagnetic layers with a normalmetal in between can be exchange coupled by the Ruderman–

Kittel–Kasuya–Yosida interaction, which can give rise to giantmagnetoresistance. Arena et al [35] observed
static exchange coupling for a trilayer sampleNi0.81Fe0.19(25 nm)/Cu(20 nm)/Co0.93Zr0.07(25 nm), inwhich a
weak interlayer coupling arises due toNéelʼs ‘orange peel’magnetostatic interaction [56]. XFMRmeasurements
at theNi resonance showed a phase increase of∼35° in theCo response, andmodelling the precessional scans
resulted in an exchange coupling Aex =0.01 mJ m−2 [35]. This should be compared to ourNiFe/CoFe bilayer,
without Cu interlayer, for which themodelling of theKittel curves and angular-dependent FMR gives =Aex

0.775 mJ m−2. In our case, Aex haswell reached a valuewhere the response in theCo phase of∼90° is at its
‘saturation point’. In theweak coupling case, however, themeasured phase increase can provide a sensitive
indicator to determine the interlayer exchange coupling constant.

6. Conclusions

Detailed understanding of themagnetization dynamics of an exchange-coupled, epitaxially grownNiFe/CoFe
bilayerfilmhas been obtained from a study using SQUIDmagnetometry, VNA–FMR, combinedwithXFMR. In
particular, time-resolved XFMRallows the two layers to be probed individually, yielding details of the nature,
amplitudes, and phases of the two resonantmodes. The acousticmode is characterized by themagnetization of
both layers precessing in phase. The amplitude is strongest in theNiFe film, and decays as it penetrates into the
CoFe layer. In contrast, the opticalmode is characterized by the two layermagnetizations precessing in anti-
phase. In thismode the amplitude is strongest in theCoFe layer and spinwaves are set up in theNiFe layer.

A detailed analysis of the FMRdata shows that the results cannot be simply understood by assuming that the
NiFe andCoFe layers are resonating independently. Simultaneousmodelling of themeasuredKittel curves and
the angular dependence emphasizes the need to include an interlayer exchange coupling, as well as a reduced
influence of the cubic anisotropy, which agree better with collectivemode behaviour. At theNi signal resonance,
the Co signal shows a response in both amplitude and phase. Such features, which are clearly observed in the
XFMRprecessional scans, can be ascribed to the presence of an interface exchange coupling between both layers.

The dampingmechanisms inmagnetization dynamics typically incorporate energy transfer between
different reservoirs in amagnetic system, whichmanifests itself by a phase lag between the different constituents
[57]. The element-specific precessional scans of theNiFe/CoFe bilayer clearly show the signature of static
exchange coupling, inwhich the effective field in one layer is aligned along themagnetization direction of the
other layer.

We have also demonstrated the uniqueness of the XFMRmethod by showing that the observedmiddlemode
can be ascribed to a resonance of the Fe seed layer, instead of originating from the Fe in the bilayer, since it is not
accompanied by a resonance of theCo orNi signal. Such a result cannot be obtained from any other technique.
Itmeans that in relatively complex layer stacks the resonance can be decomposed into elemental contributions.
By normalizing theXFMR signal to the static XMCD, the signal amplitude per atom can be obtained.

We expect that our results will give a further stimulus to the initiation of theoreticalmodelling of theGilbert
damping and spin pumping in layeredmagnetic structures. Gaining a deeper understanding of themagnetic
behaviour of such systemswill expedite their use in technological applications.
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