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Abstract

Collective spin excitations of ordered magnetic structures o�er great potential for

the development of novel spintronic devices. The present approach is to rely on micro-

magnetic models to explain the origins of dynamic modes observed by ferromagnetic

resonance (FMR) studies, since experimental tools to directly reveal the origins of the

complex dynamic behavior are lacking. Here we demonstrate a new approach which

combines resonant magnetic x-ray di�raction with FMR, thereby allowing for a recon-

struction of the real-space spin dynamics of the system. This new di�ractive FMR

(DFMR) technique builds on x-ray detected FMR (XFMR) that allows for element-

selective dynamic studies, giving unique access to speci�c wave components of static

and dynamic coupling in magnetic heterostructures. In combination with di�raction,

FMR is elevated to the level of a modal spectroscopy technique, potentially opening

new pathways for the development of spintronic devices.

Keywords: Ferromagnetic resonance, multiferroics, topological spin texture,

magnetic phase diagram, resonant elastic x-ray scattering
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Innovative magnetic materials have played a pivotal role for the increase in data storage

capacity over the past decades, and have lead to the advent of spintronic devices. Espe-

cially multilayers in, e.g., giant magnetoresistance or tunneling magnetoresistance structures,

contributed signi�cantly as they allow for a precise design of their magnetic properties.1�3

Recently, topologically ordered magnetic systems, such as skyrmions, and multiferroic ma-

terials in which ordered magnetic moments can be manipulated via the application of an

electric �eld, have been the focus of attention as they promise high-density and low-energy-

consumption data processing solutions.

Among the various techniques to study the magnetization dynamics of these magnetic

systems, such as time-resolved magneto-optical Kerr e�ect measurements and Brillouin-light

scattering,4 ferromagnetic resonance (FMR) is widely used.5�8 The most common approaches

in FMR use either a broadband coplanar waveguide (CPW) or a resonant cavity design, re-

stricted to the study of the total magnetization only. Magnetic devices, however, consist of

several di�erent layers whose properties can only be inferred indirectly by comparing exper-

imental FMR spectra with micromagnetic models.8 Synchrotron radiation-based x-ray de-

tected FMR (XFMR) was developed to study element-speci�c magnetization dynamics, thus

giving layer-selective resolution of the magneto-dynamics in multilayer samples.9�19 Mag-

netic and chemical contrast is provided by the x-ray magnetic circular dichroism (XMCD)

e�ect,20,21 while the phase di�erence between the spin precessions can be determined using

stroboscopic sampling. However, for complex spin structures such as helical or skyrmion

systems, the net magnetization probed by the x-ray beam can vanish, rendering normal

XFMR unsuitable. Time-resolved scanning transmission x-ray microscope (STXM),22 on

the other hand, allows for the detection of FMR modes with a spatial resolution down to

a scale of ∼25 nm.23 This XMCD-based technique has been successfully used to investigate

magnetic nanoscale system such as spin waves generated by a spin torque oscillator,22 single

and coupled nanomagnets,24 and spin wave excitation and propagation in 1D and 2D.23

Resonant elastic x-ray scattering (REXS) in the soft x-ray regime is an ideal tool to
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study periodically ordered spin systems. Since the incident x-rays can be chosen as linear

or circular polarized all three components of the magnetization vectors can be accessed.25

In REXS, periodic magnetic (super)structures lead to satellites which appear around the

structural peaks in reciprocal space.

Here, we introduce x-ray detected di�ractive ferromagnetic resonance (DFMR) as a novel

synchrotron radiation-based technique, combining both REXS and FMR, to selectively probe

dynamic spin modes from speci�c periodic features. Magnetic contrast originating from x-

ray magnetic circular (or linear) dichroism is probed stroboscopically revealing the time

dependence of the magnetization precession. With periodic magnetic structural features

providing di�raction peaks in a scattering geometry, the dynamics purely associated with

these periodic structures can be uniquely identi�ed. Using the rich magnetic structure of a Y-

type hexaferrite as an example, we demonstrate the capabilities of DFMR. With signi�cant

interest in chiral and rich topological spin structures for potential technological devices,

techniques to probe the dynamics of these systems are of signi�cant importance.

DFMR essentially combines two established techniques in order to study the mode-

resolved magnetization dynamics. First, REXS in the soft x-ray regime reveals the static

magnetic structure in reciprocal space. REXS can be carried out at a synchrotron facil-

ity using a di�ractometer which provides a variable sample temperature and magnetic �eld

environment in ultrahigh vacuum. Under the di�raction condition the spatial resolution d

is determined by the Bragg condition d = λ/(2 sin θ), where θ is the Bragg angle and λ

the wavelength which is, e.g., 17.5 Å at the Fe L3 absorption edge. Second, x-ray detected

FMR, which is based on the XMCD e�ect, gives conventional FMR the ability to probe

the element-speci�c spin dynamics. The incident x-rays are tuned to the corresponding L2,3

absorption edge of the 3d transition metal element of interest. For XFMR, the sample is

attached to a coplanar waveguide, placed inside of a variable magnetic �eld, and excited

with microwave radiation. The magnetization dynamics is sampled stroboscopically, i.e.,

the microwave frequency has to be an integer multiple of the x-ray pulse frequency of the
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Figure 1: Di�ractive ferromagnetic resonance (DFMR) setup. The schematic shows
the sample placed onto a CPW on the cryostat inside a soft x-ray di�ractometer. A magnetic
�eld can be applied in the scattering plane along the CPW. The energy of the incident x-
rays is tuned to the Fe L3 absorption edge of the hexaferrite sample. Static structural and
magnetic di�raction peaks are detected with a photodiode. For dynamic measurements, a
speci�c di�raction peak is selected and an amplitude-modulated RF signal (pump) is applied
to the sample. The probing x-rays are pulsed at ∼500 MHz, and a comb generator provides
higher harmonics of the pulse frequency to the sample. A delay line enables phase shifting
of the microwave oscillation with respect to the x-ray pulses. Additionally, VNA-FMR can
be measured in the di�ractometer (not shown here).
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synchrotron of 499.68 MHz (the master oscillator clock of the Diamond storage ring). A

delay line allows for a phase shifting of the microwave oscillation with respect to the x-ray

pulse. This way, the XMCD can be monitored as a function of the delay between RF exci-

tation (pump) and x-ray bunch arrival (probe), whereby x-ray absorption is often detected

in transmission using the optical luminescence of the substrate.18

DFMR combines REXS and XFMR by measuring the change in intensity of the scattered

peaks resulting from the stroboscopic probing of the magnetic structure. As for XFMR,

a microwave signal passing through a coplanar waveguide is used to excite the sample.

However, in contrast to XFMR, which uses a transmission geometry, the sample surface

has now to face up to allow for the x-rays to scatter. Consequently, the sample has to

be suitably thin such that the magnitude of the RF �eld is su�ciently strong to drive the

magnetization dynamics at the sample surface. As for XFMR, the driving RF is phase-locked

to an integer multiple of the synchrotron master oscillator clock. This synchronization means

that photons probe the sample at speci�c points in time within the RF excitation waveform,

thus providing a stroboscopic measurement of the magnetic state. Using a variable length

delay line allows for the measurement of the time evolution of the di�racted intensity. To

enhance the signal, the RF signal was amplitude-modulated at 1.9 kHz and the dynamic

contributions were detected using a lock-in ampli�er. A schematic of the experimental setup

is shown in Figure 1.

Hexaferrites are particularly interesting materials for information storage applications

since they are magnetic and in some cases multiferroic at room temperature.26�28 There are

three main types of hexaferrites relevant to magnetoelectric phenomena and applications.

These are known as M-type, Y-type, and Z-type, having the chemical composition AFe12O19,

A2M2Fe12O22, and A3M2Fe24O41, respectively, where A = Pb, Ca, Sr, Ba and M = transition

metal. Here, we demonstrate the abilities of the DFMR technique on the Y-type hexaferrite

Ba2Mg2Fe12O22 (space group R3̄m),29 which has a rich magnetic behavior.28

Vector network analyzer (VNA) FMR measurements form an important part of the
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precharacterization of systems for DFMR. Broadband VNA-FMR is used for studying the

magnetic resonance modes of a sample and to determine the �eld needed to drive magnetic

resonance at the speci�c frequencies, as required for DFMR. VNA-FMR measurements can

also be performed in-situ in the di�ractometer. Figure 2a shows the RF absorption of the

hexaferrite sample as a function of frequency and applied in-plane bias �eld (perpendicular

to the RF �eld). The hysteresis loop measured in resonant x-ray di�raction is shown in

Figure 2b. Figure 2c shows the two RF resonance modes for a �xed frequency of 6 GHz as

a function of magnitude and direction of the applied �eld. The two modes, labeled A and

B, are clearly visible. Mode A is isotropic, i.e., the resonance frequency is independent of

the �eld direction. However, the absorption strength decreases when the bias �eld is applied

parallel to the RF �eld. Mode B shows much stronger resonant absorption, as well as a

pronounced dependence on the applied �eld direction, especially for out-of-plane directions.

Both modes show a non-trivial step behavior as a function of �eld, indicative of partial

switching of the sub-units and transitions between the di�erent magnetic states.30

Next, we use resonant soft x-ray di�raction to characterize the static magnetic struc-

ture of the hexaferrite and determine its �eld dependence. Static REXS measurements

along (0,0,l) in zero �eld (Figure 3) show the (0,0,3) structural peak decorated with two

incommensurate magnetic satellites, q1 and q2, similar to the helical magnetic structure in

BaxSr1−xZn2Fe12O22.31,32 The photon energy scans across the three peaks show that the

scattering intensity is largest at the Fe L3 edge (707.7 eV). The insets to the right of the

magnetic q1 peak and the structural (0,0,3) peak show the �eld dependence of their scattered

intensities from 0 to 167 mT. Whereas the q1 peak clearly reveals its magnetic origin, with

the intensity suppressed at 167mT, the structural peak is only �eld dependent up to ∼66

mT. The slight reduction at lower �elds characterizes the interference of charge and magnetic

contributions to the di�raction.

Next, we use DFMR to probe the dynamics of the individual magnetic modes. For this

purpose, the intensity of the selected di�raction peak is measured with a photodiode detector.
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Figure 2: VNA-FMR measurements. (a) Frequency-�eld map of the RF absorption and
(b) corresponding hysteresis loop measured by REXS. Two modes A and B are observed,
where the red circles indicate the place where DFMR delay scans (Figures 4 and 5) were
taken. Step-like transitions in the hysteresis loop are marked by vertical lines, which cor-
respond to features in the frequency-�eld map. The blue arrows give the direction of the
magnetic �eld sweep. (c) Plot of the absorption as a function of applied �eld direction and
magnitude (at a frequency of 6 GHz) showing the two ferromagnetic resonance modes A and
B. Mode A is isotropic, i.e., the �eld values are independent of the angle of the applied �eld.
The anisotropic mode B shows greater absorption at increasingly higher �elds as the �eld
direction rotates out-of-plane.
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Figure 3: Resonant elastic x-ray scattering (REXS) in static mode. REXS intensity
as a function of photon energy along the (0,0,l) direction. The structural (0,0,3) peak is
decorated by incommensurate, �eld-dependent magnetic satellites at q1 and q2. The scattered
intensity is strongest at the Fe L3 edge at 707.7 eV. As shown in the insets, the magnetic
peaks are �eld dependent (left inset shows the q1 peak), whereas the structural peak (right
inset) is almost �eld independent above a certain threshold value (∼66 mT).
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Figure 4a shows delay scans, i.e., the scattered dynamic signal as a function of time delay

between pump and probe. Accumulating delay scans as a function of applied �eld probes

the resonance, which occurs at 55 mT for mode B at 6 GHz (consistent with VNA-FMR

results shown in Figure 2). Figures 4a and 4c show the extracted amplitude and phase

of the DFMR signal, respectively, obtained by sinusoidal �ts to the data. The Lorentzian

lineshape in the amplitude is accompanied by a near 180◦ shift in phase. For the time-

resolved REXS measurement, the photodiode was positioned at the di�raction condition for

the q2 magnetic satellite using a linear polarization angle of 55◦ for the incident x-rays. The

DFMR signal shows essentially the change in (stroboscopically) measured REXS intensity

at the modulation frequency of the applied RF �eld. The DFMR signal follows a sinusoidal

behavior as a function of the time delay between the x-ray pulse arrival time (probe) and

the RF (pump). The period of this oscillation is 166 ps, corresponding to the 6 GHz RF

�eld applied to the sample.

A deeper understanding of the magnetization dynamics of the resonance modes can be

achieved by carrying out DFMR on di�erent scattered peaks and also by varying the po-

larization of the probing x-ray beam.33 Figure 5 shows the delay scans from the magnetic

q1, the structural (0,0,3), and the magnetic q2 peaks as a function of the linear polarization

angle η, with respect to vertically polarized x-rays (η = 0◦). The DFMR delay scans show a

sinusoidal dependence on the delay for all three peaks in Figures 5a and 5b. For all peaks,

the intensity as a function of η is sinusoidally modulated, with a period of 180◦ due to the

rotation properties of the linear polarization about the beam direction.

The period of the DFMR delay scans of mode B in Figure 5a is 166 ps (corresponding to

an RF frequency of 6 GHz). For the two magnetic satellites q1 and q2, the amplitude changes

as a function of polarization angle. For vertically and horizontally (η = 90◦) polarized light,

a negligible dynamic signal is detected. On the other hand, for η = 45◦ and 135◦, there is

a strong signal with inverted polarity since the intensity is sinusoidally modulated with η.

The dynamics of the magnetic satellites remain at a constant phase and there are negligible
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di�erences between the measurements on both satellites.

In contrast, the structural (0,0,3) peak shows a considerably di�erent behavior compared

to the magnetic peaks. Overall, there is only a weak variation of the amplitude with lin-

ear polarization angle. Nevertheless, approximately three phase regions can be identi�ed,

between which a phase jump occurs as a function of linear polarization angle. Note that

the complex DFMR signal of the structural (0,0,3) peak contains information about ev-

ery dynamic behavior that repeats with the periodicity of the unit cell, i.e., magnetic and

charge interference related,25 whereas the magnetic satellites only re�ect the dynamics of

the magnetization that exists at the conical modulation period within this structure. This

way, DFMR provides a means to separate the coexisting contributions to the magnetization

dynamics of a complex spin system.

The other ferromagnetic resonance mode (mode A) shows a very di�erent dynamic be-

havior compared to mode B. Figure 5b shows the equivalent DFMR delay scans on the three

di�ractive peaks whilst the system was driven in the ferromagnetic resonance mode at 2 GHz

in a �eld of 5 mT. At this RF frequency, the periodicity of the sinusoidal delay scans is 500 ps

(as seen for all three di�raction peaks). For both magnetic peaks in mode A, the amplitude

is again modulated with η, however, in more complex way. For q1 a large signal is detected

from 170◦ to (180◦+) 90◦, consistent with a sinusoidal dependence on η, however, now o�set

from zero. For q2, a somewhat larger signal is con�ned to 80-140◦, now with an opposite

o�set. In contrast to mode B, the DFMR measured on the structural (0,0,3) peak for mode

A in Figure 5b shows no variation in phase with polarization angle.

REXS measured with linear polarization of the incident beam is sensitive to the com-

ponents of the magnetic moments in and out of the scattering plane. The magnetic Bragg

peaks originate from pure magnetic scattering with intensity given by Eq. (17) of Ref.25

The structural Bragg peaks arise from charge scattering as well as charge-magnetic inter-

ference scattering with intensities given by Eqs. (16) and (18), respectively, in Ref.,25 and

hence show a rather di�erent behavior. For a �xed scattering geometry of a magnetic peak,
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varying the incident polarization angle corresponds to probing di�erent components of the

three-dimensional magnetization vector. By varying η from 0-180◦, DFMR provides insight

into the time-dependence of the precession of the magnetization vector, superimposed onto

the static conical magnetic structure. For mode B, the η-dependent sinusoidal variation

of the DFMR signal suggests a directional dependence of the time-dependent precessional

dynamics which does not average out to zero over the spins that make up the repetition

in the conical structure. For mode A, an additional o�set in the DFMR signal suggests

a direction-independent contribution to the precession, which exists in combination with a

sinusoidal dependence similar to that seen in mode B. These features are consistent with the

VNA-FMR data.

Y-type hexaferrite BaSrMg2Fe12O22 exhibits a complex magnetic structure. In terms

of its magnetic properties, the unit cell can be seen as a sequence of large (L) and small

spin moment (S) blocks (L and S moments shown in blue and red, respectively, in Figure

6a). Within these blocks, the magnetic moments are lying in the ab-plane. Across the

boundary between L and S blocks, the Fe atoms couple by superexchange interaction via an

oxygen atom. Neighboring (large) Ba and (small) Sr atoms a�ect this superexchange trio

by altering the bond angle. The combination of these coupling e�ects results in a variety of

magnetic structures such as collinear ferrimagnetic (Figure 6b), proper screw (Figure 6c),

and transverse conical state (Figure 6d,e).26,34

Figures 6b-e show the simulation results for linear polarization-dependent DFMR delay

scans for these magnetic structures in Y-type BaSrMg2Fe12O22.26 The DFMR simulations of

their normal modes were carried out using our method outlined in Ref.,33 e�ectively taking

into account the phase di�erences between the moments. For the transverse conical state,

two modes can be excited, i.e., a lower energy in-phase mode A and a higher energy out-of-

phase mode B (with the phase varying by 2π over a full period of the magnetic structure). As

can be seen, none of the simulated DFMR contrasts is able to fully describe the experimental

data shown in Figure 5. This �nding highlights the complexity of the dynamic properties of
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well-known static structures, suggesting that the simple resonant mode model is incomplete.

It is, however, clear that DFMR is very sensitive to the dynamic properties, as evidenced by

the distinctly di�erent DFMR delay scan contrasts for the A and B modes shown in Figures

6d and 6e, which are obtained for identical static magnetic structures (transverse conical).
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In conclusion we demonstrate a novel experimental technique for probing magnetization

dynamics arising from di�erent spatial frequencies within magnetic material systems. The

power of x-ray detected ferromagnetic resonance is combined with that of resonant elastic x-

ray scattering, giving dynamic information of speci�c magnetically ordered periodic phases.

The data collected as a function of linear polarization of the x-rays enables us to extract

the microscopic information of the magnetization dynamics. We demonstrate the ability

of DFMR to study distinct magnetic phases through measurements on Y-type hexaferrite

which contains a rich level of complexity. The use of this technique applied to further mag-

netic systems will allow complex magnetic dynamic processes to be interrogated in the future.
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Sample Preparation. Single crystals of Ba2Mg2Fe12O22 were prepared by crystallization from

high-temperature Na2O-Fe2O3 �ux melted at 1420◦C in a Pt crucible and slowly cooled to

1100◦C after a thermal recycle. The as-grown crystals were characterized by both x-ray

di�raction and SQUID magnetometry.

Ferromagnetic resonance (FMR). Prior to the synchrotron experiments, the samples were

characterized using coplanar waveguide VNA-FMR, both in the di�raction chamber and in

a dedicated octupole magnet system. The vector network analyzer was used to measure the

scattering parameters S representing the absorption of an RF excitation by the magnetic

system. In particular, two-dimensional f -B maps of S21 were obtained as a function of RF

frequency, f , and applied �eld, B.35 (see Figure 2) These results were used to select the

appropriate parameters for the DFMR experiment and to demonstrate consistency with o�-

line VNA-FMR studies on similar systems.

Di�ractive ferromagnetic resonance (DFMR). A high quality Ba2Mg2Fe12O22 sample mea-

suring 2 × 2 × 0.1 mm3 was mounted with the sample normal ‖ c-axis onto the cryostat

�nger of the ultra-high vacuum RASOR di�ractometer on beamline I10 at the Diamond

Light Source, UK.36 The beam spot size at the sample position is typically 100 × 100 µm2,

thereby avoiding the e�ects of non-uniform microwave excitation.8 The sample can be cooled

to 12 K while a variable magnetic bias �eld can be applied in the scattering plane. Here,

this bias �eld was applied in the plane of the sample, which was kept at room temperature.

A small microwave �eld perpendicular to the bias �eld is applied to drive the magnetization

in precession at its resonance frequency. The DFMR experiments were performed using lin-

early polarized soft x-rays with variable polarization angle, and with the energy tuned to

the Fe L3 absorption edge at 707.7 eV. The detector slits provide an angular resolution of

3 mrad. DFMR measures the variation in intensity of the scattered peaks resulting from

the stroboscopic probing of the magnetic structure with a pulsed x-ray source synchronized
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with magnetic dynamic processes. For this purpose, we used the 900-bunch operation mode

at the Diamond Light Source, providing pulsed photon bunches (41.5± 0.2)ps FWHM at a

repetition frequency of the synchrotron master clock (499.68MHz).37 For the stroboscopic

measurements, the microwave frequency has to be a harmonic of the x-ray pulse frequency,

hence the resonance is driven at multiples of the clock frequency, corresponding to a ∼2 ns

interval between consecutive x-ray pulses. Using �lters and subsequent ampli�ers, the CPW

is excited by a narrow band, high power microwave �eld of 25-30 dBm. The phase shifting

of the microwave oscillation with respect to the x-ray pulses is accomplished with a pro-

grammable delay line (time step resolution 0.5 ps). The pulse width of the x-rays (∼41 ps)

is limiting the maximum DFMR frequency to ∼15 GHz,38 and it is further reduced by mi-

crowave losses to ∼11 GHz. The timing jitter of the master oscillator signal at the Diamond

synchrotron measured using a spectrum analyzer at the beamline was found to be negligi-

ble. Note, however, that in the stroboscopic measurement the jitter ultimately determines

the time resolution, not the x-ray pulse width. Finally, the real and imaginary parts of the

DFMR signal (or the amplitude and phase) were extracted using audio frequency modulation

(1.9 kHz) and lock-in detection.
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