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•Timing @ Low Emittance Rings: Issues from NSLS-II
•Overview Magnetization Dynamics
•XMCD + FMR

✦ Efforts @ APS
✦ Non-Local Effects
✦ Prospects for higher frequencies

•Other Applications
•Concluding Thoughts
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Bunch Patterns @ NSLS-II
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From Timur Shaftan, PS, Accelerator Div.
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The Issue:
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•Timing experiments at NSLS-II will be challenging at 
the tens of ps timescale

Source: Nathan Towne, 

NSLS-II Technical Note #19, Aug. 2006
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“The Arrow of Time”: Hierarchical 
Timescales in Physical Processes
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Ahmed H. Zewail, CalTech
Nobel Lecture, 1999
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XMCD Spectra
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XMCD = difference between the two XAS spectra

Fe L3 Fe L2

aligned

EF

anti-aligned

EF

XMCD: differential
absorption of x-rays
depending on alignment
of helicity & magnetism
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X-Ray Microscopy & Magnetization 
Dynamics
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Rep. Prog. Phys. 75 (2012) 026501 X M Cheng and D J Keavney

be determined, XMLD is sensitive to the spin axis and the
magnitude of the atomic moments. Consequently, XMLD is
useful for studying antiferromagnetic order. Because other,
non-magnetic, effects can contribute to linear dichroism, care
must be taken to account for them.

An additional characteristic of X-PEEM is the high surface
sensitivity that is inherent with the detection of secondary
electrons. In most materials, the low kinetic energy of the
secondaries (typically <10 eV) limits the electron escape depth
to 2–5 nm. This can be an advantage in some cases; however,
it can also limit the range of samples that can be studied
and introduce uncertainties due to incomplete knowledge of
the surface condition. If thick capping layers are present, it
may be impossible to obtain a usable signal from the layer
of interest. Conversely, if the sample is not capped but a
thick oxidation layer has formed, this can reduce the magnetic
contrast dramatically.

Other magnetic imaging techniques can get around some
of these problems, even in time-resolved imaging, although
with some drawbacks. Kerr microscopy offers very high
sensitivity and probing depths of ∼50 nm or greater. However,
it lacks element selectivity and the spatial resolution is limited
by the diffraction in the visible light optics, so imaging in
the submicrometer regime is very difficult. Transmission x-
ray microscopy can be accomplished in the soft x-ray regime,
offering high sensitivity to the entire thickness of the sample
and element selectivity. In addition, the spatial resolution
is superior to non-aberration-corrected PEEM, with a current
state of the art of 15 nm as of this writing [100]. The principal
disadvantage here is that the entire sample must be thin enough
to allow the soft x-ray beam through, or typically in the range
of only 100 nm. This requires that the samples be grown
on special membranes, which are fragile and may preclude
samples that require high deposition temperatures or other
processing.

3.4. Time-resolved X-PEEM

Using X-PEEM at synchrotron sources conveys advantages
beyond high flux, chemical and magnetic sensitivity. The
pulsed nature of synchrotron radiation provides a natural
ability to obtain temporal data with a time resolution related
to the x-ray pulse width. This pulse width varies between
facilities and operating modes, but it is typically between 50
and 200 ps, thus offering high-sensitivity magnetic imaging
with very high time resolution. Therefore, time-resolved
X-PEEM is uniquely suited to tackle many of the most
compelling problems of magnetization dynamics in confined
structures. The number of photons within a single x-ray pulse
is insufficient to form an image with adequate statistics, even at
third generation sources. Therefore, time-resolved X-PEEM
is accomplished in a pump-probe mode. In such experiments,
shown in figure 9, an excitation pulse is synchronized with the
incoming x-ray pulses and applied to the sample with a variable
delay. Then, by varying the delay and integrating over many
repeats of this cycle, the average response of the sample to the
excitation pulses can be mapped out in time. When imaging
at the highest resolutions, the exposure times are typically on

Figure 9. Schematic diagram of a pump-probe time-resolved
magnetic imaging experiment. Time varying magnetic fields are
generated by current pulses in a lithographic waveguide or stripline,
onto which magnetic structures may be deposited directly. A phase
relation is maintained by synchronizing the excitation with the x-ray
pulses via a timing signal from the storage ring. By varying the
phase between the x-ray pulses and the field, the time evolution of
the magnetic configuration of the sample can be mapped. The
excitation current pulses may be generated electrically, or with
pulsed lasers.

the order of minutes, even at the brightest synchrotron sources.
Thus, the resulting images are the average of several tens of
millions of pulses.

For the magnetization dynamics experiments we discuss
here, the excitation pulse is usually a fast magnetic field
pulse. The first demonstration of pump-probe PEEM magnetic
imaging was at the BESSY-II synchrotron in Berlin [101]. In
this experiment a microcoil was used to generate field pulses on
a NiFe/Cu/Co trilayer, and partial reversal of some of the NiFe
domains was demonstrated at a time scale of ∼1 ns. While
this experiment demonstrated the possibility of pump-probe
PEEM, the use of a microcoil has two significant drawbacks to
it. First, the inductance of the coil limits the response time, thus
very fast field transitions cannot be coupled to the magnetic
structures of interest. In the experiment by Vogel et al [101],
this limited the field rise and fall times to ∼10 ns. Second,
the magnetic field may influence the electron optics, create
shifts or distortions in the resulting image, limiting the spatial
resolution.

To make the best use of the available time resolution, it is
desirable to match the speed of the pump to that of the probe
(∼100 ps). To generate such fast field pulses in a way that does
not influence the optics, one approach is to place the magnetic
structures of interest onto conducting striplines, which are then
electrically pulsed. This results in an induced field above the
stripline that influences the magnetic structures, but extends
only a few micrometers above them, thus minimizing the
effect on the emitted electrons. For ultrafast field transitions
requiring large bandwidth, the stripline can be made as part of
a coplanar transmission line, which can easily be impedance-
matched to the source of the excitation pulses.
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Figure 12. Free vortex core motion in circular NiFe disks. (a) Time
dependence of the ratio of the y displacement of the vortex core to
the radius of 5.3 and 4.3 µm diameter dots of thickness 30 nm.
(b) Comparison of the XMCD experimental data (symbols) and
analytical theory for the dependence of the eigenfrequency of the
vortex translational mode on the dot aspect ratio L/R of the
cylindrical Permalloy dots. Reprinted with permission from [104].
Copyright 2006 by the American Physical Society.

4.1.4. Non-linear effects in vortex dynamics. The
observation of non-gyrotropic motion in the free vortex
motion of circular Permalloy structures rules out the influence
of domain walls and resonant driving field as potential
explanations for the disagreement with the predictions of
theory. Therefore, the possibility remains that the experiments
have been conducted outside the range of validity for the theory.

Cheng et al [106] performed additional experiments at the
APS to determine the dependence of the core trajectories on
the excitation field amplitude. In this experiment, they found
that gyrotropic motion is observed for low excitation fields,
while above a critical field of ∼2.5 mT, an elliptical trajectory
is observed. Thus, they observe the two behaviors noted in the
literature within the same experiment, as shown in figure 13.
They also observe a transient domain state in the first 500 ps of
core motion for high excitation fields, which calls into question
the ability to apply linear theory at least to the initial motion.

This critical behavior suggests that a linear regime exists
in which the LLG predictions are valid, and above which

Figure 13. Vortex core positions parallel (X) and perpendicular (Y )
to the applied field versus time, along with fits (red/solid lines) to
damped sinusoids after (a) 1, (b) 2 and (c) 4 mT field pulses.
(d) shows the time-dependent applied field profile. The upper inset
shows the experimental geometry indicating the relative field (B)
and photon momentum (k) directions. The lower inset shows the
X-deflection/Y -deflection amplitude ratio versus the pulse-field
amplitude. (e) Transient domain states observed both in experiment
and simulation shortly after the falling edge of a 5 mT excitation
pulse (removed at time t = 0 ns). The experimental PEEM images
(top row) agree well with the micromagnetic simulations (second
row). (a)–(d) Reprinted with permission from [106]. Copyright
2009 by the American Physical Society. (e) Reprinted with
permission from [107]. Copyright 2009, American Institute of
Physics.

additional contributions to the dynamics must be considered.
Using micromagnetic simulations, the authors reproduced the
critical behavior seen in the experiments. The simulations
also showed the formation of a cross-tie domain wall [28]
corresponding to the transient domain state in the PEEM
images. The cross-tie wall includes several vortex–antivortex
pairs, which combine with the original vortex as it moves
down the wall. This results in many core polarity reversals,
effectively randomizing the core polarity. This leads the
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Ht = Ha + Hk + Hd

What causes magnetization motion to stop?
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precession damping

γ  = gyromagnetic ratio
Ms  = saturation magnetization
α  = dissipation (damping) constant

phenomenological

Landau-Lifshitz-Gilbert (LLG) equation

Magnetization Dynamics: Damping
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XMCD + Ferromagnetic Resonance (X-FMR)

10

FMR Properties:
• Saturation moment (Ms)
• g-factors (orbital moment)
• Damping (energy loss)
• Anisotropy 
• Coupling constants

XMCD Properties:
• Element-specificity
• Spin / Orbit moments
• Cation valence
• Crystal field 

symmetry
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Driven Harmonic Motion:
A Useful Way to Examine Dynamics
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FMR motion 
parameterized by:
1. Cone Angle
2. Phase of oscillation

HB

HB
Hres

χ’
’

dχ
’’/

dH

Uniform precession ⇔ Q=0 magnon

Motion in FMR

ΔH ~ α
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Microwave Excitation: Custom Electronics 
to Generate Phase Locked Source

13

BRF =
bunch repetition

frequency
(~100 MHz)

Delay
Generator

Frequency
Multiplier

n * BRF
(n ~10 - 45)

Hi Power
Amplifier

(~30 dBm)

GHz-range Excitation
To Sample

Bailey Group

17 mm

Co-Planar Waveguide (CPW)
• Central conductor
• width W
• Peak field ~ W
• Small central hole (~250 μm)



•Fe & Ni precess together (strong coupling inside single layer)  

•Simple sinusoidal motion (easy to extract amplitude & phase)

•Small angle motion (φ  < 1°)

•High precision (resolution: amplitude < 0.1°, phase < 5 ps)

Preliminary Studies: 
Does it Work on Simple System?
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D. A. Arena et al., JMMM, 312, 374-378 (2007).
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XMCD Measurements, Trilayer / Transmission

XAS / XMCD Hysteresis

-90°

+90°
Fe Ni Co

Cu (5 nm)
Co-Zr (20 nm)

Cu (20 nm)
Ni80Fe20 (20 nm)

15
Bailey Group
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In-situ Conventional FMR, Trilayer

= tr-XMCD 
measurements

main 
resonance

weak 2nd 
resonance

16

f = 2.3 GHz

Bailey Group
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Time-Resolved XMCD, Trilayer sample
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f = 2.3 GHz

Cu (5 nm)
Co-Zr (20 nm)

Cu (20 nm)
Ni80Fe20 (20 nm)

D.A.Arena et al., PRB 74, 064409 (2006)

Mesurements at beam one 4-ID-C, Advanced Photon Source, ANL

Bailey Group
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Analysis w/ Coupled LLG Eqn’s

Model Calculations:
A = 0 (no coupling)

A = 0.22 ergs /cm2 
 (weak coupling)

18

Cu (5 nm)
Co-Zr (20 nm)

Cu (20 nm)
Ni80Fe20 (20 nm)

f = 2.3 GHz

Bailey Group
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Extrinsic Non-Local Effect: Phase and 
Amplitude Variation of Driving RF Field

9
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W.E. Bailey, C. Cheng D.A. Arena et al., 

Nature Communications, 4 2025 (2013)

• CoFeB

• Si substrate

• Cu

• Py

incident rf

CoFeB

Si substrate

Py (NiFe)

incident rf

• Direct-Coupled Layer
• Precession in-phase
• Comparable amplitude

• Indirect-Coupled Layer
• Precession not in-phase
• Variation in amplitude

➡ Larger response     
for layer closer to 
substrate
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Reconstructing Propagating EM Fields
via Local Spectroscopy

9
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Non-Local Effects: Increased Damping 
in Epitaxial GMR-type Structures

21

J. Phys. D: Appl. Phys. 44 (2011) 425004 P Klaer et al

Figure 1. (a) Sketch of the experimental setup and the layer sequence of the sample. The coordinate system is attached to the sample with
the x-axis along the central lead of the coplanar waveguide and the y-axis along the exciting microwave field, both lying in the film plane.
The z-axis shows parallel to the film normal. The sample is rotated around the x-axis with respect to the incident x-ray beam by30◦. (b)
Amplitude of the oscillating magnetization as a function of the applied external field at various exciting frequencies. Data shown are
measured for a Co2Cr0.6Fe0.4Al film (sample I). The photon energy is tuned to the maximum XMCD value (I + − I +) at the Co L3 edge. (c)
x-ray intensities I + and I− and (d) XMCD (I + − I +) after transmission through the epitaxial film (sample I) as a function of photon energy
measured in constant field applied in two opposite directions.

stack of layers of a spin-valve system. In contrast to the
fluorescence yield [21], which is roughly 1% of the total
electron yield, the luminescence signal provides an even larger
photodiode current than the total electron yield and hence
may result in a better signal-to-noise ratio compared with the
fluorescence yield measurement given that the incident x-ray
flux is the same. Moreover, the transmission measurement
avoids the strong self-absorption effect known to be present
when measuring the fluorescence yield [22]. The element-
specific information on amplitude and phase reveals the unique
properties of Heusler-based multilayer systems.

The epitaxial films were prepared by rf-sputtering at room
temperature on MgO(1 0 0) substrates [23]. After the room
temperature deposition of 18.3 nm thick Co2Cr0.6Fe0.4Al films
the samples where annealed in situ under UHV conditions at
550 ◦C. The films are ordered in the B2 structure as determined
by high energy electron diffraction and x-ray diffraction [23].
The [1 0 0] in-plane direction of the Heusler film is aligned
with the [0 1 1] in-plane direction of the substrate. After
the annealing step the films were covered in situ by 3 nm
Cr at 30 ◦C. We prepared pairs of samples under identical
conditions where one of two samples is removed from the

deposition chamber after the Cr deposition step (sample I).
The second sample is further capped by a 4 nm CoFe layer
followed by a 3 nm Al layer at 30 ◦C forming a spin-valve
structure (sample II). The magnetic moment at 4 K of the
Co2Cr0.6Fe0.4Al film as determined by magnetometry amounts
to 3.4 µB/formula unit (µB/f.u.) (3.2 µB/f.u. at 300 K), which
is slightly reduced compared with the theoretically predicted
value of 3.8 µB/f.u..

Both film systems were capped by 100 nm Cu and
patterned as a coplanar waveguide (500 µm wide signal lines)
by photolithography and dry etching steps. With the thick
Cu capping layer conducting more than 90% of the current,
a parallel rf-magnetic field acts on both magnetic layers.
The experiments are performed using the XMCD-FMR user
chamber mounted at the PM-3 beamline of the Bessy II
synchrotron [19]. The magnetic excitation field created by
the coplanar waveguide is oriented along the y-direction (see
figure 1(a)). An electromagnet (not shown) produces a dc
magnetic bias field Hb along the x-direction parallel to the
magnetic easy axis. Continuous microwave excitation leads
to a forced precession of the magnetization around Hb with a
large (small) component along the y-(z)-axis. The circularly
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The experiments are performed using the XMCD-FMR user
chamber mounted at the PM-3 beamline of the Bessy II
synchrotron [19]. The magnetic excitation field created by
the coplanar waveguide is oriented along the y-direction (see
figure 1(a)). An electromagnet (not shown) produces a dc
magnetic bias field Hb along the x-direction parallel to the
magnetic easy axis. Continuous microwave excitation leads
to a forced precession of the magnetization around Hb with a
large (small) component along the y-(z)-axis. The circularly
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Figure 3. (a), (c), (e) Amplitude of the oscillating magnetization component as a function of the applied external field measured for the
Co2Cr0.6Fe0.4Al/3 nm Cr/CoFe multilayer (sample II) at an exciting frequency of 4 GHz. Full lines indicate a fit with a Lorentzian function.
(b), (d), (f ) Amplitude of the oscillating magnetization component as a function of the phase delay between the exciting microwave and the
x-ray pulse from the synchrotron. Data are measured for the Co2Cr0.6Fe0.4Al film (sample I) at an exciting frequency of 5 GHz. Full lines
indicate a fit with a sine function The amplitude is measured with the photon energy tuned to the Cr (a), (b), Fe (c), (d) and Co (e), (f ) L3
edge.

By scanning the delay time, the time dependence of mξ

is measured at constant resonance field, revealing a sinusoidal
signal. The measurement for the single layer sample (sample I)
with photon energy set to the L3 edges of Co, Fe and Cr
(figures 3(b), (d), (f )) tests for a possible phase lag between
the sublattice magnetization of the Co and the Fe/Cr sublattice
of the Heusler structure. A sinusoidal fit results in a negligible
phase difference between the Co and the Cr/Fe sublattice of
"φ = 2◦ ± 2.7◦. The error bar denotes the standard deviation
resulting also from the fit.

The dependence of the resonance frequency ωr on the
applied bias field (figure 4(a)) is described by [29]

(ωr/µ0γ )2 = (Hb + Ha)(Hb + Ha + Meff), (1)

where γ = 176 GHz T−1 (g = 2) denotes the gyromagnetic
constant and Ha = Hanis + Hiec the internal field created by
the anisotropy field and the interlayer exchange coupling in
the case of sample II. For a fit to the experimental data we
set Hb = Hr with Hr denoting the resonance field for a given
microwave frequency. For the single film (sample I) the fit
results in values for the effective magnetization µ0Meff =
0.809(12) T and µ0Ha = µ0Hanis = +9.2(8) mT. The
magnetization value corresponds to 3.3µB/f.u. which nicely
agrees with the value determined by magnetometry. The
resulting anisotropy constant of Kp = µ0MeffHanis/2 =
3.0(1)103 J m−3 agrees well with previously reported in-plane
anisotropies for Co2Cr0.6Fe0.4Al films [30].

A fit of equation (1) to the data from sample II results in the
same magnetization value but the field µ0Ha = +1.3(5) mT
deviates from the single film value. The difference of µ0Hiec =
−7.9(1.3) mT is ascribed to the antiferromagnetic interlayer

Figure 4. (a) Resonance field as a function of the exciting
microwave frequency for a Co2Cr0.6Fe0.4Al film (sample I) and a
Co2Cr0.6Fe0.4Al/3 nm Cr/CoFe multilayer (sample II). Full lines
indicate fits to equation (1). (b) Full width at half maximum of the
resonance curve resulting from a fit to a Lorentzian function as a
function of the exciting microwave frequency. Error bars indicate
standard deviation resulting from the fits. Full lines indicate linear
fits to the data.

exchange coupling and corresponds to a coupling constant of
J1 = −47(8) µJ m−2, which is on the order of magnitude
expected for a 3 nm thick Cr spacer [31].

The linewidth shown in figure 4(b) increases for the
single film (sample I) linearly with frequency with an offset
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• Measurements at BESSY-II (50 ps)
• Pushing up to 10 GHz
• Main result: increase in damping 

from multilayer
• NOT two-magnon contribution 

(interface, impurity scattering)
• Possible explanation: non-local 

spin dynamics (spin pumping / 
spin torque) 

CoFe

Cr

Co2Cr0.6Fe0.4Al

Line Width (damping) vs. Freq.
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Shorter Pulses ➙ Higher Frequencies

Nyquist / Shannon Sampling Criterion

Bunch
length

f,max

APS
2013

~70 ps ~7 GHz

(*): issues of phase stability, cone angle

A ~ 1/f

signal freq.

f

2f

sample freq.

time
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Beyond the Nyquist Criterion: Exploring 
the Limits of XFMR at Storage Rings

23

• Measurements at MAX-II Storage Ring

• Pulse length: 650 ps ⇒ Nyquist limit ~ 0.75 GHz

• GHz dynamics clearly observe (Kittel Plot)

• Modeling verifies sampling beyond 1/f limit
P. Warnicke, D.A. Arena et al. 

JAP 113, 033904 (2013)

f = 2.5 Ghz

1.0 Ghz

2.3 Ghz
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THz Intiated Phase Transitions
 Metal-Insulator Transition in PCMO Driven by THz Excitation 

M. Rini, R.Tobey, N Dean, J. Itatani, Y. Tomioka, Y. Tokura, R Schoenlein, A. Cavalleri, Nature (2007)

• MIT occurs in < 4 ns

• Other phonons do not 
participate

• At limit of temporal 
resolution

• Phonon mode alters x-tal 
field around Mn

• Can we follow transition 
x-ray techniques? (XLD)
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Thoughts on Low Emittance Beams & 
Timing / Dynamics

25

• Keep a close eye on accelerator developments
• Smaller beams have a direct improvement on rf 

excitation sources
✦ Improved signal stability w/ under filling aperture
✦ Higher rf fields via smaller waveguides
✦ Scattering geometries ⇒ super lattices / interfaces

• Advantages of Shorter Pulses
✦ Upper frequency limit
✦ Address different dynamic regimes (Non-Gilbert type 

damping, acoustic / optic modes in multilayers)

• New excitation sources desirable (e.g. THz source)
• Opportunities in Complex Oxides (XMCD / XLD)
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Improved Scattering Geometry:
ALICE Diffractometer @ BESSY-II

28

Here we describe a newly developed tr-XRMS set-up that
allows excitation of nanomagnetic systems using field pulses
on the 100 ps time scale. The free precessional response as
well as the precessional damping over several nanoseconds is
then followed for each element by tuning the photon energy to
the different X-ray resonance absorption edges. This real-time
method also enables us to address the low-frequency limit of
precessional motion that is still challenging in the frequency
domain. The diffractometer environment enables measure-
ments at variable incident angle in order to study q-dependent
profiles of the magnetization dynamics. Thereby depth-
dependent phenomena like standing spin waves or helical
magnetization systems can be investigated. In the following we
first describe the experimental set-up of our system and then
provide preliminary results from a Fe20Ni80 (Py) thin-film
sample.

2. Experimental set-up

In our set-up we combine the element-selective technique of
XRMS with the pulsed structure of the X-rays provided by a
synchrotron storage ring in order to enable time-resolved
experiments, as depicted in Fig. 1.

The sample is excited by a magnetic field pulse, and after a
fixed delay the instant magnetization is probed by the X-ray
pulse. By controlling the delay between pump and probe in
steps as small as 10 ps we monitor the instant magnetization at
fixed times after the onset of the excitation. The resulting
delay scan yields an element- and time-resolved sequence of
the precessional dynamics in the sample. We emphasize that
tr-XRMS measures the coherent dynamics of individual
magnetic moments in variable magnetic fields in a fast and
direct way. This can be done via PEEM experiments as well
(Raabe et al., 2005); however, in most publications using
element-selective techniques the authors concentrate on the
dynamics of domain structures like Landau patterns (Kaiser et
al., 2009; Vogel et al., 2003) or vortex core reversal (Bocklage
et al., 2008; Van Waeyenberge et al., 2006). Owing to the
photon-in–photon-out technique used in our set-up, there is
no charging or magnetic field effect to worry about.

The experiments were carried out at the UE52 beamline at
the BESSY II synchrotron at the Helmholtz-Zentrum Berlin

(HZB), using the ALICE diffractometer (Grabis et al., 2003)
as end-station. The undulator beamline provides X-rays of
variable energy and polarization, including circularly polar-
ized light at the resonant energies of the 3d transition
elements. During the single-bunch operation mode of the
synchrotron, the intensity of the undulator is still sufficiently
high (about one order of magnitude less compared with
multibunch mode) to render time-resolved experiments
feasible. The ALICE chamber is a versatile two-circle
diffractometer with horizontal scattering geometry, and a
broad field and temperature range is accessible at the sample
position. Using circularly polarized light in reflection
geometry at the element-specific resonant energies, we probe
the horizontal, or Mx (collinear with the beam), component of
the magnetization (equivalent to the longitudinal MOKE
geometry). In this way element-specific information on the
static magnetization profile of various magnetic hetero-
structures is accessible.

For the time-resolved experiments we designed a special
sample holder for the ALICE chamber serving the needs for
an additional field in the direction perpendicular to the scat-
tering plane and for the high-frequency (HF) supply. A

research papers
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Figure 1
Schematic of the pump–probe set-up. The delay between voltage pulse
and photon pulse is varied, and the reflected intensity is measured as a
function of delay time.

Figure 2
Photograph of the sample holder with coils and HF connectors. The black
rectangle is a Si substrate, positioned from the back side. An M8 screw at
the top connects the sample holder with the cryostat (upmost part). The
right-hand panel is a schematic of the stripline sample geometry with the
bias field Hb parallel to the stripline and the pulsed field Hp provided
by a current through the stripline perpendicular to it. The vector sum of
both fields defines the effective field direction Heff , about which the
precessional magnetization dynamics occurs before it is aligned parallel
to the Heff axis. In the time-resolved resonant magnetic X-ray scattering
experiment the x-component of the precessing magnetization, Mx , is
detected as a function of time after pulse excitation.

Stefan Buschhorn et al., J. Synchrotron Rad. (2011). 18, 212–216

J. Phys. D: Appl. Phys. 44 (2011) 165001 S Buschhorn et al

Figure 5. Comparison of the magnetization dynamics measured at the Fe (full) and Ni (open symbols) resonant edges for a set of different
bias fields. The detected intensity is converted into opening angle ! according to the hysteresis curves.

Figure 6. Fit results for data obtained at the Fe edge using the damped sinusoidal function described in the text.

direction, thus the approximative description for small angle
precession is appropriate. In FMR experiments, precessional
cones exceeding few degrees are considered to be large
and lead to the Suhl instability [22] where spin waves are
supposed to be generated and reduce the absolute value of
the magnetization. This is because in FMR experiments an
rf-field is constantly applied to the sample leading to a forced
precession of the sample magnetization. In a pump–probe
experiment, however, the excitation is given by a single field
pulse which merely initiates a free precessional motion of
magnetization. In similar MOKE experiments no generation of
spin waves—manifesting themselves in a significant reduction
of the absolute value of the magnetization—has been observed,
despite excitation angles close to the switching regime [15].

Figure 5 shows that after about 4 ns the oscillations
are damped out and the new equilibrium direction of the
magnetization given by !0 is reached. The latter one is given
by minimizing the free energy of the system, and leads to the
condition Hk · sin !0 − Hp + Hb · tan !0 = 0. Even for
the largest angle measured, we may assume sin ! ≈ tan !
within an acceptable error bar. In this way we can use the
dependence of the opening angle on the bias field to again
determine the pulsed field Hp: figure 7(a) shows the change in
the opening angle with varying bias field, where the solid line
is a fit according to tan ! = Hp/(Hb + Hk). Hk accounts for
the additional anisotropy along the stripline that is observed
in hysteresis loops measured in both x- and y-directions with
MOKE. From the fit we obtain 2.4(±0.6) Oe for the magnitude

5

• XRMS under pulsed excitation on 
proper diffractometer

• Large angle excitations (~30 deg.)
• Opens up dynamical studies of multi-

layer structures, superlattices etc.
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Py sample (25nm); 2 GHz excitation
Fixed Field

Vary Photon Energy

Recall: small angle excitation (~1º or less)

Measurement of XMCD spectra under dynamic (low-
energy) excitation 

Time-Resolved XMCD Spectroscopy

D. A. Arena et al., Rev. Sci. Inst. 80, 083903 (2009) 
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By choosing phase appropriately, we can measure the 
element-resolved 
Re χ or Im χ 

Py sample (25nm); 2 GHz excitation
Fixed Energy (Fe L3 edge)
Vary Applied Bias Field

Element-Resolved Magnetic Susceptibility

D. A. Arena et al., Rev. Sci. Inst. 80, 083903 (2009) 
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Non-Gilbert Damping: 
Contribution at high frequencies 

K. Lenz, K Baberschke PRB (2006)

inhomogenous

2magnon

Gilbert

total


