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ABSTRACT

Surface acoustic waves (SAWs) are excited by femtosecond extreme ultraviolet (EUV) transient gratings (TGs) in a room-temperature ferri-
magnetic DyCo5 alloy. TGs are generated by crossing a pair of EUV pulses from a free electron laser with the wavelength of 20.8 nm matching
the Co M-edge, resulting in a SAW wavelength of K¼ 44 nm. Using the pump-probe transient grating scheme in reflection geometry, the
excited SAWs could be followed in the time range of �10 to 100 ps in the thin film. Coherent generation of TGs by ultrafast EUV pulses
allows to excite SAW in any material and to investigate their couplings to other dynamics, such as spin waves and orbital dynamics. In con-
trast, we encountered challenges in detecting electronic and magnetic signals, potentially due to the dominance of the larger SAW signal and
the weakened reflection signal from underlying layers. A potential solution for the latter challenge involves employing soft x-ray probes, albeit
introducing additional complexities associated with the required grazing incidence geometry.

VC 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/4.0000223

I. INTRODUCTION

In recent years, significant advancements have been made in
transient grating (TG) spectroscopy techniques, leveraging the capabil-
ities of extreme ultraviolet (EUV) and x rays delivered by free-electron
lasers (FELs).1–3 Recent developments in FEL photon sources have
enabled new approaches for probing ultrafast dynamics at the nano-
scale, such as TGs, which was recently used to study thermoelastic and
magnetic dynamics in condensed matter systems.2–10

In EUV TG, coherent FEL beams intersecting at the sample sur-
face give rise to spatially periodic excitation patterns with periods in
the tens of nanometer range and time duration on the order of tens of

femtoseconds.11 This allows for exploring dynamics at both nanoscale
dimensions and ultrafast timescales.

EUV TGs can be used for studying nanoscale magnetic dynamics,
provided that the probe is tuned to a magnetic edge, as recently demon-
strated in a Gd–Co alloy at the Co M-edge.9 This element-specific tool
can help in shedding light on the coupling of magnetic and structural
dynamics, inherently intertwined through magnetoelastic interactions.12

The binary intermetallic DyCo5 alloy belongs to the family of
binary rare-earth (RE)–transition metal (TM) compounds, renowned
for their magnetic properties that find applications in permanent
magnet technologies,13 spintronics,14 and ultrafast optical switching.15

Struct. Dyn. 11, 025101 (2024); doi: 10.1063/4.0000223 11, 025101-1

VC Author(s) 2024

Structural Dynamics ARTICLE pubs.aip.org/aip/sdy

 02 July 2024 12:54:27

https://doi.org/10.1063/4.0000223
https://doi.org/10.1063/4.0000223
https://www.pubs.aip.org/action/showCitFormats?type=show&doi=10.1063/4.0000223
http://crossmark.crossref.org/dialog/?doi=10.1063/4.0000223&domain=pdf&date_stamp=2024-03-06
https://orcid.org/0000-0003-3703-264X
https://orcid.org/0000-0001-6343-6256
https://orcid.org/0000-0001-9199-6373
https://orcid.org/0000-0001-7380-8324
https://orcid.org/0009-0008-4970-0549
https://orcid.org/0009-0007-8490-5884
https://orcid.org/0000-0002-2218-3886
https://orcid.org/0000-0003-3929-5101
https://orcid.org/0000-0001-6476-9116
https://orcid.org/0000-0002-6363-4591
https://orcid.org/0000-0003-0284-7937
https://orcid.org/0000-0003-2035-3367
mailto:victor.ukleev@helmholtz-berlin.de
mailto:urs.staub@psi.ch
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1063/4.0000223
pubs.aip.org/aip/sdy


Particularly, DyCo5 exhibits remarkable magnetic properties, including
a high Curie temperature of approximately 970K, attributable to the
large exchange coupling of Co spins, as well as a high coercive field
stemming from a considerably high magnetic anisotropy.16,17 Such
properties arise from the antiferromagnetic coupling between the Dy
and Co sub-lattices, resulting in a nontrivial magnetic phase diagram,
which includes a compensation point at 174K and a spin-reorientation
transition at approximately T � 360K.18–20 The presence of a compen-
sation point, a key factor for thermally assisted magnetization switch-
ing21,22 making DyCo5, a promising candidate for ultrafast optical
manipulation. Moreover, thin films and nanostructures of ferrimag-
netic Dy-Co alloys combine magnetic properties, such as perpendicular
magnetic anisotropy and room-temperature magnetization, which are
relevant for applications in magnetic memory storage23–25 and spin-
tronic devices.26,27

RE–TM alloys are featured by strong magnetoelastic cou-
pling,28,29 making them suited for exploring the interaction between
the structural and magnetic dynamics induced by EUV TGs. In the
present study, we used EUV TG in reflection geometry with the probe
tuned to the CoM-edge to detect nanoscale magnetic and thermoelas-
tic dynamics on the surface of a DyCo5 sample. The analysis revealed a
predominance of thermoelastic dynamics driven by surface acoustic
waves (SAW). While no discernible signal frommagnetization dynam-
ics was observed. This suggests that the signal associated with the mag-
netization grating either falls below the detection limit or is dominated
by the robust signal generated by coherent surface displacements.
Consequently, it is inferred that EUV TG in reflection geometry may
not be the optimal choice for detecting magnetic dynamics.
Nevertheless, the generation and detection of SAWs in thin DyCo5
films hold intrinsic importance. SAWs at nanoscale wavelengths pos-
sess various applications in spintronics,30 and the application of EUV
TG allows access to this wavelength range without the need for tailored
nanostructures on the sample.

II. MATERIALS AND METHODS
A. Synthesis

The 20nm-thick DyCo5 film was grown onto a Si substrate with
a 5 nm-thick Ta buffer by means of magnetron sputtering at room
temperature under Ar atmosphere of 1:5� 10�3 mbar (with a base

pressure of 10�8 mbar) using the MAGSSY chamber at the
Helmholtz–Zentrum Berlin (HZB, Germany). The correct stoichiome-
try of the alloy was achieved by varying the deposition rate of Co and
Dy targets in the co-evaporation scheme. The film was capped by
2 nm of Pt to prevent surface oxidation. More details of the sample
growth are given in Ref. 31.

B. X-ray reflectometry

Due to the limited penetration depth of EUV radiation in the
material, experiments were performed in reflection geometry, which
demands a high-quality (uniform and low roughness) surface of the
sample. To assess the surface quality, a characterization of the DyCo5
film was performed using x-ray reflectometry (XRR) (Fig. 1). The XRR
measurements were conducted at the x-ray CoreLab facility of the
HZB using the PANalytical MPD instrument. The experimental data
were obtained in the specular reflection geometry using x rays with a
wavelength k ¼ 1:54 Å and fitted employing the GenX 3 software32

for precise assessment of the surface and the interlayer roughness.
Oscillations in the XRR curve, known as Kiessig fringes, were

observed up to a high 2h angle of 12�, indicative of the high quality of
the film33 [Fig. 1(a)]. Fitting the XRR data yielded insight into the
structural quality of individual layers (including their thickness and
roughness) and enabled reconstruction of the in-depth electronic scat-
tering length density (SLD) profile.33 Figure 1(a) shows a good agree-
ment between XRR data and the best fit curve, which is achieved by
assuming well-defined layers of Ta, DyCo5, and Pt on the Si substrate,
each one with densities close to their nominal values. The correspond-
ing in-depth (z) SLD distribution within the sample is displayed in
Fig. 1(b). The model closely matches the anticipated layer thicknesses,
while also suggesting sub-nanometer roughness at the sample surface.
This finding attests a good sample quality, thus laying the ground for
successful FEL experiments in the EUV regime.

C. X-ray magnetic circular dichroism

The magnetic moment of the sample was probed utilizing soft
x-ray magnetic circular dichroism (XMCD) in the total electron yield
(TEY) detection mode. The probing depth of the TEY method extends
to a few nanometers from the surface,34 thereby providing valuable

FIG. 1. (a) Measured (symbols) and fitted (solid line) x-ray reflectometry (XRR) curves from [Ta (5 nm)/DyCo5 (20 nm)/Pt (2 nm)] sample on a Si substrate. The inset is the
zoom-in part of the XRR curve, showing the excellent agreement between the measured data and the fitted model. (b) Reconstructed scattering length density (SLD) depth profile
obtained from the XRR model in the units of the classical electron radius re ¼ 2:817 94� 10�5 Å. The coordinate z¼ 0 Å corresponds to the Si/Ta interface. (c) X-ray absorp-
tion spectroscopy (XAS, top panel) and x-ray magnetic circular dichroism (XMCD, bottom panel) spectra measured from the same sample at room temperature and applied
magnetic field of62 T by means of the total electron yield. The dashed line in the XAS plot is the step function used in order to correct the spectra for the sum rule analysis.
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insights into the surface quality and potential oxidation state of the
sample. X-ray absorption spectra (XAS) were acquired with a 77%
degree of right-circular polarization using the VEKMAG instrument at
BESSY-II, Berlin, Germany.35 Given that the TG experiment was con-
ducted using EUV radiation at the Co M edge, our focus is limited to
the soft x-ray spectroscopy characterization of cobalt. To extract the
magnetic contribution from the XAS data, spectra were measured
under saturating magnetic fields of62T at the Co L2;3 edges. The XAS
and XMCD spectra are depicted in Fig. 1(c).

The absence of multiplet features in the XAS spectra indicates the
metallic nature of the DyCo5 film and the absence of surface oxidation.
The XMCD signal was observed at both L2;3 edges (bottom panel in
Fig. 1), indicating the fully polarized ferromagnetic state of cobalt at
room temperature. Employing sum rule analysis on the XMCD data,
the extracted spin and orbital magnetic moments of cobalt are found
to bems ¼ 1:20ð3ÞlB andml ¼ 0:16ð1ÞlB, respectively. In agreement
with the previous study,31 the net moment of Co at the DyCo5 surface
probed by TEY is considerably reduced compared to the bulk of the
film (ms þml � 1:6lB) as seen in transmission and fluorescence
XMCDmeasurements.19,31

D. X-ray transient grating spectroscopy

The TG experiments were conducted at the EIS-TIMER beamline
at the FERMI FEL, Trieste, Italy.2,36 The experimental configuration is
described in Refs. 5 and 36 and schematically illustrated in Fig. 2(a),
including a variable magnetic field (B) applied to the sample, whose
value, was varied in the 0–0.5T range by adjusting the distance
between the sample and a permanent magnet.

Two circularly polarized pump pulses, designated as pump A and
pump B in Fig. 2(a), intersected at the sample surface under an angle
of h ¼ 27:6� to generate an interference pattern with a period of
K ¼ k=2 sin ðhÞ ¼ 44 nm, where k ¼ 20:8 nm is the excitation wave-
length. The time-delayed vertically polarized probe pulse at the same
wavelength (kpr ¼ 20:8 nm; matching the Co M-edge) was directed
onto the sample at an angle of 13�. In this configuration, the vertically
polarized beam is mainly sensitive to the out-of-plane magnetization
component,37 which, in DyCo5 films at room temperature, corre-
sponds to the magnetization direction.23

The probe beam, back-diffracted from the TG, was then reflected
by the multilayer mirror onto an in-vacuum two-dimensional charge-
coupled device (CCD) detector, using the same setup described in
Refs. 5 and 36.

The total fluence of the two pump beams at the sample was
10 mJ/cm2. For each time delay, 1000 FEL shots were accumulated to
measure the TG intensity. To mitigate the effects of radiation damage,
each time trace was acquired at a different location on the sample.

By increasing the FEL fluence above 20 mJ/cm2, a permanent
grating was imprinted onto the film, which involves structural and
magnetic changes of the sample.38 The characteristics of the perma-
nent grating were assessed through scanning electron microscopy
(SEM) utilizing a Zeiss Merlin instrument at the Correlative
Microscopy and Spectroscopy CoreLab of the HZB.

The period of the grating observed in SEM, K ¼ 446 1 nm,
closely aligns with the value calculated from the crossing angle and
wavelength of the two pump beams [Fig. 2(b)].39

III. RESULTS AND DISCUSSION

Time-dependent EUV TG signals were acquired by scanning the
delay between the EUV TG and probe beams Dt in increments of 1 ps.
Moreover, to encompass the eventual ultrafast electronic and magnetic
responses, a detailed investigation of the first picosecond time window
(�0.5 to 0.5 ps) was conducted, with a step size of 0.1 ps.

Upon sample excitation, the application of EUV TG creates a
spatially periodic temperature distribution across the surface of the
DyCo5 film, with a period K. This excitation triggers the rapid thermal
expansion and consequent ultrafast generation of counter-propagating
SAWs, as described in Ref. 40.

As depicted in Fig. 3(a), the normalized diffracted intensity, as a
function of Dt, exhibits discernible periodic oscillations with the period
of 12 ps.

The zero-padded Fourier transform of the time trace in the range
Dt ¼ 20� 100 ps, where the signal exhibits more regular oscillations,
reveals the presence of SAWs. These waves are characterized by two
principal phonon harmonics at frequencies �¼ 84 and 166GHz, as
depicted in Fig. 3(b).

The lower frequency corresponds to the SAW with a phase veloc-
ity of 3700 m/s, comparable to SAW velocities measured in TbCo mul-
tilayers.41 The double of the frequency can be attributed to the
quadratic dependence of the diffraction intensity I on the surface
displacement5

IðtÞ � ðSthðtÞ � A exp � t
s

� �
cos ðxtÞÞ2

¼ SthðtÞ2 þ 2SthðtÞA exp � t
s

� �
cos ðxtÞ

þ 1
2
A2 exp � 2t

s

� �
ðcos ð2xtÞ þ 1Þ:

Here, SthðtÞ describes the exponential decay of the thermal grating,42

while A, s, and x ¼ 2p� are, respectively, the amplitude, decay time,
and angular frequency of the SAW. At K¼ 44 nm, the SAW oscilla-
tions most likely persist without decay within a 100 ps timeframe, and
the observed signal corresponds to the gradual intensity decline of the
thermal grating, modulated by the SAW.

Surprisingly, within the initial 1 ps time window [as illustrated in
the inset of Fig. 3(a)], the ultrafast electronic response from cobalt

FIG. 2. (a) Sketch of the EUV TG experimental geometry. Circularly polarized
extreme ultraviolet (EUV) pump beams A and B (red arrows) are crossed at the
sample generating the interference pattern. The probe beam (full blue arrow) tran-
siently diffracted off this pattern in reflection geometry (dashed blue arrow) is the
EUV TG signal, which is routed to the CCD detector by the multilayer mirrors. (b)
Scanning electron microscopy image of the permanent grating with periodicity of
44 nm permanently generated on the sample surface by the crossed pump beams
with the total fluence of 40 mJ/cm2.
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remains conspicuously absent, as well as the rise of the magnetic
response—an observation that contrasts the Gd–Co study conducted
in transmission geometry, where electronic and magnetic dynamics
are observed within 500 fs after the FEL pulse. This initial response is
subsequently followed by a decaying TG signal spanning tens of pico-
seconds. The magnetic TG signal in the Gd–Co study became evident
when comparing data acquired in magnetically saturated and rema-
nent states: the magnetic response was only discernible in the former
scenario, attributed to the emergence of multiple magnetic domains in
zero field.9 However, in the present study, no significant response to
external magnetic fields is observed. In DyCo5, applying a saturation
magnetic field of 0.5 T does not cause any noticeable change in dynam-
ics, as shown in Fig. 3(c).

The absence of any magnetic appreciable response in the present
EUV study is surprising, since a previous study has demonstrated
ultrafast demagnetization via 40 fs infrared (IR) laser pulses with a
photon energy of 1.5 eV. At incident laser fluences of a similar magni-
tude, i.e., 10–15 mJ/cm2, IR photons induced 40% and 80% demagne-
tization of the Co sub-lattice within the first 2 ps.43 On the other hand,
an ultrafast magnetic response to the both IR and EUV pumps was
observed in Gd–Co, a system rather similar to DyCo5. The absence of
the magnetic TG signal in DyCo5, thus, deserves further discussion.
Indeed, it is noteworthy that even a modest increase in the total pump
fluence is sufficient to induce the permanent imprint of the grating via
radiation damage after about 20 s exposure. Hence, the pump fluence
should also be sufficient to induce the change in magnetization.

Assuming that the fluence level was adequate to drive a magneti-
zation grating, the absence of a detectable signal could be due to the
experimental geometry. Indeed, the observed backward-diffracted sig-
nal arises from both the spatially periodic perturbation of the material’s
refractive index, which modulates the EUV reflectivity, and from
coherent surface displacements arising from the thermal expansion
driven by the thermal grating.44 The latter contribution is expected to
be relatively weaker in experiments conducted in transmission geome-
try9 on sample with optimal thickness, since the signal from refractive
index modulations increases on crossing the excited thickness of the
sample. When the probe resonates with a magnetic edge, refractive
index alterations come from electronic population modulation affect-
ing core-hole transitions (electronic grating signal), dichroic compo-
nent modulation (magnetization grating signal), and density

modulation (density grating signal). The latter, featured by longitudinal
acoustic phonons but typically weaker due to its dependence on the
square of thermal expansion, contrasts with the more pronounced
magnetization grating signal, as seen in previous studies.9,10 The trans-
mission geometry is, thus, advantageous in removing the competing
signal due to the SAWs, making it in capturing the transient magnetic
signal compared to reflection geometry, despite the high structural and
magnetic quality of our sample. In addition, by taking into account
absorption of Pt, DyCo5, and Ta at the probe wavelength,45 the trans-
mission of the corresponding layers are 70%, 22%, and 64%, respec-
tively. The backscattered intensity from vacuum/Pt, Pt/DyCo5, DyCo5/
Ta, and Ta/Si interfaces are estimated as 2%, 0.98%, 0.016%, and
0.0023% of the intensity upstream the sample, respectively, as we esti-
mate by taking into account reflectivity of each interface and absorp-
tion of the incoming and reflected beams. Hence, the observed
scattering mainly originates from the Pt/vacuum interface, which is
expected to be not sensitive to the magnetic state of DyCo5 when the
probe wavelength is away from Pt edges, while intensities from DyCo5/
Ta and Ta/Si interfaces are two order of magnitude weaker. Therefore,
TG experiments in reflection geometry require not only sub-nm
roughness of surface and interfaces for ensuring high reflectivity, but
also careful selection of the adjacent layers of the material under study.
An alternative approach for isolating in reflection geometry a weak
magnetic signal out of a strong SAW signal is to use transient polariza-
tion gratings, which is possible by employing a special FEL configura-
tion.46 Using L-edge soft x-ray energies to detect the magnetic TG
signal could mitigate the issue of absorption losses. However, this
approach complicates the experimental geometry since substantial soft
x-ray reflectivity is only possible at grazing incidence.44,47

IV. CONCLUSION

This paper presents a study of the coherent generation of SAWs
within DyCo5 thin films through the utilization of femtosecond EUV
FEL pulses in a transient grating geometry. SAWs hold significant
promise for applications in spintronics, offering potential avenues for,
e.g., coherent domain wall nucleation, topological structure manipula-
tion,30,48,49 and spin current generation.50

Despite the high quality of the sample used in our study, we did
not observe any electronic or magnetic signals. This could potentially
be attributed to the significantly larger signal originating from SAWs

FIG. 3. (a) Time trace of the EUV TG signal. The inset shows the high temporal resolution scan in the ultrafast region (60.5 ps), where the electronic signal could be expected.
Error bars have been calculated using the standard deviation of the signal at negative time delays. (b) Zero-padded Fourier transform of the 20–100 ps part of the spectrum.
(c) TG signals measured at zero magnetic field and at B¼ 0.5 T. The two waveforms were collected in different locations in the sample surface. While the magnitude of the first
two oscillations and the signal-to-noise ratio differ from spot to spot, the time dependence of the oscillations at Dt > 15 ps is independent of the sample position.
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and the complexities associated with reduces backscattering signal
from relevant interfaces within the material. Our findings highlight the
challenges encountered when employing EUV TG in reflection geome-
try, particularly in the context of detecting magnetic dynamics. While
this setup potentially expands the applicability of the technique to a
wider range of magnetic materials that may not be transparent to EUV
radiation, it is essential to carefully consider these factors to ensure the
reliable detection of magnetic phenomena. Addressing these challenges
will be crucial for advancing our understanding of magnetic dynamics
using EUV TG in reflection geometry.
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