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Single-pulse resonant magnetic scattering using a soft x-ray free-electron laser
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We report on single-pulse resonant magnetic scattering experiments using soft x-ray pulses generated by the
free-electron laser FLASH at DESY. We could record a magnetic diffraction pattern from a Co/Pt multilayer
sample at the Co M, 5 edge with a single 30-fs-long FEL pulse. The analysis of the magnetic small-angle
scattering signal for subsequent pulses indicates a threshold energy density below which there is no indication
that the magnetic properties of the sample might be altered.
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Free-electron laser (FEL) sources based on self-amplified
spontaneous emission (SASE) (Ref. 1) can provide intense
and ultrashort (femtosecond) pulses from the vacuum ultra-
violet (VUV) to the x-ray range. These sources have the
potential to record a magnetic diffraction pattern from a
sample within a few femtosecond exposure and thus to probe
elementary magnetization dynamics such as spin-flip pro-
cesses and their coupling to the electronic system on their
intrinsic time scales in the femtosecond (fs) regime.>™ At the
same time nanometer spatial resolution and element-specific
information is provided allowing to access the complex com-
position of technologically relevant magnetic media and de-
vices.

However, the unprecedented peak power of FEL sources
also implies that a considerable amount of energy is depos-
ited in the sample. The radiation damage threshold defines
the borderline between nondestructive and therefore repeat-
able pump-probe type of magnetic scattering experiments
and high fluence destructive single-pulse experiments.
Single-pulse (nonmagnetic) scattering of simple amplitude
objects has been demonstrated recently.®’ It has been shown
that a diffraction pattern of an unperturbed sample can be
recorded fast enough before the sample is destroyed in a
Coulomb explosion. Photoionization is the dominant absorp-
tion mechanism at the wavelength considered here. Photo-
emission is followed by Auger or fluorescence emission and
shake up or down excitations.® These electrons are released
at different times but within about 10 fs following
photoabsorption.® Thermalization of the ejected electrons
through collisional electron cascades is completed within
10-100 fs. Heat transport and diffusion take place over some
picoseconds to milliseconds.

Beam damage renders single-pulse scattering from mag-
netic samples especially challenging as one would ideally
take femtosecond snapshots without modifying samples. The
resonant magnetic scattering mechanism has its origin in the
virtual excitation of a core-level electron to an unoccupied
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spin-polarized state above the Fermi level which decays with
the emission of a photon. It is therefore element-specific and
sensitive to spin orientations. It has been shown that the spin
system can be quenched on time scales of 50-100 fs using
high-fluence optical laser pulses®?® and a similar process may
happen during the femtosecond exposure to a soft x-ray FEL
beam making ultrafast scattering impossible. Moreover, high
fluences may also alter the magnetic properties of multilayer
films as has been reported in Ref. 9.

In order to address these issues, we performed single-
pulse resonant magnetic diffraction experiments at the soft
x-ray free-electron laser FLASH in Hamburg.'®!! We dem-
onstrated recently the first resonant magnetic scattering at
FLASH by using the fifth harmonic of 8 nm to obtain mag-
netic scattering contrast at the Co L; edge.!> Now, the fun-
damental wavelength was set to 20.8 nm (59 eV) which is in
resonance with the Co M, ;-edge yielding magnetic scatter-
ing contrast. FLASH was operated in single-bunch mode
with a repetition rate of 5 Hz. The pulse duration was 30 fs
with an average pulse intensity of 2 uJ which corresponds
to 2X 10'" photons/pulse on the sample in a beam size of
250 wum. This results in a photon fluence of 4 mJ/cm? and
peak powers of about 1.3X10'" W/cm?. The experiment
has been performed at beamline BLL1 at FLASH which uti-
lizes the direct FEL beam without monochromator. The natu-
ral bandwidth of the SASE radiation AE/E~0.5%—-1% is
sufficiently small to allow for resonant scattering at the
Co M edge. A toroidal mirror produces a beam size of about
150 wm in the focal plane. Our samples have been posi-
tioned slightly out of focus resulting in the beam size of
around 250 um on the samples.

The samples have been mounted in a vacuum chamber
equipped with a photon absorber, photodiode, and sample
translation stages. The scattered photons are detected by a
soft x-ray in-vacuum charge-coupled device (CCD) camera
(Princeton PI-MTE) mounted at a distance of 4 cm from the
samples (schematic setup shown in Fig. 1). The camera has
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FIG. 1. (Color online) Schematics of the single-pulse magnetic
scattering setup.

2048 X 2048 pixels of 13.5 microns size and is triggered by
the FEL fast shutter signal allowing for single-pulse record-
ing. A wire beamstop of 1 mm diameter blocks the transmit-
ted beam.

Co/Pt multilayer samples were grown via magnetron sput-
tering on a 50-nm-thick SisN, membrane. A 5-nm-thick ECR
sputtered Pt layer serves as seed layer,' followed by 16 re-
peats of [Co (0.8 nm)/Pt (1.4 nm)] and a final Pt cap layer of
2 nm thickness, all prepared by dc magnetron sputtering.'*
The sample is mounted in such a way that the FEL beam is
impinging on the membrane first before being scattered from
the multilayer. In multilayer samples of this composition
magnetic maze domains form with alternating up and down
magnetization perpendicular to the sample surface. The spa-
tial correlation of the domains, being twice the domain size,
is on the order of 200-300 nm leading to a pronounced mag-
netic small-angle scattering (SAXS) signal.

The resonant electrical dipole scattering amplitude f, is
given for each lattice site n by
fu=e -eFo—i(e’ X e) M, F™+(e'-M,)(e-M,)F?, (1)
where e and e’ denote the polarization vectors of the incident
and scattered radiations, respectively, F,i is the anomalous
charge scattering factor, M is the unit vector of the magne-
tization, and the complex transition matrix elements FZ“’Z
describe the resonant atomic excitation and decay process.
For a comparison of the magnetic scattering cross sections at
L and M edges of Co see Refs. 16 and 17. The first term in
Eq. (1) is irrelevant for our sample since no charge hetero-
geneities exist on the addressed length scales.'®20 The sec-
ond term shows a nonvanishing amplitude for scattering
from linear polarization e to perpendicular polarization e’
with varying contrast according to whether e X e’ is parallel
or antiparallel to a magnetic domain orientation. As the mag-
netization is perpendicular to the polarization of the x rays,
the third term does not contribute to the scattered intensity
I1(Q). I(Q) is then given as a sum over the lattice sites n
located at r,, 1(Q)=|=,f, exp(iQr,)|*>. Within a magnetic do-
main all lattice sites provide the same scattering amplitude
thus the scattered intensity reflects the structure factor S(Q)
of the magnetic domains, i.e., I(Q) «S(Q).

Figure 2 shows a resonant magnetic SAXS pattern re-
corded with a 30-fs-long single FEL pulse of pulse energy
4 ul. A subsequent illumination showed that the sample was
not destroyed from the single-pulse exposure. The scattering
ring reflecting the spatial correlation via &=27/Q0,,,.
=200 nm of the magnetic domains is clearly visible (see
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FIG. 2. (Color online) Resonant magnetic small-angle scattering
pattern of a Co/Pt multilayer recorded with a single 30 fs FEL pulse
of 1.3X 10" W cm™. The photon wavelength was in resonance
with the Co M, 3 edge (20.8 nm) providing magnetic scattering con-
trast. The color scales indicates the number of scattered photons per
pixel (4 X4 binned image).

also Ref. 12). The existence of magnetic scattering proves
that the spin system temperature is below the Curie tempera-
ture of the multilayer sample during the exposure time. It is
worth mentioning that even FEL pulse energies 10-20 times
larger than the one applied here allowed us to record a
single-pulse magnetic diffraction pattern. Those high pulse
energies destroyed the sample although the spin system is
still not quenched during the exposure time of 30 fs.
Having recorded a single-pulse magnetic diffraction pat-
tern we investigated also the influence of the high fluence on
the magnetic properties of the magnetic multilayer. For this
purpose the same sample was irradiated with 30 single
pulses. Figure 3 shows a series of magnetic diffraction pat-
terns taken from the same sample spot. Each pattern was
acquired with a single 30-fs-long FEL pulse. The time delay
between the images is around 3-10 s. In average each pixel
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FIG. 3. (Color online) Magnetic small-angle scattering patterns
from six subsequent 30 fs illuminations of the same Co/Pt
multilayer sample, from one single FEL pulse each. The time delay
between the images is 10 s. The color scale indicates the number of
scattered photons per pixel.
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FIG. 4. (Color online) The magnetic structure factor S(Q) of the
domain structure for different pulses as deduced from the CCD
images.

of the SAXS ring contains around 1-2 scattered photons per
single pulse. Due to the statistical nature of the SASE
process' the FEL pulse energy was higher for pulse 2 and 5
than for the rest of the images. The SAXS ring from the
magnetic domains is visible in the first two images at Q...
=0.026 nm™! reflecting a mean domain size of around 120
nm in the sample. After the higher intensity of pulse 2 the
third image shows a larger and broader ring, and after the
second high-intensity shot (5) the maximum of the ring in
image 6 is again shifted to larger Q values.

This is quantified by the azimuthally integrated structure
factor S(Q) of the magnetic domains, which is shown for
selected pulse numbers in Fig. 4. For reasons of comparison
the structure factors have been normalized. A change in both
the peak positions Q.. and the line shapes as a function of
pulse number is clearly visible. Especially strong changes in
S(Q) occur from pulse 2 to 3 and from pulse 5 to 6. The
structure factor shifts to larger Q values (smaller domain
sizes) and becomes broader. However, there are also pulses
which induce no change in the magnetic structure factor
(e.g., pulse 18 to 19).

The changes in S(Q) can be attributed to high-intensity
FEL pulses hitting the sample and altering the magnetic
properties of the multilayer sample. Figure 5 displays the
scattering intensity (top) and the average domain size (bot-
tom) as a function of pulse number. The stochastic nature of
the SASE process leads to fluctuations in the incoming pulse
intensity. Pulses 2 and 5 provide high-intensity scattering
patterns with 2.6 and 2.3 photons per pixel, respectively. We
estimate from the average SASE pulse energy that 1 scat-
tered photon per pixel, averaged over the SAXS ring, corre-
sponds to FEL pulse energies of 2 wJ(4 mJ/cm?). After
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FIG. 5. (Color online) Top: maximum scattered intensity per
pixel as a function of pulse number. Bottom: average magnetic
domain size as a function of pulse number.

those high photon flux pulses the following pulses 3 and 6
reveal drastic changes in S(Q). The domain size decreases
between 2 and 3 from 120 to 105 nm and then again between
pulses 5 and 6 from 105 to 95 nm. After these two high-
intensity pulses the magnetic domain size stays constant
within the error bar. Other samples confirmed the picture of
high-intensity FEL pulses inducing changes in the domain
size distribution.

The observed changes in S(Q) are caused by permanent
changes in the structure of the magnetic multilayer. SEM
pictures of both unirradiated and irradiated areas of the
sample revealed an increase in the grain size upon irradiation
with the FLASH pulse. From irradiation experiments with
ions and ns long intense laser pulses it is known that the
deposited energy can change grain sizes or the interfacial
structure of layers, leading to a reduction in the perpendicu-
lar magnetic anisotropy.”2">2 A decrease in perpendicular an-
isotropy reduces the energy per domain wall length and thus
shifts the equilibrium domain size toward smaller values.??
The process of atomic diffusion and interfacial structure
changes happens on time scales much longer than the expo-
sure time of the FEL pulse. Following Ref. 24 we estimate
that during the 30-fs-long exposure the Co and Pt atoms
move less than 0.01 nm so that interlayer diffusion during
the exposure can be neglected. Therefore changes to the
magnetic structure become only apparent at the next expo-
sure to the FEL beam.

We estimate the peak temperatures of the multilayer by
calculating the target depth-dependent total-energy deposi-
tion. For this purpose the multilayer has been divided into
equidistant cells with specific material opacities.”> The tem-
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FIG. 6. (Color online) Calculation of the temperature change in
the magnetic multilayer sample 1 ps after irradiation by the FEL
pulse as a function of lateral position z in the sample (pulse energy
4 mJ/cm?). For details see text. The FEL pulse is incident on the
50-nm-thick silicon nitride membrane from the left. The Pt seed
layer starts at z=50 nm.

perature change (Fig. 6) is then obtained via the room-
temperature heat capacity, which is assumed to remain con-
stant throughout the interaction period between the FEL
pulse and the magnetic multilayer. This yields a relatively
good approximation for equilibrated systems (i.e., time
scales =1 ps) and low deposited energy densities so that in
our case the target crystal lattice does not undergo significant
transitions. Here, the calculated maximum energy deposition
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is 2 kJ/cm?, which is sufficiently lower than the specific
melting energy [4.4 kJ/cm? (Ref. 26)] and the first ioniza-
tion energy [68 kJ/cm?® (Ref. 26)]. Heat transport, which
also occurs on nm spatial scale and would wash out the curve
in Fig. 6, is not taken into account. Thus, the calculation
gives an estimate on the target condition =1 ps after irradia-
tion. From the calculation we estimate that the magnetic
multilayer reaches peak temperatures of around 600 °C for
pulse energies of 4 mJ/cm? and 1400 °C for 9.2 mJ/cm?.
In the latter case the deposited energy leads to permanent
changes in the structure of the multilayer film. The structural
changes alter atomic positions at the interface. Via the inter-
face contributions to the magnetic anisotropy, the intrinsic
domain width of the multilayer system is thus altered. As an
additional effect, pinned domain walls forming a magneto-
statically metastable state may be released due to thermal
activation after the FLASH pulse.

In conclusion, we demonstrated nondestructive resonant
magnetic scattering using single pulses from the free-
electron laser FLASH. Pulse energies of 4 mJ/cm? are suf-
ficient to record a magnetic diffraction pattern within 30 fs
without destroying the sample. We observed that higher
pulse intensities can lead to permanent changes of the mag-
netic properties of the magnetic multilayer but without mac-
roscopically observable destruction. Below that threshold it
is possible to record magnetic diffraction patterns without
changing the magnetic domain size distribution.
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