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Observations of laser induced magnetization dynamics in Co/Pd multilayers

with coherent x-ray scattering
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We report on time-resolved coherent x-ray scattering experiments of laser induced magnetization
dynamics in Co/Pd multilayers with a high repetition rate optical pump x-ray probe setup. Starting
from a multi-domain ground state, the magnetization is uniformly reduced after excitation by an
intense 50fs laser pulse. Using the normalized time correlation, we study the magnetization
recovery on a picosecond timescale. The dynamic scattering intensity is separated into an elastic
portion at length scales above 65 nm, which retains memory of the initial domain magnetization,
and a fluctuating portion at smaller length scales corresponding to domain boundary motion during
recovery. © 2011 American Institute of Physics. [doi:10.1063/1.3670305]

The magnetization of excited states define the operation
processes and timescales in magnetic devices. The desire to
explore the ultimate limits of magnetization dynamics,
coupled with the explosive growth of information storage
and communication technologies, has spurred the subsequent
intense search for ways to manipulate and control magnetiza-
tion on ever faster timescales and smaller length scales.'™
Operational bounds of technological devices are set by the
timescale at which dynamic processes cease to be repeat-
able.* To explore these limits therefore requires knowledge
of the spatial and time correlation of excited states.

Recently, all-optical magnetization reversal, in which
deterministic switching of the magnetization is achieved by
a single 40fs circularly polarized laser pulse, was demon-
strated.>® Ultrafast laser spectroscopy has largely been
driven by all-optical pump-probe techniques, which allow
ultrafast excitations and the study of their evolution on the
macroscopic scale by use of the magneto-optical Kerr or Far-
aday effect. However, little is known about the processes on
the atomic to mesoscopic length scale because of the lack of
spatial resolution of these techniques. Synchrotron-based
techniques such as resonant magnetic scattering’ and coher-
ent diffractive imaging®® can spatially resolve the magnetic
correlations in a sample, but the flux limitations of time-
resolved setups'® have prevented high resolution imaging
with these techniques.

Here we demonstrate time-resolved coherent x-ray scat-
tering at a synchrotron by utilizing a high repetition rate
pump-probe setup.!’'* Using a 5.12MHz repetition rate
Ti:Sapphire laser phase locked to the revolution clock
(1.28 MHz) of the Stanford synchrotron radiation lightsource
(SSRL) operating in four bunch mode, we directly observe
magnetization relaxation in Co/Pd multilayer samples with
50ps time resolution out to momentum transfer
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¢=0.150nm~". Coherent scattering further enables us to
calculate the correlation between scatterings at different time
delays and disentangle the origins of g-dependent scattering
changes.

The sample consists of a [Co(0.5 nm)Pd(0.7 nm)];s mul-
tilayer thin film sputter deposited on a 200 by 200 um Si3;Ny
membrane at 3mTorr Ar pressure. This sample has out-of-
plane magnetization, forming worm domains of approxi-
mately 100nm in width, as shown in the MAD Holography
reconstruction'® in Fig. 1(a). Striped domain phases with
perpendicular magnetization are well established magnetic
systems with strong scattering cross sections.'*'> Quasi-
static magnetization changes in an external field have been
studied in these systems,'® but the response to laser excita-
tion remains unexplored.
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FIG. 1. (Color) Schematic of optical pump x-ray probe experimental setup.
(a) Sample magnetization reconstructed using MAD Holography."* (b)
Overhead schematic of experimental geometry.
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A schematic of the experimental setup is shown in Fig. 1,
with the overhead geometry in Fig. 1(b). The system is
excited by a 50fs optical pump pulse from a long cavity
Ti:Sapphire laser at 800 nm, then probed after a variable delay
t with a circularly polarized coherent x-ray pulse at the Co L3
edge of approximately 50 ps FWHM. The time-resolved small
angle diffraction pattern is captured with a Princeton Instru-
ments MTE1340 soft x-ray CCD detector. Using the highest
laser fluence available, the pump laser is focused to a spot
size of less than 20 by 20 um, corresponding to a fluence of
approximately 5mJ/cm? at the sample. The x-ray probe size
is approximately 220 by 70 um. To confine the probe size,
800 nm of Au is first deposited on the back side of the sample,
then a 3 um aperture is milled with a focused ion beam as
described in Ref. 8. The opaque gold mask ensures that the x-
rays probe an area with uniform laser fluence and facilitates
heat dissipation from the high repetition rate pump laser. We
obtained a coherent flux of 2 x 10° photons/um?/s or 10% of
the flux under normal operations. For each time delay, both
the pump probe and the reference images are accumulations
over 240s.

Scattered x-rays from the magnetic domains in the sam-
ple create a speckle pattern reflecting the exact spatial
arrangement of the magnetic domains.”'” The scattering in-
tensity is a combination of the magnetic and charge scattering
contributions from the domains and the aperture, respectively,
and is given by I(r) = |c|> + |m(t)|* + 2|c||m(t)|cosA¢. Here ¢
represents the charge scattering, m(f) the time-dependent mag-
netic scattering, and A¢ the phase of the charge-magnetic in-
terference. Changes in the scattering can be calculated by
comparing patterns from the pumped sample at time delays of
interest, 1= —40ps to +3ns, to a reference pattern from the
unperturbed sample at negative time delay, f,.= —1ns. This
procedure allows for removal of the time-independent charge
scattering |c|* in the raw data (Fig. 1) for all time delays as
shown in Fig. 2(a). Since |m|/|c| < 1 (Ref. 18), the normal-
ized difference in magnetic scattering intensity is in good
approximation

~ M(ter) —I(t)  Am(t) cos Adp
Aom =renri0 - 1 P

This relation holds when the overall magnetization
Am(t) = |mg| — |m(#)| changes in the domains while their
arrangement is maintained (A¢ = const).

Normalized diffraction patterns Al for given time
delays are shown in Fig. 2(a). Reduction of the out-of-plane
component magnetization during demagnetization leads to a
negative background in the normalized difference. The con-
tinued presence of speckles in a given ¢ range indicates that
the domain configuration is maintained during the exposure.
Therefore, we can apply Eq. (1) and normalize Anmi(f)cosAd/|c|
to mycosAq/|c| deduced from static speckle patterns.'”'” The
resulting demagnetization curve is shown in Fig. 2(b). There is
a clear build up in the normalized difference signal, with the
maximum signal seen at 4-60 ps. The difference then decreases
as the magnetization recovers.

Average magnitude of the normalized difference for dif-
ferent time delays as a function of ¢ is shown in Fig. 3(a).
The signal is strongest near 100 nm, corresponding to mag-
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FIG. 2. (Color) (a) Normalized change in magnetic scattering at various
time delays. The q range extends out to 0.125nm ™', The stable speckle con-
figuration indicates that the underlying domain structure is maintained. (b)
Demagnetization curve from Al o, Which is proportional to deviation from
M/Ms = 1. The line is a fit to the data with Koopman’s micro three tempera-
ture model,®® which indicates a demagnetization of 20%—25%. The plotted
curve is significantly broadened by convolution with a 50 ps FWHM Gaus-
sian corresponding to the width of the x-ray probe.

netization reduction within the domains following the initial
excitation. The nature of coherent scattering makes it possi-
ble to determine the relative size of the repeatable and non-
repeatable portions of the dynamics. We calculate the nor-
malized time correlation function
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FIG. 3. (Color) (a) Radial integration of the normalized difference for dif-
ferent time delays. (b) Corresponding ¢ dependent correlation to the normal-
ized difference at Ops. (c) Shown for the +60ps signal, by multiplying
panels a and b, the elastic and fluctuating portions of the magnetization
changes can be identified.
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where I (q) = 1,(q)— < I,(q) > and I,(q) consists of the
measured intensities within an annulus 5 pixels wide cen-
tered with respect to the diffraction pattern and stepped
across in steps of one pixel.”! As shown in Fig. 3(b), the
time correlation is centered around the magnetic scattering
peak, and drops to zero for length scales below 65 nm. This
suggests that after optical excitation, memory of the initial
domain magnetization is retained in a low ¢ portion of the
sample. By multiplying the time correlation and radial inte-
gration signals together, we can identify the correlated, elas-
tic portion of the scattering. The remaining scattering is then
attributed to a fluctuating portion as shown in Fig. 3(c). The
presence of a small elastic component indicates that the
pump fluence is in a borderline regime where irreversible
changes of the domain structure are emerging. During recov-
ery, as hot electrons scatter off domain walls, angular mo-
mentum transfer leads to fluctuations of the magnetic order
and motion of the magnetic domain boundaries. These fluc-
tuations lead to a progressive loss of correlation for length
scales below 65 nm.

In conclusion, we have demonstrated time resolved
coherent x-ray scattering experiments at a synchrotron. Pico-
second time-resolved diffraction data taken on Co/Pd multi-
layer samples show that after excitation by a femtosecond
optical pulse, the magnetic contrast is sharply reduced, fol-
lowed by a slow magnetization recovery over a nanosecond
timescale. The speckle pattern remains stable during the re-
covery, indicating that the spatial arrangement of magnetic
domains in the sample is maintained. The normalized time
correlation is used to separate the dynamic scattering intensity
into an elastic portion at low ¢, corresponding to a disordering
of spins within the individual domains which retains the initial
domain structure, and a fluctuating portion at high ¢ attributed
to motions of magnetic domain boundaries during relaxation.

Picosecond time resolved coherent scattering experi-
ments at 3rd generation synchrotron sources will enable the
study of many dynamic processes, including the determina-
tion of technological switching limits. Of special interest to
the magnetism community is all-optical switching, which
occurs on picosecond time scales.® In the future, time-
resolved laser pump x-ray probe experiments at X-ray Free
Electron Laser (XFEL) facilities, such as the Linear Coher-
ent Lightsource, will provide access to sub-picosecond dy-
namics with both femtosecond temporal resolution and
nanometers spatial resolution. Additional opportunities for
carrying out measurements with few picosecond time-
resolution at SSRL will be possible with low alpha timing
modes.*? Time-resolved coherent scattering experiments at
3rd generation synchrotrons will thus complement experi-
ments at XFELs, allowing a wide range of dynamics to be
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probed with nanometer scale resolution over the femtosec-
ond to nanosecond time scale.
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