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Outline

● Transient (magnetic) 
spectroscopy of interfaces 

● Time-resolved imaging of 
gigahertz (spin) dynamics 

● Femtosecond x-ray diffraction 
of terahertz phonons
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Spin accumulation
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Spin accumulation at the interface: 
● Spin-polarized current induces small magnetization 

in the normal metal 
● Great technological relevance (magnetic memories)

x

NM FM

ΔM

Spin diffusion length



Experimental set-up and sample description

● Nanopillar sample with Cu/Co interface 

● Circularly polarized x-rays around the 

Cu L3 edge (932.7 eV) 

Image current-induced XMCD 

(I ~ 107 A/cm2) 

● Possible to switch both current polarity 

and x-ray helicity
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FIG. 1: (a) Timing of current pulses, x-ray pulses and data
collection periods, as discussed in the text. (b) Schematic of
the x-ray microscopy measurements. The x-ray spot size at
the sample was 35 nm and the transmitted x-rays were de-
tected by an avalanche photo diode. Images were recorded
by raster scanning of the sample. (c) The sample consisted
of a nanopillar of 240 nm diameter containing a ferromag-
netic multilayer with perpendicular magnetization direction,
as discussed in the text. Current to the pillar was supplied
by Au and Ru contact leads, as shown. The current is de-
fined as positive when flowing from Cu to the ferromagnet,
corresponding to electron flow in the opposite direction. At
the bottom right, we show a representative STXM contrast
image revealing the nanopillar, taken at the Cu L3 resonance
energy of 932.7 eV.

in sensitivity (6×10−4) over previous attempts to detect
spin accumulation with x-rays [13].
Fig. 2 (a) shows the averaged line scan across the

nanopillar, for the transmitted current on/off intensity
ratio, Iσ± = Iσ±on /Iσ±off , recorded with plus (σ+, blue)
and minus (σ−, red) x-ray helicities. This measurement
was taken at -5mA, which corresponds to a current den-
sity of 1011A/m2. Fig. 2 (b) shows similar line scans for
the opposite direction of current flow (+5 mA). The in-
set shows the current dependence of the XMCD contrast,
defined as (Iσ+− Iσ−)/(Iσ++ Iσ−). It increases linearly
with the current. The current on/off normalization re-
moves any contrast due to topography and static magne-
tization. The dependence of the image contrast on x-ray
polarization and current flow direction in Figs. 2 (a) and
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FIG. 2: (a) Line scan across the nanopillar. Plotted is the
ratio of the transmitted intensities for current on versus off,
Iσ± = Iσ±

on /Iσ±
off , recorded for negative (σ−) and positive (σ+)

helicities of the incident x-rays and -5 mA current. (b) Same
as in (a) for opposite current direction (+5 mA). The inset
shows the dependence of the XMCD contrast, defined as the
intensity ratio (Iσ+

− Iσ−)/(Iσ+ + Iσ−).

(b) proves that it arises from a magnetic effect. The
size of the contrast is similar for both current directions
within an error margin of 1× 10−5.
Fig. 3 shows the transient XMCD spectrum (red data

points) obtained from integrated image intensities as a
function of photon energy across the Cu L3 resonance
with an applied current of +5mA current. The tran-
sient Cu XMCD signal exhibits a two peak structure,
clearly revealed by curve fitting with Gaussians (dashed
red curves). The lower peak is centered at the inflection
point of the Cu metal x-ray absorption spectrum (XAS),
shown as a solid gray curve appropriately scaled for ref-
erence, and has a full width half maximum (FHWM) of
0.57 eV. The second peak is located 0.7 eV higher in en-
ergy and has a FWHM of 1.0 eV.
We assign the lower energy transient XMCD peak in

Fig. 3, to Cu atoms in the bulk of the 28 nm thick film. It
is due to spin accumulation induced by a mismatch of the
spin dependent resistivities across a Co/Cu interface and
exists over a distance that is determined by the spin diffu-
sion length [14]. For our sample, the spin accumulation is
approximately constant across the Cu layer whose thick-
ness of 28 nm is much smaller than the Cu spin diffusion
length of ≃350nm [15, 16]. Our assignment is supported
by the fact, that its position coincides with the inflection
point of the Cu metal XAS spectrum which corresponds
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size of the contrast is similar for both current directions
within an error margin of 1× 10−5.
Fig. 3 shows the transient XMCD spectrum (red data

points) obtained from integrated image intensities as a
function of photon energy across the Cu L3 resonance
with an applied current of +5mA current. The tran-
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clearly revealed by curve fitting with Gaussians (dashed
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shown as a solid gray curve appropriately scaled for ref-
erence, and has a full width half maximum (FHWM) of
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Fig. 3, to Cu atoms in the bulk of the 28 nm thick film. It
is due to spin accumulation induced by a mismatch of the
spin dependent resistivities across a Co/Cu interface and
exists over a distance that is determined by the spin diffu-
sion length [14]. For our sample, the spin accumulation is
approximately constant across the Cu layer whose thick-
ness of 28 nm is much smaller than the Cu spin diffusion
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by the fact, that its position coincides with the inflection
point of the Cu metal XAS spectrum which corresponds
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shown as a solid gray curve appropriately scaled for ref-
erence, and has a full width half maximum (FHWM) of
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Fig. 3, to Cu atoms in the bulk of the 28 nm thick film. It
is due to spin accumulation induced by a mismatch of the
spin dependent resistivities across a Co/Cu interface and
exists over a distance that is determined by the spin diffu-
sion length [14]. For our sample, the spin accumulation is
approximately constant across the Cu layer whose thick-
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with an applied current of +5mA current. The tran-
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shown as a solid gray curve appropriately scaled for ref-
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0.57 eV. The second peak is located 0.7 eV higher in en-
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We assign the lower energy transient XMCD peak in

Fig. 3, to Cu atoms in the bulk of the 28 nm thick film. It
is due to spin accumulation induced by a mismatch of the
spin dependent resistivities across a Co/Cu interface and
exists over a distance that is determined by the spin diffu-
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approximately constant across the Cu layer whose thick-
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by the fact, that its position coincides with the inflection
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X-ray energy dependence

● Peak at the Fermi level: spin 
accumulation 

● Unexpected second peak at the XAS 

peak energy: same x-ray energy of static 
moments at hybridized Cu/Co interface 

● Joule heating reduces the net interface 
moment, spin-torque re-aligns it
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FIG. 3: Comparison of the L3 x-ray absorption spectrum
(XAS) of Cu metal (gray line) with the transient Cu XMCD
signal (red squares) of the nanopillar sample, recorded with
+ 5mA current on/off. A fit of the transient spectrum (red
line) composed of two Gaussians (dashed red) is shown su-
perimposed.

to the position of the Fermi level EF [17]. The XMCD
peak also has the minimum width allowed by the 2p3/2
core hole lifetime (≃ 0.5 eV) [17, 18], in good accord with
the notion that within the bulk of the Cu film the tran-
sient spins flow and accumulate within a narrow energy
band around the Fermi level.
The higher energy peak position in Fig. 3 is close to

the peak of the XAS spectrum. Based on earlier work
on Co/Cu multilayers (ML) [19, 20] and detailed stud-
ies of the XMCD and XAS spectra of Co/Cu alloys it
is assigned to magnetic Cu interface atoms with a room
temperature moment of ≃ 0.05µB [19, 20]. For our sam-
ple with a single Co/Cu interface, the static XMCD peak
of the interface atoms was too weak to be detected since
the Cu signal is dominated by the bulk of the film. How-
ever, its transient XMCD signal was observable owing
to the high sensitivity of our MHz lock-in current on/off
technique.
For the same ferromagnetic alignment direction of the

Co moments in ML and CoCu alloy reference samples and
in our pillar sample, we find that the signs of the static
Co and Cu interface XMCD peaks and those of the two
transient peaks in Fig. 3 are the same for a +5mA current
direction. From the size of the integrated transient Cu
XMCD signal we can estimate the magnetic moment per
Cu atom caused by the spin current using the procedure
in Ref. [19]. Exploiting the fact that the density of states
for pure Cu [17] and a Cu layer sandwiched between Co
[21] exhibits more d than s states around EF and that the
XMCD signal is dominated by 2p3/2 → 3d transitions, we
derive a moment of mCu ≃ 3×10−5 µB per Cu atom for
the lower energy peak. If we assign the intensity of the
second peak to a single layer of Cu interface atoms, the
transient moment per atom is mCu≃ 4×10−3µB.
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FIG. 4: (a) Schematic density of states (DOS) without cur-
rent flow (EF=µ↑=µ↓) for itinerant s-p and localized d spins
for bulk Co and Cu, and Cu interface atoms. The exchange-
split d DOS of the Co and magnetic Cu interface atoms ex-
hibits occupied (blue) and unoccupied minority spin states
(yellow), which is absent in bulk Cu. The static XMCD ef-
fect arises from transitions to the yellow shaded unoccupied
d states. (b) Model of the spin dependent electron chemical
potentials in the presence of electron spin flow from Co to Cu
across an abrupt interface without interface states. The di-
agram corresponds to the shown Co magnetization direction
and +5mA current as in Fig. 1 (c). The spin averaged chemi-
cal potentials µ̄Co in Co and µ̄Cu in Cu are shown in red. The
chemical potentials decay exponentially with distance from
their maximum values µ↑(0) and µ↓(0) at the interface. The
origin of the transient XMCD effect is discussed in the text.

The size and sign of the transient Cu moment of the
lower energy XMCD peak in Fig. 3, which is assigned
to spin accumulation in the bulk of the 28 nm thick Cu
film, can both be explained by Mott’s two current model
[22, 23]. In this model the current flows in independent,
parallel spin-up and down channels, and spin-flip scat-
tering is forbidden. In each spin channel, the resistivity
is determined by scattering of itinerant s-p electrons into
empty d states localized on the atomic sites. In a strong
ferromagnet like Co, the majority d states lie below the
Fermi energy and are filled. The resistivity is therefore
determined by transitions of minority s-p electrons into
minority d holes in accordance with the band structure
schematically illustrated in Fig. 4 (a). In Cu, the d band
lies well below the Fermi level and the lack of localized
empty d states in both spin channels leads to a low resis-
tivity.
When electrons flow from Co to Cu, the minority spins

experience a lower resistance in Cu since there are less

Samant	et	al.,	PRL	72,	1112		(1994)	
Nilsson	et	al.,	Phys.	Rev.	B	54,	2917	(1996)
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Imaging spin injection into Cu

�7

R.	Kukreja,	S.	Bonetti,	Z.	Chen,	D.	Backes,	Y.	Acremann,	J. A.	Katine,	A. D.	Kent,	H. 
A.	Dürr,	H.	Ohldag,	and	J.	Stöhr,	Phys.	Rev.	Lett.	115,	096601	(2015)

10-5 variation on background! 
Can we do that at a FEL?  



Outline

● Transient (magnetic) 
spectroscopy of interfaces 

● Time-resolved imaging of 
gigahertz (spin) dynamics 

● Femtosecond x-ray diffraction 
of terahertz phonons
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Imaging of spin waves in nanocontacts
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RF drive



“Pump/probe” experiments at synchrotrons for increased sensitivity
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Storage	ring	orbit	period:	780	ns	(1.28	MHz)

• 476	MHz	modulation:	noise	reduction	(“lock-in”)	

• 1.28	MHz	modulation:	normalization

SSRL



State of the art time-resolved magnetic imaging at synchrotrons
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1 precession period: 160 ps

Circularly 
polarized x-rays

Photodiode
S. Bonetti et al, Nature Comm. 6:8889 (2015)

200	nm

S. Bonetti, J. Phys.: Cond. Matt. 29, 133004 (2017)

30 nm, 20 ps resolution
1 deg precession, 10-3 variation

Time-resolved experiment with 
10-3 variation on background! 

Can we do that at a FEL?  



Spatial resolution: x-ray holography
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Demonstrated: 15 nm resolution, soft x-rays, circular polarization



Community proposal at European XFEL  - accepted
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X-ray holography of ultrafast magnetism: femtosecond movies at the nanoscale

Skyrmion

Interference pattern 
on DSSC detector

Coherent x-rays pulses

Sample with 
reference structure



Outline

● Transient (magnetic) 
spectroscopy of interfaces 

● Time-resolved imaging of 
gigahertz (spin) dynamics 

● Femtosecond x-ray diffraction 
of terahertz phonons
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Temporal resolution: FELs

● 20-50 fs “good”, so far the least problematic parameter 

● But: 
● Fermi electron velocities in metals are 1 nm / fs 
● Phonons and magnons at ~10 THz (100 fs period) 

determines fundamental properties of many materials 

● Need 10 fs or better soon! 

● Timing tool at XPP/LCLS: observation of 8 THz oscillations, 
probably the limit. Better synchronization will be needed.
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Excitation strength: the repetition rate dilemma

● More pulses: better statistics and resolution 

● But: measurements often stroboscopic, need to reset 
after each pulse. 

● Pump-probe experiments: need to thermalize back to same 
state before next pulse; 1 µs (1 MHz) not enough? 

● In laser experiments (1 kHz), ballpark numbers for solid 
state: 
● Pump: 10-100 mJ/cm2, 10 - 100 uJ, 10 - 100 mW 
● Probe: 0.01 - 0.1 mJ/cm2, 0.1 - 1 uJ, 0.1 - 1 mW
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Challenges
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● Can we measure ultrafast resonant x-ray spectroscopy with 
high sensitivity (10-5 or better)? 

● Can we create femtosecond movies at the nanoscale? 

● Can we easily combine pump pulses of arbitrary 
wavelengths (from terahertz to XUV)? 

● Can we tune the FEL between sensitive spectroscopy and 
stroboscopic imaging (high rep-rate, low energy/pulse), 
and single-shot and pump-probe (low rep-rate, high 
energy/pulse) settings?
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Thank you for your attention!


