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- observe the importance of the lattice

- understand spin-orbit fluctuations

- control the exchange interaction
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Ultrafast Dynamics in Magnetic Materials

switching by light

switching by fields
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ultrafast timescales require nanoscale dimensions

ultrafast angular 
momentum

transfer 
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Complexity in Magnetic Materials

EF 

magnon excitations Stoner excitations

coupling to the lattice is 
usually neglected near 

equilibrium !

here we cannot do this 
anymore

fluctuations on all 
length & time 
scales @ TC
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We need to consider angular momentum dynamics

conserve total angular momentum
J = Se + Le + L(lattice) + L(photon)

ultrafast Einstein – de Haas effect ?
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conserve total angular momentum
J = Se + Le + L(lattice) 

Stamm, Dürr, et al., Nature Materials 6, 740 (2007); 
Stamm, Dürr, et al., PRB 81, 104425 (2010)

fs optical 
   pump

fs x-ray 
 probe

There must be an ultrafast 
Einstein - de Haas effect 

But how does it work so fast ?

We need to probe the lattice !

How do we do it ?

Ni
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Femtosecond Control of Magnetic Anisotropy
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H.A. Dürr, G. van der Laan, 
 Phys. Rev. B 54, R760 (1996). 

electron

nucleus
magnetic 

field

 E ~ -ξ<L.S> 
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C. Boeglin, E. Beaurepaire, V. Halté, V. Lopez-Flores, C. Stamm, N. Pontius, 
H. A. Dürr, .J.-Y. Bigot, Nature 465, 458 (2010)

 

dynamical heat equations coupling two baths, corresponding to the
electrons and phonons26. A description of the model is provided in
Supplementary Information.

We note that the experimental observation of the drop of (Lz/Sz)(t)
(continuous line in Fig. 4b) is perfectly supported by the quantitative
fits in the framework of this model. In Fig. 4a, the absolute ampli-
tudes of Lz(t) and Sz(t) are provided. Using the fitted curves and
statistic analysis, we can extract with high accuracy the following
relative variations for Sz(t) and Lz(t). While Sz(t) reduces by
556 3% of its static value, Lz(t) reduces by 676 6.5% of its static
value. The error bars are given by the fitting procedure, as discussed
in Supplementary Information. Comparing the two superposed
fitted curves in Fig. 4a (blue dashed line and black line), one directly
notices the larger attenuation of the orbital moment compared to the
spin moment; this attenuation is much larger than the error bars of
our fitted curves. This is confirmed using the temporal evolution of
the ratio (Lz/Sz)(t) displayed in Fig. 4b. It is evident that the ratio varies
with pump probe delay, and that the 296 5% relative reduction of
(Lz/Sz)(t) is clearly outside the experimental errors of the data points.
The error bar of 5% is determined by the errors given for Lz(t) and
Sz(t). The red curve in Fig. 4b is a fit where tth(Lz)5 tth(Sz), and shows

a large mismatch with the data; this excludes identical characteristic
times for Sz(t) and Lz(t). As observed in Fig. 4b, the reduced value of
(Lz/Sz)(t) persists for longer times (t< 2 ps). Owing to limited statis-
tics, other experiments27 could not achieve such observations. We
note that this relative quantity (obtained by dividing Lz(t) by Sz(t))
can be far more accurately determined than the individual values
because uncertainties related to the normalization term C in the
sum rules cancel out.

We will now discuss first the change of amplitudes and then the
temporal behaviour of Lz(t) and Sz(t). Considering static XMCDmea-
surements from other works, concerning the correlations between the
orbital magnetic moments and the magneto-crystalline anisotropy
energy (MAE)23,28, we suggest that the reduction of the large out-of-
planeorbitalmomentLz(t) corresponds to the temperaturedependence
of the MAE29. Higher temperatures favour systematically lower mag-
netic anisotropy and lower Lz values

30. Quantitative values of Lz are
available for ordered out-of-plane alloys versus isotropic alloys in dif-
ferent analogous systems. They have been measured for both elements
constituting the alloys, at the L2,3 edges (Fe L2,3 or Co L2,3 edges and Pd
L2,3 or Pt L2,3 edges) in the alloys FePd (ref. 23) and CoPt (ref. 28).
Interestingly, the 296 5% reduction of the orbital moment per spin
observed in the present work is in very good agreement with the orbital
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Figure 3 | Femtosecond evolution of the magnetic and electronic states.
a, b, Time-resolved XMCD at the Co L3 and Co L2 edges measured on a 15-nm
Co0.5Pd0.5 alloy film using femtoslicing. The film has an out-of-plane
anisotropy. A linear relation connects the two Co L3 and Co L2 XMCD signals
with the twomagneticmoments19,20Lz and Sz . The dashed lines forCoL3(t) and
Co L2(t) are calculated from the fitted time evolutions of Lz(t) and Sz(t), for
which the resolution broadened double exponential function were used (see
Fig. 4a continuous lines and Supplementary Information). c, Time dependence
of the electronic Co L3 XAS intensity recorded at energy E5 780.8 eV. The
measured electronic XAS difference (for pumped and non-pumped sample) is
related to the electronic changes observed in the valence band of the Co 3d
bands when excited with the laser pulse. The pump conditions are identical to
those used for the magnetic data (density of absorbed laser energy:
Eabs5 12mJ cm22). The continuous line is a time dependent simulation using
the resolution broadened double exponential given in Supplementary
Information. The initial rise time te-e5 220620 fs corresponds to the
thermalization of the electrons at the Fermi level following the laser excitation.
The subsequent decay time of 3606 20 fs is related to the relaxation time of the
electrons to the lattice. Errorbars of experimental data showstandarddeviation.
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Figure 4 | Femtosecondevolutionof themagnetic spinandorbitalmoments.
a, Sum rule extracted effective spin and orbital magnetic moments Sz(t) and
Lz(t) as a function of the delay time between the laser pump and the X-ray
probe. The continuous lines are fits obtained by using a 130-fs FWHM
Gaussian function accounting for the time resolution of the experiment
(including theX-ray probe and the femtosecond laser pump).The bluedashed
line represents the fit to Lz(t) scaled to the value of Sz(t) before laser excitation.
The characteristic thermalization times of both spin and orbital magnetic
moments are: tth(Lz)5 2206 20 fs and tth(Sz)5 2806 20 fs. The fitting
procedure and error bars providing the thermalization times are explained in
Supplementary Information. The difference between both thermalization
times is 606 30 fs, showing a faster decrease of the orbital moment. The
maximum relative variation for Sz(t) is –556 3%, whereas for Lz(t) it is
–676 6.5%. b, The ratio (Lz/Sz)(t) obtained as a function of the delay time
shows that the orbital magnetic moment reduces more than the effective spin
magnetic moment during the ultrafast demagnetization process. The black
continuous line is the ratio between the two simulations of Lz(t) and Sz(t),
showing a relative variation of –296 5%. The red line is the ratio obtained
whenwe take two identical values tth(Lz)5 tth(Sz)5 260 fs. The error bars for
Lz(t), Sz(t) and (Lz/Sz)(t) are obtained from the error bars of the time resolved
XMCD at the Co L2 and Co L3 edges.
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Femtosecond Control of Magnetic Anisotropy
CoPd
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S.J. Gamble et. al., Electric field induced magnetic anisotropy 
in a ferromagnet, PRL 102, 217201 (2009)

It is possible without 
sample heating !

But how ?

THz Control of Magnetic Anisotropy ?
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obtain snapshots 
of spatial registry 
between L and S

image magnetic 
anisotropy 
fluctuations

THz
pump

x-ray
L2

probe

probe spin & orbital 
disribution

x-ray
L3

probe

Femtosecond Two-Color X-Ray Holography
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it happens on the nanoscale!

Stanciu, et al, PRL 99, 047601 (2007) Vahaplar, et al, PRL 103, 117201 (2009)

Femtosecond Control of Exchange Coupling
All Optical Switching

!
!
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Femtosecond Two Color 
X-Ray Holography:

- control spins without   
    heating

- determine angular 
    momentum paths
    (L, S & lattice microscopy)

- manipulate exchange 
    coupling

THz
pump

hard
x-ray
probe

latticespins

The Ultimate Femtosecond X-Ray Experiment

soft
x-ray
probe
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- Lasing down to 500 eV
- Short pulse mode <10fs

We are on the way ...
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