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Surprising new science 

14 Å 7.7 Å 

PRL 109, 073004 (2012) 

Science 336, 1287 (2012) 

Nature Comm 3, 1037 (2012) 
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II.  Probing the nanoworld at the space-time limits 

— Capture coupled spin/charge/phonon/photon dynamics 

— Imaging at the wavelength limit 

— Applications in nano science, nanotechnology, energy, 
materials, bio science and engineering 

I.  Nonlinear optics at the extreme 

— Efficiently combine >5000 mid-IR laser photons 

— Bright keV x-rays from tabletop lasers 

— Bright tabletop hard x-ray beams? Zeptosecond pulses? 



Tenio Popmintchev, Ming-Chang Chen, Chan La-O-Vorakiat, Emrah Turgut,  
Agnieszka Becker, Andreas Becker, Adra Carr, Margaret Murnane, Henry Kapteyn 

JILA, University of Colorado, Boulder 
 

Andrius Baltuška 
Technical University Vienna 

 
Carlos Hernández-García, Luis Plaja 

University of Salamanca 
 

Alexander Gaeta 
Cornell 

 
Tom Silva, Justin Shaw, Hans Nembach 

NIST 
 

Stefan Mathias, Martin Aeschlimann, Claus Schneider 
Kaiserslautern and Julich 

 
Michael Bauer 
Kiel University 

 
Keith Nelson 

MIT 
 

Tamar Seideman, Sai Ramakrishna 
Northwestern 

 
Xiao-Min Tong 

Tsukuba University 
 

Excellent students and collaborators 



Visible laser light benefits society 
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X-ray tube 

X-ray light also benefits society 
Wilhelm Roentgen  

1895 



x-ray beam	
x-ray beam	


X-ray lasers and free electron lasers 

Soft x-ray laser at 20nm  
(D. Matthews 1985) 

X-ray free electron laser at 1.5nm  
(K. Hodgson 2009) 

Spontaneous emission 

Stimulated emission 
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Ruby laser	

Lens	


Quartz crystal	
 Prism	


Photographic 
plate	


694nm	
347nm	


P.A. Franken et al, PRL 7, 118 (1961) 

The birth of Nonlinear Optics – second harmonic generation 
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Nonlinear 
electron motion	


Laser 
field	


EP(ω)=E0
iωt	


The birth of Nonlinear Optics – second harmonic generation 

ω + ω = 2ω	




x-ray beam	


High harmonics - coherent version of X-Ray tube 

High Harmonic Generation (McPherson et al, JOSA B 4, 595 (‘87); Ferray et al, J Phys B 21, L31 (‘88)) 

 

Röntgen X-ray Tube 

1895 



x-ray beam	


Extreme nonlinear optics - high harmonic generation 

Corkum, PRL 71, 1994 (1993) 
Kulander, Schafer, Krause, SILAP Proceedings, 95 (1992-3) 
Kuchiev, JETP 45, 404 (1987) 



x-ray beam	


Extreme nonlinear optics - high harmonic generation 

Corkum, PRL 71, 1994 (1993) 
Kulander, Schafer, Krause, SILAP Proceedings, 95 (1992-3) 
Kuchiev, JETP 45, 404 (1987) 



x-ray beam	


High harmonic generation – microscopic physics  

Harmonics from single atom	

hνcutoff = Ip+3.2Up ≈ ILλ2 	


energy of e-ionization potential	


cutoff	
Broad bandwidth	

Corkum, PRL 71, 1994 (1993) 
Kulander, Schafer, Krause, SILAP Proceedings, 95 (1992-3) 
Kuchiev, JETP 45, 404 (1987) 



High Harmonic Generation – single atom quantum picture 
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Laser pulse determines the HHG energy and phase 
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Driving laser field 

Harmonic field 

VLaser=VX-ray= c 

Challenge for HHG – macroscopic phase matching 
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VLaser > C 

VX-ray = C 

Challenge for HHG – macroscopic phase matching 

Driving laser field 

Harmonic field 



Efficient HHG requires phase velocity matching 

VLaser > C 

VX-ray = C 

• Refractive index (phase 
velocity) of laser is time 
dependent! 

Laser field 

ionization 



laser 
field 

•  Place gas inside a hollow fiber 

•  Tune the gas pressure to equalize the laser and x-ray phase velocities 

Neutrals Waveguide Plasma 

Δk = qklaser - kHHG = 0	
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Science 280, 1412 (1998) 
Science 297, 376 (2002) 

Pressure tuned phase velocity matching 



laser 
field 

•  Place gas inside a hollow fiber 

•  Tune the gas pressure to equalize the laser and x-ray phase velocities 

Fully coherent, laser-like, extreme 
ultraviolet high harmonic beams 

VLaser=VX-ray=C 

Science 280, 1412 (1998) 
Science 297, 376 (2002) 

Pressure tuned phase velocity matching 



•  Turning up laser intensity creates plasma that speeds up laser phase velocity 

• Defines critical ionization/photon energy above which phase matching 
impossible (150eV) 

Limits of phase matching  

Neutrals Waveguide Plasma 

Vlaser ≠ C 

hνSingle atom cutoff ∝ ILλL
2	
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Neutrals Waveguide Plasma 
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Seres, Brief Communication, Nature 433, 596 (2005) 

•  Turning up laser intensity creates plasma that speeds up laser phase velocity 

• Defines critical ionization/photon energy above which phase matching 
impossible (150eV) 

hνSingle atom cutoff ∝ ILλL
2	


Limits of phase matching  



Electron trajectory	

High harmonic generation using long wavelength lasers 

Single atom HHG: hνSingle atom cutoff ∝ ILλL
2	


Electron wavepacket 
spreading due to 

quantum diffusion means 
single atom yield scales	


∝ λL
-5.5 

       	

λL= 0.8µm 

λL= 1.6µm 

Sheehy, Schafer, Gaarde, PRL 83, 5270 (1999) 
Tate et al.,PRL 98, 013901 (2007) 
Schiessl et al., PRL 99 253903 (2007)  
Frolov et al., PRL 100, 173001 (2008) 



Phase matching in mid-IR overcomes low single-atom yield! 

hνSingle-atom cutoff ∝ ILλL
2	


	


hνPhase matched cutoff ∝ ILλL
1.7	


Ti:Sapphire 

• Mid-IR driving lasers 
extend HHG phase 
matching to > keV 

• Counterintuitive finding: 
MIR phase matching can 
overcome low single-atom 
yield since gas pressure 
and transparency 
increase!  
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Extending bright high harmonics into the soft x-ray region 

hνSingle atom HHG∝ ILλL
2	


hνPhase matched HHG∝ ILλL
1.7	


4000 nm 

4µm 

0.8µm 
2µm 



Coherent x-ray supercontinuum reaching 8Å 

Co Ni Cu Fe C O N B 

λLASER=3.9 µm 

0.8µm 
2µm 

•  Bright coherent tabletop keV x-rays for first time 

•  Near theoretically-limited (absorption-limited) 
efficiency to keV! (> 10-5/pulse in 1% bandwidth) 

1.3µm 

Popmintchev et al., Prov. US Patent (2008); 
CLEO Postdeadline (2008);  
Opt. Lett. 33, 2128 (2008); 
PNAS 106, 10516 (2009);  

Nature Photonics 4, 822 (2010). 
Chen et al., PRL 105, 173901 (2010). 

Popmintchev et al., CLEO Postdeadline (2011). 
Science 336, 1287 (2012). 

> 5000 order nonlinear process! 



Coherent x-ray supercontinuum reaching 8Å 

Co Ni Cu Fe C O N B 

λLASER=3.9 µm 

0.8µm 
2µm 

•  Bright coherent tabletop keV x-rays for first time 

•  Near theoretically-limited (absorption-limited) 
efficiency to keV! (> 10-5/pulse in 1% bandwidth) 

1.3µm > 5000 order nonlinear process! 

FLAT EFFICIENCY INTO keV! 
10-5/pulse in 1% bandwidth 



Dramatic progress in bright tabletop high harmonics 

Ph
as

e-
M

at
ch

ed
 

1.
3 

µ
m

 

2.
0 

µ
m

 

3.
9 

µ
m

 

Year 

0.
8 

µ
m

 

Popmintchev et al.  
Opt. Lett. 33, 2128 (2008) 
PNAS 106, 10516 (2009) 
PRL 105, 173901 (2010) 
Nature Photonics 4, 822 (2010) 
Science 336, 1287 (2012) 



Broadest supercontinuum to date - 2.5 as pulses! 

Uncertainty principle - 

τX-rayFWHM[as] ΔEX-ray[keV]~1.8 

>1.3 keV 

>0.7 keV 



Bright EUV and soft x-ray attosecond pulses 

Opt. Express 17, 4611 (2009) Science 336, 1287 (2012) 

ΔE ≈ 
7 eV 

Δt ≈ 210 as 

Time (fs) 

ΔE ≈ 700 eV 

Δt ≈ 2 as 

EUV  Soft x-ray  



Coherent laser-like x-ray beams from 1 – 30 nm 

Young, Philos. Trans. R. Soc. XCII 12, 387 (1802) 
Bartels et al, Science 297, 376 (2002) 
Zhang et al, Optics Letters  29, 1357 (2004) 
Popmintchev et al, Nature Photonics 4, 822 (2010) 
Chen et al, PRL 105, 173901 (2010) 
Popmintchev et al, Science 336, 1287 (2012) 

13nm HHG beam 

30nm HHG beam 

3nm HHG beam 

1nm HHG beam 

θ ≈ λ/d 	




EXPERIMENT

COHERENT SIMULATION

INCOHERENT  SIMULATION

Ne     14-43 Å He     7.7-43 ÅHe     7.7-43 Å

Bright, tabletop, coherent keV X-ray beams 

Coherent X-ray Supercontinua Incoherent X-ray  
Supercontinua 

 5-5-5 µm 

Roentgen,  
Nature (1896). 

Double  
slit 

EXPERIMENT

COHERENT SIMULATION

INCOHERENT  SIMULATION

Ne     14-43 Å He     7.7-43 ÅHe     7.7-43 Å

X-ray beam 

Popmintchev et al., Science 336, 1287 (2012). 



Limits of high harmonic generation? 

•  He driven by 20 µm mid-IR lasers may generate bright 25 keV beams 

•  ≈ ½ million order phase matched nonlinear process! 

Coherent x-ray tube 



1 meter (1 m) 

 

1 millimeter  (10-3 m) 

 

1 micrometer (10-6 m) 

 

1 nanometer (10-9 m) 

 

1 picometer (10-12 m) 

 

1 femtometer (10-15 m) 

child 

blood cell 

virus 

water molecule 
atom spacing 

size of nucleus 

DNA 

transistor 
nanotubes 

The power of x-rays 

X-rays are ideal probes of the nanoworld: 
•  Penetrate thick objects 
•  Image small features 
•  Elemental and chemical specificity 
•  Capture all dynamics relevant to function 

Protein 
crystallography 

Dynamic metrology of 
advanced thick magnetic 
nanostructures (< 10nm) 

NANO-METROLOGY 
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Stohr et al. 

The power of x-rays 

X-rays are ideal probes of the nanoworld: 
•  Penetrate thick objects 
•  Image small features 
•  Elemental and chemical specificity 
•  Capture all dynamics relevant to function 



1 sec (1 s) 

 

1 millisecond (10-3 s) 

 

1 microsecond (10-6 s) 

 

1 nanosecond (10-9 s) 

 

1 picosecond (10-12 s) 

 

1 femtosecond (10-15 s) 

 

1 attosecond (10-18 s) 

 

1 zeptosecond (10-21 s) 

clock tick 

camera shutter 

camera 
flash 

processor speed 
data storage 

rotations 
bond breaking 
vibrations 
charge transfer 

electron motions 
in atoms, 
molecules and 
materials 

Ultrafast femtosecond to 
attosecond x-ray pulses can 
capture all motion in the 
natural world, even at the 
level of electrons 

The power of ultrafast x-rays 



Understanding the fastest processes in nature 

T < 
200K 

Image charge transfer in complex systems relevant to energy, catalysis using coherent x-ray 
spectroscopy spanning many elemental absorption edges simultaneously 

Spectroscopy Theory

Spectroscopy Theory

~1 cm ~5 �m ~2 A

Water splitting 
system 

Catalytic surface Charge transfer Advanced coherent x-
ray spectroscopies 

•  Charge transfer in catalytic/photovoltaic systems – 1 fs and longer 

•  Phase change in materials – 2 fs and longer 

•  Ultrafast spintronics – fs and longer 

•  Control electron-ion motions in chemical reactions – 1 fs and longer 

•  X-ray induced processes – 50 as and longer 

•  Strong field physics – zeptoseconds and longer 

Electron 
dynamics 



Bond breaking 
in molecules 

Phase changes in 
materials 

Ultrafast spintronics 

PNAS 107, 20219 (2010)  
PNAS 109, 4792 (2012) 
Nature Comm 3, 1037 (2012) 

Nature 471, 490 (2011) 
Nature Comm 3, 1069 (2012) 
 

•  Charge transfer in catalytic/photovoltaic systems – 1 fs and longer 

•  Phase change in materials – 2 fs and longer 

•  Ultrafast spintronics – fs and longer 

•  Control electron-ion motions in chemical reactions – 1 fs and longer 

•  X-ray induced processes – 50 as and longer 

•  Strong field physics – zeptoseconds and longer 

Electron 
dynamics 

Understanding the fastest processes in nature 



Coupled electron-nuclear dynamics in molecules: 
(Science 317, 1374 (2007), Science  322, 1081 (2008), Nature 
Phys. 8, 232 (2012), PRL 109 , 073004 (2012))  

Capture charge-spin-phonon dynamics at multiple 
sites: (Nature 471, 490 (2011), PNAS 109, 4792 (2012); Nature 
Comm 3, 1037 (2012); Nature Comm 3, 1069 (2012)) 

Nanoscale imaging: Record tabletop 22nm resolution 
(Op. Ex. 19, 22470 (‘11); 17, 19050 (‘12); Nature 463, 214 (2010)) 
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Nanoscale energy transport: probe nanoscale 
energy/strain flow (Nature Materials 9, 26 (2010);  
Nano Letters 11, 4126 (2011); PRB 85, 195431 (2012)) 

Capturing nanoscale dynamics using high harmonics 

x-ray pump 

IR probe 

22nm 

CCD detector

Al filter

Si
3
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4
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Ru
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Understand correlated interactions of charge/phonons/photons 

ARTICLE NATURE COMMUNICATIONS | DOI: 10.1038/ncomms2078

NATURE COMMUNICATIONS | 3:1069 | DOI: 10.1038/ncomms2078 | www.nature.com/naturecommunications

© 2012 Macmillan Publishers Limited. All rights reserved.

Metal-insulator transitions have a prominent role in con-
densed matter physics, not only as a source of spectacu-
lar resistivity changes over many orders of magnitude 

that may form the basis of electronic devices, but also particularly 
as a major intellectual challenge driving the development of theo-
retical and experimental methods1–5. !e active interest in the "eld 
is largely due to the fact that one is confronted with a many-body 
problem. As any metal-insulator transition is driven by a variety of 
interactions between the many electronic and structural degrees  
of freedom constituting a solid, the phenomenon represents an 
excellent test of our understanding of complex systems4.

In systems dominated by electron–electron and electron– 
phonon interactions, there are three distinct models of insulators, 
all connected with the emergence of long-range charge order and 
a gap in the electronic structure at the Fermi energy EF (Fig. 1)2,5. 
!e "rst model is the Mott insulator, resulting from the intra-atomic 
Coulomb interaction. Mott insulators can arise from metals with 
a #at band straddling EF. !ey are characterized by the complete 
localization of the valence electrons at the atomic sites and by the 
opening of a density-of-states gap at EF (Fig. 1a). !e second model 
is the excitonic insulator, arising from the unscreened electron–hole 
interaction. An excitonic instability due to the spontaneous forma-
tion of excitons can occur in a semimetal with a small overlap or a 
semiconductor with a small gap and may lead to a charge-density 
wave (CDW). !e CDW phase is accompanied by a small, ‘accidental’  
lattice distortion due to "nite electron–phonon coupling, and is sta-
bilized by a gap at EF due to an avoided crossing of the valence and 
conduction bands (Fig. 1b). !e third model is the Peierls insulator, 
resulting from electron–phonon interactions. In a Peierls instability, 
the formation of a CDW and a periodic lattice distortion go hand in 
hand. !e wavelength and symmetry of the periodic modulations 
"t to the Fermi surface such that occupied electronic states near  
EF are lowered and the resulting gain in electronic band energy is 
larger than the cost in Coulomb and lattice energy (Fig. 1c).

Classi"cation according to the above scheme, however, is o$en 
not straightforward because in real complex materials, electron–
electron and electron–phonon interactions are o$en simultane-
ously strong and the dominant interaction is not easily identi"ed. 
An important part of the problem is that the characteristic signature 
of the resulting insulating state, the gap in the electronic spectrum 
as observed in (time-integrated) spectroscopy, may look the same 
in all the three cases.

!e central hypothesis of the present work is that complex  
insulators can be classi"ed more reliably in the time domain—by 
time- and momentum-resolved pump-probe spectroscopy—on 
the basis of the gap melting times. !e underlying idea is that 
the length and excitation density dependence of the melting time 
should directly re#ect an elementary interaction-dependent proc-
ess speci"c to each class of insulator (Fig. 1d). !is hypothesis is 
here tested using a set of transition-metal dichalcogenides, layered 
materials that continue to provide a fertile "eld for disentangling the 
combined e%ects of electron–phonon and electron–electron interac-
tions, in pristine compounds6 as well as in intercalation complexes7. 
Two prominent examples are 1T-TaS2 and 1T-TiSe2. In these two 
compounds, the electronic structures8–15 and ultrafast spectral 
responses16–19 indicate the presence of signi"cant electron corre-
lation e%ects. In both compounds, electron–electron interactions  
may in fact have an important role in CDW formation12–14,18–20 
and in the emergence of superconductivity from CDW states upon 
intercalation21 or under pressure22,23.

Results
Systems. !e momentum-space symmetries of the three arguably 
most intriguing CDW phases of 1T-TaS2 and 1T-TiSe2, are shown in 
Fig. 2, together with the unreconstructed schematic Fermi surfaces 
and the reconstructed band structures as seen by (time-integrated) 
angle-resolved photoemission spectroscopy (ARPES).

!e p R( 13 13) 13.9  reconstruction of pristine 1T-TaS2  
(Fig. 2a), which occurs at temperatures below 180–200 K (depend-
ing on cooling or heating), is rather well understood as a com-
bined Peierls–Mott insulating phase8,10,24: the strong periodic  
lattice distortion, which is coupled to the CDW, splits the occupied 
part of the lowest-lying Ta 5d band into three subband manifolds 
so that the uppermost, half-"lled manifold becomes susceptible to 
a Mott-Hubbard-type transition creating a deep pseudogap at EF. 
!e spectroscopic signatures of this scenario are remarkably strong 
and momentum selective. In the ARPES spectral weight distri-
bution depicted in Fig. 2b, the Mott-Hubbard gap (taken here as 
the distance between EF and the lower Hubbard band) has a size 
of about 120 meV and is best visible near the  point8. !e CDW 
reconstruction, on the other hand, seems most pronounced in the 
clear subband splittings along M , the strong band backfolding  
along M K , and the large spectral gap of about 400 meV that 
opens at the edge of the original Brillouin zone (midway between 
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Figure 1 | Three basic classes of insulators and their characteristic response times. (a) Mott insulator. (b) Excitonic insulator. (c) Peierls insulator. 
For each case, the characteristic signatures of the insulating state (solid lines, coloured shading) following the transition from a metallic state (dashed 
lines, grey shading) are illustrated: in real space, the periodic modulation of the valence-electron density and, if applicable, of the atomic positions, and 
in energy-momentum space, the opening of an energy gap ( ). (d) Corresponding timescales of the responses to impulsive near-infrared excitation, as 
derived from the materials investigated in the present work, and their assignment to elementary model-specific processes.

Mott insulator                       Excitonic insulator                Peierls insulator 

•  Separation of timescales allows one to learn about nature of interactions 
in insulators 

• Measure the melting times of electronic order parameters to identify the 
dominant interaction in a charge-density-wave material 

Nature 471, 490 (2011); Nature Comm 3, 1069 (2012) 

Metallic state 



PUBLICATIONS 
PRX 2, 011005 (2012)  
PNAS, 109, 4792 (2012)  
Nature Commun. 3, 1037 (2012)  

Surprising ultrafast spin dynamics 

NEWS ARTICLES ABOUT WORK 
Physics 5, 11 (2012)  
Physics Today 65 (5), 18 (2012)  
Physik Journal 11, Nr. 6, page 26 (2012) 

Even in a strongly 
exchange-coupled Fe-
Ni ferromagnetic alloy, 
the dynamics of the 
individual spin sub-
lattices can be 
different on timescales 
faster than that 
characteristic of the 
exchange interaction 
energy (10 – 80 fs)  

Large, superdiffusive, spin currents can be launched 
by a femtosecond laser through magnetic multilayers, 
to enhance or reduce the magnetization of buried 
layers, depending on their relative orientation 

• No complete microscopic theory of 
magnetism exists on fs time scales 

• High harmonics enable ultrafast, 
element-specific, spin dynamics to be 
probed at multiple sites simultaneously 
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Exponential growth in data storage – zetabytes/yr! 

Shaw et al., PRB 
78, 024414 (2008) 



Shaw et al., PRB 
78, 024414 (2008) 

5MB of data 
at $10,000 
a megabyte! 

2GB of data 
at $1 a 
gigabyte! 

Exponential growth in data storage – zetabytes/yr! 



Ferromagnetism 

26Fe,  

27Co,  

28Ni,  

 

𝑚↓𝑙  

•  Magnetism exists because all of the “spins” in a magnet 
line up to point in same direction due to exchange 
interaction 

•  Generally, metals are complex because collection of 
mobile electrons interacting one another - many body 
problem without complete theoretical model 

http://www.futurity.org/science-
technology/x-ray-lasers-reveal-
magnets’-inner-life/ 

!2# !1# 0# 1# 2# S# mexp#

↑↓# ↓# ↓# ↓# ↓# 2# 2.216#

↑↓# ↑↓# ↓# ↓# ↓# 3/2# 1.715#

↑↓# ↑↓# ↑↓# ↓# ↓# 1# 0.616#



How can we measure the magnetic state? 
3p  3d! 2p  3d!

EUV"
M-edges"

Soft X-ray"
L-edges"



EUV Probe "
(17- 29 nm)"
 "

IR Pump "
(780 nm)"

Grating "
Sample"

CCD "
camera"

4
µ
m 

Kerr Effect"
~M

Experimental setup 



No complete microscopic theory of magnetism exists on fs time scales 

•  Excite electrons in material using 20fs 800nm pulse 

•  Probe dynamics using sub-10fs high harmonics  

•  Capture element-specific, spin dynamics at multiple sites simultaneously 

•  Separation of timescales allows one to learn about interactions and nature of 
magnetism on the fastest timescales 

20fs 
laser 

<10fs EUV 



Coupled dynamics of spins/charge/photons dominate on < 100fs times 

Bigot et al, Nature Physics 5, 515 (2009) 



Nature of magnetic signal under hot debate……… 

H. Regensburger et al, PRL 61, 14 716, 2000 

NATURE PHYSICS | VOL 7 | SEPTEMBER 2011 | www.nature.com/naturephysics 665

correspondence

To the editor: Following excitation by a 
femtosecond laser pulse, ultrafast quenching 
of the magnetization of ferromagnetic metals 
is probed using the magneto-optical Kerr 
e!ect (MOKE)1. It has been argued2 that the 
MOKE signal is modi"ed through non-
equilibrium electron distributions created 
during the femtosecond pulse, and that under 
these conditions the MOKE signal can no 
longer be linked directly to the magnetization. 
Zhang et al.3 recently claimed to have found 
conditions leading to a correlation between 
the measurable change of the MOKE 
spectrum, called the optical response, and the 
unknown change of the magnetic moment, 
called the magnetic response. #e authors3 
report that they have solved this long-
standing dispute and laid a solid theoretical 
foundation for femtomagnetism.

In this correspondence we present 
arguments against such a conclusion. 
We address the following issues: "rst, the 
presented model3 does not treat a pump-
probe set-up; second, it only considers how 
the magnetization is modi"ed due to optical 
transitions of band electrons; and third, the 
studied3 "rst-order magnetic response can be 
shown to be zero.

First: a meaningful treatment of the 
optical response of the system to a pump 
must include perturbations due to the pump 
and the probe laser. A method for such a 
problem has already been developed within 
linear-response theory4. Alternatively, the 
impact of the pump pulse can be included 
in calculations using non-equilibrium 
distributions of electrons; this was used 
to reveal5,6 a modi"cation of the MOKE 

and X-ray magnetic circular dichroism7 
of nickel. An approach based on a density 
matrix that evolves according to the Liouville 

equation as performed in ref. 3 should also 
be applicable, but the probe pulse should be 
included correctly.

#e optical response is represented3 by a 
quantity Im[Pxy

(1)], called o!-diagonal "rst-
order polarization. It follows from inserting 
the "rst-order density into the formula 
�P(t)��ΣkTr[ρk (t)Dk]. Notably, the only 
perturbation present in the "rst-order density 
is the pump pulse. In other words, the probe 
signal is identical to that of the pump, and the 
change to the situation with no pump is being 
simulated, not the standard experimental 
situation that has a time delay between these 
two laser signals. Considering then the 
presented results for  Im[Pxy

(1)] (see Fig. 2a of 
ref. 3), it is not surprising that the simulated 
magneto-optical response decays immediately 
when the pump signal diminishes, which is in 
striking contrast to experiments, where it is 
seen for picoseconds.

Second: the paper3 considers only the 
change of the magnetization induced directly 
by laser excitation of electrons in nickel. 
Spin &ips during optical transitions can 
occur only because of spin-orbit coupling. 
Such a demagnetizing in&uence of light was 
previously estimated to be very small8, and 
insu'cient to explain the observed large 
demagnetization. Also, all arguments in ref. 
3 are based on a "rst-order magnetization Mx, 
induced by a pulse with Ey linear-polarization, 
and denoted Im[Mxy

(1)]. However, Mx is 
not the transient magnetization probed 
in usual pump-probe experiments, where 
the Mz -projected response is traced with 
Ey- polarized light.

#ird: the employed3 linear-response 
expression for Im[Mxy

(1)] (using the 
unperturbed electron density, Supplementary 
equation 7) de"nes a magneto-electric 

susceptibility χem (M
→
��χ↔em∙ E

→), which connects 
a pseudovector M with a polar vector E. #is 
magneto-electric susceptibility vanishes in 
crystals with inversion symmetry9, such as 
face-centred cubic (fcc) nickel. #e question 
remains as to why it doesn’t disappear in the 
reported3 calculations.

Although Zhang et al. conclude that 
the long-standing dispute is "nally solved, 
a careful examination of the presented 
evidence reveals that the simulation does not 
realistically address what is actually measured 
in femtosecond pump-probe experiments. 
#erefore, this paper3 does not solve the 
question of whether the MOKE signal in 
ultrafast pump-probe experiments really 
probes the magnetization. ❐
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Zhang et al. reply — Carva, Battiato 
and Oppeneer (CBO) comment on our 
paper1. #ey raise three main points: 
"rst, the model presented by us does not 
treat a pump-probe set-up; second, it 
only considers how the magnetization 
M is modi"ed due to optical transitions 
of band electrons; and third, the studied 
"rst-order magneto-optical susceptibility 
can rigorously be shown to be zero. While 

we welcome constructive criticisms, we 
"nd these claims self-contradicting and 
disappointing.

First, they claim that our model does not 
treat a pump-probe set-up by advocating 
their own theory2,3. #e reader will "nd, 
however, that their formula (equation 2 of 
ref. 2) is essentially the same as our theory in 
the static limit (our formula is not shown in 
our paper1). Furthermore, on page 5520 of 

their paper they themselves admit2, “#us, 
we do not study the actual time dependence 
of the electronic density during the initial 
laser excitation”. So their approach, which 
lacks a time-dependent description of 
the laser pulse, is clearly a step backward 
from the time-resolved magneto-optical 
Kerr e!ect.

CBO confuse the basic principle of 
pump-probe techniques, and their time 

Is the controversy over femtosecond 
magneto-optics really solved?
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Measuring the magnetic state using EUV-MOKE 
3p  3d! 2p  3d!

EUV"
M-edges"

Soft X-ray"
L-edges"

EUV HHG 

EUV abs. 

L shell 

M shell 



How fast can we destroy the magnetic state? 

PNAS, 109, 4792 (2012); Physics Today 65 (5), 18 (2012); 
Physik Journal 11, Nr. 6, page 26 (2012)   

Strong ferromagnetic 
permalloy - FeNi 
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How fast can we destroy the magnetic state? 
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How fast can we destroy the magnetic state? 

Permalloy 
Strong 
Exchange 
Tc = 850K 
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PNAS, 109, 4792 (2012); Physics Today 65 (5), 18 (2012); 
Physik Journal 11, Nr. 6, page 26 (2012)   



Characteristic time lag for ferromagnetic coupling to re-
establish  

Cu-doped 
Permalloy 
Weak 
Exchange 
Tc = 400K 
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PNAS, 109, 4792 (2012); Physics Today 65 (5), 18 (2012); 
Physik Journal 11, Nr. 6, page 26 (2012)   
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•  Measure characteristic 
demagnetization times for 
elemental Fe and Ni accurately 
for first time 

•  Fe demagnetizes faster than Ni 
since nanoscale spin-flip 
scattering processes are faster! 

•  In the alloy, since the de-
magnetization timescales are the 
SAME after a characteristic time 
lag, we can observe how the 
quantum exchange interaction 
influences dynamics 

 

Demagnetization timescales different for pure Fe and Ni 
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Extracting the exchange interaction timescale 

Permalloy" 18 ± 10 fs" 0.3 eV"

Py-Cu" 76 ± 9 fs" 0.06 eV"

τEx Eex=h/τEx 

Mathias et al., PNAS, 109, 4792 (2012) 
Physics Today, May 2012; Physik Journal 26 (2012)  

•  On timescales shorter than the quantum exchange interaction time, Fe spins 
randomize faster than Ni spins due to faster spin-flip scattering 

•  Quantum exchange interaction means that Fe spins will drag the Ni spins after 
some time lag corresponding to “exchange time” τex 



Spintronics – spin electronics - for efficient nanoelectronics 

•  Energy dissipation from electrical current is a major roadblock in nanoelectronics 

•  Encoding data in electron spin, rather than charge, may reduce energy requirements  

•  Most transport properties depend on the density of states near the Fermi level 

•  Spin asymmetry in the density of states allows ferromagnets to generate, manipulate, 
and detect spin 

http://asdn.net/asdn/electronics/spintronics.shtml 

www.physorg.com 



Ultrafast spin transport can enhance magnetization 

EXPT 

THEORY 

•  Sample – ferromagnetic Ni-Fe layers separated by a Ru spacer layer 

•  Can demagnetize Ni very rapidly using fs laser 

•  Launch large spin current from Ni to Fe to increase or decrease 
magnetization depending on initial orientation! 

•  Need fast x-rays to capture spin dynamics in multiple layers simultaneously 

Ultrafast	  laser	  

Ultrafast	  high	  
harmonic	  

Ni	  layer	  

Fe	  layer	  

Nature Comm 3, 1037 (2012) 



Sayre, Acta Cryst 5, 843 (1952) 
Miao et al., Nature 400, 342 (1999)  

Coherent Diffractive Nano-Imaging 

•  No aberrations - diffraction-limit in theory 
•  Image thick samples 
•  Inherent contrast of x-rays 
•  Robust, insensitive to vibrations 
•  Requires a coherent beam and an 

isolated sample 



sample  
(SEM image) 

John Miao (UCLA) 
Bill Schlotter (SLAC) 

Yanwei Liu (Berkeley) 
Carmen Menoni (CSU) 

Matt Seaberg, Dan Adams, MM, HK (JILA) 

        

High harmonic 
source (13nm) 

reconstruction 

Diffraction  
pattern 

Image  
reconstruction 

lineout 

13nm EUV mirrors 

Femtosecond laser 
 

Record tabletop light microscope: 22nm resolution using HHG 

22nm 

PRL 99, 098103 (2007); Nature 449, 553 (2007); PNAS 105, 24 (2008);  
Nature Photon. 2, 64 (2008); OL 34, 1618 (2009); Optics Express 19, 22470 (2011)   

13nm beam 



Future 
•  Take attosecond electron rescattering physics, discovered over 

20 years ago, to generate coherent x-rays 

• Now have ultrafast coherent soft x-ray beams on a tabletop, 
and excellent prospects for hard x-ray beams from lasers 

• Ultrafast x-rays and lasers can capture and control function in 
the nanoworld at the space time limits relevant to function 

•  Table-top microscopes, nanoprobes and x-ray imaging with 
unprecedented spatial and temporal resolution 
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