
Femtosecond measurement of 
direct light-induced spin transfer

Dr. Phoebe M. Tengdin
Kapteyn-Murnane Group, JILA, University of Colorado Boulder
Current Affiliation: Ecole Polytechnique Fédérale de Lausanne



Outline for my talk
Ultrafast Ferromagnetism
- Previous understanding: 

- Ultrafast demagnetization takes place in 100-200 fs

- Introduction to extreme ultraviolet Magneto-optical Kerr Spectroscopy

- Element Specific Information

- 10fs bursts, very high time resolution

- New Understanding: Spin excitations within few femtoseconds!

- Ultrafast magnetic phase transition in Ferromagnetic Nickel

- Direct optical spin transfer between different elements in Co2MnGe

Zusin, D., Tengdin, P., et. al. PRB 97, 024433 (2018)
Tengdin, P. et. al. Sci. Adv. 4 : eaap9744 (2018)

You, W., Tengdin, P., et. al. PRL 121, 077204 (2018)
Tengdin, P. et al., Sci. Adv. in press (2019)

Hofherr, M., et al., Sci. Adv.  in press (2019)
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The puzzle of light-induced ultrafast demagnetization
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S.#Eich,#J.#Urbancic,#M.#Wiesenmayer,#A.V.#Carr,#A.#Ruffing,#S.#Jakobs,#S.#Hellmann,#K.#Jansen,#A.#Stange,##
M.#M.#Murnane,#H.#C.#Kapteyn,#L.#Kipp,#K.#Rossnagel,#M.#Bauer,#S.#Mathias,#and#M.#Aeschlimann#

Abstract:)TimeG#and#angleGresolved#photoemission#spectroscopy#(trARPES)#using#femtosecond#extreme#ultraviolet#(XUV)#lightGpulses#has#recently#emerged#to#a#key#technology#for#
the#invesOgaOon#of#ultrafast#quasiparOcle#dynamics#in#correlatedGelectron#materials#[1G4].#However,#the#full#potenOal#of#this#approach#has#not#yet#been#achieved#because,#to#date,#
using#high#harmonics#driven#by#780#nm#wavelength#Ti:sapphire#lasers#required#a#tradeGoff#between#photon#flux,#energy#and#Ome#resoluOon.#Here#we#show#that#390#nm#driven#high#
harmonic#XUV# trGARPES# is#much#superior# to#using#780#nm# laser#drivers,#because# it#eliminates# the#need# for#any# spectral# selecOon,# thereby# increasing# the#count# rate#and#energy#
resoluOon#of#<#150#meV#while#preserving#excellent#Ome#resoluOon#of#<#30#fs#and#photon#brightness.##
We#exploit#the#potenOal#of#our#new#experimental#capabiliOes#by#repeaOng#measurements#on#the#chargeGdensity#wave#system#1TGTiSe2.#The#improved#energyGresoluOon#–#without#
any#tradeGoff#on#OmeGresoluOon#and#XUV#photon#flux#–#does#now#allow#us#to#disentangle#details#in#the#shortGOme#response#of#TiSe2#to#the#ultrafast#laser#excitaOon.#

Details)in)the)photo2induced)phase2transi5on)of)TiSe2)

measured)with)op5mized)HHG)femtosecond)XUV)ARPES)

Op5mized)HHG)for)femtosecond)XUV)trARPES)using)frequency2doubled)Ti:sapphire)lasers)

ARPES)with)XUV)light:)enhanced)informa5on)depth)

ARPES#maps# recorded# at# different# photon# energies:# an# increase# of# the# photonGenergy#
enables# the# access# to# higher# binding# energy# states# and# extends# the# experimentally#
accessible#momentum#space.#Example:#quantumGwell#states#in#Ag/Cu(111).#
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S.#Mathias#et#al.,#Dynamics#at#Solid#State#Surfaces#and#Interfaces,#V1#501–535#(WileyGVCH:#2010)#

Principle)of)HHG)

Popmintchev#et#al.,#Nat.#Photon.,#4#,822##(2010)#

Top:# HHG# 3# step#model# consisOng# of# tunnel# ionizaOon,# acceleraOon# of# the#
electron#in#the#laser#field#and#finally#the#recombinaOon#resulOng#in#an#XGray#
burst.# Boiom:# RelaOon# between# the# Ome# and# frequency# domain# of# the#
generated#harmonics#

Experimental)setup)

Use#Ti:Sa#amplifier#laser#to#generate#2nd##harmonic#in#BBO#crystal,#which#yields#390#nm#with#0.3#
mJ/pulse.# Focus# blue# light# into# Kr# (15G20# torr)# filled#waveguide# to# generate#primarily# the# 7th#
harmonic# at# 22.3# eV.# Si# wafer# reflects# generated# HHG# light# onto# a# toroidal# mirror,# which#
focuses# the# HHG# beam# onto# the# sample.# A# 2D# analyzer# is# used# for# parallel# energy# and#
momentum#detecOon#of#the#electrons.#

ARPES)Spectra)

of)Cu(111))

References:# #[1]#Rohwer#et#al.,#Nature#471,#490#(2011) #[2]#Petersen#et#al.,#PRL#107,#177402#(2011)##
# #[3]#Carley#et#al.,#PRL#109,#057401#(2012)##### #[4]#Hellmann#et#al.,#Nat.#Comm.#3,#1069#(2012)#

Contact:# #Steffen#Eich,#seich@physik.uniGkl.de#

Details)in)the)short25me)response)of)the)CDW)phase)transi5on)of)TiSe2)

TiSe2)–)ARPES)with)op5mized)HHG)source)

Comparison#of#“old”#and#“new”#XUV#trARPES#results:#Lep:#hν#=#42#eV#with#ca.#400#meV#energy#resoluOon;#
Right:# hν# =# 22# eV# with# sub# 150# meV# resoluOon.# Using# shorter# wavelength# driving# laser# considerably#
increases#the#accessible#informaOon#depth.#

Charge2density)wave)in)the)transi5on2metal)dichalcogenide)1T2TiSe2)

TopGlep:# real# and# momentum# space# unit# cells# of# the# normal# phase# at# RT# and# the# CDW#
phase.#Below:#Concept#of#CDW#in#one#dimension:#Peirels#transiOon.#Top#right:#normal#and#
CDW#phase#theorie#and#measured#with#hν#=#21#eV#(HeGlamp).#
In# the# CDW# phase,# the# backfolded# Se# 4p# band# is# clearly# visible# at# the# Brillouin# zone#
boundary#(MGpoint)#and#used#here#to#measure#the#photoGinduced#phase#transiOon#in#TiSe2.#

Figure 1, Rohwer et al.
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1,33mJ/cm2#

0,67mJ/cm2#

0,27mJ/cm2#

First)result:)
)
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backfolding)

suppression)

T)=)115)K))

higher)fluence)))))))))))))))faster)reac5on)

Wiesenmayer#et#al.,#PRB#82,#035422#(2010)#

Simultaneous)spectroscopic)access)to)CDW,)PLD,)and)hot2electrons)

42)eV)HHG) 22)eV)HHG)

Rohwer#et#al.,#Nature#471,#490#(2011)#

Electronic))

Excita5on)

CDW)
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Full)spectroscopic))

access)to:)

Normal)phase)at)RT) CDW)phase))

C.#Monney,#DissertaOon,#University#of#Neuchatel,#CH#(2010)#

Se)4p))
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Access)to)microscopic)process)How)fast)do)electronic)and)structural)dynamics)react)to)

the)photo2excita5on?)

In)comparison:)extracted)CDW)amplitude)mode:)125)fs)
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Backfolded)Se)4p)band)Se)4p)shi^)at)!)

The#shortGOme#dynamics#at#the#ΓGpoint#(=#backfolding#suppression#of#the#Se#4p#band)#is#
always#faster#than#a#quarter#oscillaOon#of#the#extracted#amplitude#mode.#We#therefore#
conclude#that#on#short#Omescales#both#order#parameters#show#the#electronic#reacOon#
of#the#system#to#the#pump#excitaOon."
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 backfolded Se 4p band
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sub)150)meV)resolu5on)

purely)electronic)short25me)reac5on)

The# closing# of# the# gap# can# clearly# be# monitored# at# the# ΓGpoint# and# behaves# idenOcal# to# the# backfolding#
suppression#of#the#Se#4p#band#on#short#Omescales.#On#longer#Omescales,#the#dynamical#behavior#at#the#ΓGpoint#
can#be#idenOfied#with#the#amplitude#mode#of#the#periodic#lauce#distorOon.#AddiOonally,#we#see#that#the#onset#of#
the#amplitude#mode#of#the#periodic#lauce#distorOon#is#fluenceGdependent,#i.e.#oscillaOons#start#earlier#for#higher#
pump#intensiOes.#The#extracted#frequency#of#the#amplitude#mode#is#about#2#THz."

By# following# the# kGresolved# electron# dynamics# in# TiSe2#
aper#pump#excitaOon,#we#can#connect#the#Omescale#of#
the# phase# transiOon# to# the# thermalizaOon# Ome# of# the#
highly#excited#electron#gas."

Rohwer#et#al.,#Nature#471,#490#(2011)#
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InsMtute"of"Experimental"and"Applied"Physics,"University"of"Kiel,"DK24098"Kiel,"Germany"

Rohwer#et#al.,#Nature#471,#490#(2011)#
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Coupled dynamics of spins/charge/photons: past work assumed that 
energy flowed from charges, to spins, to lattice

Bigot et al, Nature Physics 5, 515 (2009)
Koopmans et al., Nature Mater. 9, 259 (2010)

How fast can we manipulate spins with light? 

3

- Spin-flip scattering: Koopmans et al., Nature Mater. 9, 259 (2010)

- Spin-orbit coupling: Töws et al., PRL 115, 217204 (2015)

- Superdiffusive spin transport : Battiato et al., PRL 105, 27203 (2010)

- Rev. Mod. Phys. 82, 2731 (2010)

Superdiffusive spin transport : Battiato et 

al., PRL 105, 27203 (2010)



High harmonic generation:
ideal for probing ultrafast spin dynamics

Photon Energy

Driving 
laser

HHG

EU
V 

(M
-e

dg
es

) 

Rundquist et al, Science 280, 1412 (1998)
Chen et al., PRL 105, 173901 (2010)
Popmintchev et al, Science 336, 1287 (2012)

attosecond pulses
4

UNIQUE ADVANTAGES
• Element selective
• Multiple elements simultaneously
• <<10fs time resolution, no jitter
• Span entire M edges, L edges



EUV Probe 
(17- 29 nm)

IR Pump 
(780 nm)

Grating 
Sample

CCD 
camera

Experimental setup

Kerr Effect 
p-polarized reflectivity 
depends on the 
magnetic state

PRL 103, 257402 (2009)
PRX 2, 011005 (2012)

PNAS 109, 4792 (2012)
Nat. Commun. 3, 1037 (2012) 

PRL 110, 197201 (2013)
PRB 94, 220408(R) (2016) 

PRB 97, 024433 (2018)
Sci Adv 4:eaap9744 (2018)

PRL 121, 077204 (2018)
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Direct manipulation of spins:
ultrafast spin excitation in two different materials
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Ferromagnetic Nickel

20 fs

200 fs
Half-metal Heusler 

Alloy: Co2MnGe
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Previous Work: Critical Behavior in Nickel

Tengdin, et. al. Sci. Adv. 2018;4 : eaap9744

7

Observed very surprising spin 
dynamics
- Light excitation couples to spin 

system within 20fs after the pump 
pulse (new timescale for field) 
(ARPES)

- Initial super-excited state dictates 
future dynamics of the material for the 
full range of pump fluences (MOKE)

Probed spin dynamics in Ni 
using tabletop EUV high 
harmonics
- (ARPES) to probe exchange 

splitting, electron temperature
- (MOKE) to probe magnetic order, 

reflectivity

20 fs



Light induced spin transfer: Half metallic System 8

Co2MnGe
• Half metallic: one spin state conducting, the other insulating
• Half-metal gap in Mn is bigger than in Co
• Expect to see slower dynamics due to reduced scattering processes

time
delay

B field

Mn
Co

IR pulse
EUV pulse

Co Mn

Electron wavefunction

both spin 
excitations

only majority
spin excitation

Mn or Ge 
(random)

Half-metal Phase

Co

Full Metal Phase

Co, Mn 
and Ge 
(random)



Ultrafast transfer of magnetization between elemental 
sublattices 

• Element specific measurements reveal 
transfer of magnetization between 
elemental sublattices within duration 
of pump pulse

• Enhancement only present in half metal
• Purely optically induced

Tengdin, et. al.Sci. Adv. In press. (2019)

Mn Co

B2 Phase

0

9
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Element resolved density of states predicts 
mechanism for all-optical spin transfer

• Full metal phase: both spin states of 
both elements excited

• Half metal phase: Only minority 
carriers excited in Mn while both carriers 
are excited in Co

Tengdin, P. et. al.Sci. Adv. In press. (2019)

Co – minority
spin excitation

Mn – majority
spin excitation

Mn or Ge 
(random)

Half-metal Phase
Co

Full Metal Phase

Co, Mn 
and Ge 
(random)

10

Full Metal 
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Microscopic process for direct optical transfer of spin 

Microscopic Process
1. Preferential absorption of a single spin state in the valence band of Mn 

(wavefunction has primarily Mn character, electrons more localized)
2. Direct optical transfer via the conduction band (wavefunction has primarily Co 

character, electrons more itinerant)
Tengdin, P. et. al. Sci. Adv. In press. (2019)
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Initial state Ψ

Final state Ψ



• Transient enhancement of Co magnetization within the duration of 
the pump pulse
– Multiple measurements confirm existence of the enhancement occurs only 

during pump pulse duration
– Enhancement possible only for the half-metallic phase
– Direct measurement of nearly-instantaneous spin manipulation

Optical spin transfer between elemental sublattices in 
half-metallic Co2MnGe on ultrafast 1-55 fs timescales

12

-500 fs 1-55 fs 300 fs 1-2 ps

M MM M M
Co
Mn



Unlike previous ultrafast measurements: behavior is not 
captured by LLG modelling!

M
/M

0

1

0

B2 Phase

M
/M

0

Experiments

Atomic 
LLG Time [ps]

A2 Phase



Spin flip scattering
Theory: Nature Materials 9, 259 (2010)
Our work: PRL 121, 077204 (2018)
Tengdin, P. et al. Sci. Adv. 4, 9744 (2018)

Informing and changing theory: much faster spin 
manipulation, now we see what is happening

Ni# Fe#

Ultrafast light-induced 
spin transferSuperdiffusive spin transport

Theory: PRL 105, 027203 (2010)
Our work: PRL 110, 197201 (2013)

Theory: Nano Lett. 18, 1842 (2018)
Our work: Tengdin et al., in press (2019)
Hofherr et al., in press (2019)

<few-fs≈5-40 fs <20 fs

FM/NM layers

ARPES/MOKE
Measures:
FM Nickel

Co2MnGe Alloy
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LLG Formalism

We consider classical atomic magnetic moments !" = !" $" at site i. The dynamics 
of !" is governed by the atomistic Landau-Lifshitz-Gilbert (aLLG) equation 
(Antropov)

%!"
%& = !× −)(+" + -"

.
!
%!"
%&

Where γ is the gyromagnetic ratio and +" = /0
/12

is the effective precession field related 

to the spin-Hamiltonian, employing a Heisenberg model where -

3 = −4
",6
7",6!" ⋅ !6 − 9:+4

"
!"

Here, the magnetic moments at site i and j are coupled by the exchange parameter Jij. 
The values of the Heisenberg exchange parameters were obtained from first 
principles electronic structure theory. In the expression above, + is the external 
magnetic field. From the fluctuation-dissipation theorem, thermal fluctuations enter by 
a stochastic field, -", that fulfills white noise properties, such as -" = 0 and 
-"< & -=>(&?) = AB"6B<>B(& − &?), with the fluctuation amplitude A = 2.DEF/)! . The 

dissipation part enters the equation of motion via a viscous damping part scaled by 
the Gilbert damping constant α.

V. Antropov et al. Phys. Rev. B 54, 1019 (1996). 


