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Critical behavior within 20 fs drives the
out-of-equilibrium laser-induced magnetic phase
transition in nickel
Phoebe Tengdin,1* Wenjing You,1* Cong Chen,1 Xun Shi,1† Dmitriy Zusin,1 Yingchao Zhang,1

Christian Gentry,1 Adam Blonsky,1 Mark Keller,2 Peter M. Oppeneer,3 Henry C. Kapteyn,1

Zhensheng Tao,1† Margaret M. Murnane1

It has long been known that ferromagnets undergo a phase transition from ferromagnetic to paramagnetic at the
Curie temperature, associatedwith critical phenomena such as a divergence in the heat capacity. A ferromagnet can
also be transiently demagnetized by heating it with an ultrafast laser pulse. However, to date, the connection be-
tween out-of-equilibrium and equilibrium phase transitions, or how fast the out-of-equilibrium phase transitions
can proceed, was not known. By combining time- and angle-resolved photoemission with time-resolved transverse
magneto-optical Kerr spectroscopies, we show that the same critical behavior also governs the ultrafast magnetic
phase transition in nickel. This is evidenced by several observations. First, we observe a divergence of the transient
heat capacity of the electron spin system precedingmaterial demagnetization. Second, when the electron tempera-
ture is transiently driven above the Curie temperature, we observe an extremely rapid change in the material re-
sponse: The spin system absorbs sufficient energy within the first 20 fs to subsequently proceed through the phase
transition, whereas demagnetization and the collapse of the exchange splitting occur on much longer, fluence-
independent time scales of ~176 fs. Third, we find that the transient electron temperature alone dictates the
magnetic response. Our results are important because they connect the out-of-equilibrium material behavior to
the strongly coupled equilibriumbehavior and uncover a new time scale in the process of ultrafast demagnetization.

INTRODUCTION
As a ferromagnetic metal approaches the Curie temperature, it reaches
a critical point where the magnetic properties of the material change
dramatically. Under equilibrium conditions, this ferromagnetic-to-
paramagnetic phase transition is associated with critical phenomena,
characterized by a vanishing of the spontaneous magnetization as well
as a divergence of the magnetic heat capacity and susceptibility (1). A
faster route to change the magnetization is to use femtosecond laser
irradiation: Since the first experimental observation of ultrafast laser-
induced demagnetization (2), femtomagnetism has been a subject of
intense experimental and theoretical studies. Although one might ex-
pect critical phenomena to play an important role in laser-induced de-
magnetization of ferromagnetic metals, to date, there has been no clear
evidence of this.

When a ferromagnetic metal is heated with a femtosecond laser
pulse, the energy is directly coupled into the electron bath, creating
an out-of-equilibrium electron distribution. This electron energy
distribution quickly thermalizes (within tens of femtoseconds) to a
hot Fermi-Dirac energy distribution. In most past work, the laser-
induced demagnetization process is described as a sequence of events
where the energy of the hot electron bath transfers first to the spin and
later to the lattice degrees of freedom. This cascade of energy relaxation
processes is used to explain why ultrafast demagnetization occurs over
a range of time scales from ~100 to 500 fs (2, 3). These multiple time
scales observed in past experiments obscured any contributions from

critical phenomena. Although there is still no consensus on the impor-
tant microscopic mechanisms that drive ultrafast demagnetization, or
their relevant time scales, a number of microscopic models have been
proposed. These are based on spin-flip scattering (3–8) that transfers
spin angular momenta during the demagnetization process, as well as
laser-induced polarized (9–11) or unpolarized (12, 13) spin currents
that can also lead to ultrafast demagnetization.

Here, we present clear evidence that critical behavior on a new
ultrafast 20-fs time scale governs laser-induceddemagnetization innickel.
We show this by correlating time- and angle-resolved photoelectron
spectroscopy (Tr-ARPES) with time-resolved transverse magneto-
optical Kerr effect (Tr-TMOKE) spectroscopy, as well as with extreme
ultraviolet (EUV) transient reflectivity, all using tabletophigh-harmonic
sources (14). Through fluence- and temperature-dependent studies, we
make several surprising observations. First, we observe critical behavior
as the spin system undergoes a transient magnetic phase transition: As
the laser fluence approaches a critical fluence Fc of ~2.8 mJ/cm2, cor-
responding to a hot electron temperature approaching the Curie tem-
perature (~631 K), significantly more laser energy is required to
increase the peak electron temperature, indicating a divergence in the
heat capacity of the spin system. Second and very surprisingly, the spin
system absorbs sufficient energy within the first 20 fs to subsequently
proceed through the phase transition. This defines a new time scale in
the process of ultrafast demagnetization. Demagnetization (measured
using TMOKE) and the collapse of the exchange splitting (measured
using ARPES) both occur on much longer and similar time scales of
~176 fs, independent of the laser fluence. Third, the recovery dynamics
of the exchange splitting also exhibit a critical behavior, changing from
a full recovery within 500 fs when pumped at fluences below Fc to a
much longer 76-ps recovery above Fc. These critical phenomena indi-
cate that the transient electron temperature alone dictates the magnetic
response.
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Abstract
Building upon the success and relevance of the 2014 Magnetism Roadmap, this 2017 
Magnetism Roadmap edition follows a similar general layout, even if its focus is naturally 
shifted, and a different group of experts and, thus, viewpoints are being collected and presented. 
More importantly, key developments have changed the research landscape in very relevant 
ways, so that a novel view onto some of the most crucial developments is warranted, and thus, 
this 2017 Magnetism Roadmap article is a timely endeavour. The change in landscape is hereby 
not exclusively scienti�c, but also re�ects the magnetism related industrial application portfolio. 
Speci�cally, Hard Disk Drive technology, which still dominates digital storage and will 
continue to do so for many years, if not decades, has now limited its footprint in the scienti�c 
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The disclosure of mesoscale behaviour of a
3d-SMM monolayer on Au(111) through a
multilevel approach†

Guglielmo Fernandez Garcia, a,b Alessandro Lunghi, a,c Federico Totti *a and
Roberta Sessoli a

Here we present a computational study of a full- and a half-monolayer of a Fe4 single molecule magnet

([Fe4(L)2(dpm)6], where H3L = 2-hydroxymethyl-2-phenylpropane-1,3-diol and Hdpm = dipivaloyl-

methane, Fe4Ph) on an unreconstructed surface of Au(111). This has been possible through the application

of an integrated approach, which allows the explicit inclusion of the packing effects in the

classical dynamics to be used in a second step in periodic and non-periodic high level DFT calculations.

In this way we can obtain access to mesoscale geometrical data and verify how they can influence the

magnetic properties of interest of the single Fe4 molecule. The proposed approach allows to overcome

the ab initio state-of-the-art approaches used to study Single Molecule Magnets (SMMs), which are

based on the study of one single adsorbed molecule and cannot represent effects on the scale of a

monolayer. Indeed, we show here that it is possible to go beyond the computational limitations inherent

to the use, for such complex systems, of accurate calculation techniques (e.g. ab initio molecular

dynamics) without losing the level of accuracy necessary to gain new detailed insights, hardly reachable at

the experimental level. Indeed, long-range and edge effects on the Fe4 structures and their easy axis

of magnetization orientations have been evidenced as their different contributions to the overall macro-

scopic behavior.

1. Introduction

Nanotechnology is the branch of technology related to the
engineering of devices with dimensions of less than a few tens
of nanometers. However, smallness in itself does not represent
the only goal. Indeed, the realization of nanodevices by innova-
tive structures with new or ad hoc intrinsic properties can
enable breakthroughs in fundamental science and technologi-
cal applications.1–3 One of the possible ways to achieve small-
ness and novel properties at the same time is represented by
the deposition of molecular systems with peculiar properties
(catalytic,4 magnetic5 and conduction6) on different surfaces.
Recently, a class of molecules with peculiar magnetic pro-
perties have been deposited on a surface.7 The reason for the
interest lies in the fact that this class of molecules show a

slow relaxation of their molecular magnetization at low
temperature: hence the name Single Molecule Magnets
(SMMs).8 The possibility to retain their appealing magnetic
properties in addition to the ability to tune them through an
external stimulus once adsorbed on a surface can open the
way to ultra-high density storage devices9,10 and to molecule-
based quantum-computing.11 However, the conservation or
the enhancement at the surface of the properties observed for
the non-adsorbed SMM system is still an open issue. Indeed,
the SMM–surface interaction can easily lead to the suppression
of the target properties if wet approaches are used12,13 or even
to the SMM fragmentation in the case of deposition occurring
through sublimation.14–16

Such issues can be very relevant for the kind of SMM of
interest in this work (polynuclear complexes). Indeed, even
small surface induced structural variations and/or packing
effects might dramatically influence the magnetic properties of
interest, that, in the case of the SMM class of systems, are the
exchange coupling constants J and the magnetic anisotropy
parameter D. Therefore, maintaining or improving the balance
of the J values, which define the total spin ground state S, and
the D values, which define the spin thermal relaxation barrier
(U ∝ |D|S2), becomes crucial upon surface absorption.

†Electronic supplementary information (ESI) available. See DOI: 10.1039/
C7NR06320B
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bInstitut des Sciences Chimiques de Rennes, UMR 6226 CNRS, Université de Rennes

1, 263 Avenue du Général Leclerc, 35042 Cedex Rennes, France
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ARTICLE

Mössbauer spectroscopy of a monolayer of single
molecule magnets
Alberto Cini1, Matteo Mannini 2, Federico Totti 2, Maria Fittipaldi1,

Gabriele Spina1, Aleksandr Chumakov 3, Rudolf Rüffer3, Andrea Cornia 4 & Roberta Sessoli 2

The use of single molecule magnets (SMMs) as cornerstone elements in spintronics and

quantum computing applications demands that magnetic bistability is retained when mole-

cules are interfaced with solid conducting surfaces. Here, we employ synchrotron Mössbauer

spectroscopy to investigate a monolayer of a tetrairon(III) (Fe4) SMM chemically grafted on

a gold substrate. At low temperature and zero magnetic field, we observe the magnetic

pattern of the Fe4 molecule, indicating slow spin fluctuations compared to the Mössbauer

timescale. Significant structural deformations of the magnetic core, induced by the interaction

with the substrate, as predicted by ab initio molecular dynamics, are also observed. However,

the effects of the modifications occurring at the individual iron sites partially compensate

each other, so that slow magnetic relaxation is retained on the surface. Interestingly, these

deformations escaped detection by conventional synchrotron-based techniques, like X-ray

magnetic circular dichroism, thus highlighting the power of synchrotron Mössbauer spec-

troscopy for the investigation of hybrid interfaces.

DOI: 10.1038/s41467-018-02840-w OPEN

1 Department of Physics and Astronomy and INSTM Research Unit, University of Florence, 50019 Sesto Fiorentino, Italy. 2 Department of Chemistry ‘Ugo
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The modification of geometry and interactions in two-dimen-
sional magnetic nanosystems has enabled a range of stud-
ies addressing the magnetic order1–6, collective low-energy 
dynamics7,8 and emergent magnetic properties5,9,10 in, for 
example, artificial spin-ice structures. The common denomi-
nator of all these investigations is the use of Ising-like meso-
spins as building blocks, in the form of elongated magnetic 
islands. Here, we introduce a new approach: single interaction 
modifiers, using slave mesospins in the form of discs, within 
which the mesospin is free to rotate in the disc plane11. We 
show that by placing these on the vertices of square artificial 
spin-ice arrays and varying their diameter, it is possible to 
tailor the strength and the ratio of the interaction energies. 
We demonstrate the existence of degenerate ice-rule-obeying 
states in square artificial spin-ice structures, enabling the 
exploration of thermal dynamics in a spin-liquid manifold. 
Furthermore, we even observe the emergence of flux lattices 
on larger length scales, when the energy landscape of the ver-
tices is reversed. The work highlights the potential of a design 
strategy for two-dimensional magnetic nano-architectures, 
through which mixed dimensionality of mesospins can be used 
to promote thermally emergent mesoscale magnetic states.

Lithographic techniques can be used to fabricate magnetic nano-
arrays, in which the interaction between the elements can be chosen 
by, for example, the distance between the islands. This approach has 
been used in a number of previous works, addressing both the order 
and dynamics of magnetic nanostructures1–8,12. In the specific case 
of square artificial spin ice (SASI), this approach has even enabled 
tailoring of the thermal dynamics and relaxation8,13–15, as well as 
experimental realizations9 of the degenerate square-ice model16. The 
distance and thereby the coupling strength for nearest and next-
nearest neighbours are different in SASI (d1 ≠  d2; see Fig. 1), result-
ing in the loss of degeneracy. As a consequence, the ice-rule-obeying 
vertices, with two islands pointing in–two islands pointing out, are 
split into two groups (TI and TII) with different energies (EI <  EII). 
One way to remedy this shortcoming is to shift parts of the lattice in 
the third dimension9,17,18. An alternative way to modify the energy 
landscape is to introduce an interaction modifier, as illustrated in 
Fig. 1b. In these modified SASI (mSASI) arrays, all islands have the 
same distance, or gap G, to the interaction modifier. While a height 
offset might seem the obvious choice for manipulating the coupling 
strengths between the islands, the use of interaction modifiers at the 
vertices of artificial spin-ice structures is not only lithographically 
much easier to achieve, but also opens up completely new avenues 
for tailoring their energy landscapes. Instead of having a system 
consisting of only one type of island, we use two subsystems with 
widely different shape anisotropies and activation energies.

The elongated islands used in artificial spin-ice structures can 
be described as Ising-like mesospins, while the discs we use here to 

modify their interaction can be described to a first approximation as 
XY-like11. The difference in their activation energies will give rise to 
a master–slave relation, where the vertex state dictates the direction 
of the XY-mesospin. The mutual interaction of the Ising and the 
XY spins yields the emergent magnetic order. For TII and TIII verti-
ces, the magnetization direction of the enclosed discs is enforced by 
the effective dipole moment of the vertex, but the magnetic state of 
the disc for TI and TIV vertices is four-fold degenerate (see supple-
mentary Fig. 14). Fabricating the islands from a material with an 
ordering temperature at or below room temperature8,12,13 allows us 
to access all of the relevant parts of the phase diagram: from the 
paramagnetic state of the material to the ordering of the vertices as 
described below.

In total, we have studied fifteen different SASI arrays with three 
different lattice parameters α =  [660, 720, 800] nm patterned on  
δ -doped Pd(Fe) thin films. Each array has five different disc sizes, 
D =  [0, 120, 130, 150, 180] nm for α =  660 nm and D =  [0, 130, 150, 
180, 200] nm for α =  [720, 800] nm. All arrays have the same elon-
gated island size of 450 ×  150 nm2. Photoemission electron micros-
copy (PEEM) based on X-ray magnetic circular dichroism (XMCD) 
was utilized to determine the magnetic state of the elements. 
Representative results from the near-perturbation-free measure-
ments are shown in Fig. 2a.

The degeneracy-normalized vertex populations, derived from 
the PEEM–XMCD images, as a function of disc diameter for the 
α =  660 nm array are presented in Fig. 2b (see Supplementary Fig. 1  
for full data set). The sample is thermally active and upon cool-
ing will pass the blocking temperatures of the elongated islands 
and the discs. This implies that the frozen states observed at 120 K 
represent configurations that were thermally arrested at higher 
temperatures8. In the absence of a central disc, a large number 
of excitations are observed as the system approaches the antifer-
romagnetically ordered ground state of SASI3. The high degree of 
disorder is caused by the relatively small coupling strength between 
the Ising islands.

The presence of the discs dramatically changes the overall behav-
iour as seen in Fig. 2b, passing from a TI-dominated spin texture in 
the absence of discs (D =  0) to a TII-dominated configuration when 
discs with a diameter of 180 nm are present. This implies an inver-
sion in the energy levels for EI and EII, at a diameter around 150 nm, 
corresponding to a gap of 30 nm (see Supplementary Fig. 13 for 
micromagnetic simulations). We also note that the populations of 
TIII and TIV appear to be only weakly affected by the presence of 
the discs, within the range of diameters studied here (see Fig. 2). 
Therefore, the corresponding vertex energies remain close to con-
stant relative to EI and EII. For D =  150 nm (G =  30 nm), the numbers 
of TI and TII vertices are similar, which is expected in the compen-
sated regime where all ice-rule-obeying vertex configurations are 
equal in energy and therefore degenerate.

Interaction modifiers in artificial spin ices
Erik Östman� �1*, Henry Stopfel� �1, Ioan-Augustin Chioar1, Unnar B. Arnalds2, Aaron Stein� �3, 
Vassilios Kapaklis� �1 and Björgvin Hjörvarsson� �1

© 2018 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.
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Beyond a phenomenological description of
magnetostriction
A.H. Reid et al.#

Magnetostriction, the strain induced by a change in magnetization, is a universal effect in

magnetic materials. Owing to the difficulty in unraveling its microscopic origin, it has been

largely treated phenomenologically. Here, we show how the source of magnetostriction—the

underlying magnetoelastic stress—can be separated in the time domain, opening the door for

an atomistic understanding. X-ray and electron diffraction are used to separate the sub-

picosecond spin and lattice responses of FePt nanoparticles. Following excitation with a 50-fs

laser pulse, time-resolved X-ray diffraction demonstrates that magnetic order is lost within

the nanoparticles with a time constant of 146 fs. Ultrafast electron diffraction reveals that this

demagnetization is followed by an anisotropic, three-dimensional lattice motion. Analysis of

the size, speed, and symmetry of the lattice motion, together with ab initio calculations

accounting for the stresses due to electrons and phonons, allow us to reveal the magne-

toelastic stress generated by demagnetization.

Corrected: Author correction
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or to H.A.Dür. (email: hermann.durr@physics.uu.se). #A full list of authors and their affliations appears at the end of the paper.

NATURE COMMUNICATIONS | (2018)9: 388 |DOI: 10.1038/s41467-017-02730-7 |www.nature.com/naturecommunications 1

12
34

56
78

9
0
()
:,;



3322  ppuubblliiccaattiioonnss  iinn  hhiigghh--iimmppaacctt  
ppeeeerr--rreevviieewweedd jjoouurrnnaallss

66  ppuubblliiccaattiioonnss  iinnvvoollvvee ttwwoo oorr  mmoorree  
FFeemmttootteerraabbyyttee ppaarrttnneerrss

FEMTOTERABYTE: Publishing highlights



Participation in more than 100 
conferences & workshops
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JEMS 2019, META2019 and ECMM2019

(our mission: merging nano-optics and nanomagnetism)
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School on Magnetism 2017 – Condensed Matter Magnetism: Bulk meets nano, 9-23 October 2017, Cargese, Corsica (France); poster (A.
Gabbani); Magnetic modulation of surface plasmons in magnetoplasmonic nanoparticles, Plasmonica 2018, School of Plasmonics and Nano-
optics, 15-18 June 2018, Cetraro (Italy), poster (A. Gabbani); Magnetoplasmonic nanoparticles with enhanced magneto-optical
response, Chemistry for the Future 2018, 4-6 July 2018, Pisa, poster (A. Gabbani); "Magnetoplasmonic sub-nanometer-multilayer nanoantennas
for the dynamic magnetic chiroptics and structural color", talk at MRS Fall 2018, Boston MA, USA, 25-30 November (2018), E. Smetanina;
"Modeling femtosecond laser-induced electron dynamics in dielectrics by means of Optical Bloch Equations", talk at International Conference on
Ultrafast Optical Science "UltrafastLight-2018", Moscow, Russia, 01-05 October (2018), E. Smetanina; "Magnetoplasmonics: magnetic control of
light in the nanoscale landscapes", talk at "METANANO 2018" conference, Sochi, Russia, 17-21 September (2018), E. Smetanina; “Investigation of
magnetization dynamics of Fe20Pd80 circular island arrays” May, 29th to 31st 2017, 11th Symposium on Hysteresis Modeling and Micromagnetics
(HMM 2017), in Barcelona, Spain, Talk (A. Ciuciulkaite); “Au/TbxCo1-x layered pillars as tunable magneto-plasmonic resonators” July 10 to July
13, 2018, 16th International Nanotech Symposium & Nano-Convergence Exhibition (NANO KOREA 2018) in Ilsan, The Republic of Korea, Poster,
(A. Ciuciulkaite); “Au/TbxCo1-x layered pillars as tunable magneto-plasmonic resonators” 3rd to the 7th of September 2018 Joint European
Magnetic Symposia (JEMS) in Mainz, Germany, Poster, (A. Ciuciulkaite); “Au/TbxCo1-x layers for tunable magneto-plasmonic nano-resonators” 17-
28 September 2018, European School on Magnetism 2018 in Krakow, Poland, Poster, (A. Ciuciulkaite); “Collective magnetization dynamics in
nano-arrays of thin FePd discs”, February 6th-8th 2019, Workshop on Frontiers in Artificial Spin Ice in Bad Zurzach, Switzerland, Poster, (A.
Ciuciulkaite).

PPaarrttiicciippaattiioonn  ooff  eeaarrllyy--ccaarreeeerr  
rreesseeaarrcchheerrss  ooff  tthhee  pprroojjeecctt  iinn  mmoorree  
tthhaann  5500  ccoonnffeerreenncceess  &&  wwoorrkksshhooppss

FEMTOTERABYTE: Participation of early-career 
researchers in scientific conferences



- Several patents for multiple applications being 
elaborated as a result of the project

- Proof-of-concept device for memory is created

- Demonstration of building blocks achieved: optical 
writing and electrical reading
Building blocks combined => ultra-fast, energy-efficient, 
scalable demonstrator

- Exploitation plans for memory and beyond with
industrial partners

FEMTOTERABYTE: Intellectual property protection





More info:

https://www.gu.se/en/research/femtoterabyte 

http://www.fetfx.eu/project/femtoterabyte/

https://cordis.europa.eu/project/id/737093

https://www.gu.se/en/research/femtoterabyte
http://www.fetfx.eu/project/femtoterabyte/
https://cordis.europa.eu/project/id/737093



