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Using specially engineered structures to tailor the optical absorption in a metallic multilayer, we analyze
the magnetization dynamics of a Co=Pt multilayer buried below a thick Cu layer. We demonstrate that hot
electrons alone can very efficiently induce ultrafast demagnetization. Simulations based on hot electron
ballistic transport implemented within a microscopic model that accounts for local dissipation of angular
momentum nicely reproduce the experimental results, ruling out contribution of pure thermal transport.
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Ever since the discovery in 1996 by Beaurepaire et al.
that magnetization in a magnetic material can be quenched
within less than a picosecond using femtosecond laser
pulses, the mechanisms responsible for the ultrafast loss of
magnetization have been strongly debated [1]. During the
last ten years, the focus has been put on the interplay
between local dissipation of angular momentum and trans-
port effects triggered by femtosecond laser pulses in
magnetic multilayers.
Initially, laser-induced demagnetization was explained in

terms of heat transfer between electrons, phonons, and spin
baths within the so-called three temperatures model [1].
Lately, different models have been suggested, relying either
on a direct coupling between the photon field and the
spin bath [2,3], on spin-flip processes induced by electron
scattering with particles or quasiparticles [4–14], or
explaining the loss of demagnetization considering thermal
mechanisms [15,16].
During the last 25 years, transport and relaxation mech-

anisms of photogenerated carriers in metals have been
extensively studied [17,18] but the potential of laser-induced
spin currents has only recently been signaled [19–26].
Malinowski et al. first pointed out that laser excited spin-
polarized hot electrons could increase and speed up the loss
of magnetization in magnetic multilayers [19]. Thereafter, a
model of ultrafast demagnetization involving superdiffusive
transport of hot electrons was reported by Battiato et al.
[20,21]. According to this model, energy and spin-
dependent lifetime and velocity in a ferromagnetic layer
could lead to the generation of a pure spin current after laser
excitation, resulting in the accumulation of minority spins in
the ferromagnetic material when deposited on a spin sink,
e.g., a metallic layer. It was even speculated whether
superdiffusive hot electron spin transport could act as the
only source of demagnetization without needing any local
angular momentum relaxation channel. Following those
ideas, many different groups reported on laser-induced hot

electron spin transport [22,23] and subsequent spin transfer
torque [24], as well as spin transfer torque due to laser-
induced thermal gradients [25,26].
In all these experiments, demagnetization was induced

by spin polarized hot electrons. Therefore, a legitimate
and interesting question naturally arises: is it possible to
demagnetize a ferromagnet using only unpolarized hot
electrons and, subsequently, how fast and efficient can the
effect be? A first attempt to answer this question was
reported by Eschenlohr et al. [27] where hot electrons were
excited in a 30 nm thick Au layer deposited on top of a
15 nm Ni layer. It was concluded that hot electrons are as
efficient as photons to demagnetize Ni. However, the work
has been questioned because of the strong overestimation
of the light absorption in the Au layer [28], and in hindsight
the structures were not optimal for demonstrating the
effects looked for since a large photon absorption was
present in the magnetic layer. More recently, a similar result
was reported by Vodungbo et al. [29]. In that case, care was
taken to avoid direct excitation of the ferromagnetic layer
but all the conclusions are based on a single measurement.
Furthermore, Eschenlohr’s and Vodungbo’s investigation
were performed on magnetic samples much thicker than the
hot electrons’ penetration depth while the experimental
technique was sensitive to the whole thickness. Therefore,
it is not obvious if the different features observed between
laser and hot-electron induced dynamics are due to the
process itself or to the inhomogeneous excitation.
In this Letter, we aim at settling the controversy con-

cerning the efficiency of ultrafast demagnetization induced
by hot electrons by presenting unambiguous experimental
data of fast demagnetization induced by hot electrons only,
proving a strong efficiency of the process and demonstrating
that it can be explained within a microscopic three-temper-
atures model when adding hot electron ballistic transport.
The investigated samples consisting of glass=Tað3Þ=

Ptð3Þ=½Coð0.6Þ=Ptð1.1Þ�2=Coð0.6Þ=CuðdÞ=Ptð3Þ (units in
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nm) were grown by dc magnetron sputtering, with d the
Cu thickness varying from 0 to 300 nm. Cu was chosen
since it has one of the highest hot-electron lifetimes [17].
TR-MOKE experiments were realized using a pump-probe
technique. The pump consists of 800 nm laser pulses,
corresponding to a photon energy of 1.55 eV, with a 35 fs
duration. The probe is frequency doubled to 400 nm. The
laser repetition rate is 5 kHz. Both beams hit the sample at
almost normal incidence and they are focused down to 300
and 60 μm for the pump and the probe, respectively.
Measurements were performed for both directions of the
magnetization by pumping the sample from the top Pt=Cu
face, while probing the Kerr effect through the glass
substrate [Fig. 1(a)]. In order to accurately determine the
zero time delay, samples were patterned to have areas with
and without the Cu layer.
In order to quantitatively separate direct photon excita-

tion from the one due to hot electron transport, knowledge
of the exact absorption profile in the multilayers is crucial.
Therefore, the optical transmission in samples consisting of
glass=Tað3Þ=CuðdÞ=Ptð3Þ (units in nm) have been mea-
sured and compared to calculations based on absorption
profiles [28]. Furthermore, absorption profiles were calcu-
lated for the full stack containing the Co=Pt multilayer.
Because of the high absorption of Pt compared to Cu, the
majority of the light is absorbed in the top Pt layer (see
Supplemental Material [30]). Since its thickness is smaller
than the hot electrons relaxation length at this energy, hot
electrons generated in Pt can propagate to the Cu layer
without experiencing significant scattering. As the Cu
thickness increases, direct laser excitation of the Co=Pt
multilayers is strongly reduced, since photon transmission

decreases exponentially with the Cu thickness. The absorp-
tion in the Co=Pt multilayers is reduced by a factor of 100
for 60 nm of Cu, while hot electrons can pass such a layer
almost without any loss.
In Fig. 1(b), we show the measured ultrafast transient of

the Kerr rotation for different thicknesses of the Cu layer.
The laser fluence was adapted to obtain similar demag-
netization (around 10% except for 200 and 300 nm of Cu
for which the maximum reachable demagnetization before
damaging the sample was only 7.5% and 6%, respectively)
minimizing the effect of demagnetization amplitude on the
dynamics [9]. It is therefore legitimate to normalize the
data. First of all, a demagnetization is observed for Cu
thicknesses as large as 300 nm. Since photons do not
penetrate so far, another source for demagnetization has to
be considered. Then, a clear delay of the demagnetization
onset is observed with increasing the Cu thickness. Finally,
this delayed onset is accompanied by a more gradual,
slower demagnetization, both to be quantified next.
From these measurements, we extracted the modification

of the delay time in the onset of demagnetization
[Δt0 ¼ t0ðdÞ − t0ðd ¼ 0Þ] measured at 10% of the total
signal, as close as possible of the start to minimize spurious
effects, as well as the modification of the characteristic
demagnetization time [ΔτðdÞ ¼ τðdÞ − τðd ¼ 0Þ], both as a
function of the Cu thickness (Fig. 2). To do so, we fitted our
MðtÞmagnetization traces using an empiric model given by

ðΔM=MÞðtÞ ¼ fA1 − A2=½1þ e
½(t−ðt0þ2.2τÞ)=τ�

�g þ A2 with
A1 being the value at negative time delays and A2 corre-
sponding to the value reached at maximum demagnetiza-
tion; t0 is the time corresponding to 10% of the maximum
demagnetization and τ represents the characteristic demag-
netization time. A linear evolution of the delay time with
the Cu thickness is observed from 0 up to 300 nm of Cu. The
slope corresponds to a constant velocity of 0.68 × 106 �
0.05 × 106 m=s assuming a ballistic trajectory

FIG. 1. (a) Schematic representation of the multilayer structure.
(b) Time evolution of the magneto-optical signal measurements
for different Cu thicknesses. The laser power was adjusted to
keep the maximum demagnetization constant for all samples,
allowing for a normalization of the signal.

FIG. 2. (top) Cu thickness dependence of the induced time delay
in the onset of demagnetization Δt0 ¼ t0ðdÞ − t0ðd ¼ 0Þ. The full
line is a linear fit to the data. (bottom) Modification of the
characteristic demagnetization time ΔτðdÞ ¼ τðdÞ − τðd ¼ 0Þ as
a functionof theCu thicknessd. The full line is a linear fit to the data.
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perpendicular to the Cu layer. Such a linear variation and
high velocity can only be attributed to hot electron transport.
Indeed, the induced delay being within the hundreds of
femtosecond range completely rules out the possibility of
heat propagation by phonons since the sound velocity in Cu
is about 4730 m=s which would result in a much longer
delay. Moreover, the fact that the fit intercept is close to 0
means that most of the hot electrons come from the top
Cu=Pt interface, in agreement with the calculated large
absorption and hot electrons generation in the top Pt layer
(see Supplemental Material [30]).
The linear variation of the time delay up to a 300 nm Cu

thickness is characteristic of ballistic transport. Similar
linear delay time in the transient reflectivity was observed
in Au samples [34,35]. Furthermore, the characteristic
demagnetization time also shows a linear increase as a
function of the Cu thickness, which could be understood as
a broadening of the hot electron pulse [Fig. 2 (bottom)].
This slower demagnetization will be at least partially
caused by a spread in arrival times of the hot electrons,
due to different (even almost random) propagation direc-
tions and different energies [36]. Note that the increase in
demagnetization time is less pronounced than in the results
reported by Vodungbo et al. [29]. There are two reasons for
this difference. First, since the thin Pt layer is responsible
for the generation of hot electrons, we expect a shorter
hot electron pulse duration [37]. Second, the thickness of
½Co=Pt�2 in our samples is only 4 nm, compared to 18 nm in
the case of Vodungbo et al. [29], meaning that we are far
less sensitive to inhomogeneous excitations.
Insights in the hot electron transport properties and

relaxation were obtained by measuring the evolution of
the maximum demagnetization (Δθmax) as a function of the
laser power for different Cu thicknesses (Fig. 3). The
reference sample (i.e., d ¼ 0 nm) for which there is a direct
excitation of the Co=Pt shows first a linear increase at low
power followed by a slowing down when approaching
complete demagnetization, similarly to what has been
reported before [38]. The same trend is observed for a Cu
thickness of 20 nm. Above 40 nm, only the linear part can be
observed since the maximum reachable demagnetization

remains below 80%. The slope of maximum demagnetiza-
tion as a function of the laser power decreases as the Cu
thickness increases. Moreover, it should be pointed out that
the demagnetization induced byhot electrons is very efficient
and is as large as 40%, even for a Cu thickness of 120 nm.
Therefore, similar behaviors are obtained for direct photon
and hot electron excitations.
In order to study the decay of demagnetization efficiency

more quantitatively, we plot the demagnetization at fixed
laser power as a function of Cu spacer thickness, whereby
clearly distinct regimes can be found. A separation between
demagnetization due to direct photon excitation and hot
electron excitation can be observed, which occurs around
60 nm of Cu [areas I and II in Fig. 3(b)]. For Cu layers
thinner than 60 nm, the decay is rather fast, corresponding
to an exponential reduction of the contribution to the
induced demagnetization of the direct photon absorption
in the Co/Pt multilayer. Above this thickness, we enter the
second regime which could also be characterized by an
exponential decay but with a much longer characteristic
length of 150–200 nm. In that case, demagnetization is only
induced by hot electrons. Above 180 nm, a stronger
attenuation seems to occur but the reason for this effect
remains unclear and requires more experiments, which is
beyond the scope of this work. Moreover, the distinction
between the direct photon and hot electron excitations
vanishes when the pulse laser power increases. In that case,
the direct absorption becomes sufficient to induce a large
demagnetization even for a thicker Cu layer.
To investigate in more detail the role of hot electrons in

the ultrafast demagnetization process, we implemented hot
electron ballistic transport within the microscopic three-
temperature model (M3TM) [9]. This model, which was
successfully used to reproduce laser-induced magnetization
dynamics for a wide range of ferromagnets, simulates
transfer of angular momentum between the spin and the
lattice based on Elliot-Yafet type scattering with a prob-
ability aSF that an electron flips its spin when absorbing or
emitting a phonon (see Ref. [9] for more details). The time
evolution of the electron and phonon temperature and of the
magnetization is derived using a set of coupled differential
equations given by

Ce½Te�ðzÞ
dTeðzÞ
dt

¼ ge−ph½TphðzÞ − TeðzÞ� þ Pðz; tÞ;

Cph
dTphðzÞ

dt
¼ ge−ph½TeðzÞ − TpðzÞ�;

dmðzÞ
dt

¼ RmðzÞTpðzÞ
TC

×

�
1 −mðzÞcoth

�
mðzÞTC

TeðzÞ
��

; ð1Þ

where TC is the Curie temperature of the ferromagnetic
layer. Te and Tph are the electron and phonon temperatures,
respectively, and Pðz; tÞ represents the source of excitation

(a) (b)

FIG. 3. (a) Power dependence of the induced Kerr rotation
variation for different Cu thicknesses d. (b) Thickness depend-
ence of the induced Kerr rotation variation for different power.
Zone I corresponds to combined direct photon and hot electron
excitation. In zone II, only hot electrons are responsible for the
demagnetization. Zone III corresponds to a faster attenuation of
the demagnetization.
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as discussed below. Furthermore, R ¼ ð8aSFge−phT2
CÞ=

ðkBT2
DDSÞ represents a prefactor controlling the demag-

netization rate with kB the Boltzmann constant, TD
the Debye temperature, and DS the atomic magnetic
moment divided by μB. The coupling constant between
the electron and phonon subsystem is given by ge−ph ¼
ð3πD2

FDPk2BTDλ
2
e−phÞ=ð2ℏÞ withDF the density of states at

the Fermi level, DP the number of oscillators per atomic
site, and λe−ph the electron-phonon coupling constant. The
parameters used for the simulations are adopted from
Ref. [39] (see Supplemental Material [30]).
Transfer matrix calculations were performed to calculate

the laser absorption profile for relevant Cu spacer thick-
nesses (see Supplemental Material [30]). All absorption in
the buried Co=Pt layer ACoPtðtÞ is treated as a direct heating
source PdirðtÞ in Eq. (1), with a Gaussian temporal profile
exp½−ðt=tpÞ2�, where tp is determined by the laser pulse
length. All absorption in the top Pt and Cu, APtðtÞ and
ACuðtÞ respectively, is assumed to be transferred to hot
electrons. For the sake of simplicity, and because of the
short optical penetration depth, we approximate all hot
electrons to be generated at t ¼ 0 in a slab with infinitesi-
mal thickness at the Pt=Cu interface. Hot electrons are
assumed to travel ballistically at speed v0, and with an
isotropic orientational distribution, through the Cu of
thickness d. Therefore, scattering that would widen the
arrival time distribution is not taken into account. For this
situation it is straightforward to derive the arrival time
distribution at the Cu-Co=Pt interface. Furthermore, we
introduce a hot electron lifetime τHe (related to the hot
electron attenuation length via λHe ¼ vHe=τHe), and an
efficiency F to transfer the energy flux at the interface
into heating of the Co=Pt electronic system, which is
treated as an indirect heating source term PindðtÞ in
Eq. (1). Thus we find,

PðtÞ ¼ PdirðtÞ þ PindðtÞ; ð2Þ

PindðtÞ ¼ FðAPt þ ACuÞ
�
1 −

d=vHe
t2

�
expð−t=τHeÞ;

if t < d=vHe; and 0 else: ð3Þ

Note that all AiðtÞ are a function of layer thickness, as
explicitly calculated, but were approximated by simplifying
analytical functions (Supplemental Material [30]).
As observed in Fig. 4(a), the increase in the delay as a

functionof theCu thickness is readily reproduced. In order to
simulate the maximum demagnetization as a function of
the power and the Cu thickness, we used a characteristic hot
electron decay length of 200 nm, a hot electron velocity
of 1 × 106 m=s and an efficiency parameter F of 0.8
[Fig. 4(b)]. It should be noted that values between 0.7 and
1 gives qualitative agreement between experiments and
simulations. The calculated evolution of the maximum
demagnetization as a function of the Cu layer agrees very

wellwith the experimental results.These results shed lighton
someof thequestions that are still unansweredaboutultrafast
demagnetization.The first conclusionwecanextractwithout
ambiguity from this work is that the laser field is not a
compulsory element to induce ultrafast demagnetization
[2,3,40]. Moreover, in order to induce demagnetization of
the buriedCo=Ptmultilayer, the hot electron energy has to be
transferred into the magnetic system. The generated unpo-
larized hot electrons in the Pt=Cu layers only act as a heating
source, subsequently increasing the electron temperature by
electron-electron interaction within the magnetic layer. We
find very good agreement with experiments employing such
a scenario and assuming a demagnetization process based on
Elliot-Yafet mediated spin flip scattering, whereas in
Eschenlohr’s work [27] the hot electron induced demag-
netization was claimed to be due to hot electron transport in
the ferromagnetic layer itself. Despite the proven finite role
of hot electron transport on ultrafast demagnetization, the
present consensus is that suchdemagnetization processes are
predominantly driven by local dissipation of angular
momentum [41]. Therefore, we believe to have identified
a more likely scenario for demagnetization induced by hot
electron transport. In addition, the large value of the
efficiency parameterF is quite surprising taking into account
that hot electron propagation should be isotropic. This seems
to show that this is not the case and that hot electrons
preferentially propagate from the top excited surface to
the bottom part of the sample. A similar conclusion was
also reported by Turgut et al. [42].
Finally, further simulations based on heat diffusion due

to electronic transport and removing the heat source due to
hot electrons have been performed. In such a case, it is not
possible to reproduce our results showing that heat dif-
fusion, if present, would play only a minor role in the
ultrafast demagnetization process (see Supplemental
Material [30]). Therefore, due to the large number of
samples investigated in this work, we can assure that
demagnetization is triggered by hot electrons.
Twenty years ago, a new field of research started when

photons were shown to induce ultrafast demagnetization. In
this Letter we demonstrated unambiguously that not only

(a) (b)

FIG. 4. (a) Simulation of ultrafast demagnetization for a laser
power of 3.5 mW and different Cu thicknesses. (b) Simulation of
the maximum demagnetization as a function of the Cu thickness
for different laser power excitations. The hot electron attenuation
length was set to 200 nm (see Supplemental Material [30] for
details about the parameters used in the simulations).
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photons but hot electrons can also induce ultrafast demag-
netization in a very efficient way. The demagnetization
dynamics is shown to be similar for hot electrons and direct
laser excitations. Hot electrons could then be described as
ballistic for Cu thickness up to 200 nm. This description
added to a three temperature model can reproduce accu-
rately our experimental results. Those findings open new
perspectives. Indeed the role of hot electrons will have to be
(re)considered carefully in the understanding of magneti-
zation dynamic phenomena such as All Optical
Magnetization Switching. Moreover, engineered devices
using hot electrons and spin filtering could be used to
increase the efficiency of ultrafast spin transfer torque with
the ultimate goal of controlling and manipulating the
magnetization of a ferromagnetic thin layer.

We would like to thank C. Boeglin for enlightening
discussions. We acknowledge funding from ANR-15-
CE24-0009. Experiments were conducted on IJL Project
TUBE-Davm’s equipments funded by FEDER (EU), PIA
(Programme Investissemnet d’Avenir), Region Lorraine,
Grand Nancy and ICEEL. N. B. position was funded by the
Chercheur d’Excellence project funded by Region
Lorraine. This work is part of the Gravitation program
'Research Centre for Integrated Nanophotonics', which is
financed by the Netherlands Organisation for Scientific
Research (NWO).

*gregory.malinowski@univ‑lorraine.fr
[1] E. Beaurepaire, J.-C. Merle, A. Daunois, and J.-Y. Bigot,

Phys. Rev. Lett. 76, 4250 (1996).
[2] J.-Y. Bigot, M. Vomir, and E. Beaurepaire, Nat. Phys. 5, 515

(2009).
[3] H. Vonesch and J.-Y. Bigot, Phys. Rev. B 85, 180407 (2012).
[4] B. Koopmans, J. J. M. Ruigrok, F. Dalla Longa, and W. J.

M. de Jonge, Phys. Rev. Lett. 95, 267207 (2005).
[5] M. Cinchetti, M. Sánchez Albaneda, D. Hoffmann, T. Roth,

J.-P. Wüstenberg, M. Krauß, O. Andreyev, H. C. Schneider,
M. Bauer, and M. Aeschlimann, Phys. Rev. Lett. 97, 177201
(2006).

[6] C. Stamm et al., Nat. Mater. 6, 740 (2007).
[7] E. Carpene, E. Mancini, C. Dallera, M. Brenna, E. Puppin,

and S. De Silvestri, Phys. Rev. B 78, 174422 (2008).
[8] M. Krauss, T. Roth, S. Alebrand, D. Steil, M. Cinchetti, M.

Aeschlimann, and H. C. Schneider, Phys. Rev. B 80, 180407
(2009).

[9] B. Koopmans et al., Nat. Mater. 9, 259 (2010).
[10] A. B. Schmidt, M. Pickel, M. Donath, P. Buczek, A. Ernst, V.

P. Zhukov, P. M. Echenique, L.M. Sandratskii, E. V. Chulkov,
and M. Weinelt, Phys. Rev. Lett. 105, 197401 (2010).

[11] K. Carva, M. Battiato, and P. M. Oppeneer, Phys. Rev. Lett.
107, 207201 (2011).

[12] S.Essert andH. C.Schneider, Phys.Rev.B84, 224405 (2011).
[13] K. Carva, M. Battiato, D. Legut, and P. M. Oppeneer, Phys.

Rev. B 87, 184425 (2013).
[14] B. Mueller, A. Baral, S. Vollmar, M. Cinchetti, M.

Aeschlimann, H. C. Schneider, and B. Rethfeld, Phys.
Rev. Lett. 111, 167204 (2013).

[15] U. Atxitia, O. Chubykalo-Fesenko, J. Walowski, A. Mann,
and M. Munzenberg, Phys. Rev. B 81, 174401 (2010).

[16] N. Kazantseva, U. Nowak, R. W. Chantrell, J. Hohlfeld, and
A. Rebei, Europhys. Lett. 81, 27004 (2008).

[17] M. Bauer, A. Marienfeld, and M. Aeschlimann, Prog. Surf.
Sci. 90, 319 (2015).

[18] M. Aeschlimann, M. Bauer, S. Pawlik, R. Knorren, G.
Bouzerar, andK. H.Bennemann,Appl. Phys.A71, 485 (2000).

[19] G. Malinowski, F. Dalla Longa, J. H. H. Rietjens, P. V.
Paluskar, R. Huijink, H. J. M. Swagten, and B. Koopmans,
Nat. Phys. 4, 855 (2008).

[20] M. Battiato, K. Carva, and P. M. Oppeneer, Phys. Rev. Lett.
105, 027203 (2010).

[21] M. Battiato, K. Carva, and P. M. Oppeneer, Phys. Rev. B 86,
024404 (2012).

[22] A.Melnikov, I. Razdolski, T. O.Wehling, E. Th. Papaioannou,
V. Roddatis, P. Fumagalli, O. Aktsipetrov, A. I. Lichtenstein,
and U. Bovensiepen, Phys. Rev. Lett. 107, 076601 (2011).

[23] D. Rudolph et al., Nat. Commun. 3, 1037 (2012).
[24] A. J. Schellekens, K. C. Kuiper, R. R. J. C. de Wit, and B.

Koopmans, Nat. Commun. 5, 4333 (2014).
[25] G.-M. Choi, C.-H. Moo, B.-C. Min, K.-J. Lee, and D. G.

Cahill, Nat. Phys. 11, 576 (2015).
[26] G.-M. Choi, B.-C. Min, K.-J. Lee, and D. G. Cahill, Nat.

Commun. 5, 4334 (2013).
[27] A. Eschenlohr, M. Battiato, P. Maldonado, N. Pontius, T.

Kachel, K. Holldack, R. Mitzner, A. Föhlisch, P. M.
Oppeneer, and C. Stamm, Nat. Mater. 12, 332 (2013).

[28] A. R. Khorsand, M. Savoini, A. Kirilyuk, and Th. Rasing,
Nat. Mater. 13, 101 (2014).

[29] B. Vodungbo et al., Sci. Rep. 6, 18970 (2016).
[30] See Supplemental Material at http://link.aps.org/

supplemental/10.1103/PhysRevLett.117.147203 for details
on calculation of, the absorption profiles, sample reflection
and transmission, and simulations based on heat diffusion,
which includes Refs. [31–33].

[31] P. Yeh, Optical Waves in Layered Media (Wiley & Sons,
Inc, New York, 1988).

[32] Handbook of Chemistry and Physics, edited by W.M.
Haynes, 96th ed. (CRC Press, Boca Raton, 2015).

[33] R. Atkinson, S. Pahirathan, I. W. Salter, P. J. Grundy, C. J.
Tatnall, J. C. Lodder, and Q. Meng, J. Magn. Magn. Mater.
162, 131 (1996).

[34] T. Juhasz, H. E. Elsayed-Ali, G. O. Smith, C. Suãrez, and
W. E. Bron, Phys. Rev. B 48, 15488 (1993).

[35] S. D. Brorson, J. G. Fujimoto, and E. P. Ippen, Phys. Rev.
Lett. 59, 1962 (1987).

[36] V. P. Zhukov, E. V. Chulkov, and P. M. Echenique, Phys.
Rev. B 73, 125105 (2006).

[37] M. Lejman, V. Shalagatskyi, O. Kovalenko, T. Pezeril,
V. V. Temnov, and P. Ruello, J. Opt. Soc. Am. B 31, 282 (2014).

[38] K. C. Kuiper, G.Malinowski, F. Dalla Longa, and B.
Koopmans, J. Appl. Phys. 109, 07D316 (2011).

[39] K. C. Kuiper, T. Roth, A. J. Schellekens, O. Schmitt, B.
Koopmans, M. Cinchetti, and M.Aeschlimann, Appl. Phys.
Lett. 105, 202402 (2014).

[40] G. P. Zhang, W. Hübner, G. Lefkidis, Y. Bai, and T. F.
George, Nat. Phys. 5, 499 (2009).

[41] A. J. Schellekens, W. Verhoeven, T. N. Vader, and B.
Koopmans, Appl. Phys. Lett. 102, 252408 (2013).

[42] E. Turgut et al., Phys. Rev. Lett. 110, 197201 (2013).

PRL 117, 147203 (2016) P HY S I CA L R EV I EW LE T T ER S
week ending

30 SEPTEMBER 2016

147203-5

http://dx.doi.org/10.1103/PhysRevLett.76.4250
http://dx.doi.org/10.1038/nphys1285
http://dx.doi.org/10.1038/nphys1285
http://dx.doi.org/10.1103/PhysRevB.85.180407
http://dx.doi.org/10.1103/PhysRevLett.95.267207
http://dx.doi.org/10.1103/PhysRevLett.97.177201
http://dx.doi.org/10.1103/PhysRevLett.97.177201
http://dx.doi.org/10.1038/nmat1985
http://dx.doi.org/10.1103/PhysRevB.78.174422
http://dx.doi.org/10.1103/PhysRevB.80.180407
http://dx.doi.org/10.1103/PhysRevB.80.180407
http://dx.doi.org/10.1038/NMAT2593
http://dx.doi.org/10.1103/PhysRevLett.105.197401
http://dx.doi.org/10.1103/PhysRevLett.107.207201
http://dx.doi.org/10.1103/PhysRevLett.107.207201
http://dx.doi.org/10.1103/PhysRevB.84.224405
http://dx.doi.org/10.1103/PhysRevB.87.184425
http://dx.doi.org/10.1103/PhysRevB.87.184425
http://dx.doi.org/10.1103/PhysRevLett.111.167204
http://dx.doi.org/10.1103/PhysRevLett.111.167204
http://dx.doi.org/10.1103/PhysRevB.81.174401
http://dx.doi.org/10.1209/0295-5075/81/27004
http://dx.doi.org/10.1016/j.progsurf.2015.05.001
http://dx.doi.org/10.1016/j.progsurf.2015.05.001
http://dx.doi.org/10.1007/s003390000704
http://dx.doi.org/10.1038/nphys1092
http://dx.doi.org/10.1103/PhysRevLett.105.027203
http://dx.doi.org/10.1103/PhysRevLett.105.027203
http://dx.doi.org/10.1103/PhysRevB.86.024404
http://dx.doi.org/10.1103/PhysRevB.86.024404
http://dx.doi.org/10.1103/PhysRevLett.107.076601
http://dx.doi.org/10.1038/ncomms2029
http://dx.doi.org/10.1038/ncomms5333
http://dx.doi.org/10.1038/nphys3355
http://dx.doi.org/10.1038/ncomms5334
http://dx.doi.org/10.1038/ncomms5334
http://dx.doi.org/10.1038/nmat3546
http://dx.doi.org/10.1038/nmat3850
http://dx.doi.org/10.1038/srep18970
http://link.aps.org/supplemental/10.1103/PhysRevLett.117.147203
http://link.aps.org/supplemental/10.1103/PhysRevLett.117.147203
http://link.aps.org/supplemental/10.1103/PhysRevLett.117.147203
http://link.aps.org/supplemental/10.1103/PhysRevLett.117.147203
http://link.aps.org/supplemental/10.1103/PhysRevLett.117.147203
http://link.aps.org/supplemental/10.1103/PhysRevLett.117.147203
http://link.aps.org/supplemental/10.1103/PhysRevLett.117.147203
http://dx.doi.org/10.1016/0304-8853(96)00335-6
http://dx.doi.org/10.1016/0304-8853(96)00335-6
http://dx.doi.org/10.1103/PhysRevB.48.15488
http://dx.doi.org/10.1103/PhysRevLett.59.1962
http://dx.doi.org/10.1103/PhysRevLett.59.1962
http://dx.doi.org/10.1103/PhysRevB.73.125105
http://dx.doi.org/10.1103/PhysRevB.73.125105
http://dx.doi.org/10.1364/JOSAB.31.000282
http://dx.doi.org/10.1063/1.3540681
http://dx.doi.org/10.1063/1.4902069
http://dx.doi.org/10.1063/1.4902069
http://dx.doi.org/10.1038/nphys1315
http://dx.doi.org/10.1063/1.4812658
http://dx.doi.org/10.1103/PhysRevLett.110.197201

