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Abstract. By correlating time- and angle-resolved photoemission (TrARPES) and time-resolved transverse- magneto-optical Kerr effect (TrTMOKE) measurements, both at extreme ultraviolet (EUV) wavelengths,
we uncover the nature of the ultrafast photoinduced magnetic phase
transition in Ni. This allows us to explain the ultrafast magnetic response
of Ni at all laser fluences - from a small reduction of the magnetization at
low laser fluences, to complete quenching at high laser fluences. We
provide an alternative explanation to the fluence-dependent recovery
timescales commonly observed in ultrafast magneto-optical spectroscopies
on ferromagnets: it is due to the bulk-averaging effect and different depths
of sample exhibit distinct dynamics, depending on whether a magnetic
phase transition is induced. We also show evidence of two competing
channels with two distinct timescales in the recovery process, that suggest
the presence of coexisting phases in the material.

1 Introduction
Magnetization in transition-metal ferromagnets can be strongly suppressed by ultrafast
laser irradiation on femtosecond timescales [1]. Despite extensive experimental efforts, the
underlying microscopic mechanisms that drive ultrafast magnetization dynamics are still
under debate.
In a recent work, using Tr-ARPES, we revealed the existence of critical phenomena
during ultrafast demagnetization in Ni [2]. Given this new understanding, it is now essential
to revisit results obtained using magneto-optical techniques, to understand how to interpret
them correctly [3].
*

Corresponding author: ZhenshengTao@fudan.edu.cn

© The Authors, published by EDP Sciences. This is an open access article distributed under the terms of the Creative
Commons Attribution License 4.0 (http://creativecommons.org/licenses/by/4.0/).

EPJ Web of Conferences 205, 04002 (2019)
UP 2018

https://doi.org/10.1051/epjconf /201920504002

2 Experimental results
A schematic of the experimental setup is shown in Fig. 1. The sample used in our
experiments was a 400 nm Ni(111) single-crystalline film. In both the Tr-TMOKE and TrARPES experiments, the sample was excited by ~ 45 fs pulses at a wavelength of 800 nm.
In the Tr-TMOKE measurements, the subsequent change of the sample magnetization was
probed by magneto-optical Kerr effect with EUV pulses produced by high harmonic
generation (HHG). In the Tr-ARPES measurements, the magnetization dynamics was
probed by monitoring the change of exchange splitting at different time delays. The pump
penetration depth in Ni is δL ~ 13 nm, which is comparable to the probing depth of the EUV
light used in the Tr-TMOKE experiments. In contrast, the probing depth of photoelectrons
is close to a monolayer for the photon energy (~16 eV) used in the Tr-ARPES experiments.

Figure 1. Schematic of EUV Tr-ARPES and TMOKE measurements on Ni(111).
The difference in the probing depths of the two methods is highlighted.

Due to <1 nm probing depth, Tr-ARPES probes the elementary magnetization dynamics
in a monolayer of the material, which can be described as:
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We directly extract from the Tr-ARPES measurements the three time constants that
correspond to the following physical processes [2]: the collapse of the exchange splitting
τdemag=176±27 fs; a fast recovery time τrecover1=537±173 fs; and a slow recovery time τrecover2
=76±15 ps. In Eq. (1), a1, a2 and a3 are the amplitudes of these processes, with a1=a2+a3.
Their values depend on the strength of the laser fluence, and, hence, are depth dependent.
The in-situ laser fluence F decays exponentially with the depth z, i.e., F ( z ) = F0 e− z δ ,
where F0 is the fluence at the surface. Here, we further assume that the change of
magnetization is a linear function of the in-situ fluence:
(2)
a1 (z ) = min[b1 F (z ), 1]
and
[F (z ) < Fc ] ,
(3)
0
a3 (z ) = 
 min{b3 [F (z ) − Fc ], 1} [F (z ) ≥ Fc ]
where b1 and b3 are the proportionality constants. The Tr-TMOKE signals can hence be
modelled as the bulk-averaged magnetization:
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Here W(z) is the depth sensitivity function of TMOKE, which can be calculated for Ni [4].
Using the model described above, we fit the Tr-TMOKE results under the different
fluences shown in Fig. 2 to Eq. (1-4), taking only b1, b3 and Fc as the fitting parameters.
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The agreement between the model (solid red lines) and experimental data (symbols) is
excellent over the full range of pump fluences, even though the limited number of fitting
parameters places a strong constraint on our fitting. In the inset of Fig. 2, we plot a
complete temporal and spatial profile of the laser-induced ultrafast demagnetization in Ni.

Figure 2. Magnetization dynamics in Ni measured using Tr-TMOKE over a full
range of laser fluences. Red solid lines: fits to microscopic model using Eq. (1-4)
which considers the critical behavior. Dashed blue lines: fits to the microscopic
model without the critical behavior. Inset: The laser-induced magnetization
variation in Ni as a function of time and depth under a pump fluence ~5 mJ/cm2.

3 Discussion and conclusion
From the results, we find the apparent presence of a fluence-dependent remagnetization time, which were regarded as important evidence for various microscopic
mechanisms. In contrast, we explain this observation by considering the bulk-averaging
effect in Tr-TMOKE: the surface layers of the material undergo a phase transition and
exhibit slow recovery dynamics, while layers deeper within the material do not undergo a
magnetic phase transition and as a result, exhibit only fast recovery dynamics.
We also clearly observed the competition between the fast and slow recovery
dynamics, which can be attributed to distinct physical mechanisms. The fast recovery
timescale (τrecover1) can be explained by damping of magnons under the strong exchange
field in ferromagnetic Ni, while the slow recovery (τrecover2) must arise from coupling to
lattice and thermal transport after the sample enters the paramagnetic phase. Our results,
hence, suggest the competition and coexistence of paramagnetic and partially suppressed
ferromagnetic phases during the ultrafast demagnetization process.
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spectroscopy measurements, and the JILA PFC and Moore Foundation EPiQS Program for the
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References
1.
2.
3.
4.

E. Beaurepaire, J.-C. Merle, A. Daunois, and J.-Y. Bigot, Phys. Rev. Lett. 76, 4250 (1996).
P. Tengdin et al., Sci. Adv. 4, eaap9744 (2018).
W. You et al., Phys. Rev. Lett. in press (2018)
G. Traeger, L. Wenzel, and A. Hubert, Phys. Stat. Sol. 131, 201 (1992).

3

