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We report a systematic measurement of the electron-phonon thermalization time scale as a function of the
sample base temperature in Ni using femtosecond electron diffraction. A strong temperature dependence of this
time scale has been observed in the vicinity of the Curie point. By assuming that ultrafast magnetism completes
well before the electron-phonon thermalization, this correlation between thermalization time and sample base
temperature fits a modified three-temperature model describing the energy transfer among charge, spin, and
phonon subsystems. The results indicate that charges and spins can be characterized by a unified temperature
during ultrafast lattice heating.
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The ultrafast dynamics of itinerant ferromagnets induced
by femtosecond �fs� optical excitation involving the mutual
interactions among charge, spin, and lattice is one of the
most challenging subjects encountered in the quest for a
thorough understanding of magnetism in ferromagnets. Since
the pioneering work on ultrafast magnetism by time-resolved
magneto-optical Kerr effect in 1996,1 many groups have ob-
served subpicosecond quenching and subsequent recovery of
the ferromagnetic order in nickel by using a variety of
techniques.2–7 In recent years, these studies have been ex-
tended to other ferromagnetic metals,8–12 ferromagnetic
semiconductors,13,14 and more complicated magnetic
compounds.15–22

One main issue in ultrafast magnetism is to understand
the role and time scale of elementary scattering processes
involving electrons and quasiparticles like magons and
phonons. These elementary processes regulate the energy
and angular moment exchanges among charge, spin, and lat-
tice to rebuild a new thermal equilibrium. For ferromagnetic
metals such as nickel, a phenomenological three-temperature
model, modified from widely used two-temperature model
�TTM�23,24 was first developed to describe the energy flow
among these three subsystems.1 In this model, each sub-
system is assumed internally thermalized and characterized
by its own temperature. More recent studies reveal that the
spin dynamics is also governed by the carrier temperature
once a thermalized Fermi-Dirac distribution of carriers has
been established.3,9,25,26 This approach with a unified tem-
perature for both carriers and spins implies a spin-relaxation
rate comparable to momentum relaxation rate of carriers,
which challenges the conventional spin-relaxation theory.27

So far, nearly all the experiments have been carried out
using exclusively optical pump-probe methods to monitor
the relaxation of the charge carriers and spins. On the other
hand, direct measurements of dynamics in the lattice degree
of freedom and its correlation to magnetic ordering are
sparse.4 In a system that encompasses strong couplings
among spin, charge, and lattice, the state change in one sub-
system, such as demagnetization in spins, could profoundly
modify the time scale of subsequent process such as
electron-phonon �e-ph� thermalization. This is particularly
true in the vicinity of the Curie temperature where a strong

temperature dependence of electron heat capacity exists due
to the high-energy cost to break ferromagnetic ordering.28

Here, we report a systematic investigation of the electron-
phonon coupling kinetics induced by fs laser excitation in
nickel by using femtosecond electron diffraction �FED�. In
contrast to previous experiments, which were carried out ei-
ther at room temperature or at low pumping fluence yielding
only a small increase in the spin temperature far below its
Curie point, this study was conducted under relatively high
pump conditions at and near the sample Curie point. We have
observed a strong temperature dependence of the lattice-
heating time scale around the Curie point. This dependence
can be reproduced by a simulation based on a modified TTM
model that was suggested by previous studies.3,9,25,26 These
results provide a strong evidence of ultrafast magnetism and
its impact on electron-phonon thermalization, thus address-
ing an open question whether the unified temperature model
is still valid for a strong demagnetization near the Curie
point.6,29–31

The experiments were conducted on a third-generation
femtosecond electron diffraction instrument with an in-
creased electron-beam energy up to 100 kV.32 The electron-
diffraction patterns were recorded with a two-dimensional
single-electron detector.33 To maintain optimal time reso-
lution, the average electron-beam intensity was set to contain
less than 1200 electrons per pulse. The overall temporal res-
olution was estimated to be less than 500 fs.34,35

The polycrystalline thin-film nickel samples with a thick-
ness of 22�4.0 nm measured with an atomic force micros-
copy, were prepared by sputtering nickel from a 99.99% pu-
rity target in high vacuum onto freshly cleaved NaCl single-
crystal substrates. The films on NaCl substrates were
subsequently detached in a solvent and transferred to TEM
grids as free-standing films. The films on TEM grids were
mounted on a heating/cooling sample holder inside the
chamber with a base pressure better than 3�10−10 torr. In
the FED measurements, the laser excitation fluences were set
to 0.8 and 2.4 mJ /cm2 in two sets of experiments and no
sample damage was observed after extended exposure to the
pump-laser pulses.

Structural dynamics of the nickel sample were initiated by
fs optical excitation and recorded by capturing snapshots of
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diffraction patterns at various pump-probe delay times. To
obtain a quantitative measurement of structural changes, a
recorded two-dimensional diffraction pattern was converted
to a diffraction intensity curve as a function of diffraction
angle � �momentum transfer S=2 sin � /��.32 Then, each
Bragg peak in the intensity curve was fitted with a Gaussian
line profile to determine its peak center �peak position�, peak
intensity, and the peak width. Finally the temporal evolution
of the peak intensity curve was converted to temporal evo-
lution of lattice temperature curve by applying a Debye-
Waller factor, which was calibrated by measuring the static
diffraction intensity as function of sample temperature. In the
FED measurement, due to the residual heating of 1 kHz
pump-laser pulses, the actual sample temperature before time
zero �sample base temperature� is always higher than the
preset stage temperature. This temperature shift due to the
residual heating was determined by dividing the Bragg-peak
center shift with the linear thermal-expansion coefficient �see
inset of Fig. 1�. In our experiments, the residual heating dras-
tically increases the actual base temperature for about 50 K
at low laser excitation and over 100 K at high laser excita-
tion. However, this shift was found to be very stable for each
data set with a fluctuation of 5 K.36

Figure 1 shows a typical temporal evolution of lattice
temperature as a function of pump-probe delay time. The
curve displays a monoexponential time dependence and can
be well fitted by the equation,

�Tl = Tl
��1 − e−�t−t0�/�� , �1�

where Tl
� represents the overall temperature change in the

lattice, t0 is the time-zero point, and � is the time constant of
lattice heating. We also tracked this lattice temperature curve
up to several hundred picoseconds and did not detect any
further changes after �10 ps. This indicates that the heating
of nickel lattice is completed in less than 10 ps, eliminating
the possibility of subsequent energy flow between spins and
lattice. In addition, the observed monoexponential behavior
implies that the spins and charges may be viewed as a single-
energy “reservoir” characterized by a unified temperature
when they are interacting with the lattice, in analogy to the
electron-phonon coupling in noble metals. To further check
this assumption, we measured the time constant of lattice
heating as a function of sample base temperature under two
different laser excitation fluencies in the vicinity of the Curie
temperature Tc. A very distinct feature revealed by these
measurements, as shown in Fig. 2, is a large increase in the
lattice-heating time constants around the Curie point. This
temperature dependence of lattice-heating time constant re-
sembles very closely the shape of the overall electron heat-
capacity changes �including magnetic contribution� in the vi-
cinity of Tc,

28 indicating a strong modification of magnetic
ordering. Such a jump becomes less prominent and also
shifts its turning point toward the lower temperature at
higher excitation fluences, as shown in Fig. 2�b�.

Based on the previous studies at low fluence, we simu-
lated the electron-phonon coupling time constants in the vi-
cinity of Tc using a modified three-temperature model1 by
assuming that charge and magnetic subsystems can be char-
acterized by a single and unified temperature Tem. This as-
sumption presumes that the time required for energy transfer
between the charge and the magnetic degrees of freedom is
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FIG. 1. �Color online� Temporal evolution of lattice tempera-
ture. The solid curve is a fit by Eq. �1�. The solid line is a fit using
monoexponential with a time constant 1.117�0.074 ps. Inset: nor-
malized Bragg-peak position change as a function of time. The
normalized peak position is obtained by dividing the peak position
with the laser on �with the residual heating and the laser-induced
temperature jump� by that without laser excitation �at preset sample
temperature�. The corresponding Bragg-peak shift is shown as a
thermal expansion relative to the preset sample temperature before
time zero. The change in peak position after time zero is due to a
coherent vibration along the surface normal of the nickel film.
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FIG. 2. �Color online� Time constant of electron-phonon ther-

malization as a function of sample base temperature at the vicinity
of Curie point. The two-temperature jumps correspond to two dif-
ferent excitation fluencies. The solid curves are the simulation re-
sults with the assumption of ultrafast magnetization while the
dashed curves are the ones assuming no ultrafast magnetization.
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comparable to that of electron thermalization, such that these
two subsystems establish a thermal equilibrium around 100
fs and is characterized by an unified temperature Tem.3,9,25 It
is worth pointing out that in a recent experiment on nickel,
the difference of thermalization time between carriers and
spins have been clearly resolved.37 However, since such dif-
ference is only tens of femtosecond, the assumption of an
unified temperature Tem should still hold when considering
the lattice thermalization of a few picosecond time scale.
This Tem is initially higher than the lattice temperature Tl,
thus driving the energy flow from electrons to lattice. Ac-
cordingly, the three-temperature model is reduced to the two-
temperature model,

�Ce + Cm�
�Tem

�t
= − �Gel + Gml��Tem − Tl� + S ,

Cl
�Tl

�t
= + �Gel + Gml��Tem − Tl� , �2�

where Ce, Cl, and Cm represent, respectively, the heat capaci-
ties of electrons, lattice, and magnetic ordering, Gel �Gml�
represents the coupling constant between electron �magnetic
ordering� and lattice, and S represents the deposited laser-
pulse energy of a Gaussian profile with 50 fs full width at
half maximum. This pump-laser energy is absorbed by elec-
trons without perturbing the magnetic ordering.

By assuming electrons and spins maintain a thermal equi-
librium throughout the course of electron-phonon thermali-
zation, we can introduce an effective e-ph coupling constant
Ge as the sum of Gel and Gml in the simulation. The Ge of
nickel has been theoretically calculated as a function of elec-
tron temperature up to 4000 K,38 which spans the tempera-
ture range in our experiment with a maximum Te jump about
1000 K. In the calculation, a key parameter, ��w2�, which
characterizes the e-ph interaction, was extracted from a
pump-probe reflectivity measurement of the carrier relax-
ation process39 where the mutual interactions among the
three subsystem, especially, the ultrafast magnetism were in-
volved. Therefore, the calculated Ge by this ��w2� can be
viewed as an effective overall coupling constant combining
Gel and Gml. In general, the value of Ge will decrease slightly
with increasing electron temperature. Finally we take into
account the energy cost of ultrafast demagnetization by plug-
ging the experimental heat-capacity data of nickel in the rel-
evant temperature range28 and numerically solve the Eq. �2�.
The simulation results are plotted as solid curves in Fig. 2.
As a comparison, we also simulate the lattice-heating dy-
namics without ultrafast magnetism �using same Ge but ex-
cluding Cm�, which are plotted as dotted curves in Fig. 2. The
simulation results with ultrafast magnetism reproduce the
trend of the experimental data. In contrast, the results with-
out ultrafast magnetism are significantly faster and increase
monotonically with increasing temperature. These observa-
tions indicate that TTM with a unified temperature for charge
and magnetic subsystems, rather than a more complicated
but more general three-temperature model, is more suitable
to describe the ultrafast lattice heating in ferromagnetic Ni.

The large increase in the e-ph coupling time constant
around the Curie temperature reflects the large energy cost
required to break magnetic ordering and is correlated with
the large jump of electron heat capacity around the Curie
point.28 Due to this larger spin heat capacity, the laser-
induced temperature increase in electrons becomes much
smaller. Given that the overall coupling constant Ge does not
change significantly, this drop in temperature difference be-
tween electrons and lattice will reduce the energy-flow rate
between the two subsystems and thus elongate the time scale
to build a new thermal equilibrium between them, as shown
in Fig. 2. Since the abnormality of electron heat capacity is
only confined in the vicinity of Curie point, a larger overall
electron temperature jump induced by higher-power laser
heating will tend to “smear-out” such lengthening effect, as
shown in panel �b� of Fig. 2.

The subpicosecond magnetism in Ni revealed by direct
and real-time monitoring of the ultrafast heating of the lattice
using femtosecond electron diffraction provides a unique in-
sight into the dynamics of ultrafast demagnetization from the
aspect of energy flow in the correlated electron system. Our
results together with other experimental and theoretical
studies2,3,9,25,40–42 all support a general picture that spin and
electron systems share the same temperature following elec-
tron thermalization completed in a few hundred femtosec-
onds after optical excitation. This fast spin-relaxation process
can be attributed to several intrinsic scattering mechanisms,
including Stoner excitation,2,42 electron-magnon excitation,41

phonon-induced and phonon-mediated spin-flip events.40,43,44

Recently, the photon-mediated spin-relaxation
process21,22,37,45 is attracting much attention due to its unique
advantage of ultrafast and no overheating nature in magneti-
zation reversal. Since photon field only persists in the dura-
tion of optical pulse length on a 100 fs or less time scale that
is shorter than the entire course of ultrafast magnetism
�quenching and possible recovering or switching of magnetic
ordering�, an intrinsic scattering mechanism is still needed to
account for such a fast spin-relaxation process after the tran-
sient laser field. A simultaneous and real-time monitoring of
all degrees of freedom involving charge, spin, lattice, and
their mutual interactions might hold the key to finally unrav-
eling the underlying mechanism of this ultrafast demagneti-
zation.

In conclusion, we have studied the interaction dynamics
among charge, spin, and lattice subsystems in ferromagnetic
nickel using femtosecond electron diffraction. By measuring
rates of energy transfer as a function of sample temperature
in the vicinity of Curie point, we show that the demagneti-
zation induced by fs optical excitation proceeds in a time
scale much faster than the lattice heating in nickel. Mean-
while our results imply that such demagnetization is most
likely completed within the time scale of electron thermali-
zation so that one unified temperature for electrons and mag-
netic subsystems under TTM is adequate to describe ultrafast
lattice heating in nickel.
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