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Magneto-optics in the Ultrafast Regime: Thermalization of Spin Populations
in Ferromagnetic Films
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We have characterized by pump-probe polarimetry the time-dependent dielectric tensor in a CoPt;
ferromagnetic film excited by 20 fs laser pulses. It is shown that, after the thermalization time of the
electrons (=50 fs), the dynamics of the real and the imaginary parts of the Voigt vector are identical. In
addition, their relative variation is 10 times larger than that of the diagonal elements of the tensor, which
allows one to infer that the spins dominate the magneto-optical response. During the thermalization
process, the temporal behavior of the tensor elements opens new questions concerning the dynamics of
the spins associated to a nonthermal electronic population in a ferromagnet.
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The application of femtosecond time-resolved tech-
niques to magneto-optics opened the way to measure the
magnetization dynamics on the subpicosecond tempo-
ral scale. In the case of ferromagnetic metals, several
detection schemes have been developed: the third-order
(i.e., pump-probe) magneto-optical (MO) effect [1-4],
magnetization-dependent surface second harmonic gen-
eration (MSSHG) [5-7], and time- and spin-resolved
two photon photoemission [§—10]. Femtosecond time
resolution is achieved by inducing the demagnetization via
the absorption of an ultrashort laser pulse. The example
of the complete demagnetization induced by a laser pulse
of 100 fs in CoPt;3 [3] indicates that the magnetization can
be modified within the time window between the pump
pulse and the heating of the phonons. In this extreme
situation, where a total demagnetization occurs within
the pulse duration, the interpretation is clear since the
material switches to its opposite magnetic state when it is
maintained in a static magnetic field with an amplitude
slightly less than the coercive field. In the regime of weak
perturbation, however, the interpretation of MO experi-
ments is more ambiguous. A recent study on Cu/Ni/Cu
wedges demonstrated that the dynamical evolution of
the Kerr ellipticity and rotation does not coincide during
the first hundreds of femtoseconds, breaking the propor-
tionality between the magnetization and the Voigt vector
that is the basis of linear magneto-optics [4]. Moreover,
Regensburger and co-workers studied a Ni(110) surface
and concluded that the time evolution of MSSHG is not
necessarily the signature of magnetization dynamics: A
MSSHG signal can be dominated by the dynamics of
the charges [7]. On the other hand, from a theoretical
point of view, Zhang and Hiibner have demonstrated the
possibility of a real demagnetization of nickel within a
characteristic time shorter than 20 fs [11]. The ultrafast
drop of MO signals could therefore be the very simple
consequence of such a demagnetization.

In this Letter we present results obtained with a tempo-
ral resolution that allows us to clearly resolve the initial
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dynamics of the MO response, which changes with a char-
acteristic time of =50 fs. Moreover, we are able to distin-
guish between the contributions of the spin and the charge
populations in the MO signals. This is achieved by care-
fully separating the dynamics of the diagonal and the non-
diagonal elements of the time-dependent dielectric tensor.

The samples are thin films of CoPts alloy directly grown
on a (0001) oriented sapphire crystal without any metallic
buffer or capping layer. They are made by sequential depo-
sition at 690 K of one Co monolayer and three Pt layers.
A total thickness of 21.5 nm has been measured ex situ
by x-ray reflectometry at grazing incidence. Two types of
samples have been studied: In the first case, a 147 nm
thick dielectric protection layer of MgF, has been de-
posited to avoid oxidation; in the other case, the protection
layer was absent but the time-resolved experiments have
been performed within the 24 hours following the extrac-
tion of the sample from the ultrahigh-vacuum apparatus.
The study of the two types of samples leads to identical re-
sults. The laser pulses of 20 fs duration are delivered by a
Ti:sapphire oscillator with a repetition rate of 83 MHz and
a central wavelength of 780 nm. The cross correlation of
the two pulses (pump and probe) focused on 30 um over-
lapping spots (see Fig. 1) gives a pulse duration of 22 fs.
The pump/probe intensity ratio is >10:1 and the maxi-
mum available pump energy is 2 nJ/pulse. The simulta-
neous detection of the MO signals and of the differential
transmission A7'/T and reflection AR/R is obtained with
the setup sketched in Fig. 1. Both the polar Kerr Qg =
0k + imk and Faraday Op = 0p + imp complex polar-
ization rotations are acquired simultaneously. A double-
modulation technique is used with a mechanical chopping
of the pump at 170 Hz and a photoelastic modulation (at
50 kHz) of the reflected and transmitted probe polariza-
tions [4]. The transmitted and reflected probe intensi-
ties are measured with a differential detection scheme by
two pairs of Si photodiodes. Several quantities are acces-
sible. By lock-in amplification at 50 and 100 kHz, we
measure ng and Ok (reflection) as well as ny and Op
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FIG. 1 (color online). Polarimetric detection scheme. The
reflected (and transmitted) probe polarization state is measured
with the double-modulation technique, the two photoelastic
modulators being placed after the sample. The pump polariza-
tion can be changed between p, s, o*, or o~ ; the incident
probe is s polarized.

sample

(transmission). By a second stage of lock-in amplifica-
tion referenced at 170 Hz of these four signals, we ob-
tain their pump-induced variations Ang, Afk, Anp, and
Afp. Finally, by direct lock-in amplification referenced
at 170 Hz, we have access to the differential reflection
and transmission AR and AT. The samples are studied in
their remnant perpendicular magnetization state that can be
reversed. The complex polarization rotations and their varia-
tions are obtained by taking the difference between the sig-
nals acquired for two opposite magnetization directions.

The linear static MO effect in a cubic magnetic medium,
studied in the polar configuration, can be described by the
first-order dielectric tensor,

1 i0 0
eV=¢e,l-i0 1 o], )

0 0 1
where &, = €, + i€], is the dielectric function and
Q = —i&, /&, = q' + iq" is proportional to the ratio

of the nondiagonal and diagonal elements of eV [12].
The complex MO rotations Ok and O, as well as the
transmission 7 and reflection R of the sample, depend
on € and on the thickness of the film. In our case, we
cannot neglect multiple reflections, so these quantities
are numerically retrieved using a standard matrix method
[13,14]. A subsequent differentiation allows us to extract
the linear coefficients that relate the small variations of
€ to AT and AR [15,16]. By the same technique, the
linear relationship between AQ, A&, and AO is also
easily obtained. Our approach is therefore to extract from
the pump-probe polarimetric experiment the dynamical
evolution of the two independent complex variables &,
and Q. We stress that interpreting the experiment in terms
of a temporal evolution of €V is different than considering
a description in terms of third-order nonlinear polarization
P®)(r), which is the correct description in a pump-probe
configuration. However, when the nonlinear polarization
is dephased, one is justified in describing the nonlinear
MO response in terms of a perturbation Ae of the di-
electric tensor €. This is true only because, after the
electronic dephasing process has occurred (¢ >> T>), the
contribution of the charges to the nonlinear response is
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isotropic. A consequence of this approximation is that
no meaningful information can be extracted using this
approach during the temporal overlap between the pump
and probe pulses or during the characteristic electronic
dephasing time 7>, which in a metal is shorter than 10 fs.
In Fig. 2 are shown the time-resolved differential
transmission AT /T and reflection AR/R obtained with a
p-polarized pump. We obtain a characteristic electronic
thermalization time 7, = 54 = 4 fs and an electron-
phonon interaction time 7,..,; = 411 * 11 fs by fitting
the experimental data with the convolution of the pump
pulse with a response function of the following form:

R(t) = H(t){K\[1 — exp(—t/7)]exp(—t/T o pp)
+ K[l — exp(—t/7e-pn) 1}, )

where H(t) is the Heaviside function and K| > K.
Such a response function can be derived by solving rate
equations describing the energy transfer between thermal
and nonthermal electronic populations and a phonon
bath [17,18]. The short- and long-delay regions are well
fitted by this function, as displayed in Figs. 2(a) and
2(b), respectively. The temporal evolution of the relative
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FIG. 2. Time-resolved differential transmission AT /T (o) and
reflection AR/R (¢) for short (a) and long (b) delays. The data
are obtained with cross-polarized pump and probe and for a
pump fluence of 100 wJ/cm?. The solid line curves are the best
fits with the response function R(¢) [Eq. (2)] convolved with a
22 fs pulse. The thermalization time 7, = 54 * 4 fs and the
electron-phonon relaxation time 7,.,, = 411 = 11 fs are both
obtained from the fit. (c) Temporal evolutions of the relative
variations A€’ /el and A€ /€” of the real and the imaginary
parts of the diagonal elements of the dielectric tensor as retrieved
from the experimental results in (b).
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variations of €/ and €’ are shown in Fig. 2(c). The
quantitative description and understanding of this dynami-
cal behavior would require an accurate knowledge of the
band structure of the CoPt; alloy that is far beyond the
scope of this paper. The important point for our purpose
is that the maximum amplitude of the relative variations
of €/, and € is of the order of 1073 for a pump fluence
of 100 wJ/cm?.

The time-resolved MO signals acquired for the same
pump fluence are shown in Fig. 3(a) for the long-delay
range. These curves have been obtained by taking the
difference between the two signals recorded with oppo-
site directions of the remnant magnetization. Figure 3(b)
shows the time evolution of the real and the imaginary
parts of A&,,. These curves are retrieved by using the
measured static values of O = 0.024 — i0.023 and &,, =
—16.4 + i37.0 (at 780 nm).

Let us now discuss this dynamical behavior of the MO
response. In the usual description of the linear static MO
response, one writes the expression &,, = &M, where
M is a real quantity [understood as the magnetization
M = up(Ngt — Ngy), since mainly the d component of
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FIG. 3. (a) Time-resolved Faraday MO signals A# /8 (¢) and

An/m (e) for long temporal delays. (b) Temporal evolution of
the real part [Ae;,/€;, (©)] and the imaginary part [A€}, /€,
(®)] of the nondiagonal element of the dielectric tensor, re-
trieved from Faraday data. The equivalent Kerr-retrieved data
(not shown) are perfectly consistent. (c) Temporal evolution of
Aq'/q' (¢) and Ag"/q" (e) also retrieved from data in (a). The
fact that Ag’/q’ and Aq"/q" follow exactly the same dynam-
ics for t+ = 150 fs shows that the residual difference between
real and imaginary parts observed in (b) can be attributed to the
(small) nonmagnetic contributions to the dynamics of nondiago-
nal tensor elements.

017401-3

the magnetization is probed by magneto-optics], and & =
a’ + ia' is a complex quantity that contains the informa-
tion about the electronic wave functions, the matrix ele-
ments associated with the spin-orbit interaction, and the
coupling with the electromagnetic field [19]. A straight-
forward extension to the dynamical case is to differentiate
the preceding expression, which gives

A€, /e, = Aa'/a’ + AM/M,

A€l /el = Aa"/a" + AM/M.
Such a simplified expression is expected to be valid, as it is
in the static case, as long as a thermal distribution of elec-
trons can be assumed. This is the case of the long temporal
delays displayed in Fig. 3 that we now discuss. As dis-
played in Fig. 3(b), the measured A€} /e}, and A€] /€,
have almost identical dynamics and, contrary to their di-
agonal counterparts, the same negative sign. Moreover, the
amplitudes of A€/, /€, and A€}, /€], are 10 times larger
than A€’ /el and A€’ /€, [cf. Fig. 2(c)]. This behav-
ior is easily understood if one assumes that the temporal
variations of Aa’/a’ and Aa’/a" have the same order
of magnitude as the temporal variations of A€, /e, and
A€ /el , which is a reasonable assumption considering
that they both reflect the charge dynamics [20]. Therefore,
we conclude that the curves displayed in Fig. 3 are domi-
nated by the time evolution of the spin populations. More-
over, in this context, the quantities Ag’/q’ and Aq"/q"
should have the same dynamical behavior because they
are both identified with AM /M. This completely agrees
with the retrieved AQ displayed in Fig. 3(c), which fol-
low exactly the same dynamics for ¢+ = 150 fs. Another
important piece of information contained in Fig. 3 is that
the long-delay temporal evolution of the nondiagonal ele-
ments of the dielectric tensor relaxes with almost the same
constant 7..,, associated with the electron cooling to the
lattice. This fact shows that for # = 150 fs the spin dynam-
ics is driven by the electronic temperature. Two scenarios
can be invoked based on an unequal depopulation of the

d; and d| bands W = AM /M, owing to the differ-
ent density of states of nyy(E) and ng)(E) near the Fermi
level. In the first case, an electronic transfer to the sp
bands is assumed; no spin flips occur but part of the spin
population is hidden from the point of view of the optical
probe. The second scenario would allow for spin flips via
the spin orbit coupling, a process which may occur with
a characteristic time 75, = i/E,, = 1-5 fs [21]. The
spin relaxation would therefore be explained by a transfer
between the spin and orbital components of the total mag-
netic moment. The first scenario relies on a thermal redis-
tribution of electronic populations between the d and sp
bands. Such a spectral anomaly has not been reported in
the case of the CoPt alloy [21], which makes this interpre-
tation less probable. In both cases, the electronic popula-
tions recover their initial spin polarization when they cool
down to the lattice, implying a reversible spin dynamics.
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Let us now discuss the short-delay behavior of the MO
response that is reported in Fig. 4, where the measured dy-
namics of A® [4(a)] and the retrieved dynamics of AQ
[4(b)] are shown. The initial spin population dynamics is
related both to electron-electron scattering (which causes
thermalization and could be a spin-dependent process) and
to the spin-orbit interaction. Since these two effects have
the same characteristic time scale, the simplified descrip-
tion of Ae,,/€,, (that holds in the thermalized regime)
will break down at short delays. As seen in Fig. 4(a), the
time evolution of the real and imaginary parts of O is
strongly different for short temporal delays (¢ < 150 fs).
Such a behavior was already noticed in the paper by Koop-
mans and co-workers [4]. This difference can no longer
be explained by the behavior of the diagonal elements of
the tensor, as in the case of the thermalized regime. In-
deed, in this regime, which we are able to identify un-
ambiguously with the thermalization regime, the real and
imaginary parts of AQ are also different [see Fig. 4(b)
inset]. Therefore, the ultrafast loss in MO contrast (con-
trast that can be attributed to spin populations, in view
of the long-temporal-delay results) is associated with the
thermalization of spins. These results raise the question of
which formal description should be used to account for the
spin dynamics during the thermalization process.

In conclusion, we have studied the MO response of
the CoPt; alloy grown on a sapphire substrate with
pump-probe polarimetric experiments performed with
20 fs pulses. The analysis of a complete set of mea-
surements, both static and time-resolved, allows us to
retrieve and compare the respective contributions to the
MO signals of the diagonal and nondiagonal elements of
the dielectric tensor. Such analysis demonstrates that an

-50 0 50 100 150 200
time delay (fs)

FIG. 4. (a) Time-resolved Faraday MO signals A#/# (¢) and
An/m (e). The pump-probe cross correlation (dashed line)
is displayed for reference. (b) Short-delay relative variations
of Ag’/q' (¢) and Ag"/q" (e) retrieved from the data in (a).
For ¢ < 150 fs, the real and the imaginary parts of AQ follow
clearly different dynamics. The difference between Ag’/q’ and
Aq"/q" is plotted in the inset.
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ultrafast spin dynamics occurs during the thermalization
of the electronic populations with a characteristic time
of about 50 fs. This process is followed by a quasistatic
equilibrium where the spins follow the dynamics of the
electronic temperature.
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