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Real Space Trajectory of the Ultrafast Magnetization Dynamics in Ferromagnetic Metals
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We have measured the real space trajectory of the ultrafast magnetization dynamics in ferromagnetic
metals induced by femtosecond optical pulses. Our approach allows the observation of the initial change
of the modulus and orientation of the magnetization, occurring within a few hundreds of femtoseconds, as
well as its subsequent precession and damping around the effective field. The role of the magnetocrystal-
line anisotropy shows up in the magnetization reorientation occurring during the electron-lattice
relaxation. In addition, we propose a model which takes into account the initial demagnetization in the
Bloch formalism describing the magnetization dynamics.
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The search for efficient devices used in magnetic data
processing and storage requires working along two major
directions: the investigation of nanostructured materials as
well as the search for systems having an ultrafast magnetic
response. Recently, this second requirement has made
significant progress as it has been shown that the magnetic
response can be modified and monitored using femtosec-
ond optical pulses [1-8]. Indeed, different approaches
using ultrafast time resolved techniques have demonstrated
an initial ultrafast demagnetization occurring within the
first few hundreds of femtoseconds following the excitation
of the magnetic material. A detailed investigation of the
initial step leading to the demagnetization has shown,
using pulses of 20 fs duration, that it occurs within the
thermalization time of the electrons, i.e., ~60 fs in the case
of CoPt ferromagnetic thin films [9]. Some questions are,
however, still open regarding the magnetization dynamics.
In particular, the mechanisms involved in the demagneti-
zation process are not yet identified. In addition, it is im-
portant to understand the dynamics leading to a change in
the effective field which can initiate a precession motion.
In this Letter we describe an experimental procedure al-
lowing to address such ultrafast dynamical behavior using
the time resolved Kerr polarimetric technique. The results
obtained in cobalt thin films allow us to obtain information
on the influence of the time dependent anisotropy on the
overall magnetization dynamics. We propose a dynamical
model based on the Bloch formalism, with a time depen-
dent effective field, to account for the initial demagnetiza-
tion and subsequent precession and damping.

From a fundamental point of view, this method of in-
vestigating the real space trajectory of the magnetization
presents several advantages as compared to manipulating
the magnetization with radio-frequency modulated mag-
netic fields. First, the temporal resolution is in principle
limited by the optical pulse duration (femtosecond re-
gime); second, it can easily be transposed to confocal
optical geometries allowing a local probing of the magne-
tization dynamics on a scale typically limited by diffrac-
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tion (=500 nm). Finally, it is a powerful way to study the
influence of time dependent quantities like the anisotropy
or the exchange interaction.

One can take advantage of the optically induced demag-
netization process [1] to launch a motion of precession of
the magnetization around the effective magnetic field. This
is the temporal analogous of the ferromagnetic resonance
observed in the frequency domain which is induced by
radio-frequency magnetic field [10]. The use of optical
methods has been reported earlier in the study of the
coherent magnetization rotation induced optically in an
exchange coupled NiFe/NiO bilayer [3] as well as the
all-optical probing of spin waves in ferromagnetic nickel
and permalloy [11]. We focus on the real space trajectory
of the magnetization vector. It allows the onset of the
precession motion to be clearly observed, which, during
the first hundreds of femtoseconds, begins in the plane
defined by the initial static magnetization and the external
static magnetic field. This approach of following the tem-
poral evolution and the full space trajectory of the magne-
tization modified by femtosecond pulses raises interesting
questions regarding the theoretical description of the dy-
namics. Clearly, one cannot simply consider Landau-
Lifshitz-Gilbert macroscopic equations since the modulus
is not conserved during the overall process. We discuss
here these aspects, proposing a time dependent version of
the Bloch equations including a source term which modi-
fies the modulus of the magnetization.

The time resolved Kerr measurements were performed
using a femtosecond laser setup consisting of an amplified
Ti:sapphire laser centered at 790 nm operating at 2.5 kHz.
The pulse duration is 120 fs. For noise discrimination
purposes occurring at short temporal delays, the probe
and pump pulses are, respectively, at 790 and 395 nm.
The diameter of the focused pump and probe are 100
and 30 um, respectively. The maximum energy density
of the pump pulse is 0.5 mJ/cm?. In general, the static
magnetization can be retrieved for a given angle of the
probe impinging on the sample via the analysis of the polar,

© 2005 The American Physical Society



PRL 94, 237601 (2005)

PHYSICAL REVIEW LETTERS

week ending
17 JUNE 2005

longitudinal, and transverse components of the magneto-
optical Kerr signals [12,13]. We implemented a dynamical
version of this ellipsometric technique by measuring the
time dependent polar, longitudinal, and transverse compo-
nents. The Kerr rotations (and Kerr ellipticities) are ana-
lyzed with a polarization bridge and detected with a lock-in
amplifier. In addition, we measure the transmission and
reflectivity of the probe beam. The dynamical measure-
ments are performed in the presence of a variable static
magnetic field up to 3.2 X 10° A/m.

The cobalt samples, grown at 500 °C, are obtained by
molecular beam epitaxy on (0001) oriented sapphire sub-
strates. The growth axis lies along the (0001) axis of
sapphire resulting in a hexagonal compact crystalline
phase [14]. However, an inhomogeneous anisotropy re-
mains in the plane of the sample as observed from static
Kerr measurements. Although we also studied nickel and
permalloy films on various substrates, hereafter we are
considering the dynamics obtained from a 16 nm Co thin
film on sapphire.

In the following, we chose a three-dimensional set of
axes in which the Oy and Oz axes lie in the plane of the
sample while xOy refers to the plane of incidence of
the pump and probe beams. Therefore, the directions
Ox, Oy, Oz correspond, respectively, to the polar (Pol),
longitudinal (Long), and transverse (Trans) magneto-
optical signals. The angle 6 between the external field
H, and the Oz axis is kept constant at 90°. The angle ¢
between H and Ox can be varied. In order to retrieve the
polar and longitudinal components of the magnetization,
we measure the polarimetric signalsS(¢) for two comple-
mentary angles ¢ [15]: Pol = [S(¢) + S(—¢)]/2 or Pol =
[S(¢) — S(m — ¢)]/2 and Long = [S(¢) — S(—¢)]/2 or
Long = [S(¢p) + S(m — ¢)]/2. The transverse signal
Trans is obtained directly from the reflectivity R without
polarization analysis and removing the nonmagnetic con-
tribution, that is Trans = [R(¢) — R(7m — ¢)]/2. Let us
emphasize that this measurement procedure requires the
incident probe beam to be p polarized [13,16]. In addi-
tion, we checked the consistency of the results by using
simultaneously two probe beams having different angles
of incidence of, respectively, 52° and 3°. The dynamics
of the polar and longitudinal components, as a function
of the pump-probe delay ¢, are defined as: APol(r) =
[Pol(r) — Polgy,]/Poly, and  ALong(z) = [Long(r) —
Longg,]/Longy,, where Poly, (Long,) refers to the
static polar (longitudinal) signal without pump pulse. The
definition of the relative variation of the transverse com-
ponent ATrans(r) is different since its static value is zero
because the initial magnetization is set in the plane of
incidence (6 = 90°). During the precession motion, a
transverse component shows up as M(¢) rotates around
the effective field. Therefore, we normalized the transverse
component to its static value at saturation when H is
parallel to Oz (6 = 0): ATrans(r) = Trans(z)/Transy.
Although we performed systematic measurements for dif-

ferent angles ¢, in the following we will mainly focus on
the angles ¢ = *£15° and 165°.

We first checked the consistency of the measurement
procedure by studying the precession period as a function
of Hy, as shown in Fig. 1(a). Two main features can be
distinguished. The first one which will be detailed in the
rest of this Letter is an initial ultrafast decrease of the
magnetization followed by a partial recovery during the
first picoseconds. The second feature is the oscillatory
behavior and damping associated to the motion of preces-
sion. As expected from the ferromagnetic resonance, the
frequency of the oscillations increase when the field H
increases [bars in Fig. 1(c)]. This behavior is similar to the
results reported in NiFe/NiO bilayer [3], ferromagnetic
nickel, and permalloy [11] or GdFeCo structures [17].

Let us now focus on the trajectory of the magnetization.
The detailed motion of precession along the three coordi-
nate axes is displayed in Fig. 2 for short [2(a)—2(c)] and
long [2(d)—2(f)] temporal delays. For short delays, it can
be seen that both the polar and longitudinal signals de-
crease within the pump pulse excitation, while the trans-
verse component does not show any ultrafast variation.
This proves that the magnetization vector remains in the
xOy plane during the demagnetization process. It is ac-
companied by a reorientation in the xOy plane while the
modulus partially recovers, a process which occurs during
the electron and spin relaxation to the lattice. After the
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FIG. 1. Experimental (a) and simulated (b) time dependent dif-

ferential magnetization for various external static fields H, on a
16 nm Co/Al,O;s film. (c) Corresponding precession frequencies
vs Hy: experiment (bars) and model (full curve). For convenient
reading, in (a) and (b) a vertical offset has been introduced.
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FIG. 2. Polar, longitudinal, and transverse differential Kerr
signals for short (a)—(c) and long pump-probe delays (d)—(f).

partial recovery of the magnetization, the onset of the
precession can be seen in all three directions as clearly
seen for long delays in Figs. 2(d)-2(f).

The method allows us to obtain fine details of the
magnetization dynamics as seen in the trajectory plots
(APol vs ALong; ATrans vs APol; ATrans vs ALong).
In the polar/longitudinal plane (xOy) the initial motion
consists in a decrease of the magnetization modulus as
well as a rotation in this plane. The magnetization trajec-
tory follows a complex path where the modulus and the
angle of M(r) are time dependent as well as the orientation
of the effective field. The detailed behavior of this modu-
lus/rotation trajectory for short delays is displayed in
Fig. 3(d). Indeed, the fact that both APol and ALong
components decrease, means that the modulus first de-
creases. In order to have a correspondence between these
various steps in the temporal evolution of the magnetiza-
tion and the time dependent temperature variation of the
sample, we plotted in Fig. 3(e) the differential transmission
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FIG. 3. (a)—(c) Projections of the magnetization trajectory;
(d) the same as (a) at short temporal delays and (e) differential
transmission (full curve) and longitudinal signal (open circles)
rescaled for Hy || Oy.

AT/T. We also superimposed the dynamics of the rescaled
longitudinal Kerr signal for an external field H, set in the
plane of the sample along the y axis. Both quantities follow
the same dynamics as no precession occurs when Hj is
parallel to the y axis. To clarify the correspondence be-
tween the trajectory and the temporal evolution of M(z),
we marked in Figs. 3(d) and 3(e) by ¢y, ¢, and ¢,, some
important steps of the dynamics discussed in the following
paragraph. Different steps in the electron/spin dynamics
are driving the trajectory of the magnetization. As it is well
known in metals excited by femtosecond optical pulses,
initially the nonthermal electron gas thermalizes within
~100 fs [t < ¢, in Fig. 3(e)] due to electron-electron scat-
tering. Then, the hot electron gas (which is responsible
here for the initial demagnetization) cools down by ex-
changing energy with the lattice which simultaneously
heats up. This process occurs within a few picoseconds
[t <t, in Fig. 3(e)] and depends on the density of laser
excitation. The next step (¢ >> t,) corresponds to a heat
diffusion in the environment, that is a lateral diffusion in
the metal and a perpendicular heat transfer to the substrate.
This process occurs within a fraction of a nanosecond and
depends on the heat diffusivity of both systems (metal and
substrate). We interpret the initial magnetization dynamics
in Fig. 3(d) as the result of the demagnetization induced by
the pump pulse when the electron gas heats up (z < 7;), as
well as a change of the magnetocrystalline anisotropy
which occurs while the electron-lattice equilibrium takes
place (t < t,). At the end of this process, the magnetization
vector being out of equilibrium, it will start its precession
motion displayed for longer delays in Fig. 2. Later on,
when the heat dissipates to the environment (z >> 1,), the
precession damps while the magnetization recovers to its
initial value in a time scale similar to the differential
transmission signal. The corresponding relaxation time
T, = 300 ps is obtained from the long delay behavior of
both AT/T and AM/M (H, || Oy). Later on, when the
heat dissipates to the environment, the effective field goes
back to its initial static value.

In order to model the precession dynamics induced by
femtosecond optical pulses, one cannot simply use the
Landau-Lifschitz-Gilbert equations, which do not include
the ultrafast demagnetization. In addition, one has to take
into account a dynamical change of the magnetization
modulus which obviously is not conserved during the
overall process. We propose an alternative way that com-
bines the motion of precession using classical Bloch equa-
tions and a time dependent source term P(r)M(z), which
induces the demagnetization, where P(f) corresponds to
the envelope of the pump pulse

dM(1)
dt

dM(1) _
dt

yM(t)XHeffm—[ } — POMO)
(1)

where H¢(#) stands for the time dependent effective field
resulting from the external field Hy as well as the shape
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H,(r) and H,,;(r) magnetocrystalline anisotropies.
[dM/df),e1ax corresponds to the damping, which in the
Bloch formalism can be accounted for using the two phe-
nomenological constants 7 and 7,. Let us emphasize that
this procedure of incorporating a source term is consistent
with a decrease of the magnetization modulus at short
delays, which is proportional to P(z), since Eq. (1) leads
to d|M?|/dt = —2P(¢)]M|?. It is important to stress that,
in general, for ferromagnets, the intrinsic dephasing time
T, of the magnetization is very long (the spins are corre-
lated and cannot easily dephase with respect to one an-
other) [18]. In contrast, the damping time 7'}, which can be
inferred from the line shape of the ferromagnetic resonance
spectra, is such that 7) << T,. It is therefore sufficient to
use one damping parameter « and the dynamics is well
described equivalently by a Landau-Lifschitz-Gilbert
model, provided that the modulus is conserved. In the op-
tically induced FMR, both the nonconservation of the
magnetization modulus and the relaxation dynamics of
the temperature do not allow such description. Indeed,
the dephasing and lifetime are driven by the relaxation to
the environment (heat diffusion), i.e., ~300 ps in the
present experiment. In Fig. 1(b) the magnetization dynam-
ics of a cobalt film, using Eq. (1), is displayed for different
applied static fields. The corresponding variation of the
precession period is shown by the full line in Fig. 1(c). The
main characteristics of the demagnetization and precession
are reproduced as compared with Figs. 1(a) and 1(c) (bars).
The following parameters have been used: y = 2.4 X
105 Ail m Sil; Hd,x = 47TMX, Hd,y = Hd,z = O, Hanis,z =
0, Hypisy = 2DyMy(Dy = 0.075); H s = 2D,M (D, =
0.5); Ty = T, = 0.3 X 10 ?s. The source term P(¢) is a
Gaussian with a temporal width of 200 fs. The static
magnetization at saturation is 1.37 X 105 Am™!. The pre-
ceding approach can be complicated at will by incorporat-
ing a more sophisticated time dependent behavior. For
example, Eq. (1) can be solved simultaneously with a
two-temperature model representing the electron/spin
[T.(#)] and lattice [T},(7)] temperatures. The time depen-
dent magnetocrystalline anisotropy can then be considered
via the variation of the lattice temperature T, (7). We
investigated such dependency in various materials (Ni,
Co hcp, permalloy) and the results will be reported
elsewhere.

In conclusion, we have measured the real space trajec-
tory of the magnetization in ferromagnetic thin films. Itis a
new approach that takes advantage of the flexibility of the
magneto-optical polarimetric analysis to retrieve the
modulus and orientation of the magnetization vector with
femtosecond temporal resolution. It is particularly well
suited to study the change of the anisotropy associated
with the dynamical heating of the lattice, which is of great
interest in the context of the current investigation of pre-
cessional switching in ferromagnetic nanostructures. In
addition it provides useful information on the subsequent

motion of precession and damping. This approach, which
is powerful to understand the early dynamics leading to the
precession motion, is complementary to pulsed magnetic
field techniques [19,20] which are better suited for long
delays (study of precession damping) owing to the longer
pulse rise time or jitter (a few tens of picoseconds).
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