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Ultrafast three-dimensional magnetization precession and magnetic anisotropy of a photoexcited
thin film of iron
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We investigated the three-dimensional dynamics of the magnetization vector launched by an intense infrared
pulse of femtosecond duration in a thin Fe film. We demonstrate how a single experiment of time-resolved
magneto-optical Kerr effect can provide quantitative information on the temporal evolution of the magnetiza-
tion trajectory. Our approach allows us to follow the precessional motion of the magnetization and to retrieve
the modulus and orientation of the magnetocrystalline anisotropy field as a function of time—and therefore of
the local temperature—providing a direct experimental evidence of the phenomenological mechanism trigger-

ing the magnetization precession.
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A free magnetic moment misaligned with respect to a
magnetic field undergoes a precessional motion known as
Larmor precession. This motion is due to the torque the field
exerts on M and it originates from its intrinsic angular
momentum.’ The period of the precession depends on the
intensity of the field and lies in the picosecond regime for
magnetic fields of the order of a tesla. This time scale attracts
technological interest on ferromagnetic materials since the
precession mechanism might provide a possible way to
switch the magnetization, enhancing the speed of magnetic
recording devices.> The precessional motion can be triggered
by an ultrashort magnetic field pulse that misaligns the mag-
netization vector from its equilibrium position initiating the
precession®* or by an ultrashort and intense laser pulse act-
ing as a heat source in metals>® or inducing carrier excita-
tions in magnetic semiconductors’ or electronic transfer in
garnets® that modify the magnetic anisotropy, thus leading to
a rapid reorientation of the magnetization. The influence of
the anisotropy on the magnetization dynamics has been re-
produced with numerical simulations and compared to the
measured data,”!! but a direct experimental proof of the
mechanism is missing. We have set up a time-resolved
magneto-optical Kerr effect (MOKE) experimental configu-
ration that, without modifying neither the sample position
nor the detection geometry, allows us to retrieve quantitative
subpicosecond information about modulus and orientation of
the magnetization in an epitaxial iron film, following an in-
tense infrared laser pulse. As it will be shown, the magneti-
zation vector undergoes a precessional motion triggered by
the rapid change in the magnetocrystalline anisotropy. Our
quantitative approach allows us to determine the heat-
induced dynamics of the anisotropy field and provides the
direct experimental evidence of the mechanism that launches
the precession.

The experiment was carried out at room temperature on a
thin Fe(001) film (about 8 nm thick) epitaxially grown on
MgO(001). The magnetic layer is characterized by two easy
axes along the [100] and the [010] directions and by a strong
shape anisotropy that forces the magnetization to lie on the
film plane. The optical analysis has been performed with an
amplified Ti:Sapphire laser, generating 50 fs pulses centered
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at 800 nm (1.55 eV). The time resolution was achieved via
the pump-probe technique (details can be found in Ref. 12).
The p-polarized pump beam is focused on a spot size of
about 200 wm with average fluence of 3 mJ/cm?. The inci-
dent, p-polarized probe beam hits the sample at an angle 6;
=47° with respect to the surface normal [Fig. 1(A)] and its
spot size is about 70 wm. The external magnetic field H,,, is
applied normal to the incidence plane and parallel to the
sample surface. Before detection, the probe beam reflected
from the sample passes through an analyzer oriented at an
angle 6, from the plane of incidence. The beam intensity /
after the analyzer, normalized to the incident intensity, can be
written as'314

1(6,) = (A + Bm,)cos® 0, + (Cm, + Dmy)cos 6, sin 6,,

(1)
where A, B, C, and D are real coefficients depending on the
complex refractive index, the magneto-optical constant of
the material and the incidence angle 6, while m,=M,/M,

m=M;/M,, and m,=M,/M; are the transverse (parallel to
the external field), longitudinal (parallel to the sample and
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FIG. 1. (Color online) (a) Experimental geometry: the
p-polarized pump and probe beams lie on the same incidence plane.
The external magnetic field H,,, is applied along the sample surface
and normal to the incidence plane. (b) External field H,,, and mag-
netization M form the angles 6, and 6,,, respectively, with the [100]
easy axis of the epitaxial Fe(001) film.
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FIG. 2. (Color online) (a) Longitudinal, transverse, and polar (top to bottom) components of the magnetization vector vs pump-probe
delay for different values of the external field (ranging from 0 to 100 Oe). (b) Two different views of the same real-space trajectory of the
vector M (for H,,,=75 Oe). Various portions of the trajectory have been marked with different colors to ease the visualization.

normal to the field) and polar (normal to the sample) com-
ponents, respectively, normalized to the saturation magneti-
zation M. The 6, dependence of the beam intensity in Eq.
(1) suggests a way to separate the different components: by
measuring / at two opposite orientation of the analyzer, it is
easily shown that (for 6,=45°) I1,=1(0,)+1(-6,)=A+Bm,,
while 1,=1(6,) - I(-6,) = Cm;+Dm,,.'> The measurement of 1,
allows us to access m,, but in order to fully determine M, we
must isolate m; from m,, in the expression of /,. According to
the Fresnel formulation, the coefficient C is an odd function
of the incidence angle 6;, while D is even.'* To separate m;
from m,,, one should therefore measure /, for opposite inci-
dence angles and perform sums and differences. However,
the same result can be obtained exploiting the cubic symme-
try of the iron sample without modifying the experimental
setup. Referring to Fig. 1(B), it is easily seen that inverting
the incidence angle 6; is equivalent to inverting the applied
magnetic field (dashed lines). Therefore, taking the intensity
I,(H,,,) at opposite external field we can write I,(=H,,,)
=(*£Cm;+Dm,) that allows us to separate the longitudinal
from the polar projection.

The technique described above has been exploited to in-
vestigate the precessional motion of the magnetization vector
triggered by a short intense laser pulse. Starting with the
magnetization along the [+100] ([-100]) direction, a static
positive (negative) external field not aligned to an easy axis
changes the orientation of M toward the field (this is known
as coherent rotation'®). In order to maximize this effect, in
our experiment the angle between the external field and the
easy axis has been set to 6),~44° [see Fig. 1(B)]. Under such
conditions, the magnetization precession triggered by a laser
pulse can be easily observed. Figure 2(A) reports the com-

ponents m;, m,, and m,, as a function of the pump-probe delay
for five different intensities of the external field, ranging
from 0 to 100 Oe. Without external field, no oscillation and
no polar component are present (black lines): the modulus of
the magnetization vector rapidly drops of about 30% at O ps
delay and then slowly recovers within a few hundreds of
picoseconds. In the presence of external field, the oscillatory
behavior becomes clearly visible, with a period of roughly
120 ps, while the amplitude of the oscillations increases with
the field intensity. The polar component is phase shifted by
/2 relative to the longitudinal and transverse magnetization
(parallel to the film), indicating a precessional motion. It
should be noticed that the frequency of the oscillations
slightly decreases with increasing external field. Although
this phenomenon seems to contradict the Larmor theorem, it
is a consequence of the biaxial nature of the magnetocrystal-
line anisotropy in the Fe film and it can be properly
explained.!! The three-dimensional (3D) trajectory of the
magnetization is reconstructed in Fig. 2(B) (the two panels
report the same plot from different views). The initial drop of
the magnetization (within a few hundreds of fs) takes place
only on the film plane, while the subsequent recovery is
characterized by well discernible out-of-plane components.
The amplitude of the coils reduces, while their center shifts
toward the [100] crystallographic direction as the system re-
laxes back to equilibrium. The amplitude of the in-plane os-
cillations is about 4-5 times larger than those of the out-of-
plane polar component. This is caused by the shape
anisotropy effects that forces the magnetization to lie prefer-
entially on the film plane.

Having discussed the qualitative features of the oscilla-
tions, we now seek their interpretation. We begin with some
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FIG. 3. (Color online) (a) Schematic diagram of the angular
relation between M and the effective field (H,,,+H,,) in static
condition (top) and after the laser pumping (bottom). (b) Projection
of the magnetization trajectory (for H,,,=75 Oe) normal to the sur-
face and (c) evolution of the in-plane orientation of M relative to
the [100] easy axis. The dashed line represents the in-plane angular
position of the precession axis (see text).

basic consideration on the static case. As shown in Fig. 1(B),
0,, and 0, are the angles (on the film plane) made by the
magnetization M and the external field H,,,, respectively,
with the [100] easy axis. If H,,,=0, the magnetization lies
along the easy axis, i.e., 6,,=0. In the presence of an external
field H,,, parallel to the magnetic layer but not aligned to an
easy axis, the orientation 6,, of the magnetization vector can
be deduced by minimizing the in-plane free-energy density g
(in dimensionless form) of a thin film with biaxial magneto-
crystalline anisotropy:'’

1 2 Hext

g=gsin 20, o cos(6,,— 6,), (2)
where H,,=2K,/ uyM, is the intensity of the so-called aniso-
tropy field lying along the easy axis [for bulk iron H,,
=550 Oe (Ref. 13)] and K, is the magnetocrystalline aniso-
tropy constant. It can be shown that for a small angle 6, the
quantity g is equivalent to the energy term —u,M-(H,,,
+H,,). This means that in the presence of an external field,
the magnetization M aligns with the effective field given by
the vector sum H,;=H,,,+H,, [top panel of Fig. 3(A)].

But what happens when the sample is irradiated by a short
and intense laser pulse? The effect of the irradiation is to
locally heat the sample, increasing the temperature of the
irradiated volume. The local thermal equilibrium is estab-
lished within a few picoseconds, a time scale comparable to
the electron-lattice relaxation time.'? During this time, the
saturation magnetization M, and the magnetocrystalline an-
isotropy constant K, both depending on the temperature,
will decrease. K; has a stronger temperature dependence
compared to M,'® therefore the intensity of the anisotropy
field H,,* K;/M will drop. Since the external field is unaf-
fected, the total effective field will decrease and rotate to-
ward H,,,. The magnetization vector will no longer be
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aligned to the effective field and it will experience a torque
that launches the precessional motion around the time-
dependent field H, (1) [see lower panel of Fig. 3(A)]. This
motion is described by the well-known Landau-Lifshitz-
Gilbert (LLG) equation,'® according to which the vector M
precesses around the effective field and experiences a dissi-
pative damping that hampers the oscillations. Eventually, the
magnetization will align along H,, that represents the axis
of the precessional cone. In our case, the effective field is
time (i.e., temperature) dependent and its modulus and ori-
entation can be retrieved from the magnetization trajectory
and from Eq. (2) with the following argument: if one could

freeze the effective field at a certain delay 7 after the pump,

the magnetization vector would precess around H,{(7) and
ultimately, owing to the damping, align along it. Due to the
geometry of our experiment, the precession axis always lies
on the film plane. Thus, the final equilibrium magnetization
would also be in plane and its orientation 6,, would be the
one minimizing Eq. (2). Since 6, and H,,, are fixed experi-
mental parameters, the orientation 6,, would unequivocally
determine H,,(7). The analysis of the in-plane and out-of-
plane dynamics of M gives access to the sought angle 6,, at
different delays. Figure 3(B) reports the time evolution of the
out-of-plane (i.e., polar) component of the magnetization
vector, while panel C plots the time evolution of the angle 6,
between the in-plane projection of the magnetization vector
and the [100] easy axis. The red dots mark the points in time
when the polar component of the magnetization has a maxi-
mum or a minimum. According to the elementary property of
a precessional motion, at those points the in-plane compo-
nent of M is aligned with the precession axis [large dots in
Fig. 3(C)], and the corresponding values of the angles 6,
inserted in Eq. (2) provide the time dependence of H,,,(¢).
The result of this procedure is shown in Fig. 4(A) that
reports the temporal evolution of the magnetocrystalline an-
isotropy field obtained independently from the three sets of
data corresponding to applied fields H,,, of 50, 75, and 100
Oe. At negative delay (slightly before the pump hits the
sample) the extrapolated values of H,, compare well with the
anisotropy field of bulk iron (550 Oe), but a few tens of ps
after pumping, H,,, drops to about half of its initial value and
slowly recovers within a few hundreds of ps. The time evo-
lution of the anisotropy constant K, is obtained by inserting
in the expression of H,, the temporal dependence of the
magnetization M, as deduced from the data shown in Fig.
2(A) without external field. Since the variation in the aniso-
tropy constant is determined by the change in the local tem-
perature T that is itself a function of the pump-probe delay, it
is physically more significant to plot K; as a function of 7.
To achieve this, we must convert the time scale of Fig. 4(A)
into a temperature scale. A simple way is provided directly
by the experimental curve M (z). For sufficiently long delay
(a few picoseconds) after the pump, electrons, spins, and
lattice have reached thermal equilibrium and the saturation
magnetization is uniquely determined by the local tempera-
ture. In iron, the temperature dependence of M (T) is well
known and it can be analytically expressed as
M(T)/M(0)=(1-n)"/(1-bp+ar?~cn’?), being 7
=T/Te (T¢=1044 K is the Curie temperature of Fe), a
=0.1098, b=0.368, and ¢=0.129.2° By numerically inverting
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FIG. 4. (Color online) (a) Experimental evolution of the (in-
plane) magnetocrystalline anisotropy field vs pump-probe delay
(the dashed line is a guide for the eye). (b) Temperature dependence
of the magnetocrystalline anisotropy constant (dots), normalized to
its room-temperature value as obtained from the data (see text). The
solid line is taken from Ref. 18 for comparison. The inset reports
the time evolution of the local temperature 7' obtained from the
magnetization data (see text).

this formula, the function T(M,) is obtained, and using the
experimental values of M(¢), we end up with an empirical
relation that allows us to convert the pump-probe delay into
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a temperature scale (inset to Fig. 4). The magnetocrystalline
anisotropy constant K; deduced from our experiment as a
function of the local temperature is compared in Fig. 4(B) to
the original data of Ref. 18. The remarkable agreement
strongly reinforces our interpretation and endorses the reli-
ability of the experimental method. As a final remark, we
point out that the field dependence of the precession fre-
quency o for this thin film with in-plane anisotropy is given
by wzyg\e‘"HeffHdg,,,, with 7y as the gyromagnetic ratio and
g==2 as the Landé splitting.”! H,,,,=u,M, is the demagne-
tizing field normal to the sample surface. From the experi-
mental values of the precession frequency and the effective
field we obtain H,,,,=~?2 T that matches fairly well the iron
bulk magnetization of 2.1 T.

In conclusion, we have presented the investigation of
time-resolved MOKE performed in an experimental geom-
etry that provides the full quantitative dynamics of both the
magnetization vector M and the magnetocrystalline aniso-
tropy. From the temporal evolution of M (modulus and ori-
entation), the heat-induced dynamics of the anisotropy con-
stant of iron has been retrieved. Our method provides the
clear and direct experimental evidence of the mechanism that
launches the magnetization precession, and in view of the
flourishing interest on femtomagnetism,?” it represents a
simple and widely applicable way to study the ultrafast evo-
lution of the spin order in magnetic structures.
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