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Imaging Precessional Motion of 
the Magnetization Vector 
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A. Vaterlaus,' D. Pescia,' H. MelchiorZ 

We report on imaging of three-dimensional precessional orbits of the magne- 
tization vector in a magnetic field by means of a time-resolved vectorial Kerr 
experiment that measures all three components of the magnetization vector 
with picosecond resolution. Images of the precessional mode taken with sub- 
micrometer spatial resolution reveal that the dynamical excitation in this time 
regime roughly mirrors the symmetry of the underlying equilibrium spin con- 
figuration and that its propagation has a non-wavelike character. These results 
should form the basis for realistic models of the magnetization dynamics in a 
largely unexplored but technologically increasingly relevant time scale. 

A magnetic moment placed at an angle with 
respect to a magnetic field will feel a torque 
that tries to align it along the direction of 
the magnetic field. Because the magnetic 
moment has an angular momentum, the 
torque will cause the magnetic moment to 
precess. This is the content of Larmor's 
theorem (1 ) .  Textbook examples of this 
theorem are spin resonance phenomena (2-
4) .  Because of its picosecond time scale. 
precessional motion in ferromagnetic ele- 
ments attracts technological attention; for 
instance. precessional magnetization rever- 
sal launched by picosecond field pulses has 
been suggested as a possible way of ad- 
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vancing the speed of magnetic recording 
devices into new time scales (5). 

This precessional motion has become 
the target of experiments designed to detect 
it directly in the time domain (6-11) and, to 
date, one component of the precessing 
magnetization vector has been measured 
accurately with subnanosecond resolution. 
However, precessional motion evolves in 
the three-dimensional space defined by the 
three components of the magnetization vec- 
tor and is a challenge for direct experimental 
detection. Yet, measuring all three components 
as they evolve in time provides essential infor- 
mation necessary to develop realistic models of 
magnetization dynamics on a picosecond time 
scale. We explored the vectorial precessional 
mode launched by a picosecond field pulse in a 
ferromagnet. which. because of its elementary 
character, allowed us to directly compare the 
analytical solution of the Larmor equation with 
the experimental observations. The result is a 
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picture of this mode containing unprecedented 
details that should form the basis for future 
modeling of this phenomenon. 

The sample used here is a flat, polycrys- 
talline Co disk grown by electron-beam 
evaporation inside a 400-nm-thick, single- 
turn aluminum coil (see the optical micro- 
graph in Fig. 1A). The Co disk has a diam- 
eter of -6 p m  and a thickness of -20 nm. 
and is capped with -2 nm of Pt for corro- 
sion protection, as the time-resolved exper- 
iments are performed at ambient pressure. 
The magnetic contrast within the Co disk 
(Fig. 1B) was revealed by spin-polarized 
scanning electron microscopy (SEMPA) 
(12) The corresponding domain pattern 
(summarized schematically in Fig. 1C) 
shows four in-plane magnetized domains 
arranged to form a closed magnetic flux 
configuration within the Co disk, thus min- 
imizing the magnetostatic energy (13).This 
closed-flux configuration suggests that the 
shape anisotropy is the essential mecha-
nism establishing the equilibrium spin con- 
figuration of Fig. IB. In our analysis, n-e 
neglect other types of magnetic anisotro- 
pies, such as the magneto-crystalline one. 
The simplest mathematical model capturing 
the symmetry of the closed-flux configura- 
tion associates every point in the disk with 
cylindrical coordinates (p. q. 2) .  and as-
signs cylindrical unit vectors (Sp. Cy. ;=! to 
the magnetization vector (,CfI,. ,LIc, .\I,,) -
(0, M,,. 0) (Fig. ID). 

Applying a sudden small magnetic field 
along 2 provides the initial torque which will 
produce a small but finite ibl,,._This initial 
deviation leads to the motion of iM.described 
by the Larnlor coupled differential equations 
(1) [neglecting the product of small terms ( 3 ) ]  
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Fig. 1. (A) Optical micrograph of the Co dot 
inside a single-turn coil of Al, evaporated (pres- 
sure during growth: 1 x lo6 mbar) on quartz 
glass using standard lift-off technique. The Co 
dot is sandwiched between two 2-nm-thick Pt 
buffer layers. (B) In SEMPA, the spin polarization 
of the emitted secondary electrons, excited by a 
focused electron beam, is measured and is pro- 
portional to the magnetization within the beam 
focus. In the image, the white (black) .regions 
correspond to domains positively (negatively) 
magnetized along the direction parallel to the 
horizontal axis. Within the gray regions on the 
sides, the magnetization is along the vertical 
direction, as shown by measuring the corre- 
sponding polarization component. The closed- 
flux spin configuration is represented schemati- 
cally in (C). The SEMPA image was taken after 
the spin dynamics experiments. 'To prepare a 
clean surface suitable for SEMPA, the Pt capping 
layer was removed by soft sputtering and the 
vacuum conditions. (D) The coordinate system u 
represented. 

to be solved with the initial conditions [M,(t 
= 0) = M,], [M,(t = 0) = A << M,], and 
[M,(t = 0) = 01. The value 1 y 1 is the gyro- 
magnetic ratio. N, and N, are demagnetizing 
factors determining the p and z component of 
the magnetic field acting on the magnetiza- 
tion vector (because of the closed-flux con- 
figuration of Fig. lB, N, = 0). For a disk 
with the geometrical dimensions of the one in 
Fig. lA, N, - 0.17 and N, - (4n - 0.17) 
(14). This problem contains no free parame- 
ters and can be solved analytically: [M, = 
M,], [M, a cos(2n .$)I, and [M, a sin(2n $11. 
The theoretical penod T, of the oscillation, 
calculated by solving the determinantal equa- 
tion, is T, = 2n(y~,-)-' = 169 ps. 
M,(t) and M,(t) are phase shifted by n12, with 
the component orthogonal to the applied field 
pulse (M,) starting first, followed by the com- 
ponent parallel to the field pulse (MA. This 
time sequence, including the phase shift, is 
the essential content of Larmor's theorem and 
causes the locus of the magnetization vector 
to be along an orbit in the plane perpendicular 
to M,. 

These analytical results are reproduced by 
the vectorial time-resolved experiment. Fig- 
ure 2A shows M,, measured at a location 
.within the disk with equilibrium spin config- 
uration along x, as a function of the time 
elapsed after the field pulse [details of the 
vectorial Kerr experiment are described in 
(Is)]. A short field pulse originating from the 
coil (solid line in Fig. 2A) (16) launches an 
oscillatory M, component, with an experi- 
mental period of T,,, - 165 + 5 ps. Two 

Lifschitz equation (5, 7, 9). Feature (ii) is due 
to the slow decay of the magnetic fierd pulse 
(16). My(t), measured at the same location as 
in Fig. 2A, starts to deviate from the equilib- 
rium value before M, does (Fig. 2B). Com- 
paring the two figures, a phase shift of ap- 
proximately n12 is observed. As a conse- 
quence of this shift, the experimental My(t) 
and M,(t), combined in Fig. 2C in a two- 
dimensional plot showing M, versus My, de- 
scribe an orbit that reveals the precessional 
motion of the magnetization vector predicted 
by Larmor's theorem. Because of the decay 
of the oscillatory component, the precession- 
al orbit spirals back to the origin (1 7). 

Our vectorial time-resolved ex~eriment 

dot capped with -2 nm of Co under ultrahigh 
~sed to model the closed-flux spin configuration is 

experimental features not accounted for by 
the analytical solution are (i) the decay of the 
oscillation amplitude (given by the envelope 
of the graph), which occurs with a time con- 
stant of -330 ps, and (ii) the shift toward 
positive values of the oscillatory component. 
Feature (i) is due to relaxation processes of 
the magnetization, which, in a more complete 
theory, are taken into account by the Landau- 

with submicrometer spatial resolution was 
used to produce images of the local preces- 
sional mode within the magnetic Co disk. A 
set of images (Fig. 3), taken at a given delay 
time, show the spatially resolved x;y, and z 
components of the local magnetization vec- 
tor. The in-plane images roughly reproduce 
the symmetry of the equilibrium spin config- 
uration: the side domains, with equilibrium 
magnetization along k y ,  are visible in the x 
component of the dynamical magnetization 
(Fig. 3A), whereas the top (bottom) domains, 
with equilibrium magnetization along +x, are 
visible in the y component of the dynamical 
magnetization (Fig. 3B and, schematically, 
Fig. 3D). The z component, which is zero in 
the equilibrium configuration, reproduces the 
almost circular symmetry provided by the 
closed-flux equilibrium state (Fig. 3C). How- 
ever, despite being symmetric with respect to 
rotations around the z axis, the dynamical z 
component reveals a spatial nonuniformity 

My (arb. units) 

Fig. 2. Results of the time-resolved vectorial 
Kerr experiment. (A) Mz (in aribitrary units) 
versus time. The curve is measured at a location 
where the initial spin configuration is along x. 
(B) My as a function of time (M, being constant 
in time within experimental noise). In agree- 
ment with Larmor's theorem, M deviates from 
the equilibrium value before b( does, and re- 
mains ahead of Mz by approximately ~ 1 2 .  (C) 
The Larmor orbit in the plane perpendicular to 
x, obtained by combining the results of (A) and 
(B) into a Mz-versus-My plot. 

Fig. 3. (A and B) Spatially resolved images of 
the magnetization vector at a fixed delay time 
(180 ps in this figure). To take the images, we 
scanned the sample under the focusing objec- 
tive using a piezoelectric stage. (D) shows sche- 
matically that a field pulse along z (not shown 
in the figure) activates the +y (-y) component 
of the magnetization within domains with 
equilibrium spin configuration along +x (-x) 
and leads to the white-black magnetic contrast 
observed in the in-plane components (C). 
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absent in the equilibrium spin configuration. 
For instance, the center and the boundary of 
the dot are in a different precessional state. A 
closer inspection of images of the in-plane 
components also reveals a similar spatial 
nonunifonnity, although it is not as explicit 
because of the smaller signal-to-noise ratio of 
the in-plane measurements. Although spatial 
nonuniformities have already been observed 
(7), their.origin remained puzzling. 

In a sequence of images of M,(?) taken 
at successive times, we are able to follow 
the buildup and evolution of this nonuni- 
form precessional mode as it occurs in time 
[Fig. 4 and supplemental Web movie (18)l. 
Precession starts at the boundary with a 
positive sign (Fig. 4A) (18) and appears to 
propagate into the center (Fig. 4B), where it 
becomes active at a later time. In Fig. 4C, 
the precessional mode has reversed its sign 
and has already started to proceed back to 
the boundary, where the dynamic compo- 
nent reverses again to positive values (Fig. 
4D) and the whole sequence repeats. At 
first glance, one is tempted to interpret the 
nonuniform excitation as a wave propagat- 
ing from the border toward the center and 
then bouncing back. There are two impor- 
tant factors that exclude the buildup of a 
precessional wave: (i) an estimate of the 
time it takes to reach the center leads to a 
velocity of =50 krnls. We estimate that the 

E I 1 -  a1 the border1 

Fig. 4. Spatially resolved images of M, at dif- 
ferent delay times. Going from (A) through (D), 
the precessional mode apparently moves to- 

. ward the center (B), reverses to negative values, 
returns to the boundary (C), and bounces back 
with positive sign from the boundary. In (E), 
M,(t ) evaluated from the images at the bound- 
ary (circular points) and at the center of the dot 
(diamond points) is shown. 

spin wave group velocity for a k-vector 
compatible to the lateral size of the Co disk 
is at least one order of magnitude smaller 
than this value (4). (ii) Because the mag- 
netization at the boundary is actively pre- 
cessing, we must assume Neumann condi- 
tions at the boundary, i.e., the same bound- 
ary conditions used in theoretical studies of 
the spin wave dynamics in restricted geom- 
etries (4). This means that the magnetic 
"membrane" is free to move at the bound- 
ary and that waves are reflected without 
reversing their sign (19, 20). Thus, our 
observation of an apparent sign reversal at 
the boundary contradicts the hypothesis of 
a precessional wave. In order to find the 
origin of this nonuniformity, we plotted 
(Fig. 4E) M,(t) obtained from images at the 
boundary (circles) and at the center (dia- 
monds). Both oscillate, within experimen- 
tal uncertainty, with the same period. Thus, 
the magnetic fields acting on the preces- 
sional magnetization vector are roughly the 
same at the boundary and at the center (21) 
and the linearization of the coupled equa- 
tions is applicable to the central part of the 
disk as well (22). On the other hand, the 
two curves show two clear differences: (i) 
the maximum oscillation amplitude at the 
center is smaller by -20% with respect to 
the boundary, and (ii) the two curves are 
shifted by an almost constant offset 
amounting to 10 rt 3 ps. Our calculations 
of the spatial dependence of the magnetic 
field produced by the coil reveals a nonuni- 
formity that can be as large as 20% across 
the disk (the field is strongest at the bound- 
ary). This can explain (i) (23), but not the 
offset. The observed time offset suggests 
that the origin of the nonuniform preces- 
sional mode is some delay in the start of the 
precession. A possible cause for (ii) is 
Faraday's induction law: The applied mag- 
netic field is only immediately present on 
the "skin" of the magnetic sample, where 
the precession starts. The corresponding 
precessional phase is observed at the center 
after a delay of the order of T,,, X dl26 = 
10 ps [d being the thickness of the film and 
6 the skin depth at frequencies correspond- 
ing to a 10-ps rise time (24, 25)]. 

Despite strong correlation of the spins, 
the precession of spin blocks with submi- 
crometer linear size depends only on the 
local field occurring within each block. 
This finding supports the theoretical model 
that was used to explain the final domain 
pattern obtained after picosecond pulse- 
induced precessional switching (5). The ab- 
sence of vrecessional waves at submi- 
crometer'scales considerably simplifies the 
dynamical behavior, which roughly reflects 
the symmetry of the underlying equilibrium 
configuration. Small corrections due to 
eddy currents introduce spatial nonunifor- 

mities that are not present in the equilibri- 
um spin configuration and must be taken 
into account for a realistic model of mag- 
netization dynamics with ultrashort mag- 
netic pulses.. 
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Modulation Instability and 

Pattern Formation in Spatially 


Incoherent Light Beams 
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We report on the experimental observation of modulation instability of par- 
tially spatially incoherent light beams in noninstantaneous nonlinear media and 
show that in such systems patterns can form spontaneously from noise. In- 
coherent modulation instability occurs above a specific threshold that depends 
on the coherence properties (correlation distance) of the wave packet and leads 
to a periodic train of one-dimensional filaments. At a higher value of nonlin- 
earity, the incoherent one-dimensional filaments display a two-dimensional 
instability and break up into self-ordered arrays of light spots. This discovery 
of incoherent pattern formation reflects on many other nonlinear systems 
beyond optics. It implies that patterns can form spontaneously (from noise) in 
diverse nonlinear many-body systems involving weakly correlated particles, 
such as atomic gases at (or near) Bose-Einstein condensation temperatures and 
electrons in semiconductors at the vicinity of the quantum Hall regime. 

Modulation Instability (MI) is a process that 
appears in most nonlinear wave systems. Be- 
cause of MI, small amplitude and phase per- 
turbations (from noise) grow rapidly under 
the combined effects of nonlinearity and dif- 
fraction (or dispersion, in the temporal do- 
main). As a result, a broad optical beam [or a 
quasi-continuous wave (quasi-CW) pulse] 
tends to disintegrate during propagation (1- 
4), leading to filamentation (5, 6) or to break 
up into pulse trains (1-4). MI typically oc-
curs in the same parameter region where 
another universal phenomenon, soliton oc-
currence, is observed. Solitons are stationary 
localized wave packets (wave packets that 
never broaden) that share many features with 
real particles. For example, their total energy 
and momentum is conserved even when they 
interact with one another ( 7 ) .Solitons can be 
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intuitively understood as a result of the bal- 
ance between the broadening tendency of 
diffraction (or dispersion) and nonlinear self- 
focusing. A soliton forms when the localized 
wave packet induces a potential (via the non- 
linearity) and "captures" itself in it, thus be- 
coming a bound state in its own induced 
potential. In the spatial domain of optics, a 
spatial soliton forms when a very narrow 
optical beam induces (through self-focusing) 
a waveguide structure and guides itself in its 
own induced waveguide. The relation be- 
tween MI and solitons is best manifested in 
the fact that the filaments (or the pulse trains) 
that emerge from the MI process are actually 
trains of almost ideal solitons. Therefore, MI 
can be considered to be a precursor to soliton 
formation. To date, MI has been systemati- 
cally investigated in connection with numer- 
ous nonlinear processes. Yet traditionally, it 
was always believed that MI is inherently a 
coherent process and can only appear in non- 
linear systems with a perfect degree of spatial 
and temporal coherence. On the other hand, 
recent theoretical work (8) has shown that MI 
can also exist in relation with partially inco- 
herent wave packets or beams. This in turn 
leads to several important new features: in- 
coherent MI appears only if the "strength" of 

two reasons: the oscillation of the magnetization 
occurs on a larger time scale and eddy currents do 
not affect the recessional motion in the Dresent 
geometry (3). 
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the nonlinearity exceeds a well-defined 
threshold that depends on the degree of spa- 
tial correlation (coherence). Moreover, by ap- 
propriately suppressing MI, new families of 
solitons are possible that have no counterpart 
whatsoever in the coherent regime (9). Here, 
we present the experimental observation of 
modulation instability and pattern formation 
in partially spatially incoherent light beams in 
nonlinear media. 

Until a few years ago, solitons were con- 
sidered to be solely coherent entities. How- 
ever, experimental observations of solitons 
made of partially spatially incoherent light 
(10) and of temporally and spatially incoher- 
ent ("white") light (11) have proven that in- 
coherent solitons do exist, and such observa- 
tions have opened entirely new directions in 
the field of solitons. Numerous theoretical 
and experimental works followed soon there- 
after, describing bright (1 2-1 5) and dark (1 6, 
17) incoherent solitons, their interactions 
(It?), and stability properties (19). The exis- 
tence of incoherent solitons proves that self- 
focusing is possible not only for coherent 
wave packets but also for wave packets upon 
which the phase is random. The key to their 
existence is the noninstantaneous nature of 
the nonlinearity, which responds only to the 
beam's time-averaged intensity structure and 
not to the instantaneous highly speckled and 
fragmented wavefront. In other words, the 
response time of the nonlinear medium must 
be much longer than the average time of 
phase fluctuations across the beam. Thus, the 
time-averaged intensity induces, through the 
nonlinearity, a multimode waveguide stmc- 
ture (a potential well that can bind many 
states), whose guided modes are populated by 
the optical field with its instantaneous speck- 
led structure. With this noninstantaneous na- 
ture of the nonlinearity in mind, we were 
motivated to find out whether patterns can 
form spontaneously on a partially coherent 
uniform beam through the interplay between 
nonlinearity and diffraction. As a first step, 
we have shown theoretically (8) that a uni- 
form partially incoherent wave front is unsta- 
ble in such media, provided that the nonlin- 
earity exceeds a well-defined threshold set by 
the coherence properties. Above that thresh- 
old, MI should occur, and patterns should 
form. 
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