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Control of the phase of the magnetization
precession excited by circularly polarized
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The inverse Faraday effect induced in magnetic films by ultrashort laser pulses allows excitation and control of
spins at gigahertz and sub-terahertz frequencies. The frequency of the optically excited magnetization precession
is easily tunable by the external magnetic field. On the other hand, the initial phase of the precession marginally
depends on the magnetic field. Here we demonstrate an approach for the control of the precession phase by
variation of the pump beam direction. In particular, we consider the case when the magnetization precession
is excited by obliquely incident pump pulses in a magnetic dielectric film placed in the in-plane magnetic field.
Theoretical consideration predicts that the initial phase should appear for a non-zero in-plane component of the
pump wavevector orthogonal to the external magnetic field. Experimental studies confirm this conclusion and
reveal that the phase grows with increase of the in-plane wavevector component. Variation of phase by 15 deg is
demonstrated. Potentially, the phase could be changed even more pronouncedly by more than 90 deg. This work
provides a simple way for additional manipulation with optically excited magnetization dynamics, which is of

importance for different spintronic applications.
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1. INTRODUCTION

All-optical excitation and detection of spin dynamics by ultra-
short laser pulses have opened new ways for manipulation and
control of spins at femtosecond and picosecond time scales
[1-6]. In the case of transparent magnetic films, the laser pulse
influences the magnetization of the sample non-thermally by
cither the inverse Faraday effect [7-9] or by photoinduced mag-
netocrystalline anisotropy [8,10,11]. The former is observed for
circularly polarized pulses and can be interpreted in terms of
the effective magnetic field induced within the sample during
pulse propagation. In contrast, modifications of magnetocrystal-
line anisotropy appear for linearly polarized pulses.

The optical approach to excitation of the magnetization dy-
namics overcomes several limitations inherent for the conven-
tional methods utilizing microwaves. First of all, it allows
influence on the magnetization locally, within the focused laser
spot, that can be easily shifted along the sample [12,13]. This
feature can be used to study spin wave propagation in nano-
structured materials with high resolution [14]. The wave
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properties of light make it possible to control sample magneti-
zation in a certain region of a magnet layer within a micrometer
by multiple excitation pulses [15]. The micrometer size area of
the sample where spins interact with photons can operate like a
point source of magnons [16-22]. Subwavelength localization
of the magnon source along the magnetic film thickness has
recently been demonstrated [23]. Variation of the laser spot
shape and size provides tunability in terms of the type and
spectrum of the generated spin waves. For example, one could
switch between surface and backward volume spin waves
by simply reducing the diameter of the laser spot [19,20].
Moreover, passing from excitation with a single pulse to multi-
ple pulse excitation gives an additional degree of freedom lead-
ing to enhancement of the spin wave amplitude, tunability of
their spectrum, and directivity of the magnon source [17,18].

Usually, optically excited magnetization dynamics is
observed in the pump—probe experiment in which a high-
intensity pump beam drives spins and a low-intensity probe
beam arrives at some time delay and measures variation of the
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magnetization along its wavevector by the Faraday effect. The
magnetization precession at a given point is described by a
decaying harmonic function, z,(¢) = m,ge™*/* sin(wr + p),
where the z axis is perpendicular to the precession axis, 7,
is the projection of the magnetization on the z axis, 7, @,
and f are precession amplitude, frequency, and phase, respec-
tively, and 7 is the decay time. The precession amplitude is
increased by raising the excitation energy fluence, while the
frequency is changed via the external magnetic field. At the
same time, control of the phase is not so straightforward. If
magnetization dynamics is excited through the photoinduced
magnetic anisotropy or inverse Cotton—Mouton effect, then
the phase can be modified by orientation of the linear polari-
zation of the pumping beam [11,22]. However, in the case of
the inverse Faraday effect dealing with circularly polarized laser
pulses, only two scenarios are available: clockwise and anti-
clockwise magnetization precession excited by left and right
circularly polarized pulses. This corresponds to f =0 and
p = m. Thus, tunable adjustment of the phase has not yet been
demonstrated.

In this work we demonstrate the approach for the precise
variation of the magnetization oscillation phase excited by
circularly polarized femtosecond laser pulses. Theoretical inves-
tigation reveals that the phase depends on the direction of the
obliquely incident pump pulses. The experimental studies con-
firm this behavior and are in good agreement with the theoreti-
cal model. The obtained results open a new way for the precise
modification of the phase of the magnetization dynamics and,
in particular, spin waves excited by circularly polarized light
pulses.

2. PHASE OF THE MAGNETIZATION
PRECESSION EXCITED VIA THE INVERSE
FARADAY EFFECT

We start with the theoretical consideration of the magnetiza-
tion dynamics excited within the illuminated spot of the film.
Figure 1 shows the considered system geometry, where the
circularly polarized pump beam enters the material at some
incidence angle. It induces the effective magnetic field Hypg
directed along the wavevector of light k inside the magnetic
film. Consequently, the orientation of Hypg is defined by the
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Fig. 1. Configuration of the sample illumination with the pump
and probe laser pulses. H is the external magnetic field. Before optical
excitation, magnetization M is directed along H. A circularly polarized
pump beam induces the magnetization dynamics, resulting in preces-
sion along a trajectory that is depicted by the green dashed line.

refraction angle of the pump ©,, and its azimuth angle ®.
The field Hygg exists in the illuminated area of the magnetic
film during the pulse propagation through the sample.
Because of the pulse of Hypp(#), magnetization of the sample
becomes locally nudged and magnetization oscillations spread
away in the form of spin waves. Therefore, generally, the mag-
netization dynamics should be described by the function
M(r, £). However, the main properties of the optically induced
magnetization dynamics within the illuminated spot can be
considered in a simplified model that assumes a uniform pre-
cession of the magnetization M(#). In this model, generation of
spin waves can be taken into account by effective damping
parameter a that exceeds Gilbert parameter ag.

The magnetization dynamics is governed by the Landau—
Lifshitz—Gilbert equation. In the spherical coordinate system
with the z axis along the normal to the film and the x axis along
the in-plane external magnetic field A, it is written by

20 dp  yoU 1
Y iasinel=_r% - 1a
o T = A e sin 0 (1a)

a0 dp y oU
% ino® =T % 1b
PR T VaF Y] (1b)

Here, 6 is the polar angle of magnetization, ¢ is the azimuth
angle of magnetization (Fig. 1), y is the gyromagnetic ratio, and
U is the free energy density of the magnetic film. In the case of
the predominant growth anisotropy with respect to the crystal-
line one, the free energy density U of the magnetic film is
written by
U = -QaM? - K ;)sin? 0 - HM sin 6 cos ¢ - MH g (2),
@)
where K, is a constant of the uniaxial magnetic anisotropy.
The first term in Eq. (2) describes the magnetic anisotropy
caused by the planar shape of the magnetic sample and its
growth. The magnetic anisotropy can be characterized by
the effective anisotropy field H, = 4zM - 2K ; /M. In the
absence of Hygg, the magnetization lies in-plane, which gives
the equilibrium state 6y = 7/2 and ¢, = 0. Passing to
0, = 5 - 0, linearizing Eq. (1) and taking Eq. (2) into account
leads to the following set of equations:
00, o0

-—+ta

ot or T 00 = vHipgy(t) - yHipe (), (3a)

6, op
a—+— + 0,0, + w0, = YH g, (1) - yHype, (£)01,

ot ot
(3b)

where w, = yH, and wy, = yH. It follows from these equa-
tions that input of H g, in the excitation of the magnetization
is negligibly small with respect to the input of the other Hypg
components. The problem of solving a set of linear non-homo-
geneous differential equations [Eqs. (3)] with ultrashort,
d-function-like pulses can be reduced to the problem of solving
a set of homogeneous equations with initial conditions

0,(0+) = -yH g, At + yaH g At, (4a)
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@(0+) = yHypp, At + yaH g, At, (4b)

where Hipg,, are amplitudes of the IFE field pulses,
Hipgy,, (1) = Hipgy, Ar6(2), and it is assumed that a < 1.

Since H is parallel to the k-wavevector of light inside the

magnetic film, then Hey :—y = tan 6,, sin @ (Fig. 1), where

Hipg,
0,, and @ are polar and azimuth angles of k inside the mag-
netic film. The magnetization dynamics excited by the laser
pulse is determined by solution of Eq. (3) for # > Az and is

described by the free magnetization precession given by

0, = 0,,¢7 sin(w,r + ), (5)

where
w} = wy(wy + @,), (6)
7 =2/[aQwy + »,)] (7

Expressions for the amplitude 8,, and phase f§ are obtained in
view of Eq. (4). Generally, they are rather cumbersome, but for
a — 0 can be notably simplified:

2
0,, = yAtH pg, \/a)_g + tan? O, sin®> @, (8)
wr
a)r .
tan f = — tan @,, sin . 9)
20

Therefore, one can see that the initial phase of the magnetiza-
tion precession appears if the in-plane component of k
orthogonal to the external magnetic field (£,) is non-vanishing.
For relatively small £, (k, < k,), the phase increases linearly
with k},. For magnetic films with in-plane uniaxial magnetic
anisotropy and in small magnetic fields, the ratio of ®,/w,
might be rather large, which provides notable variation of
the phase even for moderate incidence angles.
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3. EXPERIMENT

For the experimental investigation we have used rare-
earth iron-garnet film with bismuth ion substitution
(Bi; 4Y, 6Al) 55Sco2Fes55) [24]. It was grown by liquid phase
epitaxy on a gadolinium gallium garnet substrate with a crys-
tallographic orientation (111). The film thickness is 4.1 pm,
the saturation magnetization is 47M; = 240G, the uniaxial
anisotropy constant K, is negative and equals -10 erg/cm?,
while y is 1.76 x 107 57! . Qe

The sample is studied by the two-color pump—probe tech-
nique. The pump wavelength is 616 nm, and pump pulses are
circularly polarized and cause the magnetization precession.
The light energy fluence is 0.2 mJ/cm? (calculated for 9 pm
beam diameter). The probe pulse wavelength is 820 nm and
has 15 times less energy fluence. Both pump and probe 150 fs
pulses are generated by a Newport Mai Tai HP Ti:sapphire
laser and a Spectra-Physics Inspire Auto 100 optical parametric
oscillator at a 80.54 MHz repetition rate. The Faraday effect for
the transmitted probe pulses is used for detection of the mag-
netization precession (Nirvana balanced diode detector with
lock-in amplifier). The time delay between the pump and
probe pulses is varied from -0.3 to 2.8 ns, where zero-time
delay corresponds to the simultaneous propagation of the
pump and probe pulses through the sample.

Focusing of the pump and probe beams is performed by the
single reflective microscope objective. Direction of the probe
beam is fixed in the x—z plane at 17 deg incidence [Fig. 2(a)].
In contrast, the azimuth angle of the pump beam varies from
@ = -90 deg to @ =90 deg. The incidence angle of the
pump is ©; = 17 deg.

4. DEPENDENCE OF THE PRECESSION PHASE
ON THE PUMP AZIMUTH ANGLE

The magnetization precession excited by laser pulses in differ-
ent external magnetic fields from A = 15-850 Oe is shown in
Fig. 2(b). Its temporal dependence is well described with the
decaying harmonic function by Eq. (5). The decay time of the
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Fig. 2. (a) Scheme of the experiment with the variation of the pump beam position with @ changing from -7/2 up to 7/2. (b) Normalized
time-resolved change of the Faraday rotation indicating the magnetization precession excited by laser pulses in different external magnetic fields from
15 to 850 Oe. Inset: dependence of the precession frequency on the external magnetic field.



e T
1082  Vol. 6, No. 11 / November 2018 / Photonics Research , - Research Article

(@)

Normalized amplitude, a.u.

00 02 04 06 08 10 12 14
Time delay, ns

(b)
T T T T T T T T T
5] o Experimental |
Calculation for iron garnet film
o))
0]
©
01 1
Q
[<)
c
© .5 4
0]
7]
©
£
& 104 "
-15 T

100 -80 -60 -40 20 O 20 40 60 80 100
Azimuth angle @, deg

Fig. 3. (a) Normalized time-resolved change of the Faraday rotation indicating magnetization precession excited by pump beams of different
azimuth angles. The pump beam azimuth angle varies from @ = -90 deg to @ = 90 deg. Inset: zoom for easier tracking of the phase change. The
black line is a guide for the eye demonstrating the A peak position change. All curves have offsets for clarity of representation. (b) Dependence of
the phase angle on the sine of the pump azimuth angle. The angle of pump incidence is 17 deg. The external magnetic field is 850 Oe.

magnetization precession in H = 465 Oe is 7 = 4.1 ns,
which, in accordance with Eq. (7), corresponds to the damping
parameter a = 0.024. The oscillation frequency grows almost
linearly with the magnetic field [inset in Fig. 2(b)]. It is also in
agreement with theory, in particular with Eq. (6). Some
deviation from Eq. (6) appears for relatively small magnetic
fields, H < 20 Oe, which can be accounted for by excitation
of the spin waves and for some inhomogeneity of the sample.

Let us now vary the orientation of the pump beam as per the
scheme in Fig. 2(a) and pay attention to the initial phase of
the excited magnetization precession [Fig. 3(a)]. One can note
the trend of the phase change with variation of the azimuth
angle. If the observed magnetization precession curves are
fitted by Eq. (5), then the phase dependence on the incidence
angle is quantified [red circles in Fig. 3(b)]. The experimentally
obtained data is well described by Eq. (9) in the limit of
p <1 if some additive term f, is introduced: f =

2 tan @,, sin @ + f [blue line in Fig. 3(b)]. The presence

o

of the term f; can be due to some inaccuracy in the determi-
nation of the angles @ and 0,, and to the influence of the ther-
mal effects, which are not accounted for in the theory above.
Nevertheless, the line slope is close to the reciprocal of the re-
fractive index of the magnetic film 1/7, which agrees with
Eq. (9). Indeed, for a relatively small incidence angle and large
magnetic fields, where the oscillation frequency is linear in H,
the ratio of w,/wy~ 1 and f ~ O,, sin ® =~ O,/n.

Change of the initial phase with variation of the azimuth
angle can be increased if , is much larger than @,. This might
be possible for films with large magnetic anisotropy. Thus, a
film with 47M = 1800 Gs and K = -1 x 10* erg/cm? in
the external magnetic field A = 10 Oe will have w,/w, =
13.9, which implies f =78 deg for the incidence angle
of @; =45 deg.

5. CONCLUSION

In conclusion, we have demonstrated the approach for phase
shift of the magnetization oscillations and spin waves optically

excited by circularly polarized laser pulses. It enables the precise
control of the magnetization dynamics parameters for the case
when the inverse Faraday effect is responsible for its excitation.
The experimental data is in good agreement with the proposed
theoretical interpretation of the effect, rendering the linear
trend for the phase angle change with the variation of the pump
light azimuth angle. We demonstrate a 15 deg phase shift ob-
tained with rotation of the pump beam plane of incidence by
180 deg at a fixed incidence angle of 17 deg. The experimental
sample film is not optimized for this effect. Calculations predict
that the oscillation phase could be varied by almost 90 deg in
the case when a magnetic film of high in-plane magnetic
anisotropy is placed in a relatively small external magnetic field
of a few tens of Oe and is illuminated at a large incidence
angle. This study provides a simple and effective way for precise
manipulation of ultrafast magnetization dynamics, which is
of increasing importance for spintronic and magnetophotonic
applications.
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