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Hidden anisotropy induced = phase shift in all-optical magnetization precession
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Laser-induced magnetization precession of an in-plane magnetized Pt/Co/Pt film with perpendicular interface
anisotropy was studied using time-resolved magneto-optical Kerr effect. An additional 7 shift in the precession
phase is needed to describe the measured data if only the demagnetization energy is considered. Based on an
augmented microscopic model description of the laser-induced magnetization dynamics, the additional 7 phase
is found to be rendered by the dependence on the phonon temperature of the hidden interface anisotropy, in
contrast to the dependence on the electron temperature of the demagnetization energy. The observation that the
phase of precession is affected by both the electron and the phonon temperature warrants detailed knowledge
about the forms of anisotropy present in the system under investigation for a holistic description of laser-induced

magnetization precession.
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I. INTRODUCTION

Since the first experimental demonstration of ultrafast de-
magnetization in ferromagnetic Ni in 1996 [1], the interplay
between coherent light and magnetic order has attracted much
attention in the magnetism community [2]. The physics in-
volved in the ultrafast demagnetization is so complicated
that, almost 30 years after its discovery, the microscopic
mechanism responsible for the transfer of angular momen-
tum between electron, spin and lattice subsystems, upon
irradiation by laser pulses, remains elusive. Possible candi-
dates include direct angular momentum transfer from photons
to electrons [3], electron-phonon scattering [4-6], electron-
magnon scattering [7], electron-electron scattering [8], and
coherent interaction between electrons and photons [9].
In contrast to these local dissipation channels, superdiffu-
sive transport due to the different lifetime for spin-up and
spin-down electrons was proposed to account for the demag-
netization observed in the first several hundred femtoseconds
after laser irradiation [10,11]. For a complete description of
the ultrafast demagnetization in ferromagnets, all of those
processes should be included in a Boltzmann-like approach
[12], with information provided by complementary experi-
mental techniques that probe separately the magnetization [2],
electron [13,14], and phonon [15] dynamics.

A related phenomenon occurring on a longer timescale is
the laser-induced magnetization precession in ferromagnetic
metals [16,17]. Depending on the anisotropy of the studied
material, the precession period can vary drastically. However,
the typical timescale is of the order of 0.1 ns. The magne-
tization precession observed can be understood on the basis
of a change in anisotropy, which is a sensitive function of
temperature. Intuitively, the two processes, i.e., the ultrafast
demagnetization occurring on the timescale of 0.1 ps and the
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magnetization precession with periods of about 0.1 ns, are
connected to each other. Actually, with a two temperature
model (2TM) [18], the magnetization precession was ex-
plained as a consequence of the dynamic temperature profile,
which is just the driving force for the ultrafast demagnetiza-
tion [5].

For a thin film of metallic ferromagnetic material under the
influence of an out-of-plane field, if there is no other forms of
anisotropy present except for the shape, or demagnetization,
anisotropy, the effective demagnetization field decreases in
magnitude for the first several hundred femtoseconds, fol-
lowing the ultrafast demagnetization process caused by laser
heating. As a result, the total effective field is further tilted out
of plane, and the magnetization vector will precess instanta-
neously around the new effective field. Hence, in this case, the
initial precession of the magnetization is towards the direction
of the external field (cf. the inset to Fig. 1), corresponding to
an initial phase of —m /2. This typical behavior is routinely
observed in magnetic films with easy-plane anisotropy, an ex-
ample of which is shown in Fig. 1 [19]. Atomistic simulation
based on the Landau-Lifshitz-Bloch (LLB) equation [20] also
supports this picture [21].

However, for in-plane magnetized Pt/Co/Pt films, our
measurements give a completely different behavior: the mag-
netization initially moves away from the direction of the
external field, as plotted in Fig. 2, although static hysteresis
loops determine unambiguously that the film plane is an easy
plane. This motion of magnetization is described by an initial
phase of /2, bringing about a phase difference of w. A
similar difference in the initial precession was observed in
Ref. [18] for thick Co films deposited on Al,O3 and MgO
substrates. Due to the different preferred growth orientations
of the ¢ axis of hexagonal Co, the axis of uniaxial crystalline
anisotropy is in-plane on MgO but perpendicular-to-plane
on Al,O3. The observed difference in initial precession was
thus attributed to the different orientations of the uniax-
ial anisotropy. Theoretical simulation qualitatively explained
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FIG. 1. Representative laser-induced magnetization dynamics
for a 10 nm permalloy (Nig;Fejo) film with an external field By, =
0.15 T applied almost perpendicular to the film plane [19]. The black
vertical line highlights Ar =5 ps, where the change of timescale
occurs. Dashed arrows in the inset give schematically the effec-
tive fields for initial magnetization precession after laser excitation:
The dashed arrow, shown above the magnetization, corresponds
to the case for permalloy, i.e., only demagnetization anisotropy
is present, while the dashed arrow and torque direction below m
corresponds to the presence of both demagnetization and interface
anisotropy, which is appropriate for Pt/Co/Pt films. Plot of the inset
is schematic and not to scale.

the difference observed, based on a molecular-field model
description for the ultrafast demagnetization and a Bloem-
bergen relaxation-time approximation for the magnetization
dissipation, but no direct comparison between experiment
and simulation was performed and no quantitative conclu-
sion reached. If we still want to stick to the picture that the
magnetization precession is initiated by the ultrafast demag-
netization, which also serves as a test of our microscopic
description of the ultrafast demagnetization, the observed =
disparity in phase has to be resolved and a quantitative agree-
ment between experiment and theory achieved, which is the
main motivation for the current work.
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FIG. 2. Magneto-optical traces with various applied field (B,pp)
normalized to the maximal signal, | AM O| .. Note the change of
scale at delay time Ar = 1 ps. Blue circles are experimental data,
and red lines are the corresponding fits. Distinctive features in mag-
netization dynamics induced by ultrashort laser pulses irradiating
on ferromagnetic metals are discernible: ultrafast demagnetization
occurring on the timescale of <1 ps and magnetization precession
on the order of ~0.1 ns.

Using a microscopic model description for the longitudinal
relaxation of magnetization and the Landau-Lifshitz-Gilbert
(LLG) equation for the transverse relaxation, we achieve a
reasonable quantitative agreement between experiment and
theory for the description of the magnetization dynamics
triggered by laser heating with feasible parameters, and find
that the discrepancy in the initial phase can be removed
by considering the hidden interface anisotropy’s different
temperature dependency as compared to that of the demag-
netization anisotropy. The interface anisotropy is termed as
hidden simply because its existence is not felt at all in
equilibrium; an effective demagnetization anisotropy, which
includes the interface anisotropy, is enough to describe the
static behavior of our in-plane magnetized films. The fact
that the interface anisotropy is hidden behind the effective
demagnetization anisotropy highlights an important differ-
ence from Ref. [18]: the = phase shift observed here is not
caused by a change for the effective anisotropy from being
in-plane to perpendicular-to-plane, but by a local competi-
tion between the perpendicular-to-plane interface anisotropy
and the in-plane demagnetization anisotropy; the effective
anisotropy is always in-plane for the whole film, and the
additional 7 phase needed to describe the experimental data
is relative to the effective in-plane anisotropy. As a result of
the different temperature dependencies, the needed m shift
in phase for magnetization precession follows naturally, in
consistence with both Figs. 1 and 2. The model analysis
shows that the additional phase is mainly determined by the
time evolution of the total effective field and accumulated in
the first several picoseconds, during which period the mag-
netization precesses around the time-varying effective field.
Consequently, the accumulated phase depends on the his-
tory of the effective field and a definite phase of precession
is only meaningful after a specific time delay from the ar-
rival of the laser pulse, which is in stark contrast with the
conventional description of the laser-induced magnetization
precession. There the change in anisotropy is instantaneous
and, hence, the phase of precession is defined at delay time
zero. Another quantitative discrepancy with the conventional,
qualitative description for the initial magnetization precession
is that the actual phase differs from the exact values 4 /2
by a finite amount. When those two quantitative discrepancies
are taken into account, surprisingly, the definite v difference
is recovered by considering the temperature evolution of the
hidden interface anisotropy. Therefore our analysis for the
role played by the hidden interface anisotropy in determining
the initial phase is a step further towards the quantitative
understanding on the microscopic origin of the laser-induced
magnetization precession, and can provide conceptual insight
into the mechanism behind magnetization precession either
in more complicated material systems [22,23] or affected by
other forms of anisotropy, such as magneto-elastic interaction
[24,25].

The organization of the article is as follows. After this
Introduction, in Sec. II, we will briefly discuss the augmented
microscopic model for the description of the laser-induced
magnetization dynamics. Section III will then give the exper-
imental results and the numerical fitting of the experimental
data to the theoretical model. The resultant 7 phase shift will
be determined there, after a detailed analysis. Our conclusion
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of the current investigation will be given in Sec. IV. For
comparison, an Appendix is given finally to show the behavior
of the precession frequency and the decay time, in addition to
the precession phase, which is the focus of the current study.

II. THEORETICAL DESCRIPTION OF MAGNETIZATION
DYNAMICS

In our model description, the ultrafast demagnetization
is described by the microscopic three temperature model
(M3TM) [5], and the transverse relaxation of magnetization
is given by the phenomenological LLG equation [26,27].
In spirit, the separation of the magnetization dynamics into
longitudinal and transverse relaxations used here is similarly
employed in the LLB equation [20] and the self-consistent
Bloch equation [28]. The only difference lies in the longitu-
dinal relaxation term, which is given here by the M3TM [5].
In the M3TM, if only heat dissipation along the film thickness
is considered, the time evolution of the electron temperature
T, and the phonon temperature 7, is determined essentially by
the 2TM,

dT,
Ce? =V, («V.T,) + gep(Tp —T,)+ P(t),
dT,
IJW = gep(Te - Tp)’ (1)

where C, and C, are the corresponding heat capacities.
P(t) is the laser power density absorbed by the electron
subsystem, and V. denotes the z component of the gra-
dient operator. k is the electronic thermal conductivity of
Co, and g, the electron-phonon coupling constant. g, is
assumed to be a constant, although it is actually a tem-
perature dependent quantity [29]. Microscopically, g., =
3n D DyEpkg);,/2Va hi, where i is the reduced Planck’s con-
stant, D, the number of atoms per atomic volume V,,, Ep the
Debye energy, Dy the electronic density of states at the Fermi
energy, kp the Boltzmann constant, and A., the microscopic
electron-phonon coupling constant.

The dynamics of m = M/M,, the magnetization vector
normalized to saturation magnetization M at zero tempera-
ture, is governed by

dm mTC
— =RT,| 1 — mcoth m
dt T,

_y[mxB+3mx(mxB)] 2
m

with m being the magnitude of m, y the gyromagnetic ratio,
Tc the Curie temperature, o the Gilbert damping constant,
and B the total effective magnetic field, including the ex-
ternal, anisotropy and demagnetizaion field contributions.
Constant R determines the demagnetization rate, and is re-
lated to the spin-flip probability o, during electron-phonon
collisions, mediated by the spin-orbit coupling, through R =
8ctsr8epknTe /Epltar With i, the number density of Bohr
magnetons. The main modification made here to the conven-
tional M3TM [5] is the addition of the transverse relaxation
term in Eq. (2).

It is well known that, at Pt/Co interfaces, the interface
anisotropy is perpendicular to the film plane, due to the
3d — 5d hybridization there [30,31]. Assuming negligible

bulk anisotropy, the total anisotropy field is correspondingly
comprised of the interface anisotropy field

m’(T,)
$ 2
m

B m;€.[8(z) + 8(z — z0)], 3
and the demagnetization field —uoMom.€,. B, = 2K;/M, is
the zero-temperature interface anisotropy field, with K the
corresponding anisotropy constant. &, is the unit vector per-
pendicular to the film plane. z = 0 and z = z¢ correspond to
the two Co/Pt interfaces. The temperature dependence of the
interface anisotropy is given explicitly in Eq. (3) by the term
cubic [32,33] in m. Note that we have postulated that the
interface anisotropy is sensitive to the lattice temperature 7,
as it is primarily determined by the crystal field [18]. Due to
the interface character of By, there is a critical Co thickness
where transition from out-of-plane to in-plane magnetized
configuration occurs, which is around 1 nm for our sputtered
samples [34]. Hence for the 4 nm Co film considered here, the
demagnetization field dominates and the film is magnetized
in-plane at remanence.

In order to numerically study the laser induced magneti-
zation dynamics, the Co film was divided into four layers.
The top layer and the bottom layer are affected by both the
interface anisotropy field and the demagnetization field, while
the middle layers are only influenced by the demagnetization
field. The exchange coupling between adjacent layers i and
j is modelled by the usual expression Exy = —Am; - m;/d?,
with d = 1 nm being the separation between adjacent lay-
ers and A the exchange stiffness constant. The laser pulse
P(t) was modeled by a gaussian function with group velocity
dispersion [35]. The optical penetration depth at 780 nm of
Co is 13.5 nm [36]. Except for the magnitude of the laser
pulse, all other optical parameters used in the simulation
were extracted from numerically fitting the short timescale
(< 1 ps) demagnetization data, using a phenomenological
model given in Ref. [37]. Material parameters employed in the
model description of magnetization dynamics using Eq. (2)
are given in Table I, which are all bulk Co values except for
k and A. The heat exchange between the Co film and the
substrate is treated simply by a phenomenological thermal
conductivity ks, Which is varied to fit the measured data, as
well as the ratio [5] C,/C,. The substrate temperature is set to
the ambient temperature, 7, = 300 K.

III. EXPERIMENTAL AND NUMERICAL RESULTS

The sample investigated was a Pt (4 nm)/Co (4 nm)/Pt
(2 nm) film made by DC magnetron sputtering onto a Boron
doped Silicon wafer with 100 nm thermally oxidized SiO,.
The base pressure of the sputtering chamber was 5.0 x 1078
mbar. The Ar sputtering pressure for Pt was 3.0 x 10~ mbar,
while it was 1.0 x 1072 mbar for Co. The sputtering rate
was 1.16 A/s for Pt and 0.29 A/s for Co. Time-resolved
magneto-optical Kerr effect (TRMOKE) measurements were
performed using a pulsed Ti:Sapphire laser with central wave-
length 780 nm, pulse width 70 fs and repetition rate 80 MHz.
Both pump and probe beams were focused onto the sample
at almost normal incidence, hence the measured TRMOKE
signal is most sensitive to the out-of-plane (z) component of
the magnetization. The laser pump pulses induced, delay time
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TABLE I. Material parameters used in our theoretical description of the magnetization dynamics induced by laser heating, which are fixed
to the values given in this table in the fitting to the experimental data.

Ep (meV) K (W/mK) Mo(ps/Var) Te(K) V(A%

1.72 [42]

A(p]/m) Cr(MJ/m°K)

28 [38,39]

3.73 [5] 38.4 [40] 40 [41] 1388 [42] 11.1 [42]

(At) dependent Kerr rotation was recorded using a double
modulation technique [43]. In the TRMOKE measurements,
the external magnetic field was applied almost normal to the
film (xy) plane, in order to tilt the magnetization out of the
film plane.

Experimental TRMOKE traces and best fits are shown in
Fig. 2, after subtracting the state filling effect contribution
[44] at Ar =0 to the experimental data. In fitting to the
experimental data, the measured magneto-optical signal, MO,
is assumed to have contributions from all three components of
the magnetization vector [45,46], MO o m; + om, + aym,,
given that, in our experimental setup, the magnetization has
not only the z but all three components. Then the variation
of the magneto-optical signal, AMO, which is defined as
the difference after and before the arrival of the laser pulse,
is normalized to the maximal demagnetization, |AM O|max.,
as shown in Fig. 2. The normalized data is then fitted by
Eq. (2) with T, and T, determined by Eq. (1). Details of the
fitting procedure can be found in Ref. [5]. It can be seen
from Fig. 2 that the overall agreement between experiment
and theory is satisfactory, considering the crudeness of our
model. The agreement shows that the main physics is cap-
ture by the simple Eqgs. (1) and (2). The relevant physical
parameters obtained from the best fits are given in Table II,
where the errors given are the standard deviations of fitted
values corresponding to different applied field Byyp. The fitted
y corresponds to a Landé g-factor g = 1.86 & 0.07, which is
very close to the free electron value. The interface anisotropy
gives an out-of-plane to in-plane transition thickness around
2.3 nm at zero temperature. This value is two times of the
experimental value of about 1 nm. Since we used the bulk
Tc and p, in the fitting procedure, this difference is still
acceptable. Finally, the Elliott-Yafet spin-flip probability o
and the electron-phonon coupling constant A, are comparable
to those obtained in Ref. [5].

To confirm that the observed difference in the initial
magnetization precession is actually caused by the interface
anisotropy, we can set K to zero and keep other parameters
intact, thus eliminating the effect of the interface anisotropy
and retaining only the demagnetization field. The result for
Bapp = 0.29 T is shown in Fig. 3, which demonstrates clearly
the effect of the interface anisotropy and that the different
behaviours for the initial magnetization precession are in
qualitative agreement with what we can expect. To see more
clearly the magnetization dynamics and the difference in the

TABLE II. Material parameters determined from fitting the ex-
perimental data to the theoretical equations (1) and (2).

a(107)  ay (107 y(10"Hz/T)  K(mJ/m?)  A.,(meV)

7+2 1.6 £0.1 1.64 £ 0.06 1.50+£0.01 113403

initial precession, we plot in Fig. 4 the trajectories calculated
for the top Co layer using the same set of parameters with
or without the interface anisotropy. It can be easily seen
that, in the presence of only the demagnetization field, the
magnetization vector keeps moving upward after the ultrafast
demagnetization and recovery process, continuing the trend
of the magnetization recovery; while if the hidden interface
anisotropy is present, the magnetization’s initial precession
is downward and against the tendency of the magnetization
recovery. The net effect of the competition between the two
forms of anisotropy is an almost 7 change in the phase of
magnetization precession.

Another interesting feature shared by both trajectories
shown in Fig. 4 is the development of the positive y
component of the magnetization vector during the ultrafast de-
magnetization process. Usually, it is assumed that the ultrafast
demagnetization can influence the magnetization procession
following it by setting the precession’s initial status, but
the effect of the transverse magnetization relaxation on the
ultrafast demagnetization is negligible. This is true if only
demagnetization and remagnetization times are concerned,
as they are mainly determined by o, and A.,. However,
as demonstrated clearly by the development of magneti-
zation component perpendicular to the initial xz plane in
Fig. 4, the actual magnetization motion during the ultrafast
demagnetization process is indeed modified by the transverse
magnetization relaxation; the magnetization vector will re-
main completely in the xz plane if the transverse relaxation

1.0 7
i‘ _Ke#o
| K, =
l\
« |\
_E I\
s | |]
J o5 | ]
~
(@) |
E |
< |
! 1
|
I
‘l
0.0 —*
10 1 100 200 300 400 500

At (ps)

FIG. 3. Simulated magneto-optical traces with contribution from
only m, at B,,, = 0.35 T in the presence of the interface anisotropy
(K, # 0) or not (K; = 0). The transition of timescale at At = 1 ps is
marked by the vertical black line.
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FIG. 4. Simulated magnetization trajectories for the top Co layer
at By, = 0.29 T in the presence of the interface anisotropy (K # 0,
solid blue curve) or not (K; = 0, dashed green curve). For clarity, the
trajectory with K; = 0 is scaled up by a factor of two along the z
direction.

term is absent in Eq. (2), which is the case in the conventional
description of the ultrafast demagnetization.

Having established that taking into account of the hidden
interface anisotropy can qualitatively reproduce the observed
phase shift in the initial precession, it is desirable to un-
fold what actually happens behind by following the time
evolution of the total anisotropy field ABx = AB4 + ABp
for the top Co layer as plotted in Fig. 5, together with its
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FIG. 5. Dynamic evolution of the interface anisotropy field (B4,
dashed line), the demagnetization field (Bp, dash-dotted line) and the
total effective field (B, solid line) for the top Co layer with By, =
0.29 T. The inset shows correspondingly the change of the electron
temperature and the lattice temperature with delay time Az. Note the
change of scale at Az =5 ps (2 ps in the inset) delineated by the
vertical solid line. The small amplitude ringing structure visible in
ABp and AB,, which attenuates to zero in about 20 ps, is caused by
the interlayer exchange coupling.

two competing components, the interface anisotropy field
By = Bsmzm3(Tp)/m2 and the demagnetization field Bp =
—uoMom;. The main characteristics of Fig. 5 is that, while the
short timescale variation of By and B, is both positive, ABp
and A By are of opposite signs for At > 2 ps. This competition
results in a negative change in ABg. The positive change of
the demagnetization field can be easily understood, as ABp
is essentially the change of the z component of the magneti-
zation vector. With the elevation of temperature (c.f. inset to
Fig. 5), the magnitude of the magnetization vector is reduced
and Am, < 0 as shown in both Figs. 3 and 4, therefore the
change of the demagnetization field is always positive. The
sign change of AB, is intriguing. It is a natural result of
the dynamic evolution of 7, and T,, which is itself the driv-
ing force for the ultrafast demagnetization observed at short
timescale (At < 1 ps in Fig. 2). As can be seen from the inset
to Fig. 5, before an equilibrium is reached, the electron tem-
perature 7, is higher than the phonon temperature 7,. From
Eq. (3), a higher T,, whose direct consequence is a smaller
m (< m(T},)), will give a positive change of B4, compared
with the value before the arrival of the laser pulses. Once an
equilibrium is established between T, and 7, (Actually, in the
inset to Fig. 5, there is a small amplitude overshooting of the
phonon temperature, which is solely resulted from the fact that
only the heat dissipation due to electron heat conduction is
considered in Eq. (2)), their common value is still higher than
the ambient temperature, T ~ T, ~ T, > T,,. This results in
Bs o< mm,(T), which is smaller than its corresponding value
at ambient temperature, assuming the polar angle of m (hence
m;) is not increased in the whole process (Fig. 5, ABp curve,
and Figs. 3 and 4). The resulted change of anisotropy is thus
negative. The above analysis qualitatively explains the change
of sign for ABg, and hence the phase of the magnetization
precession. Without the sign change in ABg, the magneti-
zation precession will follow the ABp curve, as plotted in
Fig. 3. Therefore the time evolution of AB, demonstrates
unambiguously that the phonon temperature dependence of
the interface anisotropy gives rise to the sign change in ABk,
which is otherwise puzzling as the demagnetization field over-
whelms the anisotropy field in equilibrium. The resolution of
the puzzle is intricate but natural, as we know the interface
anisotropy is there, although made hidden by the dominating
demagnetization field in equilibrium. Dynamically, due to the
phonon temperature dependence of the interface anisotropy,
ABy, is greater than ABp in magnitude. Another benefit of
fathoming so deep into the connection between the ultrafast
demagnetization and the following magnetization precession
is that the achieved agreement between experiment and theory
affords a holistic picture for laser-induced magnetization pre-
cession in ferromagnetic metal films: the driving force behind
the magnetization precession is the dynamic evolution of the
anisotropy field, which is directly derived from the equilibra-
tion process of the electron and phonon subsystems initiated
by irradiation of ultrashort laser pulses.

Finally, the actual phase of magnetization precession has
to be determined to verify the claimed 7 shift induced by the
interface anisotropy. According to the distinct characteristics
of the magnetization dynamics on both the short and long
timescales, we can separate the magnetization dynamics into
two stages: the ultrafast demagnetization stage, including the
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FIG. 6. Phase fitted from the measured data and the simulated
magneto-optical traces with contribution from only m, in the pres-
ence of the interface anisotropy (K, # 0) or not (K; = 0). The lines
are linear fittings to the theoretical data. For clarity, w for the data
with K; = 0 is scaled down by a factor of 1.53.

following recovery, and the magnetization precession stage. If
we are only interested in the magnetization precession occur-
ring on the nanosecond timescale, the effect of the ultrashort
laser pulses, mediated through the elevated temperature for
electrons and phonons, can be viewed as an impulse to the
magnetization, similar in nature to the impulse given to a foot-
ball to kick it off. Then the net effect of the laser irradiation
is just to initiate the observed magnetization precession at
frequency w, which is characterized by a phase ¢y at delay
time Aty in the form of sin(w(At — Aty) + ¢g). The initial,
or incubation, delay time Af; is a measure of how rapid a
magnetization precession is established after the irradiation
of laser pulses, with ¢y being the corresponding phase. Ex-
perimentally, only the combination ¢ = ¢g — wAty can be
determined by fitting the measured long-term oscillation to
an attenuated sine function [16,17,47] with amplitude A4 and
decay time t,,

A3
1+ AI/T()
+ Age 2% sin(w At + ¢). 4)

AMO = A, + Aye 2/ 4

A is a time-independent background contribution, while A,
and As correspond to the electron temperature relaxation with
time constant 7, and the one-dimensional heat diffusion to the
substrate with initial time 7y, respectively. The fitted phase ¢
is plotted in Fig. 6. However, the fact that the our measured
signal AMO is related to a linear combination of all three
components of the time-varying magnetization, rather than the
pure z component, complicates further the determination of
¢o. To determine unambiguously both Afy and ¢y, we have
performed simulations using the fitted parameters as listed
in Table II, and then fit the generated oscillation with con-
tribution from only the z component of m, m,, to the same
fitting function, Eq. (4). The slope and intercept of the fitted
effective phase ¢ = ¢y — wAfy as a function of w gives Aty

TABLE III. Fitted initial phase ¢y and the incubation time Afy
in the presence (K; # 0) and absence (K; = 0) of the interface
anisotropy. ¢y is the ideal phase for a step-like change of anisotropy.

$o(mr) ¢n(m) Ato(ps)
K,=0 —0.29 £ 0.02 —0.5 19 £ 04
K, #0 0.72 £ 0.04 0.5 11 +2

and ¢ separately. The results obtained using this procedure
are shown in Table III. For a direct comparison, we also list in
Table III the expected initial precession phase in adoption of
the assumption that the change of the effective anisotropy can
be described by a step function at time delay Afy. We can see
immediately that the fitted phase differs from the ideal, step-
like behavior expected for both the cases K; = 0 and K; # 0.
Surprisingly, the phase difference A¢ between the fitted and
the ideal values is the same for both cases, which is about
0.27 in advance. This additional phase can be viewed as the
effective phase accumulated for the magnetization precession
during the ultrafast demagnetization process. As the demag-
netization time is not significantly affected by the anisotropy,
the accumulated phase is almost the same, irrespective of the
presence of the interface anisotropy. As a result, the phase
shift caused by the presence of the interface anisotropy is
still a whole 7 within uncertainties, although the values of
the individual phases deviate from the ideal values by a finite
amount and definite time-independent initial phase can only
be obtained after the incubation delay time. The appearance
of both A¢ and At is caused by the demagnetization process,
which sets the initial conditions for the subsequent magnetiza-
tion precession. Aty is of great importance in the quantitative
description of the laser-induced magnetization precession, as
it corresponds to the specific time delay after which a constant
initial phase of precession can be defined; without it, the phase
is frequency dependent.

8 ;
—o—LLG, Ks:f:O
ol —5—LLG, KS=0 |
O M3TM, Ks=l=0
o M3TM, K =0
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FIG. 7. Magnetization precession frequency f predicted by the
LLG equation with the interface anisotropy (K # 0) or not (K; = 0),
as compared to the simulated one from the combination of the M3TM
model and the LLG equation.
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FIG. 8. Similar comparison as in Fig. 7 for the decay time 7, of
the magnetization precession.

IV. CONCLUSION

Laser-pumped magnetization precession in Pt/Co/Pt thin
film system with hidden perpendicular interface anisotropy
was investigated by time-resolved magneto-optical Kerr ef-
fect. The measured precession can be described by a
microscopic three temperature model in combination with
the Landau-Lifshitz-Gilbert equation. The agreement between
theory and experiment provides insight into the different
roles played by the demagnetization field and the interface
anisotropy field in laser-induced magnetization precession.
Specifically, the phase of the precession is determined by a
competition between the dynamic interface anisotropy and
the demagnetization energy, which follow the phonon tem-
perature and the electron temperature, respectively. This
competition results in a 7 phase shift for magnetization pre-
cession in the presence of the hidden interface anisotropy, in
addition to the ubiquitous demagnetization anisotropy. Due to
the influence of the preceding ultrafast demagnetization pro-
cess, a definite initial phase of precession can only be defined
after the incubation time delay, with a value also different
from the ideal value that can be expected for an instantaneous
response of the anisotropy.
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APPENDIX: FREQUENCY AND DECAY TIME
FROM LLG EQUATION

The oscillation frequency w and the decay time t,; as de-
fined in Eq. (4) around the equilibrium angle 6 measured from
the film plane for a macrospin can be obtained by linearizing
the LLG equation around 6, assuming that the effect of laser
heating can be modelled by a step change of the magnetization
direction followed by relaxation to the original equilibrium
angle. The results are

w = BB 1 " (A1)
AW +a?  y2c?
and
_datah .

Tg = .
v(B1 + By)

By = Bypp sin(B + 0) — |Bg| sin6@ is the magnitude of the
equilibrium field, which is aligned with the equilibrium mag-
netization direction, and B; = |Bk| cos® 6 + B,. B is the angle
subtended between the applied field B, and the z direction,
which is perpendicular to the film plane. The equilibrium
angle 6 is determined by the applied external field through
the equation By, cos(B + 6) = |Bk| sin6 cos 6. The specific
forms of the precession frequency and the decay time, which
is just the inverse of the imaginary part of the complex pre-
cession frequency @ while w is the real part of @, shows an
interesting feature: the relationship between the modulus of @
and the field is identical to the dissipationless case, provided
the gyromagnetic ratio y is renormalized by +/1 + o2, rather
than the usual renormalization factor 1 4 o that can be in-
ferred from the LL form of the LLG equation.

Corresponding to values of the externally applied field
along B = 0.04s, a series of w and t; can be determined using
Eq. (4) from the magnetization precession produced by our
M3TM-based model fed with the best-fit parameters listed in
Table II, as was done in Fig. 6. The same quantities can also be
computed from Egs. (A1) and (A2). For a direct comparison,
they are plotted together in Figs. 7 and 8. For the frequency
f = w/2m, the LLG prediction agrees with our model result
fairly well. In contrast, the agreement for t; between the two
approaches is not that satisfactory, although there is almost
no systematic variation for t; generated by our M3TM-based
model.
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