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Ultrafast magnetization dynamics in an epitaxial Nisy 3Mn3; ¢Sny3 ¢ Heusler-alloy
film close to the Curie temperature
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The influence of the amplitude of an external magnetic field (H) and femtosecond laser pulse fluence (F) on
ultrafast magnetization dynamics has been investigated in a ferromagnetic Niss 3Mnj3; 9Sn;3 5 Heusler-alloy film
using the time-resolved magneto-optical Kerr effect. A large slowing down of the demagnetization process was
observed and characteristic parameters of magnetization precession were determined for a wide range of H and
F values. Long demagnetization times of the order of hundreds of picoseconds have been found and explained
as a result of the Curie temperature (7¢) proximity in the alloy film studied. Effective magnetic anisotropy field
(H™) and Gilbert damping parameter dependencies were determined. A significant reduction of the precession
frequency versus F of the uniform Kittel mode was found. A strong decrease of H{T with F was well simulated
in the frame of an extended version of the microscopic three-temperature model (eM3TM), and explained by
the T¢ proximity effect. The estimated low values of the eM3TM model parameters, the demagnetization rate
and electron-lattice coupling constant, appeared essential to explain the slowing down effect of demagnetization.
Precession amplitude dependencies were explained by a phenomenological approach taking into account HS™

and changes of the equilibrium magnetization angles induced by pump-pulse excitation.
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I. INTRODUCTION

Advances in femtosecond laser spectroscopy opened the
way toward developing the highest temporal resolution
tool for studies of ultrafast magnetization dynamics [1,2].
It is a subject of intensive studies for both fundamental
research importance [3] as well as applications in the field of
ultrafast magnetic recording and spintronic devices [4-7].
An optical technique involving the time-resolved magneto-
optical Kerr effect (TR-MOKE) significantly revised the view
of demagnetization timescales and underlying mechanisms
[8,9]. Ultrafast de- and remagnetization as well as magneti-
zation precession processes have been investigated for a wide
group of magnetic materials in a broad timescale range, from
femtoseconds to nanoseconds [10-16]. Typically, demagneti-
zation occurs within hundreds of fs for 3d transition metals
[17-19] and tens of ps for 4f ferromagnets, while in the
case of some half metals hundreds of ps were experimentally
observed [20-22]. However, the mechanisms of ultrafast de-
magnetization, triggered by femtosecond optical laser pulses,
are still under intensive debate and different types of spin-flip
scattering and/or the spin-orbit interaction were considered as
playing an important role in this process [23].

Most studies concerning different aspects of magnetization
dynamics were performed as a function of an external mag-
netic field at temperatures far from the Curie temperature Tc
of the compounds [10,12,13,16,24-29]. The demagnetization
critical slowing down effect was observed, e.g., in Gd [30],
Ni [31,32], CoMnSb [11], and CuCr,Ses [33] when the
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measurement temperature approaches 7¢. A phenomenolog-
ical description of the effect was proposed by Koopmans
et al. in a microscopic three-temperature model (M3TM) [23].
Significant increases of the timescales of de- and remagneti-
zation processes were also observed in half-metallic systems,
e.g., CrO, [21] and Lag¢Sro4MnOs [22,34]. However, the
main mechanism in this case is related to temperature transfer
channel blocking for the electron-spin interaction occurring
after laser excitation [21,22].

Ultrafast magnetization precession phenomena are also an
important subject of intense research and constitute different
issues, due to the origin and different timescales ranging from
tens of ps to several ns [12,25,35]. Both the magnetization
precession frequencies and relaxation times have been inves-
tigated for various classes of materials in different experi-
mental geometries and conditions (see, e.g., Refs. [15,33,36]).
Different rates of the magnetization precession relaxation
processes are observed, which are directly associated with
the phenomenological Gilbert damping coefficient «, related
to energy dissipation in the magnetic system (see, e.g.,
Refs. [37,38]). The value of the o parameter determines the
spin switching time, which is important from an application
point of view [39-42].

Much attention in this field has been paid to Heusler alloys,
since a group of them possesses a half-metallic nature and
hence exhibits extremely low Gilbert damping [26,43,44] as
a result of the suppression of spin-flip processes. Another
interesting group is Ni-Mn-based Heusler alloys which belong
to ferromagnetic shape-memory compounds and exhibit both
ferromagnetic and structural transformations. They are smart
functional materials with a wide range of possibilities for
applications. They have attractive properties of the inverse
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magnetocaloric effect [45,46], a large magnetoresistance
[46,47], and magnetic-field-induced strain [48,49]. The inter-
est in ferromagnetic shape-memory compounds stems from
the possibility of controlling the structural phase transition by
magnetic fields [50]. A dynamical process of photoinduced
martensitic transitions was recently studied in a Mn-rich,
NiMnSn Heusler alloy [51,52]. However, studies of the ultra-
fast magnetization dynamics in this group of materials were
performed, to our knowledge, only in the Ni,MnGa alloy in
Refs. [53,54], and a preliminary study on the Ni-Mn-Sn alloy
was undertaken in Ref. [55].

In this paper, we report a comprehensive study of the co-
herent spin precession dynamics in a Ni-Mn-Sn Heusler-alloy
film using the TR-MOKE measurement technique. The moti-
vation for this work was mainly to investigate ultrafast magne-
tization relaxation processes in an epitaxial Niss 3Mn3; 9Snyz g
alloy film, which exhibits 7¢ about ~20 K higher than room
temperature. This additionally creates suitable conditions to
observe the expected slowing down effect, not reported for
both the Ni-Mn-based but also for other Heusler alloys [11].

The aim of the work is twofold: the systematic study of
(i) the de- and remagnetization effects and (ii) the magneti-
zation precession processes—both in timescales from a few
of ps to ns, performed as a function of an external magnetic
field and pump-pulse fluence. The dependencies of the mag-
netization precession frequencies, relaxation times, damping
parameters, amplitudes, and effective magnetic anisotropy
fields were determined. The slowing down effect of demag-
netization was observed for a wide range of magnetic fields
and fluences, and explained in the frame of an extended
microscopic three-temperature model (eM3TM) which takes
into account a medium thermal reservoir. Magnetization pre-
cession amplitude dependencies versus the magnetic field and
fluence have been determined and explained in the frame
of a phenomenological model which takes into account the
effective magnetic anisotropy field (H¢™) and changes of the
equilibrium magnetization angles induced by pump pulses.
A strong reduction of erﬁk with an increase of fluence has
been observed, and was quantitatively explained using the
eM3TM model as a result of the 7¢ proximity effect in the
Heusler-alloy film studied.

The paper is organized as follows. In Sec. II, the experi-
mental conditions for TR-MOKE measurements and other ex-
perimental details are described. In Sec. II1, theoretical aspects
concerning the Landau-Lifshitz-Gilbert equation, the results
of measurements and data analysis, and an interpretation of
the results in the frame of the phenomenological approach and
eM3TM model are presented. A summary and conclusions are
included in Sec. IV.

II. EXPERIMENTAL DETAILS

The time-resolved magneto-optical Kerr effect has been
measured for Ni- and Mn-rich Ni-Mn-Sn shape-memory
alloy film of Niss3Mn3;9Sn;33 composition at an ambient
temperature 7, = 297 K, which is much higher than the
martensitic phase transition temperature Ty = 115 K
measured in this alloy [56].

The method of preparation and characterization of the
sample is described in Refs. [56,57]. The 100-nm-thick

epitaxial Ni-Mn-Sn alloy film was prepared by the magnetron
sputtering method. The film was deposited at 500°C on a
single-crystalline MgO(001) substrate. The chemical com-
position of the sample was determined from an x-ray fluo-
rescence analysis [56,57]. From x-ray diffraction measure-
ments the epitaxial relationship of the film was confirmed to
be Ni-Mn-Sn[100]/MgO(001)[110]. The Curie temperature
of the Niss3Mn3;9Snj3g film 7c = 319 K was determined
from a direct measurement of magnetization as a function of
temperature.

The ultrafast magnetization dynamics of the Ni-Mn-Sn
alloy film was studied using the TR-MOKE method in
combination with the standard dual color pump-probe
technique. In the experimental setup, a Ti:sapphire
regenerative amplifier system (Spitfire Ace, Spectra-Physics)
nominally generating ~35-fs pulses at a 10-kHz repetition
rate was used. The pump pulses induce the magnetization
dynamics processes at a laser fundamental wavelength of
800 nm, while the time-delayed probe pulses were frequency
doubled by a beta barium borate (BBO) crystal and detected
at 400 nm. The measurements were performed within a
long-range, up to 3.5 ns, time window with a resolution of
about 1 ps. Both pump and probe beams of s polarization
were focused on the sample at angles of incidence of ~5° and
~25°, respectively. It has been checked that the change in
pump beam polarization does not affect the general character
of the recorded signal, as it was observed already in the
case of transition metals [58—60]. To avoid the inhomogeneity
of the excited film area, the pump beam was focused to
~240 pum, while the probe spot diameter was about three
times smaller. Transient Kerr rotation was synchronously
detected using a balanced optical bridge detector.

The magnetization dynamics in the Niss3Mn3; 9Snj3g al-
loy film was examined using TR-MOKE measurements per-
formed as a function of (1) the amplitude of the external
magnetic field H generated by the electromagnet and (2) the
fluence F' of the pumping pulses. The first scenario was imple-
mented for varying H amplitude, up to 6 kOe, under a constant
fluence 0.35 mJ/cm?. In the second scenario, H was fixed at
1.5 kOe and the excitation-pump fluence F' was varied in the
range of 0.07-0.9 mJ/cm?. In both cases, H was applied at
an angle 6y & 45° with respect to the sample normal. Other
experimental setup details are similar as in Refs. [55,61]. The
optical parameters for the film studied were determined from
spectral ellipsometry measurements, and for A = 800, the
refractive index n = 2.352, extinction coefficient k = 3.117,
and reflectivity R = 0.55. Static MOKE measurements were
performed using a magneto-optical magnetometer setup based
on the light polarization modulation technique [62].

III. EXPERIMENTAL RESULTS, COMPARISON WITH
THEORETICAL MODEL, AND DISCUSSION

A. Precession of magnetization
The uniform magnetization precession is described by the
Landau-Lifshitz-Gilbert (LLG) equation [63—-65]
Yo
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where M(¢) is the magnetization given as a function of delay
time ¢, HT = H + HS™ is the effective field acting on the
magnetization, H is the external magnetic field, and H{" is
the effective magnetic anisotropy field of the sample.

Time-independent quantities in Eq. (1) are the Gilbert
damping coefficient «, saturation magnetization M;, and gyro-
magnetic ratio yy = g“Tf, where g is the gyromagnetic splitting
factor g = 2.0023 for free electrons.

The solution of Eq. (1) describes the precession of the
magnetization vector M(z) around H*". The incoming pump
laser pulse temporarily changes the Hﬁff and forces the magne-
tization to undergo a precession. For a given value of external
field H, applied at an angle 6y with respect to the sample

normal, the precession frequency f is expressed by
f(H.00) = S/, @)
where
H; = H cos(6y —9) + Hfff cos? 6,
Hy, = H cos(fy — 0) + H" cos 26,

and ¥ = yy/(1 + o) [64-67]. The angle 6 defines the direc-
tion of magnetization M(¢) with respect to the sample normal
and fulfills the equilibrium equation

. 2H .
sin 20 = I@ sin(fy — 6). 3)
The relaxation time 7 of the magnetization precession is
related to the o parameter through the equation [68]

| ay(H; + H>)
o= TR
2(1 + o?)

It should be noted that, when values of f and t quantities
are known, the solution of Egs. (2)—(4) allows one to deter-
mine the «, Hlfff, and 0 parameters. During the precession,
the changes of the M(¢) components over time are detected in
the reflection geometry as the transient Kerr rotation A8 (¢)
in the TR-MOKE experiment. It is convenient to express the
measured TR-MOKE versus delay time ¢ between the pump
and probe pulse as a sum of two components given by the
formula

Abg(t) = Aexp (— ! ) sin(2xw ft + ¢) + B(t), (®)]

“

T

where A, f, ¢, and t are the amplitude, frequency, phase, and
relaxation time of the magnetization precession, respectively.
The first component, denoted hereafter as AOR*(¢), repre-
sents the damped oscillatory function describing the decay of
magnetization precession, and B(t) represents a nonoscillat-
ing background, related to the sample demagnetization and
IECOVEry processes.

B. Experimental results and data analysis

The A6k (t) dependencies in the Niss3Mn3;9Snisg alloy
film measured for different magnetic fields H at a fixed pump
fluence F = 0.35 mJ/cm? are shown in Fig. 1(a). For each
value of H, the Afk(t) dependencies consist of a damped
oscillating component on a slowly changing in time nonoscil-
lating background. It is clearly seen that the frequency of the
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FIG. 1. Transient Kerr rotation measurements (circles) at differ-
ent magnetic field H values in Niss3Mn3;9Sn;3g and their best fits
according to Eq. (5) (lines) at a constant pump-pulse fluence F =
0.35 mJ/cm?. The total measured TR-MOKE dependencies with
corresponding fits are shown in (a). The oscillatory components, with
subtracted backgrounds in accord with Egs. (6a)—(6c), are shown in
(b). The curves are vertically shifted for clarity.
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oscillating component increases with an increase of H, while
the amplitude of the oscillations decreases. Temporal Afk (t)
dependencies measured for different fluences F at fixed H =
1.5 kOe are shown in Fig. 2(a). The overall features of Afk(t)
are similar to those in the previous case, but a distinct decrease
of the precession frequency with increasing F is clearly
seen. In both scenarios studied, a strong increase of A&k ()
magnitude with H and F is observed [see Figs. 1(a) and 2(a)].
It should be noted that the above presented general character
of a slow signal buildup versus delay time is rarely observed,
and is similar to the one reported for La; ,Sr;sMn,07 [69]
and for MnAlGe [70], but on a much shorter timescale in the
latter case.

To study the influence of H and F on A6 (t) quan-
titatively, the decomposition of the measured A6k () on
the oscillating AGR*(¢) and nonoscillating B(¢) contributions
should be performed. A correct procedure requires a relevant
modeling of the B(¢) function. A rough inspection of the
measured Af (t) dependencies in Figs. 1(a) and 2(a) suggests
that the biexponential form of the B(¢) function as a sum of
fast B;(t) and slow By(t) terms,

B(t) = By(t) + B,(1), (6a)
_ B _r
By(t) = By exp ( rf)’ (6b)
0 t
By(t) = B, exp (—T—), (6¢)

should be assumed. In Egs. (6a)—(6c), B? and B? are am-
plitudes, and 77 and 7, are fast and slow relaxation times,
respectively.

For all measured Afg(t) dependencies, the fitting proce-
dure according to Eq. (5) with B(t) given by Eqgs. (6a)—(6c)
was performed. The fitted curves are shown in Figs. 1(a)
and 2(a) by solid lines. Very good agreement between mea-
sured and fitted dependencies confirms the correctness of the
adopted B(¢) function. The typical B(t), Bf(t), and B,(t) func-
tions, obtained in the fitting procedure for A6k (#) measured
at H = 1.5 kOe and F = 0.35 mJ/cmz, are shown in Fig. 3.
It is seen that the By(¢) and By(t) terms have comparable
amplitudes and differ significantly in the relaxation time val-
ues 7y = 107 ps and 7y, = 1.56 ns, respectively. Modeling of
B(t) in the frame of the extended version of the microscopic
three-temperature model will be presented in Sec. III C.

Hereafter, we will focus on the oscillatory AGR*(¢) com-
ponent related to magnetization precession. The A6g*(¢) has
been determined by subtracting the fitted B(¢) background
from the measured A6k (#). The procedure was applied to all
experimental data shown in Figs. 1(a) and 2(a). Oscillatory
AG*(t) dependencies with a gradually changing preces-
sion frequency f, amplitude A, and relaxation time 7 with
increasing H and F are shown in Figs. 1(b) and 2(b), respec-
tively. The fitted AGR*(¢) functions are marked by solid lines
in Figs. 1(b) and 2(b).

The dependencies of the f, t, and A parameters versus H
and F', obtained in the fitting procedure according to Eq. (5),
are shown in Figs. 4(a)—4(c) and 5(a)-5(c), respectively. The
f(H) dependence [see Fig. 4(a)] is typical for the mag-
netization precession frequency related to the Kittel mode.
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FIG. 2. Transient Kerr rotation measurements (circles) at differ-
ent pump-pulse fluences F' in Niss3Mn3; 9Sn;3¢ and their best fits
according to Eq. 5 (lines) at a constant magnetic field H = 1.5 kOe.
The total measured TR-MOKE dependencies with corresponding
fits are shown in (a). The oscillatory components, with subtracted
backgrounds in accord with Egs. (6a)—(6c), are shown in (b). The
curves are vertically shifted for clarity.
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FIG. 3. Nonoscillating background B(#) decomposition (dashed-
dotted sea-blue line) on the fast B;(t) (dotted red line) and slow
B,(t) (dashed green line) contributions of TR-MOKE dependence
measured for H = 1.5 kOe and F = 0.35 mJ/cm?. The thick blue
line represents the demagnetization Am(t) function obtained within
the eM3TM model (see Sec. III C for details).

The f(H) increases linearly for H 2 1 kOe, and reaches a
value of 16 GHz at H = 6 kOe. The relaxation time t(H)
[see Fig. 4(b)] shows a sharp decrease in the range H =

0.05-0.15 kOe and then increases to a maximum value of
0.5 ns. The precession amplitude A(H ), shown in Fig. 4(c),
increases with H reaching the maximum value at H ~ 1.8
kOe and then significantly decreases for higher fields.

The dependencies of f(F), T(F), and A(F) parameters on
the laser pulse fluence F at a constant field H = 1.5 kOe
are shown in Figs. 5(a)-5(c). It should be noted that the
precession frequency f(F) is not constant but decreases con-
siderably from 5.9 GHz at F = 0.07 mJ/cm? to 4.1 GHz at
F = 0.9 mJ/cm?. The rate of the f(F) change decreases for
F > 0.6 mJ/cm?. The relaxation time 7(F), shown in
Fig. 5(b), has a maximum value of ~0.6 ns at F =
0.22 mJ/cm?, and then decreases monotonically with F
reaching a value of about 0.25 ns at F ~ 0.9 mJ/cm?. The
precession amplitude A(F), shown in Fig. 5(c), increases
initially with F, saturates at F ~ 0.53 mJ /cmz, and then
decreases.

1. Determination of Gilbert damping and effective magnetic
anisotropy field parameters

The «, Hlfff, and 6 dependencies on H and F were de-
termined solving Eqgs. (2)—(4) by using as input data the f
and t values obtained previously in the fitting procedure. The
damping parameter o, together with the effective damping
aeff, calculated accordingly to the formula o = 1/(27 f7),
is shown in Fig. 4(d). Both a.s(H) and «(H) exhibit sharp
maxima at around H = 0.1 kOe with the magnitude equal to
~0.55 and ~0.2, respectively [see Fig. 4(d)]. This behavior
originates from the presence of a domain structure in the
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FIG. 4. Dependence of magnetization precession parameters on the magnetic field H at fluence F = 0.35 mJ/cm?. (a) Precession
frequency f, (b) relaxation time 7, (c) amplitude A (blue circles), and (d) effective damping parameter a.s (blue circles) are obtained from
a fitting of Eq. (5) to the transient Kerr rotation in Fig. 1. (d) Gilbert damping parameter « (red triangles), (e) effective magnetic anisotropy
field erff, and (f) magnetization angles 6, (blue circles) and 6 (red triangles), are obtained from the solution of Egs. (2)—(4). (c) Simulated

precession amplitude (red triangles) is calculated using Eq. (8).
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FIG. 5. Dependence of magnetization precession parameters on the pulse fluence F at magnetic field H = 1.5 kOe. (a) Precession
frequency f, (b) relaxation time 7, (c) amplitude A (blue circles), and (d) effective damping parameter o.g (blue circles) are obtained from
the fitting of Eq. (5) to the transient Kerr rotation in Fig. 1. (d) Gilbert damping parameter « (red triangles), (e) effective magnetic anisotropy
field Hfff, and (f) magnetization angles 6 (blue circles) and 6 (red triangles), are obtained from the solution of Egs. (2)—(4). (¢) The simulated
precession amplitude (red triangles) is calculated using Eq. (8). The simulated H"(F) dependence obtained from the solution of the eM3TM

model is shown in (e) by the red triangles (see Sec. 111 C).

Nisq 3Mn3;9Sn3¢ alloy film studied which persists up to
H ~ 0.07 kOe [see Fig. 1(b) in Ref. [71]]. It should be noted
that o (H ) is significantly larger as compared to «(H ) at low
fields. In high fields, o (H ) asymptotically approaches oo(H )
dependence with o = 0.026 at H = 6 kOe. This behavior
follows from the asymptotical relation ety = /(1 + o?) that
can be derived from Egs. (2)—(4) in the high-field limit. The
lower value of the « = 0.009 parameter as determined in the
ferromagnetic resonance (FMR) experiment for a stoichio-
metric NisoMnysSnys Heusler-alloy film [57] can result from
a slightly different composition and also from the transient
heating effect which can contribute to the enhancement of «
in the case of the TR-MOKE experiment [72].

The calculated effective magnetic anisotropy field HS™(H )
is shown in Fig. 4(e). As expected, HE™ does not depend on H
to within experimental fluctuations (the weighted average of
Hfff ~ 2.26 kOe, with a standard deviation of 0.03 kOe).

The solutions of Egs. (2)-(4) for different pump-pulse
fluences at a constant magnetic field H = 1.5 kOe are shown
in Figs. 5(d) and 5(e). Both «(F) and «.¢(F), shown in
Fig. 5(d), depend weakly on F up to F =~ 0.3 mJ/cm? and
increase over three times at F ~ 0.9 mJ/cm?. In contrast to
the case of field dependencies of damping parameters, the
differences between the o(F') and a.i(F') functions are small.
This behavior follows from the high value of H = 1.5 kOe in
the case considered [see Fig. 4(d)].

The dependence of H(F) is shown in Fig. 5(e). It shows
a strong, nearly linear decrease of erff down to ~1.1 kOe with
the fluence increasing up to F &~ 0.6 mJ/cm?, however, a less

pronounced slope of the dependence can be observed for F in
the range of 0.6-0.9 mJ /cm?.

To qualitatively explain the HE™(F) dependence in the
alloy film studied, we will make an assumption that
in the vicinity of T¢ the main contribution to Hfff originates
from the shape anisotropy Hy = 4w M. The dependence of
M (t) in the temperature range from 7, to T¢ for the film stud-
ied can be approximated by the mean-field formula M (#)
(T — T¢)P with a critical exponent 8 = 0.5. This value is very
close to that for a bulk NisyMn3sSns alloy (8 = 0.456 in
Ref. [73] and 8 = 0.501 in Ref. [74]). From the mean-field
formula, the dependence T (F), related to the increase of the
effective temperature that is induced in the sample by laser
pulses, can be expressed as

T(F) = Te — [n"(F)]"P (T - T, %

where hfT(F) = HE™(F)/HET(F — 0). Using Tc and T, val-
ues (see Sec. II), erff(F) from Fig. 5(e), and H]fff(F — 0) =
3.52 kOe [determined from the extrapolation of the Hlfff(F )
function to F = 0], the T (F') dependence can be calculated.
The result is shown in Fig. 6. It shows an approximately
linear increase of T'(F'), which saturates at F ~ 0.6 mJ/ cm?.
For this fluence, the effective temperature reaches a value of
318 K. This temperature differs from the Curie temperature
by only 1 K, however, Hfﬁ still has a considerable value
of 0.7 kOe [see Fig. 5(e)]. This aspect will be discussed in
Sec. IIIC.
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FIG. 6. Effective temperature in the Nis, 3Mn3; 9Sny3 g alloy film,
calculated as a function of pulse fluence F* with the use of Eq. (7).

2. Amplitude of magnetization precession

In order to accurately describe the magnetization pre-
cession amplitude A vs H and F, the differential LLG
equation (1) should be numerically solved (see, e.g.,
Refs. [70,75-77]). In an approximate approach, A can be
simulated qualitatively with an analytical formula derived
under the assumption that the cone angle of the precession
is sufficiently small, and hence using the differentiation of the
magnetization equilibrium equation (3) (see, e.g., Ref. [77]).
However, it appears that for the film studied, the precession
cone angle Af =6y — 0 (where 6y and 6 are magnetiza-
tion direction equilibrium angles before and after laser pulse
excitation, respectively) is significant. The 6(H), shown in
Fig. 4(f), was calculated from Eq. (3) for HS = 2.26 kOe,
while 6y(H) was derived for HS(F — 0) = 3.52 kOe, taken
from the erff(F ) dependence shown in Fig. 5(e). Both angles
monotonically decrease with H, which corresponds to the
magnetization direction change from the sample plane (0 =
0y = 90° for H = 0) towards the direction of the magnetic
field applied at 8 = 45°. It should be noted that after the ini-
tial increase, the difference A6 = 6y — 6 saturates at around
H ~ 1.8 kOe and then decreases for higher fields. In the
following, the amplitude of the transient Kerr rotation will be
expressed as

A o HE sin(A8) sin(6). (8)

In Eq. (8), the factor sin(@) relates to the projection of the
precession trajectory of the M vector on the z axis, which cor-
responds to the polar component of the transient Kerr rotation.
The precession amplitude A(H) was calculated from Eq. (8)
using 6y(H ) and 6 (H ) from Fig. 4(f), and is shown in Fig. 4(c).
The A(H) describes well the amplitude determined previously
using Eq. (5). The decrease of the A(H) at high fields can
be easily understood from the fact that with increasing H,
both the equilibrium magnetization angles 6y(H) and 6(H)
asymptotically approach the applied field angle 6y, and A6 as
well as A(H) tends to zero.

The magnetization precession amplitude A vs F was deter-
mined using the above described procedure. The magnetiza-
tion angle 8y = 76° at H = 1.5 kOe was taken from the data in

Fig. 4(f). The 6y and 6 (F ), calculated using Eq. (3), are shown
in Fig. 5(f). The fast decrease of the magnetization angle
from 6y &~ 76° down to 6 ~ 56° is a direct consequence of
the strong decrease of Hlfff with F. The precession amplitude
A(F) calculated with the use of Eq. (8) [shown in Fig. 5(c)
by the red triangles] coincides very well, to within error bars,
with the amplitude A determined directly from the AG™(¢)
dependencies. A(F') increases nearly linearly with the flu-
ence up to around F = 0.4 mJ/cm?, due to the increase of
ABA(F) with F. However, A(F) saturates at F & 0.5 mJ/cm?,
and then decreases for F' in the range 0.6-0.9 mJ/cm?. The
saturation behavior of A(F') with an increase of the fluence
can be understood by considering the interplay between the
erff(F ) and AO(F) dependencies. The decrease of A(F') for
F 2 0.5 mJ/cm? is related to the faster decrease of H(F)
as compared to the AG(F) increase.

C. Extended microscopic three-temperature model

An attempt to understand the origin of the phenomena, ob-
served in the TR-MOKE experiment in the Niss 3Mn3; 9Snjs g
alloy film, has been undertaken using the thermodynami-
cal approach. As a basis, the microscopic three-temperature
model developed by Koopmans ez al. in Ref. [23] was adopted.
The model was extended by including an additional medium
thermal reservoir with a constant temperature 7, considered
as a thermostat [78,79]. In the extended model, in addition to
terms describing the electronic and lattice thermal reservoirs,
the term representing the cooling process of the lattice with a
relaxation time 7, to the ambient temperature 7, is introduced.
We used the following set of differential equations,

dle _ (Ii—To) +P(t)

, 9
dt Tle Ce ( a)
dTq T. — T T, — T

_I=(e I)+(a 1), 9b)
dt Tel Ta

d Ti T

I Rm=1|1 = mcoth (m—c) , (9¢)
dt Tc T.

ah _, (9d)
e

where m = M/M; is the relative magnetization, 7, and 7; are
the electronic and lattice subsystem temperatures, and 7, =
C./ge and 1 = Cj/ge are corresponding relaxation times.
C. = v.T; and C are the electronic and lattice thermal capac-
ities, respectively, and gj. = g is the thermal electron-lattice
coupling constant. P(t) represents the energy introduced into
the system by the ultrafast laser pulses. The temporal function
P(t) depends on laser pulse parameters such as fluence and
pulse duration, and on material specific parameters such as
sample absorptivity and light penetration depth. Equation (9¢)
describes the temporal dependence of the relative magnetiza-
tion m(t), where T¢ is the Curie temperature of the material
and R is the prefactor controlling the demagnetization rate
[23,80].

We numerically solved Egs. (92)—(9d) using the values
of the parameters as follows. For Cj, we took the value
3.443 x 10° Jm 3 K1, averaged from the values for similar
composition alloys, NisoMnssSn;s [81] and NispMn34Sng
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[82], and for y, the value of 386 J m~3 K2 [81] was assumed.
The P(t) Gaussian temporal function was calculated for the
material specific and laser pulse parameters listed in Sec. II.
The values of the parameters 1, g¢, and R were fitted with the
use of a scaling factor in the procedure based on a comparison
of the relative demagnetization, defined as Am(t) = m(0) —
m(t), obtained from the solution of Egs. (9a)—(9d), with B(¢)
derived from the measured A6k (). The Am(t) dependence
fitted to B(z) is shown by the thick blue line in Fig. 3. It is
seen that the Am(t) function reproduces very well the B(t)
dependence.

In the following, we will discuss the fitted parameter values
of the eM3TM model. The 1. and 7. relaxation times were
estimated to be 0.5 ps and 14.5, respectively. Comparing these
times with the much larger t; = 107 ps time determined in
Sec. Il B, it can be argued that neither 7;. nor z.; but 7; can be
considered as the value characterizing the slow demagnetiza-
tion time. This value is up to two orders of magnitude larger
as compared to demagnetization times reported for common
ferromagnetic materials [10,17-19]. It is also much larger as
compared to the CoMnSb Heusler alloy, where a relatively
long demagnetization time of 18 ps was ascribed as a result
of the low T¢ = 474 K, which leads to a thermally induced
slowing down of the demagnetization [11].

As to the fitted 7, = 1.67 ns parameter of the eM3TM
model, it should be noted that this value is very close to the
value of t, = 1.56 ns, estimated in Sec. III B for the B(t)
background. This is due to the fact that the asymptotic solution
of Egs. (92)-(9d) for a cooling process is described by an
exponentially decaying function in the long time limit.

It should be stated that the observed demagnetization
slowing down effect is related to the extremely low values
of g =0.24 x 108 Jm3 s 'K~! and R = 0.10 x 10'? s~!
fitted model parameters. These values are over an order of
magnitude smaller than those in Ni; however, both parameters
are close to those determined for Gd [23].

In Ref. [83], Kimling et al. studied the demagnetization
behavior in the FessCugPtyg layer at different temperatures
under a low laser fluence. They found that the slowing down
of ultrafast demagnetization is dominated by a significant
increase of the magnetic heat capacity Cs near ¢ in this
system. Therefore, the question arises about the accuracy of
the approximation used in the eM3TM model in which the C
component has been neglected. In order to take into account Cy
in the eM3TM model, the total heat capacity C, = C + Cs(t)
should be considered, instead of a constant C; value. Thus,
the temperature and time-dependent C(¢) should be used in
Egs. (92)—(9d). In the case of the NisoMn3ssSn;s alloy, the
contribution of Cs to C; is about 25% at Tc [81], in contrast
to the ~50% contribution for FessCugPtsg (see Ref. [83]).
We estimated the upper limit for the changes of the g, and
R parameters assuming for C; the value at T¢ taken from
Ref. [81]. With this modification the resulting value of the
g« parameter increased by about 16%, while R decreased
by about 8%. Thus, it can be stated that accounting for the
magnetic heat capacity in the eM3TM model does not change
the general conclusions about the low values of the g, and R
parameters for the Nis4 3Mn3; 9Sn;3 g alloy film studied.

As discussed in Ref. [23], one of the reasons for the low
value of R can be related to the strong reduction of the

N
o
!

[states/(atom eV)]
3

-20 +

Density of states

-5 0
Energy (eV)

FIG. 7. Total and element-resolved spin-polarized density of
states calculated for the Nis;»2Mnj;9Sn;s¢ Heusler alloy in the
austenite phase. For clarity, the partial density of states for Sn, of
an amplitude less than 0.5 states/(atom eV), is not shown.

minority-spin density of states (DOS). Using linear-muffin-
tin-orbital (LMTO) ab initio methods, we performed spin-
polarized band-structure calculations for the austenite phase
of an off-stoichiometric alloy of Nis3 ,Mn3;3Sn;5¢ composi-
tion, close to the alloy studied. The total and partial density
of states for Ni and Mn sites are shown in Fig. 7. As can be
seen, the total DOS for the minority electronic band is about
two times larger than that for the majority one, and cannot be
considered to be responsible for the low value of R in the alloy
studied.

Another reason for the low value of R can be related to the
proximity of 7t to the measurement temperature 7, and the
possible reduction of the spin-flip probability parameter ass.
The R parameter is given by [23]

o 8asfgelkB Tczvat
(/‘Lat//‘LB )E]% '

where kg is the Boltzmann constant, Vy; is the atomic volume,
Wy 18 the atomic magnetic moment, pg is the Bohr magneton,
and Ep = kz®p is the Debye energy. For the ag¢ estimation,
in Eq. (10) we used the obtained values for R and g, and the
Debye temperature ®p = 310 K [81]. For the 1, estimation,
we assumed the ab initio calculated magnetic moment per
atom, averaged over the unit cell, u,, = 1.75 ug. The obtained
value of ags = 0.09 is about two times smaller as compared to
Ni and close to that determined for Gd [23].

The eM3TM model was applied to explain the origin
of the strong decrease of HS™ with F shown in Fig. 5(e).
We have assumed that changes in the effective anisotropy
field HS™ with the fluence consist of changes in the sample
magnetic anisotropy Hy and shape anisotropy 47 M, i.e.,
the equation AH{T(F) = AH(F)+ 47w AM(F) holds. The
function AM(F') was obtained by performing a spatial and
temporal double averaging procedure applied to the relative
magnetization m(t) solutions of Egs. (9a)—(9d) as a function

(10)
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of F. In the spatial averaging, it was taken into account
that the fluence reaching different depths z from the sample
surface is diminished by a factor of exp(—z/d), where d =
A/4mk is the light penetration depth equal to 20.5 nm for the
extinction coefficient k at the wavelength A = 800 nm (see
Sec. II). In the temporal averaging, the m(t) solutions were
averaged over the delay time 7 up to two time constants 7.
As a result, we obtained the time and depth averaged relative
demagnetization Am(F') function. The demagnetization func-
tion AM(F) = ¢ Am(F) was next fitted to the AH]fff(F )=
H™(F) — HFT(F — 0) [with H{T(F) taken from Fig. 5(e)
and H™(F — 0) = 3.52 kOe] with the use of a best matched
scaling factor c. The obtained simulated function for Hfff(F )
dependence in shown in Fig. 5(e) by the red triangles.

Three important conclusions can be drawn from the sim-
ulation performed. First, the eM3TM model very well repro-
duces the experimental dependence of the effective anisotropy
field changes with the fluence. Second, AHZ(F) is fully de-
termined by demagnetization Am(F), because the changes in
the sample magnetic anisotropy are virtually zero [AHy(F) =
0.020 £ 0.035 kOe]. Third, the eM3TM model adequately
describes the critical slowing down effect of the demag-
netization in the T¢ proximity for the Nisy3Mn3z;9Snysg
Heusler-alloy film studied within the nanosecond time-delay
long-range scale.

Analyzing H™ vs F in Fig. 5(e), one can draw the con-
clusion based on previous considerations that the Hlfff(F )
function inflection point at F ~ 0.6 mJ/cm? corresponds to
nearly complete demagnetization at the sample surface. The
laser pulse energy transfer to the deeper regions along the
light penetration depth is reduced due to the absorption,
hence the temperature stays below T¢ in these regions. This
mechanism is responsible for the weaker H]fff(F ) and Am(F)
dependencies on F in the range 0.6-0.9 mJ/cm?.

Finally, it is worth commenting on the obtained result that
the Hy contribution to erff is negligible. This is because, in
the T¢ vicinity, Hy tends to zero faster than the magnetization
itself (see, e.g., Ref. [84]).

In conclusion, in light of the results obtained, it can be
stated that the slowing down of demagnetization observed is
related to the low R value in the Heusler alloy studied and
caused by the proximity of 7¢ to the measurement temper-
ature. Similarly as in the case of Gd and oxide compounds,
the low values of the R parameter are mainly responsible
for the relatively long demagnetization times in the ultrafast
magnetization dynamics effects.

IV. SUMMARY AND CONCLUSIONS

The time-resolved magneto-optical Kerr effect in the
pump-probe measurement technique has been used to in-
vestigate ultrafast magnetization dynamics processes in an
epitaxial Niss3Mn3;9Sn;3 3 Heusler-alloy film. Comprehen-
sive studies of transient Kerr rotation were performed in
a wide range of magnetic fields H and pulse fluences F

as a function of delay time ¢ within a long-range, up to
3.5 ns, time window. In addition to the oscillatory spin
precession component, in the measured signal, the slowly
changing nonoscillating background, associated with critical
slowing down demagnetization, was observed in both types of
H- and F-dependent experimental scenarios. The separation
of the components allowed us to estimate relatively high
demagnetization times which are much larger than can be
found for common ferromagnets. From the analysis of the
oscillatory part, we determined the magnetization precession
parameters—frequency f, relaxation time 7, and amplitude A
as a function of H and F. A uniform Kittel precession mode
with a significant reduction of f vs F has been observed. The
saturation effects of A with both H and F were found. Based
on the Landau-Lifshitz-Gilbert equation, the Gilbert damping
parameter « and the effective magnetic anisotropy Hlfff vs H
and F were determined. A significant increase of o with F' has
been found. The behavior of the precession amplitude versus
H and F was explained in the frame of a phenomenological
approach in which A was assumed to depend on both Hfff
and the difference of the equilibrium magnetization angles
taken before and after pump-pulse excitation. It has been
shown that the reduction of A(F) for high fluences is a
result of a significant Hfff(F ) lowering which originates from
the magnetization decrease due to the rise in the material
temperature caused by temporary laser pulse heating. Good
agreement of A with the experiment was obtained for both
measuring scenarios.

An extended microscopic three-temperature eM3TM
model has been developed, in which an additional heat reser-
voir, representing the surroundings with a constant temper-
ature 7,, was introduced. Within numerical solutions of the
model we were able to precisely determine the nonoscillating
signal background in the measured transient Kerr rotation
dependencies. The obtained values of the demagnetization
rate R and electron-lattice coupling constant g.;, which were
essential to explain the large slowing down effect of demag-
netization in the Nis4 3Mn3; 9Sn;3 g alloy film, are of the order
of the values observed for Gd, while they are more than an
order of magnitude smaller than reported for Ni [23]. It has
been found that the spin-flip probability as parameter is only
about two times smaller than that reported for Ni [23]. It
is shown that the main reason for the occurrence of long
demagnetization times in the Niss3Mn3;9Sn;3g alloy film
is the proximity of the 7¢ temperature of the material. The
numerical simulations performed in the frame of the extended
eM3TM model reproduce the effective magnetic anisotropy
field versus pump-pulse fluence, in excellent agreement with
the experiment.
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