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A convenient analytical description of an ultrashort terahertz pulse and an analysis of the influence of
this pulse on the Zeeman torque dynamics are extremely important tasks due to the potential applications
of terahertz radiation. The theoretical expressions proposed in this paper clarify the physics of magnetic
dynamics under the action of the magnetic field of a terahertz pulse and show the role of individual
parameters of the material and the pulse field in this process. On the basis of the formulas obtained and
the available experimental data for fcc-Co film, we analyze the possibilities of recovering information
about the magnetic field of the pulse from the observation of magnetization dynamics, as well as the
effect of fluence, Gilbert damping, and magnetic anisotropy on the magnetization dynamics induced by
ultrashort terahertz radiation. The theoretical framework presented could potentially be used in the design
and optimization of a new generation of terahertz detectors based on the magnetic component of the

electromagnetic field.
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I. INTRODUCTION

Ultrafast manipulation of magnetic order is of great
interest to researchers [1-5] due to the requirement to
increase the speed of operation of modern devices and
simultaneously reduce their size. Terahertz radiation is
expected to play one of the key roles in achieving this goal
since the magnetic field in the terahertz range is coupled
to the spin degree of freedom by the Zeeman interaction
and thus enables a highly efficient torque acting on the
magnetic system. In the case of a ferromagnetic layer,
the magnetic dynamics induced by a pulse is experimen-
tally studied and shows good agreement with atomistic
spin-dynamics simulations based on numerical methods
[6] but for further technological applications of the exper-
imental technique a general theoretical description of the
time dependence of magnetization under the action of a
terahertz pulse is still needed.

Another motivation for developing such a theory is due
to the development of terahertz emitters and their improve-
ment [7,8], which results in the possibility of wide practical
application of this radiation in various fields [9—11] and
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which, on the other hand, gives rise to new, even-more-
ambitious, scientific goals. One such goal is to create a
platform of room-temperature spin-based terahertz build-
ing blocks based on novel magnetism and optics concepts.
From this perspective, our theory can potentially be used
for terahertz detectors [12] which in all their diversity are
currently based on sensitivity to only the electric com-
ponent of the electromagnetic field. Instead, understand-
ing the magnetization-dynamics physics will provide an
opportunity to explore and develop methods for detection
of the terahertz-magnetic-field component (for example,
on the basis of giant magnetoresistance [13] or magneto-
optics [6]). Additionally, it might be practical for inter-
preting the received signal and separating the useful signal
from the noise or even for noise reduction [14].

II. THEORY

A. Governing equation

The ultrafast magnetization dynamics induced by ultra-
short laser pulses can be described by the Landau-Lifshitz-
Bloch (LLB) equation [15] coupled to the two-temperature
model (2TM) [16—18]. The dynamics of the magnetization
M (per unit volume) at high temperature is described by
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the classical version of the LLB equation as [15]

dM ya
= = 7 IMxHegl+ 5 (M- He) M
o
— 225 M x [M x Hgll, (M

where y = 1.76 x 107 rad s~! Oe™! is the gyromagnetic
ratio and Hey is the effective magnetic field given by

Hey = Hry, + H+ Hp + Hg

1 M?
—(1-=|mMm, T < T,
+ X Me2 ~
1 3TcM?
X SMy (T —T¢)
(2)

where H is the applied magnetic field, Hry, is the mag-
netic component of the ultrashort terahertz laser pulse, Hp
is the demagnetizing field, Hg is the anisotropy field, 7¢
is the Curie temperature, and My = a/ Vs (Where iy 1S
the atomic moment and vy is the atomic volume) is the
saturation magnetization at zero temperature. The equilib-
rium magnetization at temperature 7, M.(T), is obtained
with use of the mean-field approximation (MFA) as the
solution of the equation m.(T) = L(Jom,./ksT), where
L(x) = coth(x) — 1/x is the Langevin function, m.(T) =
M (T)/M,, kg is the Boltzmann constant, and Jj is the zero
Fourier component (the zeroth moment) of the exchange
interaction, which is related to 7 through the MFA as Jy =
3kpTc. The longitudinal susceptibility x is also calculated
through the MFA as

L/
g ST
= 0
a—’ TZ Tec,
Jo(T —T¢)

where L'(x) = dL/dx is the derivative of the Langevin
function evaluated at x = Jym,/kgT. For the electron-
impurity model in the classical limit S — oo, the longi-
tudinal and transverse relaxation parameters read [19,20]

2T
o) = AMOE, 4)
2T
l= 50 T< Te
aL =AMy x| o ¢ 5
Pl T2 Tc,
37, < 1c

where A is the microscopic relaxation coupling to the bath
parameter, which is related to the intrinsic scattering spin-
flip probabilities. We assume that the magnetic system is

coupled to the electron bath since the pulse is absorbed by
electrons, so the temperature in the LLB equation corre-
sponds to the electron-bath temperature (7 = 7T,), which
is obtained from the numerical integration of the 2TM
given by

dT,
ey = “8erh (Te — Tpn) + Pruz(0) + fe(MD),
(6)
dTpn
ph—~ = eph (Te = Ton) »

where T, is the electron’s temperature, T, is the phonon’s
temperature, C, and Cy, are the specific heats of the elec-
trons and the lattice, go.pn 1s an electron-phonon coupling
constant, which determines the rate of energy exchange
between the electrons and the lattice, Pry, is the deposited
laser energy, and f;. describes the effect of spin dynamics
on the electron temperature [20]:

ayJ; (M x Hep)?
feM) = ZOM L Hyg 4 yor,

7
/fLatMO M? ( )

To model the terahertz excitation in the 2TM, we use the
same expression as Shalaby et al. [6]:

3
Pry,(f) = ez, (8)

AF
LV, 2 TTsz

where A is the absorption coefficient, F is the incident flu-
ence, d is the film thickness, and 71y, is the temporal width
of the pulse.

B. Coherent magnetization dynamics

From the point of view of detecting the magnetic com-
ponent of the terahertz pulse, as in spin-based terahertz
sensors, the coherent magnetization dynamics is more rel-
evant than the incoherent magnetization dynamics because
it is correlated to the terahertz magnetic field. The coher-
ent magnetization dynamics is driven by the precessional
motion [first term on the right-hand side of Eq. (1)] and
transverse relaxation [third term on the right-hand side
of Eq. (1)], while the second term on the right-hand
side of Eq. (1) describes the change in magnitude of the
magnetization vector due to laser heat effects. Analytical
solutions for magnetization dynamics can provide a deep
theoretical understanding of the dependency of this phys-
ical phenomenon on all parameters of the terahertz field
and material, contrary to numerical simulations, which
give the solution only for a particular set of values of
the parameters used in the simulation. Such solutions of
this kind could potentially be exploited in the engineer-
ing of novel emerging spin-based terahertz technology.
In general, deriving a exact solution for Eq. (1) is not
easy. Below, we explore possible approximated theoreti-
cal expressions for the coherent magnetization dynamics
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in the time and frequency domains for the low-flunece and
moderate-fluence regimes.

1. Time domain

We start by rewriting Eq. (1) in a form compatible with
the Landau-Lifshitz-Gilbert (LLG) equation:

dM 14 v M 300 k
G = Tee M Hal £ U (M- Hap M
yaMq 300 k
R [M x [M x Hegl], ©)

where o = a1 /M 300 k, &) = /M 300 k, and Ms300 k. =
M,(300 K) is the saturation magnetization at 300 K. To
be consistent with the usual Gilbert-damping term in the
LLG equation, we write 1+« in the denominator of
the precessional and transverse relaxation terms, absent
in the original LLB equation, which is obviously irrele-
vant for ¢ <« 1. We note that the last term of the effective
field Hey in Eq. (2), associated with the internal atom-
istic exchange interaction, gives a null contribution to the
coherent magnetization dynamics.

To find an approximated analytical solution of Eq. (9),
some assumptions are required. Firstly, an approximation
that greatly simplifies the theoretical analysis of the coher-
ent magnetization dynamics during the application of the
laser is the assumption that the magnitude of the mag-
netic component of the terahertz pulse (Hry,) significantly
exceeds the value of the demagnetizing, anisotropy, and
external fields:

|Hra,| > |H+ Hp 4 Hg|. (10)

In this case, the behavior of the magnetization on the ultra-
short timescale is approximately like the dynamics of a
single-domain isotropic sphere, which can be analytically
derived [21,22]. For example, this assumption was satis-
fied in the work of Shalaby et al. [6] for fcc Co (|Hrp,| ~
10° Oe and |H + Hp + Hg| < 103 Oe). Let us take the
direction along the O-z axis as the direction of the terahertz
magnetic field (Hry, = Hryze:), as shown in Fig. 1.

It is convenient to express the magnetization vector in
spherical coordinates given by angles 6 and ¢ as

M = (M cospsinf, M sing sinf, M cosH), (11)

so that under the above conditions, in terms of spherical
coordinates, Eq. (9) reads

?_9 _ _ata(t)VHTHz(t)Ms,3OO K. (12)
sin @ M@ + a()?)
d¢ _ yHru(0)

o 14+a®?

(13)

Z

Hr(?)

N

/

N

FIG. 1. Schematic diagram of the ferromagnetic thin film sam-
ple irradiated by a terahertz magnetic pulse. The sample is
magnetized the x-z plane and the initial magnetization M(%)
is directed opposite the O-x axis. For better clarity, spherical
coordinates 6 and ¢ are shown in the bottom-right corner.

oM ya (M 300 k

5 = M) (M(®) - Her (), (14)
where Eq. 12 gives the transverse relaxation toward the
terahertz magnetic field, Eq. 13 describes the preces-
sional motion around the terahertz magnetic field, and
Eq. 14 accounts for the longitudinal relaxation. In gen-
eral, the time dependence of Gilbert damping «(#) and
the magnitude of magnetization M (#) in the transverse
relaxation given by Eq. (12) make it difficult to find
an analytical solution for coherent dynamics. Hence, we
assume temperature-independent Gilbert damping o (¢t =
to), which, from the point of view of the LLB framework,
is a valid approximation for moderate fluences. Note that
such an approximation does not affect significantly the
precessional motion in Eq. (13) since typically a?(f) <
1. Similarly, in the moderate-fluence regime, the laser-
induced demagnetization is low, M (¢)/M; 300 k € [0.85, 1],
see Fig. 2(c), so we set M () =~ M,3p0k in Eq. (12). By
these approximations, the LLB equation is reduced to
the standard LLG equation, and the differential equations
describing coherent dynamics [Eqgs. (12) and (13)] take the
following approximated forms:

00 . ayHrmu,(?)

~ —9t——————, 15

sin @ 1 4+ a? (13
0o yHru(0)

ot 1+a? (16)

To model the time dependence of the magnetic field of
ultrashort terahertz pulse, we use the following expression:

Hru, () = Hoe P sin(wot + ¢), (17)
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FIG. 2. Time-domain magnetization dynamics driven by ultra-
short terahertz pulse for different excitation fluences obtained
by simulation (LLB+2TM), theory [Egs. (18) and (19)], and
experiment[6]. (a) Terahertz magnetic pulse inside the Co sam-
ple. (b) Time dependence of electronic and phononic temperature
bath calculated by the 2TM. (c) Fluence-dependent terahertz-
induced demagnetization in Co. (d),(¢) Time dependence of polar
coordinates under the influence of a magnetic pulse. The inset
in (e) shows simulated data for 6(f) without a demagnetizing
field [Hp(?) = 0]. Experimental values for (a),(c) are taken for
Co from Ref. [6].

which is simple enough to facilitate the analytical deriva-
tion of the coherent magnetization dynamics, and contains
all required parameters to adjust the magnetic field shape to

make it as close as possible to the experimental one. Here,
wy is the angular frequency, Hy is the parameter respon-
sible for the magnitude of the amplitude and that depends
on the laser fluence, 8 is responsible for the decay of the
wave in the pulse, and the parameters #; and ¢ give the time
shifts. Insertion of Eq. (17) into Egs. (15) and (16) and our
solving these differential equations leads to

0(f) = 2 arctan (exp (Cg

ay H, o
TTta wéTOW (‘e Pl g cos(wot + ¢)
L= 1|.351n(W0t+¢))
n |§— 1|ﬁsln(wot1+¢)))> (18)
and
= v Ho (-
o= G ( &P g cos(wot+ )

+ |t_tl|ﬁ sin(wor+¢))+ |t_t1|ﬂ Sin(wotﬁ‘p))'
—t I=h

(19)

The constants of integration can be found from the initial
conditions and pulse parameters:

Cy = In |tan (M)‘
2
H,
et T ot + )
+ Bsin(woto + ¢)) — B sin(woty + ¢)) (20)
and
14
Co=o) + 1o +52 (B sin(wot1 + )
+ P01 (i cos(woty + ¢) — B sin(woty + d)))) .
(21

The angles 6(zy) and ¢(#y) determine the equilibrium posi-
tion of the magnetization vector before the beginning of the
influence of the terahertz field (at initial time #y) and thus
are known. For example, in Fig. 1 they are 6(z) = 7 /2
and ¢(#) = —m. In Sec. IV, we carefully study the valid-
ity and limitation of all approximations used to derive the
analytical solution for 6(¢) and ¢(f) [Egs. (18) and (19)]
by comparing it with the numerical simulation by the full
macrospin LLB+2TM approach described in Sec. ITA,
which does not contain any approximation and is valid for
all fluence regimes.
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2. Frequency domain

Inspecting measured data in the frequency domain is
an important part of analyzing and monitoring signals. In
contrast to the time domain, where the wave is described
by the sum of its characteristics, in the frequency domain
the characteristics of the signal are described by separate
frequencies and thus open up potential opportunities to
remove noise, improve signal clarity, and improve data
analysis [23].

The Fourier transform of the terahertz-magnetic-pulse
equation (17) is given by

~ 1 e .
Hry,(w) = E/ Hry, (e ™ dt =
—00

Hoﬂ( e iw—wo)t +i

e*i(W‘FWQ)l‘lfid) >
B2 + (w — wo)? .

B+ (w+ wp)?
(22)

2mi

Similarly, an expression for the Fourier transform of the
angle ¢ in Eq. (19) can be obtained:

- yHyp (W — 2wp)e~ 0N Fip
pw) = ( -

(14 a®)(w + B2) B+ (w — wy)?
B (W + 2W0)e—i(w+w0)r1—i¢)
B? + (w+ wp)?

(23)

To obtain Eq. (23), we left in the expression for ¢()
[Eq. (19)] only time-dependent terms because the con-
stants lead only to the appearance of the § function and
do not provide new information. Unfortunately, the com-
plexity of Eq. (18) does not allow us to obtain a similar
expression for 6 (w).

III. MODEL PARAMETERS

To apply the theoretical framework described in Sec. I,
we consider the experimental and modeling results
reported by Shalaby et al [6] for fcc-Co thin film.
Namely, we set the following values for the material
parameters: Tc = 1388 K, o = 1.72up, Msox = My =
1446 emu/cm3,Ms,3oo k = m.(T =300 K)My,d = 15nm,
Coh=3.8 x 10°J/m* K, Co(T,) = . Te, yo = 400 J/m* K2,
and g,, = 4 x 10'® W/m? K. The system is at room tem-
perature before the laser is applied: T.(t9) = Tpn(to) =
300 K. The atomistic coupling parameter A is set to
0.00216 so that the Gilbert damping is given by o =
al/Mv,SOO k(t =ty, T =300 K) = 0.002 as in the work of
Shalaby et al. [6] and works [24,25]. A case with larger
Gilbert damping is considered in Sec. IV C. The magnetic
anisotropy is assumed to be uniaxial with easy axis per-
pendicular to the thin film (easy axis parallel to the y axis)

[26]:

2K,

M; (M - ex)ex,

Hy = 24

where we used the temperature-dependent anisotropy
scaled as K, = K, om(T)*>, where m = M/M, is the
reduced magnetization, K, o= 2.2 x 10° erg/cm’, and
ex = (0,1,0). A constant external magnetic field H =
(—200,0,0) Oe is applied to set the equilibrium magne-
tization at initial time #, along the direction (—1,0,0);
see Fig. 1. A case with larger magnetic anisotropy and
external magnetic field is discussed in Sec. IV C. For the
demagnetizing field, we use the shape factor of a uniformly
magnetized thin film [27]:

HD = —47T(M . eK)eK. (25)
Regarding the terahertz pulse, we study three fluence
cases, F = 10.5, ,49, and 89.3 mJ/cm?, which correspond
to the lowest, intermediate, and highest values used in
Ref. [6], respectively. The temporal width of the pulse
Truz 1S 110 fs, while the absorption coefficient 4 was
decreased to 0.035 with respect to Ref. [6] (4 = 0.11) so
as to obtain similar laser-induced demagnetization curves
as in the experiment for all fluences; see Fig. 2(c). The
parameters of the terahertz magnetic field for fluence
F =893 mJ/cm? are obtained by our fitting Eq. (17)
to the experimental data in Ref. [6] for the same flu-
ence, as shown in Fig. 2(a). This procedure gives Hy =
185441 Oe, B =5.822 x 1012 57!, #; = 0.042 x 107 "% s,
wo = 18.039 x 10'? rad/s (or fy = wy/2m = 2.871 THz),
and ¢ = —4.173 rad. For the other-two fluence cases, we
rescaled H, according to HZ(F')/F' = H(F)/F, which
approximately follows from [6] Pry () ~ Etn,(f)*
Hry, (1)

The simulations correspond to the numerical integration
of the LLB equation [Eq. (1)] with one macrospin coupled
to the 2TM [Eq. (6)] using Heun’s method with time step
dt = 0.1 fs, while the initial time is fo = —1 ps. Variable
time and temperature relaxation parameters are included in
the simulation via Egs. (4) and (5), but not in the theoretical
equations (18) and (19), where « is assumed to be constant:
o () = a(ty).

IV. RESULTS

The presented theoretical framework may be applied in
different ways depending on the known data. Here, we ana-
lyze two possible situations where this theory could be
helpful: (i) we know everything about the terahertz mag-
netic pulse and want to know what magnetization dynam-
ics it will cause (Sec. IV A) or (ii) we know the dynamics
of magnetization and want to know everything about the
terahertz magnetic pulse that caused it (Sec. IV B). We also
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study the cases with large time-dependent Gilbert damp-
ing and high magnetic anisotropy (Sec. IV C) to verify
the range of applicability of the approximations used in
the derivation of the analytical formulas for the coherent
dynamics [Eqgs. (18) and (19)].

A. Magnetization dynamics driven by an ultrashort
terahertz pulse

A comparison between the theoretical expression for
coherent dynamics [Egs. (18) and (19)], simulation by the
LLB+2TM approach (Sec. Il A), and experiment (Ref. [6])
is shown in Figs. 2 and 3. We observe that the theoretical
precessional motion ¢(#) described by Eq. (19) is in very
good agreement with the simulated data, see Fig. 2(d), val-
idating the approximations used in Sec. II B 1. In Fig. 2(e)
we see that the theoretical transverse relaxation toward
the terahertz magnetic field 0(f) described by Eq. (18)
cannot reproduce the data simulated with the LLB4+2TM
approach. This deviation on 6(?) is related mainly to the
demagnetizing field Hp, which does not influence ¢(#)
on the pulse-duration timescale. To see this, we plot the
simulated data for 6(f) without the demagnetizing field
(Hp(®) = 0) in the inset in Fig. 2(e), finding much-better
agreement between theory and simulation. In this case,
deviation between theory and simulation is observed only
in the highest-fluence case, F = 89.3 mJ/cm?, due to the
time dependence of the Gilbert damping «(#), which is
not included in the derivation of Eq. (18). Unfortunately,
the lack of experimental data for 6(r) does not allow us
to conclude if this model provides a realistic description
of the transverse relaxation under these conditions. The
small observed change in 6 (¢) on an ultrashort timescale is
associated with the low Gilbert damping of this material,
a ~ 0.002. We verified that the anisotropy and external

=
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o
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t (ps)
FIG. 3. Theoretical magnetization time dependence [Egs. (11),

(18), (19)] compared with calculated results from simulations
and with experimental results for fluence F = 89.3 mJ/cm?. The
data are normalized with respect to the maximum value of M,,.
Experimental data and atomistic simulation data are taken from
Ref. [6].
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FIG. 4. Frequency-domain terahertz magnetic field and
spherical-coordinate ¢ spectrum for the case with fluence
F = 89.3 mJ/cm?. Frequencies at which maxima are observed
are marked by dashed lines. For the upper graph these frequen-
cies are 2.874 and —2.874 THz and for the lower graph they are
2.718 and —2.718 THz.

magnetic fields do not significantly influence the dynam-
ics during the application of the ultrashort terahertz pulse
(<1 ps), but can do it at longer timescales during
the recovery of magnetization to the initial equilibrium
state. The effects of larger Gilbert damping and mag-
netic anisotropy are discussed in Sec. IV C. The theoretical
magnetization component M, and the simulated magne-
tization component M, follow the same pattern as in the
experiment and atomistic spin-dynamics simulations given
in Ref. [6] for the case with fluence F = 89.3 mJ/cm?;
see Fig. 3.

The frequency-domain analysis of the terahertz mag-
netic pulse Hry, and for the spherical coordinate of mag-
netization ¢ for the case with fluence F = 89.3 mJ/cm?
is shown in Fig. 4. It should be noted that the maximum
in the spectrum of the field Hyy, is observed not strictly
at frequency wy; this is related to the shape of the mag-
netic pulse. For example, in Fig. 4, maxima for |F[THZ(W) |2
are observed at frequencies of 2.874 and —2.874 THz,
while the frequency for the given pulse from Eq. (17) is,
as mentioned above, 2.871 THz. An even-greater differ-
ence from this frequency is observed for maxima in the
spectrum of ¢. These maxima corresponds to frequencies
of 2.718 and —2.718 THz and are thus closer to the value

of \/ (w3 — B?)/2m = 2.717 THz. The widths of the peaks

are related to the decay parameter 8, and for 8 — 0 we get
Dirac ¢ functions of wy in both spectra.
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B. Recovery of the terahertz-pulse field through the
analysis of magnetization dynamics

Another interesting question is the possibility of recov-
ering all the information about the magnetic pulse from
the observed magnetization dynamics. For this purpose,
the mathematically simplest solution is to use Eq. (15) or
Eq. (16) directly. Thus, for example, for a given exper-
imental set of points 0(#;) or ¢(¢;) at time ¢;, it is easy
to obtain from Eq. (15) or Eq. (16) a set of terahertz-
magnetic-field values at these times as

_ (1+d)Ow) = 0@)
) = = = ysme@y 20

or

2 ) .
Hrm(t) = (I +a*)(p) §0(fz—1))' 27
vt —tic1)

Comparison of the points obtained with Eq. (17) can
give us more-comprehensive information about the initial
terahertz magnetic pulse.

However, as can be seen from Fig. 2(e), the changes in
the angle 8 can be so small that it can become problem-
atic to measure them experimentally. Thus, it is practical
to recover the shape of the terahertz magnetic field of the
pulse from the precessional motion (angle ¢). For this pur-
pose, it is necessary to use the analytical expression for
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FIG. 5. Recovery of the magnetic field of the terahertz pulse

based on experimental measurements of the magnetization pre-
cessional motion for fcc Co. The theoretical dependence (solid
blue line) is obtained by our fitting the experimental data [6] for
the time dependence of the magnetization component M, in (b)
(green circles) to Eq. (11), taking into account Egs. (18)—~20),
and finding the field parameters Hy, wy, 8, t1, and ¢ for recovery
by Eq. (17), which are then used in (a). For the calculations, we
consider « to be 0.002.

¢(f) given by Eq. (19), which contains a set of unknown
parameters that can be obtained by fitting it to the experi-
mental data. Experimental data given in arbitrary units (see
Fig. 3) do not allow us to determine the value of ¢(7),
so we used a more-general and more-complex approach
with Egs. (11), (18), and (19) and the program GNUPLOT
[28] for this task and obtained the following values of
the unknown parameters: Hy = 919108 Oe, B = 2.92 x
102 s71, 1, = 1.88 x 10716 5, wy = 18.62 x 10'? rad/s,
and ¢ = —4.467 rad. It should be noted that in the case
of use of arbitrary units for magnetization components,
the amplitude parameter H, is used as a fitting parame-
ter and does not provide any information about the true
value of the amplitude of the pulse field. With the parame-
ters obtained, using Eq. (17), one can restore the magnetic
pulse field [solid blue line in Fig. 5(a)].

C. Influence of Gilbert damping and magnetic
anisotropy

In our derivation of the theoretical expressions for
the coherent dynamics [Eqs. (18) and (19)] we used
two approximations associated with (i) Gilbert damp-
ing by ignoring its time (temperature) dependence o =
o) /Ms300 k(fo) and (ii) magnetic anisotropy [Eq. (24)].
Hence, it is worth investigating the effect of these parame-
ters on the coherent dynamics systematically. In Sec. IV A,
we studied the case with low Gilbert damping (o = 0.002)
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1.50+ . . . . . . .
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FIG. 6. Terahertz-pulse-induced magnetization dynamics for

different excitation fluences in the case of large Gilbert damping
[a(fp) = 0.464] and low anisotropy (K, o = 2.2 x 10° erg/cm?).
The time dependences of polar coordinates ¢ and 0 are shown in
(a),(b), respectively.
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and low magnetic anisotropy (K, 0 = 2.2 x 10> erg/cm?).
In this section, we use the same model parameters
described in Sec. 111, and we only increase Gilbert damp-
ing or/and magnetic anisotropy (jointly with the constant
external magnetic field to stabilize initial magnetization).

1. Large Gilbert damping and low magnetic anisotropy

We first study the case of large Gilbert damping and low
magnetic anisotropy. To this end, we increase the atomistic
coupling parameter A up to 0.5 so that Gilbert damping at
the initial time is given by o = o) /M, 300 k(f0) = 0.464.
Such a large value can be found in multilayer systems such
as Pt/Co/Pt [25,29]. Note that the LLB equation (and in
principle the LLG equation) can be derived only for weak
spin coupling to the bath [15].

We keep the same low anisotropy K,o=2.2 X
10° erg/cm® as in fcc Co, and low external magnetic

(a) Theory Simulation
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FIG. 7. Terahertz-pulse-induced magnetization dynamics for

different excitation fluences in the case of low Gilbert damping
(o = 0.002) and large anisotropy (K, 0 = 2.2 x 107 erg/cm?).
(a),(b) Time dependence of the polar coordinates ¢ and 6 under
the influence of the terahertz pulse. (c) Transverse relaxation 6(¢)
on a long timescale.

field H = (=200, 0,0) Oe. The results for this case are
presented in Fig. 6. We observe that the theoretical expres-
sions for the coherent dynamics [Eqs. (18) and (19)] are in
quite good agreement with the simulations for the fluence
cases considered. Interestingly, now the maximum change
in 0(¢) is significantly larger (A6 ~ 0.1 rad) and is of the
same order of magnitude as the maximum change in ¢(%).
Hence, this suggests that it might be possible to exper-
imentally measure the field of ultrashort terahertz pulse
through the transverse relaxation 6(¢) in materials with
large Gilbert damping, opening new ways to detect the ter-
ahertz pulse signals beyond the precessional motion ¢ (7).

2. Low Gilbert damping and large magnetic anisotropy

We now study the case of low Gilbert damp-
ing o = 0.002 and large uniaxial magnetic anisotropy
K.0=22x 107 erg/cm® under a large external field

—-3.001(a) Theory

—— 89.3 mJ/cm? o
49.0 m)/cm?

—— 10.5 mj/cm? .

Simulation
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FIG. 8. Terahertz-pulse-induced magnetization dynamics for
different excitation fluences in the case of large Gilbert damping
(o = 0.464) and large anisotropy (K, = 2.2 x 107 erg/cm?).
(a) Precessional motion ¢(#) and (b) transverse relaxation 6 (7)
under the influence of an ultrashort terahertz pulse. (c) 6(¢) on a
long timescale.
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H = (—40000,0,0) Oe to stabilize the initial magnetiza-
tion along the direction (—1,0,0); see Fig. 1. A comparison
between theory [Egs. (18) and (19)] and simulation is
shown in Fig. 7. Here, we see good agreement only for the
precessional motion ¢(#) but not for the transverse relax-
ation 0(¢). The dynamics on a long timescale (¢t > 1 ps)
is driven by the external, demagnetizing, and anisotropy
fields, and exhibits an oscillating behavior that decays
slowly with time due to low Gilbert damping until the
initial equilibrium magnetic direction is recovered. Such
dynamics is described by the simulation but not by the
theoretical formulas for the coherent dynamics [Eqs.(18)
and (19)] since these fields were not included [Eq. (10)].

3. Large Gilbert damping and large magnetic anisotropy

Lastly, we study the case of large Gilbert damping
a(t = ty) = 0.464 and large uniaxial magnetic anisotropy
Ko = 2.2 x 107 erg/cm® under a large external field H =
(—40000,0,0) Oe to stabilize the initial magnetization
along the direction (—1,0,0). For example, such a combina-
tion of large values can be found in L1y Fe-Pt films [30,31].
In Fig. 8, we present the theoretical results [Eqgs. (18)
and (19)] jointly with the simulated data for this case. We
observe consistent results between the two approaches for
both the precessional dynamics and the transverse dynam-
ics. On a longer timescale (¢ > 1 ps), 0(¢) does not exhibit
significant oscillating behavior, since it decays much faster
with time due to its large Gilbert damping.

V. DISCUSSION AND CONCLUSION

Analysis of the results obtained shows good agreement
with simulation based on numerical methods and good
agreement of magnetization behavior with experimental
data, but with a some mismatches in the magnitude of
the field-induced magnetization deviations. However, phe-
nomena that we ignored (error bars in the experimental
data, boundary conditions that can have a significant effect
in the case of thin films, the spatial dependence of the mag-
netic field inside the sample, etc.) can also be responsible
for contributing to this deviation. Additionally, we can-
not exclude the possible existence of additional spin-orbit
torques, induced by absorption of the terahertz electro-
magnetic field [32,33]. Thus, questions about taking into
account all these effects lead to new tasks for further
research.

In the issue of pulse-information recovery by obser-
vation of magnetization, as can be seen from Fig. 6,
for a material with a large Gilbert-damping parameter «
(approximately 10~"), the changes in the magnitude of the
angle 0 can be quite large (of the same order of magni-
tude as the changes in ¢), and thus, for these materials, it
is possible to restore the shape of the magnetic field both
from magnetization precessional motion and from trans-
verse relaxation. In other words, in this case it might be

possible to detect terahertz radiation from the magnetiza-
tion component parallel to the terahertz field Hry,, opening
new ways to detect the terahertz pulse signals beyond the
precessional motion ¢(#), while for materials with small «
(approximately 10~3), field detection is possible only from
the precessional motion since the change in 6 is too small.

In summary, we have presented a general theoretical
model for the magnetization dynamics induced by ultra-
short terahertz radiation that agrees with simulation based
on the numerical method. We have analyzed the influence
of the magnitudes of the terahertz-pulse fluence, magnetic
anisotropy, and Gilbert damping on it. We have obtained
the frequency spectrum of the radiation for a terahertz
magnetic pulse, and have analyzed the possibility of recov-
ering all the information about the magnetic field of the
terahertz pulse based on the known time dependence of the
magnetization component (or components).

The analysis of the effects of Gilbert damping and
magnetic anisotropy on the coherent dynamics reveals a
rich variety of different magnetic responses to ultrashort
terahertz radiation on transverse relaxation 6, while the
precessional motion ¢ is not significantly affected by these
parameters. However, they could play an important role
in terahertz detection through transverse relaxation, so
our results constitute a step forward in designing novel
spin-based terahertz sensors.
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