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a b s t r a c t

We report the experimental observation of ultrafast demagnetization associated with a significant ter-
ahertz (THz) emission in [Co/Pd]8 multilayers (MLs) with strong perpendicular magnetic anisotropy
(PMA) by using a time-resolved magneto-optical Kerr effect (TR-MOKE) magnetometer. The THz emis-
sion is associated with subsequent remagnetization which is coupled with a collective picosecond

time increases slightly with decreasing Co layer thickness, while no such clear trend is observed in
remagnetization timescales. The anisotropy field and corresponding precession frequency show sys-
tematic increase with the decrease of Co layer thickness. However, the acoustic wave frequencies remain
unchanged with Co layer thickness. The inverse of the full width at half maximum of the THz radiation
varies systematically with the anisotropy field, whereas the THz peak frequency remains almost constant
at around 2 THz. The origin of THz radiation is explained in terms of excitation of THz transient phonons.
1. Introduction

With the tremendous advancement of modern technologies,
the fundamental study of “femto-magnetism” [1,2] is becoming
more and more crucial for the proper understanding of the
demagnetization and remagnetization timescales and the com-
plicated processes associated with them. On the other hand,
magnetic multilayers (MLs) with perpendicular magnetic aniso-
tropy (PMA) have gained much attention in the last few years due
to their potetial applications in the fields of magnetic data storage,
memory, spin transfer torque related phenomena and magnonic
crystals [3–5]. Study of spin dynamics in these MLs is very
important as the fundamental timescales and processes associated
are not yet fully understood. Manipulating magnetization
dynamics with ultrafast laser pulse is important due to its
potential to switch the magnetization at a much faster timescale
enabling invention of high speed devices. Ultrafast magnetization
dynamics in magnetic thin films and MLs came into limelight after
the first observation of magnetization change faster than the spin-
lattice relaxation time [6]. The ultrafast demagnetization is fol-
lowed by the fast and slow remagnetization processes coupled
with damped magnetization precession where the corresponding
timescales and the frequencies vary substantially with the struc-
ture parameters of the lattices, materials and external bias fields
[7–9]. Ultrafast demagnetization [1] of ferromagnetic thin films
and MLs upon excitation via a femtosecond laser pulse is a well
established phenomena although the underlying mechanism is a
considerably debatable issue. It is claimed that the demagnetiza-
tion mechanism follows different processes starting from Elliot-
Yafet type scattering, electron–magnon spin-flip scattering, rela-
tivistic electromagnetic radiation based spin-flip scattering to
spin–orbit coupling and coupling with the electromagnetic field
via a THz emmision [10,11]. The emission of THz radiation has
been confirmed during ultrafast demagnetization of ferromagnetic
thin films [11,12]. These findings clearly indicated that THz emis-
sion spectroscopy [13] can also be used to directly investigate
ultrafast spin dynamics. Recently, it is demonstrated that manip-
ulation of spin waves using THz radiation is particularly helpful
because of the faster timescales and absence of unwanted elec-
tronic excitations and heating issues [14,15]. Studies based on the
inverse spin Hall effect reveals spin current pulses and the
resulting THz transients can be controlled by tailoring magnetic
heterostructures [14]. THz emission occurs due to coherent exci-
tation and time evolution of a far-infrared dipole. A study of the
THz emmision can provide useful information to obtain the full
magnetic spectrum of these samples. It was also speculated that
intensity of THz radiation would be slightly weaker in MLs with a
strong PMA [11]. However, its relation with magnetic properties of
the samples have not been investigated yet.
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In Co/Pd MLs, the intrinsic Gilbert damping and PMA both have
their origins in the spin–orbit interaction and are approximately
proportional to ξ2/W, where ξ is the spin–orbit interaction energy
and W is the d-band width. Consequently, they showed a linear
relationship [16]. However, a systematic analysis of the associated
THz emission or acoustic waves is still due. In the present work,
we have studied the ultrafast demagnetization associated with a
strong THz emission in [Co(tCo)/Pd(0.9 nm)]8 MLs by a home built
time-resolved magneto-optical Kerr effect (TR-MOKE) magnet-
ometer. This is followed by a two-step remagnetization process
coupled with collective magnetization dynamics and a simulta-
neous generation of acoustic waves. The variation of THz linewidth
with magnetic anisotropy field of the samples is found to be linear
whereas the THz peak frequency remains almost constant.
2. Materials

The [Co(tCo)/Pd(0.9 nm)]8 MLs, with tCo vaying from 0.10 to
0.50 nm [0.1, 0.22, 0.28, 0.36 and 0.50 nm (nominal thickness
values)], were fabricated on (100) oriented Si wafer with a native
SiO2 surface layer by dc UHV magnetron sputtering by method
described elsewhere [17]. Ta(1.5 nm)/Pd(3.0 nm) seed layer was
used to confirm the (111) texture with a mosaic spread of 70 full
width at half maximum (FWHM). The samples were taken out of
the chamber after the deposition of the Pd cap layer. Structural
characterization of the samples were done by x-ray reflectivity
measurements to show that the measured thickness values are
close to the nominal values [16].
3. Experimental methods

The ultrafast magnetization dynamics was excited and probed
by a custom-built time-resolved magneto-optical Kerr effect (TR-
MOKE) magnetometer in a two-color pump-probe set-up [18]. The
second harmonic (λ¼400 nm) of a Ti-sapphire laser (Tsunami,
SpectraPhysics, pulse-width �80 fs) of fluence 16 mJ/cm2 was used
to pump the samples, while the time-delayed fundamental
(λ¼800 nm) laser beam of fluence 3 mJ/cm2 was used to probe the
dynamics by measuring the Kerr rotation by means of a balanced
photo-diode detector. The pump and the probe beams were focused
and spatially overlapped onto the sample surface by a microscope
objective with numerical aperture N.A.¼0.65 in a collinear geo-
metry. The spot size of the focused probe beam is about 800 nm,
while the pump beam is slightly defocused at that plane with a spot
size of about 1 mm. A bias field (H) is applied at a small angle (�10°)
to the surface normal of the sample. The pump beam was chopped
at 2 kHz frequency and a phase sensitive detection of the Kerr
rotation was made by using an optical bridge detector (OBD) and a
lock-in amplifier with a reference signal taken from the chopper. In
absence of any Kerr rotation, a linearly polarized light is split into
two orthogonal components of polarization with identical inten-
sities, and hence identical signals A and B in two photodiodes.
Consequently, A�B¼0. However, in presence of the Kerr rotation,
the intensities of the two components are modified giving rise to a
non-zero value of A�B. Therefore, A�B provides the information of
the magnetization dynamics and we analyze this signal to extract
the spin wave frequencies (fmagnon). On the other hand, AþB gives
the total reflectivity signal which carries information of the carrier
and phonon dynamics of the sample. So, effectively, the optical
bridge detector completely isolates the time-resolved Kerr rotation
and the reflectivity data and there is no breakthrough of one signal
into another. THz radiation cannot be detected directly using this
set up because we are not using any electro-optic (EO) cryatals in
front of our balanced photodetector which would have changed the
polarization of the laser beam using Pockel's effect when THz
radiation and laser beam passes simultaneously through the EO
crystal. This polarization change, which is proportional to the THz
field, can be measured using an optical bridge detector. However, it
was recently demonstrated that a THz field can also change the
polarization state of a laser pulse in free space (without any electro-
optic medium) [19] which can be observed using MOKE detection
method and here, we have also observed a THz radiation using that
procedure. We believe that the THz radiation emitted during
ultrafast demagnetization [11,12] changes the polarization of the
laser beam locally and that gets reflected in the Kerr rotation data.
4. Results and discussions

The Co layer thickness tCo is varied from 0.1 to 0.5 nm in our
experiments whereas the thickness of Pd layer is kept fixed at
0.9 nm. Fig. 1 presents typical experimental data obtained from
the TR-MOKE measurements. The time-resolved Kerr rotation data
for [Co(0.36 nm)/Pd(0.9 nm)]8 ML at bias field H ¼ 1.2 kOe in Fig. 1
(a) shows characteristic demagnetization and fast remagnetization
signals alongwith the THz emission. The ultrafast demagnetization
occurs within the first 600 fs. After that, the magnetization shows
a bi-exponential relaxation [6]. It first quickly recovers partially in
5.5 ps followed by a slow recovery in next 280 ps. The onset of THz
signal (spike-like oscillation in Fig. 1(a)) is observed at about 1.5 ps
after the demagnetization. The magnetization precession is
observed on top of the slow remagnetization signal. A bi-expo-
nential background is subtracted from the time-resolved Kerr
rotation data before extracting the precessional frequency by using
the fast Fourier transform (FFT) and the corresponding precession
frequency is found to be 35 GHz as shown in Fig. 1(b). The
reflectivity signal also shows an oscillation as presented in Fig. 1
(c). The transfer of electron and spin energies to the lattice sets up
an elastic strain in the lattice. This strain, in turn, generates an
acoustic wave which travels back and forth in the multilayer stack
and modulates its optical properties. This oscillatory photo-
induced change manifests itself as oscillations in the reflectivity
signal when detected by the probe beam. The frequencies corre-
sponding to this thermally excited strain waves [20] is found to be
�76 GHz as shown in Fig. 1(d). A bi-exponential background was
subtracted from Fig. 1(a) and the corresponding time domain data
within a window between 1 and 3 ps is shown in Fig. 1(e) to show
the THz emission signal more clearly. The spike-like signal in Fig. 1
(a) now appears as a clear THz emission like signal in the time-
domain. The corresponding THz spectrum in the frequency
domain is obtained after performing FFT of the time-domain signal
as shown in Fig. 1(f). The FWHM of the time domain THz spectrum
is around �600 fs, which gets reflected in the broadband fre-
quency domain THz spectrum. The bandwidth of the frequency
domain spectrum depends on the temporal width of the time-
domain pulse. This THz bandwith is also related with the phonon
line broadening in the MLs and will be discussed later.

When an ultrafast laser pulse falls on a ferromagnetic material,
the photon field of laser beam interacts with the spin degrees of
freedom of the electrons. The angular momentum of light is
modified nonlinearly within first 50 fs. Subsequently, the hot
electrons are created by electron–electron scattering with tem-
perature up to 103 K followed by thermalization of spin population
by electron–magnon scattering, which results in the demagneti-
zation of the sample [18,21]. The symmetry properties of the
emitted THz radiation can be simply analyzed by the classical
electromagnetic theory [11]. The surface and magnetic non-line-
arities can affect the THz emission significantly. We observed a
THz transient after few picoseconds (1–2 ps) of demagnetization
for all the samples. Immediately after demagnetization, the
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Fig. 1. (a) Typical time-resolved Kerr rotation, (b) corresponding precision frequency, (c) time-resolved reflectivity and (d) corresponding acoustic wave frequencies from
[Co(0.36 nm)/Pd(0.9 nm)]8 multilayer at H¼1.2 kOe. (e) THz emission data extracted from the time-resolved Kerr rotation and (f) the corresponding power spectrum.

Table 1
Variation of demagnetization, slow and fast remagnetization times with tCo.

tCo (nm) τD (fs) τFast (ps) τSlow (ps)

0.5 600 6.0 400
0.36 600 5.5 280
0.28 700 6.1 550
0.22 700 4.8 490
0.1 700 4.3 590
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Fig. 2. Dependence of phonon frequency (fPhonon) and precession frequency
(fMagnon) on the Co layer thickness in a [Co(tCo)/Pd(0.9 nm)]8 multilayer.
electronic charges and spins exchange energy with the lattice and
excites a high energy (THz) transient phonon. This phonon emits a
THz radiation, which changes the polarization of the laser beam
locally and gets reflected in the Kerr rotation data.

The demagnetization (τD) and the fast (τFast) and slow (τSlow)
remagnetization times are listed in Table 1. Although, a slow
increase of the demagnetization time and an overall decrease in
the fast remagnetization time is observed with decreasing tCo,
there is no such trend for the slow remagnetization times for these
MLs. The increase in demagnetizing time with the decrease in Co
layer thickness can be attributed to the increase in the spin–orbit
interaction at the Co/Pd interface, which may affect the phonon
mediated Elliott-Yafet type spin-flip scattering [10]. In other
words, with decreasing Co layer thickness, relative interface
defects and impurities in the multilayer stack increases and hence
Elliott-Yafet type impurity center based spin-flip scattering time
also increases. However, the slow relaxation time is primarily due
to the diffusion of heat into the substrate and to the surroundings
and can vary randomly with the surface quality of the samples and
the adherence of the thin film stack with the substrate. Hence no
particular trend in its variation with tCo is observed.

The strain waves and THz signals are observed for all tCo values.
However, clear precession is observed only for tCoZ0.22 nm. The
PMA in this MLs arises due to Co/Pd d–d hybhridization at the
interfaces [16]. With decreasing Co layer thickness, the interface
anisotropy becomes more dominant over the in-plane volume
anisotropy of Co. For tCoo0.22 nm, the thickness of individual Co
layer becomes smaller than one monolayer of Co and hence cluster
formation occurs at the interfaces which degrades PMA as well as
increases the damping. As tCo decreases from 0.5 to 0.22 nm, the
precession frequency increases sharply as shown in Fig. 2 as a



Fig. 3. (a) Variation of THz peak frequency as a function of increasing tCo, (b) magnetic anisotropy field and the FWHM�1 of the THz bandwidth obtained from [Co(tCo)
/Pd(0.9 nm)]8 multilayer as a function of increasing Co layer thickness (tCo).
result of the monotonic increase of PMA [16]. However, the
spin–orbit interaction does not affect the thermal strain waves and
hence its frequencies do not vary with tCo and remain constant at
76.2 GHz as shown in Fig. 2.

We proposed that the THz radiation is emitted via an excitation
of a THz transient phonon in the MLs during hot electron-spin
energy exchange after the ultrafast demagnetization process. The
appearence of a phonon peak in bulk Co in the frequency range
around 2 THz has been observed both experimentally and theo-
retical ab-initio calculations [22,23]. It was also reported [24] that
in MLs longitudinal phonons shift occurs towards lower energies
than bulk magnetic material due to confinement effect but the
change is minuscule (2 to 8%). They [24] have also shown that, the
non-magnetic spacer (Pd) layer acts as a soft metal in the Fe/Pd
MLs and the low energy phonons in the Pd layer couples with the
high energy phonons in the Fe layer and the magnetic atoms near
the soft non-magnetic layer are constrained to move at lower
frequencies [24].

Here, we have obtained THz radiation peak near 2 THz as
shown in Fig. 3(a) due to the excitation of THz transient phonon at
the same frequency (�2 THz) for all our samples and it is almost
independent of the Co layer thickness as discussed earlier. The
small shift in THz peak frequency may be attributed to the shift in
transient phonon peak for different Co layer thickness as discussed
previously in case of Fe/Pd MLs.

It was also reported that the phonon linewidth is intimately
related to the change in magnetic layer thickness of the MLs [25].
Magnetic anisotropy field is measured from static magnetometry
and plotted with increasing tCo as shown in Fig. 3(b). Anisotropy
field is maximum for tCo¼0.22 nm and decreases sharply with
both increasing and decreasing values of tCo. The inverse of FWHM
of the THz radiation is found to follow similar behavior as depicted
in Fig. 3(b), and this may be due to the THz phonon linwidth
broadening with metal layer thickness as reported elsewhere [25].
This also supprots the idea of origin of THz emission due to exci-
tation of transient THz phonon in our system. Thus, a significant
variation in the THz bandwidth is achieved by simply changing the
magnetic layer thickness (tCo) of the ML which in turn changes the
anisotropy of the system whereas the THz peak frequency remains
constant at around 2.0 THz. The origin of this THz emission can be
explained in the light of the efficient excitation of THz transient
phonons in the ML system.
5. Summary

In conclusion, we have studied ultrafast dynamics in [Co/Pd]8
MLs with strong PMA. Increased ultrafst demagnetization
timescale with decreasing Co layer thickness is probably due to the
Elliot-Yafet type impurity center based spin-flip scattering event
during demagnetization. Although the magnetization precession
frequency varies strongly with Co layer thickness the frequencies
of the optically excited strain waves remains constant due to its
independence on spin–orbit coupling and ensuing PMA values.
THz emission is observed following the demagnetization of the
MLs and is proposed to be originated from the excitation of the
THz transient phonons in the MLs. Linewidth of THz phonos in the
ML has been found to be closely related to the magnetic layer
thickness of the ML and we have observed the inverse of FWHM of
the transmitted THz radiation varies linearly with the anisotropy
of the sample suggesting a close relation between excitation of
THz transient phonon and emission of THz radiation. Our findings
opens up an exciting possibility of generating and controlling THz
radiation from ferromagnetic nanostructures which can be man-
euvered to manipulate the spin wave spectra in novel spintronic
devices.
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