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SPECIAL TOPIC — States and new effects in nonequilibrium

Ultrafast magneto-optical dynamics in nickel (111) single crystal
studied by the integration of ultrafast reflectivity and
polarimetry probes
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With the integration of ultrafast reflectivity and polarimetry probes, we observed carrier relaxation and spin dynamics
induced by ultrafast laser excitation of Ni (111) single crystals. The carrier relaxation time within the linear excitation range
reveals that electron—phonon coupling and dissipation of photon energy into the bulk of the crystal take tens of picoseconds.
On the other hand, the observed spin dynamics indicate a longer time of about 120 ps. To further understand how the lattice
degree of freedom is coupled with these dynamics may require the integration of an ultrafast diffraction probe.

Keywords: ultrafast spin dynamics, non-equilibrium dynamics, multi-probe

PACS: 78.47.J-,42.65.Re, 75.78.Jp

1. Introduction

In recent years, ultrafast demagnetization by photoexci-
tation has attracted pronounced research efforts due to its po-
tential applications in next-generation ultrafast magnetic stor-
age devices, magneto-optical devices, spintronics studies and
others.!!l The ultrafast optical excitation of magnetic mate-
rials typically involves nonequilibrium relaxation dynamics
among different degrees of freedom, including electron, spin,
lattice and even orbital subsystems. For ferromagnetic met-
als, it is generally believed that irradiation of femtosecond
optical pulses will create a nascent hot electron gas, and the
Drude model is generally used to evaluate the metal’s opti-
cal responses to such excitations.?! The coupling of energies
within the electronic subsystem into the spin or lattice sub-
systems subsequently induces transient change in magnetic
In the 1990s,
it was demonstrated that the demagnetization of nickel sin-

order or the periodic arrangement of atoms.

gle crystal subjected to femtosecond laser irradiation occurred
within hundreds of femtoseconds,?! a time scale that is much
smaller than the spin—lattice interaction mechanism that is of
the order of picoseconds. Similar observations were made
in other ferromagnetic 3d transition metals, such as cobalt
and iron, upon ultrafast photon excitations.!*° Therefore,

an effective means for the evaluation of coupling dynamics
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among different degrees of freedom is to create nonequilib-
rium states with ultrafast pulses and observe the sequential re-
laxation processes leading to equilibrium states.!”) For ex-
ample, recent experiments have reported Morin phase transi-
tions, giant Kerr rotations, coherent spin-wave transport and
spin-polarized gaps.!'%-14 Despite those extensive studies on
the time scale of couplings among different degrees of free-
dom, one outstanding question raised in the past few years is
where does the spin angular momentum go during the ultrafast
demagnetization process? The rapid development of ultrafast
diffraction methods in recent years has shone a light on this
question from an interesting perspective. For example, it has
been proved in an iron thin film that the missing spin angular
moment will transfer to the lattice to cause a shear motion in
order to maintain the conservation of angular momentum. !
This angular momentum transfer occurs within a time interval
of picoseconds and is named the ultrafast Einstein—de Hass
effect, a counterpart of the macroscopic classical Einstein—de
Hass effect. A similar effect was observed in other ferromag-
netic materials such as nickel,!!! and antiferromagnetic ma-

161 Overall, the evolution of nonequi-

terials such as FePSs.
librium dynamics associated with magnetic materials requires
various experimental methods that are individually sensitive

to the response of different degrees of freedom. For example,
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the hot electron gas is typically probed through ultrafast opti-
cal reflectivity or transmission measurements; the spin angular
momentum can be revealed by observing the transient change
of optical polarizations, and the lattice structural dynamics re-
quire ultrafast diffractions using femtosecond electron or x-ray
pulses that are generated either on laboratory size apparatus or
large facilities. However, photon-induced nonequilibrium dy-
namics generally involve couplings among different degrees
of freedom. The integration of ultrafast reflectivity, polarime-
try and diffraction probes may provide a unified time frame
for studying the same sample area under the same photon-
excitation conditions.

Here, we employed ultrafast reflectivity and polarimetry
probes to investigate carrier relaxation dynamics and ultrafast
spin dynamics in Ni (111) single crystals, which serve as a typ-
ical model system for the study of magnetism owing to their
partially filled 3d band electrons. Our experimental results
indicate that, within the temporal resolution of our system,
the electron and spin degrees of freedom indistinguishably re-
spond to ultrafast deposition of laser pulse energies. However,
the electron/lattice and spin/lattice couplings indicated differ-
ent time scales, which is, to some extent, an interesting result
because it is typically believed that the transfer of energy from
the electron system is of the same order as the transfer of spin
angular momentum to the lattice. However, one may need to
integrate an ultrafast diffraction probe to further confirm those
couplings with the lattice degree of freedom. This study may
shine a light on the demand for integrating multiple ultrafast
probes to explore couplings among electron, spin and lattice
degrees of freedom in condensed matter.

2. Method

The experiments were performed on a homemade pump—
probe system that integrates femtosecond optical reflectivity
and polarimetry probes within the same time frame, namely, a
precisely controllable and measurable timing between the re-
flectivity and polarimetry probes. A Ti:sapphire laser amplifier
that operates at a 1 kHz repetition rate with a laser pulse du-
ration of 35 fs and a central wavelength of 800 nm (1.55 eV)
was used. The main pulse from the laser amplifier is split into
pump and probe pulses whose optical path differences are pre-
cisely controlled by a mechanical stage. The probe pulse is
converted to 400 nm (3.10 eV) by a second-harmonic crystal
(a 0.2 mm thick beta barium borate crystal cut at 8 = 29.2°
and ¢ = 0° to provide type I phase matching), chopped with
a frequency of 220 Hz and focused by a plano-convex lens
onto the sample with a spot size of ~ 0.2 mm. The 400 nm
probe pulse is focused on the sample with a spot size about
five times smaller than the pump beam to ensure that the ob-
served sample area is evenly excited. For ultrafast reflectiv-
ity measurements, the reflected probe pulse is directed to a

photodiode through appropriate filters and attenuators in order
to convert transient optical intensities at each delay time into
electronic signals that are analyzed by a lock-in amplifier. For
ultrafast polarimetry measurements, the probe pulse is directed
to a Wollaston prism and a balanced photon detector to record
the intensity changes of two different optical polarization di-
rections. The signal-to-noise ratio of such measurements is
optimized by combining a boxcar and lock-in amplifier. For
both measurements, the angle between the pump and probe
beam is smaller than 5° to achieve a nearly co-linear configu-
ration. The Ni (111) single crystal is kept at room temperature
on a sample holder. The thickness of the crystal is 500 pm. A
static external magnetic field of 0.6 T is applied to the crystal
as measured by a Hall sensor. For all experiments presented in
this paper, the laser fluence was below the damage threshold
of the sample, which remained intact when checked with an
optical microscope after data acquisition.

3. Results and discussion

The carrier dynamics of Ni (111) single crystal were ob-
tained by means of ultrafast reflectivity measurements and the
data are depicted in Fig. 1. The change in optical intensity
is described by the change of the output voltage from the
photon detector and denoted as AR. Before recording any
experimental data it was confirmed that the photon detector
responds linearly with regard to the received probe light in-
tensity. The time zero is defined by the onset of observable
changes in reflectivity. Upon femtosecond laser excitation, the
optical reflectivity rapidly reaches its extreme value, indicat-
ing the creation of a non-equilibrium state of electron carriers.
Because the excitation photon energy of 1.55 eV is insuffi-
cient to create interband transitions, and the pump fluences
in this study are also small enough, only electrons near the
Fermi level are excited. Therefore, it is assumed that elec-
trons mainly experience thermal excitation during photon ab-
sorption. According to the Drude model,!'”! electrons within
the optical penetration depth became energetic upon absorb-
ing photons, and the optical reflectivity of the probe pulse
generally changes rapidly within the first few hundred fem-
toseconds until it reaches the extreme value. The reflectivity
follows a restoring process as the energies transfer from the
electron subsystem to the spin and lattice degrees of freedom
through electron—spin and electron—phonon couplings, as well
as heat diffusion from within the skin depth to the specimen
bulk. For five different pump energies, the trends are similar.
To further confirm if the carrier relaxation dynamics are domi-
nated by a single-particle process we normalized the reflectiv-
ity using its extreme value under each pump fluence and plot-
ted the results as Fig. 1(b). It is clear that, under different pump
fluences, the recovery follows almost the same characteristic
time, which agrees with the Drude model assumed above, and
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a single-particle relaxation mechanism is applicable.l'”] It is
worth mentioning that, around the hundreds of picoseconds
time interval, the normalized signals exhibit a very small devi-
ation from each other. This might indicate the slight existence
of non-thermal effects;!!8-201 however, the overall carrier re-
laxation dynamics are still dominated by the thermal relax-
ation mechanism, which is further confirmed by the linear plot
of extreme values versus pump fluence in Fig. 1(c). Assuming
that the carrier relaxation dynamics involve only electrons, the
recovery rate can be obtained through exponential fitting to the
experimental data, which indicates a time constant of 40 ps.
This is a time scale that is larger than some previously reported
values (this is probably because we employed a thick sample
of ~ 500 um). Therefore, the measured reflectivity reflects
not only the couplings between the electron subsystem with
the spin and lattice subsystems that are mainly within the op-
tical skin depth but also the diffusion of the deposited optical
energy from the surface to the bulk of the crystal. The detailed

dynamics of those two processes demand sophisticated numer-
ical modeling. Here, we employed a bi-exponential fitting
to obtain a preliminary insight. It delivers two characteristic
times of ~ 20 ps and ~ 160 ps, which may correspond to the
electron—phonon coupling and heat diffusion, respectively. It
is also worth mentioning that, even for nanometer-think nickel
crystals, the measured electron—phonon coupling time varies
among different experimental techniques, possibly due to sys-
tem deviations among ex sifu measurements.!!>21-23] There-
fore, this further indicates an urgent demand for the in situ
integration of multiple ultrafast probes to establish a unified
time frame and excitation conditions for the studies of cou-
plings among different degrees of freedom. To further evalu-
ate the couplings between the spin and lattice subsystems, we
performed ultrafast polarimetry measurement using the same
probing area of the sample and under the same pump condi-
tions used in the ultrafast reflectivity experiments.
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Fig. 1. Time-dependent reflectivity changes of Ni (111) single crystal after femtosecond laser excitation. (a) The reflectivity changes under
five different pump fluences ranging from 2.4 mJ-cm~2 to 5.5 mJ-cm~2. (b) The normalized reflectivity changes. For each pump fluence, the
time-dependent reflectivity is normalized using the maximum change of reflectivity that appears around 2.4 ps after laser excitation. (c) A
log—log plot depicting the maximum changes of reflectivity as a function of pump fluence; the slope is 0.92. The maximum reflectivity change
is extracted from (a) on the left.
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Fig. 2. Mechanism of ultrafast changes in magnetic momentum. (a) Configuration of the ultrafast polarimetry experiment. The S-polarized
pump pulse perpendicularly impinges the nickel crystal, and the P-polarized probe pump is reflected by the sample with a small angle of 5°
with respect to the pump beam. The polarization changes of the probe beam are recorded at each delay time for further analysis. The sample
is uniformly situated in a static external magnetic field, Hex; = 0.6 T, which is tilted by a small angle of oo = 12° with respect to the normal
direction, Z, of the crystal. (b) Illustration of the magnetic momentum before, at and after time zero. Transient changes in magnetic momentum
due to pump laser pulses will result in a deviation of the magnetization direction from the external static field and a restoring process that
exhibits precession of the spin angular momentum.

The ultrafast spin dynamics are revealed by the polarime-
try probe, and the essential experimental configuration is
demonstrated in Fig. 2. Before time zero, the ferromagnetic
nickel crystal is fixed on a room-temperature sample holder

and fully magnetized by an applied static external field of
0.6 T. However, upon excitation by the pump pulse, the rapid
deposition of photon energy not only creates a nascent non-
equilibrium state for the electrons and causes changes in op-
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tical reflectivity but also affects the spin angular momentum
of the electrons. Therefore, the total magnetic momentum of
the optical-skin-depth area is no longer a saturated value deter-
mined by the applied external field but rather a time-dependent
value associated with the non-equilibrium dynamics of the re-
laxation of spin angular momentum to other degrees of free-
dom. As reported in previous literature,!!! the laser-induced
changes to the internal magnetic fields of the sample may
be denoted as 6H, and the total equivalent magnetic field is,
therefore, a superposition of the applied static field Hex and
AM to create an effective magnetic field, Hef, around which
occurs spin precession and enables the internal magnetic mo-
mentum to restore to align with the applied external field. The
relaxation of spin angular momentum is obtained by analyzing
the time-dependent polarization change, as depicted in Fig. 3.
Time zero is the same as that defined in the ultrafast reflec-
tivity measurements. The magneto-optical signal exhibits a
rapid drop within a femtosecond time interval due to the distur-
bance of the pump pulse. It is clear that the ultrafast polarime-
try signal involves a damping oscillation that lasts over hun-
dreds of picoseconds. For ultrafast polarimetry experiments,
such oscillations are associated with the spin precessions after
femtosecond demagnetization.?!! Here, we performed a fast
Fourier transform and extracted a 28 GHz oscillation period.
Given the applied field of 0.6 T, this is a reasonable value for
ferromagnetic materials. We further performed pump fluence-
dependent experiments; the results are summarized in Fig. 4.
As the pump fluence increases, the oscillation amplitude of
the polarimetry signal follows the same trend, but the period
and damping rate remain unchanged. This indicates that the
increased pump fluence introduces more considerable distur-
bance to the internal magnetic field. However, it does not al-
ter the coupling rate between the spin and other degrees of
freedom. The amplitude of the first three oscillations under
each data set is plotted versus pump fluence and illustrated in
Fig. 4(b). The log-log plot displays a linear relation with a
slope of 1.1£0.2. Therefore, for all these measurements the
photon-induced non-equilibrium dynamics remain in a linear
region with respect to the pump fluence.
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Fig. 3. The magneto-optical signal, recorded under 5.5 mJ-cm~2 pump
fluence, depicted with its fast Fourier transform (FFT). The results in-
dicate a precession frequency of 28 GHz for the magnetic momentum.
The damping of the oscillation period is clearly observable, indicating
a recovery of the total magnetic momentum.

It is interesting to compare the carrier dynamics with the
spin dynamics obtained by the integrated ultrafast reflectivity
and polarimetry probes. The precession of the magnetization
is described by the Landau-Lifshitz-Gilbert equation, ¥ and
it is around the effective field, as has already been reported
in various ferromagnetic materials. Such a precession follows
the initial demagnetization of the Ni film induced by the ex-
citation laser pulse, and it typically occurs within the thermal-
ization time of the spins. Apparently, with increased pump
fluence, a more significant demagnetization is desirable and
eventually leads to a larger effective field. Therefore, the os-
cillation amplitudes shown in Fig. 4(a) scale with respect to
the pump laser fluences. The log—log plots in Fig. 4(b) indi-
cate a linear relation with a slope of 1.14-0.2. This suggests
that the effective field scales linearly with excitation laser flu-
ence. However, it is worth mentioning that according to the
reflectivity signal obtained in our experiments there is no di-
rect sign of acoustic phonons, which is observable in previous
ultrafast diffraction experiments on nickel.!>! Integration of
an ultrafast diffraction probe with optical probes may further

benefit the measurement of couplings with the lattice degree

of freedom.
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Fig. 4. The pump fluence-dependent precessions of the total magnetic mo-
mentum are presented with the amplitude of the first three oscillation peri-
ods. The linear fitting with the log—log plots also indicates a linear relation
concerning the excitation laser fluences. The damping oscillations are charac-
terized by a time constant of ~ 120 ps, significantly larger than the electron
relaxation time. This indicates that it took a long time for the spin degree of
freedom to exchange energy with the electron and lattice subsystems, showing
a much slower interaction with respect to electron—phonon coupling.

037802-4



Chin. Phys. B 33, 037802 (2024)

4. Conclusion

With ultrafast reflectivity and polarimetry probes, we
have studied the relaxation of carrier dynamics and evolution
of spin angular momentum in Ni (111) single crystal. Within
the linear excitation fluences and the presence of a 0.6 T static
magnetic field, the carrier relaxation time is tens of picosec-
onds; in contrast, restoring magnetic momentum takes about
120 ps. To further elucidate the deviation between the two
time scales, characterization with ultrafast diffraction probes
to further reveal the couplings between spin and lattice degrees
of freedom may be needed.
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