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ABSTRACT

Understanding of ultrafast spin dynamics is crucial for future ultrafast and energy efficient magnetic memory and storage applications. We
study the ultrafast laser-induced magneto-optical response of a CoFeB/MgO/CoFeB magnetic tunneling junction (MTJ), when exciting with
a short laser pulse, as a function of magnetic configuration and pump fluence. The ultrafast magnetization of the MTJ drops rapidly in the
timescale of 0.33-0.37 ps, which is driven by both electron-spin scattering and spin transport mutually. Subsequently, the energy from
the electron and spin reservoirs transfers into the lattice with the timescale of 1.5-2.0 and 5.0-15.0 ps through the electron-phonon and
spin-phonon interactions, respectively. Our results suggest that the interfacial spin-orientation of CoFeB/MgO/CoFeB could modulate the
interaction constant between spins and phonons. These findings provide insight into the role of MTJ interface in spin dynamics, which will

be helpful for opto-spintronic tunnel junction stack designs and applications.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0141071

The demand for ever faster and energy-efficient data processing
has continuously fueled fundamental research on spintronic technol-
ogy, such as faster data storage, memory, and processing."* The ultra-
short optical pulses on sub-picosecond timescale present the capability
to probe and manipulate the dynamics of magnetization,” by using
the time-resolved magneto-optical Kerr effect (TRMOKE).” The key
scientific issues on ultrafast spintronics are related to physical mecha-
nisms, material exploration, and device fabrication.”*

The typical ultrafast demagnetization process was demonstrated
on the Ni film in 1996.” The magnetization of 3d ferromagnets can be
optically quenched within 50-300 fs induced by a linear polarization
laser pulse and then followed by a slower magnetization recovery on
picosecond timescales.'””'” When the electrons in the magnetic metal
are rapidly heated with an optical pulse, the material undergoes
exchange processes of energy and angular momentum between elec-
tron, spin, and phonon degrees-of-freedom.'”""” The ultrafast demag-
netization can further trigger an ultrafast out of equilibrium state. An

enormous variety of complex phenomena in different material systems
has been investigated,'® *’ including coherent precession of the mag-
netization,”"”” laser induced magnetic phase transitions,”* and all-
optical helicity dependent switching.””*

A super-diffusive spin transport model has been proposed to
interpret the ultrafast demagnetization by majority spins away
from the excitation region in magnetic multilayers.”” *' Among
these attempts, Rudolf et al. demonstrated that the super-diffusion
of excited majority spin electrons from the Ni layer through Ru
into the Fe layer can increase or decrease the magnetization of Fe
transiently.”” Eschenlohr et al. reported that the demagnetization
through a hot electron current is as efficient as that created
through a direct laser irradiation in Au/Ni/Pt and Pt/Ni/Pt, which
can be reproduced by the super-diffusive transport model.” Jiang
et al. demonstrated that the ultrafast enhancement and optical
control of magnetization in L1o,-MnGa/GaAs layered structures via
super-diffusive spin transports.”*
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More interesting phenomena were observed as the TRMOKE
technique was used to investigate giant magnetoresistance (GMR)
structures and magnetic tunnel junction (MTJ).”>*® Malinowski et al.
demonstrated that the interlayer transfer of spin angular momentum
in [Co/Pt], multilayers speed up the demagnetization process when
the magnetic configuration is antiparallel.”” He et al. observed that the
ultrafast demagnetization can be engineered by the hot electrons
tunneling.” It was pointed out that these works focused mainly on the
speed and magnitude of the ultrafast demagnetization. However, the
timescale of energy exchange between electron, spin, and lattice associ-
ated with the spin-flip and spin-transport is still far from conclusive.

In this Letter, we present a laser-induced magneto-optical
response of a realistic MT] device, by performing TRMOKE measure-
ments as a function of magnetic configuration and pump fluence. The
demagnetization dynamics are qualitatively similar to those of CoFeB/
MgO/CoFeB™ and common 3d ferromagnet."””** In the ultrafast
magnetization relaxation, it was observed that the electron-phonon
coupling does not change for both antiparallel (AP) state and parallel
(P) state of the magnetizations between two FM layers. While, the
time constant of spin-phonon interaction increases at P state in com-
parison with the AP state, which demonstrates that the interfacial
spin-orientation could play a role in the spin-phonon coupling. The
investigation of the coupling between spin, electron, and lattice in a
strongly out-of-equilibrium regime is required for ultrafast magnetism
and data recording technology.

The MTJ sample (10 x 10 mm?) used in the experiment has a
multi-stack  of Ta(20)/C020F660B20( 1.2)/Mg0(5)/C020Fe60B20( 1 7)/
Ta(0.25)/Co(1.4)/Pt(0.8)/[Co(0.3)/Pt(0.8)]5/Co(0.6)/Ru(0.85)/Co(0.6)/
Pt(0.8)/[Co(0.3)/Pt(0.8)]o/Ta(5)/Ru(6), which was deposited on the
thermally oxidized Si wafer, as shown in Fig. 1(a). The numbers are
thicknesses in nanometers (nm). First, a 20 nm Ta seed layer was depos-
ited on a thermally oxidized Si substrate. Then, the core MT] structure of
CoFeB(1.2)/MgO(5)/CoFeB(1.7) was deposited by magnetron sputtering
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with a base pressure of 4 x 10~ °Pa. The synthetic antiferromagnetic
(SAF) layer Co(1.4)/Pt(0.8)/[C0(0.3)/Pt(0.8)]3/Co(0.6)/Ru(0.85)/Co(0.6)/
Pt(0.8)/[Co(0.3)/Pt(0.8)]o was deposited on the CoFeB/MgO/CoFeB.
The spin orientation of the CoFeB FMI layer is “pinned” by the
exchange bias between the net interfacial moment of the FM1 layer and
the SAF layer. Finally, a 5nm Ta and a 6 nm Ru layers were covered to
protect the MTJ against oxidation. The sample was then annealed at
350 °C in a vacuum chamber for an hour. Argon was used as the sputter-
ing gas. The MT] multi-stacks are in out-of-plane vertical AP state with-
out external magnetic field. The magnetic properties of the sample were
characterized by vibrating sample magnetometer (VSM) with an external
field applied perpendicularly to the surface. The tunneling magnetoresis-
tance of the MT] multi-stack was measured up to 150% at room temper-
ature, by using a DC four-probe method with a 3D Helmholtz coil
system.

The laser-induced dynamic magneto-optical properties of the
MT] multi-stack were measured using the TRMOKE technique based
on a conventional pump-probe setup, as shown in Fig. 1(b). The MTJ
multi-stack was irradiated with unfocussed laser pulses from a
Ti:sapphire laser amplifier with the center wavelength of 800 nm
(photon-energy of 1.55 eV), the pulse duration of 150 fs, and the repe-
tition rate of 1kHz. The laser beam was split into pump and probe
beams by a beam splitter. The spin and charge dynamic behaviors
were launched by an intense p-polarized pump beam (the beam diam-
eter at the sample is around 2 mm) at around normal incidence. The
s-polarized probe beam reflects from the sample surface at an incident
angle of about 10°. The beam diameter at the sample was about half as
large as that of the pump beam, which guarantees a homogeneous
probing region. In addition, the probe fluence was one order of magni-
tude weaker, such that it did not induce any changes in the sample.
Note that the probe pulse averages over its finite duration temporally
and penetration volume spatially. The polar Kerr rotation of the
reflected probe beam was recorded by an optical balanced bridge and
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FIG. 1. (a) Schematic illustration of the TRMOKE measurement of the MTJ structure with anti-ferromagnetic (AFM) and ferromagnetic (FM) coupling. (b) Sketch of the

TRMOKE experimental setup.
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by a lock-in amplifier, which was synchronized to an optical chopper.
The chopper modulates the pump beam at a frequency of 108 Hz. A
pair of Helmholtz coils (East Changing Technologies, EM 5) generated
an external magnetic field H,,, with a maximum value of 2 T. Hy, was
tilted at an angle 0y ~ 71° to the film normal. All measurements were
performed at room temperature.

Figure 2(a) shows the normalized static polar hysteresis loop of
the MT], as a function of external magnetic field without pump pulse
applied. The square loop indicates that the film has perpendicular
magnetic anisotropy (PMA). The hysteresis loop is constituted by two
minor loops with two distinct switching fields, which are separated by
two antiferromagnetic plateaus. The magnetic directions of two CoFeB
FM layers can be controlled by the external magnetic field. The switch-
ing fields of the top and the bottom CoFeB FM layer are around 290
and 180 mT, respectively. The magnetization directions of both FM1
and FM2 are plotted in Fig. 2(a) for different applied magnetic fields.
In our case, Hey, = *£500mT is sufficient to overcome the high
switching field and then in this case the magnetizations of both FM
layers are aligned to be parallel with each other.

Figures 2(b) and 2(c) show the pump-induced changes in the
TRMOKE signal ATT®MOKE(At), which are recorded by a time-delayed
probe beam for Hey, = =100 and +500 mT, respectively. It can be
found that the ATTRMOKE(At) signals depend on both orientation and
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FIG. 2. (a) Perpendicular magnetic hysteresis loop of the MTJ stack. (b) TRMOKE
curves for the s-polarized probe beam. The sample is magnetized by (b) Hext-
=+100 and (c) £500mT. The dashed circles in (a) represent the measured
states of AP and P. The difference curves of Al (At) for the (d) AP and (e) P con-
figurations. The solid lines are the fittings.
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magnitude of the external magnetic fields, which means that the pene-
tration depth of the laser beam is larger than the thickness of the cap-
ping and SAF layers (29.5 nm) within the sample. Two FM layers first
have opposite magnetizations when He,,, = £100mT and then they
are aligned to be parallel with each other when Hey, = *500mT.
The AT™®MOKE(A¢) signal drops within ~500 fs after the sample’s
excitation by the pump pulse. The incident fluences are 1.0 and
0.05m]J cm 2 for the pump and probe laser beams, respectively. It can
be found that the AT"™RMOKE(At) curves are not inverted after reversal
of the external magnetic fields. Proposed by Kampfrath et al., the
ATTRMOKE(At) can be expressed by the sum of the magnetic and non-
magnetic contributions phenomenologically™”

AITRMOKE(At) — a  AM(AL) + MoAa(At) + Ab(AY). (1)

The first term of the TRMOKE signal is proportional to the demagne-
tization dynamics. The second term scales with the static magnetiza-
tion of the sample M. Aa(At) is caused by pump-induced changes in
both the refractive index and the magneto-optical coupling constant.
It is reasonable to assume that the reversal of M, reverses the pump-
induced AM. The third term Ab(At) is the ultrafast change in the
nonmagnetic TRMOKE signal, which is generally sensitive to the
polarization state of the probe beam. To focus on the pure magnetiza-
tion dependent contributions and eliminating the Ab(At), we consid-
ered the pump-induced change in the polar Kerr rotation signal
expressed as the difference of AT"®MOKE(At +M), changing with the
magnetization direction,

Abk (At) = % (ATTRMOKE(At, +M) — AT"RMOKE (AL, —M))
= a)AM(At) + MoAa(At). 2
Figures 2(d) and 2(e) show the typical AOx(At) curves for AP
and P states comparatively, induced by a pump pulse at fluence of 1
mJ cm~2. When the pump laser heats the sample, a steep decrease
in the magnitude of A0k (At) is observed in the timescale less than
~500 fs. The decrease corresponds to the sub-picosecond quenching
of magnetic order in the MT] multi-stack, which is followed by a sub-
sequent recovery on a longer timescale of several picoseconds. It is
possible to achieve a precession of the net magnetization at the fre-
quency of the ferromagnetic resonance, by tuning the orientation and
the strength of the applied magnetic field."”*' In our case, there is no
signature of the magnetization precession observed for both P and AP
states. This is owing to the large PMA to suppress the reorientation of
the magnetization. The pump-laser induced A0k (At) curves can be
used to depict the ultrafast time evolution of changes in both the out-
of-plane magnetization component and magneto-optical coupling
constant in the MT] multi-stack.
To quantify the results of AOx (At), we employ a phenomenologi-
cal double exponential model to fit the raw A0k (At) data™

A0k (At) = C(t) ® { [1 - e*rfT‘m)]

At

A Y
><(A><eTf*h+B><e‘S*Ph)}+D, (3)

where Tgen, is defined as the sub-picosecond time constant to reach the
minimum of magnetization, which indicates how fast the photoin-
duced demagnetization is. 7,y and 7, are two time-constants of
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the exponential recovery of magnetization. A and B are amplitudes of
the relaxation behavior of ultrafast demagnetization. D is a baseline.
C(t) is a cross-correlation function of pump and probe pulses. Symbol
® denotes the operation of convolution. Equation (3) is used to fit the
data of AOk(At), as shown by the solid lines in Figs. 2(d) and 2(e).
First, one can see that 74, are 0.46 = 0.09 and 0.31 = 0.04 ps for AP
and P states, respectively. It should be noted that it is hard to distin-
guish the difference of 74, by one single measurement with the error
bars. Decreasing the magnetization implies increasing the spin disor-
der and, thus, the spin temperature. Second, we would like to stress
that 7., and 7,y are attributed to the time constants of electron—
phonon and spin-phonon couplings, accordingly, which indicate
different mechanisms responsible for the relaxation of magnetiza-
tion.”” *° They quantify energy transfer dynamics from electron and
spin subsystems to lattice subsystem. The lattice interacts with the spin
as a reservoir of dissipated angular momentum from spin system."’
Finally, after about tens of picoseconds, the temperatures of electron,
spin, and lattice subsystems are equilibrated, and then the whole
excited area will cool down on the timescale of heat transfer into the
substrate at room temperature.

It is known that the magnetization dynamics can be controlled by
changing the pump fluence. In order to gain insight into the dynamical
electron—phonon and spin—phonon interactions in the MTJ after laser
excitation, A0k (At) measurements with different pump fluences rang-
ing from 0.2 to 1.8 mJcm ™2 were performed. Figures 3(a) and 3(b)
show the temporal dynamics of A0x(At) for various pump fluences,
applied with He,, = *£100 and =500 mT, respectively. It can be seen
that the peak amplitude of A0 (At) is roughly proportional to the
pump fluence, as shown in Figs. 3(c) and 3(d). This means that a larger
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FIG. 3. The ultrafast laser-induced magneto-optical signal Ak (At) obtained in (a)
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pump fluence results in a larger degree of sub-picosecond demagnetiza-
tion amplitude. Fitting the measurement data using Eq. (3) enables us to
extract the characteristic demagnetization time 7, electron-phonon
interaction, and spin-phonon interaction time constants of 7, and
Ts—ph> Which are summarized in Figs. 4(a)-4(c).

First, as shown in Fig. 4(a), the extracted T4, of our MTJ stack is
largely not dependent on the pump fluence. The pump fluence inde-
pendent mean value of T4, = 0.33 * 0.09 s and 74y, = 0.37 = 0.10 ps
for the AP and P states, respectively. Although the ultrafast demagneti-
zation dynamics of the P and AP states are very similar, the ultrafast
spin-transport between two CoFeB layers by the tunneling of hot elec-
trons through the MgO barrier cannot be excluded during the timescale
of demagnetization. The reasons are mainly as following. From a previ-
ous experimental study, Carpene et al. attributed the ultrafast demagne-
tization in Fe to the electron-spin scattering,*’ It is, therefore, reasonable
to expect that the time constant of electron-spin interaction is propor-
tional to the electron’s peak temperature (pump fluence). In contrast,
the measured 74, in our MT] multi-stack is not dependent on the
pump fluence, indicating that the electron-spin scattering is not the
whole mechanism for the ultrafast demagnetization. From a recent the-
oretical study, Ashok et al. found that, as compared to the case without
transport, the linear correlation between the quenching time and
quenching magnitude in the case with transport is weakened, which is
in line with our observations. It should be noted that the terahertz spec-
troscopy has become a complementary technique to demonstrate the
spin transport dynamics.”

Second, as shown in Fig. 4(b), the time constant of the electron-
phonon interaction is around t._pn ~ 1.5-2.0 ps. We find that a
maximum value is reached with the pump fluence of 1.4 mJcm 2.
This behavior is consistent with the findings observed in Pt/
Co,FeAlysSips"” and YMnO; film,”” which can be attributed to the
divergence of spin heat capacity in both the FM layer and multiferroic
materials. The diverging behavior of 7._py, can be used to indicate the
pump fluence at which the Curie temperature of the MTJ is reached.

Finally, Fig. 4(c) shows that the time constant of the spin-
phonon interaction is around 7y, ~5-15 ps, which is consistent
with the timescale of coherent acoustic phonons that modulated the
exchange interaction in Fe, observed by terahertz emission spectros-
copy.5 91t can be found that Toph = 11.1 = 4.2 ps for the P state is
enhanced by two times compared with 4.5 = 1.5 ps for the AP state,
below the pump fluence of 1.4 mJcm 2. This observation suggests
that the interaction between spins scattering/spin tunneling and pho-
non modes at the interfaces of FM1/MgO/FM2 is stronger in AP state
than that in P state, leading to a faster decay of the spin temperature in
the AP state. While, for the pump fluence above ~1.4 m]J cm™2, the
Ts_ph becomes similar for both P and AP states because the whole sys-
tem reaches paramagnetic state transiently.

To conclude, an optical pump-probe technique was used to mea-
sure the time-resolved magneto-optical response of a realistic MT]J
multi-stack with PMA at room temperature. Our results provide a
dynamic information of energy redistribution for electrons, spins, and
phonons in an MT] device upon laser excitation. The ultrafast demag-
netization is attributed to a driving force from both electron-spin scat-
tering and spin transport mutually. We have observed that the
electron—phonon interaction is modified by the magnetic heat capacity
divergence. In addition, our results indicate a controllable spin-
phonon interaction, depending on the aliment of the magnetizations
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in two FM layers. These physical effects could have profound implica-
tions regarding realization and optimization of the device functionali-
ties in opto-spintronic tunnel junctions.” 260
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