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ABSTRACT: Atomically thin graphene layers can act as a spin-sink
material when adjacent to a nanoscale magnetic surface. The enhance-
ment in the extrinsic spin—orbit coupling (SOC) strength of graphene
plays an important role in absorbing the spin angular momentum
injected from the magnetic surface after perturbation with an external
stimulus. As a result, the dynamics of the excited spin system is modified
within the magnetic layer. In this paper, we demonstrate the modulation
of ultrafast magnetization dynamics at graphene/ferrimagnet interfaces
using the time-resolved magneto-optical Kerr effect (TRMOKE)
technique. Magnetically modified interfaces with a systematic increase
in the number of graphene layers coupled with the 10 nm-thick
Co,,Gd,4 layer are studied. We find that the variation in the dynamical
parameters, i.e., ultrafast demagnetization time, remagnetization times,
decay time, effective damping, precessional frequency, etc., observed at
different time scales is interconnected. The demagnetization time and decay time for the ferrimagnet become approximately
two times faster than the corresponding intrinsic values. We found a possible correlation between the demagnetization time
and damping. The effect is more pronounced for the interfaces with monolayer graphene and graphite. The spin-mixing
conductance is found to be approximately 0.8 X 10'* cm™2. The effect of SOC, pure spin current, the appearance of structural
defects, and thermal properties at the graphene/ferrimagnet interface are responsible for the modifications of several
dynamical parameters. This work demonstrates some important properties of the graphene/ferrimagnet interface which may
unravel the possibilities of designing spintronic devices with elevated performance in the future.
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n the recent past, a significant surge was observed in graphene is weak, while for graphite the value becomes one
research exploring the spin-dependent physical properties order of magnitude higher.13 Because of this weak SOC, long
of graphene'™® and graphene-based ma;netic hetero- spin-diffusion length and spin-relaxation time in graphene'’

45 « . I~ . . .
structures.”” The field, “graphene-spintronics”,” has emerged are observed. These properties are suitable for specific
following7ghe trail of the seminal works on isolation of applications. Over the years, scientists have increasingly sought
graphene.” This w;)_nl(}er—materlal exhibits several exciting to harness the functionalities of graphene by increasing this

electronic properties, such as zero bandgap, high electron
mobility, low resistivity, excellent thermal conductivity, and
gate tunable spin transport. Graphene is also very robust to
environmental degradation. Nearly decoupled two-dimensional
(2-D) graphene sheets can be stacked to form bilayer-,
trilayer-, few layer-graphene (FLG), and then multilayer
graphene (or graphite). The twisted-stack ordering is most
common for the bilayer graphene. Beyond two layers, the Received:  March 23, 2022
ordering becomes arbitrarily complex. With an increasing Accepted:  June 7, 2022
number of layers, the linearly dispersive band structure of Published: June 13, 2022
graphene starts showing band overlapping, splitting, and zone

folding."> This modifies the physical properties of graphene.

The intrinsic spin—orbit coupling (SOC) for monolayer

SOC strength externally. Several theoretical and experimental
methods are proposed such as adsorption,'*'® proximity
effects from an adjacent semimetal,'® and hybridization with
magnetic surfaces.'””'? Increasing the SOC strength by
engineering the graphene surface often leads to opening of
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Figure 1. (a) Micro-Raman spectra showing 2D peaks for the graphene flakes transferred on Si/SiO, substrate. The number of layers is
indicated inside the figure. (b) Micro-Raman spectra for the graphite flake obtained before and after deposition of CoGd (10 nm)/Ta (4
nm). Relevant peaks are identified and marked accordingly. (c) The variation in the ratio between Raman intensities for D and G peaks (I,/
I;) and the average distance between neighboring defects (L,) with different graphene layers. The error bars lie inside the data points. (d)
Spatial distribution of I/I; obtained from the Raman mapping. Corresponding color bars are indicated below the images. The uniform
color contrast within each flake represents the uniform distribution of defect densities across the surface. The images are not to scale.

the band gap and introduction of localized states near the
Fermi level. In particular, charge transfer due to the strong
hybridization between the dz* state of a ferromagnetic atom
and the p,7 state of graphene is reported.”” In this process, the
net magnetic moment of the ferromagnet is reduced due to
additional spin polarization in the graphene layers. With such
advancements, this multifunctional 2-D material may even be
envisioned as a latent substitute for three-dimensional heavy
metals in magnetic multilayers. Graphene can generate pure
spin current or spin-polarized current as evidenced from the
quantum spin Hall effect,”" Rashba effect,"* and spin Seebeck
effect”” reported so far. The spin transport in graphene/
ferromagnet heterostructures across the lateral' and vertical
dimensions™ is investigated by using local and nonlocal
measurement techniques. Significantly, the spin-pumping
effect, which does not necessarily require any charge current,
is demonstrated for monolayer graphene and graphite.'*>*>*
An inverse relationship between damping and demagnetization
time is established in the graphene/CoFeB interface from
time-resolved magneto-optical Kerr effect (TRMOKE) mi-
croscopy measurements.”> The modulation in the Gilbert
damping shows dependence on the spin-mixing conductance
and spin transparency of the interface in the presence of
graphene similar to other conventional heavy metals.”® The
dynamics of Permalloy adjacent to graphene grown by the
chemical vapor deposition method was also studied using
ferromagnetic resonance techniques.”” However, a compre-
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hensive study of dynamical properties of a magnetic system
with an increase in the number of graphene layers is lacking.

In the mechanical exfoliation process, which is so far the
most successful and convenient method for layer-by-layer
transfer of graphene onto a substrate, the flake size varies up to
few tens of microns. This may introduce complexities in
subsequent sample fabrication steps due to the uncertainty in
shape, size, and position of the flakes embedded on a RF
waveguide. Besides that, the graphene/metal interface suffers
from impedance mismatch problems in electrical spin-pumping
measurements. Most of these ambiguities are eliminated while
probing ultrafast magnetization dynamics directly in the time
domain by exploiting optical pump—probe techniques*®*’ with
improved spatiotemporal resolution. The values of dynamical
parameters including damping extracted via a noninvasive and
localized optical method are marginally affected by contribu-
tion from spatial inhomogeneities unlike the global electrical
measurements.

It is pertinent to mention that many studies are reported on
the graphene/ferromagnet system from various aspects.
However, research focusing on the graphene/ferrimagnet
interface is yet to escalate. Ultrafast magnetization dynamics
becomes more intriguing in the case of ferrimagnets due to
exchange of angular momentum between the antiferromagneti-
cally coupled nonequivalent sublattices. The ferrimagnetic
alloys of rare earth (RE) and transition metal (TM) exhibit
tunable magnetic properties with the change in composition.
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Figure 2. (a) The IP and OOP hysteresis loops for substrate/CoGd (10 nm)/Ta (4 nm) obtained from VSM. (b) Schematic of TRMOKE
geometry. Dimensions of the layers and laser spots are not at scale. (c) Typical TRMOKE trace for substrate/CoGd (10 nm)/Ta (4 nm).
The three temporal regions are specified within the graph. The data are measured at H = 2200 Oe. (d) The background-subtracted Kerr

signal in Region-III.

The net magnetic moment is lower, and damping is reportedly
higher in such systems compared with ferromagnets.
Specifically, the Gd-based ferrimagnets are popular candidates
for probing ultrafast demagnetization,® spin precession,’"*>
all-optical switching,”*** and picosecond electrical-pulse
induced switching.>® Recently, successful helicity independent,
all-optical toggle switching is demonstrated in submicron-sized
optomagnetic tunnel junctions with a perpendicularly
magnetized Gd-based free layer.”®”” All of these efforts
demonstrate the usefulness of Gd-based ferrimagnets for the
spintronic applications in the future.

In this work, we have investigated modulation of ultrafast
magnetization dynamics by using the TRMOKE technique on
graphene/ferrimagnet interfaces. A 10 nm-thick in-plane (IP)
magnetized Co,,Gd,s (CoGd here on) layer is deposited on
top of mechanically exfoliated monolayer-, bilayer-, trilayer-,
FL-graphene, and graphite flakes. The dynamical parameters
extracted from time-resolved Kerr signals vary non-monotoni-
cally with the number of graphene layers. The demagnetization
time (in femtosecond time scale) and decay time (in
nanosecond time scale) of the ferrimagnet become approx-
imately two times faster in the presence of the graphene layers.
The variation in fast and slow demagnetization times indicates
activation of different energy distribution channels with an
increasing number of graphene layers. The remagnetization
processes in the picosecond and sub-nanosecond time scales
also become modified. It is noteworthy that all-optical
excitation and detection of spin-pumping effects in CoGd-
based multilayers have not been reported so far. Our
experimental findings suggest that the spin-pumping effect at
the graphene/CoGd interfaces is responsible for modulation of
the effective damping. We believe that these modulations
originate at the magnetically modified interfaces due to
hybridization of the orbitals near the Fermi surface.’® We
particularly emphasize the role of pure spin current, the
presence of defects in the graphene layers, and their thermal
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properties to be key factors to influence the ultrafast dynamics
of CoGd on graphene.

RESULTS AND DISCUSSION

The graphene layers are mechanically exfoliated on top of a Si/
SiO, substrate. A 10 nm-thick CoGd film is sputtered on top of
the graphene layers using a DC magnetron sputtering. The film
is capped with 4 nm-thick Ta to prevent the surface from
environmental degradation. Raman spectroscopy measure-
ments are performed to characterize the properties of graphene
flakes before and after the deposition of CoGd. A single
Lorentzian peak of the 2D band (Raman shift ~2684 cm™)
corresponds to monolayer graphene (Figure la). Then, the
systematic evolution from bilayer graphene to graphite is
identified from the definite shape asymmetry of the 2D
peaks,”® which is due to the overlay of double resonance peaks
from the increased number of sub-bands as the layer number
increases. Microscope images reveal that the optical contrasts
are different for different graphene layers (see Supporting
Information). The sizes of the flakes vary roughly from ~S to
~1S5 pm. The variation in relative Raman intensities between
the 2D and bulk G (~1587 cm™) peaks (I,p/I;) helps further
to identify the number of graphene layers (see Supporting
Information).”” Immediately after exfoliation, there is no
defect peak (D) observed, which indicates the high quality of
the graphene layers. Deposition of CoGd results in the
appearance of growth-induced defects. The comparison
between the two Raman spectra for the graphite flake is
explicitly shown in Figure 1b where the D peak resides at
~1339 cm™ energy. The ratio between D peak intensity (Ip,)
and I; is decreased from ~1.5 to ~0.1 with the number of
graphene layers (Figure 1c). Therefore, the calculated average
distance between the neighboring defects (L,) is found to be
increased 10 times for graphite in comparison to monolayer
graphene (see Supporting Information). This signifies that due
to bombardment with heavy atoms on the interface during
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sputtering defects appear in the graphene layers, and the defect
concentration reduces gradually with increasing numbers of
graphene layers. We have also performed spatial mapping of
the defect density by keeping all other experimental conditions
same as the single-point Raman measurement. The Ip/Ig,
which is proportional to the defect density, decreases with
increasing numbers of graphene layers. In Figure 1d, the
uniform color contrast within each flake represents uniform
distribution of defects across the surface of the flakes which
only scales with graphene layer thickness. The surface
properties are investigated by using the atomic force
microscopy (AFM) technique in noncontact mode. The
average roughness is found to be ~0.8 nm for the film.
Detailed discussion on the roughness and thickness of the
sample in the presence of graphene layers can be found in the
Supporting Information.

The IP and out-of-plane (OOP) hysteresis curves obtained
from vibrating sample magnetometry (VSM) show that the
saturation magnetization (M;) for bare 10 nm-thick CoGd film
is ~150 emu/cm® (Figure 2a). The IP and OOP saturation
fields are ~50 Oe and ~2000 Oe, respectively. The small
coercivity and nature of magnetic reversal observed for this
film refer to the absence of any significant anisotropy. Time-
resolved magnetization dynamics is measured in a substrate/
CoGd (10 nm)/Ta (4 nm) film by using the single-color
pump—probe-based TRMOKE technique. The experimental
geometry is depicted in Figure 2b. The femtosecond pump
pulse (fluence = 3.0 mJ/cm?) is incident obliquely on the
sample, whereas the probe beam (fluence = 0.5 mJ/cm?) is
focused inside the pump spot to collect the polar MOKE
signal. A sufficiently large IP magnetic field (H > saturation
field) is applied with a slight tilt (~15°) in the OOP direction
to ensure a finite demagnetizing field, which is modulated by
the pump pulse to launch precession in the sample. Upon laser
excitation, the electron temperature increases instantaneously,
creating hot electrons above the Fermi level, which in turn
excite the spin subsystem by electron—magnon interaction.
The quenching of magnetization is known as ultrafast
demagnetization,28 which occurs within the first few hundreds
of femtoseconds (demagnetization time: 7,,). Subsequently,
the energy rebalancing between the electron-, spin-, and lattice-
subsystems causes this quenched magnetization to relax back
to its original equilibrium state. The time scale of electron—
phonon interaction is known as the fast remagnetization time
(z.), which is on the order of picoseconds. The effective
anisotropy of the magnetic material also gets modified upon
the excitation by the pump pulse. This exerts a torque on the
magnetization and induces precession on top of slow
remagnetization on a nanosecond time scale.”” Within the
slow remagnetization time (), the energy is dissipated from
the lattice bath of the magnetic layer to the nonmagnetic layers
and substrate. Figure 2c represents the time-resolved Kerr
rotation data obtained for a substrate/CoGd/Ta (without
graphene) sample showing three different temporal regions:
ultrafast demagnetization (Region-I), fast remagnetization
(Region-II), and slow remagnetization superposed with
damped precession (Region-III). The ultrafast demagnet-
ization data are fitted with the phenomenological three-
temperature model,*"** which is widely used (see Supporting
Information). The 7, and 7, for CoGd are found to be ~300 fs
and ~800 fs, respectively. The precessional dynamics is
governed by the Landau—Lifshitz—Gilbert (LLG) equa-
tion."”** The time-dependent magnetization data (M(t)) in
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Region-III is fitted with the following expression of a damped
sinusoidal function with exponential background:

M(t) = M(0)(Ae™"" + Be™/% sin(2aft + ¢)) (1)

A and B are multiplication factors to match the signal
amplitude. Figure 2d shows the background-subtracted
precessional data. From the fit, the decay time (7;) and
precessional frequency (f) are found to be ~0.5 ns and ~8.0
GHz respectively for H = 2200 Oe. The frequency spectra are
obtained after performing a fast Fourier transform (FFT) on
the background-subtracted precessional data (Figure 3a). The
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Figure 3. (a) The frequency spectra obtained from the back-
ground-subtracted Kerr signal for substrate/CoGd (10 nm)/Ta (4
nm) sample. The data are measured at H = 2200 Oe. (b) Bias
magnetic field dependence of precessional frequency. The solid
line corresponds to the Kittel fit.

line width of the peak (at ~7.8 GHz) results from the limited
experimental time window (~1 ns) and high damping of the
precessional data. The frequency values obtained in the time
domain and frequency domain corroborate with each other. In
practice, the stability of the spin-wave modes and appearance
of any nonmagnetic mode can be validated by studying the
field dependence of the frequency spectra. In this sample, a
single precessional mode is identified with the highest intensity
and stability. The effective magnetization (M.;) within the
probed area of the sample is calculated from the field
dependence of this fundamental mode frequency. The data
points in Figure 3b are fitted with the widely used Kittel
formula:**

L JH(H + 4zMg)

f= 2

()
Here, y is the gyromagnetic ratio. M g obtained from this fit
(~120 emu/cm?) agrees well with the value of M obtained
from the VSM measurement. Also, no evidence of any
significant anisotropy is found in this 10 nm-thick amorphous
CoGd film in contrast to thinner ferromagnetic films.”®> The
effective damping (a.g) of this film is calculated by using the
following formula:*®
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Figure 4. (a) Ultrafast demagnetization, fast remagnetization, and
(b) magnetization precession measured using the TRMOKE
technique in substrate/graphene/CoGd (10 nm)/Ta (4 nm)
sample on the flakes with the different numbers of graphene
layers. The data are measured at H = 2200 Oe. The solid lines
correspond to the fits. The dotted line in the left-hand side panel
represents the zero-delay position between pump and probe
pulses. The decrease in the frequency of graphite/CoGd is
identified from the reduction in the number of oscillations within
the time window of about 700 ps marked by the two dotted lines
directly in the time domain.

for substrate/graphene (mono-, bi-, tri-, few-layers, and
graphite)/ CoGd/Ta samples. The demagnetization data are
initially recorded for both polarities of H. Later, those results
are subtracted and processed in the conventional manner.
Finally, the experimental data points are fitted with the three-
temperature model. For all cases (from monolayer up to
graphite), ultrafast demagnetization gets accelerated in
comparison to the bare CoGd film. The fast remagnetization
process also becomes faster. The amount of quenching of the
magnetization reduces for CoGd with thicker graphene layers.
Figure 4b clearly shows that the background-subtracted
precessional signals decay at a faster rate for graphite/CoGd
and monolayer graphene/CoGd in comparison to the others.
Also, the precessional frequency seems to be lower for
graphite/CoGd. Additionally, modification in the slow
remagnetization process for CoGd with different graphene
layers is evidenced from the difference in slopes of the
exponential background in sub-nanosecond time scale (see
Supporting Information).

Each FFT spectrum for graphene/CoGd samples with
different layer numbers accommodates one highly intense
magnetic mode and few low-intensity modes having a
nonmagnetic origin. Figure Sa shows more clearly that the
peak frequencies appear close to ~7.8 GHz for all of the flakes.
However, the peak becomes more asymmetric and inclines
toward the low-frequency side for CoGd with thicker graphene
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to the eye.

layers. This slight red shift (~0.8 GHz) observed both in the
time domain and frequency domain indicates possible
reduction in the interfacial magnetic moment. The amplitude
of precession also decreases gradually (Figure Sb). Because of
symmetry matching and orbital overlap, the d-band of the TMs
can get modified with pd hybridization in the presence of
graphene.”” A strong spin-polarization effect and charge-
transfer effect in graphene adjacent to the Co atoms are
reportedly responsible for the reduction in magnetic moment
of Co."” The values of line widths in FFT spectra are higher for
CoGd in the presence of monolayer graphene and graphite.
The 74 obtained from the time domain data (which is inversely
proportional to the line width in frequency domain) is more
than 1.5 times smaller for both the flakes than that of bare
CoGd film. The non-monotonic trend observed in Figure Sc
indicates that the mechanisms responsible for the deviation of
7g of CoGd from its intrinsic value do not scale with the
number of graphene layers. The effects are more pronounced
in the presence of graphene and graphite.

In Figure 6, the variation in the dynamical parameters for
graphene/CoGd is plotted with the number of graphene layers.
The intrinsic spin—orbit interaction for graphite is one order of
magnitude larger than the monolayer due to the mixing
between the 7 and ¢ bands by interlayer hopping.'®> This can
be a possible reason behind the fact that dynamical parameters
which are dependent on spin—orbit interaction sometimes
exhibit an even larger change in the presence of graphite
compared to monolayer graphene. However, in monolayer
graphene on the magnetic surface, the extrinsic SOC strength
is elevated.'® Additionally, if the monolayer loses flatness, the
extrinsic SOC can be further enhanced for the curved
surface.*® This can have a relatively stronger influence in
comparison to bilayer-, trilayer-, and FL-graphene. The
concentration of defects plays an important role to control
the carrier transport at the interface on the picosecond time
scale. In essence, the carrier- and spin-transport properties,
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Figure 6. Variation of fast remagnetization time, slow remagne-
tization time, ultrafast demagnetization time, and effective
damping with the numbers of graphene layers adjacent to the
CoGd layer in the sample. The values are obtained from the fits of
the time-resolved Kerr signal presented in Figure 4. The
measurement was done at H = 2200 Oe. The lines are a guide
to the eye.

which influence the dynamics of the graphene/CoGd system,
depend largely on the quality of individual graphene layers as
well as proximity-induced modifications at the interfaces.

The value of 7, = 800 fs for bare CoGd is determined by the
electronic specific heat and coupling constants of the electron
and lattice baths for Co and Gd. The 7, & 400 fs for CoGd in
the presence of the graphene layers indicates that the energy
from the electron bath can be dissipated via multiple cooling
pathways. Several scattering processes involving optical
phonon, acoustic phonon, plasmons, etc. are reported in
graphene, which governs the carrier dynamics on a picosecond
time scale.’ Also, the relaxation of energy from monolayer
graphene to the polar substrate, ie., SiO,, accelerates due to
surface polar phonon modes. As defects play an important role
in these 2-D materials, a disorder-assisted cooling mechanism
is also proposed. This is supposed to be faster because of the
low charge mobility due to enhancement in scattering events.
Atomic defects are also known to modify the Fermi energy and
band structure.'*"> We infer that in addition to the interaction
between electron and lattice bath, disorder or defect assisted
cooling plays a key role in accelerating the dynamics at the
graphene/CoGd interface. Additionally, the interfacial rough-
ness is experimentally observed to be small in the presence of
thicker graphite.”* Therefore, the interface interaction may get
stronger, and hence a larger modification can be evidenced due
to creation of an additional dissipation channel during the fast
remagnetization process.

The slow remagnetization process for CoGd is controlled by
the energy dissipation from the CoGd lattice to the adjacent
graphene layers and then to the substrate on the sub-
nanosecond time scale. Not only the thermal time constants
(r) of the individual graphene layers but also thermal
impedance of each interface play very important roles.
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Experimental and theoretical studies have shown that thermal
transport in graphene is phonon mediated.’® The lattice
specific heat (Cp) and thermal conductivity (k) dominate the
electronic contribution at all temperatures on longer time
scales. These parameters largely vary when graphene is
supported or encased with other layers. It is noteworthy that
both the IP and cross-plane x can be contributing factors for
graphene-based multilayers. The IP « of freely suspended
graphene at room temperature is approximately 2000—4000 W
m™~ K™, which is among the highest of any known material.*’
This fact promotes graphene as a high-quality “heat-sink”
material. However, any additional disorder arising from the
substrate/graphene interface or even residue from the sample
fabrication process will introduce more phonon scattering.”'
This reduction is a common observation. The IP « for Si/
SiO,/graphene decreases with the number of graphene layers.
From bulk graphite (kx ~ 1000 W m™~" K™'), it approaches the
value for monolayer graphene (k ~ 100 W m™ K™') in a
nonlinear fashion.”" Despite relatively high IP k, the heat flow
in the vertical direction is strongly hindered in the graphene
layers due to weak interplane van der Waals interaction.’*’
This cross-plane k is mostly constant up to a few layers of
graphene.”” The reported value of k for pyrolytic graphite
along the c-axis is 6 W m™' K™, which approaches the thermal
properties of $i0,.°" Such modification in thermal properties
affects the response time of graphene-based multilayers. Along
with this trade-off between the IP and the cross-plane thermal
transport, the finite probability of phonon transmission should
also be considered for each interface for a multilayer. The
effective impedance to heat flow can be characterized by a
property of an individual interface known as Kapitza thermal
conductance (see Supporting Information).>* In our experi-
ment, the heat profile of the laser is Gaussian, and the
penetration depth of the laser is comparable to the thickness
(216 nm) of the graphene/CoGd/capping stack with
monolayer graphene to FLG. We expect only a radial
temperature gradient to influence the heat dissipation process
for all the flakes except the thick graphite.”> When the heat
distribution in the cross-plane direction is uniform, it is
possible that only IP x at the SiO,/graphene interface
dominates the slow remagnetization process. As k increases
from monolayer graphene to FLG, the thermal transport is
accelerated, and hence the 7; of CoGd gradually decreases
(from 400 to 300 ps approximately). Being conductive and
relatively thick, graphite can shield the laser before reaching
the bottom interface with SiO,. This creates a nonuniform heat
gradient across the thickness of the stack and thermal
conductance at multiple interfaces controls the energy
transport. Because of a poor cross-plane k and larger volume
of the flake, the graphite/CoGd interface retains the heat for
longer time, resulting in an almost two-time enhancement of 7,
(~600 ps).

The value of 7,, & 300 fs for the bare CoGd film primarily
indicates a dominant contribution from the d-orbital of Co
over the 4f orbital of the Gd which, would have resulted in
slower dynamics. In the presence of graphene layers, ultrafast
demagnetization (7,, & 150 fs) becomes about two times
faster. Earlier studies in d-band TMs revealed that graphene
strongly influences the energy of different orbitals of magnetic
atoms evidenced from the calculated density of states.**>® For
Co, the 3d.? and 3dx2-},2 states get swapped with each other.
Because of symmetry reasons, the 3d,” states get shifted toward
the Fermi level due to hybridization with 2p, states of
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graphene. The appearance of more allowed states and the
change in exchange splitting for spin-up and spin-down
electrons near Fermi level*® may be the primary reason behind
the reduction in the demagnetization time. The modification in
density of states of a multi-sublattice system in the presence of
graphene layers is expected to be more complex. On the other
hand, graphene layers help to dissipate spin angular
momentum from the magnetic layer via spin-flip scattering at
the interface, resulting in accelerated dynamics.” Thus, spin
transport between the magnetic and nonmagnetic layers may
influence the demagnetization process. It is worth mentioning
here that the growth of the magnetic layer on the flakes with
different layer thickness can have a slight variation, which in
turn can influence the demagnetization time. However, for this
sample, all the graphene flakes are exfoliated on a single Si/
SiO, substrate, and CoGd film is sputtered on top of those
flakes at the exact same growth condition. We believe that the
structural modifications which are more likely to introduce a
monotonic change in the dynamics with an increasing number
of graphene layers are not playing a dominant role in this
experiment.

The injection of pure spin current from CoGd to graphene
layers via spin pumping is the dominant contributor to the
damping modulation. If a magnetic surface is in contact with a
nonmagnetic material having reasonably strong SOC strength,
then damping increases substantially due to strong scattering
or absorbance of the pumped spins. In contrast, if the
nonmagnetic material does not act as a spin sink, then pumped
spins will accumulate at the interface before entering the
nonmagnetic layer. This can drive a diffusive spin current back
toward the magnetic layer in steady state. At this “spin battery
limit”, the spin-pumping effect gets nullified.”” We have
observed about 25% modulation in effective damping of CoGd
in the presence of graphene layers. We believe that the
interfaces with monolayer graphene and graphite in our
experiments support the transport and absorption of angular
momentum and hence increase the effective damping of the
ferrimagnet. From the inverse relationship between the change
in 7,, and a.5,°" we have estimated the spin chemical potential
(us) for CoGd with monolayer graphene and graphite to be
~0.2 €V (see Supporting Information).”>**° This is propor-
tional to the spin accumulations at the graphene/CoGd
interface, which may contribute to the ultrafast demagnet-
ization process according to the diffusive spin-transport model.
In contrast, dominance of the spin-flip scattering mechanism
within the magnetic layer usually leads to a proportional
relationship between the 7, and a4 It is pertinent to
mention that the spin transport along the c-axis of graphene is
different than the IP direction. The electrical conductivity,
band matching, strength of spin—orbit interaction, presence of
defects, and interfacial roughness collectively determine the
spin-mixing conductance (G.) and hence the spin trans-
parency at the interface. We have estimated G ~ 0.8 X 10'°
cm™> for CoGd with graphene and graphite layers (see
Supporting Information). The value suggests that those
interfaces are moderately transparent to the spin current.”¢
On the other hand, CoGd interfaces with bilayer-, trilayer-, and
FL-graphene seem to be less transparent allowing a relatively
smaller (or no) increase in the damping values. From first
principle calculations and tight binding investigations,
researchers have argued that the SOC in bilayer graphene
mainly originates from the intralayer interaction and is weak in
contrast to some of the earlier studies that predicted large
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interlayer effects.'>®" In a FLG/TM junction with compro-

mised electrical properties, spin-flip scattering is found to be
responsible for reduced spin-injection efficiency.®” Addition-
ally, the possibility of spin-current blocking by a raised
potential barrier at the SiO,/graphene interface for some of the
flakes cannot be ruled out. Interestingly, a strongly suppressed
spin transport is also reported for monolayer graphene along
the c-axis.”>*” This is contrary to our experimental findings.
We believe the growth conditions and measurement
procedures followed in those studies are very diverse and
cannot be directly compared with our observations. Addition-
ally, spin transparency of the interface can be precisely
determined by varying the thickness of the magnetic layer
systematically for a constant thickness of the 2-D material.
Such experimental demonstration is beyond the scope of this
paper.

From the bias magnetic field dependence of damping
(Figure 7a), we notice that damping values increases in the low
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Figure 7. (a) Bias magnetic field dependence of the effective
damping for bare CoGd and graphite/CoGd samples. (b)
Variation of effective damping of CoGd with the number of
graphene layers for H = 2200 and 2400 Oe. The lines are a guide
to the eye.

field regime. This indicates a stronger presence of extrinsic
factors originated from impurities, defects, magnetic inhomo-
geneity within the bulk of CoGd layer and at the
interfaces,”**** etc. Sometimes, field-dependent modifica-
tions point toward the presence of magnon—magnon scattering
in the system.63 However, that effect increases with field, which
is contrary to our observations. Also, this effect is small for
graphene/magnet bilayers with thicker magnetic layers.
Detailed discussion can be found in the Supporting
Information. These contributions are difficult to quantify for
such 2-D materials by varying the number of layers, as the
physical properties of the layers are very diverse for both lateral
and vertical dimensions. In our experiment, the application of a
sufficiently large magnetic field is expected to eliminate most of
these field-dependent extrinsic effects. This allows a fair
comparison for the damping by varying the number of
graphene layers at the higher field regime (Figure 7b). This
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comparison strongly supports our claims on modulated spin
dynamics of CoGd in the presence of graphene layers.

CONCLUSION

We have investigated the modulation in ultrafast demagnet-
ization, remagnetization, and damping in the presence of
graphene layers underneath a ferrimagnet. Time-domain
detection of the polar MOKE signal facilitates error-free
determination of the dynamical parameters with different
magnetic field strengths. We have created magnetically
modified interfaces between the graphene and ferrimagnet,
which is evidenced by the reduction in effective moment and
precessional frequency. A non-monotonic variation in the
dynamical parameters is observed for CoGd hybridized with
monolayer-, bilayer-, trilayer-, FL-graphene, and graphite. In
addition to the interaction between electron and lattice baths,
disorder or defect-assisted cooling is found to reduce the fast
remagnetization time up to two times at the graphene/CoGd
interface. A phonon-mediated thermal transport mechanism is
found to dominate the energy dissipation process at sub-
nanosecond time scale. Because of modification in the thermal
impedance of the individual layers and interfaces arising from
the IP and cross-plane heat transport, the slow remagnetization
time exhibits about 50% modulation. The extrinsic SOC of
graphene layers arising from the proximity effect while being
adjacent to the ferrimagnet plays a very crucial role. The
ultrafast demagnetization of CoGd is found to be accelerated
in the presence of graphene layers. One possible reason behind
a noticeable reduction in demagnetization time can be the
appearance of more allowed energy states near the Fermi level
due to pd hybridization at the graphene/CoGd interface. An
inverse dependence of demagnetization time with damping
points toward the opening of additional energy dissipation
channels for the angular momentum transport due to spin-
pumping effect. We have observed about 25% modulation in
the effective damping at graphene/CoGd interfaces in the high
field regime. We believe that the SOC of graphene layers, spin
pumping generated pure spin current, and spin transport
efficiency at the interfaces play a pivotal role here. We estimate
the spin-mixing conductance associated with the spin-pumping
effect to be approximately 0.8 X 10'S cm™. This indicates that
interfaces with monolayer graphene and graphite support
better transport and absorption of angular momentum from
the CoGd layer, which is hindered in the case of bilayer-,
trilayer-, and FL-graphene. We also report the presence of
other extrinsic factors that increase the effective damping in a
nonlinear fashion for the low field regime and are eliminated at
the high field regime. Atomically thin graphene with elevated
extrinsic SOC supports efficient absorption and transportation
of carriers across the interface within a spintronic device.
Relatively thicker graphite with large intrinsic SOC and distinct
thermal properties also incorporates various functionalities to
the adjacent magnetic layers. Our study highlights the fact that
these 2-D materials in different forms can be extremely
beneficial for expediting the dynamics of magnetic layers in
ultrafast time scales. Specifically, we foresee long-term benefits
of this close association between graphene and ferrimagnetic
systems for the future spintronic applications, such as,
magnetic analogue for wearable electronics, sensors that
harness renewable energy,64 magnetic tunnel junctions,5 THz
emitters,® graphene interconnects in all-spin logic devices,*
and “spinterfacing” with magnetic heterostructures important

« . . . 67
for “organic spintronics”,”" etc.
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EXPERIMENTAL SECTION

Sample Fabrication. The exfoliation of graphene using a Scotch
tape is a very easy, cost-effective, and popular method. It does not
suffer from additional complexities, such as side reactions with oxygen
or exposure to several impurities experienced during the chemical
exfoliation method. At first, metallic markers are lithographically
patterned on a 7 mm X 7 mm silicon substrate coated with 300 nm-
thick SiO,. This helps in identification of the graphene flakes on the
substrate later. The sample is cleaned with a highly reactive reagent to
remove organic residue and dirt. The surface is then converted into a
hydrophilic one. Then, the graphene flakes of different layer numbers
are mechanically exfoliated and transferred on to the substrate. It is
again treated with a quick rinse of acetone and IPA followed by dry
nitrogen purging to remove any impurity after exfoliation.

An amorphous film of CoGd (10 nm)/Ta (4 nm) is deposited by
the DC magnetron sputtering technique on a Si/SiO,/graphene
substrate at ultrahigh vacuum (base pressure ~5 X 10~® Torr). The
thicknesses of the CoGd and Ta layers are calculated from the
deposition rate and time. The CoGd alloy is deposited by
cosputtering of Co and Gd targets. We use the following physical
parameters for the calculation of elemental composition. The densities
of Co (pc,) and Gd (pgy) are 8.9 g/cm® and 7.8 g/cm® respectively.
The atomic weights of Co (A¢,) and Gd (Agy) are $8.93 and 157.25
respectively. The atomic ratios of Co and Gd are calculated from the
following formula:

TeoPosAcd ) 16dlcalco
TelecofAad T 16dloafco  TeolooAca T TealggAco

where rc, and are rgq are the deposition rate of Co and Gd at the
sputtered power of 35 and 15 W respectively for 3 min 54 s. The rates
are calibrated to be 0.20 and 0.21 A/s, respectively. Using the above-
mentioned formula, we estimate the composition of the CoGd alloy
to be Co,,Gd,s This higher composition of Gd shifts the
compensation point above room temperature. Ta is deposited at 30
W power for 2 min and 12 s. This capping layer prevents the magnetic
surface from any environmental degradation. The thickness of the
magnetic film is calibrated and optimized beforehand for the above-
mentioned deposition condition.

Micro-Raman Spectroscopy Measurement. The micro-Raman
scattering experiment *® was carried out using a Renishaw InVis
Raman microscope. An argon laser with wavelength at 514 nm was
employed as the excitation source. A 100X objective with a numerical
aperture of 0.85 was used to achieve the laser spot with a diameter of
around 1 ym. The light spot is tightly focused on the middle of each
flake to achieve the Raman intensity with a reasonably high signal-to-
noise ratio. The grating specification is 1800 lines/mm. The detector
is a Renishaw Centrus 07GM43. We performed spatial mapping of
defect density with a resolution of about 1 ym, and an area of about
40 ym X 40 pm was scanned for each run.

Optical Pump—Probe Measurement. We used a single-color
pump—probe technique in the TRMOKE experiment.”” The laser
beam was generated from a regeneratively amplified Ti-Sapphire laser
source (Coherent model RegA: 4 =~ 800 nm, pulse width ~90 fs,
repetition rate &~ 252 kHz) and was split into a pump (higher energy)
and probe beam (lower energy) by a polarizing beam splitter. The
intense beam hits the sample in a noncollinear fashion to excite the
magnetization dynamics, and the probe beam is tightly focused within
the pump spot to ensure the detection of uniformly excited
magnetization dynamics. The pump and probe spot diameters are
~140 pm and ~3 pm, respectively. The time delay between the pump
and probe pulses was modified by using a mechanical delay stage.
After the linearly polarized probe beam gets reflected from the sample,
it passes through an analyzer which is kept at near extinction before
going into a photodetector (PD). The PD measures the intensity
which is then fed into the lock-in amplifier. The pump beam is
modulated with a mechanical chopper at 419 Hz frequency, which is
then used as the reference frequency of the lock-in amplifier for the
detection of the time-delayed signal in a phase-sensitive manner. To
ensure the position of pump and probe spots on the region containing
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graphene flakes, we mounted the sample to a X-Y-Z translational stage
having considerably good precision. The probe fluence was kept fixed
at 0.5 m_]/cmz, and the pump fluence was fixed at 3.0 m]/cm2
throughout the experiment. In this moderate fluence regime, we did
not observed any heating in the experimental data. A large static field
was applied to saturate the samples along the direction of the field
with almost 15° OOP tilt. Magnitude of the field was varied during
the field-dependent measurements. The time delay in this experiment
was limited to 1 ns due to the physical length of the delay stage. This
time window was enough to record the time-resolved profile of the
polar Kerr signal from femtosecond to nanosecond time scales
accommodating multiple oscillations.
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