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Abstract: The magneto-optical Kerr effect (MOKE) has recently been achieved on non-ferromagnetic
metals by injecting spin currents. To use the magneto-optical Kerr effect as a quantitative tool, it
is crucial to study the relationship between the Kerr rotation angle and the spin accumulation
on non-ferromagnets. In this work, I measure a transient magneto-optical Kerr rotation on
non-ferromagnetic metals of Cu, Au, and Pt driven by an ultrafast spin current from an adjacent
ferromagnetic metal. Through comparing the measured Kerr rotation and the calculated spin
accumulation, I determine the conversion ratio between the Kerr rotation and the spin accumulation
to be: —4 x 1077 (real part), —2.5 x 1078 (real part), and —3 x 10~? (imaginary part) rad m A~! for
Cu, Au, and Pt, respectively, at a wavelength of 784 nm.
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1. Introduction

The optical detection of the magnetization has been possible since the discovery of the Faraday
effect and the magneto-optical Kerr effect (MOKE) [1,2]. The MOKE in particular is extensively used
for ferromagnetic metals (FMs) because FMs tend to reflect light at a visible range of wavelength.
The physical origin of the MOKE on FM is the net magnetization and spin—orbit coupling of FM [3].
The MOKE on non-ferromagnetic metals (NMs) has previously been studied by inducing a magnetic
moment with an external magnetic field [4-8]. Recently, the MOKE detection on NMs, such as Cu
and Au, has been achieved by injecting an ultrafast spin current from FM to NM in the FM/NM
bilayers [9-11]. A spin current from FM to NM creates a spin accumulation on NM, and this spin
accumulation in conjunction with the spin—orbit coupling of NM causes a rotation of the polarization
of light upon reflection. The optical detection of the spin accumulation on NM enables the quantitative
analysis of the spin transport as well as the spin conversion at a timescale of sub-picoseconds.

NMs with heavy atoms, such as Pt and W, have a strong spin-orbit coupling; thus, they may
produce strong MOKE signals. In addition, heavy metals can generate a spin current without the use
of FM. The spin Hall effect in heavy metals converts a charge current to a transverse spin current,
which leads to a spin accumulation on the surfaces of the heavy metal [12-14]. Several groups have
investigated the direct detection of the spin accumulation on heavy metals driven by the spin Hall
effect using the MOKE [15-17]. The authors of Refs. [15,16] reported that the thermal signal driven by
Joule heating dominates the optical detection and that the spin signal is absent. On the other hand,
the authors of Ref. [17] reported the MOKE detection of spins on Pt and W. These conflicting reports
are mainly due to the fact that the spin accumulation driven by the spin Hall effect tends to be small
because of the limitation of the charge current density, the short spin relaxation time, and the small
spin Hall angles of the heavy metals [12-14].
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In this work, I generate an intense spin current from FM to NM in the FM/NM bilayers, where
FM is a [Co/Ni] multilayer and NM is a Cu, Cu/Au, or Cu/Pt layer, by injecting a pulsed light to
FM. FM absorbs the energy of light and generates spin currents by the ultrafast demagnetization and
the spin-dependent Seebeck effect (SDSE) [9,18] (Figure 1). The spin current from FM to NM induces
a spin accumulation on NM, whose peak can be as high as 103 Am~1, ie., 10% yug m~3, where ug
is the Bohr magneton (Figure 1). I measure transient MOKE signals on Cu, Cu/Au, and Cu/Pt
structures, and find that an Au or Pt layer on top of Cu significantly affects the MOKE signal.
Comparing the measured MOKE data and the calculated spin accumulation, I determine the ratio
between Kerr rotation (A + iAe) and spin accumulation (AM). The A8/AM values are —4 x 10~ and
—2.5 x 1078 rad m A~! for Cu and Au, respectively, and the Ae/AM value is —3x10~ rad m A~ for
Pt at a wavelength of 784 nm.
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Figure 1. Schematic of the experiment. The sample structure is Pt/FM (ferromagnetic metal)/Cu/cap,
where cap is Au or Pt. The pump energy drives the ultrafast demagnetization and the spin-dependent
Seebeck effect on FM. The ultrafast demagnetization generates spins at the bulk of FM (gs), and the
spin-dependent Seebeck effect generates spin at the FM/NM (non-ferromagnetic metal) interfaces
(Gs). When the FM thickness is small, the spin generation at the Pt/FM interface is the negative value
of that at the FM/Cu interface. The generated spins on FM diffuse to adjacent layers and induce a
spin accumulation on Cu and cap (blue arrows). The spin accumulation on Cu and cap rotates the
polarization of the probe upon reflection.

2. Materials and Methods

The sample stacks consist of sap/Pt (10 nm)/FM (3.8 nm)/Cu (100 nm)/cap, where sap is
a sapphire substrate with a (0001) orientation, FM is a ferromagnetic layer of [Co (0.2 nm)/Ni
(0.4 nm)]«¢/Co (0.2 nm), cap is a capping layer of MgO (3 nm), Au (10 nm), or Pt (2 nm).
The 10 nm-thick Pt layer serves as a buffer layer for [Co/Ni]. For the perpendicular magnetic
anisotropy of the Co-based multilayers, such as [Co/Pt], [Co/Pd], and [Co/Ni], a [111] textured
buffer layer, such as Au, Pt, and Pd, is required with a sufficient thickness because the magnetic
properties of the Co-based multilayers depend on the texture [19,20]. Without the Pt buffer layer,
the [Co/Ni] multilayer has an in-plane magnetic anisotropy. The [Co/Ni] thickness is chosen to be
larger than the spin diffusion length of it and to have a full remnant magnetization. It is known that a
thickness of a few tens of nm of the Co-based multilayer leads to a low remnant magnetization [20].
The Cu layer is selected for NM because of its large spin diffusion length. The Cu thickness more
than 100 nm is required to suppress the MOKE signal from FM when measured on the Cu side of
the samples. The MOKE signal through the Cu layer attenuates with exp(—4nxd/A), where « is the
imaginary part of the refractive index of Cu, d is the thickness of Cu, and A is the wavelength of
light. With x of 5.6, d of 100 nm, and A of 784 nm, the attenuation is around 10~*. When the MOKE is
measured on the Cu side, the demagnetization signal dominates over the spin accumulation signal
at the Cu thickness of less than 60 nm [18]. From the extrapolation of the demagnetization data of
the Cu thickness 10-60 nm, the demagnetization signal through the Cu 100 nm is estimated to be
<0.1 prad [18]. The MgO layer protects the Cu layer from oxidation. The additional 1 nm-thick Ta
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layer, which fully oxidizes after exposure to air, is deposited on top of MgO in order to secure the
passivation of MgO. Adding a thin Ta layer on top of MgO is a simple method for improving the
long-term stability of the passivation of MgO, and the MgO/Ta capping layer is often used when MgO
is the only oxide target inside the sputtering chamber [21]. The high uniformity of Ta on top of MgO
has been verified through tunneling electron microscopy in the literature [21]. I select the Ta thickness
of 1 nm by comparing the static MOKE signal of the Co (3 nm)/MgO (3 nm)/Ta (0, 1, 2 nm) structure.
Ta 1 nm does not reduce the static MOKE signal, but Ta 2 nm reduces the static MOKE signal by 20%.
When the Ta thickness is too thick, it does not fully oxidize, and a non-oxidized Ta layer reduces the
MOKE signal. The Au and Pt layers are inert in the air, thus, the passivation layer is not necessary.
Considering the spin diffusion length of Pt of a few nm, I choose the Pt thickness of 2 nm. All samples
are prepared through magnetron sputtering at a base pressure of <5 x 1078 Torr.

I measure the demagnetization of FM and the spin accumulation on NM using a time-resolved
polar MOKE. The MOKE signal is collected by a balanced detector (Thorlabs, Newton, NJ, US) in
conjunction with a lock-in amplifier (Stanford Research Systems, Sunnyvale, CA, US). All MOKE data
are obtained by taking the difference of +z and -z directions of the magnetization of FM in order to reject
any residual signal caused by a slight misalignment of the balanced detector. The noise level of the
MOKE detection is around 108 rad. In order to quantify SDSE, I measure the temperature evolution of
NM using a time-domain thermoreflectance (TDTR) with a normal photodetector (Thorlabs, Newton,
NJ, US). The pump light is incident on the sap side of samples with an incident fluence of 11 ] m~2.
The probe light is incident on either the sap side in order to detect the demagnetization of FM, or on
the cap side in order to detect the spin accumulation on Cu, Au, or Pt. The center wavelengths of
the pump and probe pulses are 784 nm, and the temporal full-widths at half-maximum are ~1 and
~0.2 ps for the pump and probe, respectively (Coherent, Santa Clara, CA, US). I modulate pump at
10 MHz using an electro-optic modulator (Conoptics, Danbury, CT, US) and probe at 200 Hz using an
optical chopper (Stanford Research Systems, Sunnyvale, CA, US.) All measurements are carried out at
room temperature.

3. Results

I create a transient spin current from FM to NM by depositing a photon energy on FM. Around 30%
of the pump fluence is absorbed by the samples, and the electrons of FM are thermally excited. The heat
transfer from the electrons of FM to the magnons of FM leads to the bulk spin generation on the
electrons of FM through ultrafast demagnetization [9],

aM
8s = TS 1

where M is the magnetization of FM. I obtain dM/dt from the time derivative of the ultrafast
demagnetization data measured with the probe on the sap side of the samples (Figure 2a,b). In order
to convert the unit of the Kerr rotation (rad) to the unit of magnetization (A m~ 1), the Kerr rotation
from the ultrafast demagnetization is divided by the static Kerr rotation of —440 prad of the full
magnetization, then multiplied by the saturation magnetization of 6 x 10° A m~!. Note that although
the sign of the Af from the ultrafast demagnetization of FM is positive, I plot the demagnetization
signal to be negative in Figure 2a by adding a negative sign on the y-axis. This is because it is
conventional to draw the demagnetization data as negative. The heat transfer from the electrons of
FM to the electrons of NM leads to the interfacial spin generation at the FM/NM interface by the

SDSE [18], .
_ HB s
Gy = (1) (H)Iq @

where ¢ is the elementary charge, Ss is the effective spin-dependent Seebeck coefficient of —12 uV K1
for [Co/Ni], L is the Lorenz number of 2.45 x 108 W Q K2, and J. q is the electronic heat current at the
FM/NM interface [18]. I obtain J4 at the FM/Cu interface by analyzing the temperature evolution of
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the Cu surface with a thermal conductivity of 300 W m~! K~! and an electron-phonon coupling of
7 x 10" W m~—3 K~! of Cu [18] (Figure 2¢,d).
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Figure 2. The spin generation on FM. (a) The Kerr rotation due to the ultrafast demagnetization of FM
with the probe on the sap side of the sap/Pt(10)/[Co/Ni](3.8)/Cu(100)/MgO(3) sample. The ultrafast
demagnetization data is nearly identical with either Au or Pt capping on top of Cu. (b) The bulk spin
generation rate on FM obtained from the time derivative of the demagnetization data of (a) (black
circles). The red line is a fitting with a Gaussian function. (c) The temperature increase of the Cu
surface of the sap/Pt(10)/[Co/Ni](3.8)/Cu(100)/MgO(3) sample. Black circles are data points obtained
from time-domain thermoreflectance (TDTR), and the red line is the result of the thermal modeling.
(d) The black line is the heat current at the FM/Cu interface estimated from the thermal modeling of (c).
The red line is the interfacial spin generation rate at the FM/Cu interface obtained by the Equation (2)
in the main text.

Next, I measure the Kerr rotation on the NM side, where NM is Cu, Cu/Au, or Cu/Pt. In addition
to the real part, an imaginary part of the MOKE is measured by inserting a quarter wave plate in the
probe path. The Cu/Au layer produces about 2.3 times larger of a MOKE signal than does the Cu
layer (Figure 3a,b). In both the Cu and Cu/Au layers, the real part of the MOKE is dominant, and the
imaginary part is about thirty times smaller than the real part. The Pt capping layer suppresses the
real part of the MOKE while it enhances the imaginary part (Figure 3c).
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Figure 3. Detection of the spin accumulation on NM. The Kerr rotation due to the spin accumulation
on NM with the probe on the cap side of the sap/Pt(10)/[Co/Ni](3.8)/Cu(100)/cap sample, where cap
is (a) MgO(3), (b) Au(10), and (c) Pt(2). Black squares and red circles are the real and imaginary parts
of the Kerr rotation, respectively.
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I calculate the spin accumulation on Cu, Au, and Pt by performing spin diffusion modeling.
Generated spins on FM by g5 and G induce diffusive spin currents to NM,

a,us . az,us Us s
F i = A G A ©)

where s is the spin chemical potential, D is the spin diffusion constant, 75 is the spin relaxation time,
and Nj is the spin density of states (Ns = Ng/2, where Ny is the electronic density of states at the
Fermi level, N = 7/ (7?k%), with - being the electronic heat capacity coefficient). D is calculated
asD =0/ (eZNF), where ¢ is the electrical conductivity. 75 is calculated as 75 = lg/ D, where [ is
the spin diffusion length. The ys of each layer are connected at the interface with the interfacial spin
conductance G/ (262), where G is the electrical conductance at the interface. I summarize the Ng, D,
and 75 of each layer in Table 1, and the G of each interface in Table 2 [18,22-30]. As spins diffuse
from the bottom (the FM/Cu interface) to the surface, the time of the peak of s shifts through the
Cu thickness (Figure 4). The magnitude of y; slightly decreases through the thickness in the Cu and
Cu/Au samples, and it decreases more rapidly through the thickness in the Cu/Pt sample because of
the short 75 of Pt (Figure 4).

Table 1. Bulk parameters for the spin diffusion modeling. v is the electronic heat capacity coefficient,
Nj is the spin density of states, o is the electrical conductivity, D is the diffusion constant, I is the spin
diffusion length, and 7 is the spin relaxation time.

Parameter Pt [Co/Ni] Cu Au

v (m3K2) 7212 930 P 972 972
N eV~ nm™3) 92 118 13 9

c(10° Q" 1m1 6.6° 3¢ 39°¢ 27°¢

D (nm? ps~1) 220 80 9500 9800

Is (nm) 4d 28¢ 400 f 60 8

s (ps) 0.07 0.1 17 0.4

2 Obtained from Ref. [22]. ® Obtained from the weighted sum of data of Co and Ni from Ref. [22]. ¢ Obtained from
four-point probe measurements. d Obtained from Ref. [23]. € Obtained from Ref. [18]. f Obtained from Refs. [24,25].
& Obtained from Ref. [25].

Table 2. Interfacial parameters for the spin diffusion modeling. G is the electrical conductance at
the interface.

Parameter Pt/[Co/Ni] [Co/Nil/Cu Cu/Au Cu/Pt
G105 O 1 m™2?) 152 3b 6.7°¢ 1.34
2 Obtained from Refs. [18,26]. P Obtained from Refs. [18,27,28]. ¢ Obtained from Ref. [29]. 4 Obtained from Ref. [30].
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Figure 4. Calculation of the spin accumulation on NM. Spin chemical potentials along the thickness of
NM of the Pt(10)/FM(3.8)/NM structure, where NM is (a) Cu(100)/MgO(3), (b) Cu(100)/Au(10), or (c)
Cu(100)/Pt(2). Solid lines represent the spin chemical potentials of Cu, and every line is an average of
10 nm thickness starting from the bottom (the FM/Cu interface) to the top surface. Red dashed lines
represent the spin chemical potentials of Au (average of 10 nm thickness) in (b) and of Pt (average of
2 nm thickness) in (c).

The spin accumulations on Cu, Au, and Pt contribute to the MOKE in different amounts. I calculate
each layer’s relative contribution, P, to the MOKE through the thickness using a transfer matrix method
with refractive indexes of 0.3 + i5.6, 0.2 + i4.9, and 2.7 + i5.9 for Cu, Au, and Pt, respectively [18]
(Figure 5). The P is a fractional value, and the integration of P over the entire thickness of the capping
(Au or Pt) and Cu layers is one. Using the thickness-dependent information of ys and P, the Kerr
rotation can be calculated as

~  A§ AB di+d;
AG = AM yBNslf P(z)us(z )dz+ ]ABNSzI P(z)us(z)dz (4)

where d is the thickness of each layer and subscript 1 and 2 indicate the capping (Au or Pt) and Cu
layer, respectively.
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Figure 5. Thickness resolved magneto-optic Kerr effect (MOKE). Relative contribution to the Kerr
rotation through the thickness of NM of the Pt(10)/FM(3.8)/NM structure, where NM is either (a)
Cu(100), (b) Cu(100)/Au(10), or (c) Cu(100)/Pt(2). Black solid lines are the contribution from Cu,
and red solid lines are the contribution from Au in (b) and from Pt in (c).

From the real part of the Kerr rotation of Figure 3a,b, I determine the Af/AM values to be
—4 x 107% and —2.5 x 1078 rad m A~! for Cu and Au, respectively. The A§/AM value of —4 x 1077
rad m A~! for Cu is consistent with a previous report from Ref. [18] that used the nearly the same
film structure. The six times larger A8/AM value for Au can be explained by a much larger spin-orbit
coupling of Au [10]. From the imaginary part of the Kerr rotation of Figure 3¢, I determine the Ae/AM
of Pt. In this case, I assume that the imaginary part of the Kerr rotation mostly originates from Pt
and thus ignore the contribution from Cu, because the imaginary part of the Kerr rotation on Cu is
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about thirty times smaller than the real part. The determined Ae/AM value is —3 x 10~? rad m A~!
for Pt. Recently, a theory calculated the Ae for Pt to be —30 prad at a spin accumulation of 0.02 pg per
atom [17]. With an atom density of 6.6 X 1028 m~3 of Pt, the Ae/AM value becomes —2.4 x 1072 rad m
A~1, which is similar to our result. The A8/AM of Pt is more difficult to estimate because the A6 data
of the Cu/Pt sample have contributions from the AM of both Cu and Pt. In addition, the A from the
demagnetization of FM can have a significant contribution to the measured Af data when the Af from
the spin accumulation of NM is too small. I expect that a small negative offset of the real part of the
MOKE data of Figure 3c at 8 ps originates from the demagnetization signal of [Co/Ni]. The imaginary
part of the MOKE data of Figure 3c shows a negligible offset because the imaginary part of the Kerr
rotation of [Co/Ni] is smaller than the real part by an order of magnitude [31,32].

4. Discussion

The uncertainties of the AB/ AM mostly originate from the calculation of the spin accumulation
in Figure 4. In the modeling of Figure 4, the non-thermal processes are not considered. It has been
reported that hot electrons that are far above the Fermi level can amplify the spin transport from FM
to NM via so-called non-thermal SDSE [33]. For an approximate estimation of the effect of the hot
electrons, I calculate the spin accumulation on NM with two times smaller/larger G of the Equation (2).
The variation of the spin accumulation on Cu and Au is less than 30%. Another source for the
uncertainty is the spin diffusion length, Is, of NM. For Cu and Au, the uncertainty of [ is not important
because the thicknesses of Cu and Au are much smaller than /s of Cuand Au. However, /s of Pt critically
affects the spin accumulation. In the modeling of Figure 4, I use 4 nm for the /5 of Pt considering
the linear relationship between Is and electrical conductivity, which is 6.6 x 10° Q"' m~! in our
sample [23]. Allowing for the variation of s of Pt from 1.4 to 11 nm [17,23,34], the uncertainty of the
spin accumulation on Pt is more than 300%, and the Ae/AM value ranges from —1 x 10~% rad m A~!
atls of 11 nm to —2.1 x 1078 rad m A~! at I; of 1.4 nm. Further research into the dependence on
thickness of the spin accumulation is required in order to clearly reveal the effect of s and narrow the
uncertainty of the AB/AM.

The time-resolved optical detection of spins on NM can be used to investigate the spin transport
and spin conversion in various NM materials. For a quantitative analysis of the spin transport and
conversion, the relationship between the spin accumulation and the Kerr rotation of a variety of NM
materials should be studied.
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