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All-Optical Detection of Spin Pumping and Giant Interfacial
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1. Introduction

Active control over the generation and manipulation of pure spin current has

propelled drastic transformation in new generation spintronics. Spin pumping
is one of the favored mechanisms to generate pure spin current and its
efficiency can be parameterized in terms of spin-mixing conductance (G;))
and spin-diffusion length (1). Here, using all-optical time-resolved
magneto-optical Kerr magnetometry, spin pumping in a ferromagnetic
Heusler compound (Co,Fe, ,Mn ;Si (CFMS))/Pt heterostructure is
investigated keeping in mind the small intrinsic damping and stable
spin-polarized band structure at the Fermi level of the CFMS and excellent
spin-sink property of Pt. The thickness-dependent evolution of Gilbert
damping is modeled using ballistic and diffusive spin transport frameworks to
extract G, and A. Finally, a giant value of interfacial spin transparency up to
0.87 + 0.02 combined with small intrinsic damping of 0.0039 + 0.0004
promote the CFMS/Pt heterostructure as a champion material for the

development of advanced spin-orbitronic devices.
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Efficient generation and precise manipula-
tion of pure spin current!' have become piv-
otal aspects of contemporary spintronics!?!
offering a robust mechanism to harness
the spin degree of freedom in a myriad
of low-dimensional systems.3*! As pure
spin current consists of the flow of spin
angular momentum devoid of net charge
transfer, it holds the potential to minimize
the Joule heating and Oersted fields®! in
a circuit promising the development of
ultra-low-power computing technology. The
active manipulation of pure spin current
in a ferromagnet (FM)/nonmagnet (NM)
thin film heterostructure has three cru-
cial aspects, namely, generation, transport,
and absorption.[®! Various physical phe-
nomena such as spin Hall effect (SHE),[”#]
spin caloric effects,®'?! spin pumping,!3]
non-local injection of spin,['*!] have been utilized for efficient
generation of pure spin current in FM/NM heterostructures.
Amongst those, spin pumping tenders an elegant method as it
is free from the impedance mismatch problem.[') This mech-
anism can be quantitatively treated in terms of spin-diffusion
length of the NM and spin-mixing conductancel'’! associated
with the FM/NM interface. Additionally, for spin-orbit torque-
based applications, interfacial spin transparency is a salient pa-
rameter determining the spin transfer efficiency. Interfacial spin
transparency as a function of spin-mixing conductance and spin-
diffusion length essentially measures the amount of spin that can
effectively pass through the interface.['®! Therefore, from an ap-
plication viewpoint, a large value of interfacial spin transparency
is the key for improved device efficiency.[*]

Very few reports are available in the literature exploring
the potential of Heusler compound and heavy metal het-
erostructure in effective spin current manipulation using spin
pumping.[2021] Cobalt-based Heusler compounds are promising
half-metallic materialsl??! which gained considerable interest/?!
for their application potential in tunnel magnetoresistance
(TMR) devices,[**] spin-torque nano oscillator (STNO) with low
switching current!?®?’] etc. They can provide significant edge in
the pure spin current manipulation over the other FM materi-
als because of their small intrinsic magnetic damping!?*-3!l and
stable spin-polarized band structure.*”) Co,Fe, ,Mn, ,Si (CFMS,
hereafter) shows high Curie temperature (=1000 K),*}! low
Gilbert damping, (0.004)[2] and its high spin polarization leads to
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Figure 1. Crystalline ordering of CFMS from XRD. a) XRD patterns for the MgO (sub)/Cr/CFMS/Pt/Al samples measured in conventional 6—26 geometry.
Intense diffraction peaks from CFMS (200), CFMS (400), and Pt (200) are identified along with Cr (200) peak. b) The tilted XRD scan showing no
prominent peak from CFMS (1117) indicating the absence of L2, structural phase. c) Intensity of CFMS (400) diffraction peak is found to increase with
CFMS layer thickness whereas the integrated intensity ratio between CFMS (200) and CFMS (400) peaks remains thickness invariant, suggesting a stable

Co-atomic site ordering.

superior TMR ratio than its peers. On the other hand, platinum
is an archetypal heavy metal with high spin-orbit coupling (SOC)
strength,[** and is popular for its giant spin Hall conductivity,
low resistivity, high stability, and efficiency as a spin reservoir in
FM/NM heterostructures.

Incidentally, majority of the studies on spin pumping in
the literature are carried out by studying inverse spin Hall
effect employing all-electrical techniques such as, ferromagnetic
resonance (FMR). More recently, the all-optical time-resolved
magneto-optical Kerr effect (TRMOKE) has been used as a reli-
able and non-invasive technique to probe spin pumping includ-
ing spin-mixing conductance, spin-diffusion length, and inter-
facial spin transparency in FM/NM heterostructures.['>35] This
technique is devoid of any complex microfabrication of delicate
waveguide structures. Besides, local measurement of magneti-
zation dynamics directly in the time domain gives it a significant
advantage in precise and reliable determination of magnetic
damping parameter over the alternative techniques. Therefore,
the objective of this study is to perform unambiguous measure-
ment of spin pumping and related phenomena in CFMS/Pt
heterostructures using the all-optical TRMOKE technique and to
extract the important parameters as discussed above. From the
experimental results, we have extracted the spin-mixing conduc-
tance and spin-diffusion length for the CFMS/Pt heterostructure
using both the ballistic model®3¥l and the drift-diffusion
model of spin transport,?**] and thereby the interfacial spin
transparency employing two different approaches, namely, the
spin-Hall magnetoresistance model*! and spin-transfer torque
based model.l*?] Moreover, we have compared the relative contri-
butions from the spin pumping, spin memory loss (SML), and
two-magnon scattering (TMS) at the interface to the magnetic
damping parameter. This study will substantially enhance the
in-depth understanding of the fundamental magnetic properties
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of Heusler compound-based FM/HM heterostructures and pro-
mote them as a promising candidate for future spin-orbitronic
devices.

2. Results and Discussion

In our study two series of films with stacks of MgO(sub)/Cr(20
nm)/CFMS(d)/Pt(t)/Al(2 nm) were prepared. For series I (S1-
S6), the nominal CFMS layer thickness was varied as d = 10, 12,
14, 16, 18, and 20 nm while maintaining a constant thickness of
Ptatt =5 nm. For series II (S7-S12), the Pt layer thickness was
variedast=1,2,3,4,5,8,and 12 nm, keeping d = 16 nm. Further
details can be found in Section 4.

2.1. Structural Characterization

The crystalline phase and atomic-site ordering play non-trivial
roles in the determination of the magnetic properties of Heusler
compounds.[?2*3] Therefore, before proceeding to the investiga-
tions of dynamic magnetic properties, we have performed some
important structural characterizations of the deposited samples
systematically. In Figure 1a, XRD data measured in usual 6-26
geometry are shown for a few representative samples from both
series I and II. The presence of a strong diffraction peak from
CFMS (400) at 66.3° suggests good crystalline growth of CFMS
associated with cubic lattice symmetry, whereas a clear diffraction
peak at 31.8° from CFMS (200) strongly indicates the formation
of B2 lattice ordering for all the CFMS layers under investiga-
tion. A tilted X-ray diffraction (XRD) scan presented in Figure 1b
shows no clear CFMS (111) peak, thereby ruling out the possibil-
ity of any admixture of L2, phase in the lattice ordering. Careful

© 2022 Wiley-VCH GmbH


http://www.advancedsciencenews.com
http://www.advquantumtech.com

ADVANCED
SCIENCE NEWS

ADVANCED
QUANTUM
TECHNOLOGIES

www.advancedsciencenews.com

www.advquantumtech.com

(a)| CFMms Layer Pt Layer ~ 3.6nm
g ] '
o
(2]
=
)
g _j:~ CFMS (16nm) Pt (1 nm)
g 2 pm 2.4 nm
50 T T T T T T T
—_ 1000F —
SENG) P, =48.7 pQ-cm (d) ]
@ =79.7 pQ-cm | H. =32 Oe
240 - pCFMS s ] mE 500 M = 947
s o emu/cm?
Q
oz 30 1500} ]
b = [
%20 e 1000, e
0 2 4 6 8 10 12 2000 yloey 2P

t (nm)

Figure 2. Determination of structural, magnetic properties, and resistivity. a) In situ RHEED patterns exhibiting clear streaks along MgO [100] and MgO
[110] crystallographic directions obtained from CFMS and Pt layers. b) Measurement of mean surface roughness from AFM image. c) Variation of sheet
resistance of the heterostructure as a function of Pt layer thickness. d) Representative result of magnetization versus magnetic field from in-plane VSM
measurements for S1 sample showing extraction of coercive field and saturation magnetization.

observation reveals that both the intensities of the CFMS (200)
and CFMS (400) superlattice peaks are increasing for the case of
S1 (d = 10 nm) to S3 (d = 20 nm) which are in consonance with
the increasing nominal thickness. As a previous report*}! pre-
sented a thickness dependent ordering for CFMS, we have calcu-
lated the integrated intensity ratio of CFMS (200) to CFMS (400)
diffraction peaks as shown in Figure 1c. Though an increasing
trend in the intensity of CFMS (400) peak signifies an improve-
ment of cubic crystalline structure, the nearly constant value of
the integrated intensity ratio confirms a very stable atomic-site
ordering of Co-atoms within the compound structure. The de-
gree of lattice strain can also be qualitatively understood from
the analysis of Pt (100) peak, which is presented in Section S1,
Supporting Information.

To understand the nature of oriented growth of the CFMS and
Pt thin film layers along the MgO [100] and MgO [110] directions,
in situ reflection high energy electron diffraction (RHEED) im-
ages have been acquired. The images for CFMS and Pt layers are
depicted in Figure 2a for the sample S4. The prominent streaks
observed in the images confirm the epitaxial growth of both the
CFMS and Pt layers. The CFMS (001) and Pt (001) planes have
grown on the MgO (001) plane. In addition, the CFMS [110] and
Pt [100] directions have aligned parallel to the MgO [100] direc-
tion. Here, the Cr layer acts as a buffer layer which promotes
the epitaxial growth of layers by reducing the lattice mismatch
between MgO and CFMS layer. Previous studies suggested the
achievement of a better crystalline ordering after post-deposition
annealingl®***] which is reconfirmed by the RHEED patterns

Adv. Quantum Technol. 2022, 2200033

2200033 (3 of 10)

from all the samples. From these RHEED observation, we found
the following epitaxial relationship: MgO (001) || Cr (001) || CFMS
(001) || Pt (001) and MgO [100] || Cr [110] || CEMS [110] || Pt [100].

The atomic force microscopy (AFM) image revealing the sur-
face topography for a particular sample (S7) is presented in Fig-
ure 2b. The mean surface roughness calculated over a large area
shows a fairly small value of 0.48 nm. The average topographi-
cal roughness corresponding to all the samples are of the same
order. However, for the heterostructure, interface roughness for
the individual layers significantly contributes to the control of the
spin transport across the interface. Layer thickness and rough-
ness values estimated from the simulation of X-ray reflectivity
measurement data are presented in Table 1. For further details,
please refer to Section S2, Supporting Information.

Figure 2c displays the variation of the sheet resistance of the
heterostructure as a function of the platinum layer thickness. The
resistance versus thickness data are fitted using a standard par-
allel combination of resistance model and the resistivities of the
CFMS and Pt layers are calculated to be 79.7 + 1.1 and 48.7 +
0.8 pQ cm, respectively.

2.2. Static Magnetic Properties
The magnetic hysteresis behavior of all samples has been stud-
ied using vibrating sample magnetometer (VSM) at room tem-

perature. Figure 2d shows a typical plot of magnetization versus
in-plane applied magnetic field of S1 sample along the easy axis

© 2022 Wiley-VCH GmbH
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Table 1. Coercive field and saturation magnetization values extracted from VSM measurements along with the thickness and roughness values estimated
from the XRR measurements for MgO (sub)/Cr(20)/CFMS(d)/Pt(t)/Al(2) samples.

Sample Measured from VSM Nominal thickness Thickness and roughness extracted from XRR
H. [O¢] M, [emu cc™] (£2%) CFMS Pt Cr (buffer) CFMS Pt Al (capping)
d [nm] t [nm] d’ [nm] o [nm] d [nm] o [nm] t [nm] o [nm] d" [nm] o [nm]

S1 32 947 10 5 20.28 0.60 10.15 0.21 5.50 0.39 2.20 0.30
S2 32 902 12 5 20.08 0.30 12.01 0.40 5.70 0.36 2.10 0.60
S3 34 888 14 5 20.28 0.50 14.02 0.28 5.60 0.44 2.00 0.60
S4 30 922 16 5 20.68 0.30 16.01 0.22 6.00 0.45 2.00 0.21
S5 26 868 18 5 20.38 0.59 18.04 0.33 5.85 0.53 2.00 0.50
S6 24 896 20 5 20.58 0.30 20.01 0.21 5.75 0.45 2.00 0.60
S7 24 909 16 1 20.05 0.29 16.00 0.39 1.70 0.33 1.90 0.69
S8 33 875 16 2 20.35 0.33 15.97 0.27 2.84 0.47 1.29 0.68
S9 22 923 16 3 20.56 0.42 16.20 0.31 3.70 0.48 2.73 0.48
S10 30 871 16 4 20.06 0.22 16.10 0.21 4.78 0.35 2.33 0.38
SN 22 856 16 8 20.94 0.30 15.80 0.32 8.90 0.45 2.01 0.35
S12 25 895 16 12 20.44 0.20 15.20 0.29 12.50 0.45 2.00 0.26

of CFMS ([110] direction) which reveals a square hysteresis loop
for the sample. The estimated saturation magnetization (M,) and
coercive field (H,) values for all samples are presented in Table 1.
The M, values differ slightly from one another and show about
10-18% reduction from the bulk value of 1050 emu cc1.[#%]
The H,_ values for the samples are found to be small having an
upper bound of ~35 Oe.

2.3. Investigation of Damping Constant from All-Optical
TRMOKE Measurement

The phenomenon of spin pumping at the CFMS/Pt interface
is schematically depicted in Figure 3a along with the optical
pump-probe measurement geometry. A typical TRMOKE result
presented in Figure 3b comprises of signatures from differ-
ent physical phenomena associated with a magnetic system in
the femtosecond to nanosecond timescale. When an ultrashort
laser pulse is incident upon a ferromagnetic surface, a sudden
drop in magnetization is observed referred to as the ultrafast
demagnetization.!*’! The magnetization then exhibits a recovery
via spin-lattice relaxation giving rise to the fast relaxation pro-
cess. The third regime essentially consists of the slow relaxation
process superimposed with spin precession where the energy is
redistributed from the system to the surroundings and the sys-
tem reclaims its initial magnetization.*’”) To find the magnetic
damping, it is imperative to calculate the effective magnetization
and the characteristic decay time associated with the precession
of spins. To execute this, the precessional Kerr oscillations, after
eliminating the bi-exponential background caused by the relax-
ation, are fitted with a sinusoidal function with decaying ampli-
tude of the following form

1)

where 7 is the decay constant of the spin precessional motion
with frequency v and amplitude A.

O, (t) = Ae” * sin (2zvt + @)
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Time-resolved Kerr oscillations are measured at different
strengths of the bias magnetic field and the corresponding fre-
quency values have been calculated from the fast Fourier trans-
form (FFT) spectra. We plot the bias magnetic field dependence
of the precessional frequency and the effective magnetization has
been extracted for all samples from theoretical fit using the Kittel
formula for uniform precessional mode given below!*34]

_r
y =

= o/ (Heos (61, = 6,) + H,) (Heos (6, — 6,,) + H,)

(2)
where y = gup/h; g pp, and h being the Lande g-factor, Bohr
magneton, and reduced Planck’s constant, respectively and H
represents the bias magnetic field. 6, and 6, are the respective
angles between in-plane easy axis with the applied bias field ori-
entation and direction of magnetization. H, and H, are the con-

tributions from twofold and fourfold anisotropies and are given
byl“8)

a G)

2K, 2K,
H, = i cos 20, + VCOS‘“’M

S S

ZKZ 2K2 2 K4 C)
H, =4zM, + M, - M, sin“fy + ﬁs (2 —sm (ZQM)) ()

where K,, K,, and K, are in-plane uniaxial, cubic crystalline, and
out-of-plane anisotropy constants.

Further details of the Kittel fit parameters along with the val-
ues of anisotropic constants can be found in Section S3, Support-
ing Information. The effective damping (a ) constant is then ex-
tracted employing the following relation!s>]

©)

2
e (2Hcos (6, — 6y) + H, + Hy)

In Figure 3c we have shown the uniform precessional mode
frequencies as obtained from sample 1 at different bias mag-
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Figure 3. Spin pumping phenomenon and estimation of Gilbert damping’ a) Schematic representation of spin pumping mechanism in CFMS/Pt
interface measured employing non-collinear pump-probe arrangement. b) Three different regimes present in a typical TRMOKE data from the
MgO (sub)/Cr(20 nm)/CFMS(10 nm)/Pt(5 nm)/Al(2 nm) heterostructure at H = 1.0 kOe. The bi-exponential background fit is shown by solid red
line. c) Bias field dependence of the precessional frequency measured for sample S1 fitted with Kittel formula. d) Effective damping constant extracted

for sample ST showing nearly frequency-independent values.

netic field strengths. The field dependent dynamics has been
fitted with the Kittel formula given by Equation (2) to extract
the K,, K, and K,. We have also extracted a4 at different bias
magnetic field strengths. A plot of a.s versus precession fre-
quency for S1 shown in Figure 3d revealed that a4 is nearly
invariant with the precession frequency. As magnetic damping
is highly correlated to atomic site ordering in CFMS,[**] a nearly
frequency-independent value of a 4 can be attributed to a stable
B2 structure observed for the studied samples and indicates the
absence of any significant amount of inhomogeneous anisotropy
distribution and TMSP®Y due to the presence of surface and vol-
ume impurities.[**] Nevertheless, we have extracted the precise
contribution of TMS later in this article.

2.4. Modulation of Damping as a Route to Probe Spin Pumping

In an FM/NM heterostructure, apart from the intrinsic Gilbert
damping, there can be various other physical mechanisms con-
tributing to the magnetic damping such as spin pumping, two-
magnon scattering, spin memory loss, etc. In a non-local con-
tribution to damping like spin pumping, the FM layer acts as a
source of spin current and the optically induced spin current in
the FM layer flows through the FM/NM interface and finally dis-
sipates in the adjacent NM layer acting as an absorption medium
for spin current or a spin sink. This leads to an enhancement in
the effective damping. This phenomenon is theoretically mod-
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eled by Tserkovnyak et al., using a modified Landau-Lifshitz
Gilbert equation given below!!?]

din _ O = din
T y(mxHeff)+a0<m>< dl)

3

LT
+VM5 s

an ©)
Here, a, is the intrinsic Gilbert damping and V is the volume of
the FM layer. The net spin current I, consists of a DC contribu-
tion Tg which is null for the present case, pumped spin current
"™ from FM layer and a spin backflow current TEaCk from NM
layer to FM layer since a practical NM material might not act as
an ideal spin sink. Thus

)

T _ 70 4, FPump | Thack
I, =1+ I + [

The effect of a backflow of spin current from the NM to FM
layer can be quantified by f# asl*>°3]

p= [ZEGTL\/gtanh (%)] B

which depends on the spin-diffusion length (1) of the NM
medium.
Here, ¢ is the spin-flip probability given byl

6= Zpi € 4
- hc

®)

54,55

©)
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whose value is obtained as 0.105 using Z,, = 78 for platinum and

;—Z is the fine structure constant = 1/137

However, the transport of spin current through the inter-
face is characterized by intrinsic and effective spin-mixing con-
ductances. The effective spin-mixing conductance takes care of
the spin backflow factor, and as the thickness of the NM layer
enhances, it approaches the intrinsic spin-mixing conductance
asymptotically in the regime of no or negligible backflow cur-
rent. In the ballistic spin transport approach, the relation between
spin-mixing conductance and enhancement of damping can be
modeled as*738]

G = Gy, (1-¢77) (10)
drdMAa  4mdM, ( ) 1)
eff = = Xy — &,
i gHp gHy i ‘

Since the ballistic model does not take the resistivity of the NM
layer into consideration, an alternative model based on drift-
diffusion framework[3*#%l provides another functional relation
between spin-mixing conductance and modulation of damping

GN

e2ApGyy t
1+ —0 coth ( A)

Gegr = (12)

where p is the resistivity of the NM and the reverse flow of the
spin current is represented by the hyperbolic cotangent term
present in the denominator.

Now, according to the spin Hall magnetoresistance model, the
detected spin current at the NM layer is smaller than the spin
current pumped out of the FM layer. This reduction can indicate
many possible physical factors like the presence of local disorder
and intermix at the FM/NM interface accompanied by electronic
band mismatch etc. In the spin Hall magnetoresistance (SHM)
model,[*! interfacial spin transparency (T) parametrizes all these
hindrances and is correlated with G g by the following relation

G tanh( ﬁ)

- Ge coth( )+2;Ap

t
A

(13)

However, in the spin-transfer torque (STT)-based model the
spin backflow factors are neglected. In the higher thickness
regime of both the FM and NM layers the interfacial spin trans-
parency attains the following form![*?]

206Gy

T= G]\M
14+ 2

(14)

GNM

where Gy = % refers to as the spin conductance for the plat-
inum layer here.

In a heterostructure like the one under investigation, there
could be other physical effects playing a role in the observed
modulation of damping. The spin angular momentum exerted
by the precessing spins in the FM layer can suffer a loss at the
interface due to SML,’®) TMS etc. Whereas the spin-orbit cou-
pling at the interface or proximity induced interfacial depolariza-
tion leads to the SML and consequent enhancement of damp-
ing, the creation of degenerate magnon modes from an initially
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uniform FMR mode caused by the surface inhomogeneity scat-
tering centers, leads to TMS effect.l’’] Inclusion of these two ef
fects into the effective damping gives the following modified set
of expressions!1?8]

Qer = &g + &5p + gy + Ay (15)
_ g B
A = o + w“Miﬂ (Ger + Gy ) + 222 (16)

Gy is the spin conductance due to SML and fs is the TMS
coefficient depending on the defect density and perpendicular
magnetic anisotropy in the FM layer.

2.5. Investigation of Thickness-Dependent Enhancement of
Damping

The bi-exponential background subtracted precessional Kerr os-
cillations recorded at H = 1.0 kOe are presented in Figure 4a
where the NM layer thickness is varied as 1 <t < 12 nm for the
sample Sub/Cr(20 nm)/CFMS(16 nm)/Pt(t)/Al(2 nm) (shown
schematically in Figure 4b). A non-monotonic variation of a.g
is observed with t as presented in Figure 4c. In the lower thick-
ness regime, that is, t < 4 nm, a 4 increases rapidly but for t > 4
nm, it starts to saturate and asymptotically approaches a value
of 8.5 x 1073, This result is fitted using the ballistic model of
spin transport with Equations (10) and (11) to estimate the in-
trinsic spin-mixing conductance, G,, = (6.51 + 0.21) x 10" cm™
and the characteristic spin-diffusion length for platinum layer,
A =3.06 + 0.29 nm. Moreover, we have further fitted our results
employing Equations (11) and (12) as suggested by the spin dif-
fusive model resulting in G,, = (1.23 £ 0.11) x 10" cm™ and
A =3.23+0.11 nm as a fitting parameter. Unlike the ballistic ap-
proach that assumes a fast spin current transfer in the regime of
t <<4, the resistivity of Pt is taken into consideration in the cal-
culation of G,, by the diffusion model giving a higher estimate
of spin-mixing conductance. The differences in the way the spin
backflow is incorporated in both frameworks can be attributed
to the differences in the estimated value of G,,. However, the
values obtained for spin-diffusion length using both the mod-
els are close enough and also are in agreement with the existing
literature.®>! From Equation (9), we have calculated the spin-
flip probability for platinum as ¢ = 0.105 as mentioned above
and the corresponding f# as (1.40 + 0.11) X 107'® cm? from Equa-
tion (8) for the sample with t = 12 nm. Here, f exhibits a strong
width dependent modulation (up to 74%) and attains its maxi-
mum value of (2.44 + 0.22) x 107'¢ cm? for the sample with the
lowest Pt layer thickness, t =1 nm.

Investigation of precessional dynamics for the other set of
samples Sub/Cr(20 nm)/CFMS(d)/Pt(5 nm)/Al(2 nm) where the
FM layer thickness (d) was varied as 10 < d < 20 nm provides an
avenue for direct experimental determination of G.g. The time-
resolved Kerr rotation data for these samples measured at H =
1.0 kOe are presented in Figure 5a. A plot of a 4 versus 1/d (Fig-
ure 5b) shows an almost linear behavior. The experimental result
is fitted with the theoretical expression given by Equation (11) to
extract the values of ¢, and G.4 to be 0.0039 + 0.0004 and (6.08
+ 0.12) x 10'° cm™2, respectively.

Subsequently, to disentangle any possible contributions of
SML and TMS at the interface from that of spin pumping in the

© 2022 Wiley-VCH GmbH
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(a)

Al (2 nm)
Pt (t= 1-12 nm)

C,F0.4M; S (16 nm)

Cr (20 nm)

MgO (substrate)

Kerr rotation (arb. units)

@ experimental data
== ballistic model
= diffusive model
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Time (ns) t (nm)

Figure 4. Extraction of intrinsic spin-mixing conductance and spin-diffusion length. a) Background subtracted time-resolved Kerr rotation data for
samples with Pt thickness t = 1, 2, 3, 4, 5, 8, and 12 nm recorded at H = 1.0 kOe. b) Schematic representation of the corresponding sample with
varying thickness of the Pt layer. c) Variation of a.g as a function of t. The solid and dashed lines represent the theoretical fits employing the ballistic
and drift-diffusive spin transport model, respectively, to extract the intrinsic spin-mixing conductance and the spin-diffusion length.

(b)

— SP
- SP, SML & TMS |

0.04 0.6 o.b1s 0.10
1/d (nm™)

(c)

@——9—0—0—0—9
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Kerr rotation (arb. units)
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(ns) d (nm)
Figure 5. Estimation of effective spin-mixing conductance and intrinsic damping. a) Background subtracted time-resolved Kerr rotation data for samples
with CFMS thickness of 10, 12, 14, 16, 18, and 20 nm obtained at H = 1.0 kOe. b) Enhancement of effective damping constant with inverse of CFMS
layer thickness is shown. The blue solid line represents the theoretical fit considering spin pumping only, whereas red dashed line represents fitting with
contributions from spin memory loss (SML) and two-magnon scattering (TMS) taken into consideration. c) Percentage contribution in modulation of
damping (MOD) from spin pumping, SML and TMS across the thickness range of CFMS layer.
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Table 2. Comparison of effective spin-mixing conductance and interfacial
spin transparency obtained from present work with the values reported in
the literature.

NM/FM material Spin-mixing Interfacial spin

systems conductance transparency
[x 10" cm™2]

Material interfaces with Pt

pt/Pyl8] 1.52 0.25

Pt/Col®l 3.96 0.65

Pt/FMI42] 0.6-1.2 0.34-0.67

Pt/Y1GI®0] 0.3-1.2 NA

Pt/Fel6162] 2.0-4.4 NA

Pt/Cos,Feg, ] 25 NA

Material interfaces with Heuslers

p-Ta/Co, FeAll®4] 2.90 0.68

Co,FeAl/Mol®3] 1.56 NA

MoS,/Co, FeAll®¢] 1.49 0.46

Co,FeAl/Cu/f-Tal®7] 3.40 NA

Material Interfaces with Heuslers and Pt

Co,MnSi/Ptl68] 6.5-9.0 NA

Co, FeAly s Sig s /Pt 2.1-3.7 NA

Co,Feq 4,Mng¢Si/Pt 6.08 0.87

[this work]

modulation of damping, we have further fitted the results using
a modified expression for a4 as given by Equation (16). From
this fit, we have extracted the value of Ggy; = (3.21 + 0.15) x
10" cm~? and the coefficient for TMS is found to be frys = (3.57
+ 0.21) x 1078 cm? which shows that the contributions of SML
and TMS in the modulation of damping are negligible in com-
parison to that of spin pumping. Their relative contributions are
plotted in Figure 5c, which confirm that the effect of spin pump-
ing is far more dominant for the systems under investigation. It
is to be noted that the value of G.4 obtained for the CFMS/Pt
interface is significantly higher than the value for other FM/NM
heterostructures, as shown in Table 2, promoting this system as
a strong candidate for spin-orbit torque (SOT)-based devices.
We have further measured the resistivity of the Pt layer and
used G4 as obtained above to extract the interfacial spin trans-
parency, T. As T depends on the electronic band matching of the
metals in an FM/NM junction, it is an electronic property of the
interface and a higher value of T is always desirable for energy-
efficient SOT applications. We have found T = 0.84 + 0.03 us-
ing the Equation (13) considering the SHM model, while Equa-
tion (14) from STT-based model yields T = 0.87 + 0.02 which is
slightly higher than that obtained from SHM. From Table 2, it
is evident that the interfacial spin transparency value that we ob-
tained from the present study is highest among the available liter-
ature reports on various FM/NM systems involving heavy metals.
Interfacial spin transparency essentially expresses the proba-
bility of transfer of spins across the interface of ferromagnet and
nonmagnet interface. As it is a function of effective spin-mixing
conductance, it will highly depend on the spin-orbit coupling
strength of the NM material involved. Apart from this, interface
band structure matching, presence of lattice defects and disloca-
tions, Fermi velocity are some of the crucial factors!®®! governing
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the efficiency of spin transport and thereby implicitly contribute
to manipulation of spin transparency. The spin density of states
(DOS) at the Fermi level directly correlates with the Gilbert relax-
ation parameter and the associated damping!”®!

G « &D(E) (17)

Also, G has a linear relationship with damping

G =yaM, (18)
Therefore,
a o« &D (Ep) (19)

£, the SOC parameter is very small for CFMS and constant for
Pt. Also, Pt being a metal will possess high DOS at the Fermi
level. Thus, for Pt, both the high SOC strength and large occu-
pancy at the Fermi level control the rapid dissipation of strong
spin angular momentum inflow from the CFMS layer which
strongly enhances the effective damping. Therefore, both the
material’s choice as well as careful engineering of the interface
play crucial role in observed large T. The giant interfacial spin
transparency value essentially suggests the ease of spin trans-
fer through a favorable CFMS/Pt interface and ushers superior
application potential of CFMS/Pt heterostructure in pure spin
current-based devices.

3. Conclusion

We have extensively investigated spin pumping and related
phenomena in the CFMS/Pt heterostructure employing a non-
invasive and reliable all-optical time-resolved magneto-optical
Kerr effect technique. A strong but linear enhancement of ef-
fective damping is observed with increasing CFMS layer thick-
ness whereas an initial exponential rise followed by saturation in
damping is found with a systematic variation of Pt layer thickness
in the range of 1-12 nm. The relationship between the effective
damping constant and the thickness of the CFMS layer has been
modeled to extract the intrinsic Gilbert damping to be 0.0039 +
0.0004 and effective spin-mixing conductance to be (6.08 + 0.12)
x 10" cm~2. The results for variation of effective damping con-
stant with the Pt thickness have been modeled employing bal-
listic spin transport as well as drift-diffusive based framework
for spin transport to extract the intrinsic spin-mixing conduc-
tance values of (6.51 + 0.21) X 10" cm~2 and (1.23 + 0.11) X
10 cm~2, respectively. Furthermore, we have isolated the con-
tributions from spin memory loss and two magnon scattering to
damping and found them to be negligible in comparison to spin
pumping. The T value is also estimated to be 0.84 + 0.03 and
0.87 + 0.02 using the spin Hall magnetoresistance model and
spin-transfer torque model, respectively. The value of T is one
of the highest reported values in such FM/NM heterostructure
so far. The large interfacial transparency in conjunction with the
high value of effective spin-mixing conductance and small intrin-
sic Gilbert damping strongly place the CFMS/Pt heterostructure
as a potential candidate for the SOT-based new generation stor-
age and memory devices.
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4. Experimental Section

Sample Fabrication: Thin films of CFMS Heusler compound were de-
posited on a 20 nm thick buffer layer of Cr grown on the top of a sin-
gle crystalline MgO (001) substrate at room temperature using ultra-high
vacuum-compatible magnetron sputtering at a base pressure below 1 x
1077 Torr. This was followed by an in situ annealing at 500 °C to pro-
mote the high-quality crystalline ordering of CFMS. After the in situ an-
nealing for CFMS layer, a Pt layer was deposited on top at room temper-
ature. The depositions were carried out typically at a rate of 0.01 A s~
with Ar pressure of 5 mTorr. Two series of films with stacks of MgO/Cr (20
nm)/CFMS(d)/Pt(t) were prepared for the present investigation. For se-
ries | (S1-S6), the nominal CFMS layer thickness was varied as d = 10, 12,
14, 16, 18, and 20 nm while maintaining a constant thickness of Pt layer
att =5 nm. For series Il (S§7-S12), the Pt layer thickness was varied as t
=1,2,3,4,5,8, and 12 nm, keeping a constant thickness of CFMS layer
at d = 16 nm. A 2 nm thick capping layer made of Al was deposited on
top of all the sample stacks to protect those from any external degrada-
tion including oxidation due to exposure in the atmosphere as well as to
the femtosecond laser. For convenience, the sample names and nominal
thickness values are listed in Table 1.

Measurements: In situ RHEED images of the samples were acquired
to investigate the surface structural quality of the thin films. On the other
hand, ex situ out-of-plane and tilted XRD patterns in 6-26 geometry were
measured to reveal the crystalline phase information and atomic site
ordering in the thin films. AFM was used to probe the average surface
roughness and the topography of the sample stacks and a standard
four-probe technique was used to measure the resistivity. Static magnetic
properties were measured using a VSM at room temperature. A custom-
built all-optical TRMOKE magnetometer based on two-color optical
pump-probe setup in a non-collinear geometry was employed to measure
the ultrafast magnetization dynamics from the samples. Here the funda-
mental laser beam (wavelength, 4 = 800 nm, full width at half maximum,
FWHM =~ 40 fs) from an amplified femtosecond laser source (Libra,
Coherent Inc.) was split into two parts using a 30:70 beam splitter and the
weaker part was used as probe and the second harmonic of the stronger
part of this beam (4 = 400 nm, FWHM > 40 fs) was used as pump to
excite the dynamics in the sample. The pump beam has a larger spot size
(~400 pm) on the sample surface as opposed to that of the probe beam
(=100 pum) ensuring the detection of local dynamics from a uniformly
excited zone. The pump beam was obliquely incident on the sample, while
the probe beam was incident normal to the sample plane so that the polar
Kerr rotation is measured from the sample using a polarized beam splitter
and two separate photodiodes. A variable magnetic field was applied to
the sample at a small angle (%15°) from the sample plane, the in-plane
component of which (H) is referred to as the bias magnetic field. An
optical chopper was used to modulate the pump beam at 373 Hz and Kerr
rotation and reflectivity were recorded by two separate lock-in amplifiers in
a phase-sensitive manner avoiding any possible breakthrough of one into
another.
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