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Manganites have shown potential in spintronics because they exhibit high spin polarization. Here,
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by ferromagnetic resonance we have studied the damping properties of Lag¢7Srg33MnO3/Pt bi-

layers which are prepared by oxide molecular beam epitaxy. The damping coefficient (o) of
Lag.67Sr0.33Mn0O3 (LSMO) single layer is found to be 0.0104. However the LSMO/Pt bilayers ex-
hibit decrease in a with increase in Pt thickness. This decrease in the value of « is probably due
to high anti-damping like torque. Further, we have investigated the angle dependent inverse spin

Hall effect (ISHE) to quantify the spin pumping voltage from other spin rectification effects such as

anomalous Hall effect and anisotropic magnetoresistance. We have observed a high spin pumping

voltage (~ 20 uV). The results indicate that both anti-damping and spin pumping phenomena are

occurring simultaneously.

1 Introduction

Spintronics devices have demonstrated high data storage capac-
ity and miniaturization of computer logics. For the development
of next generation devices low power and high speed are the
key requisites. Pure spin current (J;) based devices have shown
potentials for fulfilling these requirements due to minimal in-
volvement of charge current (J.). In this context, ferromagnetic
(FM)/heavy metal (HM) hetrostructures are model systems to in-
vestigate various spin dependent phenomenonm@.

Generation of pure spin current has been demonstrated by
ferromagnetic resonance (FMR) through spin pumping mecha-
nism®®. This pure spin current can lose their spin angular mo-
mentum in the presence of high spin orbit coupling (SOC) in HM
materials e.g Pt, W, Ta etc. The loss of spin angular momentum
can develop a voltage by asymmetric scattering of spin, which is
known as inverse spin Hall effect (ISHE). SOC is an impor-
tant factor for observation of large ISHE. Because of the spin-orbit
interaction, different spins (up and down) move in one direction
and hence an electric field is developed transverse to the move-
ment of spins ™3, In ISHE process J; is converted to J. and these
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two physical parameters are related by the below equation:
Je=6spJsxo €3]

where Ogy is the spin Hall angle (SHA) and o is the spin polar-
ization vector transverse to the direction of J;. The value of SHA,
therefore, defines the charge to spin current conversion efficiency.
The absorption of spin current (J%*) generated by HM into FM
create a spin transfer torque, which can be quantified by spin or-
bit torque (SOT) efficiency &gy = (2¢/ h)];’bs/Jc[E]. It is noted here
that in such FM/HM heterostructures, spin pumping increases the
value of Gilbert damping coefficient (o) due to absorption of spin
angular momentum in HM laye. Further in such FM/HM
bilayers another type of torque may occur which is called as anti-
damping torque. This later torque will lead to a decrease in
damping value of the bilayer as compared to the reference single
FM layer. It is known that a large value of £sg and lower o are the
important parameters for the development of power efficient de-
vices. Therefore the anti-damping torque may help in achieving
magnetization switching at lower current density which is pro-
portional to o/Egy, where o is the damping constant of FM/HM
bilaye. We note that keeping low o value with spin pumping is
a challenge. However anti-damping like torque may help to bal-
ance the damping like torque which is opposite of that and hence
reduce the value of a in FM/HM heterostructures. Pt has been
used widely due to its high conductivity and SHA values. Stud-
ies so far are concentrated mostly on Pt and ferromagnetic met-
als™I921 1p this context insulating ferromagnetic oxides in par-
ticular manganites are worth to be investigated for spin to charge
conversion based applications. Lag¢7Sr)33MnO3; (LSMO) is one
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such ferromagnetic oxide which is well known for exhibiting high
Curie temperature (7¢ ~ 350K) and nearly 100% spin polariza-
tion (in bulk)?%. There are a few reports where spin pumping
has been investigated in LSMO/Pt bilayers for which the LSMO is
primarily prepared by pulsed laser deposition technique®322, In
this work, we aim to study LSMO/Pt bilayers where the samples
have been fabricated by oxide molecular beam epitaxy (OMBE)
technique. In recent years OMBE has been proven to be an ex-
cellent technique to grow high quality complex oxide thin films.
Here we show that our LSMO/Pt films are highly resistive. Fur-
ther we have observed high spin pumping voltage. Both these
factors have led to a 6gy4 of 0.033. We have also observed de-
crease in the value of o with increase in spin pumping voltage,
which make them very useful for spintronics devices.

2 Experimental Methods

LSMO(t;syo = 20nm)/Pt(sp,) bilayer samples have been pre-
pared on single crystalline SrTiO3(001) substrate using an oxygen
plasma assisted molecular beam epitaxy (MBE) system. Samples
are named as S1, S2 and S3 for the thickness of Pt (1p;) = 0, 3
and 10 nm, respectively. Surface and crystalline quality of LSMO
films were characterized by in situ low energy electron diffrac-
tion (LEED) and high energy electron diffraction (RHEED). X-ray
diffraction was performed to determine the crystalline phases.
Film thicknesses were obtained using X-ray reflectivity. Magneti-
zation dynamics was studied using co-planer wave-guide (CPW)
based ferromagnetic resonance (FMR) spectroscopy. Sample was
kept on top of CPW in a flip-chip manner2? as shown in Figa).
To avoid shunting a 25 pum polymer tape was used between sam-
ple and CPW. A DC magnetic field H, perpendicular to radio fre-
quency field (i,7), was applied using an electromagnet. o was
extracted by measuring FMR spectra in a frequency (f) range of
3-16 GHz with an interval of 0.5 GHz. In this work all FMR and
ISHE measurements have been performed at 25 mW microwave
power except in the Figure[6lwhich is a power dependent study in
the range 3 to 125 mW. The values of resonance field (H,.s) and
linewidth (AH) have been obtained from the Lorentzian fit of the
FMR spectra, while the o has been evaluated by fitting the AH vs
f data. ISHE voltage was measured by a nanovoltmeter. Detailed
description of the instrument is described in our previous work
30433 The measurements were performed on samples of dimen-
sion ~ 3x2 mm?. Copper wires were used to make contacts using
silver paste at the edges of the samples. Angle dependent ISHE
has been performed at f = 7 GHz, to disentangle spin rectifica-
tion effects. Microwave power dependent ISHE measurement has
been performed using rf signal generator(SMB-100 model from
ROHDE & SCHWARZ).

3 RESULTS AND DISCUSSION

Figure b) and (c) show the LEED and RHEED images for the 20
nm thick LSMO film (sample S1), respectively. The presence of
sharp spots (Fig. 1(b)) and streaks (Fig. 1(c)) confirms epitaxial
growth of LSMO films on the SrTiO3(001) substrate. The RHEED
image also indicate a smooth surface of the LSMO film. These
were also confirmed by the x-ray diffraction (data shown in Figure
S1 in supplementary information).
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Sample rotation (¢)

Fig. 1 (a) Experimental setup for FMR and ISHE measurements. (b)
The definition of angles and fields (c) LEED (d) RHEED images for
sample S1.

In Figure |2| (a), (b) and (c) FMR signal have been shown for
samples S1, S2 and S3 respectively. We have plotted FMR signal
for different frequencies for all these samples. These FMR signal
fitted using the Lorentzian function to get AH and H,,; values for
each FMR plot. Figure a) show the f vs H,, plot for all the sam-
ples obtained from the frequency dependent FMR spectra. The
data shown in Figure [3|(a) have been fitted by Kittle equation4,

f: %\/(Hres +HK)(Hres+47rMeff+HK) (2)

where y(:%), g, Up and Hg are gyromagnetic ratio, Lande g—
factor, Bohr magneton and in-plane anisotropic field. 4zM,s
(=4nMg+ %) is effective demagnetizing field. Ky, Mg and 1py
are perpendicular surface anisotropy constant, saturation magne-
tization and thickness of the LSMO layer, respectively. Further o
was evaluated by fitting data of Fig. [3|(b) using the relation

€]

The values of o for samples S1, S2 and S3 are extracted to
be 0.0104+0.0003, 0.0046-+0.0004 and 0.0037+0.0004, respec-
tively. It should be noted that Pt is a well known metal for ex-
hibiting high SOC and when coupled to a FM layer it may lead to
an increase in a. However in our case it is observed that there
is a decrease in o with increase in 7p; in comparison to the single
LSMO layer (S1). We have plotted tp; vs o graph (data shown
in Figure S2 in supplementary section). It should be noted that
all our samples i.e. reference LSMO layer and LSMO/Pt bilayers
have been prepared in the same OMBE system. So the change in
o in the bilayers as compared to the reference single layer sample
clearly indicates that there is an anti-damping. In future growth
conditions may be tuned to achieve lower ¢ in the single LSMO
film. This may lead to even further reduction in « in the LSMO/Pt
bilayers prepared in the same OMBE technique. The reason for
this lowering of o could be an anti-damping like torque.
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Fig. 2 (a) FMR signal for different frequencies for sample (a) S1, (b)
$2 and (c¢) S3.

Similar anti-damping behavior has been observed in 3-Ta and
Py bilayer system studied by Behera et. al.®2. The anti-damping
in a FM/HM heterostructure can be explained in the following
manner. In case of spin flip parameter (¢)<0.1, spin angular mo-
mentum at the FM/HM interface creates a non-equilibrium spin
density in the Pt layer=®. This results a back flow of spin current
(J?) into the LSMO layer which has two components, (i) paral-
lel, and (ii) perpendicular to instantaneous magnetization m(¢) of
LSMO layer. The parallel component to m(¢) counteracts the spin
pumping from LSMO layer and suppresses the spin pumping in
Pt layer. Component which is transverse to J? generates an ad-
ditional SOT on this in-plane m(t) of LSMO layer. This SOT can
be effective up to a distance twice of the spin diffusion length
(Asp)=2.

Spin accumulation at the interface is very sensitive to Agp of Pt

Fig. 3 (a) f vs Hys and (b) AH vs f for samples S1, S2 and S3.

layer. For rp; < Agp, spin accumulation dominates over the bulk
SOC of Pt. This leads to an increase in J?, and a decrease of «. For
tps > 2Asp, J? decreases which results in a decrease of SOT. This
decrease in SOT may lead to an increase in . We have considered
Asp ~ 5.9 nm from literature, where the samples studied had
similar type of structure®3. Therefore, it can be concluded that
anti-damping like torque is very high and opposite in our samples
to overcome damping like torque, which leads to the reduction
of the value of . In a future work samples with Pt thickness
more than 12 nm (2A4gp) will be studied in order to elucidate the
antidamping contributions.

In order to quantify the spin pumping we have performed ISHE
measurements. Figure @(a) and (b) represent the ISHE voltage
(Vineas) vs H for samples S2 and S3, respectively. It is noted that
no ISHE signal has been observed for the reference sample S1.
We have separated symmetric (Vjy,,) and anti-symmetric (Vysym)

voltage signal by using the following equation&,

v (AH)2 Ve (AH)(H — Hyes)
total = I (H — Hyes)2 + (AH)? ™™ (H — Hyeg)2 + (AH )2

€]

Fig. a) and 4(b) show that V;y,, component is large in com-
parison to Vg, It is well known that Vyy,, signal originates pre-
dominantly from the spin pumping while Vy,, signal is due to
other rectification effects'3%,

To separate the rectification effects of anomalous Hall effect
(AHE) and anisotropic magneto resistance (AMR) from spin
pumping we have performed angle (¢) dependent ISHE measure-

10 T
o Vmeas > Vmeas 6
===Vsym ' -=--Vsym
-« Vasym § 3 F = = Vasym 4

Vuv)

825 900 975 1050 1125 800 900 1000 1100

H (Oe) H(Oe)
Fig. 4 ISHE voltage for samples S2 and S3 are shown in (a) and (b),
respectively. Open circles (in blue) is the measured ISHE voltage and
solid line (in red) represents the best fit of the data fitted by equation
(4). Dash (in black) and dot (purple) lines represent the Vi, and Vg,

components, respectively, evaluated by fitting to equation (4).

Journal Name, [year], [vol.],

14 |3


https://doi.org/10.1039/D0NR06228F

Published on 02 January 2021. Downloaded by Forschungszentrum Juelich Gmbh on 1/6/2021 1:11:29 PM.

Nanoscale

Veym (V)
O YW O W OV O
Vasym (uV)

0.45

{030
10.15 g
Jo.00
1-0.15

-0.30

gym (V)

VHS_ v

1-0.45

Fig. 5 (a) and (c) Angle dependent Vjy, for samples S2 and S3, (b)
and (d)angle dependent V,y,, for samples S2 and S3. Figure (a) and (c)
were fitted by using equation (5) while figure (b) and (d) were fitted by
using equation (6).

ments at a step of 2 in the range of 0 to 360°. Here ¢ is defined
as the angle between direction of H and the contacts for voltage
measurement. Figure a) and (b) show the angle dependent Vjy,,
and Vi, for sample S2, respectively. Similarly, Fig. c) and (d)
show the evaluated Vy,, and Vg, for the sample S3 respectively.

These plots were fitted using the following relations2,

Viym = Vsp cos> @+ Vapg cosd cosd + Vf;%m‘ cos(2¢)cosd+

VSI;%R” sin(2¢) cos¢  (5)

Vasym = VaHE cos@ sinb + Vgﬂfi cos(29) cos¢ +V£-%f” sin(2¢) cos¢

6
where Vj,, Vayr are voltages due to spin pumping and anomalous
Hall effect. Further V,fvﬁ;l,fﬂym and Vlﬁ’y‘ﬁ%m are the parallel and
perpendicular components of the AMR voltage, respectively. 0 is
the angle between &, and H which is 90° in our case as shown

in Figure a). So the equations (5) and (6) can be written as

Vym = Vp cos’ ¢+ VAMRL (45(20) coso +VS%RHsin(2¢) cos§ (7)

sym

Vasym = VAHE c0s® +V£wlcos(2¢) cos¢ +V£§$Hsin(2¢) cosp (8)

VALA;,‘,‘e can be evaluated by the following equation 52
L AMRL, AMRL,
Vil =\ (VAR | (MR L2 ©)

The values Vs, Vaug, VALMR and VAHMR for samples S2 and S3 were
obtained from the best fits and listed in table I.

4| Journal Name, [year], [vol.], 1~E]
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Table 1 Fitted parameters for samples S2 and S3
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Sample  Vi,(uV)  Vage(uV)  Viemv)  Vieuv)
S2 20.054+0.28 0.77+0.05 11.98+0.36 0.34+0.22
S3 12.794+0.11 -0.0140.01 8.49+0.37 0.55+0.07

From Table I it is observed that V;, decreases for higher Pt

thickness. We have calculated 6sy4 by using below equation (10)
40141

w t
) X B Asptanh[=———1J;  (10)

2Asp

VisHe =
(tLSMO/ Prsmo +1p:/Ppr

where J; is given by,

Jo =~
'~ g (oM7) +16(xf 2 A
an
and N

g ppidspe?
ol =gl 14 SelrPRIDE 1o (12)

27htanh[ -2 |

Asp

where w, My, and gl}f are the width of CPW, saturation magneti-
zation and spin mixing conductance of the bilayers, respectively.
For the evaluation of gl#f the resistivity (p) of the samples were
calculated by four—probéAmethod. The (p) values are 4.79 x 1075,
7.33x 1077 and 5.25 x 10~7 Q-m for the samples S1, S2 and S3,
respectively. The value of ng# can be calculated by the following

0Of
SH 1
i a 3mW 50 mW o : --Zi
S0} o 10mw o 63mW o b o jomw N
o 20 mW o 79mW L 20 mw o 79 mW -4
15} o 32mW }(2)2 H‘g— o 32mW 100 mWj
o 40 mW o loom 40 mW
© »(b)u m’ o 125mW) ¢
0L n 2 L 1 L L
900 1000 1100 1200 800 900 1000 1100
(Oe)
" ;
3|
o -6F
o
E
L B-12
-1SF
181 (0)

0 20 40 60 80 100 120 0 20 40 60 80 100 120
Microwave power (mW) Microwave power (mW)

Fig. 6 (a) and (b) Power dependent voltage signal for samples $2 and

S3 measured at a f = 7 GHz. (c) and (d) show power dependent Vi,

and Vg, components for samples S2 and S3, respectively.

expression using damping constant12:
AcdrMstr spo

g;ff — — s MO (13)

8HB
where A is the change in the a due to spin pumping. The values
of Osy4 are evaluated to be 0.033 and 0.014 for samples S2 and
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Table 2 Comparison of various parameters from literature for LSMO/Pt bilayers.

Authors System Preparation technique  V;, (uV) gl}f (m™2) Power (mW) ¢« (1073)
Atsarkin et al.2%/ LSMO(80 nm)/Pt(10 nm) PLD 0.56 10! - 107 250 -

Luo et al. 23 LSMO(20 nm)/Pt(6-30 nm) PLD 8 1.8x 101 100 4-8

Lee et al.’24 LSMO(30 nm)/Pt(5-9 nm)  PLD 0.3 2.1x 101 - 1.9-2.9
Luo et al.?Z LSMO(29 nm)/Pt(10nm) PLD ~1 - 100 -

Luo et al.%® LSMO(20 nm)/Pt(5.5 nm) PLD ~5 - 125 ~5.93
Luo et al.%2 LSMO(26)/Pt(5.5) PLD ~3.25 - 40 ~6.50
This work LSMO(20nm)/Pt(3nm) OMBE 20.05 1.488x 1017 25 4.60

S3, respectively. These 6sy4 values matched well to the previ-
ously reported values for Pt42%4l in a similar type of system. For
comparison to LSMO/Pt system we have also prepared one sam-
ple S4 with structure Si/CoyFegyByo (5 nm)/Pt (3 nm) sample by
DC sputtering system. Detailed analysis has been shown in sup-
plementary information for this sample. The calculated value of
65y for sample S4 is 0.022, which is in range of 65y, for Pt in
LSMO/Pt system as mentioned earlier. It is to be noted that V,
for sample S2 is nearly 15 times higher than sample S4, however
the enhancement in gy, for S2 in comparison to S4 is only 1.1%
because SHA is not only dependent of spin pumping voltage but
it also depends on many other parameters like thickness of FM,
resistivity of the sample, spin mixing conductance etc. Therefore,
even spin pumping is quite large for S2, SHA is comparable to S4.
In order to control SHA further engineering of sample structure
and quality is needed. In order to further confirm that the V,;eq¢
is primarily due to spin pumping, we have performed microwave
power dependent ISHE at 7 GHz. Power dependent measurement
was performed in microwave power range of 3 to 125 mW. Mi-
crowave power dependent voltage signal is shown in Fig. [|(a)
and 6(b) for samples S2 and S3, respectively. Figure [f](c) show
the power dependent symmetric part of voltage for samples S2
and S3. The linear increase in microwave power leads to increase
in Vi, signal strength for both the samples S2 and S3, which
confirms that V,.,s was mainly due to spin pumping. Figure [6}(d)
shows the Vg, dependency over microwave power for samples
S2 and S3.

4 Conclusions

We have studied spin pumping and ISHE for LSMO/Pt bilayer
samples prepared by oxide molecular beam epitaxy. We have ob-
served a decrease in the value of o with increase in the Pt thick-
ness. This decrease in o value may be due to anti-damping like
torque. At the low value of o, we have observed high spin pump-
ing voltage, which makes this system ideal for the development
of power efficient spintronics devices. In Table II we show the
comparison of various parameters from literature for LSMO/Pt
bilayers. We found spin Hall angle value 0.033 for 3 nm Pt thick-
ness which is in range of previously reported values. It seems
that the oxide molecular beam epitaxy is a suitable technique to
prepare high quality complex oxides. Further study of manganite
based system can give the way to control the spin to charge con-
version efficiency for the future applications. Attention should
also be given to perform spin pumping and/or ISHE experiments

on LSMO/Pt samples prepared by PLD where the thickness of Pt
should be less than the spin diffusion length i.e. < 5.9 nm. Also
the growth conditions and parameters certainly determine the
quality of the thin films, interface roughness etc. These param-
eters have profound effect on the effective damping value of the
film. More work is needed to understand in detail about it.
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