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Abstract— Spin pumping at a boundary between a yttrium-iron garnet (YIG) film and a thin platinum (Pt) layer is studied
under conditions in which a magnetostatic surface spin wave (MSSW, or Damon-Eshbach mode) is excited in YIG by a

narrow strip-line antenna.

It is shown that the voltage created by the inverse spin Hall effect (ISHE) in Pt is strongly

dependent on the wavevector of the excited MSSW. For YIG film thicknesses of 41 and 0.9 microns, the maximum ISHE
voltage corresponds to the maximum of efficiently excited MSSW wavevectors and does not coincide with the maximum of
absorbed microwave power. For a thinner (0.175 um) YIG film the maximum of the ISHE voltage moves closer to the
ferromagnetic resonance and almost coincides with the region of the maximum microwave absorption. We show that the
observed effect is related to the change in the thickness profile and the wavenumber spectrum of the excited MSSW taking

place when the YIG film thickness is increased.

Index Terms— Inverse spin Hall effect, spin pumping, a magnetostatic surface spin wave

. INTRODUCTION

The generation and detection of pure spin currents in
ferromagnetic/normal metal heterostructures has attracted
much attention during the last decade in both fundamental
and applied spintronics [Wang 2014, Heinrich 2011]. Pure
spin currents in such heterostructures are commonly
generated and detected via spin pumping [Tserkovnyak 2009,
Castel 2012, Ando 2009, Qiu 2012, Ando 2008, Burrowes
2012, Hoffmann 2013] and the inverse spin Hall effect (ISHE)
[Hoffmann 2013], respectively. As is shown schematically in
Fig. 1(a), a precessing magnetization injects a pure spin
current Js into the adjacent normal metal [Tserkovnyak 2002].
Then, via the ISHE, Js is converted into a transverse charge
current Jc, and a measurable transverse voltage is established
in the normal metal layer. Crucial material parameters—such
as the spin mixing conductance, the spin Hall angle, and the
spin diffusion length—can be calculated from spin pumping
and ISHE measurements [Wang 2014, Hahn 2013]. An in-
depth understanding of spin pumping and the ISHE is also
useful for the study of the inverse process—namely, the
compensation of magnetic damping and the generation of spin
waves in ferromagnets [Jungfleisch 2015, Kajiwara 2010,
Demidov 2012, Kurebayashi 2011, Hamadeh 2014, Kapelrud
2013].

Layered structures consisting of a ferrimagnetic
insulator YsFesO12 (YIG) film, which has an ultra-low magnetic
damping, and a platinum (Pt) layer, which has a strong spin-
orbit coupling, are ideal materials for studying both spin
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pumping and magnetic damping compensation [Kajiwara 2010,
Hamadeh 2014, Kapelrud 2013].

Since spin pumping is an intrinsically interfacial
phenomenon, it is no surprise that its efficiency would depend
on the amplitude of the spin wave mode at the YIG/Pt
interface. Thus, as has been shown in a number of theoretical
papers [Kapelrud 2013, Zhou 2013], exchange-dominated
surface spin-wave modes—which have exponential thickness
profiles due to a strong surface anisotropy and a maximum
amplitude at the YIG/Pt interface—could produce a more
efficient source of pumped spins than a uniform (k=0)
ferromagnetic resonance (FMR) mode. In this work, our goal
is to experimentally study spin pumping in a YIG/Pt bilayer
induced by a magnetostatic surface spin wave (MSSW or
Damon-Eshbach mode [Damon 1961]) excited in the YIG film
when the in-plane wavenumber, and therefore the exponential
thickness profile of this mode, is varied.

In contrast with previous investigations, in which spin
pumping was produced by uniform magnetization precession
[Rezende 2013], backward volume magnetostatic waves
(BVMSWs) [Chumak 2012], or standing surface spin waves
generated in a microwave cavity having relatively small in-
plane wavevectors [Sandweg 2010], our focus is on MSSWs
excited by a microstrip transducer of width b=100 ym which
excites a wide range of wavevectors 0<k<2m/b. As will be
demonstrated below, our experiments show that the MSSW
with the largest effectively excited in-plane wavevectors—and
therefore the most “surface-like” thickness distribution of
variable magnetization—provide the most efficient spin
pumping into the Pt layer and the largest ISHE voltage.

. EXPERIMENTS



For our experiments, we used three YIG/Pt samples
based on three YIG films grown on single-crystal GdsGasO12
(GGG) substrates and having different thicknesses (S): 41 uym,
0.9 ym, and 0.175 pum. The two thicker films (S = 41 ym and
0.9 um) were grown using a liquid phase epitaxy (LPE)
method [Zavislyak 2011], while the thinnest film (S = 0.175
pum) was grown using pulsed laser deposition (PLD) [Zavislyak
2011, Haidar 2015]. The parameters of all the YIG films are
presented in Table 1. The YIG waveguides, Fig. 1(b), of length
L = 8.4 mm and width W = 1 mm, were lithographically defined
on the GGG substrates. The parameters of the “bare” YIG film
waveguides were analyzed by measuring the absorption
spectra Si11(H) using a vector network analyzer (VNA) as a
function of the applied bias magnetic field H. All the samples
were then cleaned using a heated Piranha solution
[Jungfleisch 2013] and a 6 nm thick Pt layer was deposited on
the waveguides using magnetron sputtering at room
temperature. Finally, a 60 nm thick layer of SiO, was sputtered
on top of the Pt to ensure galvanic separation from the
microstrip transducer.

The excitation of the MSSWs was performed by
means of a microstrip transducer of width b = 100 ym, shorted
at the ends and placed along the length of the YIG waveguide,
as shown schematically in Fig. 1(b). Such a transducer can
excite a reasonably wide range of wavevectors (0<k<21/b)
[Ganguly 1975, Sethares 1985] with kmax = 2-T1/b = 600 cm™,
which is one order of magnitude larger than the maximum
wavevector excited in the previous YIG/Pt MSSW
measurements[Chumak 2012].

The bias magnetic field was directed along the length of
the YIG-film waveguide, i.e. along the z-axis in Fig. 1(a, b),
promoting the excitation of the quantized MSSW modes with
wavevectors k = ky = (2n+1)-m'W >> k., (n =0, 1, 2...))
determined by the width W of the waveguide. Such an
experimental geometry allows for measurements of the
spectrum of excited MSSW using a VNA in either the
reflection, Sii(H), or the transmission, Si»2(H), configuration.
All the measurements of the S;; parameters were performed at
a fixed frequency of f= 5.1 GHz and a fixed input microwave
power of P = 1.5 dBm. It should be noted that, due to the
orientation of the input and output transducers along the axis
of the YIG waveguide, the direct coupling between the
transducers was less than -45 dB, which significantly
increased the measurement sensitivity. In order to measure
the dc ISHE voltage (Visue) in the Pt layer, we used a lock-in
amplifier and modulated the signal of the microwave generator
with a modulation frequency of f,, = 4.32 kHz.

IIl. RESULTS AND DISCUSSION

The measured Sii(H) spectra of the “bare”
waveguides with the YIG films of thickness 41 ym, 0.9 pm,
and 0.175 pm are shown in Fig. 2 (a), (b), and (c),
respectively. The experimental spectra of the thicker LPE YIG
film waveguides (S = 41 ym, 0.9 um), shown in Fig. 2(a) and
2(b), contain a number of well-defined quantized MSSW
peaks, the field intervals between which are determined by the
width of the YIG waveguide. In the thinnest PLD YIG film

sample (S=0.175 ym), shown in Fig. 2(c), the quantized width
modes are not seen due to the much larger FMR linewidth of
the PLD YIG sample (about 30 Oe compared to 1 Oe). Note
that in all the spectra presented in Fig. 2 the larger bias
magnetic fields correspond to the smaller MSSW
wavevectors.

The field dependency of the absorption spectrum
S11(H) and Visue measured for YIG/Pt bilayers of YIG
thickness 41 ym, 0.9 ym, and 0.175 pum and Pt thickness of 6
nm are shown in Fig. 3(a—c). Also shown are the
corresponding values of the dimensionless wave number kS
calculated for MSSW modes using the YIG film parameters
presented in the Table 1 and the Damon—Eshbach dispersion
relation [Damon 1961]

kS =-05IN[(0,+0,,/ 2- @) (@, +0,,] 2+ @) /(%M)Z] @

where w = 21f, wy = yH, wm = y-4mMo, H is the external bias
magnetic field, and Mg is the saturation magnetization of YIG.

It can be seen from Fig. 3(a) and 3(b) that, in the
YIG/Pt bilayers based on the high-quality LPE YIG films, the
guantized MSSW width modes, clearly seen in Fig. 2(a) and
2(b), are strongly suppressed due to the additional losses
induced by spin pumping into the adjacent Pt layer. It is
important to note that such additional losses is generally
assumed due to the effect of the spin pumping into Pt.

Using Eq. (1) and kmax = 600 cm™, we estimated the
field ranges for the MSSW excitation in the YIG films of
thickness S =41 ym, 0.9 ym, and 0.175 um to be 210 Oe, 33
Oe, and 6.4 Oe, respectively. These estimated field ranges of
the MSSW excitation are in good agreement with the
measured spectra for the high-quality LPE YIG films of
thicknesses 41 ym and 0.9 pym, with FMR linewidths on the
order of 1 Oe (see Table 1). In the thin (S = 0.175 pm) PLD
YIG film (FMR linewidth about 30 Oe), the observed field
range of the MSSW excitation of about 80 Oe is significantly
larger than the calculated value of 6.4 Oe. This result is
consistent with a relatively large inhomogeneous broadening
that has been experimentally observed for this film using
broadband FMR.

It is clear from Figures 3(a) and 3(b) that, for relatively
thick LPE YIG films, the experimentally measured Sii(H)
absorption spectrum (solid line) differs significantly from the
Viswe response (dots and solid line). Simply put, in the thickest
(S=41 pm) LPE YIG film sample, the maximum of the
microwave absorption in the YIG film waveguide corresponds
to kS = 0.14 close to FMR, while the maximum of the voltage
Viswe induced by the ISHE in the adjacent Pt layer
corresponds to kS = 0.54, which is close to the maximum
MSSW wavevector effectively excited by our microstrip
transducer of width b=100 ym (note that, as the MSSW
wavevector increases, the excitation efficiency of the
microstrip transducer decreases as sinz(kb/Z)/(kaZ)2 [Ganguly
1975, Sethares 1985]. In fact, in both LPE YIG films (S=41 ym
and S=0.9 um), there are relatively large bias field ranges



characterized by the significant absorption of the microwave
energy at small wavevectors and no observable Vishe. A
significant Vsue is only found for the MSSW modes with finite
and sufficiently large wavevectors. In contrast, the Sii(H)
microwave absorption spectrum measured for the thinnest
(0.175 pm) PLD YIG film shows an almost perfect coincidence
with Visue, as shown in Fig. 3(c).

The surface nature of the MSSW excited in the YIG
film manifests itself most strongly when there is a significant
difference in the amplitude of the excited spin-wave mode at
the opposite surfaces of the YIG film. In the absence of a
large surface anisotropy, the ratio of the MSSW amplitude at
the top (lp) and bottom (lhottom) surfaces of the YIG film can
be expressed as lop/lbotom * €xp(2kS) [ Damon 1961]. For the
thickest YIG film (S =41 pm), shown in Fig. 3(a), at kS = 0.54,
corresponding to the maximum of the V,sue response, we find
lop/lbottom = 2.94. This means that a significant fraction of the
MSSW mode energy is concentrated at the YIG/Pt interface.
At the same time, a similar exercise for the LPE YIG film of
thickness S=0.9 ym at kS =0.021, corresponding to the
maximum of the Visnxe response in this film, returns a relatively
small ratio of lop/lnottom=1.06; this alone cannot explain the shift
between the maxima of the microwave absorption and Vsne
observed in Fig. 3(b). However, as explained in the literature
[Kapelrud 2013, Zhou 2013, Bobkov 1993], the presence of a
uniaxial surface anisotropy at the YIG film interface with Pt
can lead to the concentration of the MSSW mode energy at
the YIG film interface. Finally, no noticeable difference
between the microwave absorption and V,sne responses could
be seen for the thinnest (S=0.175 pm) YIG film, due to the
very small value of kmax'S < 0.01 and a practically uniform
excitation profile.

In summary, we have experimentally demonstrated that,
when a MSSW is excited in a YIG film, the Visue induced by
spin pumping from an adjacent YIG film to a Pt layer strongly
depends on the wavevector of the excited MSSW, and takes
its maximum value for the maximum MSSW wavevector
effectively excited by the microwave transducer. This effect is
most prominent in thick YIG films, where the surface character
of the excited MSSW mode is most pronounced.

Table 1. Magnetic properties of YIG films

YIG film Growth Thickness(S) Magnetization FWHM
number method (um) 41TMe (O€) (Oe)
1 LPE 41 1750 0.6
2 LPE 0.9 2118 1.0
3 PLD 0.175 2157 33.0
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Fig. 1. (a) Magnetization precession in the YIG layer creates a
transverse spin current Js in the Pt layer. Due to the ISHE this spin
current is converted into a charge current J., which creates a
measurable ISHE voltage in Pt. (b) Schematic layout of the
experimental YIG/Pt waveguide and microstrip transducer.
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Fig. 2. Microwave absorption spectra Si1;(H) measured at a frequency
of 5.1 GHz and with input microwave power of 1.5 dBm in the “bare”
YIG film waveguides for S= (a) 41, (b) 0.9 and (c) 0.175 pym.
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Fig. 3. Microwave absorption spectra Si;(H) (solid lines, right axis)
and the ISHE voltage Visye (H) measured in Pt (dots connected by
solid lines, left axis) as a function of the bias magnetic field H for the
YIG/Pt bilayer waveguides with S= (a) 41, (b) 0.9, and (c) 0.175 pym.
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