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Control of spin current by a magnetic YIG substrate in NiFe/Al nonlocal spin valves
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We study the effect of a magnetic insulator [yttrium iron garnet (YIG)] substrate on the spin-transport properties
of NiggFe,o/Al nonlocal spin valve (NLSV) devices. The NLSV signal on the YIG substrate is about two to three
times lower than that on a nonmagnetic SiO, substrate, indicating that a significant fraction of the spin current is
absorbed at the Al/YIG interface. By measuring the NLSV signal for varying injector-to-detector distances and
using a three-dimensional spin-transport model that takes spin-current absorption at the Al/YIG interface into
account, we obtain an effective spin-mixing conductance G;; >~ 5-8 x 10> Q7! m~2. We also observe a small,
but clear, modulation of the NLSV signal when rotating the YIG magnetization direction with respect to the fixed
spin polarization of the spin accumulation in the Al. Spin relaxation due to thermal magnons or roughness of the
YIG surface may be responsible for the observed small modulation of the NLSV signal.

DOI: 10.1103/PhysRevB.91.100404

The coupled transport of spin, charge, and heat in nonmag-
netic (N) metals deposited on the magnetic insulator Y3FesO1,
(YIG) has led to new spin caloritronic device concepts, such as
thermally driven spin currents, the generation of spin angular
momentum via the spin Seebeck effect (SSE) [1], spin pump-
ing from YIG to metals [2], spin-orbit coupling (SOC) induced
magnetoresistance effects [3,4], and the spin Peltier effect,
i.e., the inverse of the SSE that describes cooling or heating
by spin currents [5]. In these spin caloritronic phenomena,
the spin-mixing conductance G4, of the N/YIG interface
controls the transfer of spins from the conduction electrons
in N to the magnetic excitations (magnons) in the YIG, or
vice versa [6—10]. The interconversion of a spin current to a
voltage employs the (inverse) spin Hall effect in heavy metals
such as Pt or Pd. The possible presence of proximity induced
magnetism in these metals is reported to introduce spurious
magnetothermoelectric effects [11,12] or enhance Gy, [7].
Owing to the short spin-diffusion length A in these large
SOC metals, the applicability of the diffusive spin-transport
model is also questionable. Experimental measurements that
alleviate these concerns are, however, scarce and hence are
highly required.

In this Rapid Communication, we investigate the interaction
of a spin current (in the absence of a charge current) with
the YIG magnetization employing the nonlocal spin valve
(NLSV) geometry [13—15]. Using a metal with low SOC and
long spin-diffusion length allows us to treat our experiment
using the diffusive spin-transport model. We find that the
NLSV signal on the YIG substrate is two to three times
lower than that on the SiO, substrate, indicating significant
spin-current absorption at the Al/YIG interface. By varying
the angle between the induced spin accumulation and the
YIG magnetization direction we observe a small, but clear,
modulation of the NLSV signal. We also find that modifying
the quality of the Al/YIG interface, using different thin-
film deposition methods [4], influences G4, and hence the
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size of the spin current flowing at the Al/YIG interface.
Recently, a low-temperature measurement of a similar effect
was reported by Villamor et al. [16] in Co/Cu devices
where G4, ~ 10" Q7'm™ was estimated, two orders of
magnitude lower than in the literature [4,8]. Here, we present a
room-temperature spin-transport study in transparent NiggFey
(Py)/AI NLSV devices.

Figure 1 depicts the concept of our experiment. A nonmag-
netic metal (green) deposited on the YIG connects the two
in-plane polarized ferromagnetic metals F and F», which are
used for injecting and detecting spin currents, respectively.
A charge current through the Fj/Al interface induces a spin
accumulation p,(7) = (0,1,,0)7 that is polarized along the
direction, parallel to the magnetization direction of Fj. This
nonequilibrium p,, the difference between the electrochemical
potentials for spin up and spin down electrons, diffuses to
both +x and —x directions of the F;/Al interface with an
exponential decay characterized by the spin-diffusion length
Ay . Spins arriving at the detecting F»/Al interface give rise to a
nonlocal voltage V;; that is a function of the relative magnetic
configuration of F} and F3, being minimum (maximum) when
F and F, are parallel (antiparallel) to each other.

For NLSV devices on a SiO, substrate, spin relaxation
proceeds via electron scattering with phonons, impurities, or
defects present in the spin-transport channel, also known as
the Elliot-Yafet (EY) mechanism. The situation is different
for a NLSV on the magnetic YIG substrate where additional
spin relaxation due to thermal magnons in the YIG and/or
interfacial spin-orbit coupling can be mediated by direct
spin-flip scattering or spin precession. Depending on the
magnetization direction m of the YIG with respect to us,
spins incident at the Al/YIG surface are absorbed (i1 L u,) or
reflected (171 || wy), thereby causing a spin-current density j
through the AI/YIG interface [9],

Js(i)=0 = Grrit X (1t X pg) + Gi(rit X pg) + Gsps. (1)

Here i = (m,,m,,0)7 is a unit vector parallel to the in-plane
magnetization of the YIG, G, (G;) is the real (imaginary)

©2015 American Physical Society
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FIG. 1. (Color online) Concept of the experiment for i || w;.
(a) A charge current through the Fj/Al interface creates a spin
accumulation p in the Al. The diffusion of u, to the F,>/Al interface is
affected by spin-flip relaxation at the AI/YIG interface. Scattering of
a spin up electron (s = //2) into a spin down electron (s = —h/2) is
accompanied by magnon emission (s = h), creating a spin current
into the YIG that is minimum (maximum) when [, is parallel
(perpendicular) to the magnetization of the YIG. (b) Profile of u,
along the Al strip on a SiO, (red) and YIG (blue) substrate. The spin
accumulation at the F,/Al is lower for the YIG substrate compared
to that on SiO,.

part of the spin-mixing conductance per unit area, and Gy is
a spin-sink conductance that can be interpreted as an effec-
tive spin-mixing conductance that quantifies spin-absorption
(flip) effects that is independent of the angle between
and p.

When 7t || ug, some of the spins incident on the YIG are
reflected back into the Al while some fraction is absorbed
by the YIG. The absorption of the spin current in this
collinear case is governed by a spin-sink effect either due to
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(1) the thermal excitation of the YIG magnetization (thermal
magnons) or (ii) spin-flip processes due to interface spin-orbit
effects or magnetic impurities present at the interface. This
process can be characterized by an effective spin-mixing
interface conductance G which, at room temperature, is about
20% of G, [5]. Because of this additional spin-flip scattering,
the maximum NLSV signal on the YIG substrate should also
be smaller than that on the SiO,. When i1 L i, spins arriving
at the AI/YIG interface are absorbed. In this case all three
terms in Eq. (1) contribute to a maximum flow of spin current
through the interface. The nonlocal voltage measured at F; is
hence a function of the angle between 7 and p, and should
reflect the symmetry of Eq. (1).

Figure 2(a) shows the scanning electron microscope
image of the studied NLSV device that was prepared on a
200-nm-thick single-crystal YIG, having a very low coercive
field [2,4,17], grown by liquid phase epitaxy on a 500-um-
thick (111) Gd3Gas;01, (GGG) substrate. It consists of two
20-nm-thick NiggFe,( (Py) wires connected by a 130-nm-thick
Al cross. A 5-nm-thick Ti buffer layer was inserted underneath
the Py to suppress direct exchange coupling between the Py
and YIG. We studied two types of devices, hereafter referred
to as type-A and type-B devices. In type-A devices (four
devices), prior to the deposition of the Al (by electron-beam
evaporation), Ar ion milling of the Py surface was performed
to ensure a transparent Py/Al interface. This process, however,
introduces unavoidable milling of the YIG surface, thereby in-
troducing a disordered Al/YIG interface with lower G4, [18].
To circumvent this problem, in type-B devices (two devices),
we first deposit a 20-nm-thick Al strip (by dc sputtering)
between the injector and detector Py wires. Sputtering is
reported to yield a better interface [4]. Next, after Ar ion
milling of the Py and sputtered-Al surfaces, a 130-nm-thick Al
layer was deposited using electron-beam evaporation. Similar
devices prepared on a SiO, substrate were also investigated.
All measurements were performed at room temperature using
standard low-frequency lock-in measurements.

L— S0, (d=300 nm)

) g*" R

(b) (©)
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FIG. 2. (Color online) (a) Scanning electron microscope image of the measured type-A device. Two Py wires (indicated by green arrows)
are connected by an Al cross. A charge current / from contact 1 to 2 creates a spin accumulation at the F;/Al interface that is detected as a
nonlocal spin voltage V;; using contacts 3 and 4. (b) The NLSV resistance R, = Vy;/I for representative YIG (blue) and SiO, (red and orange)
NLSV samples. For comparison, a constant background resistance has been subtracted from each measurement. (c) Dependence of the NLSV
signal on the spacing d between the injecting and detecting ferromagnetic wires together with calculated spin signal values using a 1D (dashed
lines) and 3D (solid lines) spin-transport model. For each distance d between the injector and detector, several devices were measured, with

the error bars indicating the spread in the measured signal.
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The NLSV resistance R, = V,;/I as a function of the
applied in-plane magnetic field (along ) is shown in Fig. 2(b),
both for SiO, (red and orange) and YIG (blue) samples. Note
that the magnetizations of the injector, detector, and YIG are
all collinear and hence no initial transverse spin component
is present. The spin valve signal, defined as the difference
between the parallel Rp and antiparallel R 4 p resistance values
Rsy = Rp — Rap on the YIG substrate, is about two to
three times smaller than that on the SiO, substrate. This
reduction in the NLSV signal indicates the presence of an
additional spin-relaxation process even for 7t || (. Assuming
anidentical spin injection efficiency in both devices, this means
that spin relaxation in the Al on the YIG substrate occurs on
an effectively shorter spin-relaxation length Ay. To properly
extract Ay we performed several measurements for varying
distances between the Py wires, as shown in Fig. 2(c) both
on SiO; (red circle) and YIG (blue square) substrates. Also
shown are dashed-line fits using the expression for the nonlocal
spin valve signal Rgy obtained from a one-dimensional spin-
transport theory given by [14]

o2 Rye 4/
Rsy = & T )
(E + 1)[Es1nh(d/2)w) + cosh(d/ZAN)]
Here Rp=(1—a})’ and Ry= 2—z are spin area

resistances of the ferropmagnetic (F) and nonmagnetic (N)
metals, respectively. Ay and Ap are the corresponding spin-
diffusion lengths, o (o) is the electrical conductivity of the
F (N), af is the spin polarization of F, and d is the distance
between the injecting and detecting ferromagnetic electrodes.
Fitting the SiO, data using Eq. (2), we extract ap = 0.32
and Ay sio, = 320 nm, which are both in good agreement
with reported values [13—15]. A similar fitting procedure for
the YIG data, assuming an identical spin injection efficiency,
yields an effectively shorter spin-diffusion length Ay vig =
190 nm due to the additional spin-flip scattering at the AI/YIG
interface. This value of Ay yig therefore contains important
information regarding an effective spin-mixing conductance
G, that can be attributed to the interaction of spins with
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thermal magnons in the YIG. When spin precession, due to
the applied external field as well as the effective field due to
G,, is disregarded, we can now estimate G by relating Ay yig
to Ay.sio, via G as (see the Supplemental Material [19],
Sec. I)

S 3)
)”%V,YIG )‘%V,Sioz )‘% ,

with )»,’2 = 2G,/taioy [19]. Using the extracted values from
the fit, oy = 2 x 107 S/m and t4; = 130 nm, we extract G, ~
2.5 x 1013 @ ' m~2, which is about 25% of the maximum
G, ~ 10" Q 'm2 reported for Pt/YIG [4,7] and Aw/YIG [8]
interfaces.

To quantify our results we performed three-dimensional
finite element simulations using COMSOL MULTIPHYSICS (3D-
FEM) [19,20] that uses a set of equations that is equivalent
to the continuous random matrix theory in three dimensions
(CRMT3D) [21]. The charge current j*(7) and spin current
j‘j‘(?) (where o € x,y,z) are linked to their corresponding
driving forces via the electrical conductivity as

O (o aro) (Vi
) =(are %)) @

where (. = (uy +py)/2 and pg = (g — py)/2 are the
charge and spin accumulation chemical potentials, respec-
tively. We supplement Eq. (4) by the conservation laws for
charge current, V - j¢ () = 0, and spin current, V - j, = (1 —
az)o[ps /A + dp x psl, where &, = gupB/h, with g =2
is the Larmor precession frequency due to spin precession
in an in-plane magnetic field B = (Bx,By,O)T and wp is the
Bohr magneton (see the Supplemental Material [19], Sec. II).
To include spin mixing at the Al/YIG interface we impose
continuity of the spin current j at the interface using Eq. (1).
The input material parameters such as o, A, and o are taken
from Refs. [22,23].

The calculated spin signals obtained from our 3D-FEM
are shown in Fig. 2(c) for samples on SiO, (red solid
line) and YIG (blue solid line) substrates. By matching the
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FIG. 3. (Color online) (a) Nonlocal spin valve resistance Ry of a type-B device with d = 500 nm between injecting and detecting Py wires
and 4 = 130 nm. A constant background resistance of 117 m2 was subtracted from the original data. (b) Angular dependence of the NLSV
signal in the parallel and antiparallel configurations. The AP curve is an average of ten measurements and that of the P state is a single scan.
Both resistance states exhibit a cos(2«) dependence on the angle between 1 and u,. The black solid lines are calculated using the 3D-FEM
model for G, =1 x 10" Q' m~ that show a percentage modulation of only 12% corresponding to the green curve in (c) § Rsy/Rsy. The
angular dependent measurement in (b) is from a device for which a complete set of measurements was performed. A spin valve measurement
as in (a) was also performed for another device with d = 300 nm.
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experimentally measured NLSV signal on the SiO, substrate
with the calculated values in the model we obtain ap = 0.3
and Ay = 350 nm. Using these two values and setting G, =~
5 x 10" Q7' m~2 well reproduces the measured spin signal
on the YIG substrate. This obtained value of G, obtained here
is consistent with that extracted from our one-dimensional
(1D) analysis based on Eq. (2). Hence, the interaction of spins
with the YIG magnetization, as modeled here, can capture the
concept of spin-mixing conductance being responsible for the
observed reduction in the spin signal.

In the following we investigate the dependence of Ry
on the angle o between u; and . We rotate the sample
under the application of a very low in-plane magnetic field
B < 5 mT, enough to saturate the low-coercive (<0.5 mT)
YIG magnetization [4,5] but smaller than the coercive fields
of F| and F, (~20mT). This condition is important to maintain
fixed polarization axes of u, along the magnetization direction
of the injecting ferromagnet, and also have a well defined «.
The result of such measurement in a type-B device is shown
in Fig. 3(b) for d = 400 nm between F; and F,. Although
the measured NLSV signal [Fig. 3(a)] is smaller than in
type-A devices, possibly due to a better Al/YIG interface,
R, exhibits a cos(2«) behavior with a maximum (minimum)
for « = 0 (o0 = 7/2), consistent with Eq. (1). However, the
maximum change (modulation) of the signal 6 Ry, = Ry (0 =
0) — Ry(a = 7 /2) is only 12% of the total spin signal Rgy,
which is at odds with the large spin-mixing conductance
estimated from Fig. 2(b). From anistropic magnetoresistance
measurements we exclude the possibility of any rotation of
the magnetization of the injector and detector as the cause
for the observed modulation in the NLSV signal (see the
Supplemental Material [19], Sec. III B).

Using the 3D-FEM we calculated the angular dependence
of Rgy for various values of G,, where the percentage
modulation § R/ Rgy is plotted as a function of «, as shown
in Fig. 3(c). The G, value of 1 x 10" Q7' m=2 extracted
from the NLSV signal modulation experiment is one order of
magnitude less than reported for Pt [4]. This can be possibly
caused by the presence of a disordered Al/YIG interface with
an rms roughness of 0.8 nm [as measured by atomic force
microscopy (AFM)], which is close to the magnetic coherence
volume /V. 2~ 1.3 nm [6] of the YIG. This length scale
determines the effective width of the AI/YIG interface and
also the extent to which spin current from the Al is felt
by the YIG magnetization [6,24]. Furthermore, the fact that
there exists a finite spin mixing when o = 0, as discussed
above, can also explain why the observed modulation is
small. It is important to note that in our experiments the
nonequilibrium spin accumulation induced by electrical spin
injection into Al has a spin polarization strictly along the
direction of the magnetization of Fj, which lies along the
¥ axis. In the measurement results shown in Figs. 1(b)
and 2(b) the magnetization of the F, is always kept either
parallel or antiparallel to the detector Fj. This ensures that
it is only the $ component of the spin accumulation that is
measured in our experiments as it is insensitive to the other
two spin-polarization directions. It is, however, possible that
the interaction of the initially injected spin accumulation with
the YIG magnetization, via G4, induces a finite NLSV signal
with components polarized along the % and Z directions.
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FIG. 4. (Color online) Calculated NLSV signals showing the
(a) ¥ component and (b) Z component of the NLSV signal Ry
in the parallel (red) and antiparallel (blue) magnetization con-
figurations of the injector and detector ferromagnetic contacts
for G, =1x 10" Q7 'm2 and G; = 0.1G,. Even if the injected
spin accumulation is polarized along the magnetization direction
of the injecting electrode Fj, its interaction with the magnons
via the spin-mixing conductance induces these spin accumulation
components.

Figure 4 shows the angular dependence of the % and
Z component of the NLSV signal as calculated using our
3D-FEM. While the Z component exhibits a sin(e) depen-
dence, the £ component shows a sin(2«) dependence which
is consistent with Eq. (1). The size of the modulation is
determined by G, for the ¥ component and by G; for the
Z component. In a collinear measurement configuration these
transverse spin accumulation components can induce local
magnetization dynamics by exerting a spin transfer torque to
the YIG. Separately measuring these spin accumulations using
ferromagnetic contacts magnetized along the X and Z directions
can be an alternative way to extract Gy, .

In summary, we studied spin injection and relaxation at the
AI/YIG interface in NiggFeyo/Al lateral spin valves fabricated
on YIG. The samples on the YIG substrate yield NLSV
signals that are two to three times lower than those grown on
standard SiO, substrates, indicating spin-current absorption
by the magnetic YIG substrate. We also observed a small,
but clear, modulation of the measured NLSV signal as a
function of the angle between the spin accumulation and
magnetization of the YIG. The presence of a disordered
AlI/YIG interface combined with a spin-flip (sink) process
due to thermal magnons or interface spin-orbit effects can
be accounted for this small modulation. Using finite element
magnetoelectronic circuit theory as well as additional control
experiments, we establish the concept of collinear (effective)
spin-mixing conductance due to the thermal magnons in the
YIG. Our result therefore calls for the inclusion of this term
in the analysis of spintronic and spin caloritronic phenomena
observed in metal/YIG bilayer systems.

The authors thank M. de Roosz and J. G. Holstein for
technical assistance. This work is part of the research program
of the Foundation for Fundamental Research on Matter (FOM)
and is supported by NanoLab NL, NanoNextNL, a micro-
and nanotechnology consortium of the Government of the
Netherlands and 130 partners, InSpin EU-FP7-ICT Grant No.
612759, and the Zernike Institute for Advanced Materials.
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