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Trilayers through Spin Conductance Matching

Chunhui Du, Hailong Wang, Fengyuan Yang,* and P. Chris Hammel'

Department of Physics, The Ohio State University, Columbus, Ohio 43210, USA
(Received 18 March 2014; published 15 May 2014)

Spin transport efficiency in heterostructures depends on the spin conductances of each constituent and
their interfaces. We report a comparative study of spin pumping in Y3Fe;O;,/Cu/Pt and Y;FesO,,/Cu/W
trilayers. Surprisingly, the insertion of a Cu interlayer between Y;FesO;, and W substantially improves
(over a factor of 4) the spin current injection into W while similar insertion between Y;FesO;, and Pt
degrades the spin current. This is a consequence of a much improved Y;FesO;,/Cu spin mixing
conductance relative to that for Yz;FesO;,/W. This result implies the possibility of engineered
heterostructures with matching spin conductances to enable optimal spin transport efficiency.
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Conventional electronic devices operate via flow of
electrical charges. The decoupling of spin and charge
currents in ferromagnetic resonance (FMR) driven spin
pumping offers the potential to enable low energy cost,
high efficiency spintronics with implications for both next
generation computing [1,2] and global energy consumption
[3]. Spin pumping, driven thermally as well as by FMR, is
being widely used to generate pure spin currents from
ferromagnets (FM) into normal metals (NM) [4—18]. The
efficiency of spin pumping is largely determined by the
spin mixing conductance g, [4,5] of the FM/NM inter-
face. Typically, the NM is chosen to be a spin sink—Pt, W,
or Ta with large inverse spin Hall effect (ISHE), while
lighter metals such as Cu are rarely used. Various FM/NM
or EFM/NM, /NM, structures have been extensively studied
by both FMR spin pumping [6-16] and spin Seebeck
measurements [17,18]. Because of its low magnetic
damping and insulating nature, Y;FesO, (YIG) is very
attractive for microwave applications and spin pumping
[6,7,11-13,15,18-21]. It will be important to understand
the spin transmissivity of multilayers in order to enable the
use of intervening layers for optimizing spin transport
properties. Cu interlayers were recently used to eliminate
proximity induced ferromagnetism in YIG/Pt [18,22-24].
A quantitative understanding of spin current generation and
transport in YIG/Cu and YIG/Cu/NM heterostructures,
especially the spin mixing or spin conductance at each
interface, is still lacking.

We use epitaxial YIG (20 nm) films grown on
Gd;GasOy, (111) by off-axis sputtering; these films enable
mV-level ISHE voltages in YIG/Pt and YIG/W spin
pumping measurements [11,12,25]. Figure 1(a) shows an
x-ray diffraction (XRD) scan of a YIG film with clear Laue

*fyyang@physics.osu.edu
"hammel @physics.osu.edu

2331-7019/14/1(4)/044004(6)

044004-1

oscillations and a rocking curve full width at half maximum
(FWHM) of 0.0073° [inset to Fig. 1(a)]. Figures 1(b)-1(d)
show atomic force microscopy (AFM) images of a 20-nm
YIG film, a YIG/Cu(5 nm) and a YIG/Cu(20 nm) bilayer
with a root-mean-square (rms) roughness of 0.15, 0.19, and
0.22 nm, respectively, indicating the smooth surfaces of the
YIG films and the Cu layers.

Our FMR (f = 9.65 GHz) spin pumping measurements
are performed at room temperature on YIG(20 nm)/
Cu(tc,)/Pt(5 nm) and YIG(20 nm)/Cu(tc,)/W(5 nm)
trilayers where the Cu thickness 7, is varied from 0 to
20 nm. All metal layers are deposited by off-axis, ultrahigh
vacuum sputtering [11,12,25]. Samples approximately
1 mm wide and approximately 5 mm long are placed in
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FIG. 1. (a) 820 XRD scan of a 20-nm thick YIG film on GGG
(111), which exhibits clear Laue oscillations. Inset: rocking curve
of the first satellite peak on the left of YIG (444) peak with
FWHM of 0.0073°. AFM images of (b) a 20-nm bare YIG film,
(c) a YIG/Cu (5 nm) bilayer, and (d) a YIG/Cu (20 nm) bilayers
over an area of 10 yum x 10 ym with an rms roughness of 0.15,
0.19, and 0.22 nm, respectively.
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FIG. 2. (a) Schematic of experimental geometry for ISHE

voltage measurements and Vigyg vs H — H spectra of (b) a
YIG/Pt bilayer, (c) a YIG/W bilayer, (d) a YIG/Cu(20 nm)/Pt
trilayer, and (e) a YIG/Cu(20 nm)/W trilayer at 6 = 90° and
270° (in-plane fields). The thicknesses of all YIG, Pt, and W
layers are 20, 5, and 5 nm, respectively. Spin current J in
(f) YIG/Cu/Pt and (g) YIG/Cu/W trilayers normalized to J(0)
in YIG/Pt and YIG/W bilayers, respectively, as a function of the
Cu thickness.

the center of an FMR cavity in a dc magnetic field (H)
applied in the xz plane, as shown in the schematic in
Fig. 2(a). At resonance the precessing YIG magnetization
transfers angular momentum to the conduction electrons in
Cu. Since f¢, is much smaller than the spin diffusion length
(A4sp), spin accumulation in the Cu spacer drives a spin
current J into the Pt or W layer. As a consequence of the
ISHE, the spin current J, into the Pt or W is converted into
a charge current, resulting in a voltage (Vsyg) along the y
axis. Figures 2(b) and 2(c) show Vigyg vs H — H ., spectra,
where H, is the resonance field of YIG, for YIG/Pt and
YIG/W bilayers at 05 = 90° and 270° (both in-plane
fields) at rf input power Py = 200 mW, which gives
Visue = 552 pV and —2.04 mV, respectively. The sign
reversal for YIG/W reflects the opposite spin Hall angles

of W and Pt. Figures 2(d) and 2(e) show the Vigyg vs H —
H., spectra for YIG/Cu(20 nm)/Pt and YIG/
Cu(20 nm)/W trilayers. The peak values decrease to
Visye = 1.21 and —16.3 uV as compared to YIG/Pt and
YIG/W with direct contact, respectively.

To compare the effect of the Cu spacer on J, the spin
current detected in Pt or W in the two trilayer systems, we
show in Figs. 2(f) and 2(g) the 7, dependence of J
normalized by J,(0), the spin current detected in the
YIG/Pt and YIG/W bilayers without the Cu interlayer.
Spin current J can be calculated from [26,27]

2e VisHE

J,=— ,
s n GSH/ISD tanh(;ﬁ’—q":})WR

6]

where iy and Ogy are the thickness and spin Hall angle of
Pt or W, R and w the total resistance and width of the
trilayers, respectively. The total resistance for the YIG/Pt
bilayer sample is 487.4 (). As the Cu interlayer is inserted
between YIG and Pt with increasing thickness, the total
resistance R decreases and reaches 7.7 €2 at 20-nm Cu due
to the shunting effect of Cu. For the YIG/W bilayer, the
resistance is 6045.6 €2, while it decreases to 9.3 € for the
YIG/Cu(20 nm)/W trilayer. We note that the term
Osulsp tanh(fj—sMD) in Eq. 1 is canceled in the normalized
spin current J/J(0). Taking the variation of total resis-
tance R and width w into account, we show in Figs. 2(f) and
2(g) that with the insertion of Cu, the normalized spin
current J,/J;(0) initially decreases dramatically at
tca < 5 nm, then increases and eventually reaches a plateau
at tc, > 10 nm. However, YIG/Cu/Pt and YIG/Cu/W
show opposite plateau values of J,/J,(0): for YIG/Cu/Pt,
J; is only about 20%—-25% of J, (0), while for YIG/Cu/W,
J, is 4.5 times J(0). The initial decrease of J at 7¢, <
5 nm may be related to the much higher resistivity of thin
Cu layers due to finite size effect which could induce
significant spin flipping [4,5]. At tc, > 10 nm, the resis-
tivity of Cu layers decreases significantly and spin accu-
mulation in Cu occurs. A fraction of the accumulated spins
in Cu diffuse back into YIG while the remainder is
transmitted into the Pt or W, producing an ISHE signal.
The ratio between these two fractions is determined by the
interfacial spin mixing conductances gﬁT{%G Jcu and spin
conductance gey/pe and gey/w-

To uncover the mechanism behind the different spin
pumping behavior of the two trilayer systems, we need to
determine the spin mixing conductances from the enhance-
ment of Gilbert damping « due to spin pumping. We obtain
a by measuring the frequency dependencies of the FMR
linewidth AH using a broadband microstrip transmission
line. In all cases the linewidth increases linearly with
frequency from 10 to 20 GHz (Fig. 3) following [28],

draf
AH = AHy, + —=—, 2
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where AH;,;, is the inhomogeneous broadening and y is the
gyromagnetic ratio. We define the enhancement of Gilbert
damping due to spin pumping, dg, = ayig/cu/NM — AYIG
for trilayers and ag, = ayig/nm — @yig for bilayers.

Figure 3(a) and Table I show that oy, = (2.140.1) x
103 for YIG/Pt approximately doubles that for
YIG/Cu(20 nm)/Pt, (1.1 £0.1) x 1073, in agreement
with the previous study on Py/Cu/Pt [14] and
YIG/Cu/Pt multilayers [23]. However, the order is
reversed for YIG/Cu/W: ag, = (2.1£0.2) x 107 for
YIG/Cu(20 nm)/W is more than 3 times larger than the
value of (6.3 £ 0.6) x 10~ for YIG/W [Fig. 3(b)]. Cavity
FMR measurements also confirm this trend as shown
in Figs. 3(d) and 3(e). The linewidth change for
YIG/Cu(20 nm)/Pt compared to the bare YIG is 6.0 Oe
which is smaller than the value of 12.6 Oe for YIG/Pt
However, for YIG/Cu(20 nm)/W trilayer, the linewidth
change is 13.1 Oe which is larger than the value of 6.4 Oe
for YIG/W. This implies a significant difference at the
interfaces in YIG/Cu/Pt and YIG/Cu/W compared to
YIG/Pt and YIG/W. In order to understand this behavior,
we need to determine the spin mixing conductances of
g@%G JCu g%G /P> and g@%G W and the spin conductances of
geu/pe and goy/w-

Tserkovnyak et al. provide a theory for quantitative
analysis of interfacial spin mixing conductance [4,5] for
metallic FM/NM bilayers or trilayers where the real part of
gr| is dominant. For YIG/NM interfaces, it has been
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FIG. 3. Frequency dependencies of FMR linewidths of

(a) YIG/Cu/Pt, (b) YIG/Cu/W, and (c) YIG/Cu series with
corresponding  FMR derivative absorption spectra at f =
9.65 GHz shown in (d), (e), and (f).

reported recently that the imaginary part of g4 is also
negligibly small [29,30]. Thus, this theory is applicable for
YIG/NM systems as well. The spin pumping induced
Gilbert damping enhancement can be expressed as
[4,5,7,31-33]

3

where geff is the effective spin mixing conductance at the
YIG/NM interfaces which includes the spin current
backflow driven by spin accumulation, ¢, wug, M,
(4rxM; = 1794 Oe [11]), and ty;g are the Landé g factor,
Bohr magneton, saturation magnetization, and thickness of
the YIG layer, respectively. Rapid spin flips relax the
injected spin very quickly in good spin sink materials such
as Pt and W, preventing any backflow that results from spin
accumulation, thus geé ~ g't. However, in NMs with
slower relaxation, such as Cu [4,5],

1

€ tanh(lNM) 9

N N ™
Jert = 9yiG/NM [1 + 9vi6/nm 4

—1
] )

where gl . /v 9N and e are the “intrinsic” spin mixing
conductance of the YIG/NM interface, Sharvin con-
ductance of the NM, and the spin-flip probability of the
NM [4,5].

The spln accumulation in Cu leads to backflow into the
YIG so g ﬂ is much smaller than ngG cu depending on fyy
and e. For YIG/Cu/NM trilayers Where the NM is a spin
sink, in the limit of vanishing spin flip in Cu [31,32], the
effective spin mixing conductance glffmlayer of the trilayer
is simply the serial contributions of the two interfaces and
the spin resistance of Cu,

1 1 1
- +RCu+ 5

i N
Gett Jtrilayer ngG/Cu 9cu/NM

(&)

where the spin resistance R, = 22 tC“ (o is the electrical

conductivity) [4,5]. Using measured resistivity of 4.0 ><
10~% Qm for 20-nm Cu, we obtain R, = 6.2 x 1072° m

In order to quantitatively determine the intrinsic gYIG JCu?
we grow a 2-um (> Agp) Cu layer on YIG to reduce the
backflow of spin current. Figure 3(c) shows the Gilbert
damping enhancement of two YIG/Cu bilayers compared
to a bare YIG film. The values of a, for YIG/Cu(10 nm)
and  YIG/Cu(2 yum) are (1. 1+0. 1)x10™* and
(18 £ 1) x 1074, respectively, clearly indicating significant
backflow of spin current driven by spin accumulation when
tcu < Agp. This is confirmed by FMR measurement shown
in Fig. 3(f), where the linewidth change for YIG/Cu(2 um)
is 8.7 Oe, much larger than the 1.2 Oe for YIG/Cu(10 nm).
From the value of ag,, we obtain glf% =(34+£03) x
10" m~2 for the YIG/Cu(2 um) bilayer. From Egs. (2)—
(4) and using € = 1/68 and Agp = 245 nm for Cu [31], we
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044004-4



ENHANCEMENT OF PURE SPIN CURRENTS IN SPIN ...

PHYS. REV. APPLIED 1, 044004 (2014)

Cu(20 nm)/W, the total spin resistance R%G JCuywW =
Rljg ca+Reu+ Reww = (0.5640.62+1.3) x 1071 m? =
2.5% 1071 m?, smaller than R}y ,y, = 8.3 x 1071 m? for

YIG/W [Fig. 4(b)]. This is why the spin current plateau for
YIG/Cu/W is approximately 4.5 times larger than J(0) for
YIG/W as shown in Fig. 2(g).

In summary, we systematically studied FMR spin
pumping in YIG/Cu/Pt and YIG/Cu/W trilayers as well
as YIG/Cu bilayers. Significant enhancement of spin
currents is observed in YIG/Cu/W trilayers as compared
to YIG/W bilayers with direct contact. From the spin
pumping enhancement of Gilbert damping, we determined
the spin mixing conductances of YIG/Pt, YIG/W, YIG/Cu
interfaces, and spin conductances of Cu/Pt and Cu/W
interfaces. These values explain the suppression of spin
currents pumped into Pt in YIG/Cu/Pt trilayers and the
enhancement of spin currents in YIG/Cu/W trilayers. This
discovery potentially paves a path toward significant
improvement of spin pumping efficiency by engineering
multilayers with optimized spin conductance matching of
the interfaces, a powerful capability for future spin-
functional devices.
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