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It is widely believed that the mechanism for spin pumping in ferromagnet-nonmagnet bilayers is the
exchange interaction between the ferromagnet and nonmagnetic material. We observe 1000-fold ex-
ponential decay of spin pumping from thin Y;FesO, films to Pt across insulating barriers, from which
exponential decay lengths of 0.16, 0.19, and 0.23 nm are extracted for oxide barriers having band gaps of
4.91, 3.40, and 2.36 eV, respectively. This archetypal signature of quantum tunneling through a barrier
underscores the importance of exchange coupling for spin pumping and reveals its dependence on the

characteristics of the barrier material.
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Generation and manipulation of spin currents is cen-
trally important for spintronic applications [1]. Ferro-
magnetic resonance (FMR) driven spin pumping has
been demonstrated to inject a pure spin current through
angular momentum transfer from a ferromagnet (FM) to an
adjacent nonmagnetic material (NM) [2-6]. It is generally
believed that this dynamic coupling proceeds by means of
the exchange interaction between the precessing magneti-
zation (M) of the FM and the conduction electrons of the
NM at the NM-FM interface. This mechanism will lead to
a short-range coupling that decays exponentially [2-7] on
atomic length scales with separation between the FM and
NM. However, this has not been experimentally confirmed,
partially due to the large dynamic range needed to mea-
sure such a rapidly decaying spin pumping signal [6,8].
Our recent demonstration of large spin pumping in
Pt/Y;Fes0;, (YIG) bilayers with mV-level inverse spin
Hall effect (ISHE) voltage, Visyg [9], offers a material
platform with signal-to-noise ratio sufficient to quantita-
tively characterize the coupling range, enabling detailed
insight into the spin pumping mechanism. We report sys-
tematic measurements with four different barrier materials,
including three oxide insulators and Si, to investigate the
barrier thickness ¢ dependence of spin pumping in
Pt/barrier(r)/ YIG heterostructures. We observe clear
exponential decays of ISHE voltage with characteristic
length scales of ~0.2 nm for the oxide barriers; these
data provide clear evidence for the predicted exchange
coupling model for spin pumping.

Our experiments utilize YIG thin films grown on
(111)-oriented Gd;Gas;0,, (GGG) substrates by an off-
axis sputtering technique we developed for epitaxial film
growth of complex materials [9-13]. Figure 1(a) shows a
high resolution x-ray diffraction (XRD) scan of a 20-nm
YIG film near the YIG (444) peak with clear Laue oscil-
lations, indicating high uniformity throughout the film. The
XRD rocking curve in the inset to Fig. 1(a) taken at the 26
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value indicated by the arrow gives a full width at half
maximum of 0.0185°, demonstrating excellent crystalline
quality. Figure 1(b) shows a representative FMR derivative
spectrum for a 20 nm YIG film taken at radio frequency
(rf) f = 9.65 GHz and microwave power P; = 0.2 mW
with an in-plane magnetic field, from which the peak-to-
peak linewidth (AH) of 10 Oe is obtained [14].

The spin pumping measurements are conducted at room
temperature using a 5-nm thick Pt layer on 20-nm YIG
films, as illustrated in Fig. 1(c). The samples (~ 1 mm
wide and ~5 mm long) are placed in the center of an FMR
cavity and in a dc magnetic field (H) applied in the xz
plane. At resonance, the precessing magnetization trans-
fers angular momentum from the YIG to the conduction
electrons in Pt by means of dynamical coupling [6,15],
generating a pure spin current J; in Pt directed along the z
axis with a polarization (o) parallel to the YIG magneti-
zation. In the Pt layer, J; is converted into a net charge
current, J, « J; X o, via the inverse spin Hall effect
[16-19], resulting in an ISHE voltage Vigyg along the y
axis. Figure 1(d) shows Vgug vs H spectra for a Pt/YIG
bilayer at 8y = 90° and 270° (field in plane) at Py =
200 mW. The peak value of Viggg = 1.0 mV is generated
at the FMR resonant condition as illustrated by the FMR
derivative spectrum in Fig. 1(e). As H is reversed from 0y =
90° to 270°, Visyr changes sign and maintains the same
magnitude as expected since o changes sign with reversal of
M (M is essentially parallel to H since H exceeds 47M; at
resonance), resulting in a reversed sign of Vigyg. The
recently reported proximity effect in Pt/YIG bilayers
[20-22] should contribute, at most, a wV-level signal to
the measured Vigyr, which is negligible compared with the
observed mV-ISHE voltages in our Pt/YIG bilayers. In
addition to YIG/Pt, we have also observed mV-level ISHE
voltage in YIG/W [9] and YIG/Ta [23] bilayers.

Figure 1(f) shows the angular dependence of normalized
Visup(#y) for the Pt/YIG bilayer, which agrees with the
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FIG. 1 (color online). (a) Semi-log #-26 XRD scan of a 20-nm
thick YIG film on GGG (111), which exhibits clear Laue
oscillations corresponding to the film thickness. Inset: rocking
curve of the YIG (444) peak. (b) Representative room-
temperature FMR derivative spectrum of a 20-nm YIG film
with H in plane at P; = 0.2 mW, which gives a peak-to-peak
linewidth of 10 Oe. (c) Schematics of experimental setup for
ISHE voltage measurements for Pt/YIG and Pt/barrier/YIG
samples. (d) Visyg vs H spectra and (e) FMR derivative spectrum
of a Pt(5 nm)/YIG(20 nm) bilayer at Py = 200 mW. The inset
in (d) is the rf power dependence of Vigyr with a least-squares fit.
(f) Angular dependence of normalized Vigyg of the Pt/YIG
bilayer (the green curve is a simple calculation of sinfp).
(g) An AFM image of a 20-nm YIG film showing rms roughness
of 0.15 nm over a 10 um X 10 pwm area.

expected sinfy dependence (green curve), confirming
that the observed voltage signal comes from FMR spin

pumping,
Visug * Jy X o x Jg X M < J X H « sinfly. (1)

The ISHE voltage of the Pt/ YIG bilayer at 85 = 90° is
shown in the inset to Fig. 1(d) to be proportional to power P ¢
for 0.2 mW < P, <200 mW, indicating that the observed
mV-level Vigyg is in the linear regime. Figure 1(g) shows an
atomic force microscopy (AFM) image of a 20-nm thick
YIG film, which gives a root-mean-square (rms) roughness
of 0.15 nm, corroborating the smooth surface as indicated
by the Laue oscillations in Fig. 1(a) (see Supplemental
Material [24] for more AFM characterization).

To study the coupling range of spin pumping, we insert
four different thin, insulating barriers, Sr,GaTaOg (SGTO)
with a band gap E, =4.91 eV, SrTiO; (STO) with

E, = 3.40 eV [25,26], Sr,CrNbO¢ (SCNO) with E, =
2.36 eV and amorphous Si, between Pt and YIG as
illustrated in Fig. 1(c) (see Supplemental Material [24]
for detailed characteristics of the double perovskites
Sr,GaTaOg and Sr,CrNbOg). Figure 2 shows the spin
pumping and FMR derivative absorption spectra of the
Pt/barrier/YIG structures with 0.5-nm Sr,GaTaO,
SrTiO3, Sr,CrNbOg and Si barriers; these barriers reduce
the ISHE voltage to 20, 60, 100, and 440 uV, respectively.
We discuss this variation of the decay rate of Vigyg below.

The insets on the left in Figs. 2(a)-2(d) show the
angular dependencies of the normalized Vigyg for
Pt/barrier(0.5 nm)/YIG with the four barriers. The sinu-
soidal angular dependence is characteristic of the ISHE [see
Eq. (1)], confirming that the observed signals are due to spin
pumping, not artifacts due to thermoelectric or magneto-
electric effects such as anisotropic magnetoresistance
[20,27]. The insets on the right in Figs. 2(a)-2(d) show the
rf power dependencies of Viggg from Py = 0.2 to 200 mW
with an in-plane field (5 = 90°) for the four samples; all
show a linear relationship between P and Vigyg [28].

The systematic behavior of spin pumping across a thin
insulating barrier becomes evident when the dependencies
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FIG. 2 (color online). Vigyr vs H (upper panel) and the cor-
responding FMR derivative spectra (lower panel) of
Pt/barrier/YIG multilayers with 0.5-nm thick (a) Sr,GaTaOy,
(b) SrTiO3, (c) Sr,CrNbOg, and (d) Si barriers at Py =
200 mW. The left inset in each upper panel shows the angular
dependence of the normalized Vigyg which exhibits the expected
sinfy (green curves) dependence on 6y, and the right inset
shows the rf power dependence of Vigyg.
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of Vigge (normalized by the Pt/YIG samples with direct
contact) on the barrier thickness are plotted as shown in
Figs. 3(a)-3(d) for the Pt/barrier(s)/YIG heterostructures
with Sr,GaTaOg, SrTiO;, Sr,CrNbOg, and Si barriers.
Four representative Vigyg vs H spectra for various barrier
thicknesses are shown in Figs. 3(e)-3(h) for each series.
The mV-scale ISHE voltage of Pt/YIG allows us to
observe dramatic, 1000-fold changes in Vigyg. As the
barrier thickness increases, Viggg exhibits a clear exponen-
tial decay for all three barrier materials and eventually falls
below the noise level at t = 2 nm for the Sr,GaTaOg,
SrTiO;3, and Sr,CrNbOg barriers and at t = 5 nm for the
Si barrier. From a least-squares fit shown in the semi-log
plots in Figs. 3(a)-3(d), we obtain an exponential decay
length A =0.16, 0.19, 0.23, and 0.74 nm for the
Sr,GaTaOg, SrTiO3, Sr,CrNbOg, and Si barriers, respec-
tively, following
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FIG. 3 (color online). Semi-log plots of Vigyg normalized to
the values for Pt/YIG bilayers with direct contact as a func-
tion of the barrier thickness of (a) Pt/Sr,GaTaOg/YIG,
(b) Pt/SrTiO;/YIG, (¢) Pt/Sr,CrNbOg/YIG, and (d) Pt/Si/
YIG, with four representative Vigyg vs H spectra of various
barrier thicknesses for each series shown in (e),(f),(g), and (h),
respectively. The solid lines in (a), (b), (c), and (d) are least-
squares fits, indicating the rate of exponential decay of ISHE
voltages with decay length A = 0.16, 0.19, 0.23, and 0.74 nm for
Pt/Sr,GaTaOg4/YIG, Pt/SrTiO5/YIG, Pt/Sr,CrNbOg4/YIG, and
Pt/Si/YIG, respectively.

The spin current J; is given by [19]

INO V
Js — NYN - IzHE ) (3)
GSH /\SD tanh(m)

where oy, ty, Osy, Asp are the conductivity, thickness,
spin Hall angle, and spin diffusion length of the Pt layer,
respectively. L is the sample length. Since Vigyg * J;, the
exponential decay of Vigyg indicates that the pure spin
current generated in Pt also decreases exponentially with
t, a signature behavior of exchange coupling between the
FM and NM separated by an insulating barrier. This result
provides the first direct, quantitative evidence of the ex-
change coupling model for spin pumping.

The exponential dependence of spin pumping on barrier
thicknesses can be explained by a process in which the
wave function of the conduction electrons in Pt tunnels
through the barrier, couples with the precessing magneti-
zation of YIG through exchange interaction, and acquires
spin polarization via spin-dependent scattering at the
barrier/YIG interface [2-5]. At a NM/FM interface, a
spin current can be generated either by transmission
of spin-polarized electrons from the FM into the NM, or
by spin-dependent scattering of the conduction electrons in
the NM at the interface. Given that YIG is an insulator, it is
unlikely that spin-polarized electrons flow from YIG into
Pt. This suggests that spin-dependent scattering of Pt con-
duction electrons at the Pt/YIG interface via the exchange
interaction with the precessing magnetization of YIG is the
dominant mechanism.

The ability of conduction electrons in Pt to tunnel
through the barrier separating the Pt from the YIG will
depend sensitively on the height of the energy barrier. At
the interface between a metal and an insulator or a semi-
conductor, the relevant barrier is typically the Schottky
barrier ®p, which depends on the work function of the
metal and on the electron affinity, charge carrier type, and
concentration of the insulator or semiconductor. Here we
estimate the values of ®j for Pt/Sr,GaTaOg, Pt/SrTiO;,
and Pt/Sr,CrNbOg based on published results on metal-
perovskite Schottky junctions and correlate them with our
measured decay lengths. The Schottky barrier height for
Au on Nd-doped SrTiO; (carrier density 10'7-10'8 ¢cm™3)
Schottky junctions [29] is reported to be in the range
1.4-1.7 eV, about half of the SrTiO; band gap. At lower
carrier concentration, P is expected to remain in this
range. Our SrTiO; layers are highly resistive (beyond the
instrument limit in our resistance measurements). Thus, the
carrier density of our SrTiO; layers should be low. Au and
Pt have similar work functions (5.47 eV for Au and 5.64 eV
for Pt), so we expect @ in Pt/SrTiO; to be around 1.7 eV
(about half of the band gap). Since both Sr,GaTaOg4 and
Sr,CrNbOg are also Sr-based perovskites [30], it is reason-
able to expect g in Pt/Sr,GaTaOg and Pt/Sr,CrNbOg to
be about half of their barrier band gaps as well. Using band
gaps of 491 eV for Sr,GaTaOg and 2.36 eV for Sr,CrNbOg
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FIG. 4 (color online). (a) Schematic of band structures of
Pt/barrier/YIG heterostructures with an estimated Schottky
barrier height ®p at half of the band gap for each barrier
material. The blue curve illustrates the quantum tunneling of
the electron wave function from Pt into the barrier. (b) Inverse of

decay length, 1/A, as a function of 4/®, for Pt/Sr,GaTaO4/
YIG, Pt/SrTiO;/YIG, and Pt/Sr,CrNbOg/YIG, which includes
three sets of values of @5 = 0.45E, (triangles), 0.50E, (circles),
and 0.55E, (squares). The solid line connecting the three points
and origin is a guide to the eye.

determined by optical absorption (see Supplemental
Material [24] for details) and the reported E, = 3.40 eV
for SrTiO; [25,26], we estimate Pz = 2.46, 1.70,
and 1.18 eV for Pt/Sr,GaTaO4, Pt/SrTiO;, and
Pt/Sr,CrNbOy interfaces, respectively. To cover the pos-
sible range of @5 due to its sensitivity to a number of
parameters, we also consider &5 = 0.45Eg and O.SSEg,
which span a range of ®z = 2.21-2.90, 1.53-1.87, and
1.06-1.30 eV for Pt/Sr,GaTaOg4, Pt/SrTiO;, and
Pt/Sr,CrNbOg, respectively.

For a finite rectangular potential barrier, as illustrated in
Fig. 4(a) for the three oxide barriers, the electron tunneling
transmission coefficient D is determined by the barrier
height ®; and width ¢ [31]:

D « exp[—%\ﬂm@g], “4)

where m is the effective electronic mass and # is Planck’s
constant. Since Viggg * Jg « D, Egs. (2) and (3) imply
1/X o \/®g, as shown in Fig. 4(b) for Pt/Sr,GaTaOg/
YIG, Pt/SrTiO;/YIG, and Pt/Sr,CrNbOg/YIG. The

experimental data points for the range of ®; =
0.45E,~0.55E, are quite consistent with a vanishing inter-
cept, providing further evidence for the exchange coupling
model in spin pumping and the role of barrier character-
istics in quantum tunneling.

For Si barriers, the decay length of 0.74 nm is much
larger than the 0.16, 0.19, and 0.23 nm for samples with
oxide barriers. Si has a smaller band gap (1.1 eV) than the
three oxide barriers; thus, we expect a larger decay length.
If we use @z = 0.55eV for Pt on amorphous Si, we
estimate a decay length of 0.34 nm using the same rectan-
gular potential barrier model, smaller than observed, indi-
cating that, for Si, either the barrier height is not simply
related to the band gap, or that the simple tunneling model
used for oxide barriers is not adequate. This is not unex-
pected, however, since the Schottky barrier heights of
metal and Si junctions are sensitive to the doping type
and carrier concentration. In addition to the mechanism
already discussed, we should also consider the possibility
that there may be carriers in the Si barrier allowing either
an indirect exchange process or spin diffusion through the
barrier [32]. Further investigation of the characteristics of
the barriers in spin pumping is needed to obtain better
insights into the spin pumping mechanisms.

Experimental observation of a clear exponential decay
of dynamic spin pumping provides clear evidence for, and
quantitative understanding of a fundamental spin pumping
mechanism. This result points to the important ability to
tune characteristics of spin functional devices and reveal
new phenomena.
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