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Asymmetric charge transport at the interface of two materials with dissimilar electrical properties, such
as metal-semiconductor and p-n junctions, is the fundamental feature behind modern diode and transistor
technology. Spin pumping from a ferromagnet into an adjacent nonmagnetic material is a powerful
technique to generate pure-spin currents, wherein spin transport is unaccompanied by net charge transport.
It is therefore interesting to study pure-spin transport at the interface of two materials with different spin
transport properties. Here we demonstrate asymmetric transport of pure-spin currents across an interface of
dissimilar nonmagnetic materials Au/Pt. We exploit Py/Au/Pt/Co structures where spin pumping can
generate pure-spin current from either Py or Co independently. We find that the transmission of pure-spin
current from Au into Pt is twice as efficient as transmission from Pt into Au. Experimental results are
interpreted by extending conventional spin-pumping, spin-diffusion theory to include boundary conditions
of reflected and transmitted spin current at the Au/Pt interface that are proportional to the established spin

chemical potentials on either side of the interface.
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Utilizing pure-spin current to manipulate the magnetic
moment of a ferromagnet (FM) allows for transport of
information without associated joule heating. A powerful
technique to generate pure-spin current (hereinafter
referred to as spin current) and investigate its transport
properties within various materials is spin pumping. The
effects of spin pumping were first detected by increases in
magnetic damping of single ultrathin FM films in direct
proximity to nonmagnetic metals (NMs) [1,2]. These early
works showed that the damping enhancement was an
interface effect, being inversely proportional to the thick-
ness of the FM. The role of spin-orbit interaction was
highlighted by Heinrich et al. [1].

Spin pumping was first demonstrated to be a nonlocal
effect in magnetic heterostructures with two FMs in FM1-
NM-FM2, where a resonantly driven FM1 acted as a spin
pump and FM2 acted as a spin sink [3]. The theoretical
description of the spin-pumping mechanism was first
described by Tserkovnyak et al. [4] in terms of scattering
matrix theory and by Simanek and Heinrich [5] in terms of
time-retarded interlayer exchange coupling. The two
approaches were shown to lead to the same result [5]. It
was understood that spin pumping resulted in a spin
accumulation inside the NM, which could then be trans-
ported by spin diffusion. Heinrich et al. [6] expanded on
this idea by simultaneously driving both FM1 and FM2 into
spin pumping, resulting in coherent exchange of spin
currents between the two ferromagnets and therefore
cancellation of the enhancement in damping. This Letter
unequivocally demonstrates the most important feature of
spin pumping and spin diffusion: the communication of
magnetic information through a nonmagnetic metal.
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Early spin-pumping studies focused on simple FM-NM
structures, where changes in magnetic damping in ultrathin
FMs were used to determine the efficiency of spin pumping
at various FM-NM interfaces as governed by the (renor-
malized) spin mixing conductance (g4 ) g4, and the spin-
diffusion length in the adjacent NM Ay. NMs with
relatively low spin-orbit interaction were first studied
(Ag [7.8], Au [8,9], Cu [10,11]), finding good agreement
between experiment and theory [12]. These metals were
found to have relatively large spin-diffusion lengths
(Asa,ag = 80 nm, A o, = 31 nm) [8]. Since then, spin
pumping and spin transport have been studied in a variety
of materials; spin pumping driven by insulating ferrimag-
nets [13—15] and antiferromagnets [16] and spin pumping
into nonmetallic materials such as antiferromagnetic insula-
tors [17—19] and organic semiconductors [20,21] have been
demonstrated.

Recently, attention has been devoted to studies of spin
transport in heavy metals with large spin-orbit interaction
such as Pt, Ta, and W. Spin transport in these materials can
be described by the conventional spin-diffusion model, but
with a short spin-diffusion length (4,4 ~ 1-3 nm) [22-25].
Materials with large spin-orbit interaction are attractive as
they allow charge-to-spin conversion effects and vice versa,
such as spin Hall and inverse spin Hall effects [26]. These
effects can be used for the all electrical generation or
detection of spin currents. Electrical manipulation of the
magnetization vector through spin-orbit torques is pro-
mising for the creation of practical spintronic devices, such
as spin-orbit torque memory [27-29] and spin-orbit torque
oscillators [30-33].
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More recent studies of spin transport on FM-NM1-NM2
structures, where NM1 (Au, Cu) was a lower spin-orbit
material than NM2 (Pd, Pt), have shown behavior that is
outside the conventional spin-diffusion description. In
such structures, oscillatory dependence of spin-pumping-
induced damping on NMI1 thickness was demonstrated
[34,35]. Montoya et al. [34] attributed the oscillatory
dependence in Fe/Au/Pd structure to quantum well states
formed in the Au interlayer. They also explained the
observed rapid decrease in spin-pumping-induced damping
upon insertion of a thin Au layer to be due to a partial
reflection of spin current at the Au/Pd interface [34] and not
removal of proximity damping in Pd [36]. Additionally, it
has be argued that spin-memory loss can impact pure-spin
transport at such interfaces [37—40]. So far, however, spin
pumping and spin transport have not been studied in such
heterostructures with two ferromagnetic layers; here com-
munication of spin currents between the ferromagnetic
layers can be used to better determine bulk and interfacial
spin absorption using spin-pump and spin-sink effects.

In this Letter, we study transport of spin current across
the Au/Pt interface by spin pumping in three structures: Py/
Au/Pt/Co, Py/Au/Pt, and Co/Pt, see Fig. 1. By exploiting
directional spin-pump and spin-sink effects in the Py/Au/
Pt/Co structure, we demonstrate a significantly larger
reflection of pure-spin current coming from Pt at the
Au/Pt interface than coming from Au. This asymmetry

FIG. 1. Schematic of the studied structures P_y) /Au/Pt/Co (a),

Py/Au/Pt (b), Co/Pt (c) and Py/Au/Pt/ Co (d), where the arrows
indicate the ferromagnet put into precession. At the Au/Pt
interface, a portion of the spin current is reflected and transmitted.
At the other end of the structure, the spin current is either
absorbed by the second ferromagnet (spin sink) or reflected at the
metal-air boundary.

in pure-spin-current transport across the Au/Pt interface is
analogous to the asymmetric charge transport in conven-
tional diodelike devices; i.e., we demonstrate the discovery
of a pure-spin-current diodelike effect. We show that all the
data can be self-consistently described by assuming a
combination of reflected and transmitted spin currents
across Au/Pt proportional to the spin potential on either
side of the interface.

The studied magnetic  multilayer  structures,
Ta(3)/Py(6)/Au(3)/Pt(dp,). Ta(3)/Co(6)/Pi(dp). and
Ta(3)/Py(6)/Au(3)/Pt(dp)|Co(6)/Ta(3) were deposited
on oxidized Si wafers by means of rf magnetron sputter
deposition at room temperature. Here Py = NigyFe,, dp, is
the Pt thickness, and the numbers in parentheses are
thicknesses in nanometers. Further details of multilayer
sample growth can be found in the Supplemental Material
[41], which includes Ref. [42]. Atomic force microscopy
reveals a root-mean-square roughness of the films < 1 A,
see Supplemental Material [41]. For brevity, we will refer to
the three studied structures as Py/Au/Pt, Co/Pt, and Py/Au/
Pt/Co in the rest of the discussion.

Spin transport was studied via changes in magnetic
Gilbert-like damping detected by ferromagnetic resonance
(FMR). In-plane FMR measurements were carried out in a
field-swept, field-modulated setup in a frequency range
of 6-28 GHz. The FMR signal was interpreted by an
admixture of the in-phase and out-of-phase components of
rf susceptibility [43,44]. Example FMR data are shown in
the Supplemental Material [41], which includes
Ref. [45].

Spin pumping is an interface phenomenon that generates
spin current from a dynamic ferromagnet into the adjacent
nonmagnetic material, given by [4,5]

h dn
Isp:EQTl,nXE’ (1)
where n is a unit vector pointing in the direction of the
magnetic moment of the ferromagnet. The reduced spin-
mixing conductance g, governs the efficiency of spin
pumping and accounts for a diffusive FM-NM interface
[12,46]. Spin pumping leads to a nonequilibrium chemical
potential imbalance for the spins in the nonmagnetic metal
p° and results in an accumulated spin density at the FM-
NM interface [12]. The transport of spin accumulation
inside NM can be described by spin-diffusion theory [47]
with a material-dependent spin-diffusion length Ay.
The net spin current flowing out of the ferromagnet is
related to the enhancement in damping by

14 gT¢
P MdeM ( spl 4r 1)

where y is the gyromagnetic ratio of the ferromagnet given
by y = gug/h and g is the Landé g factor. The accumulated

; (2)

x=0
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density pj is determined by spin transport in the adjacent
material system, which is governed by the spin-diffusion
parameters within materials (spin-diffusion length A4 and
single spin resistivity p') and interfacial transport terms
(spin-mixing conductances g, ). Complete details of the
model used are provided in the Supplemental Material [41].

Two of the systems studied in this Letter are the
commonly studied single FM structures: Co/Pt [Fig. 1(c)]
and Py/Au/Pt [Fig. 1(b)]. The third type of system, Py/Au/
Pt/Co, is a double FM, double NM structure of the form
FM1-NM1-NM2-FM2. In the Py/Au/Pt/Co structure, the
spin pumping can be either generated from Py or Co (see
Fig. 1), resulting in two completely different datasets from
the same structure. For clarity, we will distinguish the two

— —
datasets as Py /Au/Pt/Co and Py/Au/Pt/ Co, where the
arrow indicates the ferromagnet put into precession
and therefore the source of the spin current, see Figs. 1(a)
and 1(d), respectively.

For complete interpretation of the data we require spin-
pumping, spin-diffusion parameters of both Au and Pt.
Spin-pumping into Au has been studied in great detail and
shown to be well described by the conventional spin-
pumping and spin-diffusion model [6,9,48] with Ag A, =
31 nm [8]. The single spin resistivity of Au is taken
to be P,T«u = 8 pQcm [49]. We determine g4 | py/ay = 1.7 X
10" cm™? from the difference in damping between the

— —
Py /Au/Co and Py /Au [first yellow and blue point on
Fig. 2(a)] [48].

The four remaining parameters describing spin transport
in PY/AWPUCO (7t pycos Asaps P and 1) auyp) are
related to Pt and its interface with Co and Au. In order to
have unique fitting parameters, it is important to simulta-
neously fit all datasets with the same fitting para-
meters [24]. In this Letter, the spin-sink structure is

P—y)/ Au/Pt/Co. The 3 nm Au layer is sufficiently thick
to prevent interlayer exchange coupling between Py and

3.5¢1(a) 6t i(b)
3.0 5
25 S 4
Q20 =
Sis 5
S 10 &2
0.5 1
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dpr(NM) apy(NM)
FIG. 2. Spin-pumping-induced damping data for
— — —

(a) Py /Au/Pt/Co (yellow), Py /Au/Pt (blue), and (b) Co /Pt
structures as a function of Pt thickness dp,. The fits were done using
conventional spin-pumping theory [12]. Solid lines represent
simultaneous fits of the three datasets by Eq. (2) with conventional
spin-pumping theory extended to include Au/Pt interface with
boundary conditions of Egs. (3) and (4).

Co, which is mediated by proximity polarized Pt [50,51].
Spin current pumped from Py passes through Au and Pt and
gets absorbed by the Co layer. Since the Au layer is much
thinner than A Ay, Spin transport is quasiballistic and the
spin current is negligibly absorbed. The spin-pumping

damping of Py in P—y> /Au/Pt/Co decreases with increasing
Pt thickness, see yellow points in Fig. 2(a). This is the
expected dependence on dy; in a FM1-NM-FM2 structure,
where FM2 acts as a nearly perfect spin-sink, allowing the
maximum transfer of angular momentum and thus largest
increase in damping in FM1. NMs act as diffusive
absorbers of spin currents, where increasing NM thickness
leads to increased backscattering of spin current being
reabsorbed by FM1, thus decreasing the damping enhance-

ment in FM1. The spin-pumping damping of P—y> /Au/Pt
increases with increasing Pt thickness [see blue points in
Fig. 2(a)], consistent with expected behavior for a single
FM-NM structure [24].

In general the FM-NM and FM1-NM-FM2 structures are
enough to uniquely determine the spin-transport parameters
of single NM. However, in this Letter we aim to determine
the effect of the Au/Pt interface on spin transport, where Pt
has a much larger spin-orbit interaction. In view of this, we
deposited Co/Pt structures to more accurately determine

911.pt/Co> Asd.pes p; parameters. Figure 2(b) shows the
magnetic damping of the Co/Pt rapidly approaches satu-
ration with increasing Pt thickness for ~2 nm. This is
consistent with Ay p, observed in single crystal structures
[52] and textured structures [51].

In contrast to the P—y> /Au/Pt/Co data, the spin-pumping

damping of Py/Au/Pt/ Co (Fig. 3) does not have the
typical NM dependence observed in FM1-NM-FM2 where
FMI1 is a spin-sink. In fact, the change in damping is very
similar to a)/Pt, see Fig. 2(b). This is very surprising
considering that this structure has a spin sink (Py) on the
other end, which one would expect to result in maximum
damping for very thin dp, [51]. This observation suggests
that the Au/Pt interface is preventing a large portion of the
spin current from reaching the spin sink (Py). This behavior
is not observed when spin pumping in the opposite

direction (P_y) /Au/Pt/Co), showing that the transport of
pure-spin current across the Au/Pt interface is highly
asymmetric.

To interpret these results, we present a new set of
boundary conditions at the Au/Pt interface,

R L ¥/ N Y] R WX 3)
2p£ue2 Ox 4g TAU 4z TPx=a)’
h Oppy 1L AwPe o Gt AuP
- _ I : .
2p£;t62 ax 477-' ﬂPt + 47[ ”Au x:d] ( )

Here, e is the fundamental charge and plu (pgt) is the single

spin resistivity of Au(Pt). The efficiency of transfer of spin
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FIG. 3. Spin-pumping-induced damping in Co for
Py/Au/Pt/ ‘Co.. The black line is a simulation with conventional
spin-pumping theory extended to include Au/Pt interface with
boundary conditions of Egs. (3) and (4) and assuming fitting
parameters as determined from Fig. 2. Simulated damping for
Pt/ Co (red line) and the spin-sink/Pt/ Co (blue dashed line) are
plotted assuming the same parameters as determined from the
black line fit.

current from Au into Pt or from Pt into Au, g4 au/pis 18
represented by a similar parameter as the spin-mixing
conductivity at the interface FM-NM for spin pumping.
These boundary conditions are akin to those at FM-NM,
where the first term on the right-hand side represents the
spin current injected from Au into Pt, and the second term
on the right-hand side is the backflow from Pt into Au due
to spin accumulation in Pt. Note, continuity of chemical
potential [53] or continuity of spin accumulation [36]
boundary conditions fail to represent the experimental
data, see Supplemental Material [41].

Conceptually, the terms on the right-hand side of Egs. (3)
and (4) can be thought of as the forward spin current across
Au/Pt (first term) and the spin current reflected at Au/Pt
(second term). The left-hand side is the net spin current
across the Au/Pt interface. The parameter gy a,/p, charac-
terizes the efficiency of spin transport across the Au/Pt
interface. Including these boundary conditions in the con-
ventional spin-pumping model, we simultaneously fit the

— — —

Co /Pt, Py /Au/Pt, and Py /Au/Pt/Co datasets shown in
Fig. 2, resulting in g4 pyco = 7.6 x 10°° cm™, Ayp =
1.0 nm, ph, = 61 uQcm, and Gy j awp = 3.2 x 1015 ecm™,
We note that Gy | pi/co = 7.6 x 10" cm™ is large relative to

other FM-NM interfaces (Fe/Au, Py/Ta, YIG/Pt, etc.);
however, this is consistent with the literature where the

typical range is gy | pi/co ~ 4-9 x 101 cm™ [37,54-56]. It
has also been shown that the efficiency of spin pumping of
Co can strongly depend on the interface [57]; however, in
this Letter, both Py/Au/Pt/ Co and Co /Pt reach the same
maximum damping, suggesting that both interfaces have
similar gTi,Co/Pt'

With all spin-transport parameters determined from the
data presented in Fig. 2, the model is able to reproduce the
unexpected thickness dependence of the Py/Au/Pt/ Co
dataset with no free parameters, see black line in Fig. 3.
This thickness dependence is surprisingly very similar to

Co /Pt behavior, which we plot as the red line in Fig. 3.

Importantly, in the limit of dptﬁ, the model shows that the
damping does not start at the intrinsic damping of Co
(dp; = 0 of the red line) but at a slightly larger value,
suggesting that some small portion of the spin current is
passing through the Au/Pt interface and is being absorbed
by the Py layer.

It is interesting to compare these results to the expected
thickness dependence of a hypothetical spin-sink/Pt/ Co
structure assuming the same spin-transport parameters, see
dashed blue line in Fig. 3. This suggests that the Au/Pt
interface is playing a very large role in the observed spin

transport. Note that the spin-sink/Pt/ Co cannot be exper-
imentally achieved since the spin sink (another ferromag-
net) would magnetically couple through the Pt to the Co
layer and would result in acoustic and optical precessional
modes; this exact phenomenon was studied in our previous
work [51].

The portion of reflected and forward spin currents at Au/
Pt can be determined from Eqs. (3) and (4). The first term
on the right-hand side of Eq. (3) is the forward spin current
injected from Co due to spin pumping and impinging on the
Au/Pt interface. The second term is effectively the spin
current reflected at the Au/Pt interface and flowing back
into Pt. The ratio of the chemical potentials at the interface
(up /@) is therefore the ratio of the forward to reflected
spin currents, F,/R,. Using the spin-pumping parameters
extracted from the fits and setting dj, =3 nm and
dp; = 1 nm, we find that F /R, = 1.5 for spin pumping

from the Co in Py/Au/Pt/ Co . Note, if F, /R, = 1 then the
forward current is perfectly compensated by the reflected
spin current and the net flow across is zero. Therefore,
F,/R,—1=T,/R,, where T, is the net transmitted spin

current. For the Py/Au/Pt/a structure F; /R, — 1 = 0.5,
implying that the reflected spin current is twice as large as
the transmitted spin current. Normalizing the reflected and
transmitted spin current by the forward spin current, one
can show that only 7,/F, ~33% of the spin current is
transmitted, while R, /F ~ 67% is reflected.

The spin-pumping data of the Py /Au/Pt/Co and
P—y>/Au/Pt structures [Fig. 2(a)] does not show such a
large reflection of spin current at the Au/Pt interface. The

P—y> /Au/Pt(dp, = 0)/Co data point on Fig. 2(a) establishes

the maximum spin pumping achievable in the P—y> /Au/Co
structure due to Co acting as a spin sink. Once again, we
use the ratio of the chemical potentials at the Au/Pt
interface (u},/pp) to determine F /R = 3.2 for spin
pumping from the Au side. Therefore, F,/R,—1=2.2
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for the W/Au/Pt/ Co structure, which implies that
~069% of the spin current is transmitted and ~31% is
reflected.

Therefore, reflection at Au/Pt is much less when spin
pumping from Py as compared to Co. However, there is still
substantial reflection even when pumping from the Au side;
this is consistent with experimental observations of quan-
tum well states in the Fe/Au/Pd structures [34] and
oscillatory spin polarization of Pt in Py/Cu/Pt structures
[58], both of which suggest a reflection of pure-spin current
at the Au/Pd or Cu/Pt interface. We note that our results are
not well explained by spin-memory loss [37,40] or devel-
oping interface [59], as shown in the Supplemental Material
[41], which includes Refs. [60,61].

Spintronic systems showing asymmetric charge transport
have been previously demonstrated. One system is double-
barrier magnetic tunnel junctions [62,63] that can behave
similar to traditional diodes, where conductance can be
asymmetric with respect to bias voltage polarity. Another
system is based on semiconductor p-n bilayers that can be
switched between insulating and conducting states by
applied magnetic field [64,65]. Additionally, there is the
spin-torque diode effect [66—68]; however, this effect is not
due to asymmetric transport. Here a microwave ac current
applied to a magnetoresistive device is rectified by dynamic
magnetoresistance oscillations caused by spin torque and
leads to a change in dc voltage across the device. In
contrast, the effect demonstrated in this Letter results in an
asymmetry in the transport of pure-spin currents where the
net charge transport is zero.

In summary, we have experimentally studied pure-spin-
current transport across the Au/Pt interface by means of
spin pumping in Co/Pt, Py/Au/Pt and Py/Au/Pt/Co
structures. Whereas the conventional diode effect is
characterized by asymmetric charge transport, we find
that the Au/Pt interface displays a diodelike effect with
respect to pure-spin current; i.e., the spin transport is
asymmetric at the Au/Pt interface. We find that the
transmission of pure-spin current from Au into Pt is
more than twice as efficient as transmission from Pt into
Au. Our experimental results are well explained by
extending conventional spin-pumping, spin-diffusion
theory with boundary conditions for the spin chemical
potential on either side of the Au/Pt interface. We
anticipate this pure-spin-current diodelike effect can be
utilized for enhanced tunability of the effective damping
of magnetic layers in spintronics devices for applications
such as spin-transfer torque—magnetic random-access
memory [69-71], spin torque oscillators [72-74], and
magnetic neuromorphic computing [75,76].
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and Engineering Research Council of Canada (NSERC) for
its generous financial support without which this work
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