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The Pt/YIG structure has been widely used to study spin Seebeck effect (SSE), in-
verse spin Hall effect, and other pure spin current phenomena. However, the magnetic
proximity effect in Pt when in contact with YIG, and the potential anomalous Nernst
effect (ANE) may compromise the spin current phenomena in Pt/YIG. By inserting
a Cu layer of various thicknesses between Pt and YIG, we have separated the signals
from the SSE and that of the ANE. It is demonstrated that the thermal voltage in
Pt/YIG mainly comes from spin current due to the longitudinal SSE with negligible
contribution from the ANE. © 2016 Author(s). All article content, except where
otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http:/lcreativecommons.org/licenses/by/4.0/). [http://dx.doi.org/10.1063/1.4941340]

The ferrimagnetic insulator yttrium iron garnet (YIG = Y3Fe;01,) has the unique attributes of
ultra-low damping, long spin diffusion length, and the ability to accommodate pure spin currents
without charge carriers.' The nonmagnetic metal Pt has also been widely used as a spin current
generator and detector because of its strong spin-orbit coupling, commanding one of the largest spin
Hall angles.* Together, Pt/YIG has been extensively explored in many pure spin current phenomena,
including spin Hall effect, inverse spin Hall effect (ISHE), spin pumping, and longitudinal spin Seebeck
effect (SSE).>%!%-13 Under an out-of-plane (perpendicular) temperature gradient, the longitudinal SSE
in Pt/YIG enables a pure spin current injected from YIG into Pt and detected as a transverse thermal
voltage through the ISHE of E;syr o< Js X 0, where J s is the spin current parallel to the temperature
gradient V.7, and o is the spin index along the direction of the magnetization M of YIG.>!*

The magnetic proximity effect (MPE) in Pt, when Pt comes in contact with a ferromagnetic
metal, such as Fe and Co, has been firmly established in the last two decades.'>~!7 More recently,
ample evidences including magnetoresistance (MR), anomalous Hall effect (AHE), theoretical
calculation, spin pumping, and x-ray magnetic circular dichroism (XMCD) measurements, indicate
that Pt also acquires induced moments when in the proximity of a ferromagnetic insulator, such as
YIG.!%1218-20 [f the polarized moments in Pt/YIG acquire anomalous Nernst effect (ANE), the pure
spin current effect of SSE would be contaminated. Under a perpendicular temperature gradient V,T,
the ANE of Ejng o< V2T X M gives rise to a transverse voltage, where M is magnetization of the
ferromagnet.!*?! Both longitudinal SSE and ANE have the same field dependence and thus insep-
arable. Therefore, the unequivocal establishment of the longitudinal SSE in Pt/YIG is contingent
upon separating the ANE contribution, if any. In this work, we address this critical question by in-
serting a Cu layer of various thicknesses between Pt and YIG to separate the potential contributions
due to the induced moment and from that of the spin current. We show that the induced moments in
Pt have negligible thermal contributions from the conventional ANE and thus the measured signal
comes mainly from the longitudinal SSE.
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FIG. 1. (a) Schematic for the measurement of in-plane magnetoresistance. And the magnetic field is applied at an angle ¢
with respect to x-axis within xy plane. For the thermal measurent, an out-of-plane temperature gradient is applid together
with a transvere field (along y-axis). (b) Field dependent longitudinal MR R (black curve), transverse MR Rr (red curve),
and thermal voltage Vi, (blue curve) for Pt(3 nm)/YIG.

We use dc magnetron sputtering to deposit various metallic layers onto polycrystalline rectangle-
shaped YIG substrates (typically 6 mm X 3 mm X 0.5 mm) at room temperature. A Cu layer of
various thicknesses was placed into or onto the Pt/YIG and Au/YIG structures in the forms of
Pt/Cu(tcy)/YIG, Cu(tcy)/Pt/YIG, and Au/Cu(zc,)/YIG. We use the small angle diffraction to evaluate
the film thickness and control the deposition speed. The deposited thin films have been patterned
into Hall bars of width 0.2 mm with one long segment (5 mm) and three short side bars 1.5 mm
apart [Fig 1(a)]. The 4-terminal method has been used to measure the MR with the magnetic field
H applied within the xy plane at an angle ¢ with respect to the x-axis, where xyz axes are parallel to
the edges of the YIG substrate with the x-axis along the long segment of the Hall bar as shown in
Fig. 1(a). By placing the sample in between and in contact with two large Cu plates maintained at
different constant temperatures, we apply a perpendicular temperature gradient of V,T ~ 20 K/mm
over the whole sample. Since the YIG substrate is more than 5 orders of magnitude thicker than
those of the thin films, the temperature difference is essentially established entirely within the YIG
thickness. The distance between the two voltage leads for measuring the thermal voltage (Vi) is
about 4.2 mm.

One of the distinguishing characteristics of Pt/YIG bilayer system is the appearance of the
angular dependent magnetoresistance. As shown in Fig. 1(b), while Pt in isolation has no discern-
ible MR, the Pt(3 nm)/YIG sample acquires a pronounced MR with R > Ry, where R and Rr
are the longitudinal (M || I) and the transverse (M L I and M oriented in the film plane) resistance,
respectively. The different width of R and Rt near H = 0 is due to the shape anisotropy of the
rectangular YIG substrate; it is absent in a square YIG substrate. The MR behavior of R > Rr for
Pt/YIG under an in-plane field is the same as that of the well-known anisotropic magnetoresistance
(AMR) in most polycrystalline ferromagnetic metals.”> However, the key feature of the new MR
is R, under a large out-of-plane field. The new MR shows the characteristics of R, = R > Ry,
altogether different from that of R > Ry ~ R, for AMR. 12324 The difference between R, R and
Rt have a (cosine)? angular dependence due to the consequence of anisotropic conduction. This
new type of MR, with unique characteristics clearly different from those of all other known MRs,
has been the focus of much attention.>* It was recently demonstrated that there are two physical
origins of the new MR in the Pt/YIG hybrid structure, associated with the spin current across the
Pt-YIG interface and the MPE at the interface.> The spin current contribution appears mostly in
low magnetic fields, whereas the MPE contribution prevails in higher fields.>

In Fig. 1(b), the blue curve shows the field dependent Vi, for Pt (3 nm)/YIG under a temperature
gradient (V,T ~ 20 K/mm), where H is applied in the transverse direction (¢ = 90°). Both the Vj,
and Rr, having the same saturation field along the transverse direction, are thus clearly correlated.
As mentioned earlier, the thermal voltage (V;;,) signal with a magnitude of about 20uV may contain
both SSE+ISHE (Ejsyg o< Js X o) and ANE (E g o< VZzT X M).
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FIG. 2. (a) Schematic for the two series of samples with different thicknesses Cu as insert layer and capping layer. (b)
Cu thickness dependent resistance for Pt (3 nm)/Cu (¢¢y)/YIG (red curve) and Cu (zc,)/Pt (3 nm)/ YIG (black curve)
respectively. (c) Three-dimensional atomic force microscopy images of YIG substrate and YIG with 5-nm Cu film (Cu(5
nm)/YIG) respectively. (d) 6-26 XRD scan of a YIG substrate (lower black curve), Pt(20 nm)/YIG (middle red curve) and
Pt(20 nm)/Cu(5 nm)/YIG (upper blue curve), The XRD patterns have been shifted for clarify.

In order to separate the contributions of ISHE and ANE to the thermal voltage, we used a
series of Pt(3 nm)/Cu(tc,)/YIG samples with a Cu layer of various thicknesses inserted between Pt
and YIG [Fig. 2(a)]. As the induced moment in Pt decreases with increasing Cu layer thickness,
the ANE from the induced moments are expected to decay as well. However, because of the lower
resistivity of the inserted Cu layers, the shunting effect would affect the electrical measurements.
We therefore also measure the control samples of Cu(zc,)/Pt(3 nm)/YIG [Fig. 2(a)] with the Cu
layer placed on top of Pt/YIG. Figure 2(c) presents the three-dimensional atomic force microscopy
images of YIG substrate and YIG with 5-nm Cu film (Cu(5nm)/YIG), which give the surface rough-
ness for YIG and Cu(5nm)/YIG as 0. 3nm and 0.2 nm respectively. We also investigate the influence
of Cu insertion layer on the structure of deposited Pt layer by X-ray diffraction (XRD). A typical
6-26 scan of a YIG substrate is shown in Fig. 2(d) (lower black curve), with representative peaks
from polycrystalline YIG. And we find the deposited 20-nm Pt film is (111)-textured polycrystalline
with a broad peak locating at around 39.3 degree (middle red curve). Similar XRD pattern is also
observed for Pt(20 nm)/Cu(5 nm)/YIG (upper blue curve). And there is no signature of the existence
of Pt(100) in both samples. Therefore, the insertion of Cu layer does not influence the interface
roughness and structure of deposited Pt films distinctly. As shown in Fig. 2(b), the resistance of the
two series of samples of Pt/Cu(¢c,)/YIG and Cu(zc,)/Pt/YIG follow the same dependence of the Cu
layer thickness, excluding the lone data point for Pt/Cu(1 nm)/YIG, for which the 1 nm Cu is too
thin to form a continuous film. This also indicates that the Pt films on these substrates have similar
structure and grain size.

In the electrical and thermal measurements, our results show both the MR ratio and Vi, decay
with Cu thickness for the Pt/Cu/YIG and Cu/Pt/YIG samples [Fig. 3(a) and 3(b)]. However, it is
important to note that the decay rates of MR ratio and Vi, for the Pt/Cu(¢¢,)/YIG are much larger
than those for the Cu(z¢,)/Pt/YIG samples. The intervening Cu layer indeed plays a significant role.
Since Cu/YIG has no measurable MR and Cu itself has weak spin-orbit coupling,®?’” the AR/R
and the thermal signals in Pt/Cu/YIG is generated within the Pt layer only. Considering a simple
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FIG. 3. Cu thickness dependent (a) MR ratio, and (b) thermal voltage Vi, for Pt (3 nm)/Cu (#¢,)/YIG (red curve) and Cu
(tcu)/Pt (3 nm)/ YIG (black curve) respectively. (c) and (d) presents the calculated Cu thickness dependent intrinsic MR
ratio and thermal voltage in Pt layer for Pt (3 nm)/Cu (#¢y)/YIG (red curve) and Cu (f¢cy)/Pt (3 nm)/ YIG (black curve)
respectively. The dashed lines are guides to eyes.

parallel resistor model, the resistance for the metal bilayer film of Pt(3 nm)/Cu(tc,) is approximately
RpR(tcy)/[Rpy + R(tcy)]- The intrinsic MR and intrinsic thermal voltage within the Pt layer can
be described as MRiy(fcy) = [1 + Rp/ R(tcu) IMR(tcu), Vin-ind(fcu) = [1 + Rp/ R(tcu)Vin(tcu) respec-
tively.?>?® For Cu (tc,)/Pt(3 nm)/YIG, the intrinsic MR, and Vj,.i are nearly independent of the
capping Cu layer thickness, which validates the parallel resistor model [Fig. 3(c) and 3(d)]. How-
ever, the situation is different when one reverses the layer sequence of Pt and Cu. Both the intrinsic
MR, and Vi, ine have a significant thickness dependence, which decay exponentially with Cu thick-
ness for Pt/Cu(zc,)/YIG [Fig. 3(c) and 3(d)]. We note that the data point for Pt/Cu (1 nm)/YIG has
been excluded in the calculation. Two possible mechanisms may account for the observed results.
The spin current can decay after penetrating through the Cu insertion layer, and that the ANE due to
the induced moment may diminish with the insertion of the Cu layer. We therefore resort to further
experiments to distinguish these possibilities.

Unlike Pt, Au has already been demonstrated as an intrinsic spin current detector free of
MPE, with no measurable MR or AHE.'® Thus, if one performs similar experiments on a series
of Au/Cu(zcy)/YIG samples with different Cu thickness, one can identify the origin of the decrease
of thermal voltage Vi ine for Pt/Cu (zcy)/YIG, i.e., distinguishing between the loss of spin current
or induced moment in Pt. Similar to that of Pt, the Vy.in in Au for Au(8 nm)/Cu (¢c,)/YIG de-
cays strongly with increasing the Cu insertion layer thickness [Fig. 4(a)]. Since Au has no MPE
when in contact with YIG, hence no ANE, the decrease of thermal voltage in Au should solely
come from the loss of spin current after penetrating through the Cu layer. We can further define a
parameter of @ = Vj,_i,[Cu(t nm)]/V;,[Cu(0 nm)] to describe the decay rate of the thermal voltage
generated within the nonmagnetic metal. Significantly, the decay rate on the Cu thickness for
Au(8 nm)/Cu(tcy)/YIG follows essentially the same curve as that of Pt (3 nm)/Cu(tcy)/YIG in
Fig. 4(b). The consistency for the two different series of samples indicates that the decrease of Vi
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FIG. 4. (a) Cu thickness dependent intrinsic thermal signal for Au (8 nm)/Cu (#cy)/YIG. (b) Cu thickness dependent decay
rate Vip.in/Cu(t nm)]/Vy[Cu(0 nm)] for Au (8 nm)/Cu (#¢y)/YIG (black squares), Pt (3 nm)/Cu (7¢y)/YIG (red circles), and
Pt (3 nm)/Cu (tcy/ YIG, (blue triangle), where the substrate YIG; is single crystalline. The dashed line is a guide to eye.

with increasing Cu thickness is due to the loss of spin current. Therefore, the ANE from polarized Pt
is negligibly small. Similar conclusion has also been made by Kikkawa et. al. by comparing thermal
voltages in two configurations: in once case the YIG is in-plane magnetized with perpendicular
temperature gradient, while in the other case the YIG is perpendicularly magnetized with in-plane
temperature gradient.?’

Asindicated in Fig. 3 and Fig. 4, the characteristic length for the inserted Cu layer between Pt and
YIG has been found to be 1.3 + 0.1 nm from the exponential fit to the data. It is much shorter than the
hundreds of nm observed in Cu in spin transport using lateral spin valves.?° The short characteristic
length of Cu on YIG for perpendicular spin transport leads to a rather low spin current transmission
efficiency across the interface. This behavior is unlikely to be related to the polycrystalline YIG, since
substantial reduction in MR ratio and V;, was also observed when Cu layer was inserted between Pt and
single-crystalline YIG previously?>>** and here with decay length around 2.0 nm [Fig. 4(b)]. Rather,
the small characteristic length of ultra-thin Cu inserting layer is inherent to perpendicular transport,
where the strong surface scattering and high resistivity are the main limiting factors. In addition,
within the thickness range of interest, the spin-mixing conductances for Pt/YIG and Pt/Cu/YIG are
quite similar, at least within a factor of 2, proving the similarity of interface properties.?’ So the larger
than 2 orders’ decrease of thermal voltage for Pt/Cu/YIG can be attributed to the loss of spin cur-
rent penetrating ultra-thin Cu layer. Taking into account of the Cu thickness dependent spin-mixing
conductance, the decay length for Cu in Pt/Cu/YIG slightly increases to around 1.7 nm. The short
characteristic length of ultra-thin Cu has also been reported in spin pumping experiment of Pt/Cu/YIG
and W/Cu/YIG,*! as well as magnetic tunnel junctions with an interfacial Cu layer.3%3

In summary, we use Cu insertion layer to separate the signals from the SSE and the induced Pt mo-
ments in Pt/YIG. Through the comparative experiments between Pt/Cu(tc,)/YIG and
Au/Cu(tcy)/YIG, we show that the thermal signal in Pt/YIG comes mainly from the longitudinal
SSE with negligible contribution from the ANE, unequivocally establishing the longitudinal SSE in
Pt/YIG. Finally, unlike that in lateral spin transport, the spin signal decays strongly in perpendicular
spin transport across the thin Cu layer as observed in both polycrystalline and single crystal YIG
substrates.
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