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Abstract. The spin-Seebeck effect (SSE), the spin-voltage generation as a result of a
temperature gradient, has recently been observed in ferrimagnetic insulator LaY2Fe;012 films
by means of the inverse spin-Hall effect in Pt films. Here we investigate the SSE using
LaY2Fe5012/SiO2(Cu) /Pt systems, where the LaY2Fes 012 and Pt layers are separated by SiO-
(Cu) thin-film barriers. The experimental results show that the SSE signal disappears in the
LaY3Fe5012/Si02/Pt system, but the finite signal appears in the LaY2FesO12/Cu/Pt system,
indicating that the direct contacts between the LaY2Fe5;012 and normal metals is necessary for
generating the SSE signal.

In the fields of spintronics [1, 2] and spin caloritronics [3], spin-voltage generation from heat
is highly desired for driving spin-based devices and for enhancing their efficiency. Here, spin
voltage refers to the potential for electron’s spins, which drives a spin current, i.e., a flow of spin
angular momentum [4-6]. The spin-Seebeck effect (SSE) is one enabling the generation, which
converts a heat current into the spin voltage in ferromagnetic metals [7-9], semiconductors [10],
and insulators [11]. The SSE was recently observed in a garnet-type ferrimagnetic insulator
LaYyFe;0;9 film by means of the inverse spin-Hall effect (ISHE) [12-19] in Pt films attached
on the LaYoFe;Oi2 [11]. In this paper, to buttress the previous results on the SSE in the
LaYoFe;012/Pt systems, we report supplementary experiments using LaYyFe;019/SiO2/Pt
and LaYyFe;012/Cu/Pt systems. The experiments show that the direct contacts between
LaYsFe;015 and normal metals is necessary for the SSE experiments.

Figure 1 schematically shows the experimental setup for measuring the SSE-induced ISHE.
The device consists of a rectangular-shaped ferromagnet (F) with two (or more) normal-metal
(N) wires attached on the top of the F layer, where F and N correspond to LaYsFe;012 and
Pt in the previous experiments, respectively [11]. Here, an in-plane temperature gradient VT is
applied to the F layer along the x direction (see figure 1). Since the localized magnetic moments
in F and conduction electrons in N are coupled by the interface spin-exchange interaction, or
spin-mixing conductance [20, 21], the thermally generated spin voltage injects a spin current
into the N wire with a spatial direction Js (z direction) and a spin-polarization vector o parallel
to the magnetization M direction of the F layer (z direction). In the N layer, this spin current
is converted into an electric field Eiggg due to the ISHE. When M is along the VT direction,
Eisug is generated along the N layer (y direction) because of the relation Ejgpg o« Jg X o
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Figure 1. A schematic illustration of the
spin-Seebeck effect (SSE) in a ferromagnet
(F) and the inverse spin-Hall effect (ISHE)

normal metal (N)

- in normal metals (Ns). Here, M, Js,

: 3 Esue and Ersggr denote the magnetization vector

<’ L of the F layer, the spatial direction of

l :.:‘" ’* the spin current, and the electric field

) \Q . ? i generated by the ISHE in the N layer,

- ‘. respectively. In Ref. [11], LaYoFe;0;2

‘\ and Pt films were used as the F and N

‘\ layers, respectively. While LaYoFe5012 is a

z VT M ferrimagnet, it behaves like a ferromagnet

gy under the present experimental conditions
X ferromagnet (F) [11].

[12]. Therefore, by measuring Eispg, we can detect the SSE in the F layer electrically. Since
the sign of the spin voltage generated by the SSE is reversed between the higher- and lower-
temperature ends of the F layer, the sign of Eigyg is also reversed between the ends of the F/N
device (see figure 1) [11, 21]. In this setup, collinear orientation of the temperature gradient
and magnetization suppresses experimental artifacts with the same symmetry as the Nernst-
Ettingshausen effect [22]. The following supplementary experiments further support the above
interpretation on the SSE measurements.

In the present study, in addition to the conventional LaYsFe;O12/Pt sample, we fabricated
LaYoFe5012/Si02/Pt and LaYoFe5012/Cu/Pt systems, where the LaYoFe;015 and Pt layers
are separated by thin SiO2 and Cu films, respectively. First, the single-crystal LaYoFe;O19 (111)
film with the 8 x 4 mm? rectangular shape and 3.9 um thickness was grown on a Gd3GasO1o
(111) substrate by liquid phase epitaxy. Then, the two 10-nm-thick SiOy (12-nm-thick Cu)
wires were fabricated on the LaYyFe5012 layer by a sputtering (an electron-beam evaporation)
method. Finally, the Pt films were sputtered on the SiO (Cu) wires. The thickness of the Pt
wires is 15 nm (10 nm) for the LaYoFe5012/Si02(Cu)/Pt sample. The length and width of the
Pt, SiO9, and Cu wires are 4 mm and 0.1 mm, respectively. An in-plane external magnetic field
H and a uniform VT were applied along the x direction (see figure 2). Here, the temperatures
of both the ends of the sample were stabilized to 300 K and 300 K + AT, where the temperature
difference AT was fixed at 20 K. We measured electric voltage difference V' between the ends of
the Pt layer of each sample using a micro probing system.

Figure 2(a) shows the measured voltage V as a function of H in the LaYyFe5012/Pt sample
at AT = 20K, measured when the probe needles are attached to the ends of the Pt layer placed
at the higher-temperature end of the sample. By reversing H, the finite voltage step appears;
the sign of V is reversed in response to the magnetization reversal of the LaYoFe;012 layer.
This situation is consistent with the feature of the ISHE induced by the SSE. In Ref. [11], we
confirmed that the results of the AT dependent and Pt-wire-position dependent measurements
are also consistent with the SSE behavior.

Figure 2(b) shows the H dependence of V' at AT = 20K in the LaYsFe5012/SiO2 /Pt sample.
In this sample, the V signal completely disappears (see also the inset in figure 2(b)). In contrast,
in the LaY9oFe5012/Cu/Pt sample, the small but finite V' signal appears although the Cu layers
are thicker than the SiOy layers (see the inset in figure 2(c)), indicating that the V signals in
figures 2(a) and 2(c) are attributed to the direct contact and thermally activated interface spin
exchange between the LaYsFe;O12 and normal metals [11, 21]. The results in figures 2(b) and
2(c) also become evidence that the Pt layers in the samples are not magnetized by the proximity
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Figure 2. H dependences of V in the LaYoFe5012(3.9 pm)/Pt(15 nm) sample (a), the
LaY2Fe5012(3.9 um)/SiO2(10 nm)/Pt(15 nm) sample (b), and the LaYFe5012(3.9 pm)/Cu(12
nm)/Pt(10 nm) sample (c) at AT = 20 K. Here, a parenthetic number represents the thickness of
each layer. The insets in (b) and (c) show the H dependences of V' in the LaYsFe;012/Si02/Pt
and LaYoFe;012/Cu/Pt samples at AT = 20K in which the vertical axes are magnified. All the
results were measured in the Pt wires attached to the higher-temperature ends of the sample.
The differences of the noise levels and coercive forces between the data in (a) and (c) are due
to those of the smoothing parameters. The V-H curve in (a) reflects the actual magnetization
curve of the LaYoFe5012 layer (see Ref. [11]).

effect from the LaYoFe;0qo interface. Therefore, we can conclude that the V signals are due
entirely to the SSE in the magnetic insulator LaYoFe501o.

In summary, to buttress our previous experiments [11], we have investigated the spin-
Seebeck effect (SSE) in the ferrimagnetic insulator LaYsFe;Oqo films with the SiOq/Pt and
Cu/Pt wires. Although the inverse spin-Hall voltage induced by the SSE disappears in the
LaYsFe;012/S102 /Pt sample, the finite signal appears in the LaYoFe5012/Cu/Pt system. These
results confirm that the observed V signals are attributed to the ISHE induced from the
thermally generated spin voltage in the LaYsFe;019 layer.

Acknowledgments

The authors thank S. Maekawa, G. E. W. Bauer, J. Xiao, H. Adachi, J. Ohe, S. Takahashi, J.
Ieda, B. J. van Wees, and J. Sinova for valuable discussions. This work was supported by a Grant-
in-Aid for Scientific Research in Priority Area 'Creation and control of spin current’ (19048028), a
Grant-in-Aid for Scientific Research A (21244058), the global COE for the "Materials integration
international center of education and research’ all from MEXT, Japan, a Grant for Industrial
Technology Research from NEDO, Japan, and Fundamental Research Grants from PRESTO-
JST, TRF, and TUTAREO, Japan.



Joint European Magnetic Symposia — JEMS 2010 IOP Publishing
Journal of Physics: Conference Series 303 (2011) 012096 doi:10.1088/1742-6596/303/1/012096

References

[1] Wolf S A, Awschalom D D, Buhrman R A, Daughton J M, von Molnar S, Roukes M L and Chtchelkanova A
Y 2001 Science 294 1488-95

[2] Zutic I, Fabian J and Sarma S D 2004 Rev. Mod. Phys. 76 323-410

[3] Hatami M, Bauer G E W, Zhang Q-F and Kelly P J 2007 Phys. Rev. Lett. 99 066603

[4] Slonczewski J C 1996 J. Magn. Magn. Mater. 159 L1-7

[56] Takahashi S and Maekawa S 2008 J. Phys. Soc. Jpn. 77 031009

[6] Kajiwara Y, Harii K, Takahashi S, Ohe J, Uchida K, Mizuguchi M, Umezawa H, Kawai H, Ando K, Takanashi

K, Maekawa S and Saitoh E 2010 Nature 464 262-6

[7] Uchida K, Takahashi S, Harii K, Ieda J, Koshibae W, Ando K, Maekawa S and Saitoh E 2008 Nature 455
778-81

[8] Uchida K, Ota T, Harii K, Takahashi S, Maekawa S, Fujikawa Y and Saitoh E 2010 Solid State Commun. 150
524-8

[9] Slachter A, Bakker F L, Adam J-P and van Wees B J 2010 arXiv:1004.1566

[10] Jaworski C M, Yang J, Mack S, Awschalom D D, Heremans J P and Myers R C 2010 arXiv:1007.1364

[11] Uchida K, Xiao J, Adachi H, Ohe J, Takahashi S, Ieda J, Ota T, Kajiwara Y, Umezawa H, Kawai H, Bauer
G E W, Maekawa S and Saitoh E 2010 Nature Mater. (accepted)

[12] Saitoh E, Ueda M, Miyajima H and Tatara G 2006 Appl. Phys. Lett. 88 182509

[13] Valenzuela S O and Tinkham M 2006 Nature 442 176-9

[14] Kimura T, Otani Y, Sato T, Takahashi S and Maekawa S 2007 Phys. Rev. Lett. 98 156601

[15] Seki T, Hasegawa Y, Mitani S, Takahashi S, Imamura H, Maekawa S, Nitta J and Takanashi K 2008 Nature
Mater. 7 125-9

[16] Harii K, Ando K, Inoue H Y, Sasage K and Saitoh E 2008 J. Appl. Phys. 103 07F311

[17] Ando K, Kajiwara Y, Takahashi S, Maekawa S, Takemoto K, Takatsu M and Saitoh E 2008 Phys. Rev. B
78 014413

[18] Ando K, Ieda J, Sasage K, Takahashi S, Maekawa S and Saitoh E 2009 Appl. Phys. Lett. 94 262505

[19] Mosendz O, Pearson J E, Fradin F Y, Bauer G E W, Bader S D and Hoffmann A 2010 Phys. Rev. Lett. 104

046601

0] Tserkovnyak Y, Brataas A, Bauer G E W and Halperin B I 2005 Rev. Mod. Phys. 77 1375-421

1] Xiao J, Bauer G E W, Uchida K, Saitoh E and Maekawa S 2010 Phys. Rev. B 81 214418

2] Callen H B 1948 Phys. Rev. 73 1349-58





