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Abstract

Efficient spin injection from epitaxial ferrimagnetic NiFe2O4 thin films into a Pd layer is demonstrated

via spin Seebeck effect measurements in the longitudinal geometry. The NiFe2O4 films (60 nm to 1 µm)

are grown by pulsed laser deposition on isostructural spinel MgAl2O4, MgGa2O4, and CoGa2O4 substrates

with lattice mismatch varying between 3.2% and 0.2%. For the thinner films (≤ 330 nm), an increase in the

spin Seebeck voltage is observed with decreasing lattice mismatch, which correlates well with a decrease in

the Gilbert damping parameter as determined from ferromagnetic resonance measurements. High resolution

transmission electron microscopy studies indicate substantial decrease of antiphase boundary and interface

defects that cause strain-relaxation, i.e., misfit dislocations, in the films with decreasing lattice mismatch.

This highlights the importance of reducing structural defects in spinel ferrites for efficient spin injection.

It is further shown that angle-dependent spin Seebeck effect measurements provide a qualitative method to

probe for in-plane magnetic anisotropies present in the films.
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I. INTRODUCTION

Efficient conversion of heat to electric energy in thermo-electric materials is an active field of

research. Recent studies on the interaction between electron spin and heat flow have created a new

area of research in spintronics that is commonly referred to as spin caloritronics [1–7]. The spin

Seebeck effect (SSE), which involves generation of spin current through heat flow, is one of the

most promising phenomena in the emerging field of spin caloritronics. One approach to efficiently

generate spin current is the implementation of a temperature gradient across a magnetic thin film

that is perpendicular to the magnetization [8–12]. The spin current is generated parallel to the

temperature gradient via the so-called longitudinal spin Seebeck effect (LSSE). It can be injected

into a normal metal (Pt, Pd, Au, etc.) electrode and converted into a charge current due to the

inverse spin Hall effect (ISHE) [13–15]. The electric field (EISHE) generated by the spin current

in a normal metal is described by the relationship [11]

EISHE = θSH ρ Js ×σ , (1)

where θSH is the spin-Hall angle, ρ is the electrical resistivity of the normal metal, Js is spin

current density, and σ is spin-polarization vector, collinear with the magnetization M .

Using magnetic insulators as a source of spin current has advantages over magnetic metals

because unintended effects such as the anomalous Nernst effect can be neglected due to the absence

of conduction electrons [16]. In magnetic insulators, magnons, the quanta of spin waves, are the

carriers of the generated spin current.

Yttrium iron garnet (YIG) is the most widely studied insulating ferrimagnetic material for LSSE

experiments because of its low magnetic coercivity and an extremely low Gilbert damping [17].

Nickel ferrite (NiFe2O4, NFO) is also a promising candidate for high frequency applications as

its saturation magnetization is much higher than YIG [18]. The use of NFO has further advan-

tages such as the tuning of electrical properties by temperature [12] or by oxygen content [19, 20].

However, so far there have been only few reports of LSSE using NFO thin films. The NFO films

used in previous studies were deposited by either chemical vapor deposition method [12, 21–23]

or reactive co-sputtering [19, 24–26] on MgAl2O4 substrate that has a large lattice mismatch of

∼3.2%, resulting in the formation of antiphase boundaries (APBs) and interface defects, such as

misfit dislocations [27], which limits their usability for device applications. Nevertheless, recent

nonlocal magnon spin transport experiments [26] based on the SSE in sputter-deposited NFO on
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MgAl2O4 show that the magnon spin diffusion length is ∼3 µm, which is in the same range as for

YIG [28]. We have recently shown that with appropriate choice of substrates and growth condi-

tions, NFO thin films can exhibit a saturation magnetization as high as its bulk value, with damping

constant and coercivity values comparable to that of YIG [29]. Moreover, Pd is another metal with

high spin Hall angle besides Pt, which shows strong potential for spintronics applications [30–32].

In this work, we report on a systematic study of enhancement in the thermally generated ISHE

voltage for Pd/NFO films on different (001)-oriented isostructural spinel substrates: MgAl2O4

(MAO), MgGa2O4 (MGO), and CoGa2O4 (CGO) with decreasing lattice mismatch of ∼3.2%,

0.8%, and 0.2% with NFO, respectively. The overall microstructure and the interface between

the films and substrates have been investigated by high resolution scanning transmission electron

microscopy (STEM), which shows a substantial decrease of APBs and misfit dislocations with de-

creasing lattice mismatch. For thinner films (≤ 330 nm), the obtained LSSE results correlate well

with the damping parameters as determined by ferromagnetic resonance measurements (FMR).

The thermally generated spin voltage signal increases with decreasing lattice mismatch, whereas

the damping parameter decreases.

II. EXPERIMENTAL

1. Sample preparation and characterization

High-quality epitaxial NFO thin films were deposited using pulsed laser deposition followed

by in-situ Pd deposition by DC sputtering. For NFO film deposition we used a laser fluence of ∼1

J/cm2 in an oxygen environment with a background pressure of 1.3 Pa. The temperature of the

substrates was kept constant at 700 ◦C during film growth. We used three different (001)-oriented

spinel substrates, namely MAO, MGO, and CGO. The MAO substrates were purchased commer-

cially (CrysTec GmbH), while the MGO and CGO substrates were prepared from high quality

single crystals, which were grown at the Leibniz Institute for Crystal Growth [33] and then cut

and polished by CrysTec GmbH, Berlin, Germany. We investigated films with thicknesses ranging

from 60 nm to 1 µm deposited on substrates with a size of 3×5 mm2. For LSSE measurements,

the deposition of NFO film was followed by in-situ deposition of a 5 nm thick Pd layer by DC

sputtering at 0.7 Pa Argon pressure and 20 W power.

The films were structurally characterized using a Philips X′Pert X-ray diffractometer. High
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ent. For the heat flux setup in Bielefeld, we used a calibrated Peltier element clamped between the

sample and one of the copper blocks to detect the heat flux as described in Ref. [19, 36–38]. The

heat flux method developed by Sola et al. helps to improve the reproducibility when determined

LSSE coefficients are compared between different setups as well as when remounting samples

in the same setup [37, 38]. In the thermal gradient setups in Alabama and Bielefeld, only the

sample was sandwiched between two copper blocks (Fig. 1(a)). The Cu-blocks were retained in

good thermal contact with Peltier elements for cooling and heating. A thermally conducting and

electrically insulating 250 µm thick SiC spacer was used between the top Pd layer and the upper

copper block. For a comparison of different spacers, see Fig. S2 in SI. For all measurements the

spacing between the voltage probes (w) was kept constant, w ≈ 4.8 mm. The temperature of the

lower block was fixed at a base temperature T (room temperature, if not stated otherwise), while

the temperature of the upper block was varied (T +∆T ) to obtain the desired temperature dif-

ference across the sample. A K-type thermocouple was used to measure the temperature at each

Cu-block. For angular-dependent measurements the sample was rotated in-plane with a manual

stage. A helium-based closed cycle refrigerator was used to carry out the low-temperature mea-

surements. To check the reproducibility of the voltage signal in our setup, we have remeasured

the same sample repeatedly after remounting, but the voltage signal remains unaffected within the

error limit as shown in Fig. 1(b), 1(c) and 1(d). The primary source of error in our measurements

is the distance between the electrical contact (∼4%). Since the voltage signal remains essentially

unchanged after repeated measurements, we can compare results from the same setup using the

temperature difference method in addition to the heat flux technique. We used the temperature

gradient method for the LSSE measurements of magnetic field and temperature variations. For a

quantitative comparison of substrate effects in LSSE, we used the heat flux method.

III. RESULTS AND DISCUSSION

A. Structural characterization of NFO films on different substrates

All three (001)-oriented substrates, namely CGO, MGO, and MAO, impose a compressive

strain on the NFO film, and hence the lattice parameter elongates in the out-of-plane direction. It

can be seen in Fig. 2(a) that the film peak position shifts to lower values of 2θ (2θbulk = 43.33◦)

with increasing lattice mismatch. Omega scans in Fig. 2(b) indicate that epitaxial quality of the
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FIG. 3. (a) and (b) show low magnification HAADF Z-contrast images of NFO films (∼60 nm) grown on

CGO and MGO substrates, respectively. The inset shows a characteristic FFT pattern from the Z-contrast

image of (b). (c) Upper and lower panels show low magnification Z-contrast and LAADF images of NFO

films grown on MAO, respectively. The inset shows an FFT of the NFO film grown on MAO substrate. The

yellow circles highlight the extra reflections arising due to the APBs. High resolution Z-contrast images of

an APB within the bulk of the film (d) and close to the interface (e) of the NFO films grown on MAO. APBs

are highlighted in yellow.

substrate (inset Fig. 3(c)). The extra reflections marked with yellow circles in the FFT are due

to the presence of APBs, and are absent in the FFT patterns of NFO films grown on CGO and

MGO substrates (inset Fig. 3(b)). The LAADF image also shows that the defects are unevenly

distributed, as the density of APBs decreases near the surface of the film. Our previous studies

have established that even relatively thick NFO films (100-450 nm) grown on CGO and MGO sub-

strates remain essentially fully strained while those on MAO are partially relaxed with formation

of misfit dislocations [29]. This is consistent with the X-ray diffraction results. The films on MAO
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also show presence of threading dislocation and dark diffused contrast areas, likely from A-site

cation vacancies [27, 29]. The APBs and other structural defects are known to cause a reduction

of saturation magnetization and increase in the FMR linewidth of the thin films compared to their

bulk values [39]. However, their effect on the spin transport properties and especially on ISHE

remain unknown.

B. Spin Seebeck effect measurements of NFO films on different substrates
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FIG. 4. (a) A schematic of the LSSE measurement geometry. A temperature gradient is created along

the ẑ-direction; the magnetic field is applied in the sample plane with an angle θ with respect to the x̂-

direction, and the voltage is measured in the same plane. (b) and (c) Results of COMSOL Multiphysicsr

simulation for the generation of the temperature gradient across the sample and the heating components.

The film thickness is ∼330 nm. (d) LSSE measurements for Pd/NFO/MGO (001) with voltage contacts

located along the x̂-direction and the external magnetic field applied in-plane at various angles with respect

to the voltage contacts. A complete angular dependence of the saturation voltage for all the three films (330

nm) is plotted in panel (e); the dotted lines are sine function fits. (f) Variation of normalized voltage signal

(Vsat(T )/Vsat(290K)) with various base temperature (T ) for 330 nm thick films on different substrates. The

solid line is fit to the NFO/CGO data using the Eq. 1 described in the text.
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In Fig. 4(a), we show a schematic of the measurement geometry for LSSE. The temperature

gradient across the film and the substrate has been simulated using the heat transfer module and

finite element method available in COMSOL Multiphysicsr. The simulation for a 330 nm NFO

film on MGO substrate is shown in Fig. 4(b) and 4(c). The temperature gradient (∆Tf) is in the

range of tens of mK/µm when a temperature difference of ∼20 K is applied across the Cu-blocks.

Fig. 4(b) shows the cross-sectional view of temperature distribution across the stack. For clarity,

the temperature profile across the film is shown in the zoomed cross-section image (Fig. 4(c)).

Further details are provided in the Supplementary Information (SI) section I. We find that the

temperature difference across the film scales with the temperature difference across the Cu-blocks

and is essentially independent of the choice of the substrate (MAO, MGO and CGO) because of

their similar thermal characteristics (see Table I in SI).

In our geometry we are sensitive to the x̂-component of EISHE (with VISHE = EISHE ·w, w is

the distance between voltage probes), and according to Eq. 1 we are sensitive to the ŷ-component

of σ and thus M . The background signal is subtracted from data presented here (for raw data

please see Fig. S3 in SI). In Fig. 4(d), we display the result for a 330 nm thick NFO/MGO film

with angular variation from 0◦ to 90◦ between the voltage contacts and the magnetic field. We

observe that upon reversing the direction of ∆Tz, the voltage signal is also reversed, which is a

characteristic behavior of VISHE induced by LSSE (see Fig. S4 in SI). To obtain the maximum

LSSE voltage the external magnetic field is applied along the ŷ-direction (θ = 90◦) to saturate

the magnetization aligned along this direction. This leads to a maximum Vsat of about ∼27 µV.

After magnetic field reversal the magnetization direction is changed into the opposite direction

and Vsat of ∼-27 µV is obtained. During the magnetic field reversal process (Fig. 4(d)), VLSSE acts

in correspondence with the magnetization and correlates well with the VSM measurement (see

Fig. S5 in SI). When θ is reduced, Vsat decreases and follows the cross product of Eq. 1, which

is evident from Fig. 4(e). During the magnetic field reversal process, the magnetization rotates

towards one of the magnetic easy axes aligned along 45◦ in [011] directions [40]. For angles

θ > 45◦ upon reducing the magnetic field, the projection of the magnetization onto the ŷ-direction

also decreases which results in a decrease of VLSSE. For θ = 45◦, VLSSE signal shows the maximum

squareness while the magnetization lies along one of the magnetic easy axes. For angles θ < 45◦,

VLSSE signal increases when the magnetic field is decreased due to the increase of the projection

of the magnetization in the ŷ-direction. Across H = 0 Oe, M lies along one of the magnetic easy

axes and results in nearly the same remanent voltage signal for all angles θ (see Fig. S6 in SI). For
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θ ≤ 30◦ we observe a slight difference around H = 0 Oe, which can be attributed due to the multi

domain formation during the reversal process [41]. We have additionally performed magnetic and

LSSE measurements on an NFO film grown on (011)-oriented MGO substrate (see Section III in

SI or the results in Ref. [42]).

The temperature dependence (from 30 K to 300 K) of normalized LSSE voltage for 330 nm

thick films is shown in Fig. 4(f), with the ∆T across the stack being fixed at 20 K. This obser-

vation is similar to the results for CVD deposited NFO films on MAO substrate [12]. In some

previous reports the temperature dependence of the ISHE signal has been discussed for magnetic

insulator/normal metal hybrid structures [43–45]. A T 3/2 variation at low temperatures has been

theoretically proposed, [43, 44] while a (Tc − T )3 (Tc is the Curie temperature) dependence at

higher temperatures has been experimentally observed for Pt/YIG [45]. We combined these two

temperature regimes and fitted our data (Fig. 4(f)) with VLSSE ∝ T 3/2(Tc −T )3. This relationship

fits well with our observation in the measured temperature range. From the fits, the Tc is found to

be in the range 700 K – 800 K, which is close to NFO bulk value (∼850 K) [46].

In Figure 5(a), we plot the magnetic field variation of the SSE voltage of 600 nm thick films on

MGO (circle), CGO (square), and MAO (triangle) obtained using the heat flux method. Here the

VLSSE signal of the film on MGO is larger as compared to CGO. On the other hand, SSE voltage

across the films on MAO substrate remains lowest in both the measurement techniques which is

evident from Fig. 4(e) and Fig. 5(a). In Fig. 5(b), we show the variation of normalized saturation

electric field (Ec) generated in the Pd-layer as a function of the lattice mismatch with the three

substrates. We observe a weak SSE signal for films grown on MAO substrate and larger SSE

response for NFO films on MGO and CGO. Overall, it is noted that irrespective of the thickness

of the films, MAO substrate shows the lowest LSSE signal. This signifies the importance of lattice

mismatch in enhancing the Ec
Φq

signal. In conjunction with the STEM results we conclude that

APBs and other structural defects present in the films are one of the reasons associated with the

change in the LSSE signal. The values of Ec
Φq

for Pd/NFO/MGO are in a similar range (∼30

nm/A) as recently reported for Pt/YIG/GGG thin film heterostructure (∼40 nm/A) [48]. Here,

the effect of the lower spin Hall angle of Pd [30–32] is probably compensated by a larger SSE

in the NFO. If directly compared to sputter-deposited Pt/NFO bilayers (∼100 nm/A) [19], the

effect of less efficient spin-to-charge conversion in Pd becomes obvious. However, complete SSE

thickness dependencies are quite rare in the literature, especially when normalized to the heat flux,

and should be investigated in future studies. Finally, since the spin Seebeck resistivity Ec
Φq

is only
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linewidth (∆H) vs. frequency ( f ) data is then used to calculate the effective Gilbert damping pa-

rameter (αeff) and inhomogeneous linewidth broadening (∆H0) from ∆H = ∆H0 +
2αeff√

3γ ′
f [51, 52].

Linewidth vs. frequency data is shown in Fig. 6(b) for 330 nm thick NFO films on MGO and CGO

substrates with Pd top layer. The estimated value of the αeff of the NFO/MGO and NFO/CGO

thin films without Pd top layer are determined to be (22 ± 0.9) ×10−4 and (1.3 ± 0.9) ×10−4,

respectively (see Fig. S9 in SI). After Pd deposition we find an increase in the damping constant

and the effective Gilbert damping parameter. The values derived from the fitting of the data in

Fig. 6(b) are (2.9 ± 0.1) ×10−3 and (2.3 ± 0.1) ×10−3 for the Pd/NFO/MGO and Pd/NFO/CGO

films, respectively. The difference in the Gilbert damping parameter of the two films capped

with and without Pd can be directly related to the spin current density in the two films which can

explain the significant differences in the SSE voltage for the two films [53]. It should be noted

that the value of αeff for NFO/CGO ( (1.3 ± 0.9) ×10−4) is comparable to the best reported value

of YIG/GGG thin films (∼7.35×10−5) [17], suggesting that NFO/CGO is a promising candidate

for spin caloritronics and spin transport in general.

IV. CONCLUSIONS

In summary, thin films of NFO exhibit improved structural, interfacial and dynamical proper-

ties when grown on lattice-matched substrates. The results clearly show that higher LSSE signal

is obtained for the most closely lattice-matched substrates (MGO, CGO). We find that the thinner

films on the CGO substrate provide larger LSSE voltage signal as compared to the other het-

erostructures and this is consistent with the lower value of the effective Gilbert damping of these

films. COMSOL Multiphysicsr simulation indicates that the temperature gradient across the film

is in the range of tens of mK/µm. The measurements using the heat flux method also affirm the im-

portance of lattice matching to enhance spin generated voltage signal that also correlates with the

FMR results. Apart from this, LSSE measurements provide a qualitative method to study in-plane

magnetic anisotropies by varying the angle between the external magnetic field and the direction

of the contacts for the detection of the ISHE voltage. Improved quality NFO thin films exhibit

damping parameter comparable to that of YIG/GGG, which makes them attractive for spintronics

as well as microwave applications. Further improvement of the LSSE efficiency of NFO could be

reached by choosing substrates with even less lattice mismatch compared to MGO and CGO.
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[2] I. Žutić, J. Fabian, and S. D. Sarma, Rev. Mod. Phys. 76, 323 (2004).

[3] G. E. W. Bauer, E. Saitoh, and B. J. van Wees, Nat. Mater. 11, 391 (2012).

[4] A. Kirihara, K.-i. Uchida, Y. Kajiwara, M. Ishida, Y. Nakamura, T. Manako, E. Saitoh, and S. Yorozu,

Nat. Mater. 11, 686 (2012).

[5] K.-i. Uchida, A. Kirihara, M. Ishida, R. Takahashi, and E. Saitoh, Jpn. J. Appl. Phys. 50, 120211

(2011).

[6] S. R. Boona, R. C. Myers, and J. P. Heremans, Energy Environ. Sci. 7, 885 (2014).

[7] K. Uchida, H. Adachi, T. Kikkawa, A. Kirihara, M. Ishida, S. Yorozu, S. Maekawa, and E. Saitoh,

Proc. IEEE 104, 1946 (2016).

[8] K. Uchida, S. Takahashi, K. Harii, J. Ieda, W. Koshibae, K. Ando, S. Maekawa, and E. Saitoh, Nature

455, 778 (2008).

[9] S. Bosu, Y. Sakuraba, K. Uchida, K. Saito, T. Ota, E. Saitoh, and K. Takanashi, Phys. Rev. B 83,

224401 (2011).

[10] C. M. Jaworski, J. Yang, S. Mack, D. D. Awschalom, J. P. Heremans, and R. C. Myers, Nat. Mater. 9,

898 (2010).

15



[11] H. Adachi, K.-i. Uchida, E. Saitoh, J.-i. Ohe, S. Takahashi, and S. Maekawa, Appl. Phys. Lett. 97,

252506 (2010).

[12] D. Meier, T. Kuschel, L. Shen, A. Gupta, T. Kikkawa, K. Uchida, E. Saitoh, J. M. Schmalhorst, and

G. Reiss, Phys. Rev. B 87, 054421 (2013).

[13] S. O. Valenzuela and M. Tinkham, Nature 442, 176 (2006).

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

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

[16] S. Y. Huang, W. G. Wang, S. F. Lee, J. Kwo, and C. L. Chien, Phys. Rev. Lett. 107, 216604 (2011).

[17] C. Hauser, T. Richter, N. Homonnay, C. Eisenschmidt, M. Qaid, H. Deniz, D. Hesse, M. Sawicki,

S. G. Ebbinghaus, and G. Schmidt, Sci. Rep. 6, 20827 (2016).

[18] C. Chinnasamy, S. Yoon, A. Yang, A. Baraskar, C. Vittoria, and V. Harris, J. Appl. Phys. 101, 09M517

(2007).

[19] P. Bougiatioti, C. Klewe, D. Meier, O. Manos, O. Kuschel, J. Wollschlaeger, L. Bouchenoire, S. D.

Brown, J.-M. Schmalhorst, G. Reiss, and T. Kuschel, Phys. Rev. Lett. 119, 227205 (2017).

[20] P. Bougiatioti, O. Manos, C. Klewe, D. Meier, N. Teichert, J.-M. Schmalhorst, T. Kuschel, and

G. Reiss, J. Appl. Phys. 122, 225101 (2017).

[21] D. Meier, D. Reinhardt, M. van Straaten, C. Klewe, M. Althammer, M. Schreier, S. T. B. Goennen-

wein, A. Gupta, M. Schmid, C. H. Back, J.-M. Schmalhorst, T. Kuschel, and G. Reiss, Nat. Commun.

6, 8211 (2015).

[22] D. Meier, T. Kuschel, S. Meyer, S. T. Goennenwein, L. Shen, A. Gupta, J.-M. Schmalhorst, and

G. Reiss, AIP Adv. 6, 056302 (2016).

[23] T. Kuschel, C. Klewe, J. M. Schmalhorst, F. Bertram, O. Kuschel, T. Schemme, J. Wollschlaeger,

S. Francoual, J. Strempfer, A. Gupta, M. Meinert, G. Goetz, D. Meier, and G. Reiss, Phys. Rev. Lett.

115, 097401 (2015).

[24] C. Klewe, M. Meinert, A. Boehnke, K. Kuepper, E. Arenholz, A. Gupta, J.-M. Schmalhorst,

T. Kuschel, and G. Reiss, J. Appl. Phys. 115, 123903 (2014).

[25] T. Kuschel, C. Klewe, P. Bougiatioti, O. Kuschel, J. Wollschlaeger, L. Bouchenoire, S. D. Brown,

J.-M. Schmalhorst, D. Meier, and G. Reiss, IEEE Trans. Magn. 52, 4500104 (2016).

[26] J. Shan, P. Bougiatioti, L. Liang, G. Reiss, T. Kuschel, and B. J. van Wees, Appl. Phys. Lett. 110,

132406 (2017).

[27] N. Li, S. Schäfer, R. Datta, T. Mewes, T. Klein, and A. Gupta, Appl. Phys. Lett. 101, 132409 (2012).

16



[28] L. Cornelissen, J. Liu, R. Duine, J. B. Youssef, and B. Van Wees, Nat. Phys. 11, 1022 (2015).

[29] A. V. Singh, B. Khodadadi, J. B. Mohammadi, S. Keshavarz, T. Mewes, D. S. Negi, R. Datta,

Z. Galazka, R. Uecker, and A. Gupta, Adv. Mater. 29, 1701222 (2017).

[30] K. Ando and E. Saitoh, J. Appl. Phys. 108, 113925 (2010).

[31] X. Tao, Q. Liu, B. Miao, R. Yu, Z. Feng, L. Sun, B. You, J. Du, K. Chen, S. Zhang, L. Zhang, Z. Yuan,

D. Wu, and H. Ding, Sci. Adv. 4, eaat1670 (2018).

[32] L. Ma, L. Lang, J. Kim, Z. Yuan, R. Wu, S. Zhou, and X. Qiu, Phys. Rev. B 98, 224424 (2018).

[33] Z. Galazka, D. Klimm, K. Irmscher, R. Uecker, M. Pietsch, R. Bertram, M. Naumann, M. Albrecht,

A. Kwasniewski, R. Schewski, et al., Phys. Status Solidi (a) 212, 1455 (2015).

[34] S. Pennycook and D. Jesson, Ultramicroscopy 37, 14 (1991).

[35] J. Cowley and Y. Huang, Ultramicroscopy 40, 171 (1992).

[36] A. Sola, M. Kuepferling, V. Basso, M. Pasquale, T. Kikkawa, K. Uchida, and E. Saitoh, J. Appl. Phys.

117, 17C510 (2015).

[37] A. Sola, P. Bougiatioti, M. Kuepferling, D. Meier, G. Reiss, M. Pasquale, T. Kuschel, and V. Basso,

Sci. Rep. 7, 46752 (2017).

[38] A. Sola, V. Basso, M. Kuepferling, M. Pasquale, D. C. nÃl’ Meier, G. Reiss, T. Kuschel, T. Kikkawa,

K. Uchida, E. Saitoh, H. Jin, S. J. Watzman, S. Boona, J. Heremans, M. B. Jungfleisch, W. Zhang,

J. E. Pearson, A. Hoffmann, and H. W. Schumacher, IEEE Trans. Instrum. Meas. 68, 1765 (2019).

[39] L. Torres, M. Zazo, J. Iniguez, C. De Francisco, and J. Munoz, IEEE Trans. Magn. 29, 3434 (1993).

[40] N. Pachauri, B. Khodadadi, A. V. Singh, J. B. Mohammadi, R. L. Martens, P. R. LeClair, C. Mewes,

T. Mewes, and A. Gupta, J. Magn. Magn. Mater. 417, 137 (2016).

[41] A. Kehlberger, G. Jakob, M. C. Onbasli, D. H. Kim, C. A. Ross, and M. Klaeui, J. Appl. Phys. 115,

17C731 (2014).

[42] Z. Li, J. Krieft, A. V. Singh, S. Regmi, A. Rastogi, A. Srivastava, Z. Galazka, T. Mewes, A. Gupta,

and T. Kuschel, Appl. Phys. Lett. 114, 232404 (2019).

[43] M. Weiler, M. Althammer, M. Schreier, J. Lotze, M. Pernpeintner, S. Meyer, H. Huebl, R. Gross,

A. Kamra, J. Xiao, Y.-T. Chen, H. Jiao, G. E. W. Bauer, and S. T. B. Goennenwein, Phys. Rev. Lett.

111, 176601 (2013).

[44] M. Schreier, A. Kamra, M. Weiler, J. Xiao, G. E. W. Bauer, R. Gross, and S. T. B. Goennenwein, Phys.

Rev. B 88, 094410 (2013).

[45] K.-i. Uchida, T. Kikkawa, A. Miura, J. Shiomi, and E. Saitoh, Phys. Rev. X 4, 041023 (2014).

17



[46] U. Lüders, A. Barthelemy, M. Bibes, K. Bouzehouane, S. Fusil, E. Jacquet, J.-P. Contour, J.-F. Bobo,

J. Fontcuberta, and A. Fert, Adv. Mater. 18, 1733 (2006).

[47] A. Kehlberger, U. Ritzmann, D. Hinzke, E.-J. Guo, J. Cramer, G. Jakob, M. C. Onbasli, D. H. Kim,

C. A. Ross, M. B. Jungfleisch, B. Hillebrands, U. Nowak, and M. Klaeui, Phys. Rev. Lett. 115, 096602

(2015).

[48] A. Prakash, B. Flebus, J. Brangham, F. Yang, Y. Tserkovnyak, and J. P. Heremans, Phys. Rev. B 97,

020408 (2018).

[49] U. Ritzmann, D. Hinzke, and U. Nowak, Phys. Rev. B 89, 024409 (2014).

[50] J. Shan, A. Singh, L. Liang, L. Cornelissen, Z. Galazka, A. Gupta, B. van Wees, and T. Kuschel, Appl.

Phys. Lett. 113, 162403 (2018).

[51] C. K. Mewes and T. Mewes, Handbook of Nanomagnetism , 71 (2015).

[52] H. Lee, L. Wen, M. Pathak, P. Janssen, P. LeClair, C. Alexander, C. Mewes, and T. Mewes, J. Phys.

D: Appl. Phys. 41, 215001 (2008).

[53] H. Chang, P. A. P. Janantha, J. Ding, T. Liu, K. Cline, J. N. Gelfand, W. Li, M. C. Marconi, and M. Wu,

Sci. Adv. 3, e1601614 (2017).

18


	Enhancement in Thermally Generated Spin Voltage at Pd/NiFe2O4 Interfaces by the Growth on Lattice-Matched Substrates
	Abstract
	 I. INTRODUCTION
	 II. Experimental
	 III. Results and discussion
	 IV. Conclusions
	 Acknowledgments
	 References


