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We demonstrate the interplay of pure spin current, spin-polarized current, and spin 

fluctuation in 3d NixCu1-x. By tuning the compositions of the NixCu1-x alloys, we separate 

the effects due to the pure spin current and spin-polarized current. By exploiting the 

interaction of spin current with spin fluctuation in suitable Ni-Cu alloys, we obtain an 

unprecedentedly high spin Hall angle of 46%, about five times larger than that in Pt, at 

room temperature. Furthermore, we show that spin-dependent thermal transport via 

anomalous Nernst effect can serve as a sensitive magnetometer to electrically probe the 

magnetic phase transitions in thin films with in-plane anisotropy. The enhancement of spin 

Hall angle by exploiting spin current fluctuation via composition control makes 3d magnets 

functional materials in charge-to-spin conversion for spintronic application.  
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Spintronics has evolved from exploiting spin polarized current phenomena ( e.g., 

giant magnetoresistance (GMR) [1-2] and spin transfer torque (STT) [3-4]) in 

ferromagnetic materials to pure spin current phenomena (e.g., spin Hall effect (SHE) [5-7] 

and spin orbit torque (SOT) [8-10]) in materials with strong spin-orbit coupling (SOC). A 

pure spin current has the unique attribute of efficiently delivering spin angular momentum 

with minimum charge carriers in metals and no charge carriers in insulators. A large variety 

of materials have been explored as pure spin current materials, including semiconductors 

[11, 12], transition metals and their alloys [13-15], topological insulators, semimetals, 

transition metal dichalcogenides 16-19] and more. For the transition metals, the values of 

spin Hall angles (SH) are dictated by the band structures and inherent to the specific metals. 

While some 3d metals (e.g., Cu) have weak SOC and SH ≈  0, others, including 

ferromagnetic (FM) and antiferromagnetic (AF) metals (e.g., Ni and Cr), exhibit large 

inverse spin Hall effect (ISHE) and substantial SH [20-23]. Indeed, the 3d metals have 

provided new avenues and functionalities for pure spin current explorations, including 

spin-to-charge conversion, magnetization dependent spin Hall effect, and SOT 

magnetization switching [20, 24-26].  
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Unlike the 5d metals, which are usually non-magnetic, the 3d metals are often 

ferromagnetic (e.g., Fe, Ni, Co) or antiferromagnetic (e.g., Mn, Cr), where both pure spin 

current effects and spin-polarized current effects co-exist, which must be delineated albeit 

challenging. For the 3d magnetic materials, the enhancement of spin current at the critical 

temperatures due to spin fluctuation is one of the most intriguing spin current phenomena, 

which has been intensely studied in AFs [27-31], but less so in FMs [32,33], where the 

physical phenomena caused by spin polarized current and pure spin current are better 

established. The well-known 3d magnets of Fe, Co, Ni, and Py (permalloy = Ni81Fe19) have 

very high Curie temperatures (TC), with the accessible temperatures limited to only T < TC. 

Thus, it is difficult to separate effects due to spin-polarized current and pure spin current, 

let alone exploring the promising role of spin fluctuations near or above TC.  It is essential 

to select suitable 3d FM materials with tailored TC, where effects due to spin-polarized 

current and pure spin current can be cleanly delineated, separated, and even possibly 

exploited. Several pioneering works include the weakly ferromagnetic NiPd alloy by the 

nonlocal spin injection technique [32] and ferromagnetic FePt alloy by the harmonic 

transverse Hall measurement [33] study the interplay among spin current, spin polarization, 

and spin fluctuation. But in these cases, the 4d and 5d heavy metals serve as the host 
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materials, and their contribution to the SHE cannot be ignored. To avoid the complication 

from heavy metals, we have selected the Ni-Cu alloys, where the magnetic ordering 

temperature TC can be tuned over a wide range through varying the Ni content [34-35].  

Besides the selection of suitable 3d FM materials, it is also important to choose 

suitable measurement techniques. There are various ways to generate spin-polarized 

current and pure spin current, including electrical current (e.g., anomalous Hall [36], spin 

Hall, and multi-terminal non-local method [37], thermal gradient (e.g., anomalous Nernst 

[38], spin Seebeck [39]), and ferromagnetic resonance (e.g., spin pumping [40]). While the 

charge current distribution in the electrical generation of the spin current is non-trivial, the 

ferromagnetic resonance may inadvertently include other contributions, especially thermal 

effects due to the high FMR heating [41-42]. Among these approaches, the longitudinal 

thermal spin injection method through ferromagnetic insulator has the simplest injection 

scheme and fewer complications. 

As shown in Fig. 1(c), for an FM with in-plane magnetization along the x-direction, 

a temperature gradient (∇T) in the out-of-plane (z) direction injects a charge current in the 

z -direction. The SOC in the FM causes unequal amount of spin-up and spin-down electrons 
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to deflect laterally in opposite directions, resulting in a spin-polarized current, contributing 

to the ANE electric field in the y-direction, 

EANE = −QS4𝜋M ×∇T,     (1) 

and detected as an ANE voltage, where Qs is the ANE coefficient [38]. The ANE readily 

measures the hysteresis loop and TC in thin FM films with only a few nm thick. It can 

function as a sensitive magnetometer for measuring FM with in-plane magnetization, in a 

manner similar to that of anomalous Hall effect as a sensitive magnetometer for measuring 

FM with perpendicular magnetization. In addition, the heat current perpendicular to the 

plane also captures the interface or multilayer contributions, similar to the current-

perpendicular-to-plane measurement but without the challenge of nanoscale device 

fabrication. 

In the longitudinal SSE scheme, a vertical temperature gradient in YIG injects a 

pure spin current jS into the attached metallic layer in the z-direction. With spin index in 

the x-direction, the SOC causes both spin-up and spin-down electrons to deflect laterally 

to the same side, contributing to the ISHE electric field in the y-direction,  

EISHE ∝ ×∇T                             (2) 



6 

 

and is detected as an ISHE voltage. For an FM metal, with magnetization in the x-direction, 

the electrical fields due to ANE and ISHE are both in the y-directions, thus their voltages 

are additive.  

In our study, by using the thermal spin injection method from YIG, we report the 

interplay between the ISHE of the pure spin current and the ANE of the spin-polarized 

current in Ni-Cu alloys. We observe strong pure spin current effects in both the FM states 

and the paramagnetic states of the Ni-Cu alloys, with and without the spin-polarized current 

effects, respectively. We exploit spin fluctuation, which is unique to magnetic metals, to 

greatly enhance spin-to-charge conversion. We obtain spin Hall angles SH much larger 

than those of Pt, Ta, and W. We further show that ANE can function as a sensitive 

magnetometer to electrically probe the TC of very thin FM films with only a few nm in 

thickness.  

We use magnetron co-sputtering from Ni and Cu sources to fabricate thin films of 

NixCu1-x. The composition is controlled by the deposition rates, and subsequently 

determined by electron probe x-ray microanalyzer. We deposit NixCu1-x thin films on 

polycrystalline YIG and thermally oxidized Si substrates for measurements with and 

without pure spin current, respectively. We use x-ray reflectometry and atomic force 
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microscope to measure film thickness and surface roughness, x-ray diffraction (XRD) to 

measure crystal structures and film orientations, and magnetometers to measure the 

magnetic properties of NixCu1-x thin films. For spin-dependent transport measurements, we 

pattern the NixCu1-x, which are capped by 2-nm Al, into Hall bar structures with widths of 

200 µm by photolithography.  

The XRD patterns of the 200-nm-thick NixCu1-x indicate these alloys are all face 

centered cubic (fcc) structures with (111) texture, as shown in Fig. 1 (a). With increasing 

Ni content, the (111) peak progressively shifts to higher diffraction angles because of the 

smaller lattice constant of 0.351 nm of Ni than that of 0.361 nm of Cu. The fcc lattice 

parameter (a) depends linearly on the Ni content, a manifestation of the Vegard’s law [43-

44], as shown in Fig. 1(b). We use a SQUID magnetometer with high sensitivity to measure 

the small magnetization (~ 10-5 emu) and the magnetic ordering temperature of the 5-nm 

NixCu1-x thin film, where a small external in-plane magnetic field of 10 Oe is applied during 

the measurement. The temperature dependent magnetization measurement for 

Ni75Cu25(5)/Si (number in parentheses is the thickness in nanometer) is shown in Fig. 2(a), 

which reveals a TC of 255 K. The hysteresis loops at T < TC are shown in the Supplementary 

(see Supplemental Material [45]).  
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We use the longitudinal thermal injection in the out-of-plane direction to study the 

interplay among ISHE, ANE, and spin fluctuations [26]. We use a constant heat flux (Q/A) 

[46] with a constant heat (Q) and the same sample cross sections (A) to ensure the same 

temperature gradient (∇𝑇) across the NiCu thin films on various substrates, thus the same 

ANE voltages (See Supplementary [45]). As shown in Fig. 2(c) and 2(d), the ANE voltage 

in Ni75Cu25(5)/Si, while is sizable at 200 K, vanishes at 300 K. The ANE voltage in fact 

vanishes abruptly at TC of 255 K, as shown in Fig. 2(b). The ANE loop at 200 K as shown 

in Fig. 2(d) reveals the coercivity of Ni75Cu25(5). When Ni75Cu25(5)/YIG is subjected to an 

out-of-plane temperature gradient of 20 K/mm, in addition to the ANE, there is also ISHE 

voltage in Ni75Cu25(5) due to the pure spin current injection from YIG via the SSE. As 

shown in Fig. 2(c) and 2(d), one observes voltage in Ni75Cu25(5)/YIG not only at 200 K 

but also at 300 K above TC, where there is only pure spin current. The plateaus in the low 

field region of the ISHE voltages are due to demagnetizing factor from surface 

magnetization of YIG [54]. The lateral voltages measured due to ANE and ISHE shown in 

Fig. 2 saturates at large ± H fields. These extremal values define the value of V. In 

Ni75Cu25(5)/Si, one observes only V = VANE = 2.6 µV at 200 K and 0 µV at 300 K. 

However, in Ni75Cu25(5)/YIG, under a similar temperature gradient, one observes V = 
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VISHE = 5 µV at 300 K when Ni75Cu25(5) is paramagnetic with VANE = 0.  Importantly, 

one observes an even larger V = VISHE + VANE = 9.5 µV at 200 K that contains both the 

ANE and the ISHE contributions. These results provide clear evidences that FMs exhibit 

substantial spin-to-charge conversion in the ferromagnetic state as well as in the 

paramagnetic state.  

We display these ISHE and ANE voltages in S(µV/K) = V/T, where T is the 

temperature difference. We obtain VANE and V for NixCu1-x/Si and NixCu1-x/YIG, 

respectively. By subtracting VANE from Vwe obtainVISHE. Figure 3(a) shows S(µV/K) 

of NixCu1-x as a function of temperature for a range of compositions (0.4  x  0.8). The 

S(µV/K) of NixCu1-x/Si (blue spheres), consisting of only VANE, reveals a sharp phase 

transition at TC-ANE, which is TC determined by ANE, above which NixCu1-x is in the 

paramagnetic state with no ANE. On the other hand, S(µV/K) of NixCu1-x/YIG (black 

spheres), containing in addition the pure spin current contribution, is always substantial, 

both below and even above TC.  

Also prominently displayed is the pure spin current enhancement due to spin 

fluctuations, most intensely near TC, at which S(µV/K) is maximal. Above TC, spin 

fluctuation decreases with increasing temperature, so is its effect on the enhancement of 
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spin-to-charge conversion. The magnetic ordering temperature of Ni-Cu alloys are shown 

in Fig. 3(b), where the values of TC, TC-ANE and TP, determined respectively by 

magnetometry, vanishing ANE in Ni-Cu/Si, and maximal S(µV/K) in Ni-Cu/YIG, are in 

good agreement. All three methods can be used to determine the ordering temperatures of 

FM materials. But the ANE method enjoys the clear advantages of higher sensitivity. It is 

especially beneficial for thin films since ANE has no contributions from the thick substrate 

that plagues magnetometry. In NixCu1-x, the ordering temperature decreases linearly with 

reducing Ni content, and becomes non-magnetic at about x = 0.45. While there is no 

magnetic ordering and no ANE in Ni40Cu60/Si down to about 20 K, there is substantial 

S(µV/K) at all temperatures in Ni40Cu60/YIG, that increases with decreasing temperature, 

reflecting the incipient magnetic ordering and the presence of spin fluctuation. Below 60 

K, S(µV/K) decreases sharply towards zero as expected when T = 0 K approaches. These 

results show clearly that spin fluctuations in Ni-Cu alloys can greatly enhance the already 

substantial spin-to-charge conversion. On the other hand, the competition between the 

propagation length of magnon and the concentration of magnon in YIG can also lead to 

similar nonmonotonic temperature-dependent behavior of S(µV/K) (e.g., Pt/YIG), with S 

peaks at Tm [55]. The peak caused by the magnons in YIG can be well distinguished from 
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the peak caused by spin fluctuation in NiCu when the NiCu ordering temperature is high. 

As shown in the bottom of Fig. 3(a), for Ni80Cu20, two separated peaks are observed at 

about Tm=70 K [49, 56] and TC=300 K. Worth pointing out, the two separated ISHE peaks 

in Ni80Cu20/YIG caused by magnons in YIG and the magnetic instability in Ni80Cu20 reveal 

a major difference between the magnons generated from SSE and ferromagnetic resonance, 

where the latter could be strongly coupled to the magnons in the injected metallic FM layers, 

causing difficulty in the accurate evaluation of the spin current during spin fluctuation [57].  

The interplay of the pure spin current and the spin-polarized current can also be 

apparent at room temperature when one compares the spin-dependent thermal voltages of 

ANE and ISHE for 5-nm NixCu1-x in a wide range of compositions (0  x  1.0). As shown 

in Fig. 4 (a), the VISHE (black spheres) measured at 300 K increases with the Ni content 

until Ni80Cu20, beyond which VISHE decreases with the simultaneous appearance of VANE, 

as 5-nm NixCu1-x with x>0.8 is ferromagnetic. Therefore, in the specific case of Ni80Cu20, 

the spin current can be substantially enhanced near room temperature through spin 

fluctuation at the phase transition.   
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To quantitatively determine the enhanced spin-to-charge efficiency of Ni80Cu20 at 

room temperature, we conduct thickness dependent ISHE measurements in Ni80Cu20 to 

evaluate θSH and spin diffusion length λsf.  The ISHE voltage is expressed as [14,49] 

𝛥𝑉ISHE(𝑡) = 2𝐶𝐿𝛻𝑇𝜌(𝑡)𝜃SH
𝜆sd

𝑡
tanh (

𝑡

2𝜆sd
).     (3) 

where L=6 mm is the distance between the voltage terminals, |T|= 26 K/mm is the 

temperature gradient, C is the spin current injection coefficient (see supplementary [45]), 

and 𝜌(𝑡) is resistivity. From the linear interpolation with C(Ni) = 1.55 Am-1 K-1 for Ni and 

C(Cu)=1.24 Am-1 K-1 for Cu [14], we obtain C(Ni80Cu20)=1.5 Am-1K-1 for Ni80Cu20. For 

non-magnetic metals (e.g., Pt), VISHE(t)/(t) decreases with increasing t in a quasi-

hyperbolic manner. However, VISHE(t)/(t) for Ni80Cu20 exhibits a discontinuity at t = 7 

nm due to magnetic phase transition (See supplementary [45]), as shown in Fig. 4(b). 

Samples of Ni80Cu20 with t greater (less) than 7 nm has TC above (below) 300 K (See 

Supplementary [45]). From the fitting in Fig. 4(b) (solid lines) by Eq. (3), when Ni80Cu20 

is in the FM state (t >7 nm), we obtain θSH=11±2% and λsf=0.42±0.08 nm, which are 

comparable to the largest θSH of the heavy metals. On the other hand, when Ni80Cu20 is in 

the PM state (t <7 nm), we obtain an even larger value of θSH=46±9% and λsf=0.22±0.04 

nm. Under the definition of θSH using number of carriers (θSH ≤ 1), θSH=38±8% is the 
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largest reported to date. The large spin conversion is further corroborated by the current 

induced spin-orbit torque (SOT) generated by Ni80Cu20 that shows high damping-like 

torque efficiency of 0.4 and spin Hall angle of 0.5 (See Supplementary [45]). 

Recent theoretical works have reported the enhancement of spin Hall conductivity 

SH near the magnetic phase transition, where they attribute the mechanism to the coupling 

between conduction electron and dynamically fluctuating local magnetic moment, which 

includes an optimistically estimated side-jump contribution of about ~103 -1 m-1and skew-

scattering contribution of about ~105 -1 m-1 [58]. We roughly estimate the SH of Ni80Cu20 

to be ~8×105 -1 m-1 by SH=SH/, which suggests the enhancement of SH for Ni80Cu20 

at TC is dominated by the skew scatterings. Note that the spin current injection efficiency 

C could also be enhanced during the magnetic instability [59-61]. Therefore, we include 

this contribution in the uncertainty. 

Although θSH may vary significantly depending on the experimental technique or 

the analyses (e.g., Pt), empirically the relation of θSHλsf ≈ constant has been suggested as 

shown in Fig. 4(c) containing the results of various reports [62-77]. Our results follow 

closely the correlation of θSHλs~0.13 nm denoted as the blue curve. We attribute the 

enhanced spin-to-charge conversion and the larger θSH in Ni80Cu20 to enhanced electron 
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skew scatterings during spin fluctuation that leads to the shorter λsf. Ni-Cu alloys in general, 

and Ni80Cu20 in particular, exhibit much larger spin-to-charge efficiency than those of Pt.  

Together with greatly reduced costs than precious metals, Ni-Cu alloys have a great 

potential for application in the fields of spintronics. 

          In summary, we study in the Ni-Cu alloys the interplay among the anomalous Nernst 

effect of the spin-polarized current, the inverse spin Hall effect of the pure spin current, 

and spin fluctuations, with tailored magnetic ordering temperature. We show that the spin-

dependent thermal transport via the ANE can serve as a sensitive magnetometer to 

electrically detect magnetic phase transitions of thin films. Most importantly, we exploit 

the strong interaction of pure spin current and spin fluctuation to greatly enhance spin-to-

charge conversion, yielding remarkably high spin Hall angle of 46% in Ni80Cu20 at room 

temperature, that can be exploited in various spin-based applications and devices.  
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FIG. 1. (a) X-ray diffraction pattern of the 200-nm-thick NixCu1-x (0<x<1.0) with 

different compositions. (b) The composition dependence of lattice constant (a) for 

NixCu1-x. (c) Schematics of anomalous Nernst effect (ANE) in a ferromagnetic 

metal (FM) and inverse spin Hall effect (ISHE) and ANE in FM/YIG under a 

temperature gradient.  
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FIG. 2.  Temperature-dependent (a) magnetization and (b) anomalous Nernst effect (ANE) 

of Ni75Cu25(5)/Si.  The spin dependent thermal voltage as a function of magnetic field (H) 

are measured in Ni75Cu25(5)/Si (blue) and Ni75Cu25(5)/YIG (pink) at (c) 300 K and (d) 200 

K, above and below its TC, respectively.  
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FIG. 3. (a) Temperature-dependent ANE (blue) and ISHE (black) voltage for NixCu1-x with x 

= 0.5, 0.6, 0.7, 0.75, and 0.8. (b) Values of Tp (black circle), TA (blue start), and TC (green 

triangle) as a function of NixCu1-x compositions. (c) Temperature-dependent ANE (blue) and 

ISHE (black) voltage of Ni40Cu60.  
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FIG. 4. (a) Composition-dependence of ∆VANE for NixCu1-x(5)/Si and that of ∆VISHE for 

NixCu1-x(5)/YIG with 0<x<1.0 at room temperature. (b) Thickness-dependence of 

∆VISHE/ρ (blue and red circles) and that of ∆VANE (purple circles) for Ni80Cu20, the blue 

and red solid curve are the fitted results using Eq. (3) for Ni80Cu20 in FM and PM state 

respectively. (c) Plot of θSH vs λs at room temperature. The blue and red opened circles 

is the result for Ni80Cu20 in the PM and FM states. Other solid symbols are results for 

Pt in literature denoted by the reference numbers. The blue curve represents θSH λs = 

0.13 nm. 
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