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The role of magnon-phonon coupling in the low-temperature behavior of the spin Seebeck effect 

(SSE) in YIG/Pt has been puzzling for more than a decade. To elucidate the origin of the 

anomalous peak around 80 K, we investigate the temperature evolution of SSE, spin Hall 

magnetoresistance (SMR), and magnetic anisotropy in the same YIG/Pt heterostructure. We find 

that these effects, along with magnetic damping, show the peaks at the same temperature (~80 

K). This simultaneous occurrence, where no heat is applied in the case of SMR, rules out the 

phonon-magnon drag related origin of SSE in the YIG/Pt system. We further show that the 

intrinsic surface anisotropy behavior in YIG is responsible for controlling the SSE, SMR, and 

magnetic damping in the YIG/Pt structure. Our findings not only help to understand these effects 

fundamentally but also provide an effective way for improving them by manipulating the surface 

magnetic anisotropy for spin caloritronic applications. 
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1. Introduction 

Spin-orbit coupling (SOC) has been found to be the reason behind many novel magnetic 

phenomena, especially in spintronics (Giant magneto-resistance, Anomalous Hall Effect, Spin 

Hall Effect, etc.), because it couples spin and charge of the electron [1-3]. The spin Hall effect 

(SHE) has attracted growing attention due to its potential application in spintronics [3-5]. In a 

nutshell, the SHE converts a charge current (JC) to a spin current (JS). The Onsager reciprocal of 

SHE is an inverse spin Hall effect (ISHE), which converts JS into JC [2,3]. It has been shown that 

the spin Seebeck effect (SSE) voltage is extracted using the ISHE voltage generated in a heavy 

metal [6]. When SHE and ISHE coexist in the same metal, it leads to a magneto-resistance, 

described as spin Hall magneto-resistance (SMR) [7-10]. When JC is passing through a metal 

with a strong spin-orbit coupling (in most cases, Pt), as a result of the SHE, JC is converted into 

JS in which spin polarization vector, � is parallel to the surface. When this spin current reaches 

the surface, it gets reflected back into the material, and during its backflow, it again gets 

converted into the charge current JC by the ISHE. This charge current is now added to the 

original flow of the charge current. For instance, when a ferromagnetic insulator, YIG 

(Y3Fe5O12), is coupled to Pt, the backflow of the spin current from the interface is controlled by 

the magnetization state in YIG. When � is parallel to the magnetization M in YIG, the backflow 

of JS is at maximum. However, when the angle between them changes, a portion of the spin 

current is absorbed as a spin-transfer torque (STT) in YIG. As a result, the resistance R becomes 

maximum when � is perpendicular to M and minimum when � is parallel to M. This change in 

resistance is referred to as SMR [7].  

A theoretical model for SMR in a YIG/Pt system was proposed by Chen et al. [8]. 

However, this model has not reached a complete consensus on the low-temperature behavior in 
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the YIG/Pt system. The SMR was found to increase monotonically from ambient temperature to 

the Curie temperature (TC ~ 560 K), while its different temperature dependence was reported at 

lower temperatures by other groups [11,12]. Meyer et al. [11] showed a continuous decrease in 

the SMR value from 300 K down to 10 K. This was somewhat surprising as the low thermal 

fluctuations could result in an increase of the SMR at low temperatures. This behavior was 

explained by extracting different parameters like spin diffusion length (�), spin hall angle ���, 

and spin mixing conductance (G) from the SMR data. While G and � remained constant in the 

fits, ��� decreased continuously from 300 K to 10 K, and this was thought to be a main cause for 

the observed SMR behavior. At the same time, other studies showed that the SMR first increased 

with lowering the temperature from 300 K to 100 K, reached a peak value at about 80 K, and 

decreased with temperature. This behavior was explained by considering the temperature 

dependence of � in Pt [12]. On the other hand, this model has assumed that the contributions 

from the temperature dependences of ���and G are negligible. Spin relaxation in Pt is governed 

by Elliot- Yafet spin orbit scattering model [13,14]. But the Elliot-Yafet mechanism is a bulk 

effect rather than an interface effect, while the SMR characteristics are highly governed by the 

ferromagnet/normal metal (FM/NM) interface. Using this model to fit the SMR data, � value was 

obtained to vary from 0.5 to 4 nm over the investigated temperature range (0-280 K). However, 

the Pt spin diffusion length, as reported in previous works, yielded values between 1.5 nm to 12 

nm [13]. As a result, the fitted data of SMR using the Elliot-Yafet spin-orbit scattering model 

was off by a factor of 3 [12]. 

Like SMR, the temperature dependence of SSE in YIG/Pt also has received considerable 

attention over the years [15-17]. The low-temperature peak observed in experiments led to 

several theoretical predictions. Recently, with the help of transverse susceptibility studies, we 
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have shown that YIG has a distinct surface anisotropy that differs from bulk anisotropy and 

directly influences the SSE at low temperatures [15]. Further, we have demonstrated an efficient 

way to improve the SSE by tuning the surface magnetic anisotropy of YIG by depositing a thin 

layer of organic semiconductor C60 on the YIG surface [16,17]. The addition of C60 in between 

YIG and Pt leads to the enhancement of carrier density at Fermi level and the reduction of the 

surface magnetic anisotropy, resulting in a giant SSE. In this study, through a comprehensive 

analysis of the temperature dependence of SMR, SSE, and magnetic anisotropy of the same YIG 

(single crystal)/Pt, we have established the correlation between the SMR and SSE and their 

association with the effective magnetic anisotropy. 

2. Experimental methods 

Magnetic measurements were performed on a YIG single crystal sample of dimension 

6*4*1 mm3 grown by the floating zone method along the (111) direction. The YIG single crystal 

was purchased from Crystal Systems Corporation, Hokuto, Yamanashi, Japan. After cleaning the 

polished surface of YIG with acetone and isopropyl alcohol (IPA), we deposited a Pt Hall bar on 

one side of the single crystal for SMR and the ~5nm Pt strip on the other side for SSE 

measurements. Pt was deposited using a shadow mask via DC magnetron sputtering. We used a 

custom-designed multifunctional transport insert, which is housed inside the PPMS for both SSE 

and SMR measurements. This gives us the capability to reach to 10 K with a maximum of the 7 

T applied field. Angle-dependent magneto resistance (ADMR) can be measured in the 

longitudinal or transverse direction. When the resistance is measured parallel to the charge 

current flow, it is called a longitudinal ADMR, and when it is perpendicular, it is termed as the 

transverse ADMR. Since our interest is in the temperature dependence of SMR, we will focus 

our discussion on the longitudinal ADMR measurements in the remaining sections. Fig. 1a 



5 

 

shows a schematic of the SMR measurement set-up.  The schematic of the longitudinal SSE 

(LSSE) measurement is shown in Fig. 1b. For LSSE measurements, YIG/Pt was sandwiched 

between two copper plates. A polyamide film heater was attached to the bottom plate, and the 

top plate temperature was controlled through molybdenum screws attached to the cold finger of 

the cryostat. A temperature gradient of approximately 1 K was achieved by applying sufficient 

current to the heater module. K-type thermocouples and silicon diode sensors were used to 

monitor the temperature of the top and bottom plates. Temperature gradient was measured at 

each temperature, and the heater power was adjusted to maintain a 1 K gradient throughout the 

measurement. Details of the measurements can be found in [15]. In radio-frequency transverse 

susceptibility (RF TS) measurements, the sample was placed in an inductive coil, which is part 

of an ultra-stable, self-resonant tunnel-diode oscillator in which a perturbing small RF field (HAC 

≈ 10 Oe) was applied perpendicular to the DC field [18-21]. The coil with the sample was 

inserted into the PPMS chamber, which provides temperature variation from 10 K to 350 K in 

the applied field up to 7 T. 

It has been shown that the SMR of a NM/FM structure can be quantified using the 

equation [10], 

 �		 = � + �� + Δ���1 − ����,                                          (1)         

where � is the bulk resistivity of the metal, and my is the component M 

 Δρ
ρ = − θ��� 2�

� tanh �
2� ,                                     (2)         

 

 

Δρ�
ρ ≈ θ��� �

�  2�#$
%&'ℎ� ) �

2�*
� + 2�#$ coth �

-
 ,                           (3)       
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where ��� is the spin Hall angle, � is the spin diffusion length, N is the metal thickness, and Gr is 

the real part of spin mixing conductance G.  

The longitudinal ADMR can be approximated as  

Δ�/
��

= 01(0�) − 01(90�)
01�

                                   (4)                        

Figure 2 shows the resistance change obtained when an angle between the applied 

magnetic field and charge current, α, is 0 and 90 degrees. In both directions, the ADMR signal 

saturates approximately around 500 Oe, which is the saturating field for the YIG crystal from M-

H measurements. As the applied magnetic field (H) was swept from positive to negative 

saturation, when H was parallel to JC, a resistance increase was observed. Interestingly, below 

300 Oe, we have observed a low field plateau as reported by Wu et al. [22], which is similar to 

the low field anomaly of SSE as shown in Fig. S1. In the case of SSE, this behavior has been 

attributed to the surface anisotropy being different from the bulk anisotropy of the YIG crystal 

[23]. This relationship also points out the role the surface magnetic anisotropy plays in 

controlling the SMR. In other words, the surface magnetic anisotropy of YIG may mediate both 

the SSE and SMR effects in a Pt/YIG system. To clarify this hypothesis, we have systematically 

studied the temperature dependences of SMR, SSE, and surface magnetic anisotropy field (HS) 

of this system. ADMR measurements were performed at different temperatures from 20 to 300K, 

and the obtained result of 
567
68

(9) is shown in Fig. 3a. It can be clearly seen in this figure that 

with increasing temperature, the SMR amplitude first increased, reached a maximum value 

around 80 K, and finally decreased at higher temperatures.  
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Generating pure spin current via SSE has been realized in many systems over the years. 

When a FM/NM structure is subjected to the temperature gradient in the presence of a magnetic 

field, thermal injection of spin current occurs from FM to NM. When the NM has very high spin-

orbit coupling, the injected spin current is converted into charge current via inverse spin Hall 

effect (ISHE). The spin current Js can be expressed as [24,25], 

                                                                  :� = #;ℏ=>Δ9
2?@�AB

                                                           (5) 

Where, where G is the spin mixing conductance, γ is the gyromagnetic ratio, ℏ is the reduced 

Planck constant, kB is the Boltzmann constant, Va is the magnetic coherence volume, Ms is the 

saturation magnetization, and ΔT is the temperature difference between magnons in FM and 

electrons in NM. 

A typical SSE signal obtained for the Pt/YIG sample at 300 K and 100 K is shown in Fig. S1, 

and its temperature dependence down to 10 K is displayed in Fig. 3b. SSE value at 1.5 KOe is 

used in this plot. Similar to the previously reported behavior [26], the LSSE voltage (VLSSE) 

increased as the temperature decreased from 300 to 80 K, and an opposite trend was observed at 

lower temperatures. A peak SSE voltage is obtained at ~80 K, as expected. SSE coefficient is 

defined as  D/��E = (FGHIJ
/ )/(LM

N ) ,  where L is the length and t is the thickness. As from this 

calculation, our SLSSE value at room temperature is 3.25 × 10-7 V/K. 

The temperature evolution of the surface magnetic anisotropy field of YIG is investigated 

using radio-frequency transverse susceptibility (TS). In the TS method, as the DC field is swept 

from positive saturation to negative saturation of the sample under study, the resonant frequency 
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of the coil with the sample changes proportionally to the transverse susceptibility of the sample, 

which is calculated using  

ΔOM
OM

(%) = |OM(R) − OM�BN|
OM�BN × 100         (6)      

It has been theoretically shown that a ferromagnetic material should yield TS peaks at the 

anisotropy fields (±Hk) and switching fields (-HS) as the DC field is swept from positive to 

negative saturation and vice versa [18-21]. In the YIG/Pt structure, we have observed 4 different 

peaks from a full bipolar TS scan (see Fig. S2), indicating 2 different anisotropy states 

corresponding to the surface and bulk anisotropies of the system. In this study, we are interested 

in the surface magnetic anisotropy field (HKS), and its temperature dependence is therefore 

shown in Fig. 3c. It is observed in this figure that with lowering the temperature, the HKS first 

increased, reached a maximum around 80 K, and finally decreased. This temperature evolution 

of HKS is in line with that of SMR and SSE.  

3. Results and discussion 

 Figure 3d shows the temperature dependences of SSE, SMR, and surface anisotropy field 

(HKS) on a normalized scale. We can divide the entire plot into two regions: (i) from 300 K to 80 

K and (ii) 80 K to 10 K. In region (i), all three parameters tend to increase as we go from high to 

low temperature. However, the SSE and SMR show an exponential increase in this range while 

HK follows a linear temperature dependence. This could be explained by the temperature 

dependence of the spin Hall angle (���) and spin diffusion length (�) in Pt. Both parameters, 

along with the spin mixing conductance (G) are crucial in determining the obtained signals of the 

SSE and SMR. We expect G to be temperature independent or weakly dependent as compared to 
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the other two factors in this scenario. ���, which is governed by the ratio of spin conductivity to 

Pt conductivity, could be temperature-dependent as reported by different groups [26,27]. 

Assuming the Elliot-Yafet model of spin relaxation in this system, � is inversely proportional to 

the temperature, mainly due to the temperature dependence of phonon scattering [12]. Similar 

effects of these two parameters in SSE and SMR lead to the comparable exponential behavior in 

the region (i) as seen in Fig. 3d, a slight slope change in SSE around ~170 K is attributed to the 

spin reorientation that occurs in YIG at that temperature. Due to the single ion anisotropy of Fe2+ 

ions present in YIG, the system undergoes a change in easy axis direction around 170 K [15]. At 

the same time, HKS varies in this region as expected from a Stoner-Wohlfarth type behavior. 

However, as the temperature reached around 100 K, non-collinear magnetization between bulk 

and surface spins of YIG yielded a peak in anisotropy, which is directly reflected in both the 

SMR and SSE. In region (ii), all the three parameters (SSE, SMR, and HKS) drop linearly with 

lowering the temperature below ~80 K. This stipulates less dominant roles of  ��� and � in this 

region as HKS varies similarly even in the absence of Pt (the only difference is that HKS peak value 

shifts depending upon the effect of the top layer on the surface).  

Magnetic field dependences of SSE and SMR are given in Fig. S.3. We have observed a 

clear dependence of magnetic field on SSE compared to SMR. As mentioned in Ref. 26, this 

could be explained by the role of low-frequency magnons [26]. It is generally accepted that low-

frequency magnons dominate SSE. At a higher magnetic field, these magnons are partially 

frozen, leading to a reduction in the SSE voltage. At the same time, magnon propagation length 

increases with decreasing temperature. Competition between these two factors causes a shift in 

the SSE peak to a higher temperature with a higher applied field. On the contrary, the SMR peak 

is mainly controlled by the surface magnetic property of the material, such as surface magnetic 
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anisotropy. After the saturation, an increase in the applied magnetic field does not affect the 

SMR values much. This is evident from the data shown in Fig. S2b. 

 In our previous study [15], we have shown that the low-temperature peak (80 K) can be 

attributed to the non-collinear magnetization between the surface and bulk of the YIG crystal. 

One of the supporting and motivational reasons for the study was the temperature difference 

between the peak in thermal conductivity and SSE in the case of YIG [26]. Very recently, 

another study has shown that, when the temperature is measured directly from the sample instead 

of taking it from the contact layers, the temperature gap between the thermal conductivity and 

SSE peak is reduced considerably [27]. With further analysis, Iguchi et al. have concluded that 

the pure thermal magnon theory of LSSE is not completely appropriate, and there is a need for 

looking back into the phonon-mediated magnon excitation theory. Our systematic study, as 

presented in this work, shows that similar to the SSE, the SMR also peaks at the same 

temperature (~80 K) along with the surface anisotropy field. Phonon-magnon drag, which has 

been a prominent mechanism proposed in the SSE theory due to the applied thermal gradient and 

its similarity with thermopower. The appearance of the SMR peak at the same temperature, 

where there is no temperature gradient, can rule out the possibility of phonon assistance for 

achieving higher SSE values. As shown by our transverse susceptibility studies, YIG possesses 

two different types of magnetic anisotropies corresponding to the bulk and surface magnetic 

states. The sharp decrease in HKS below ~75 K can be attributed to the rotation of surface spins 

away from the perpendicular easy-axis direction. In a magnetic system like YIG, which is 

composed of two different surface and bulk spin configurations, this is very much possible. 

When the temperature dependence and alignment of these spin configurations are different, the 

low-temperature peak can be considered as the temperature where surface spins are rotated away 
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from bulk spins, like a spin canting phenomenon. This is also clear from the reduction of the 

total magnetization below 75 K in YIG [15]. This reduction in magnetization also directly 

contributes to the reduction in SSE and SMR and at low temperatures, as spin mixing 

conductance at the interface depends on the magnetization. Guo et al. have shown the thickness 

and top layer material dependences of the low-temperature SSE peak [26]. According to their 

study, the SSE peak shifted to the right as the thickness decreased. To further understand the 

effect, we have measured surface anisotropy in the YIG crystal (1 mm thick) and the 7µm thick 

YIG film, which are expected to show two different surface spin states corresponding to two 

different surface anisotropy fields. As shown in Fig. S4, there is a clear peak shift in magnetic 

anisotropy to high temperature in the case of 7 µm YIG. A similar trend can also be found for the 

peak dependence of SSE on the top layer. As we have shown previously in reference 16, 

depositing a top layer such as C60 has shifted the anisotropy peak to different temperatures, 

which once again is consistent with Fig. 4 in reference 26. These results confirm the role of 

surface over bulk magnetic properties in controlling the thermo-spin-transport effects. 

Furthermore, we note the results reported by Flaig et al. [28] and Jermain et al. [29] 

about the temperature dependence of magnetic damping in YIG. The linear increases of the 

Gilbert damping parameter and the full width at half maximum (FWHM) linewidth from 300 to 

100 K have been explained well by the theories of Kasuya and Lecraw [30] and later modified 

by Cherepanov et al. [31]. However, both the theories failed to interpret the temperature 

dependence of these parameters below 100 K; the experimental results have shown a low-

temperature peak in linewidth measured in a constant field. The theories also failed to 

accommodate the shift in the peak points with higher frequency. Both these experimental 

deviations have been explained using impurity concentration in the YIG sample. Relaxation 
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mechanisms with impurities could be much different from that of pure YIG, and this may lead to 

the different behavior at low temperatures. Nevertheless, difficulties in obtaining modeling 

parameters for the impurities have raised several questions about these methods, and a proper 

consensus cannot be reached. Our findings, as reported in this study, can lend insight into the 

low-temperature Gilbert damping behavior, similar to that of the SSE and SMR. Non-collinear 

magnetization dynamics and different temperature responses between bulk and surface spins of 

YIG can cause a spin-canting behavior and a different surface anisotropy as compared to bulk 

anisotropy. Changes in anisotropy possibly excite more spin waves, similar to the recently 

observed voltage-controlled magnetic anisotropy (VCMA) excitation of spin waves in 

ferromagnetic metals [32]. The relation between resonant frequency and anisotropy field is given 

by [28], 

U$��� = ;
2? V��RBWW1XYZ + R[�                                                                  

U$\\� = ;
2? V� ]RBWW1XYZ + R[ + @�

9 ^,                                                     

where U$��� and U$\\� are the resonant frequencies for mode 110 and 440, respectively, ; is the 

gyromagnetic ratio, Happlied is the applied electric field, and HK is the magnetic anisotropy field. 

The shift in linewidth with frequency can also be understood from these results. However, more 

microscopic analysis and models are required to fully understand the relaxation mechanisms in 

this system. 

4. Conclusions 

In summary, we have observed the similar temperature dependence of SSE and SMR in 

the YIG/Pt structure, with their maximal values achieved at the same temperature of ~80 K. 
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Since the SSE and SMR are of completely different microscopic origins, the presence of the 

same peak pinpoints an intrinsic characteristic of the YIG sample. TS studies on the same sample 

have also shown a similar peak in the temperature dependence of HKS. We can thus relate the 

low-temperature behavior of these effects to a non-collinear alignment of bulk and surface spin 

states in YIG. These results can be extended to explain the low-temperature Gilbert damping and 

FWHM linewidth behavior in the same system. These important findings allow us to conclude 

that there are material-dependent origins rather than the phenomenon-dependent origin, and the 

existing theoretical models should be adjusted to explain these microscopic behaviors. Since 

YIG is one of the most interesting ferrimagnetic insulators for spintronics, a clear understanding 

of the different bulk and surface anisotropies and their effects on the spintronic phenomena will 

have a significant impact on the materials design and application perspectives.  
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Figure captions: 

 

Fig. 1 Measurement geometry for (a) Longitudinal Angle dependent magnetoresistance 

(ADMR), (b) Longitudinal SSE, and (c) TS measurement set up. 

Fig. 2 Longitudinal SMR changes when the applied magnetic field (H) is (a) parallel and (b) 

perpendicular to charge current Jc (α is 00 and 90o); (c) shows the compiled plot.  

Fig. 3 Temperature dependence of SMR, SSE and HKS for the YIG/Pt system.  
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Fig. 1  
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Fig. 2 
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Fig. 3 

 

 

 




