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Abstract 

   Atomically-flat thin films of ferrimagnetic insulator Tb3Fe5O12 (TbIG) were 

grown on (111)-orientated Gd3Ga5O12 (GGG) substrates by pulsed laser deposition. 

Magnetic measurements indicated the easy magnetic axis of TbIG film was out-of-

plane, as a result of the substrate-induced compressive in-plane strain of the film. 

The temperature dependence of anomalous Hall effect (AHE) in Pt/TbIG bilayer 

was systematically studied with the applied magnetic field normal to the film plane, 

with square hysteresis AHE loops being observed. Reversal of AHE sign occurred 

twice between 10 K and room temperature, one at 50 K and another around 220 K, 

the latter of which was accompanied by complex magnetization switching behavior. 

The peculiar behavior of AHE loop around 220 K is closely related to the 

compensation point of TbIG. On the other hand, the sign change at 50 K was 

attributed to the modification of Pt electronic structure by TbIG. Our results 

highlight the relation between the AHE of Pt and magnetic properties of TbIG, 

which can be used for probing the magnetism in TbIG.     
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Introduction 

        Recent investigations on pure spin currents, which transport only spin angular 

moment but no net electrical charge flow, open new possibilities for both 

conducting and insulating spintronics systems [1-8]. In contrary to charge current, 

the spin current is not a conservative quantity. Up to now, pure spin current 

phenomena (such as spin Seebeck effect [4, 9], antiferromagnetic spin Seebeck 

effect [10], spin Hall effect [2, 7], inverse spin Hall effect [8, 11], spin pumping 

[12, 13], and magnetic nano-oscillator [1]) have been explored in various 

heterostructures consisting of normal metals (NM), antiferromagnetic metals 

(AFM), ferromagnetic metals (FM), and ferrimagnetic insulators (FI). In these 

heterostructures, high atomic-number metals such as Pt are used due to the strong 

spin-orbit coupling that results in larger spin Hall angles [12]. 

One type of widely studied heterostructures is the Pt/Y3Fe5O12 bilayer [6, 14-19], 

where Y3Fe5O12 (YIG) is an archetypal ferrimagnetic rare-earth insulator with the 

garnet structure (Re3Fe5O12, ReIG) and possesses high Curie point (~550 K). In 

particular, a new type of magnetoresistance, called spin Hall magnetoresistance 

(SMR), has been found in Pt/YIG heterostructures [20], originating from the 

interplay between the spin accumulation at the NM/FI interface and the 

magnetization of the FI layer. In the SMR effect, charge current only passes 

through NM layer and cannot penetrate through the FI layer, but can generate spin 

accumulation near the NM/FI interface which is affected by the magnetization 

direction of FI layer. 

On the other hand, anomalous Hall effect (AHE) in Pt layer has also been found 

in Pt/YIG heterostructure [14, 17, 21] similar to the Pt/normal FM [22]. The Hall 

response in FM contains the ordinary Hall effect (OHE) contribution (with a linear 

dependence on the applied magnetic field) and an AHE part (which is proportional 



to the magnetization of FM and is closely related to the spin-orbital interaction). 

AHE loops observed in Pt/YIG system, however, are typically non-hysteresis [14, 

17, 21]. Comparison with magnetic properties in YIG grown on gadolinium 

gallium garnet (Gd3Ga5O12, GGG) substrate always exhibit in-plane magnetic 

anisotropy [14, 18, 23]. Furthermore, there is much controversy on whether the 

SMR and AHE observed in Pt/ReIG system is due to pure spin current or the 

magnetic proximity effect (MPE) [14, 16, 17, 21, 24, 25]. Therefore, it will be 

necessary to further study other Pt/ReIG heterostructures, in order to identify the 

role of ReIG in Pt/ReIG heterostructures. 

In the present work, we investigate AHE behavior in a similar system of Pt on 

ferromagnetic insulator of terbium iron garnet Tb3Fe5O12 (TbIG). The lattice of 

bulk TbIG is 12.436Å [26], which is much larger than that of YIG (12.376 Å) and 

GGG (12.383 Å). Thus an in-plane compressive strain is expected for TbIG films 

grown on GGG substrates, in contrary with that of YIG/GGG [15]. Another 

significant difference between TbIG and YIG is the presence of the compensation 

point (Tcomp ~246 K) in TbIG [27], at which the net magnetic moment vanishes. As 

for the TbIG garnet, the magnetic moment of Tb
3+

 is antiparallel to the magnetic 

moment of Fe
3+

, but at Tcomp the Tb
3+

 magnetization will be equal to Fe
3+

 

magnetization. Therefore, it will be of great interest to investigate the temperature 

dependence of AHE behavior in Pt/TbIG heterostructure, for obtaining further 

insight into the relation between the AHE of Pt and underlying FI.  

 

Experiment 

TbIG thin films were grown on (111)-orientated GGG substrates by pulsed laser 

deposition (PLD). A stoichiometric TbIG target was synthesized by the solid-state 



reaction at 1400˚C. Focused KrF excimer laser pulses of wavelength λ = 248 nm 

were impinged to the TbIG target placed 5 cm away from the substrate. The laser 

energy and repetition rate were 1 J/cm
2
 and 2 Hz, respectively. Films were grown 

at 710˚C in an oxygen ambient of 100 mTorr. Before deposition, the substrates 

were rinsed sequentially with acetone, ethanol and deionized water, and then 

annealed in oxygen at 1000˚C for 6 hours; these steps permit the reconstruction of 

the substrate surface and hence promotes the growth of smooth TbIG films. After 

deposition, the films were annealed in situ at 710˚C in an oxygen atmosphere of 10 

Torr for 10 min. For the Hall measurements, 5 nm of Pt with Hall bar patterns 

(channel width: 160 μm, channel length: 500 μm) was deposited by rf sputtering 

through a stainless steel shadow mask, in a vacuum chamber of base pressure 

110
-7

 Torr, using a target power of 60 W. 

The microstructure of TbIG films were examined by high-resolution x-ray 

diffractometry (Smartlab, Rigaku, Japan) with 2 scans and reciprocal space 

mapping (RSM). Surface morphology of TbIG films was characterized by atomic 

force microscopy (AFM, Asylum 3D infinity). Magnetic hysteresis loops were 

recorded by the standard vibrating sample magnetometer option of the physical 

property measurement system (PPMS, Quantum Design). Hall measurements were 

conducted in the PPMS with an applied current of 100 A. 

Results and Discussions 

    Fig. 1(a) displays the -2 scan of the TbIG/GGG (111) film. The clear satellite 

fringes indicate a smooth film surface and sharp film/substrate interface. From this 

figure, one can extract the out-of-plane lattice spacing of d444 = 0.1842 nm for 

TbIG film, which is slight larger than the bulk value of 0.1795 nm. The rocking 

curve (inset of Fig.1(a)) gives a full-width at half-maximum (FWHM) of 0.07˚, 



indicating a good epitaxial film quality. Given the lattice of GGG is 12.383Å, the 

TbIG film is imposed with an in-plane compressive stress. X-ray reciprocal space 

mapping (RSM) of the (444) reflection for the TbIG/GGG sample (Fig.1(b)) 

indicates a coherent growth, and the sharp peaks with clear fringes similar to that 

in Fig.1(a) further confirms the high quality of the TbIG film deposited. Surface 

topology of TbIG film (Fig.1(c)) indicates a root-mean-square roughness (rms) 

value of 0.9Å, exhibiting a smooth surface.  

Fig.1(d) shows the in-plane and out-of-plane magnetic hysteresis (M-H) loops of 

30-nm thick TbIG film measured at room temperature. The out-of-plane hysteresis 

loop displays a much more squared shape compared to that of out-of-plane M-H 

loop, indicating an easy magnetization axis along the film normal plane. The 

perpendicular anisotropy of TbIG/GGG is attributed to the out-of-plane tensile 

stress and a positive magnetostriction constant [15]. This can be compared with 

YIG grown on (111) GGG substrates, which demonstrates a minute in-plane 

tensile stress and an in-plane anisotropy [28]. The accomplishment of out-of-plane 

easy axis in TbIG / (111) GGG is useful for studying the AHE in Pt/TbIG bilayer. 

Temperature dependence of Hall measurements were performed in the PPMS 

system, and the schematic of the measurement is depicted in Fig.2(a). In all of the 

measurements, the magnetic field (H) was applied perpendicular to the current 

direction, and the rotation of H (denoted) was measured relative to the film 

normal direction. For checking the quality of the Pt film, Fig. 2(b) shows the 

temperature dependence of longitudinal resistance (Rxx), which decreases gradually 

with reducing temperature down to 20 K. A resistance minimum appears at around 

17 K, which can be attributed to the weak localization of electrons similar to that 

observed in Pt/Y3Fe5O12 bilayer [16]. The residual resistivity ratio, defined here as 

Rxx(300 K)/Rxx(10 K), is around 1.14, which is comparable with literature .  



Fig.2(c) shows the  dependence of Hall resistance (RH) at 10 K. When H rotates 

from in-plane to out-of-plane, a hysteretic AHE behavior is observed in Pt/TbIG 

bilayer apart from the linear contribution of OHE; this is in contrast with the usual 

observations in YIG-based bilayer with nonhysteresis AHE behavior [14, 17, 29]. 

When the magnetic field is normal to film ( = 0˚), one can extract the AHE 

resistance (RAHE) by subtracting the linear OHE contribution (Fig.2(d)). The result 

indicates the TbIG/GGG sample shows an out-of-plane easy axis, thus the 

hysteresis AHE in Pt/TbIG/GGG enable electrical measurement of the magnetic 

state of the TbIG. In the following results, the OHE components are subtracted for 

more transparent analysis of the magnetic behavior. 

To further investigate the AHE in Pt/TbIG bilayers, we depict the AHE loops 

(RAHE-H) as a function of temperature with  = 0˚ (Fig. 3), with the black arrows in 

the figure indicate the scanning field directions. All the AHE loops show hysteresis 

behavior, but one can notice that the sign of AHE is closely dependent on the 

temperature. We define     
  as the RAHE value at zero field when H scans from +9 

T to 0 T. At low temperatures (T ≤ 40 K),     
  is positive with amplitude reducing 

from 2.8 m (10 K, Fig. 2(d)) to 0.61 m  (40 K). However, when the temperature 

reaches 60 K, the sign of RAHE is reverses (Fig. 3(b),     
  = - 0.45 m). With 

further increasing temperature up to 140 K, the magnitude of     
  keeps rising up 

to 2.0 m. At around 230 K, one finds yet another sign reversal of     
  which 

lasts until room temperature, i.e.     
  keeps the same positive sign and the 

amplitude of     
  reduces with increasing temperature.  

 The complete temperature dependence profile of     
  is shown in Fig. 4(a). As 

described before, at low temperatures (< 50 K)      
  is positive and diminishes 

with rising temperature. A sign reversal occurs at 50 K before it reaches a 



maximum amplitude at around 140 K. Beyond this point, the amplitude of     
  

reduces with rising temperature again until 230 K, where     
  shows another sign 

reversal and retains positive up to room temperature. Peculiarities occurring around 

50 K and 220 K, where the sign of     
  is switched, is the main topic of 

investigation in this work. 

Apart from     
  magnitude, we also extracted the temperature dependence of 

coercive field (HC) from the RAHE curves (Fig. 4(b)); HC is defined as the field at 

which the AHE resistance RAHE becomes zero. Basically, HC reduces with 

increasing temperature but shows an anomaly around 230 K. Comparison of     
  

and HC in Fig. 4 highlights the close link between      
  sign transition and the HC 

anomaly. Note that in the figure we plot the HC at 50 K separately: as     
  

vanishes at this temperature, no clear hysteretic behaivour could be detected, and 

we isolate this specific data from the main HC-T trace. 

In ReIG, both Fe
3+

 and rare earth (Re) ions (Tb
3+

 for TbIG) make contribution to 

the net moment, but the spins of rare earth ions are antiferromagnetically coupling 

with that of Fe
3+

[27, 30]. At some intermediate temperatures, the net magnetic 

moment of garnet is zero when Re ion moments cancel with that of Fe
3+

 ions, 

which is the origin of the compensation point [27]. For bulk TbIG Tcomp = 246 K 

[27]; in the present work Tcomp as in Hall measurement of Pt/TbIG heterostructure 

is near 220 K, which can be resulted from the strain effect or oxygen vacancy in 

the TbIG thin film [31].  

To probe the AHE behavior near Tcomp, Fig. 5 shows the AHE loops of Pt/TbIG 

heterostructure between 215 K and 225 K. Interestingly, in these temperatures, the 

loops show three distinct loops (denoted I, II and III); this is different from RAHE-H 

loops measured at other temperatures (Fig. 3) or in Pt/YIG system [16, 17, 29] in 



which a simple hysteresis loop is observed. Increasing the temperature from 215 K 

to 225 K, loops II and III shift to zero field, and at 225 K loop I almost disappeared.  

At 230 K, Pt/TbIG bilayer shows only one hysteresis loop again with high coercive 

field (Fig. 3e).  

Such a peculiar behavior can be closely related to the complex magnetic 

structure of TbIG near Tcomp. TbIG and related ReIG with heavy Re ions (such as 

Gd3Fe5O12, GdIG) with cubic structures belong to the space group Ia3d [32, 33]. 

The Tb
3+

 ions are located at the 24 dodecahedral sites (c) with magnetization MTb, 

while Fe
3+

 ions in the tetrahedral (d) and octahedral (a) sites give a resultant 

moment MFe which is antiparallel to MTb [26, 30, 32]. At Tcomp, MTb is equal to MFe 

and as a result the total magnetic moment of TbIG vanishes [34]. Theoretical 

calculations of GdIG using molecular-field analysis indicated that near the 

compensation point, it is possible to have multiple sublattice moment 

configurations upon increasing magnetic field at constant temperatures [35]. As for 

the TbIG, its magnetic structure is expected to be similar with GdIG, which 

contains three magnetic sublattices [35]. Three distinct loops in Fig.5 should 

therefore represent the magnetic moment switching of these sublattices. According 

to Ref. [35], at temperatures near the compensation point, the sublattice 

reorientation takes place with increasing magnetic fields. This is consistent with 

the demonstration of multiple AHE loops (I, II and III) near Tcomp (Fig. 5), and the 

observations can be attributed to the complex magnetic structures and coupling 

between Fe
3+

 and Tb
3+

 ions.  

Anomalous temperature dependence of RAHE-H curves also occurs around 50 K. 

Fig. 6 shows the variation of RAHE-H curves between 45 and 55 K. One can notice 

the sign flipping of     
  at the two temperature ends. Such sign changes of AHE 

at low temperature has been observed in Pt/YIG based systems [14, 17, 21] and in 



other ferromagnetic materials [36, 37]. Taking ferromagnetic metal SrRuO3 as an 

example, the RAHE sign change with temperature has been attributed to the 

singularity in the band structure [37]. Recently, it was found that AHE in Pt film 

can be induced and the sign change temperature can also be tuned by ionic liquid 

gating [21], which was explained in the terms of local moments induced by 

electrical field. In the Pt/YIG bilayer, the proximity of the Pt to the YIG leads to 

the band splitting of the Pt 5d band and the lowering of the density of states at the 

Pt Fermi level [16]. First-principles relativistic band calculations for Pt indicate 

that the intrinsic spin Hall effect can be found due to the resonant contribution 

from the spin-orbit splitting of the doubly-degenerated d band at high-symmetry L 

and X points near the Fermi level [38]. Therefore, spin splitting and electrical 

structure of Pt film will be affected by the exchange interaction within adjacent 

ferromagnetic insulator [6, 18, 19].  

For ReIG films grown on GGG substrates, the colossal paramagnetic 

contribution from the substrates makes it difficult to discern the intrinsic magnetic 

moment of the films [39]. To this end, we thinned down the (111) GGG substrate 

and measured the hysteresis loop of the TbIG film by vibrating sample 

magnetometry (VSM). Temperature dependences of the coercive field (  
 ) (Fig. 

7(a)) and saturation moment Ms (Fig. 7(b)) were extracted from the magnetic 

measurement. Except the regions near Tcomp where meaningful results could not be 

extracted due to the vanishing magnetic moment [27], we acquired square M-H 

loops after subtracting the paramagnetic substrate contribution from the original 

data. Comparing Fig. 7(a) to Fig. 4(b), one can find that   
  decreases with nearly 

identical temperature dependence as HC measured by AHE, namely a drop of   
  

with increasing T until 140 K and then raises with further increasing T, and finally 

decreases from around Tcomp to room temperature. The temperature dependent of 



Ms of our TbIG film is the same as that observed in TbIG bulk [27], where Ms 

decreases with rising temperature up to Tcomp before it re-emerges again above 

Tcomp. The exception deviation between Fig. 4(b) and Fig. 7 is at 50 K, where a 

sudden drop in   
 was not observed, which is due to the different nature of 

measurements used. The difference of HC in AHE (Fig. 4(b)) and   
  in VMS 

measurement at 50 K is attributed to the inability to yield AHE signals at that 

temperature [14, 17, 21], which requires further investigation.  

 

Conclusion 

    In summary, we deposited high-quality TbIG films on GGG(111)  substrates, 

which exhibited an out-of-plane magnetic anisotropy. Magnetotransport 

measurements of Pt/TbIG bilayer demonstrated square hysteretic AHE loops at 

room temperature. Systematically investigating the temperature dependence of 

AHE loops of Pt/TbIG heterostructure indicated abnormal Hall resistance sign 

change at 50 K and 220 K. In the latter temperature, which coincides with the 

compensation point of TbIG such that the magnetic moment of TbIG vanishes, 

complex AHE behavior was recorded and the coercive field reaches the maximum.  
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Figure captions: 

Figure 1. Structural and magnetic properties of TbIG film. (a) X-ray diffraction 2- scan of 

TbIG film grown on (111)-oriented GGG substrate. Inset: rocking curve of (444) reflections 

around TbIG film. (b) X-ray reciprocal space mapping around the (444) peak of TbIG film and 

GGG substrate. The vertical dashed line represents the in-plane lattice parameter of TbIG and 

GGG substrate. (c) AFM topographic image of TbIG film. (d) In-plane and out-of-plane 

normalized magnetic hysteresis loops of TbIG film at room temperature. 

Figure 2. Hall measurements on a Pt/TbIG bilayer device. (a) Hall device schematics, 

coordinate systems and the electrical measurement set-up. (b) Temperature-dependent Pt thin 

film resistance grown on TbIG/GGG substrates. (c) Hall resistance RH measured with sweeping 

magnetic field at =0˚, 45˚, 90˚, 135˚, 180˚.  (d) RAHE-H loop after subtracting the linear, 

ordinary Hall contribution. Black arrows indicate the sweeping field directions. In all these Hall 

measurements, the magnetic field was always normal to the current. All measurements were 

performed at 10 K. 

Figure 3. Temperature dependent RAHE-H loops of Pt/TbIG. RAHE as a function of the out-of-

plane magnetic field for different temperatures of 40K (a), 60K (b), 140K (c), 210K (d), 230K 

(e), 300K (f). The black arrows indicate the sweeping magnetic field directions. 

Figure 4. Determination of magnetic properties of Pt/TbIG bilayer from Hall 

measurements. (a)     
  (blue) an |    

 | (red) as a function of temperature. (b) Temperature 

dependence of coercive field HC obtained from the RAHE-H loops. The star indicates the data at 

50 K. 

Figure 5. RAHE-H loops around Tcomp of TbIG. RAHE-H loops measured at 215K (a), 220K (b), 

225K (c). Obviously, more than one jump reversals can be observed around 220K. The blue lines 

and arrows indicate data recorded during a +H→-H sweep and red lines and arrows indicate data 

recorded during a -H→+H sweep. 

Figure 6. Details of Hall sign change in RAHE-H loops of TbIG around 50K. RAHE-H loops 

measured at 45K (a), 50K (b), 55K (c). The signs of RAHE are different for above and below 50 K. 

The black arrows indicate the sweeping field directions. 

Figure 7. Coercivity (a) and saturation moment (b) of TbIG film as a function of 

temperature, as measured by VSM. The    
  and Ms of TbIG films were obtained by VSM 

measurements from films grown on a 0.1 mm-thickness (111) GGG substrate. 
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