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Abstract 
Rare earth iron garnet thin films with perpendicular magnetic anisotropy (PMA) have recently attracted 
a great deal of attention for spintronic applications. Thulium iron garnet (TmIG) has been successfully 
grown and TmIG/Pt heterostructures have been characterized. However, TmIG is not the only rare-earth 
iron garnet that can be grown with PMA. We report the growth, magnetic and spintronic properties of 
epitaxial terbium iron garnet (TbIG) and europium iron garnet (EuIG) thin films with PMA. Reciprocal 
space mapping shows the films are lattice matched to the substrate without strain relaxation, even for 
films up to 56 nm thick. The lattice strain and magnetostriction coefficient produce PMA in certain cases. 
TbIG grows on (111) gadolinium gallium garnet (GGG) with PMA due to the in-plane compressive strain, 
whereas TbIG on (111) substituted GGG (SGGG) is in tension and has an in-plane easy axis. EuIG grows 
with PMA on (100) and (111) GGG substrates, which facilitates the investigation of spintronic properties 
as a function of orientation. Both garnets have excess rare earth which is believed to occupy Fe 
octahedral sites and in the case of TbIG is associated with an increase in the compensation temperature 
to 330K, higher than the bulk value. Anomalous Hall effect (AHE) measurements of Pt/EuIG Hall crosses 
show that the spin mixing conductance of Pt/ (111) and (100) EuIG is similar. AHE measurements of 
Pt/TbIG Hall crosses reveal a sign change in the AHE amplitude at the compensation point analogous to 
all-metallic systems. 

 
I. Introduction 
Spin transport across heavy metal/ferrimagnetic insulator (HM/FMI) interfaces has attracted a great 
deal of interest over the past decade. Magnon-mediated spin currents in Y3Fe5O12 (YIG) were observed 
by the inverse spin Hall effect in a Pt overlayer,1,2 and conversely a spin orbit torque (SOT) produced by 
the Pt layer was used for the propagation and subsequent detection of magnons in YIG.1,3 These results 
suggested the possible manipulation of the magnetization of insulating materials with an electric 
current. SOT-assisted reversal was reported in barium hexaferrite4, but the first reported switching of a 
HM/FMI structure by SOT utilized Tm3Fe5O12 (TmIG or thulium iron garnet) as the FMI layer.5 Electrical 
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switching of magnetization has applications in SOT-magnetic random access memory and other 
emerging memory technologies. Materials with perpendicular magnetic anisotropy (PMA) are desirable 
for such devices because they allow for higher bit densities.6,7 There has been extensive work on SOT 
switching of PMA ferromagnetic metals such as Co and CoFeB,8–11 but FMIs have two advantages over 
metals: a more favorable scaling behavior, because the PMA originates from bulk rather than interface 
anisotropy; and prevention of current shunting from the SOT-producing HM layer.4  
 

The best studied FMI is YIG, which is a good insulator with exceptionally low damping, as well as 
a low magnetostriction and magnetocrystalline anisotropy. YIG films typically exhibit an in-plane easy 
axis dominated by shape anisotropy, although there are reports of thin YIG films showing PMA.12–14 
Other FMI films have been grown with PMA, notably barium hexaferrite (BaFe12O19, BaM) grown 
epitaxially on sapphire with anisotropy field of 17 kOe4,15; and Co ferrite (CoFe2O4) grown epitaxially on 
substrates such as SrTiO3 or MgO.16,17 Rare earth iron garnets (REIG) with PMA have also been 
developed, in which the PMA originates from magnetoelastic anisotropy due to the epitaxial mismatch 
strain of the REIG on the gadolinium iron garnet (GGG) substrate12,18. TmIG,5,18,19 SmIG (Sm3Fe5O12)20 and 
TbIG (Tb3Fe5O12)21 films, as well as Ce- or Bi-substituted YIG22–24, exhibit strain-induced PMA. Other thin 
film RE garnets include GdIG (Gd3Fe5O12)25 and LuIG (Lu3Fe5O12)26 with in plane easy axis. Out of the PMA 
RE garnets, TmIG is the most extensively studied in terms of the spintronic properties of the FMI/HM 
interface19,27–30. TmIG/HM devices exhibited SOT-driven reversal with applied fields as low as 2 Oe and 
evidence of fast current-induced domain wall velocities reaching 1000 m/s at a current density of 
2.5ൈ1012 A/m2 in the Pt.28 TmIG/Pt heterostructures were also recently used to study the validity of the 
bulk spin Hall effect model for SOT.29  

In this article, we describe the growth, structure, and the magnetic and spintronic properties of 
two rare-earth iron garnets: TbIG and EuIG (Eu3Fe5O12). These materials were selected based on their 
bulk magnetostriction values and their lattice mismatch with respect to GGG, which lead to a 
magnetoelastic anisotropy contribution that determines the net anisotropy of the film.31,32 For TbIG and 
TmIG, the two magnetostriction coefficients λ111 and λ100 have opposite sign and PMA is expected in 
films grown epitaxially on (111) GGG but not on (001) GGG.31 In contrast, the two magnetostriction 
coefficients of EuIG are of the same sign and EuIG/GGG is expected to exhibit PMA in both the (111) and 
(001) orientations. EuIG and TbIG were grown by pulsed laser deposition and the composition is 
enriched in RE compared with the target. We demonstrate efficient spin transport through Pt/TbIG and 
Pt/EuIG interfaces through anomalous Hall effect-like spin Hall magnetoresistance (AHE-like SMR) 
measurements and show that the spin-mixing conductance of Pt/EuIG is approximately orientation-
independent, in contrast to what has been observed in Pt/cobalt ferrite heterostructures.16 We 
demonstrate by magnetometry, magnetoresistance and optical measurements the presence of a 
compensation temperature31 near room temperature in TbIG, and report the damping coefficient of the 
EuIG (111) films. 

 
II. Structural and Magnetic Characterization 

EuIG and TbIG thin films of thicknesses varying from 10 to 90 nm were grown on GGG (lattice 
parameter a = 1.2376Å) and substituted GGG (SGGG, a = 1.2497Å) using pulsed laser deposition (PLD) in 
an oxygen pressure of 150 mTorr. In all cases, the substrate was placed on a sample holder heated to a 
backside temperature of 900˚C. The frontside (substrate) temperature was not measured but was 
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~250˚C lower. The targets used in these depositions were prepared by sintering.19 Further information 
on the film and target preparation is presented in the Methods section. 

The high crystalline quality of these films is evident from the Laue fringes present in each 
symmetric (444) scan in Figure 1a-d, which were taken from representative thin films of each type. 
Figure 1e-f show reciprocal space maps of the (642) reflection of 52 nm thick TbIG films grown on GGG 
and SGGG substrates. In both cases, the substrate peak is vertically aligned with the film peak, indicating 
that the films are fully strained to the substrate. This pseudomorphic growth was seen in all of the films 
prepared for this study and for TbIG films up to 90 nm in thickness. 

 

 
FIG 1. (a)-(d) High-resolution XRD ω-2θ scans of representative EuIG and TbIG thin films (e)-(f) High-
resolution XRD reciprocal space maps of TbIG/GGG and TbIG/SGGG thin films 
 

Compositional analysis was carried using x-ray photoelectron spectroscopy (XPS) for 
representative TbIG/GGG and EuIG/GGG (001) samples (Figure 2). The RE:Fe ratio exceeds 0.6 in both 
cases, with values of 0.72 for EuIG (001) and 0.70 for TbIG. This iron deficiency is consistent with similar 
XPS analyses of sputtered TmIG films and PLD-grown YIG films which showed Y:Fe ratios as large as 
1.37.27,33  

The XRD did not indicate any non-garnet peaks suggesting that the excess RE is incorporated 
into the garnet lattice. Although the RE ions have a larger ionic radius than the Fe3+, RE ions including 
Eu3+ and Eu2+ can be present within octahedral sites of oxides such as BaTiO3.34 Tb3+, on the other hand, 
transitions to Tb4+ (a stable 4f7 ion) in order to enter octahedral sites.35 Indeed, the high resolution XPS 
spectra (Figure 3) indicate the presence of Tb3+, Tb4+, Eu3+, and Eu2+ in our films.36,37 Considering the 
smaller size of the tetrahedral site, we assume that the RE ions preferentially occupy the octahedral 
sites. The ability for the RE ions to enter octahedral sites can explain why the garnets are able to 
crystallize even when the RE:Fe ratio substantially exceeds 0.6. The presence of octahedral RE ions has 
profound implications for the sublattice magnetization and compensation temperature since the 
magnetic moment of the RE ions differs from that of the Fe3+ which they replace. Furthermore, in order 
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to maintain charge neutrality when the RE valence state differs from +3, Fe2+ or Fe4+ ions as well as 
oxygen vacancies may be present in the films. The valence states of the Fe could not be resolved in the 
XPS data.  

 
 
 

 
FIG 2. (Tb,Eu) 3d, Fe 2p, and O 1s spectra of representative TbIG and EuIG thin films. In the RE spectra, 
peaks belonging to each oxidation state are marked. 

 
The magnetic properties of the thin films were characterized using vibrating sample 

magnetometry (VSM). Easy- and hard-axis hysteresis loops for representative TbIG and EuIG films are 
displayed in Figure 3. The net anisotropy of the films is determined by the magnetocrystalline, shape 
and magnetoelastic anisotropy contributions. The magnetocrystalline anisotropy K1 is small but 
negative, and favors PMA for (111) films, whereas the shape anisotropy favors an in plane 
magnetization. The PMA is primarily driven by magnetoelastic anisotropy overcoming the shape 
anisotropy. We write the uniaxial anisotropy Ku as the difference between the magnetic energy for 
magnetization oriented in-plane and the energy for magnetization oriented out-of-plane, where the 
three terms on the right represent the magnetocrystalline, magnetoelastic and shape anisotropies: 

201
111 44

9 ( ) ( )
12 8 2 2u IP OP s
KK E E c Mμπλ β= − = − − − +    [1] 

 is the relevant magnetostriction coefficient for the (111) films,  is the shear modulus,  is the 
corner angle of the rhombohedrally-distorted unit cell, and  is the saturation magnetization.19,38,39  
 From this equation and from the list of bulk garnet properties in Table 131, we expect PMA (i.e. a 
negative ) in (111) TbIG under sufficient in-plane compressive strain. The dominant effect of the 
magnetoelastic contribution is illustrated by a comparison of the net anisotropy of (111) TbIG/GGG and 
TbIG/SGGG films. Based on the bulk lattice parameters of TbIG, GGG and SGGG, we expect an epitaxial 
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TbIG film to be under in-plane compression on GGG and in-plane tension on SGGG, which is verified by 
the x-ray data in Figure 1. The VSM hysteresis loops in Figure 3 indeed show an out-of-plane square loop 
for TbIG/GGG(111) (Figure 3a; compressive strain) while the TbIG/SGGG(111) sample (Figure 3b; tensile 
strain) shows a square in-plane hysteresis loop. Hard-axis loops for TbIG are not shown because the 
saturation field is higher than the maximum field of 10 kOe available in the VSM. We attempted to 
ascertain the anisotropy field in a SQUID magnetometer at higher fields, but the large paramagnetic 
signal from the GGG substrate made it difficult to determine when the TbIG films were saturated. 
 

 

FIG 3. In-plane (IP) and out-of-plane (OOP) VSM hysteresis loops of representative TbIG and EuIG thin 
films. In the IP EuIG hysteresis loops, the estimated anisotropy fields are presented and are color-coded 
(color online) in the same manner as the loops. 

 
A similar calculation for EuIG films indicates that compressively-strained films on both (001) and 

(111) GGG are expected to show PMA. This is verified by the in- and out-of-plane VSM hysteresis loops 
in Figures 3c-f, together with the coupled XRD scans in Figure 1c-d. PMA is retained up to 56 nm 
thickness, which is consistent with the X-ray data showing little or no strain relaxation. The saturation 
magnetization, whose measured values range from 110-118 emu cm-3,  is higher than the bulk value of 
93 emu cm-3 31, which may be a result of the excess Eu. For both the (111) and the (001) films, the 
coercivity increased with increasing thickness. The anisotropy field was determined from the hard-axis 
loops by fitting a straight line to the M(H) curve near zero field and extrapolating to the saturation 
magnetization. The saturation magnetization was obtained from the easy axis hysteresis loops. 

By measuring the strain state from the x-ray data and the anisotropy field from VSM, the thin-
film values of λ111 and λ100 may be found. For the (111) case, a cubic unit cell distorted along one of its 
[111] directions becomes rhombohedral, and we use a rhombohedral-to-hexagonal transformation to 
greatly simplify the calculation of strain40. The transformation from rhombohedral to hexagonal Miller 
indices ((hkl) to (HK.L)) is given by: 
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The in-plane lattice parameter of the hexagonal unit cell is given by40: 
2

11212Ha d=    [3] 

where 112d is the ሺ112തሻ plane spacing in the rhombohedral unit cell, assumed to be equal to the ሺ112തሻ spacing in the substrate. Finally, the corner angle of the unit cell α is given by40: 
 

2
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a
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⎝ ⎠ ⎛ ⎞
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⎝ ⎠

  [4] 

where c is the long body diagonal of the rhombohedral cell (or the c-axis lattice parameter of the 
hexagonal cell). The (001) case proceeds in a simpler manner due to the preservation of the 
orthogonality of the unit cell axes even after strain. For the (001) films the uniaxial magnetoelastic 
anisotropy is given by38,39: 

20
100 11 12

3 ( )( )
2 2u zz xx sK c c Mμλ ε ε= − − − +   [5] 

where εii is the ith axial strain component.  
Table 1 shows the values of λ100 and λ111 for the EuIG films, derived from the total anisotropy 

measured from the hard axis loops, compared to published bulk values of the magnetostriction 
parameters.31 K1 was neglected in the calculations as it is much smaller than the magnetoelastic and 
shape anisotropy terms. Also listed in Table 1 are the lattice strain determined from the X-ray data and 
the calculated and literature values31 for unit cell volume for both EuIG and TbIG. It is interesting to note 
that, despite the iron deficiency, the unit cell volumes in our films are close to the bulk values. 

The calculated magnetostriction in the EuIG films differed from bulk values, and for TbIG, the 
high anisotropy field suggests that λ111 of the film exceeded the bulk value. The difference in film 
magnetostriction compared to bulk values may be an effect of the excess RE, or of Jahn-Teller Fe ions. 
For example Fe2+ ions in EuIG may cause an enhancement of λ111.41 However, the XPS contributions from 
Fe3+ and Fe2+ cannot easily be separated.42,43 

Broadband FMR measurements of EuIG/GGG (111) with thicknesses of 26 nm and 56 nm were 
carried out at frequencies of f = 3 – 6 GHz in fields up to 4.5 kOe to determine the resonance frequency 
Hres  and the linewidth ΔH. Hres values were averaged for two perpendicular in-plane directions of H. The 
Gilbert damping parameter ߙ was obtained from the slope of ΔH vs. f. The data gave a linear plot in 
which the slope is given by 2α/γ, where γ is the gyromagnetic ratio. This yielded α = 25.7 x 10-3 (4% 
error) for the 26 nm thick film and α = 24.2 x 10-3 (17% error) for the 56 nm thick film. These values are 
two orders of magnitude greater than the damping of YIG films, and are attributed to the presence of 
RE, especially in the RE-rich films. Studies on RE-doped YIG have shown that increasing the RE 
concentration greatly increases the damping parameter.44,45 
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Table 1. Results of the structural and magnetic characterization of representative EuIG and TbIG films. 
Experimental values of Hk and λ111 are not listed for TbIG because it was not saturated in-plane. Errors in 
Hk and Ms values are ~5%. 
 
III. Spintronic Interface Properties 
 In order to characterize the room-temperature spin transport properties of the FMI/HM 
interface, we have obtained an estimate of the spin mixing conductance of Pt/(Tb,Eu)IG 
heterostructures, which is an indicator of the efficiency of spin transport through the interface.46,47 Hall 
bar structures (see Figure 4d) were fabricated on Pt(4nm)/(Tb,Eu)IG(10nm)/GGG multilayers using 
photolithography and ion milling techniques, and a lock-in technique5 was used to collect anomalous 
Hall effect (AHE)-like spin Hall magnetoresistance (SMR) hysteresis loops. All garnet films used for Hall 
bar fabrication had <1nm rms roughness as characterized by atomic force microscopy. A sample-
dependent offset and a linear background due to the ordinary Hall effect (OHE) in Pt was subtracted, 
and the results are displayed in Figure 4a-c. The square shape of these hysteresis loops matches the out-
of-plane magnetometry data. However, the coercivity of the Hall cross is higher than that of the 
unpatterned film due to the effects of edge roughness on domain nucleation and pinning.5 In-plane SMR 
was not measured because the probe station could not supply large enough in-plane fields to saturate 
the Hall cross devices.  
 

 
 
FIG 4. (a)-(c) Anomalous-Hall-like SMR hysteresis loops for Pt(4)/REIG(10) heterostructures (d) Optical 
micrograph of representative Hall crosses used for data acquisition 

Material β 
(degrees) 

εxx εzz Hk (Oe) Ms

(300K) 
(emu/cc) 

λijk (10-6)
(calculated) 

λijk(10-6) 
(literature) 

Vcell (nm3)
(calculated) 

Vcell (nm3)
(literature) 

EuIG/GGG 
(111) 

89.25 n/a n/a 1370 110 λ111 =14 λ111 = 1.8 1.93 1.95

EuIG/GGG 
(001) 

90 0.00796 -0.00934 1880 120 λ100 =5.0 λ100 = 21 1.89 1.95

TbIG/GGG 
(111) 

89.88 n/a n/a n/a 19 n/a λ111 = 12 1.90 1.92
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The origin of the AHE in Pt/ferrite interfaces is a hotly debated topic, with some arguing that it is 

at least partly due to the magnetic proximity effect (MPE) 30,48 while others maintain that it is fully due to 
a spin Hall magnetoresistance (SMR) effect.5,49 Meanwhile, measurements of the magnetic polarization 
of Pt in direct contact with a magnetic insulator using x-ray methods indicate that the MPE is negligibly 
small at room temperature.50–53In the following discussion, we will assume that the AHE is 
predominantly due to SMR, as was posited by Avci et al. for the similar Pt/TmIG system, and consistent 
with the lack of MPE at room temperature in other studies.5,54 The model of Chen et al. for spin mixing 
conductance46 leads to: 

2
2

1

2
2 2

2

2

2 tanh
2

2 coth
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tanh2 2

( 2 coth )
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i
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λθ λρ λ
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λ

σθ λρ λ
ρ σ λ

λ

Δ =
+

Δ ≈
+

  [6] 

where Δρ1 is the amplitude of an in-plane SMR loop, Δρ2 is the amplitude of an AHE-like SMR loop, ρ is 
the resistivity of the Pt layer, λ is the spin diffusion length of the Pt layer, θSH is the spin Hall angle, dN is 
the Pt thickness, and σ=1/ρ is the Pt conductivity. Gr and Gi are the real and imaginary parts of the spin 
mixing conductance, respectively. While Gr can be calculated directly from a measurement of Δρ1, it is 
necessary to know Gr to calculate Gi from a measurement of Δρ2. Without being able to saturate the film 
in plane during the electrical measurement, Δρ1 and hence Gr  could not be determined. However, 
previous results for similarly constructed Pt/TmIG Hall bars have values for λGr that are an order of 
magnitude lower than  σ (2.07x106 Ω-1m-1 for our Hall bars).5,28 Thus we can obtain a lower bound for Gi 
by dropping the Gr term in the denominator. By substituting values used in a previous study on TmIG5 
for λ and θSH, we calculate the lower bounds for Gi displayed in Table 2.  

These data lead to several conclusions about the spintronic properties of EuIG/Pt and TbIG/Pt 
heterostructures. First, even the lower bound of Gi for Pt/EuIG/GGG and Pt/TbIG/GGG is on the same 
order of magnitude as Gi in Pt/TmIG/GGG(111)5, indicating a similar interfacial spin transparency in 
these materials. Also, Gi for Pt/EuIG/GGG(001) is almost identical to that of Pt/EuIG/GGG(111). The 
effect of crystal orientation on Gi at metal/ferrimagnetic insulator interfaces has received little study. 
However, Isasa et al.16 characterized Pt/CFO by fabricating Pt Hall bars on epitaxial CFO(001)/STO and 
CFO(111)/STO thin films and found Gr

111 to be significantly lower than Gr
001, especially in devices made 

using an ex situ process similar to ours. This observation was related to a difference in surface 
termination between the two orientations. A recent theoretical study by Cahaya et al. which considered 
the effects of crystal field splitting on spin mixing conductance supports this claim.55 A study of the 
orientation dependence of Gr in Pt/EuIG would provide an interesting comparison to Pt/CFO16.  

 
 

Material Lower Bound of Gi 
Pt/EuIG (111) 4.6ൈ1012 Ω-1m-2 
Pt/EuIG (001) 5.4ൈ1012 Ω-1m-2 

Pt/TbIG/GGG (111) 4.6ൈ1012  Ω-1m-2 
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Pt/TmIG/GGG (111) [Ref 5] 7.1ൈ1012  Ω-1m-2 
Table 2: Lower bounds of Gi for Pt/REIG heterostructures, calculated in the manner described above 
 
IV. Temperature-Dependent Properties of TbIG Films 
 Bulk TbIG has a compensation temperature Tcomp of 248.6 K31, making it a convenient system for 
measuring spintronic phenomena near compensation (GdIG also has a near-RT Tcomp, but its weak 
magnetostriction limits its magnetoelastic anisotropy). Tcomp of the TbIG films was measured using three 
different temperature-dependent techniques. The simplest of these was a temperature-dependent 
magnetization measurement using VSM (Figure 5a), in which a minimum in the magnetic moment is 
clearly present near 330 K. The VSM data yield a value for Tcomp in the range of 320 K to 340 K, indicated 
by a dashed line.  

Temperature-dependent AHE-like SMR and Faraday rotation measurements are shown in Figure 
5b,d. Instead of going to zero, both datasets exhibit a sign change at Tcomp due to the reorientation of 
the three magnetic sublattices. Below Tcomp, the octahedral Fe3+ and the Tb3+ moments are oriented 
parallel to the field and the tetrahedral Fe3+ moments are antiparallel, while above Tcomp the orientation 
is reversed.56 Because the Faraday effect and the SMR are sensitive to one of the magnetic sublattices 
rather than to the net magnetization, they exhibit a sign change at Tcomp.56,57 These measurements show 
a compensation point of around 335 K, agreeing with the VSM result in Figure 5a. In addition, the 
coercivity of the TbIG film as a function of temperature measured from the Faraday rotation hysteresis 
loops is depicted in Figure 5c. As expected for a compensated ferrimagnet, the coercivity diverges 
approaching the compensation point. 

The Tcomp in our TbIG thin films is higher than that of bulk TbIG by 85 K, which is attributed to the 
Fe deficient composition. The compensation point is determined by the difference in magnitude of the  
magnetic moment on the sublattices and therefore depends on the composition57,58. The TbIG is 
expected to accommodate the excess Tb as Tb4+ ions (magnetic moment of 7µB) on octahedral sites 
normally occupied by Fe3+ (5µB). Fe2+ ions (4µB), which have a preference for octahedral sites over 
tetrahedral sites as seen in the inverse spinel magnetite, may also be present. The structure can then be 
described as consisting of one sublattice of dodecahedral sites containing Tb3+ plus octahedral sites with 
a mixture of Fe3+, Tb4+, and possibly Fe2+, and the other sublattice of tetrahedral sites containing Fe3+. 
The dodecahedral plus octahedral sublattice moment exceeds that in stoichiometric TbIG, which 
explains the increase in Tcomp. This is consistent with previous measurements of the Bi:TbIG system 
where it was found that reducing the Tb:Fe ratio to 0.48 through the addition of Bi caused a reduction in 
Tcomp to 183K59 because the magnetization of the dodecahedral plus octahedral sublattice was reduced 
with respect to that of the tetrahedral sublattice. 
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FIG 5. Temperature-dependent measurements of (a) magnetic moment, (b) Faraday rotation, (c) 
coercivity, and (d) AHE-like SMR amplitude. All of these techniques agree on a magnetic compensation 
point of ~335K. 

 
 
V. Conclusion 
 Epitaxial EuIG and TbIG thin films were grown using PLD on GGG and SGGG substrates. All films 
(from 10-60nm thickness for EuIG and up to 90nm for TbIG) were fully strained to the substrate lattice 
parameter, with the TbIG film exhibiting in-plane compressive strain on GGG and in-plane tension on 
SGGG, and the EuIG exhibiting in-plane compression on GGG. The EuIG/GGG (111) and (100) and the 
TbIG/GGG (111) films exhibit PMA. XRD indicates high crystal quality although the films were deficient in 
Fe, with RE:Fe = 0.70-0.72, and the excess RE cations are believed to be accommodated in the 
octahedral sites. For TbIG, the increase in average magnetic moment of the octahedral sites is 
responsible for the increase in compensation temperature of the films (~335K) compared to bulk, 
measured by magnetometry, Faraday rotation and SMR. 

Pt/(Tb,Eu)IG heterostructure Hall bars showed the existence of SMR at the metal/garnet 
interface. The imaginary part of the spin mixing conductance of these heterostructures was of the same 
order of magnitude as that of the previously-studied Pt/TmIG system, with values ranging from 4.6 to 
5.4 1012 Ω-1m-2. Also, Gi was similar between Pt/EuIG (001) and Pt/EuIG (111), in contrast to past work 
on Pt/CFO. FMR measurements of EuIG (111) were also performed, giving the first measurement of the 
Gilbert damping parameter. These RE garnets exhibit promise for future spintronic experiments and 
applications that require ferrimagnetic insulators with PMA for different crystal orientations or with 
both PMA and a magnetic compensation point. 
 
Methods 
Thin Film Fabrication and Characterization: All thin films were deposited using pulsed laser deposition 
(PLD) on single-crystal GGG and SGGG substrates. The EuIG and TbIG targets used were fabricated in-
house by mixing Eu2O3, Tb4O7, and Fe2O3 powders in the proper weight ratios with a ball mill, calcining 
the green body at 1150˚C for 5 hours, re-grinding the powders, and sintering at 1350˚C for 10 hours. The 
single-phase iron-garnet nature of the targets were confirmed with X-ray diffraction. The growth 
conditions used were a substrate backside temperature of 900˚C, a laser fluence of 1.3 J/cm2, a laser 
repetition rate of 10 Hz, and an O2 pressure of 150 mTorr. After the deposition, the samples were cooled 
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back to room temperature at a rate of 20˚C per minute in 150 mTorr O2 (slower cooling was not found 
to be necessary to increase sample quality). AFM RMS roughness measurements were carried out in a 
Digital Instruments Nanoscope IV with a 1µm x 1µm scan size, XRD measurements were carried out in a 
Bruker D8 Discover HRXRD, and magnetic measurements were carried out in an ADE 1660 VSM and a 
Quantum Design MPMS3. 
 
Compositional Characterization: A Thermo Scientific K-Alpha+ system was used to take high-resolution 
XPS spectra for compositional analysis. Prior to data acquisition, a mild argon cluster cleaning procedure 
was used to remove adventitious carbon without affecting film stoichiometry. High-resolution data was 
acquired with a 50 eV pass energy. Data analysis was accomplished by comparing integrated peak areas 
in Avantage. The ALTHERMO1 relative sensitivity factor database was used to correctly weight the 
atomic ratios. 
 
Hall Cross Fabrication: Hall crosses of two different sizes (100 µm and 50µm widths) were fabricated in a 
two-step lithography process. First, a negative image was defined on a garnet film with a sputtered Pt 
overlayer and ion milling was used to create mesa structures. Plasma ashing was necessary to remove 
residual resist after this step. Then, an aligned positive patterning step was used to define areas for 
Au/Ta gold contacts. The spintronic properties of these Hall crosses were measured in a homemade 
four-point probe station. 
 
FMR: Broadband FMR measurements were performed using a NanoOsc Phase FMR spectrometer and 
200 µm wide coplanar waveguide. The sample is subjected to a DC magnetic field H along the film plane, 
in addition to a small time-varying microwave excitation field perpendicular to it. The frequency f varies 
from 3 to 6 GHz in steps of 0.5 GHz. For each value of f, H is swept from 4500 Oe to 0 Oe in order to 
saturate the sample and then find the resonance value Hres and the linewidth ΔH, by fitting the detected 
voltage with the derivative of the sum of a symmetric and an antisymmetric Lorentzian: 

2

2 2

( )
4( )

S res

res

S H A H HdP
dH H H H

⎡ ⎤Δ + −= ⎢ ⎥− + Δ⎣ ⎦
  [7] 

S and AS are arbitrary fitting constants. In order to minimize systematic errors arising from miscalibration 
of Hall sensor the values of Hres were averaged with H in opposite directions.60 
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