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With recent developments in the field of spintronics, ferromagnetic insulator (FMI) 

thin films have emerged as an important component of spintronic devices. Yttrium 

iron garnet in particular is an excellent candidate for spin logic applications due 

to its low magnon damping and large spin wave propagation length. However, it 

has been a challenge to find FMI thin films with perpendicular magnetic 

anisotropy (PMA) which share these characteristics. Such materials could expand 

existing experimental approaches and enable the development of low dissipation 



memory and logic devices based on spin orbit torques. In this work, we 

demonstrate robust PMA in strained ultra thin thulium iron garnet (TmIG) films of 

high structural quality down to a thickness of 𝟓. 𝟔 𝐧𝐦 which retain a magnetization 

close to bulk. Platinum deposited on TmIG possesses large spin Hall 

magnetoresistance (SMR), which indicates efficient spin transmission across the 

FMI/Pt interface, and SMR measurements are used to characterize the magnetic 

anisotropy of the TmIG. which has so far been inaccessible by means of standard 

methods. 

 

Harnessing the electron’s second fundamental property, its spin, is the basis of 

spintronic phenomena and devices[1]. These include recently discovered phenomena 

like the quantum anomalous Hall effect[2] in magnetic topological insulators[3], spin 

transfer torque[4,5] effects in nonmagnetic metal / ferromagnetic metal / oxide 

heterostructures and spin transfer torque (SOT) switching of ferromagnets[6,7], and 

ultimately of FMIs[8]. To realize novel circuit devices based on these effects a rich variety 

of specifically tailored magnetic materials has still to be developed. For instance, the 

study of exotic phenomena occurring at the boundary of topological insulators with 

ferromagnets requires the latter to be insulating, yet to retain magnetic properties 

including PMA.  

 

One of the most prominent FMIs classes is that of iron garnets, of which the most well 

studied is Y3Fe5O12 (YIG). The ultra low magnon damping characteristics[9] and 

magneto-optical properties[10,11] of YIG are well known. The former makes YIG a suitable 

candidate for spin wave logic[12] and signal transmitters[13] due to the extremely large 



magnon decay length of several tens of millimeters. Epitaxial YIG thin films can, in 

principle, also possess PMA as a result of magnetization-lattice coupling[14] for 

thicknesses below 14 nm[15,16], but the fabrication of YIG films with complete out-of-plane 

remanence remains elusive because of its low magnetocrystalline anisotropy and 

magnetoelastic coefficients. In contrast, 50 nm thick thulium iron garnet (Tm3Fe5O12, 

TmIG), has been reported to show PMA[17,18] caused by magnetoelastic anisotropy when 

grown epitaxially on (111)-oriented gallium gadolinium garnet (Gd3Ga5O12 or GGG)[19]. 

We recently demonstrated[8] reversible magnetization switching in 8 nm thick TmIG by 

utilizing SOT from an adjacent platinum layer, but a detailed structural and magnetic 

characterization of TmIG in the few-nm thickness regime is still lacking. In the present 

article, we provide a comprehensive description of the structural characteristics and 

magnetic properties of TmIG/GGG down to a thickness of 5.6 nm. Furthermore we 

demonstrate that efficient spin transport can be achieved through the TmIG/Pt interface 

by measuring spin Hall magnetoresistance (SMR) in Pt. We exploit this method to 

measure the anisotropy field of the strained TmIG film electrically, which is inaccessible 

by conventional magnetometry measurements due to the dominant paramagnetic 

contribution of the GGG substrate. These results emphasize the potential of TmIG as a 

spintronic material. 

 

Structural characterization of the TmIG films are summarized in Fig.1. With xray 

reflectometry (XRR) scans (not shown), we measured film thicknesses of PMA epitaxial 

TmIG down to 5.6 nm (±0.1 nm). To quantify the strain state of TmIG via XRD we 

measured a 19.7 nm thick TmIG film, since thinner films could not be resolved with 

enough intensity using high resolution XRD. The symmetric XRD spectra shown in 



Fig.1a demonstrates a fully strained film with lattice spacing of 𝑑(444)𝑇𝑚𝐼𝐺,𝑋𝑅𝐷 = 0.1769 nm. 

Laue fringes around the TmIG peak underline the high quality of the thin layer. A 

reciprocal space map (Fig.1b) around the TmIG and GGG (624)+ asymmetric peaks of 

the 19.7 nm thick TmIG sample confirms the coherent growth of the TmIG on the GGG 

substrate. The in-plane values for the (220) lattice spacing for both the TmIG film and 

the substrate are 𝑑(220)𝑇𝑚𝐼𝐺 = 𝑑(220)𝐺𝐺𝐺 = 1 𝑞𝑥⁄ = 0.4377 nm, which is in very good agreement 

with literature values for GGG [20]. The out-of-plane lattice spacing value for the TmIG 

film in the RSM is 𝑑(444)𝑇𝑚𝐼𝐺,𝑅𝑆𝑀 = 1 𝑞𝑧⁄ = 0.1768 nm, close to that measured by symmetric 

XRD. The resulting distortion angle for the (111) direction compressed pseudo-cubic 

TmIG unit cell is 𝛽 = 90.77° (Fig.1d). We assume that, since the 19.7 nm thick film is 

fully strained to the substrate, thinner films are also fully strained. Temperature 

dependent measurements of the d444 lattice plane and angle of GGG and TmIG (Fig. 1c) 

reveal linear thermal expansion coefficients in the (111) direction of 𝛼𝐿,𝐺𝐺𝐺 =  14.1 ∙10−6 K−1 and 𝛼𝐿,𝑇𝑚𝐼𝐺 =  15.57 ∙ 10−6 K−1  for the substrate and the film, respectively. 

Evidently, the lattice angle decreases with temperature, and by linear regression a 

complete loss of the strain state can be estimated at a temperature of above 2559 °C. 

 

The surface morphology of the 19.7 nm thin TmIG film was measured via atomic force 

microscopy (AFM) (Fig.2a) and possesses a RMS roughness value of 1.5 nm. Surface 

roughness values of thinner films, used for interface studies, were in the range of down 

to 0.2 nm. A high resolution image of the atom columns in the (112̅) direction is shown 

in Fig.1e. The yellow arrow indicates the interface between TmIG and the GGG 

substrate. There is no evidence of defects in the crystal structure of TmIG or at the 



interface over the field of the images. Figure 1f shows HAADF STEM in the (101̅) 

direction and corresponding electron energy loss spectroscopy (EELS) line scans 

(Fig.1f) perpendicular to the interface, which evidently demonstrate that there is no 

interdiffusion of the respective elements in either of the garnet materials.  

 

The magnetic properties of the TmIG were measured using magnetometry, MFM and 

XMCD. Fig. 2b shows an MFM image of the demagnetized 19.7 nm thin TmIG film. For 

the demagnetization process, the sample was placed in an alternating magnetic field 

that reversed its polarization with a frequency of 10 Hz and exponentially decreased its 

amplitude from 160 kA/m to 0 over a time period of 2 minutes. The domain pattern is 

typical for PMA materials without lateral anisotropy[21] and the area coverage of up- and 

down-magnetized domains is, as expected, approximately equal. Polar MOKE and 

vibrating sample magnetometry (VSM) measurements on the 5.6 nm thin TmIG film are 

shown in Fig.2c,d showing square hysteresis loops with coercivity of 300 Oe. No 

hysteretic behavior was measurable in the plane direction, which suggests uniaxial 

anisotropy with easy axis along the surface normal. Based on the thickness derived from 

a XRR measurement, the saturation magnetization 𝑀𝑆 for the 5.6 nm thick TmIG sample 

was estimated at around 100 (±1.5) emu cm3⁄ . This value is in good agreement with 

data measured for bulk TmIG[19]. We found that the magnetization value does not 

change for a variety of different film thicknesses and possesses values between 90 and 

100 emu cm3⁄ . 

 

The magnetic anisotropy of the TmIG films includes contributions from 

magnetocrystalline, magnetoelastic and shape anisotropies. Room temperature values 



for the first order cubic anisotropy constant 𝐾1 and the magnetostriction coefficients 𝜆111 

and 𝜆100 of bulk TmIG have been reported to be −110 kJ m3⁄ < 𝐾1 < −58 kJ m3⁄ , 

𝜆111 = −5.2 ∙ 10−6 and 𝜆001 = 1.4 ∙ 10−6 [19]. The uniaxial anisotropy 𝐾𝑢 is the difference 

between the total magnetic energy when the magnetization is oriented in plane vs. out of 

plane, and can be written as  𝐾𝑢 = 𝐸𝐼𝑃 − 𝐸𝑂𝑃 = − 𝐾1 12⁄ + 9 8⁄ 𝜆111𝑐44(𝜋 2⁄ − 𝛼) − (𝜇0 2⁄ )𝑀𝑆2 [22].  

where the magnetoelastic term includes the shear strain (related to the distortion angle 𝛽) and the shear modulus 𝑐44 = 76.4 GPa [23], which is the value for YIG at room 

temperature (used as an estimate due to lag of elastic data for TmIG). This yields 

estimated boundaries for the expected uniaxial anisotropy in the range of 9.8 kJ m3⁄ <
𝐾𝑢 < 14.1 kJ m3⁄ , which indicates a strong easy axis out of the plane. 

 

A detailed investigation of the element-specific magnetic structure of TmIG was 

conducted using XMCD at the Diamond Light Source, UK. It is already obvious from the 

XAS spectra that the circularly polarized X-ray beams yield significantly distinct spectra 

as a function of their respective helicity (blue lines vs. red lines). To isolate the XMCD 

signal from the XAS, we calculated the asymmetry of the absorption signal via: 𝐼𝑎𝑠𝑦 =
𝐼𝜎−−𝐼𝜎+𝐼𝜎−+𝐼𝜎+, where 𝐼𝜎± are the TEY-XAS intensities for the respective helicities of the emitted 

light 𝜎± (Fig.2e,f, lower half). As anticipated, the resulting spectra around the iron L2,3 

edges are consistent with antiferromagnetic coupling between Fe in the a (octahedral) 

and d (tetrahedral) sites in the garnet unit cell. The spectra around the M4,5 edges of the 



thulium atoms confirm that Tm is ferromagnetically coupled to the a site Fe ions[24]. As 

anticipated from prior literature on bulk TmIG [25], temperature-dependent measurements 

(not published here) have confirmed that no compensation point was found for TmIG 

strained thin films in the temperature range between 1.5 K and 300 K. 

 

Next, we want to exploit the spintronic properties of TmIG as an active component to 

measure the magnetic total anisotropy of a Pt(5 nm)/TmIG(8 nm) bilayer. We note that 

this type characterization is a convenient way of neglecting the paramagnetic 

background of the GGG substrate. We demonstrate our results on a Hall bar structure 

different from the device that we have used to demonstrate reversible magnetization 

switching[8].  

The heavy metal Pt is well suited to convert charge current into a pure spin current and 

vice versa, thanks to its large spin-orbit coupling combined with low resistivity. Recently, 

it has been discovered that Pt in contact with a FMI can show magnetoresistance due to 

the interaction of the SHE-induced spin accumulation at the Pt/FMI interface with the 

magnetization (𝐦) of a FMI[26]. This so-called spin Hall magnetoresistance (SMR) 

increases (decreases) the longitudinal resistance when the spin current is absorbed 

(reflected) by the FMI. The spin current transmission across interfaces is dictated by the 

spin mixing conductance concept, which parameterize the interface transparency to the 

spin current and which is crucial for SMR[27,28], spin Seebeck effect[29], and spin-orbit 

torque[30] studies. The additional SMR contribution to the longitudinal resistance scales 

with ∆𝑅 ∝ 𝐦𝒚𝟐 assuming charge current flow along 𝑥, and 𝑧 being the direction normal to 

the layer plane. The SMR also has a transverse (Hall resistance) component with 

symmetry 𝑅𝑆𝑀𝑅 ∝ 𝐦𝒙𝐦𝒚 analogous to the planar Hall effect in ferromagnets. 



Additionally, it has been theorized[31] and measured[32] that the imaginary part of the spin 

mixing conductance gives rise to a transverse anomalous Hall-like signal with symmetry  𝑅𝐴𝐻𝐸 ∝ 𝐦𝒛 with much lower amplitude compared to 𝑅𝑆𝑀𝑅. By combining these and the 

ordinary Hall effect of Pt we can write the expected angular symmetry of the transverse 

Hall effect resistance (𝑅𝐻) as follows: 𝑅𝐻 = 𝑅𝑆𝑀𝑅 sin2 𝜃 sin 2𝜑 + 𝑅𝐴𝐻𝐸 cos 𝜃 + 𝑅𝑂𝐻𝐸𝐻𝑧 (1) 

where 𝜃 and 𝜑 are the polar and azimuthal angles of 𝐦, respectively, as depicted in 

Fig.3a, and 𝑅𝑂𝐻𝐸 is the ordinary Hall resistance due to an out-of-plane field 𝐻𝑧. To 

characterize the SMR, AHE and OHE in Pt/TmIG bilayers we have injected an ac 

current of amplitude 𝐼𝑎𝑐 = 1.8 mA (rms) with frequency 𝜔 2𝜋⁄ = 3678 Hz, and measured 

the first harmonic Hall voltage as schematized in Fig.3a. This is equivalent to standard 

dc measurements but with much higher signal-to-noise ratio. The inset shows the optical 

microscope image of the device utilized throughout this section.  

 

Figure 3b depicts the Hall resistance for an out-of-plane field sweep. We recognize the 

AHE contribution following 𝐦𝒛 which reverses between up and down states at the 

coercive field of ≈ 11.9 kA/m. The linear slope independent of 𝐦 direction (orange 

dashed lines) characterizes itself as 𝑅𝑂𝐻𝐸. This measurement shows that 𝐦 has 100% 

remanence, and sharp transitions between up and down states suggest low pinning and 

efficient propagation of domain walls, assuming that the reversal is mediated by domain 

nucleation and propagation. 

 

Figure 3c exhibits 𝑅𝐻 for in-plane field sweep at various 𝜑. In this geometry 𝑅𝑂𝐻𝐸 does 

not contribute to the signal, and thus we can characterize 𝑅𝑆𝑀𝑅 by analyzing the angular 



dependence of the signal at high fields where  𝑅𝐴𝐻𝐸 becomes negligibly small. The 

specific U-shape of the signal is due to coherent rotation of the magnetization towards 

the layer plane at higher H. We find that 𝐻 ≥ 19.9 kA/m is necessary to saturate 𝐦 fully 

in-plane, which gives an indication of the effective perpendicular magnetic anisotropy 

field (HK) of TmIG. Macrospin simulations (not shown) suggest that for this measurement 𝐻𝐾 ≅ 198.9 ± 15.9 kA/m, which is large enough for use as potential future memory 

devices. We note that the features around 𝐻 = 0 A/m are due to 𝑅𝐴𝐻𝐸 since 𝐦 switches 

between up and down states due to a small unintentional out-of-plane component of the 

field.  

With the values for HK and MS, the total anisotropy energy at room temperature was 

calculated to be 𝐾𝑢 = 11.88 kJ m3⁄  and lies thus within the boundary of the above 

estimated value. We can calculate the contribution of the magnetoelastic anisotropy to 

be in the range between −1.5 kJ m3⁄ < 𝐾𝑀𝐸 < 2.871 kJ m3⁄ . Based on this finding, we 

conclude that the contribution to the total magnetic anisotropy is mainly governed by the 

crystallographic anisotropy.   

 

In Fig.3d we plot 𝑅𝐻 obtained at 𝐻 = ±318.3 kA/m for different 𝜑. We fit the data by 

using Eq.1 and obtain 𝑅𝑆𝑀𝑅 = 8.2 mΩ. By transforming 𝑅𝑆𝑀𝑅 and 𝑅𝐴𝐻𝐸 into resistivity, 

taking 𝜌𝑥𝑥𝑃𝑡 = 40 µΩcm as measured on the same device, assuming 𝜃𝑆𝐻 = 0.08 for Pt and 

taking the spin diffusion length to be 𝜆𝑃𝑡 = 1.4 nm, we estimate the real and imaginary 

part of the spin mixing conductance as 𝐺𝑟↑↓ = 1.3 × 1014 Ω-1m-2 and 𝐺𝑖↑↓ = 4.8 × 1012 Ω-

1m-2, respectively. These compare well with commonly accepted values for Pt/YIG and 

suggest highly efficient transmission of spin current across Pt/TmIG interface.  



 

We now discuss the effect of temperature rise due to Joule heating on HK. Figure 3e 

shows 𝑅𝐻 taken at 𝜑𝐻 = +𝜋/4 with applied current varying between 1.8 and 10.2 mA, 

corresponding to 𝑗 = 4.8 ∙ 1010 and 2.72 ∙ 1011A/m2, respectively. We observe that, 

although the SMR amplitude remains nearly the same, the field required to saturate 𝐦 

fully in-plane decreases systematically, as well as the coercivity. We attribute this 

behavior to HK decreasing as a function of increasing temperature due to Joule heating. 

In Fig.3f we plot HK as a function of 𝐼𝑎𝑝𝑝 (purple squares). We observe that when 𝐼𝑎𝑝𝑝 is 

increased from 1.8 to 10.2 mA, HK decreases more than 50%. To further support this 

hypothesis we measure the device resistance (𝑅) as a function of 𝐼𝑎𝑝𝑝 (red circles). The 

fit to the data (black dashed line) shows that 𝑅 increases quadratically as a function of 𝐼𝑎𝑝𝑝 as expected from Joule heating-induced temperature rise (𝑇 ∝ 𝐼𝑎𝑝𝑝2 𝑅). From this 

behavior we learn that the magnetic anisotropy of TmIG evidently shows strong 

temperature dependence, whereas MS stays almost constant. By applying a current of 

10 mA, the distortion angle changes from 𝛼𝑅𝑇 = 90.77° at room temperature to 𝛼85°𝐶 =90.75° at 85 °C due to the difference in thermal expansion coefficients of the bilayer 

system. This leads to a change in the strain state of 0.03%, which can thus not account 

for the large change of the total anisotropy energy measured in this system, given the 

small contribution of magnetoelastic anisotropy that was estimated before. 

 

In summary, we characterized thin film ferrimagnetic garnet TmIG that possesses robust 

perpendicular magnetic anisotropy under tensile strain in (111) direction down to a 

thickness of 5.6 nm. We showed strong spin mixing conductance at the interface 

between Pt and TmIG. This emphasizes the usability of this material system for 



spintronic experiments that require FMI layers with PMA. By exploiting the SMR of the 

TmIG/Pt bilayer, we directly measured the anisotropy field of TmIG. We propose that the 

high spin mixing conductance and specific magnetic parameters found in this material 

are promising starting points for future studies on the quantum anomalous Hall effect, 

which might potentially increase the observation temperature of dissipationless chiral 

edge states in magnetic topological insulators by proximity effect. We further found that 

a small temperature induced change in the strain state with little magnetoelastic 

contribution can only marginally account for the strong temperature variation of the total 

anisotropy 𝐾𝑢, which will be subject to more specific investigation. 

 

Methods 

TmIG thin films were deposited using pulsed laser deposition (PLD) on single-crystal 

GGG substrates with (111) orientation. The stoichiometric target used during the 

deposition process was made in house by mixing powders of Tm and Fe oxides in the 

appropriate weight ratios, and then calcining the mix at 1150 °C for 5 hours, cold-

pressing it into a target, and sintering the target at 1350 °C for 10 hours. The 

stoichiometry of the target was confirmed by wavelength dispersion spectroscopy 

conducted at various locations on the target surface. To ensure epitaxial growth 

conditions during the PLD process, a substrate temperature of 650 °C, a laser fluence of 2 J cm2⁄ , a laser repetition rate of 10 Hz and a O2 pressure of 200 mTorr were applied. 

After the deposition the substrate was cooled down to room temperature in 200 mTorr 

O2 at a rate of 2 K min⁄ . We found that an additional annealing step was not necessary, 



but the slow cooling step after deposition was crucial in order to obtain the best quality 

films. 

 

Cross-sectional TEM imaging of the structure was carried out using a FEI TITAN 

(S)TEM with a CEOS probe aberration corrector operated at 200 kV, which achieves a 

spatial resolution of less than 0.8 Å. The use of a HAADF detector in STEM mode 

allowed us to record elastic, thermal diffuse scattering events that are proportional to 𝑍2 

and thus determine the position of atom columns or individual atoms as brightness 

contrast proportional to their atomic number. The TEM lamellas were prepared using a 

focused ion beam (Zeiss Auriga cross beam system). 

 

X-ray absorption spectra (XAS) were collected at the Fe L2,3 and Tm M4,5 absorption 

edges by total electron yield (TEY) measurements (Fig.2e,f, upper half), assisted by an 

ultra thin (3 𝑛𝑚) Au capping layer on top of the TmIG. Oppositely circular polarized X-

rays with 100% degree of polarization were used successively to resolve XMCD signals 

from the respective elements. The light-helicity was switched in a saturating magnetic 

field of 6 𝑇, which was applied normal to the film plane and in parallel with the incident 

beam. 

 

To study the properties of TmIG as a spinterface material, we sputtered 5 nm Pt on top 

of a 8 nm thin TmIG film. We then defined 16 × 7 μm2 sized Hall crosses (Fig.3a) in 

resist by a photolithography process and used ion milling to create Pt/TmIG mesa 

structures. Using an etching- instead of a liftoff process improved the quality of the 

Pt/TmIG interface by avoiding residual resist layers between the TmIG and the Pt.  



 

 

Figure 1 - Structural characterization of TmIG. a), XRD symmetric scan of the 

TmIG(19.7 nm)/GGG sample around the (444) peak. b), Reciprocal space map of the 

asymmetric (624)+ diffraction peaks of the substrate GGG (lower peak) and the film 

(upper peak). c) Temperature evolution of the TmIG and GGG d444 lattice parameters 

and of the resulting lattice angle . d), Sketch of the two adjacent pseudo cubic unit cells 

of TmIG and GGG at the interface. The deformation of the TmIG unit cell is exaggerated 

to visualize the lattice distortion angle 𝛼. e)+f) HAADF STEM images of the TmIG/GGG 



structure at the interface in the (102̅)- direction (e) and (101̅)- direction (f). EELS line 

scans at the interface show the distribution of Ga, Gd, Fe, and Tm atoms as black-white 

contrast. 

 

Figure 2 - Magnetic characterization of TmIG thin films. a)+b), Amplitude- and phase 

images of a MFM scan on the TmIG thin film. The RMS value for the surface roughness 

is 𝑅𝑀𝑆 =  1.5 nm and characteristic stripe domains of the out-of-plane demagnetized 

film shown in the phase image possess a feature size in the 1 μm – range. c), Polar 

MOKE signal versus applied out-of-plane magnetic field for the 5.6 nm thick TmIG film. 

d), Vibrating sample magnetometer measurement on the same film with field applied 

normal to the sample plane. e)+f), The XAS and XMCD asymmetric intensity signals for 



the L2,3 edge of Fe and the L4,5 edge of Tm, respectively. The insets in the upper figures 

show the XMCD signals as a function of the (constant) magnetic field applied normal to 

the plane. The arrows in the lower figures correspond to the magnetization direction at 

the respective energy peak, pointing up (down) for positive (negative) XMCD signal. 

 

 

Figure 3 - SMR measurements on a TmIG/Pt bilayer device. a), Schematics of the 

electrical measurements and the definition of coordinate axes and angles. Upper left: 

optical image of the measured device. b), Hall resistance as a function of an out-of-plane 

field showing the anomalous Hall (two levels) and ordinary Hall (linear slope) 

contributions. c), Hall resistance as a function of an in-plane field sweep applied at 

different angles 𝜑. d), In-plane angular variation of the Hall resistance recorded at 



𝐻 = ±318 kA m⁄ . Fit according to Eq.1 shows that the signal is purely driven by the 

SMR. e), Variation of Hall resistance as a function of applied current. Different shapes 

suggest that the effective anisotropy field depends on 𝐼𝑎𝑝𝑝 henceforth on the Joule 

heating. f), calculated PMA field and the variation of the device resistance as a function 

of 𝐼𝑎𝑝𝑝. We see that the increase of the resistance due to Joule heating correlates with 

the decrease in 𝐻𝐾.  
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