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1. Starting Materials 
All materials were of reagent grade. Due to the well-known problem of rare 

earth separation, admixtures of different rare earths in Gd2O3 might be suspected. 
To elucidate this point, energy dispersive X-ray (EDX) analysis was employed 
(INCA ENERGY 450/XT with an X-Act ADD detector). It has shown that our Gd2O3 
is free from other rare earths or other metals within detection limits, far below 1 wt. 
%. 

Hydrous ferric nitrate was analyzed gravimetrically after slow heating and calcina-
tion at 900 °C and then used in its pristine forms. However, its low stability in air and 
possible inhomogeneity resulted in poor accuracy of the composition. Therefore, for some 
syntheses we used an analyzed aqueous solution instead of the solid hydrate. Ferric oxide, 
gallium oxide, potassium carbonate and sodium vanadate were calcined at 400 °C, and 
gadolinium oxide, at 950 °C. Amorphous tellurium (VI) oxide could not be dried to con-
stant weight, presumably due to continuous loss of oxygen. Therefore, it was used as re-
ceived with 1–2% excess against the calculated amounts to compensate for possible ad-
sorbed moisture and for possible loss during the high-temperature syntheses. K2TeO3 was 
prepared by reacting K2CO3 and TeO3 for 3 h at 630 °C with intermediate regrinding and 
stored in a desiccator due to its strong hygroscopicity.  

2. Preparation Methods 
For the Fe compound, three preparation routes were tested: 
(i) For the “semi-wet” route, a weighed portion of Gd2O3 was dissolved in aqueous 

nitric acid; a stoichiometric amount of ferric nitrate was added and the mixed solution 
was added dropwise to excess of aqueous ammonia solution under vigorous stirring. The 
coprecipitated hydroxide was aged, filtered, washed with distilled water under vacuum, 
and dried at 150 °C. Then, a stoichiometric portion of TeO3 was admixed using mortar 
and pestle. The mixture was pressed and calcined, with intermittent regrinding and press-
ing, at 350–400 and 650–700 °C for 2 h each, and then at higher temperatures, as reported 
in Table S1.  

(ii) For the conventional solid-state preparation, stoichiometric amounts of Gd2O3, 
TeO3, and Fe2O3 were mixed by mortar and pestle and then processed as described above.  
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(iii) For the molten-salt method, 10 wt. % of either NaVO3 or K2TeO3 were added to 
the starting or heat-treated mixture of reagents and then calcined at 700–800 °C followed 
by washing with water.  

The Ga compound was prepared by the conventional solid-state method only, anal-
ogous to point (ii) above. The purest and well crystallized product was obtained after final 
heat treatment for 4 h at 950 °C. 

Although tellurium oxide is known to be somewhat volatile [1,2] and toxic, the 
authors of the preceding works did not mention any precautions when preparing 
AFeTeO6 for 24 h at 900 °C [3] or 2 h at 1000 °C [3]. TGA of LaFeTeO6 [3] showed 
notable weight loss only above 1000 °C. However, this was done with the presyn-
thesized compound under rapid heating. With prolonged heating of incompletely 
reacted mixtures, weight loss might start at lower temperatures. In the present 
work, all reactions at 800 °C and above were done in the fume hood using small 
covered Pt crucibles with reaction pellets packed within protective powder of the 
same composition but with added 0.5–2 wt. % excess TeO3. Observed weight losses 
were very close to the excesses taken. Since other components are not volatile, this 
means that the Gd:Fe:Te ratio in the calcined pellet remained essentially the same 
as in the starting mixture, and the only problem was its phase composition (deter-
mined by XRD) rather than elemental composition. In any case, accuracy in weigh-
ing reagents is much better than that of the EDX method. 

3. Phase Analysis of GdFeTeO6 
The reported preparation of well-crystallized GdFeTeO6 from the raw oxides for 48 

h at 700 °C [3] could not be reproduced not only by the solid-state method but even by the 
semi-wet method, despite heating at 750 °C for 56 h with three intermittent regrindings 
(Figure S1). On the other hand, molten-salt method, with NaVO3 or K2TeO3, permitted 
preparation of the well-crystallized compound for shorter periods at 750–800 °C (Table 
S1). However, this brought admixtures of extra phases, e.g., GdVO4, and might result in 
isomorphic substitutions, e.g., Gd1-xNaxFe1-xVxTeO6. 
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Figure S1. Comparison of the two XRD patterns of nominal “GdFeTeO6” taken in CuKα radiation. 
Upper panel: Relatively pure phase prepared from oxides for 48 h at 700 °C [4]. Lower panel: mixed 
phase prepared by the semi-wet method for 56 h at 750 °С with three intermediate regrindings (this 
work). 

Therefore, synthesis without extra components was necessary. It was accomplished 
at somewhat higher temperature of 830 °C. Results reported in Table S1 show that lattice 
parameters are essentially the same irrespective of the preparation method and foreign 
phases presence, thus making isomorphic admixtures less probable and suggesting that 
the phase does not have any extensive homogeneity range. It is also seen that too high 
temperature (e.g., 970 °C) did not enable preparation of the phase but the sample could 
be brought to essentially pure form by annealing at 830 °C. The compound is light yellow, 
turning orange with minor admixtures of Fe2O3 or Fe2TeO6. 

Table S1. Phase analysis results and hexagonal lattice parameters of GdFeTeO6 samples prepared 
by various methods. 

# Preparation 
method 

Final heat 
treatment a, Å c, Å Other phases 

t, °C time, h 
1 Solid state 830 27 5.1662(2) 9.8529(1) None 
2 Semi-wet 830 27 5.163(3) 9.852(6) Trace unknown 
3 Semi-wet 970 3 5.1633(13) 9.8489(3) Strong unknown, Fe2O3 
4 Sample 3 830 27 5.1655(8) 9.854 (4) Trace Fe2TeO6 
5 Molten salt NaVO3 750 20 5.1657(10) 9.8503(2) GdVO4, trace Fe2TeO6 
6 Molten salt K2TeO3 800 5 5.1656(13) 9.8517(3) Trace unknown 

It should be noted that our lattice parameters for GdFeTeO6 differ strongly from those 
reported previously for the same composition [4] but are in excellent correlation with 
those for four known analogues (Figure S2). This suggests that the powder pattern and 
lattice parameters reported by Lei et al. [4] might correspond to a different composition, 
because differences in Bragg angles of 0.5–0.8 Å and resulting differences in lattice param-
eters of 0.8% are far beyond possible experimental uncertainties. 
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Figure S2. Correlation between crystal radii [5] of RE3+ and hexagonal subcell parameters of 
REFeTeO6. Red diamonds, a; blue triangles, c/2; RE = La [1, 3, 6], Pr, Nd, Sm [6], and Gd (this 
work); green circles, same from Ref. [4]. 

4. Structural Data 

Table S2. Details of the data collection and structure refinement. 

 GdFeTeO6 GdGaTeO6 
Crystal system Trigonal 

Space group 𝑃3ത1𝑐 (no. 163) 

Lattice constants 
a, Ǻ 5.16556(5) 5.11096(6) 
c, Ǻ 9.85231(14) 9.91922(17) 

Cell volume, Å
3
 227.669(3) 224.395(4) 

Formula weight 436.69 450.56 
Z 2 2 

Density (calc.), g/cm3 6.370 6.669 

Wavelengths, Ǻ 
α1 1.5406 
α2 1.5443 

Ratio 0.5 
Polarization ratio 0.707 

Texture parameters (March-Dollase) axis 001, ratio 1.00 
2Θ range, º 6.02–109.98 8.02–99.98 
2Θ step, º 0.02 0.02 

Anisotropic broadening Axis 001 Axis 001 
No. of data points 5199 4599 

No. of reflections (α1 only)  204 162 
No. of variables 31 32 

Agreement factors 

R(F2) 0.0952 0.0542 
Rp 0.0464 0.0745 

Rwp 0.0528 0.0974 
χ2 1.50 1.68 

Table S3. Atomic coordinates and displacement parameters in GdFeTeO6, space group 𝑃3ത1𝑐 
Atom Site x/a y/b z/c Uiso 

Gd 2b 0 0 0 0.01297(7) 
Fe 2c 1/3 2/3 ¼ 0.00206(11) 
Te 2d 2/3 1/3 ¼ 0.01817(9) 
O 12i 0.36772(20) 0.01242(17) 0.14103(7) 0.01371(11) 

Table S4. Atomic coordinates and displacement parameters in GdGaTeO6, space group 𝑃3ത1𝑐. 

Atom Site x/a y/b z/c Uiso 
Gd 2b 0 0 0 0.01236 
Ga 2c 1/3 2/3 1/4 0.00715 
Te 2d 2/3 1/3 1/4 0.02455 
O 12i 0.3442(25) −0.0152(19) 0.1412(7) 0.01805 

5. First-Principles Calculations: Technical Details and Functional Comparisons 
We used the projector augmented-wave method [7] as implemented in VASP (ver-

sion 5.4.4) [8]. Two types of exchange-correlation approximations were considered. First, 
the PBE+U approximation, with the generalized gradient approximation of Perdew, Burke 
and Ernzerhof (PBE) [9], and U as an additional effective on-site Coulomb interaction ap-
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plied to strongly correlated Fe d and Gd f electrons, to improve their description [10]. Sec-
ond, the Heyd-Scuseria-Ernzerhof (HSE) screened hybrid functional [11], where the short-
range component of the PBE exchange is mixed with 25% Hartree-Fock exchange (we used 
the HSE06 version [12], with exchange screening parameter ω = 0.2 Å−1). The plane-waves 
energy cutoff of 400 eV, and a grid of 4 × 4 × 2 k-points in the unit cell were found to be 
enough for converged energy differences. For supercells similar k-point densities were 
used. Further convergence tests show that the computational set-up gives converged re-
sults. In our calculations we used the experimental structure for the atomic positions. The 
unit cell includes two Gd and two Fe atoms for a total of four magnetic moments. 

We considered a total of five inequivalent collinear configurations that can be simu-
lated with the same unit cell: a ferromagnetic (FM) configuration, an antiferromagnetic 
(AFM) one and three ferrimagnetic (FiM) states characterized by different relative orien-
tations of Gd and Fe magnetic moments. Denoting each configuration as MGdMGdMFeMFe 
where MX = u (d) represents up (down) spin for X = Gd, Fe atoms, the FiM1, FiM2, FiM3 
configurations are defined as uudd, uduu and uudu respectively while the AFM and FM 
ones are defined as udud and uuuu, respectively. As shown in Fig. S3a, where we display 
the total energies for the different magnetic configurations with respect to the FM phase, 
the AFM, FiM1 and FiM3 states are almost degenerate within HSE, whereas the PBE+U 
approach tends to overestimate the antiferromagnetic interaction between Fe spins and, 
hence, to over-stabilize the AFM and FiM3 configurations with respect to HSE. The strong 
dependence of relative stability of the different magnetic configurations on UGd is high-
lighted in Fig. S3b, where we show the energy difference between FiM1 and FM configu-
rations within PBE+U. Indeed, for UGd≳ 2.1 eV the FM state appears to be more stable than 
the FiM1, while only values close to 2 eV can reasonably reproduce the HSE results. We 
also checked that UFe affects the energy differences much less, and values between 3 and 
5 eV are reasonable choices when comparing to HSE results. However, we found that no 
combination of UFe and UGd can reproduce all the energy differences obtained by using 
HSE, which prompted us to adopt the latter approach also in the estimate of exchange 
interactions.  
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Figure S3. (a) Effect of changing UGd (eV) for the energy differences of one AFM and 3 FiM states 
with respect to the FM state. Changes of Gd UGd in the legend, with fixed UFe = 4 eV. (b) Energy 
difference between FiM1 and FM states. Effect of changing UGd and UFe, and comparison with HSE 
calculations (black line). 

 

6. Monte Carlo Results: Specific Heat and Magnetic Susceptibility 
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Figure S4. The comparison of Monte-Carlo calculations (solid lines) with the experimental temper-
ature dependencies of magnetic susceptibility χ(T) (left panel) and specific heat Cp(T) (right panel). 
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