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(Liy, Ls-) | A B
Ey(L1y) +1.0 +1.0
E,(Ls_) | +0.175(8) —0.175(8)

Supplementary Table 1: Refined values of magnetic distortion modes obtained for the
(L1+, L3_) irrep pair. The magnitude of the E,(L;) mode has been normalized to unity.

(Liy, Lsy) C D E F
Ey(Liy) +1.0 +1.0 +1.0 +1.0
Agy(Lsy) | +0.167(9)  —0.167(9)  +0.344(9)  —0.344(9)
Ey(Lsy) | —0.163(9)  +0.163(9)  —0.090(9)  +0.090(9)

Ep(Lsy) | +0.206(11) —0.206(11) +0.173(11) —0.173(11)

Supplementary Table 2: Refined values of magnetic distortion modes obtained for the
(L14, L3y ) irrep pair. The magnitude of the £, (L) mode has been normalized to unity.
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Opt.
<I7 Y, Z) [sz Hy s /Lz]]P_illEr Lu:ra oy, NZ]EIL L,. [,uxa oy, ,uz]LIFLL3+
(3.3.3) | [3-28,3.28,0.00] | |4.28,4.28,0.00 4.35,3.41,2.48
(3,4,1) | [3:28,3.28,6.55] 3.48,3.48,3.77| | |3.68,2.70,4.20|
(3,0,%) | [3.28,3.28,6.55] | [3.48,3.48,3.77 13.68,2.70,4.20|
(3,2,1) | [3:28,3.28,0.00] | [4.28,4.28,0. 00| | [3.41,4.35,2.48|
(3.3, 7) | [3-28,3.28,6.55] 3.48,3.48,3.77 3.68,2.70,4.20
(0,3,1) ] [3:28,3.28,6.55] 3.48,3.48,3.77 77| | |3.68,2.70,4.20]
(0,0,1) | [3:28,3.28,0.00] 1.28,4.28,0.00 3.41,4.35,2.48
(3.1.3) | [3-28,3.28,0.00] | |4.28,4.28,0.00 4.35,3.41,2.48
(0,2,0) | [3.28,3.28,0.00] | |4.28,4.28,0.00 4.46,3.59,1.99
(0,%,2) | [3.28,3.28,0.00] | [3.22,3.22,0.00] | [3.22,3.22,0.00]
(3,0,2) | [3.28,3.28,0.00] _3.22,3.@, 0.00 _3.22,3@, 0.00
(1,2,0) | [3.28,3.28,0.00] | |4.28,4.28,0.00 4.46,3.59,1.99
(3,5.%) | [3.28,3.28,0.00] | [3.22,3.22,0.00] | [3.22,3.22,0.00]
(3.3,3)][3:28,3.28,0.00] | |3.22,3.22,0.00 13.22,3.22,0.00]
(3,0,0) | [3.28,3.28,0.00] 4.28,4.28, 0.00) 4.46,3.59,1.99
(3,1,0) | [3.28,3.28,0.00] 4.28,4.28,0.00) 4.46,3.59,1.99

Supplementary Table 4: Ordered magnetic moment directions for 2-k magnetic structures.
Magnetic moment components [/, (i, /-] (in pp units) are referred to Cartesian basis vec-
tors. Results are given for the crystallographic unit cell and magnetic moments in adjacent unit

cells are related by k = (%%%)
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Supplementary Figure 1: Paramagnetic diffuse scattering data (black circles) and calculations
for the model parameters given in the main text (red lines). Temperatures are indicated in the
figure and successive temperatures are vertically shifted by 2 units for clarity. Data were col-
lected on a powder sample containing natural Gd, using the D4 diffractometer at the ILL. Since
the incident neutron wavelength of 0.5 A was shorter than the neutron resonances of absorb-
ing Gd isotopes, the neutron absorption was weak enough to be accurately accounted for when
normalizing the diffraction intensity to a V standard. Additionally, a high-temperature (50 K)
measurement was subtracted from all data sets to remove background and nuclear scattering
signals. Model calculations were performed using Monte Carlo simulations of Eq. (1) using
the interaction parameters given in the main text, and following the methodology of Ref. (?).
Model calculations have been vertically scaled by a factor of 0.85 and convolved with the D4
instrumental resolution function to match the experimental data.
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Supplementary Figure 2: (a) Dependence of goodness-of-fit 12,,, on the rhombohedral distortion
parameter D = c,/+/6a, — 1, where ay, and ¢, are lattice parameters of the crystallographic
unit cell in the hexagonal setting of space group R3m. Rietveld refinements were performed
in Topas 5 against powder neutron diffraction (PND) data measured on the HRPD instrument
at ISIS at 7" ~ 0.03K and 7" = 1.1 K. The sample was mounted in a Cu holder to which
deuterated isopropyl alcohol (d-IPA) was added to improve thermal contact. Green diamonds in
(a) show results for refinement of the nuclear phase to 7" = 1.1 K data, indicating that absence
of a measurable lattice distortion in the paramagnetic phase. Blue squares in (a) show results for
refinement of the magnetic+nuclear phase to 7' = 0.03 K data. Here, we refined two additional
parameters to fit the magnetic phase: fi,;a = 6.7(1) up, and a finite magnetic domain size
Edomain = 2.4(2) x 10% A. The minimum R, is now obtained for very small but non-zero
rhombohedral distortion D = 0.00022(4) with lattice parameters a;, = 7.19352(9) A and
cn, = 17.6244(6) A. Notwithstanding the statistical significance of this result, no peak splitting
indicative of a structural distortion is visible on careful inspection of the data (b). Red circles
in (a) show results of refinement of the nuclear phase only to 7' = 0.03 K data, and indicate
that the statistical sensitivity to the refined distortion is greatly reduced if the magnetic phase is
not included in the fit. (b) High-resolution neutron diffraction pattern measured using HRPD at
T = 0.03 K. Experimental data are shown as black circles, nuclear+magnetic Rietveld fit as a
red line, and data—fit as a blue line. Time-of-flight is related to d-spacing here as TOF(us) =
0.27394 + 48213.48769 d — 5.50739 d?. The upper line of tick marks indicates the positions of
nuclear Bragg peaks and the lower line of tick marks indicates the positions of magnetic Bragg
peaks. Cu and V peaks from sample environment were also included by Pawley refinement.
The region around 100 ms was excluded as it contains a large background contribution from
d-TPA that could not be robustly refined.
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Supplementary Figure 3: Calculated magnetic diffraction patterns for the optimized (L;, L3y)
structure (black dashed line) and refined (L, L3, ) structure (solid red line) given in Table 4.
The difference curve is shown as a blue line. The two structures have very similar diffraction
patterns.
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Supplementary Figure 4: Experimental powder neutron-diffraction data collected on the D20
diffractometer at the ILL (A = 2.42A) in the intermediate-temperature phase (0.77 K) and
Rietveld fits for the L, irrep. Experimental data are shown as black points, fits as red lines,
and data—fit as blue lines. The number of free parameters (magnetic distortion modes) n and the
goodness-of-fit metric Ry, is shown. The refined value of the ordered magnetic moment for a
1-k or 4-k magnetic structure is 2.65(3) up per Gd at 0.77 K.



