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SUPPLEMENTARY TABLES

Supplementary Table I. Alternative matrix form of the effective spin Hamiltonian. The “uncoupled” bond basis |5‘f , Sj ) is here used.

Hid 11 11 _ 11 — 1 1
off 3030 5, —3) 3,3%) i,-4
(4,1 J4Tz2 4 o p ha (goe +igey) —hy (igyy+9ay) ha (9za —igey) —hy (igyy —9gzy) 2Ty +Tzz
2132 2 9zz! pl 2 . 4
(1,-1 ha (gee —igwy) —hy (—igyy +9ay) _ J4Tss 2J42iD-T,, ha (9za —igay) —hy (igyy —9zy)
2732 P 1 1 3
(—1,1] ha(9zz+igey)—hy(—igyy —gzy) 2J-2iD—T,,  J4T.. hao (9oo+igwy)—hy (9yy+9ay)
202 p) 1 1 p)
1 1 2l yy+T22 ha(9za+igay)—hy (—igyy —gay) ha(9zz —igoy) —hy(—igyy+9ay) J4T, - h
(-3, —3l - 1 2 2 1 9zzltz

Supplementary Table II. Matrix elements of the effective spin Hamiltonian in the coupled basis. The latter is described by the |5’mt, S’fot)
functions. The zero-field couplings are shown in bold.

Heit 10,0) |(17—1> : (\1,1> : I1,0)
gay(hy —ihs gzy(—thae—hy i
(0, 0] —-3J oy Ry “the) Jey\m e T y) ipD
VZ V2 2
ihg+h . igyy Py
(1, —1| M\/y”) % + Fzz —4g..h. _ng _ Fczlz thhzjggyyhy
gay (ithe—h r r r o hae —igyyhy
1] ooy (Be—to) — g _ = 1+ Sg=+ig..h seshe oty
<1 Ol _ip gzaha —igyyhy gzahatigyyhy J _ Tzy
? 2 V2 V2 4 4

Supplementary Table III. Matrix form of the effective spin Hamiltonian with diagonal isotropic and symmetric anisotropic exchange.
The zero-field couplings are shown in bold.

Hj |s) [ta) It,) It.)
(sl _%J —Gayhy —Gayha D
(ta| —gayhy % + r‘% + F% —igzzhz —igyyhy
(tyl Gayha igszhs % — F% i9zaha
<tz| _% igyyhy —igzza % — 1"%

SUPPLEMENTARY METHODS

To better illustrate the nature of the {§ e, ty, fz} states forming the basis of the effective Hamiltonian shown in Table V in
the main text and the different steps followed to arrive to that particular matrix form, we also provide in this section ME’s in (i)
the “uncoupled” | S?, SJZ> basis (see Supplementary Table I), (ii) the “coupled” |Siot, SZ.. ) basis in which the isotropic exchange
is diagonal (Supplementary Table II) and (iii) the basis {s, ¢,,,,t.} that also diagonalizes the symmetric anisotropic exchange
(Supplementary Table III). In the latter case, |s) = |0, 0) and |¢.) = |1, 0) while |t,) and |t,) are antisymmetric and symmetric
combinations of |1, —1) and |1, 1). The unitary matrix describing the transformation to the form given in Supplementary Table IIT
reads
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Finally, |s) and |¢.) are to some degree admixed due to the antisymmetric exchange. The resulting states |3) and |£.) imply a
“rescaling” of the Zeeman couplings. The Hamiltonian thus takes the form shown in Table V in the main text. The corresponding
transformation matrix reads

o) NG
B 0 10 0
Up= 0 01 0 52)
j/ _JJ. j/ +'-IL
/7/2 = oy 00 /]2 N +y



