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S1. ANISOTROPIC MAGNETIC DIPOLE OPERATOR

The anisotropic magnetic dipole (AMD) moment ¢ of a
particle electron state with orbital / and spin s , i.e., |[¢) =
25y U5l Ly s, 82), is defined as the expectation value of the
intra-atomic magnetic dipole operator (t) = (¢Ifl¢) [1]; I, and
s, represent the orbital and spin quantum numbers, respec-
tively, and a;_,_is a normalization factor. The AMD operator
ty (@ = x,Y,z) is expressed as

o =[8 =3G9y = ) Qupsps (1

B=xy,2

where s and 7 are the operators for spin and the unit vector of
position, respectively, and Q.3 denotes the electric quadrupole
operators (2, 3]. The ¢, term for dyy, dyy, d;x, dy2_y2, and ds 22
are 2/7,-1/7, -1/7 , 2/7, and -2/7, respectively.

Next, 7 symmetry for the AMD moment is discussed.
The magnetic space group of antiferromagnetism ordered is
Pnn’m’ when NJ||[100] of the rutile structure, including the
magnetic symmetric operations P, 7 M2, M,Ti2, and
T M; [4]. Here, T, P, M, (a=x,y,z), and Ti;> denote the
time reversal, spatial inversion, mirror perpendicular to the
a-axis, and translation of the (1/2,1/2,1/2) operations, re-
spectively. Those operations for the AMD moment ¢ result in
Tt =—t,Pt = t, and 1yt = t. The mirror operation is
expressed as

Myt = (_tX7 ty7 _tZ)’ (2)

indicating that all components other than the component per-
pendicular to the mirror are inverted. Thus, it can be con-
firmed that ¢||[010] is allowed from the viewpoint of magnetic
symmetry. When the vector IV is inverted, (¢) is inverted.

S2. Model Hamiltonian

For the Ru** model describing an electronic state of RuO,,
Hamiltonian is given by

H; = Hyom + Hcgr + Hvr, 3

where index 7 indicates Rul and Ru2 shown in Fig. 1(a) of the
main text. The first term Hyop, is expressed as

Hyom = € Z dl;d)’ + Laa Z(l ’ s)yl,yzd; dy,
Y

Y172

t+€ Z p;py + &2 Z(l : 3)710’21?;1 Py,
Y Y1572
1 @
) Z 8ad(Y1,72573,v4) dy, dy,d,, dy,
Y1Y2,73:Ya

+ Z 8ap(Y1, Y2573, ¥a) ), Pl Py,
Y1,72:Y3,Y4

where d; represents the creation operator for a 4d electron, in-

cluding a combined index y with orbital and spin, and p; rep-
resents the creation operator for a 2p core state [5—8]. Hyiom
includes 4d level (¢g;), spin-orbit coupling constant for the 4d
orbital ({44), 2p level (e,), spin-orbit coupling constant for the
2p orbital ({>,), Coulomb interaction between the 4d states
(g44), and the Coulomb interaction between the 4d and 2p
states (g4p). These spin-orbit coupling constants and the Slater
integrals included in g4q and g4, are estimated from the ionic
calculation within the Hartree—Fock—Slater (HFS) method [9].
The 43 of Ru** is 0.161 eV, and more we investigated spin-
orbit interaction (SOI) dependence of the electronic state by
changing {44. For the Slater integrals, 60% of the HFS values
are used [10, 11]. The second term Hcgr is determined by
considering the one-electron potential of D,;, symmetry [11],
expressed as

Vs =BG + B+ €2) ®
+ByCY + BY(CY + €% + BY(C + ),
where
45
® = Y, 6
a 2k+1 " ©)

and Y;, represents a spherical harmonic [12]. Considering
the previous study in Ref. 11, the 10Dg value between e,
(d32_2/dyy) and g (d2_y2/dy/d;;) is 2.6 €V and the e, split-
ting between d,, and ds.2_,» is 0.6 eV. For the splitting of 5,
orbitals in the present study, A for the splitting between d,_,»
and dy./d., is 1.0 eV and the splitting between d,; and d., is
0.55 eV. The third term Hyp is expressed as

Hyr = ) (hiy. - 8)y,, di ., (7)
Y1572
where hl(\'ZF denotes the molecular field for the spin part of the

Rul and Ru2.
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