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Fig. 1. Conduction band model εk for ky = 0.

Fig. 2. Magnetic ordered structures of 〈Sn〉: (a) ferromagnet (Q = 0,
θ = π/2); (b) helix (Q �= 0, θ = π/2); (c) cone (Q �= 0, 0 < θ < π/2);
(d) ferromagnet (Q �= 0, θ = 0).

with a cone angle θ and a helical wave vector Q along the
kz axis as shown in Fig. 2 [3],

〈 Sn〉 = 〈S〉 (sin θ cos φn, sin θ sin φn, cos θ). (5)

where φn = (Q · Rn) is the turn angle. This cone structure
becomes the helical structure for θ = π/2 and the ferro-
magnetic structure for θ = 0 or Q = 0.

If there is no crystalline anisotropy, the cone axis can be
in any direction. For an anisotropy of easy plane the cone
axis is the c-direction while for an anisotropy of easy c-axis,
the situation is more complicated [5,20].

For the first transformation the local axes (ξn, ηn, ζn) are
introduced at each site Rn , where ζn is defined to be along
the direction of the local moment 〈 Sn〉, ξn along the direc-
tion perpendicular to both ζn and z axes, and ηn along the
direction perpendicular to ζn and ηn axes as shown in Fig.
3. Those unit vectors enξ , enη, enζ are given by

enξ = (cos θ cos φn, cos θ sin φn, − sin θ),

enη = (− sin φn, cos φn, 0),

enζ = (sin θ cos φn, sin θ sin φn, cos θ).

 (6)

Fig. 3. Local coordinate axes (ξn, ηn, ζn).

Hence the f -spin operator Snξ , Snη, Snζ are defined by

Sn = Snξ enξ + Snη enη + Snζ enζ . (7)

The unperturbed Hamiltonian H0 is diagonalized by the
transformation,

A k− = a k↑ cos θ k + a k−Q↓ sin θ k

A k+ = −a k↑ sin θ k + a k−Q↓ cos θ k

}
(8)

with

cos(2θ k ) =
ε k−Q − ε k + 2y√

(ε k−Q − ε k + 2y)2 + 4x2
(9)

where 0 ≤ θ k ≤ π

2 and

x = I 〈S〉 sin θ, y = I 〈S〉 cos θ . (10)

After these two transformations, the Hamiltonian H1 is
rewritten as

H = H0 + H1
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(11)

where the new dispersion energy of the conduction electron
E kµ

is given by (see Fig. 10)

E k± = 1

2
[ ε k + ε k−Q

±
√

(ε k−Q − ε k + 2y)2 + 4x2 ]. (12)

The f -spin operators Sn± and Sn0 are

Sn± = Snξ ± iSnη, Sn0 = Snζ − 〈S〉, (13)

and the new spin matrices σ±( k, k′) and σζ ( k, k′) oper-
ating on the pseudo spin ± in A k± are

σ−( k, k′) = 1
2 [σ3 sin(θ k + θ k

′ − θ)

+ σ1 cos(θ k + θ k
′ − θ)

− iσ2 cos(θ k − θ k
′)

+ 1 sin(θ k − θ k
′)],

σ+( k, k′) = σ−( k′, k)†,
σζ ( k, k′) = σ3 cos(θ k + θ k

′ − θ)

− σ1 sin(θ k + θ k
′ − θ),


(14)


