Theory of spin ordering in metals

V.. Marchenko
Institute of Solid State Physics, Academy of Sciences of the USSR, 142432, Chernogolovka

(Submitted 19 September 1991)
Pis'ma Zh. Eksp. Teor. Fiz. 54, No. 9, 514-516 (10 November 1991)

The exchange symmetry of the helical and spin—split states of metals is clarified.
Each structureis a spin nematic.

When the Pomeranchuk conditions' for an electron Fermi liquid are violated in a
metal, some state of lowered symmetry should prevail. The simplest example is a
ferromagnet (Fig. la). Akhiezer and Chudnovskii® pointed out that a special spin
order—helical—might occur (Fig. 1b). Recently Hirsch® discussed yet another struc-
ture, analogous to a helical structure: a spin—split state (Fig. 1c).

In a ferromagnet, the spin dynamics is described by the Landau-Lifshitz equa-
tion. In other cases, the spin dynamics and the magnetic properties are generally still
open questions. Not all of the states which have been described could literally be
eigenstates of any reasonable Hamiltonian, but Fig. 1 reflects the symmetry of the spin
order. In these states, relativistic effects are assumed small, so the properties of these
states should be determined completely by the exchange symmetry.*°

In structure b, the isotropy of the spin space is completely disrupted, while in
structure ¢ an axial symmetry remains. Symmetry under time reversal is retained in
both states. Spin nematics have these properties.” To verify that the states we are
dicussing are indeed spin nematics, let us examine the nature of the spin correlations in
them.

,We begin with the simpler case, in Fig. lc. We find the correlation function
5,0 = (s, (O)s, (r)) (the z axis in spin space runs along the “axial” axis). Using the
relationships

st =afa; o7 = af'at; s, = (ata; —afa})/2 (1)

between the spin operators s = = s, 4 is,, s, and the operators which create and anni-
hilate electrons with certain z projections of the spin, we find
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FIG. 1.

We now change variables: -k + é/ 2 and 2—»5 — é/?., where @ is the relative shift
of the Fermi spheres of electrons with opposite spins (Fig, Ic). We then find
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Here we have made use of the relationship 7,; | 3,, = n,;_p,, = % in state ¢, where
n; is a Fermi distribution with a Fermi momentum k. At large distances r>k » ' we
find

1 k%' 2 A
82y (F) = 3ot o4 O kprsin QF. (4)

It is a simple matter to prove

s2u(7) =< 2(0)3,(A) >= — < 52(M2y(0) >= —sya (). (5)
The antisymmetric part of the spin correlation function has the following form for an
arbitrary choice of coordinates:

808 (F) = eapg Py sin Grd(r), (6)

where the function ®(r) is not changed by the symmetry elements. The pseudovector
P, is the order parameter of one of the spin nematics studied by Andreev and Grish-
chuk.” In this state the spin dynamics is described’ by the same equations as for the
dynamics of collinear antiferromagnets (§4 in Ref. 4).

State ¢ was proposed by Hirsch® for describing the order in chromium. In a spin
nematic, however, symmetry under time reversal means that there cannot be a hyper-
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fine field. A hyperfine field has been observed in chromium (see the review by Faw-
cett®). We might add that Hirsch proposed the existence of a spontaneous spin cur-
rent. There are no objections to this suggestion from the symmetry standpoint, but by
evaluating the expression given in Ref. 3 for the spin current exactly one can easily
verify that the spin current is zero at equilibrium. Here, as in an analysis of the electric
current permitted by the symmetry in structure b in an external magnetic field, the
expression for the spin current reduces to a total derivative {cf. the derivation of Eq.
(19) in Ref. 9].

In case b, it is better to go over to the operators a; . _, for electrons with a
definite helicity:
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[cf. Egs. (23) and (14) in Ref. 7]. In this case the correlation function does not have
a part which is antisymmetric in terms of spin indices. For the difference between
average values (s,(0)s, (r)) — (5, (0)s, (r)) where the z axis runs long r, we find

; 1 k2
g Z 7 cos B(ngy —ng- )2 = mf cos? kprsin? Qr. (8)
E

The quantity @<k, determines the shift of the Fermi momenta for particles with a
definite helicity with respect to the average value k. The spin dynamics in this state is
described by equations characteristic of a noncollinear antiferromagnetic material.*

I wish to thank V. I. Fal’ko and E. M. Chudnovskif for a useful discussion.

'I. Ya. Pomeranchuk, Zh. Eksp. Teor. Fiz. 35, 524 (1958) [Sov. Phys. JETP 8, 361 (1958)].

. A. Akhiezer and E. M. Chudnovskii, Fiz. Tverd. Tela (Leningrad) 18, 1427 (1976) [Sov. Phys. Solid
State 18, 827 (1976)].

3J. E. Hirsch, Phys. Rev. B 41, 6628 6820 (1990); 42, 4774 (1990).

“A. F. Andreev and V. 1. Marchenko, Usp. Fiz. Nauk 130, 39 (1980} [Sov. Phys. Usp. 23, 21 (1980)].
A. F. Andreev and I. A. Grishuk, Zh. Eksp. Teor. Fiz. 87, 467 (1984) [Sov. Phys. JETP 60, 267 (1984)].
V. I. Marchenko Pis'ma Zh. Eksp. Teor. Fiz. 48, 387 (1988) [JETP Lett. 48, 427 (1988)].

L. D. Landau and E. M. Lifshitz, Quantum Electrodynamics, Nauka, Moscow, 1980.

E. Fawcett, Rev. Mod. Phys. 60, 209 (1988).

’E. M. Chudnovsky and A. Vilenkin, Phys. Rev, B 25, 4301 (1982).

Translated by D. Parsons

519 JETP Lett., Vol. 54, No. 9, 10 Nov. 1991 V.l. Marchenko 519



