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Bloch oscillations may occur when a constant force is applied to a particle in a periodic
potential. It is a glorious example of the counter-intuitive nature of quantum mechanics. Not
only does the particle oscillate with the application of a static and homogenous force, but the
amplitude of the oscillation is inversely proportional to the magnitude of the force, so that an
infinitesimal force, e.g., yields an infinite amplitude. If the particle has a charge, then the force
may be provided by an electric field, and the oscillation can be detected by the radiation emitted
by the osdllating (charged) particle. This has been recently accomplished with charge carriers
in semiconductor superlattices. Even more recently, the effect was observed with ultracold
atoms placed in an accelerating, spatially periodic optical potential Here we show that this
quintessentially quantum effect also occurs in purely magnetic systems, i.e., in the quantum
dynamics of magnetic solitons. We illustrate this by looking at anisotropic spin-1/2 chains and
give explicit results for the quasi-one-dimensional ferromagnetic salt C0CI2 - 2H2O.

The completely anisotropic spin-1/2 chain

with ferromagnetic couplings is our starting point. We work in the Ising regime and so put
Jz 2> Jx, Jy The lowest energy excitations are domain walls (we use the terms "domain walls"
and "magnetic solitons9 interchangeably). At sufficiently low temperature, the density of solitons
is low enough to neglect soliton-soliton interactions. The one-soliton approximation is valid in
this regime and we can project the full Hamiltoaian down to this subspace, drop constant terms,
and obtain

v ~ ( - 2 ) + bfn.v ~ (r + T

Tn translates the soliton n lattice sites, m is the soliton position operator, and b =
This Hamiltonian is essentially equivalent to a tight-biding model of electrons on a lattice in
the presence of an external field. The same effective model can be derived starting from an
antiferromagnet in an inhomogeneous (linearly increasing) external field. Also, a very similar
effective Hamiltonian can be obtained in a ferromagnet with Jx = Jy and an external field along
both the x and z axes (in this case hoping is by only one lattice site).

In zero external field, the eigenstates of the above Hamiltonian are soliton Bloch states
and there exists a soliton band structure. Seouclassically, the effect of the field is to drive the
soliton through the band. In real spare, the position of the soliton oscillates in time: x(t) =
const. + (AB/2) cosuiBt with the Bloch.amplitude AB = a{Jy — Jx)/b and the Bloch frequency
u>B — 26/ft, where a is the lattice constant. In a fully quantum treatment, we can calculate the
expectation value of the position operator m in an arbitrary state. With [^(0)) = Em
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and \Em) an eigenstate of ifsoi, we have

m

which exhibits the same time periodic behavior as the semiclassical treatment for appropriately
chosen expansion coefficients Cm.

These oscillations should emit detectable magnetic dipole radiation, in analogy to electrons.
However, because they are magnetic excitations, they can also be detected by inelastic neutron
scattering at finite temperature. The dynamic structure factor S[u) is given by

This result is only for one rhatti In a sample with iV chains, and for nncorrelated solitons, there
is one such contribution to S(u>) for each soliton. Thus, for a BLoch amplitude on the order of
a lattice constant, the signal can become enormous.

For some numerical estimates, we turn to the spin-1/2 Ising ferromagnet CoCl2 - 2H2O. This
salt consists of ferromagnetic chains with antiferromagnetic interchain couplings, and has a 3D
ordering temperature of 17K. Below this temperature and in a small external field, half the
chains are polarized along the field, and half opposite the field. As the field is increased, there
are transitions to a 3D ferri- and finally a ferromagnetic state with all chains polarized along the
field (the chains themselves always exhibit ferromagnetic order, whatever the external field). If
we neglect the interchain couplings, a moderate field of 0.8 IT produces a Bloch amplitude of one
lattice constant, and a Bloch frequency ((j£/2ir) of lSOGHz. The interchain couplings can be
treated in a mean field approximation- The field experienced by a specific chain is then the sum
of the external field as well as an internal field- In this case, Bloch oscillations of amplitude one
lattice constant can be produced in all three phases. In the 3D antiferromagnetic phase, a 2.8T
external field is required, in the ferrimagnetic phase, a 3.6T field, and 5.2T in the ferromagnetic
phase. This material is a good candidate for observing Bloch oscillations of magnetic solitons.
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