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Over the last two decades there has been a growing interest in a new generation of optical tools
using materials that are not available in nature [1, 2]. These materials, termed metamaterials, offer
the promise of devices with unique capabilities; for example lenses that can image objects with a
resolution much better than the wavelength of the imaging light and the ability to cloak objects for
certain regions of the spectrum. The unique capabilities of metamaterials result from their unusual
optical properties such as having a negative index of refraction and, consequently, the left-handed
nature of the propagating electromagnetic waves. It is now well-understood that metamaterials rely
critically on their ability to interact strongly both with the electric- and the magnetic-fields of light;
i.e. both the permittivity and permeability of the material must be substantially different from their
values in free space. This is a big challenge in the optical region of the spectrum since materials
generally do not respond to the magnetic field of light at such high frequencies. As demonstrated
by the experiments from the metamaterial community, this challenge can be overcome using devices
that are engineered at the nanoscale.

It was recognized early on that it may also be possible to construct left-handed materials using
sharp transitions of atoms or ions [3, 4]. When an electron makes a transition from the ground level
to an excited level, it can do so by either interacting with the electric-field or the magnetic-field of
light. Depending on the nature of the interaction, these transitions are said to be electric-dipole or
magnetic-dipole. A naturally occuring left-handed material would require both types of transitions
simultaneously. The chief difficulty of this approach is that in the optical region of the spectrum one
essentially only encounters electric-dipole transitions since they are stronger by about five orders
of magnitude. In this work we show, for the first time, a strong coherent interaction between the
magnetic field of a laser beam and an ensemble of atomic ions. We use a cryogenically-cooled
europium doped crystal and utilize the 7F0 → 5D1 magnetic-dipole transition within the 4f shell.
By using an intense laser beam at a green wavelength of 527.5 nm, we observe strong-field Rabi
flopping between the ground and excited levels. We measure the change in the Rabi flopping
frequency as the laser intensity is varied and deduce the magnetic-dipole matrix element to be
µ = (0.063 ± 0.005)µB (the quantity µB is the Bohr magneton). We have verified the magnetic-
dipole nature of the excitation by studying angle-dependent fluorescence from the crystal. Using
laser excitation through a sharp atomic transition (with widths at the GHz level) our experiments
show for the first time that: (i) a large coherent magnetic response can be obtained from an atomic
ensemble, and (ii) the ensemble can have a permeability that is significantly modified compared to
its free space value. These results open up the prospect of constructing left-handed materials using
atomic transitions; a different and in many ways complementary approach to existing left-handed
metamaterials.
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