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An All-Dielectric Coaxial
Waveguide

M. Ibanescy,’ Y. Fink,? S. Fan," E. L. Thomas,?
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An all-dielectric coaxial waveguide that can overcome problems of polarization
rotation and pulse broadening in the transmission of optical light is presented
here. It consists of a coaxial waveguiding region with a low index of refraction,
bounded by two cylindrical, dielectric, multilayer, omnidirectional reflecting
mirrors. The waveguide can be designed to support a single mode whose
properties are very similar to the unique transverse electromagnetic mode of
a traditional metallic coaxial cable. The new mode has radial symmetry and a
point of zero dispersion. Moreover, because the light is not confined by total
internal reflection, the waveguide can guide light around very sharp corners.

Waveguides are the backbone of modern op-
toelectronics and telecommunications sys-
tems. There are currently two major, and very
distinct, types of waveguides (metallic and
dielectric) that are used in two separate re-
gimes of the electromagnetic spectrum. For
radio frequencies, the metallic coaxial cable
is of greatest prominence (/). In this type of
cable, the entire electromagnetic field is con-
fined between two coaxial metal cylinders.
The important fundamental electromagnetic
mode of a coaxial cable is the transverse
electromagnetic (TEM) mode, which is
unique in that it has radial symmetry in the
electric field distribution and a linear rela-
tionship between frequency and wave vector.
This gives the TEM mode two exceptional
properties. First, the radial symmetry implies
that one need not worry about possible rota-
tions of the polarization of the field after it
passes through the waveguide. Second, the
linear relationship ensures that a pulse of
different frequencies will retain its shape as it
propagates along the waveguide. The crucial
disadvantage of a coaxial metallic waveguide
is that it is useless at optical wavelengths
because of heavy absorption losses in the
metal. For this reason, optical waveguiding is
restricted to the use of dielectric materials.
However, because of the differences in
boundary conditions of the electromagnetic
fields at metal and dielectric surfaces, it has
not previously been possible to recreate a
TEM-like mode with all-dielectric materials.

Consequently, optical waveguiding is
done with the traditional index-guiding (that
is, total internal reflection) mechanism, as
exemplified by silica and chalcogenide opti-
cal fibers. Such dielectric waveguides can
achieve very low losses (2). Although the
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optical fiber has proven to be undeniably
successful in many ways, it is nevertheless
plagued by two fundamental problems. First,
because the fundamental mode in the fiber
has an electric field with twofold p-like sym-
metry, the polarization of light coming in one
end of the fiber and the polarization coming
out the other are generally completely differ-
ent. This leads to substantial problems when
coupling into polarization-dependent devices.
Second, because the guiding involves total
internal reflection, it is not possible for light
to travel in a fiber with a sharp bend whose
radius of curvature is less than 3 mm without
significant scattering losses (3). For light at
optical wavelengths, this is a comparatively
enormous radius, thus limiting the scale of
possible miniaturization.

Recently, however, all-dielectric wave-
guides have been introduced that confine opti-
cal light by means of one-dimensional (1D) (4)
and 2D (5, 6) photonic bandgaps. Although
single-mode propagation is still twofold p-like
symmetric, these new designs have the poten-
tial advantage that light propagates mainly

through the empty core of a hollow waveguide
(7), thus minimizing effects associated with
material nonlinearities and absorption losses.
Moreover, because confinement is provided by
the presence of at least a partial photonic
bandgap, this ensures that light should be able
to be transmitted around a bend with a smaller
radius of curvature than is possible with the
optical fiber.

Here we introduce a waveguide, the coax-
ial omniguide, that combines some of the best
features of the metallic coaxial cable and the
dielectric waveguides. It is an all-dielectric
coaxial waveguide and supports a fundamen-
tal mode that is very similar to the TEM
mode of the metallic coaxial cable. It has
a radially symmetric electric field distribu-
tion so that the polarization is maintained
throughout propagation. It can be designed to
be single-mode over a wide range of frequen-
cies. In addition, the mode has a point of
intrinsic zero dispersion around which a pulse
can retain its shape during propagation, and
this point of zero dispersion can be placed in
the single-mode frequency window. Finally,
the coaxial omniguide can be used to guide
light around sharp bends whose radius of
curvature can be as small as the wavelength
of the light. This waveguide design is com-
pletely general and holds over a wide range
of structural parameters, materials, and wave-
lengths. To our knowledge, this work repre-
sents the first successful attempt to bridge the
disparate modal regimes of the metallic co-
axial cable and the dielectric waveguides.

A cross section of a traditional metallic
coaxial waveguide is shown in Fig. 1A. Light
is confined in the radial direction in the re-
gion between the two metal cylinders and
travels in the axial direction (perpendicular to
the plane of the figure). In a simple ray
model, propagation of light through the co-
axial cable can be viewed as a result of
successive specular reflections off the metal
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Fig. 1. Schematics of coaxial waveguide cross sections. (A) Traditional metallic coaxial cable. (B and
C) Two embodiments, of type A and B, respectively, of the all-dielectric coaxial omniguide as
described in the text. The blue cylindrical dielectric layers correspond to high dielectric constant
material, and the green cylindrical dielectric layers correspond to low dielectric constant material.
For all cases (A through C), light can be confined within the coaxial region (for example, r; <r <
r,) and guided along the axial or z direction. In (A) and (B), r; = 3.00 a and r, = 4.67 a, whereas

in (C),r, =040aandr, = 140 a.
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walls. The dispersion relations for the first
few modes supported by a metallic coaxial
waveguide are shown in Fig. 2A. For defi-
niteness, the inner and outer radii of the
waveguiding region are taken to be », = 3.00
a and r, = 4.67 a, respectively, where a is an
arbitrary unit of length to be defined later. For
any value of the wave vector, the lowest
frequency mode is the TEM mode for which
both the electric and magnetic fields are
transverse to the direction of propagation.
This mode has zero angular momentum,
which means that the mode is invariant under
rotations around the axial direction. Another
useful property of this mode is its constant
group velocity, which makes it dispersionless
at any frequency. The other modes shown in
the plot are transverse electric (TE,,, ) modes
for I = 1 and varying angular momenta m (8).
The cutoff frequency of any of these modes is

of the form
c 7o)
ro f ¥y

where f is the solution to a transcendental
equation for each value of the angular mo-
mentum m and for each polarization (TE or
™) ().

Designing an all-dielectric waveguide
with similar principles of operation as the
metallic coaxial waveguide is not straightfor-
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ward, because the boundary conditions at a
dielectric-dielectric interface differ from
those at an air (dielectric)-metal interface. In
particular, specular reflections cannot be ob-
tained on a dielectric-dielectric interface
when the ray of light comes from the region
with a lower index of refraction. Thus, it has
generally been assumed that an all-dielectric
coaxial waveguide cannot be designed to sup-
port a TEM-like mode, even in principle.
However, recent research on the omnidirec-
tional dielectric reflector (9) has opened new
possibilities for reflecting, confining, and
guiding light with all-dielectric materials. In-
deed, a dielectric hollow waveguide using
this principle was recently fabricated and
tested successfully at optical wavelengths
(4). The omnidirectional dielectric reflector,
or simply the dielectric mirror, is a periodic,
multilayered planar structure consisting of
alternating layers of low and high indices of
refraction. This structure can be designed so
that there is a range of frequencies at which
incoming light from any direction and of any
polarization is reflected. Moreover, the elec-
tric fields of the reflected light in this fre-
quency range have corresponding phase
shifts that are quite close to those acquired
upon reflection from a metal. In fact, there is
a frequency for each angle of incidence and
each polarization, for which the phase shift is

Omnidirectional Reflector

frequency range
of omnidirectional _
reflectivity

identical to that of a metal. This observation,
together with the fact that high reflectivity of
the omnidirectional dielectric mirror is main-
tained for all angles of incidence, strongly
suggests exploration of the possibilities of
using an omnidirectional mirror in lieu of a
metal in coaxial cable designs. In effect, the
omnidirectional dielectric mirror provides a
new mechanism for guiding optical and in-
frared light without incurring the inherent
losses of a metal.

In a cross section of a coaxial waveguide
(Fig. 1B), the metal cylinders from the left
panel have been replaced with cylindrical
dielectric layers (10) associated with an om-
nidirectional mirror. We call this particular
coaxial waveguide embodiment coaxial om-
niguide A. The parameters of the dielectric
layers are taken from the hollow waveguide
experiment (4) to be the following: Layers
shown in dark blue have an index of refrac-
tion n; = 4.6 and a thickness d, = 0.33 q,
whereas layers shown in green have n, = 1.6
and d, = 0.67 a. Here, a = d, + d, is the unit
length of periodicity of the multilayered
structure. The inner (»,) and outer (r,) radii of
the coaxial waveguiding region are taken to
be the same as those of the metallic coaxial
cable described earlier. For the calculations
presented here, we have set the index of
refraction of the coaxial waveguiding region
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Fig. 2. Projected band structures along an axial direction. (A) Traditional
metallic coaxial cable with inner and outer coaxial radii of r, = 3.00 a and
ro = 4.67 a, respectively. The red bands correspond to allowed guided
modes. For any given wavevector, the lowest frequency mode is a TEM
mode characterized by a perfectly linear dispersion relation. The six next
highest bands correspond to transverse electric (TE,,) modes with { = 1
and increasing angular momentum m. (B) Omnidirectional, reflecting,
all-dielectric multilayer film. Light-blue regions correspond to modes for
which light is allowed to propagate within the dielectric mirror, and
dark-blue regions correspond to modes for which light is forbidden to
propagate within the dielectric mirror. The diagonal black line identifies
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the edge of the light cone. The horizontal gray lines mark the boundaries
in frequency within which omnidirectional reflectivity is possible. (C)
Coaxial omniguide A with inner and outer coaxial radii of r, = 3.00 a and
r, = 4.67 a, respectively, and bilayers consisting of indexes of refraction
n, = 46 and n, = 1.6 and thickness d, = 0.33 a and d, = 0.67 a,
respectively. The red and yellow bands indicate guided modes confined
to the coaxial region of the waveguide. The dashed lines indicate modes
with less than 20% localization within the coaxial region. There is close
correspondence between the modes labeled m = 1 to m = 6 and those
of (A) labeled TE,, to TEg;. Also, the yellow m = 0 mode corresponds to
a TEM-like mode, as discussed in the text.
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to be 1. In practice, in order to provide struc-
tural support, the coaxial waveguiding region
may be chosen to be a dielectric with a low
index of refraction without affecting the fa-
vorable properties of the coaxial omniguide
1.

Before we begin our investigation of the
modes supported by the coaxial omniguide,
it is instructive to first review the modes of
a planar omnidirectional dielectric mirror.
The projected band structure of the omni-
directional mirror is shown in Fig. 2B. The
light blue regions represent allowed propa-
gation modes of light within the dielectric
mirror. The dark blue region represents
modes for which light is forbidden to prop-
agate within the dielectric mirror. The thick
black line identifies the edge of the light
cone, and the horizontal gray lines demar-
cate the frequency range of omnidirectional
reflectivity. It is precisely within this range
of frequencies that one would expect the
coaxial omniguide to support modes that
are most reminiscent of those of the metal-
lic coaxial cable. To calculate the frequen-
cies and field patterns of the modes of
coaxial omniguide A, we proceed as de-
scribed below.

As a result of the cylindrical symmetry
of the system, there are two good “con-
served quantities” that can be used to spec-
ify and classify the various modes support-
ed by this waveguide. These are k,, the
axial component of the wave vector, and m,
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the angular momentum (m = 0, 1,2 .. ).
For a given mode, the radial and angular
components of the electric and magnetic
fields can be calculated from the corre-
sponding z (axial) components (/2). For a
given wave vector k, and angular momen-
tum m, the axial field components in a layer
of index n have the general form

F(ZJ’d)) = [AJm(kTr) + BYm(kTr)]
X (Cleim¢ + Cze—imd))ei(mt—k:z) (1)

where F stands for either E, or H; J,,and Y,
are Bessel functions (/3) of the first and second
kind, respectively; and &y is a transverse wave
vector kr = V(nw/c)* — k2

The modes of the coaxial omniguide are
calculated with two different approaches. The
first is a semianalytic approach based on the
transfer matrix method (/4). Starting from
Maxwell’s equations, the z components of the
electric and magnetic fields in each layer can
be written in the general form given by Eq. 1.
For given k,, w, and m, the only variables that
determine the E, and H, fields are the four
coefficients in front of the Bessel functions
(two for E, and two for H,). The boundary
conditions at the interfaces between adjacent
layers can be written in the form of a matrix
equation

A A
B B

A = M|, 2)
B' Jj+1 B’ J

Fig. 3. Power density in the electric field for guided modes at k, = 0.19 (2m/a) in Fig. 2C. (A through
D) correspond to guided modes with angular momenta m = 0 to m = 3, respectively. The color
bar indicates that power increases in going from black to dark red, to red, to orange, to yellow. The
blue circles identify the boundaries between the various dielectric shells and are included as a guide

to the eye. Most of the power is confined to the coaxial region of the waveguide. The cylindrical

symmetry and radial dependence of the m = 0 mode are consistent with those of a TEM mode.
[The small fluctuations.in density away from perfect cylindrical symmetry in (A) are a consequence
of the discrete cubic grid used in the computations.]

A

B
where Al are the coefficients that deter-

B'/.
j

mine the electric and magnetic fields in the
Jth layer, and M is a 4-by-4 transfer matrix
that depends on k,, w, m, the geometry of the
layers, and their indices of refraction. After
calculating the electromagnetic fields for a
given point (k,, »), we find the resonant
modes by examining the fractional E-field
power confinement in the coaxial waveguid-
ing region; that is

f dre(r)|E(r)| 2w/ J’ dre(r)|E(r) |20

ri<r<ro all layers

(3)
The second approach involves a numerical so-
lution of Maxwell’s equations in the frequency
domain with the use of the conjugate gradient
method within the supercell approximation
(15). Supercells of size (30 a by 30 a by 0.1 a)
were used, leading to a basis set of about
230,000 plane waves. Eigenvalues were consid-
ered converged when the residue was less than
1075, The results of both approaches were
found to agree to better than 0.1%.

In the projected band structure for coaxial
omniguide A (Fig. 2C), the red and yellow
bands represent guided modes localized with-
in the region defined by the inner and outer
coaxial radii of the waveguide. The dashed
lines represent modes with less than 20%
localization within the coaxial region. There
is close correspondence between the modes
within the omnidirectional reflectivity range
labeled m = 1 to m = 6 and those of the
coaxial cable labeled TE,, to TE,; (16). The
m = 0 mode appears to correspond to the
TEM mode. Of course, for a coaxial omni-
guide with a limited number of outer shells,
these modes can only exist as resonances.
Nevertheless, even with only 2.5 bilayers, we
find that they can be extremely well localized
resonances, and the leakage rate decreases
exponentially with the number of shells. The
strong localization is shown in Fig. 3. Here,
we plot the power density in the electric field
for the four lowest frequency modes at k, =
0.19 (2m/a). As the color bar indicates, power
increases in going from black to dark red, to
red, to orange, to yellow. The blue circles
identify the boundaries between the various
dielectric shells and are included as a guide to
the eye. In all cases, the power is confined
primarily within the coaxial region. This is
particularly true for the m = 0 mode, which is
also cylindrically symmetric, just like the
TEM mode. Although it is well known that a
waveguide consisting only of"dielectric ma-
terial cannot support a true TEM mode (/7),
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we find that the m = 0 mode (which is a pure
TM mode) possesses several of the character-
istics of the TEM mode. First, as mentioned
above, it has zero angular momentum and
hence a radially symmetric electric field distri-
bution. Second, the electric and magnetic fields
within the coaxial waveguiding region (where
over 65% of the power is concentrated) are
nearly identical to those of the metallic coaxial
cable; for example, the predominant compo-
nents are E, and H and vary as 1/+. Finally, at
the point where the m = 0 dispersion curve
(yellow line) crosses the light line, there is an
exact correspondence between the electromag-
netic fields of the coaxial omniguide and the
metallic coaxial cable, inside the coaxial region.
Moreover, the derivative of the group velocity
is exactly zero near this point, leading to nearly
dispersionless propagation throughout its vicin-
ity (18).

The characteristics described above are cer-
tainly the attributes one would hope to achieve
in order to overcome problems with polariza-
tion-rotation and pulse broadening. But what
about single-mode behavior? The bands shown
in Fig. 2C are clearly multimode; that is, for a
given frequency there are two or more guided
modes that can be excited. To design a coaxial
omniguide that can support single-mode behav-
ior, we need only readjust our structural param-
eters. It is easier to keep the parameters of the
bilayers fixed, so that the omnidirectional re-
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Fig. 4. Projected band structure for coaxial
omniguide B. The central dielectric rod has an
index of refraction n, = 4.6 and a radius r, =
0.40 a. The coaxial waveguiding region has an
outer radius r, = 1.40 a, and the parameters of
the outer bilayers are the same as those used
for configuration A. The yellow dots represent
confinement of the electric field power of more
than 50%; the red dots represent confinement
between 20 and 50%; and the dashed lines
represent confinement less than 20%. The two
white boxes identify the frequency ranges
where the m = 0 band exhibits single-mode
behavior.
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flectivity frequency range does not change.
This leaves only those parameters that are com-
mon to both the coaxial omniguide and the
metallic coaxial cable: the inner and outer radii
of the coaxial waveguiding region. Single-
mode operation for the TEM-like mode will
only be possible if all other modes are moved
up in frequency so that the lowest nonzero
angular mode has its cutoff frequency inside the
bandgap. To do this, we have to decrease the
inner radius of the coaxial waveguiding region.
At the same time, the thickness of the bilayers,
a, should remain constant, which means that we
can no longer accommodate three bilayers in
the inner part of the waveguide. Actually, the
inner radius has to be decreased so much that
we are forced to discard the periodic structure
in the inner region and to replace it with a single
dielectric rod. Loss of the inner-core mirror
structure is not crucial, however. What is im-
portant is to add a thin rod of dielectric in the
core in order to avoid the 1/~ divergence of the
field at the origin and to use a dielectric of high
enough contrast to localize the TEM-like mode
in the coaxial region. This approach, however,
will not work if 7, > a, and one must then revert
to a multilayer core. Testing different values for
the inner and outer radii of the waveguiding
region, we have found a configuration that has
the desired properties. This new embodiment,
coaxial omniguide B, is shown in Fig. 1C. The
central dielectric rod has an index of refraction
n, = 4.6 and a radius », = 0.40 a. The coaxial
waveguiding region has an outer radius r, =
1.40 a, and the parameters of the outer bilayers
are the same as those used for configuration A.
In configuration B, there are two frequency
ranges where the waveguide can operate in a
single-mode fashion. We plot the dispersion
curves for the modes supported by coaxial om-
niguide B in Fig. 4. The yellow dots indicate
more than 50% confinement of the electric field
power, whereas the red dots represent confine-

ment between 20 and 50%. (The dashed lines
indicate confinement that is less than 20%.) The
two white boxes identify the frequency ranges
where the m = 0 band is single-mode. A com-
parison of Figs. 2C and 4 reveals that the cutoff
frequency of the m = 1 band has shifted sig-
nificantly upward, whereas the m = 0 band
remains relatively unchanged. The flatness of
the m = 1 band (9) enables the TEM-like band
to be single-mode both above it and below it in
frequency. The exact values of the parameters
were chosen so that, in the middle of the higher
frequency single-mode window [at & = 0.205
(2mc/a)], the mode is also dispersionless (18).

Figure 5 shows the distribution of the
electric field components for the m = 0 mode
of coaxial omniguide B at £, = 0.2 (2m/a)
and o = 0.203 (2wc/a). Because the (k,, w)
point is very close to the light line, the elec-
tric field in the waveguiding region is almost
completely transverse to the direction of
propagation. (The z component of the mag-
netic field will always be zero because this is
a pure TM mode.) The field distribution
clearly reveals a high confinement of the
mode in the waveguiding region, as desired.
Moreover, these values of E, and E lead to a
net field distribution that is completely radi-
ally symmetric, consistent with an angular
component that is exactly zero. All the fea-
tures mentioned above attest to the close
correspondence between the m = 0 mode and
a pure TEM mode.

There are several additional issues associat-
ed with the coaxial omniguide. The first is a
practical issue involving the coupling of light
into the coaxial omniguide. One possible meth-
od for coupling would be to begin with an
omniguide with a very thin core that increases
gradually to match the core of the coaxial con-
figuration. Because the electromagnetic field of
a laser source can have a TEM,, mode, this
should lead to efficient coupling into the TEM-

E,-field

Fig. 5. Electric field for the mode at frequency 0.203 (2mc/a) and k, = 0.2 (2/a) in Fig. 4. (A
through C) Electric field components along the x, y, and z directions, respectively. The color bar
indicates that large positive and negative values are shown as dark red and dark blue regions,
respectively, whereas white areas represent regions of zero values of the electric field, and
light-colored areas represent regions of low values of the electric field. The field distribution clearly
reveals a high confinement of the mode in the coaxial waveguiding region, and in this region it is
nearly completely transverse to the direction of propagation (less than 1073 of the intensity is

along z), as desired.

21 JULY 2000 VOL 289 SCIENCE www.sciencemag.org



like mode of the coaxial omniguide. The second
issue concems the ability to transmit informa-
tion across a broad band of frequencies with the
coaxial omniguide. This is determined primar-
ily by the width of the omnidirectional reflec-
tivity range. Another issue is that the multitude
of adjustable parameters in the structure of a
coaxial omniguide (the index of refraction and
thickness of each layer, the thickness of a bi-
layer, the waveguiding region inner and outer
radii, the central rod index of refraction, and so
on) allows for great flexibility in tuning the
waveguide for optimal desired performance
(confinement in the waveguiding region, width
of single-mode window, frequency of zero dis-
persion, group velocity, and so on). A further
important issue is that radial confinement of the
light is a consequence of omnidirectional re-
flection and not of total internal reflection. This
means that the coaxial omniguide can be used
to transmit light around much sharper corners
than is possible with the optical fiber. Finally,
the radial decay of the electromagnetic field in
the coaxial omniguide is much faster than in the
case of the optical fiber (with only 10 bilayers,
one gets a decrease of electric field intensity of
about six orders of magnitude). This means
that, for guided light of the same wavelength,
the outer diameter of the coaxial omniguide can
be much smaller than the diameter of the clad-
ding layer of the optical fiber without leading to
cross-talk complications in waveguide bundles.
These enabling characteristics of a substantially
smaller waveguide bending radius and smaller
spacing of adjacent waveguides lead to the
possibility of substantial miniaturization of fu-
ture integrated optical devices and transmission
lines.
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Holes in a Quantum Spin Liquid
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Magnetic neutron scattering provides evidence for nucleation of antiferromag-
netic droplets around impurities in a doped nickel oxide—based quantum mag-
net. The undoped parent compound contains a spin liquid with a cooperative
singlet ground state and a gap in the magnetic excitation spectrum. Calcium
doping creates excitations below the gap with an incommensurate structure
factor. We show that weakly interacting antiferromagnetic droplets with a
central phase shift of 7 and a size controlled by the correlation length of the
quantum liquid can account for the data. The experiment provides a quanti-
tative impression of the magnetic polarization cloud associated with holes in

a doped transition metal oxide.

Spin density modulations in transition metal
oxides are receiving huge attention because
of possible connections to high-temperature
superconductivity. The modulations appear
upon introduction of charge carriers, through
chemical substitution, into an insulating and
antiferromagnetic parent compound and tend
to be static when the carriers are frozen and
dynamic when they are mobile. Evidence for
such modulations has been largely confined
to materials whose magnetism and charge
transport are quasi—two-dimensional (/-4)
and whose parent insulators are ordered anti-
ferromagnets. We provide evidence for anal-
ogous phenomena in a quasi—one-dimension-
al oxide (5), Y,_,Ca BaNiO, for which the
parent is a spin liquid by virtue of quantum

"Department of Physics and Astronomy, Johns Hop-
kins University, Baltimore, MD 21218, USA. 2NEC
Research Institute, 4 Independence Way, Princeton,
NJ 08540, USA. 3National Institute of Standards and
Technology Center for Neutron Research, Gaithers-
burg, MD 20899, USA. “Department of Physics and
Astronomy, Louisiana State University, Baton Rouge,
LA 70803, USA. SISIS Facility, Rutherford Appleton
Laboratory, Chilton, Didcot, Oxon OX11 0QX, UK.
SElectrotechnical Laboratory, Tsukuba 305, Japan.
"Department of Advanced Materials Science, Gradu-
ate School of Frontier Sciences, University of Tokyo
Hongo, Tokyo 113-8656, Japan.

*To whom correspondence should be addressed. E-
mail: broholm@jhu.edu

fluctuations (6—10) and which has motivated
considerable theoretical activity (/1-16).

The key features of this orthorhombic ma-
terial are the chains of NiO, octahedra (Fig.
1A). The octahedra are corner-sharing, which
results in the dominance of magnetism (&)
and electrical conduction (5) by the very
simple ..O-Ni-O-Ni-O.. backbone. The mag-
netic degree of freedom at each Ni site is
the spin § = 1 associated with the 3d®
configuration of Ni2*, Each of the § = 1
ions is coupled to its neighbors through
antiferromagnetic (AFM) superexchange
through shared O?~ ions. Replacing the
off-chain Y3* by Ca?* introduces holes
primarily onto apical oxygen atoms in the
chains, and while the materials remain in-
sulators, doping substantially increases
conductivity at finite temperatures. Thus,
Y,_,Ca BaNiOj, is a one-dimensional ana-
log of the cuprates, where off-CuO,-plane
chemical impurities donate holes to the
CuO, planes.

Magnetic one-dimensionality causes the
parent compound Y,BaNiOg to be a spin
liquid prevented from ordering antiferromag-
netically by quantum fluctuations. The mate-
rial is not an ordinary paramagnet with heavi-
ly damped spin fluctuations, but rather the
magnetic analog of superfluid “He because it
has a macroscopically coherent quantum
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