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• elektron : egységnyi negatív töltésű, van mágneses 
momentuma (spinje)

• proton : egségnyi pozitív töltésű, szintén van mágneses 
momentuma, de az kissebb mint az elektroné (egy ezrede)

• neutron : semleges, de van mágneses momentuma (kb 
akkora mint a protonnak)

• és még sok egyéb... kvarkok...

Elemi részecskék
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More is different - A több az más 

• P. W. Anderson Nobel díjas fizikus írása 1972-ből [Science 
177, 393–396 (1972)]

• Érvel, hogy bonyolultabb rendszerekben új viselkedés és új 
törvények lépnek fel 

• hiearchia: részecskefizika, kondenzált anyagok, kémia, 
molekuláris biológia, sejtbiológia..

• kondenzált anyagok esetén : szimmetriasértés
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Korrelált rendszerek, Mott szigetelők

• az elektronok között Coulomb 
(elektrosztatikus) kölcsönhatás

• ha a Coulomb kölcsönhatás elég nagy 
(pl. átmeneti fém oxidok), akkor az 
elektronok nem mozognak szabadon, 
hanem a fém-ionokon lokalizáltak

• mágneses rendszerek : az elektronok 
spinjei kölcsönhatnak

• ellentétesen szeretnének állni a 
szomszédok
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Korrelált rendszerek, Mott szigetelők

Korrelált

Nem korrelált
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spinonok: feles spinű gerjesztések spin-láncokban

alapállapot (a piros és kék ellentétes beállású spineket jelöl) :

id
ő
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Legalább két alapállapot szükséges :

spinonok: alapállapotokat szétválasztó falak, 
egymástól függetlenül mozognak

spinonok: feles spinű gerjesztések spin-láncokban
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spinon: alapállapotokat szétválasztó fal, 
egymástól függetlenül mozognak

spinonok: feles spinű gerjesztések spin-láncokban

E1, p1 E2, p2

energiamegmaradás:

impulzusmegmaradás:

energia függ az impulzustól 
(diszperziós reláció):

E =
p2

2m
pl. klasszikus test:

∆Eneutron = E1 + E2

∆pneutron = p1 + p2

E1 = f(p1)

E2 = f(p2)

4 egyenlet, 6 ismeretlen: 

∆Eneutron ∆pneutron

4 egyenlet, 6 ismeretlen: 

és között
 nem egyértelmű a kapcsolat
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The complete spectrum of the double spinon excitation in the spin-Peierls system CuGeO3 is mapped
as a function of temperature for the first time. The spin dynamics of the lower boundary and the
excitation continuum evolve quite differently. Moreover, the dimerization of the lattice produces a
sharp excitation in the lower energy boundary at the edge of the Brillouin zone, as well as the well
known spin-gap opening at the zone center. [S0031-9007(96)01457-3]

PACS numbers: 75.40.Gb, 61.12.Ex, 75.10.Jm, 75.30.Ds

Intense research activity by several research groups
[1] in recent years has proved that the magnetic phase
transition, which is characterized by an abrupt decrease
in the susceptibility along each of the crystallographic
axes [2], can be explained by a spin-Peierls transition
at tsP � 14 K. However, the broad feature that is also
observed in the susceptibility cannot be explained by
the theory for one-dimensional antiferromagnets proposed
by Bonner and Fisher [3]. It is necessary to include
a competing interaction between the nearest and second
nearest neighbors [4]. Kamimura et al. [1] reported
superlattice Bragg scattering at �h�2, k, l�2� with h, k, l
equal to odd integers, caused by the lattice dimerization
and the formation of the spin-singlet pairs. CuGeO3 is
then the first inorganic material found to possess a spin-
Peierls transition.
The spin wave excitation has been studied by Nishi et al.

[5]. They reported the spin-gap energy to be about
2.1 meV at �0, 2p, p� at 0 K. They also estimated the
exchange interaction from the zone boundary energy of
16.3 meV to be Jc � 10.4 meV in the c direction and
Jb � 0.1Jc and Ja � 20.01Jc in the b and a directions,
respectively. Hence the system cannot be thought of as
entirely one dimensional.
The existence of the anomalous spin dynamics in one-

dimensional Heisenberg antiferromagnets (1D-HB-AF)
was first reported experimentally by Endoh et al. in 1974
using a triple-axis spectrometer [6]. However, the more
recent development of pulsed neutron techniques has
made it much easier to observe spin excitations in these
low-dimensional antiferromagnets, as has been demon-
strated in experiments on various systems such as KFeS2
[7], KCuF3 [8,9], CsVCl3 [10], and La22xSrxCuO4 [11].
The quantum spin excitations of 1D-HB-AF systems are
characterized by a spin excitation continuum, the lower
boundary of which is formed by the des Cloizeaux and
Pearson result [12] and the upper, by a boundary with
twice the energy and periodicity (in Q space). This spin
continuum (or double spinon continuum) can be explained

by several different theories and is either the excitation of
pairs of interacting spinons [9], a pair of solitons [13], or
a pair of kinks [14]. In the spinon explanation, the lower
boundary corresponds to a spinon pair excitation, but
with one of the pair having zero momentum, and upper
boundary from two spinons each with a momentum of
q�2, where q is the total momentum. In the continuum
region a pair of interacting spinons can propagate freely
along the one-dimensional chain with a total momentum
of q.
The spin-Peierls transition is a characteristic feature of

a one-dimensional antiferromagnet that couples strongly
with the lattice. It is likely that the quantum spin
fluctuations in such systems are different from those
where the coupling is weak [15]. Therefore the inelastic
neutron scattering measurements described in this Letter
provide a realistic test of the recent theoretical studies
[16,17] that have been made of the spin excitations in
spin-Peierls systems.
The sample was synthesized using a standard traveling

floating zone method. We prepared five single crystals
with a total mass of 15.0 g (about 3 cm3). The crystals
were aligned using x-ray Laue measurements to give an
effective mosaic spread of about 3 deg full width at half
maximum. The neutron scattering experiment was per-
formed on the MARI spectrometer at the ISIS pulsed neu-
tron facility of the Rutherford Appleton Laboratory [18].
MARI is a direct geometry spectrometer that uses a Fermi
chopper to monochromate the incident beam, and has a
vertical scattering geometry. In this experiment a low
resolution high flux chopper was used with an incident en-
ergy of 45 meV. This gives an energy resolution of about
3 meV for elastically scattered neutrons and 1 meV at an
energy transfer of 45 meV. The crystal was aligned so that
the c axis was in the scattering plane and perpendicular to
the incident beam �ki�, i.e., the c axis was in the vertical
direction, while the b axis was parallel to ki .
Figure 1(a) shows the dynamical structure factor of the

spin excitation below TsP at a temperature of 10 K. For

0031-9007�96�77(17)�3649(4)$10.00 © 1996 The American Physical Society 3649

http://www.peter-lemmens.de/cugeo.htm

VOLUME 77, NUMBER 17 P HY S I CA L REV I EW LE T T ER S 21 OCTOBER 1996

FIG. 1(color). A color contour map of the dynamical structure factor at 10 K (a) and 50 K (b).

the first time it is possible to see the image of the whole
quantum spin excitation spectrum of a one-dimensional
antiferromagnet. The data are plotted as a function of
the c component of the momentum transfer �Qc� in
reduced lattice units [10]. This makes the assumption
that the magnetic correlations are one dimensional and
along the c axis. Hence 1.06 Å21 corresponds to the
zone center of the antiferromagnetic correlation, i.e., at
�0, 0, p�. The spin-wave dispersion proposed by des
Cloizeaux and Pearson [12] can be clearly seen at the
lower boundary of the continuum. The maximum energy
at the zone boundaries �0, 0, p�2� and �0, 0, 3p�2� is
about 16 meV. The intense band at the elastic position
is due to incoherent elastic scattering from the sample
as well as the background from the cryostat. The spin
gap can also be seen to be 5.0 meV, which is consistent
with the results published by Nishi et al. [5] at the
same reciprocal point. There is a nuclear Bragg peak
at �0, 0, 2p� and obvious phonon scattering around it. It
is also possible to see the spin excitations in the second
zone above �0, 0, 2p�, although it is too contaminated by
the phonon scattering to be useful. The double spinon
scattering can also be clearly seen extending up to the
upper boundary at 32.0 meV at �0, 0, p�. The origin of
the intensity above 32 meV is not clear in this experiment.
It may come from phonon scattering or a spin excitation
of higher order. Further measurements are necessary to
investigate this.

There should also be a contribution from phonon
scattering in the first zone. However, the phonons are
fully three dimensional which will produce asymmetric
scattering that will be suppressed by the summation used
when plotting the data as a function of Qc. We can safely
assume that the scattering from the phonons is negligible
in the first zone, particularly at low temperatures.
Figure 1(a) shows two significant differences from the

theoretical results. First, there exists a peak in intensity
on the lower boundary of the continuum at the zone
boundaries �0, 0, p�2� and �0, 0, 3p�2� and, second, there
is a “rampart” or ridge of scattering surrounding a valley
in the spin continuum.
It has been suggested that the intense peak at the zone

boundary at 16 meV is caused by a resolution effect
due to the spectroscopic technique. If this is the case,
the intensity should change dramatically as the geometric
configuration of the measurement changes. In a separate
experiment the peak could also be seen despite the fact
that the crystal was rotated by 90±.
The dispersion of the lower boundary can be fitted

by employing the exact solution of the XY model,
but with coefficients multiplied by p�2 for the 1D-
HB-AF model [19]. The exchange energy J � �J1 1
J2��2 is estimated to be about 9.8 meV with J2�J1 �
0.51, which is very similar to the Nishi et al. results
[5] of 10.4 meV. However, it conflicts with Castilla’s
estimation of 13.0 meV (at 150 K), used to explain

3650

spinonok neutronszórás kisérletben
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Fractional spinon excitations in the quantum
Heisenberg antiferromagnetic chain
Martin Mourigal1,2,3*, Mechthild Enderle1, Axel Klöpperpieper4, Jean-Sébastien Caux5,
Anne Stunault1 and Henrik M. Rønnow2

One of the simplest quantum many-body systems is the spin-1/2 Heisenberg antiferromagnetic chain, a linear array of
interacting magnetic moments. Its exact ground state is a macroscopic singlet entangling all spins in the chain. Its elementary
excitations, called spinons, are fractional spin-1/2 quasiparticles created and detected in pairs by neutron scattering.
Theoretical predictions show that two-spinon states exhaust only 71% of the spectral weight and higher-order spinon states,
yet to be experimentally located, are predicted to participate in the remaining. Here, by accurate absolute normalization of our
inelastic neutron scattering data on a spin-1/2 Heisenberg antiferromagnetic chain compound, we account for the full spectral
weight to within 99(8)%. Our data thus establish and quantify the existence of higher-order spinon states. The observation
that, within error bars, the experimental line shape resembles a rescaled two-spinon one with similar boundaries allows us to
develop a simple picture for understanding multi-spinon excitations.

O
ne hundred years ago, Max von Laue and co-workers
discovered X-ray diffraction1, thereby giving birth to the
field of crystallography to which we owe much of our un-

derstanding of materials on the atomic scale. The very first diffrac-
tion image was recorded from a single crystal of copper sulphate
pentahydrate1,2. In addition to vast practical use including herbi-
cide, wood impregnation and algae control in swimming pools,
copper sulphate also carries great educational importance. Gener-
ations of school children have been inspired in chemistry classes
across the globe by growing from evaporating solution beautiful
blue crystals of copper sulphate (in 2008, artist RogerHiorns created
an installation called Seizure3 covering an entire apartment in cop-
per sulphate crystals). When cooled close to absolute zero tempera-
ture, copper sulphate has evenmore fascinating lessons to teach—it
becomes a quantum spin liquid.Moreover, itmaterializes one of the
simplest models hosting complex quantummany-body physics, the
one-dimensional spin-1/2 Heisenberg antiferromagnet, for which
there exists an exact analytic solution—namely the Bethe ansatz4.

Quantum spin liquid ground states entangle a macroscopic
number of spins and give rise to astonishing and counter-
intuitive phenomena. Quantum spin liquids occur in a variety of
contexts ranging from the quantum spin Hall effect5,6 and high-
Tc superconductivity7–9 to confined ultracold gases and carbon
nanotubes10. A particularly clear form of a gapless algebraic
quantum spin liquid is realized in a one-dimensional array
of spins-1/2 that are coupled by nearest-neighbour isotropic
exchange, the spin-1/2 Heisenberg antiferromagnetic chain. At zero
temperature, this spin liquid is critical with respect to long-range
antiferromagnetic order as well as with respect to dimerization11,12.
Its emerging gapless fractionalized excitations are called spinons13.
The concept of fractional excitations has been applied to magnetic
monopoles in spin ice14–17, kagome and hyper-kagome lattices18,
the quantum Hall effect19–22, conducting polymers23,24, and even

1Institut Laue-Langevin, BP 156, 38042 Grenoble Cedex 9, France, 2Laboratory for QuantumMagnetism, École Polytechnique Fédérale de Lausanne (EPFL),
1015 Lausanne, Switzerland, 3Institute for QuantumMatter and Department of Physics and Astronomy, Johns Hopkins University, Baltimore, Maryland
21218, USA, 4Technische Physik, Universität des Saarlandes, D-66041 Saarbrücken, Germany, 5Institute for Theoretical Physics, University of Amsterdam,
Science Park 904, 1090 GL Amsterdam, The Netherlands. *e-mail: mourigal@pha.jhu.edu

to certain spin arrays with local spin larger than 1/2 (refs 25,
26). For the prototypical spin-1/2 Heisenberg antiferromagnetic
chain, exact calculations of the dynamic structure factor over
the whole range of the spectrum have become available. They
reveal that two-spinon states exhaust 71% of the first frequency
moment sum rule27. Including four-spinon states brings that level
to 98(1)% (ref. 28). The qualitative characteristics of two-spinon
excitations, a continuum-like spectrum with linearly dispersing
low-energy onset, are evidenced by inelastic neutron scattering
on numerous compounds29–43. Among them, there are various
quantitative attempts of an absolute comparison to theory30,37,41.
However, none was sufficiently accurate to distinguish between
an excitation continuum made of only two-spinon states and that
composed of two- and higher-order spinon states, bearing a ∼30%
larger spectral weight. The main sources of uncertainty come from
the need to normalize the neutron scattering intensity to that of a
reference Vanadium standard and from the role of other intrinsic
and extrinsic sources of bias such as covalency, self-absorption,
atomic zero point and thermal motion, and the limits of the dipole
approximation used in the interpretation of the neutron cross-
section. The recent most accurate study, on the cuprate compound
Sr2CuO3, finds only 80%of the predicted spectral intensity41.

Here we present a totally different approach to quantifying the
full correlator, including two- and higher-spinon contributions.
A magnetic field H � z large compared with the antiferromag-
netic exchange aligns all spins parallel. This fully polarized
state, �Sz

n
� = S, is an eigenstate of the Heisenberg Hamiltonian

H = J
�

n
SnSn+1 −gµBHS

z , and identical to the classical ground
state, which we obtain if we neglect all commutation relations
of spin operators. Consequently, dispersion and intensity of the
low-energy excitation spectrum are correctly described by linear
spin-wave theory for which the elementary quasiparticles are
non-interacting magnons. The classical magnon dispersion in
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Figure 1 | Schematic representation of the magnetic excitations in a spin-1/2 (Heisenberg) antiferromagnetic chain and overview of the neutron
scattering results for CuSO4·5D2O. a, Fully polarized (saturated) state. The creation of a magnon by inelastic scattering of a neutron can be imagined as a
single spin flip. The Zeeman energy prevents any growth of the flipped section that propagates like a single entity. This magnon can classically be visualized
as a spin wave, a coherent precession of the local spin expectation value around the field direction. b, Zero magnetic field state. Snapshots of large
antiferromagnetically correlated regions of the ground state. The spins could be found in a locally antiferromagnetic configuration with equal probability in
any direction (for example, the opposite one (shadows)). The neutron acts on the singlet ground state and excites triplet states, which we may imagine as
a local spin flip surrounded by two domain walls, and which individually correspond to a spinon carrying spin-1/2. The spatial extent of a spinon depends
on the anisotropy: in the Ising limit, a local spin flip decomposes into two spinons; in the Heisenberg limit, it decomposes into a rapidly converging series of
states containing two, four and higher even numbers of such spinons. c, Intensity maps of the experimental and theoretical magnon dispersion in the fully
polarized phase of CuSO4·5D2O for µ0H= 5T> µ0Hsat and T∼ 100mK, above the Néel transition temperature to three-dimensional antiferromagnetic
ordering. The two observed branches (flat and cosine-shaped) are associated with two non-equivalent Cu2+ sites in CuSO4·5D2O (Cu1 and Cu2,
respectively). The cosine-shaped dispersion corresponds to the excited magnon of the saturated Heisenberg antiferromagnetic Cu1 chain and the flat
branch around 0.7meV is a transition between two local Zeeman levels of the decoupled Cu2 sites. d, Intensity colour maps of the experimental inelastic
neutron scattering spectrum of the Cu1 chain spins in the zero-field phase of CuSO4·5D2O, and theoretical two- and four-spinon dynamic structure factor.

the fully polarized phase has already been successfully employed

to determine the microscopic parameters of the Hamiltonian of

a two-dimensional frustrated quantum antiferromagnet
44
. Here,

we go one step further and determine not only the microscopic

parameters from the dispersion of the magnon, but also exploit its

wave-vector-independent intensity to obtain an absolute intensity

scale. Having fixed energy and intensity scale at high magnetic

field, in the fully polarized classical phase, the quantum theory is

tested against the zero-field data without any adjustable parameters.

This approach avoids numerous uncertainties of previous attempts

2 NATURE PHYSICS | ADVANCE ONLINE PUBLICATION | www.nature.com/naturephysics

CuSO4·5D2O

DOI: 10.1038/NPHYS2652
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Spin and charge are inseparable traits of an electron, but

in one-dimensional solids, theory predicts their separation

into collective modes—as independent excitation quanta

(or particles) called spinons and holons. Experimentalists

have long sought to verify this effect. Angle-resolved

photoemission (ARPES) should provide the most direct

evidence of spin–charge separation, as the single

quasiparticle peak splits into a spinon–holon two-peak-

like structure. Despite extensive ARPES experiments, the

unambiguous observation of the two-peak structure has

remained elusive. Here we report ARPES data from SrCuO2,

made possible by recent technological developments, that

unequivocally show the spinon–holon two-peak structure

and their distinct dispersions. The spinon and holon

branches are found to have energy scales of ∼0.43 and

1.3 eV, respectively, which are in quantitative agreement

with the theoretical predictions.

The collective behaviour of a system of particles can give
rise to properties that are completely unexpected from the
constituent individuals. Such behaviour is often the one that

yields the richest and non-trivial physics. In condensed-matter
physics, one of the most important consequences of such behaviour
is the formation of new elementary excitations or ‘particles’, such as
holes, magnons, phonons and fractionally charged particles found
in quantum Hall systems1. Discovery of such particles, and thus the
realization of the underlying concepts, has profoundly influenced
our thinking, leading to new frontiers in physics and applications.

In one-dimensional (1D) electron systems, theory predicts
that collective excitations of electrons produce, instead of the
quasiparticles in ordinary Fermi liquids, two new particles
known as ‘spinons’ and ‘holons’2,3. Unlike ordinary quasiparticles,
these particles surprisingly do not carry the spin and charge
information of electrons together. Instead, they carry spin and
charge information separately and independently. This novel and
exotic phenomenon was predicted theoretically decades ago4 and
is commonly known as spin–charge separation. An experimental
observation of spin–charge separation, thus spinons and holons,
would mean a completely new paradigm for the physics of electron
systems where the electrons have been ‘fractionalized’.

Many experiments have been carried out to observe the
signature of the spin–charge separation, such as angle-integrated
photoemission on the near-Fermi-energy spectral weight5,6, and
transport/tunnelling measurements of 1D metallic systems7,8. The
most direct evidence of spin–charge separation, however, should
come from an electron-addition or electron-removal spectroscopic
technique with momentum resolution, such as ARPES. As
illustrated in Fig. 1, removal of an electron from a 1D system
creates a hole. The hole in the case of ordinary Fermi liquid
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Figure 1 Schematic view of an electron-removal excitation spectrum from a 1D
systemwith antiferromagnetic correlation. Only a single branch exists in the
excitation spectrum within the band theory with antiferromagnetic ordering (left),
whereas two branches with edge singularities are expected within spin–charge
separation (right).

retains the integrity of charge e and spin 1/2, in which case only
a single branch is expected in the excitation spectrum. If spin–
charge separation occurs, the hole decays into a spinon and a holon.
With two particles, continuum excited states with a double-edge
structure (referred to as spinon and holon branches) as shown
in Fig. 1 are expected. Therefore, observation of two branches in
ARPES spectra would be the most direct evidence of spin–charge
separation. Indeed, there have been steady and extensive efforts to
observe a two-branch structure from various 1D systems9–15. Those
results, however, either do not show two branches9–11 (thus leaving
some doubt regarding the earlier interpretations16) or are from
systems for which energy scales of the spinon and holon branches
cannot be estimated independently12–15. In addition, in the latter
case, systems are often complex enough that they leave room for
ambiguity in the interpretation of the data. As a result, two observed
peaks were often found to be from different origins, having nothing
to do with spin–charge separation17,18. One way to prevent such
misinterpretation of the data is to have the spinon and holon energy
scales determined beforehand, that is, to know where spinon and
holon branches should be. In that sense, the best evidence for spin–
charge separation should come from observation of the spinon
and holon branches in ARPES spectra from ideal 1D spin systems
for which the spinon and holon energy scales are independently
measurable using other techniques.

SrCuO2 has a double Cu–O chain structure (Fig. 2) but is an
ideal 1D compound due to the very weak interchain coupling19.
In addition, its electronic structure can be mostly mapped into
the 1D t–J model, or three-band Hubbard model to be more
exact, due to the strong Coulomb interaction between the electrons.
Furthermore, J (spinon energy scale) and t (holon energy scale)
values can be estimated from optical20 and neutron data21, and
the band theory using, a first principle’s calculation22, respectively.
Therefore, SrCuO2 is an ideal system to look for spin–charge
separation by ARPES. Indeed, we have made the first simultaneous
observation of spinon and holon excitation branches in the same
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Figure 2 Crystal structure, cleavage plane and relevant orbitals. a, SrCuO2

crystal structure and the cleavage plane. b, Schematic diagram of the
photoemission process and three crystallographic axes. c, CuO2 plane and the
dx2−y2 orbital that contributes to the lowest energy states. d, CuO chain and the
dz2−x2 orbital. Note that dz2−x2 has a high-frequency Fourier component along the
z direction, whereas dx2−y2 does not.

spectrum from SrCuO2. The breakthrough in observing the two
branches was made possible by using high photon energy that
suppresses the high-energy oxygen states whose tail prevented us
from observing the two branches in our previous efforts9,10.

The mechanism behind the selective suppression can be
understood in the following way. Figure 2a shows the crystal
structure of SrCuO2 and the cleavage plane. ARPES experiments
are carried out on a cleavage plane as shown in Fig. 2b. Normally,
the electronic states are mapped as a function of the momentum
along the chain (k‖), and the momentum perpendicular to the
plane (kz) is neglected as the electronic states mostly depend on
k‖. However, kz also plays a role in the photoemission process. For a
free-electron-like photoelectron, the photoemission cross-section is
roughly proportional to the square of the dot product of the initial
and the photoelectron wavefunctions,

IARPES ∝ |〈i|k 〉|2 ,

where |i〉 is the initial state and |k〉 is the photoelectron state with
momentum k. Thus, the photoemission process can be roughly
regarded as extracting the Fourier component of the photoelectron
momentum from the initial wavefunction. Therefore, the difference
between high- and low-photon-energy ARPES is that we extract
different kz components of the chain, the relevant orbital in our
study. In comparison with the dx2−y2 orbitals in a CuO2 plane
shown in Fig. 2c, it is easy to understand that the chain states in
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Figure 3 EDCs and dispersions. a, EDCs for k‖ between Γ and 0.6π at
k⊥ = 0.7 Å

−1
. Each EDC is curve-fitted to find the peak positions. Two peaks were

used in the region between k‖ =Γ and π/4, whereas a single peak was used for
the rest. The results are marked by red and blue circles. b, Experimental (symbols)
and theoretical (solid and dashed lines) dispersions. The theoretical dispersions are
obtained by taking the nearest-neighbour hopping of t= 0.65 eV and the exchange
coupling of J= 0.23 eV. Dispersions from the band theory are also shown as two
dotted lines22.

CuO4 plaquettes shown in Fig. 2d will give us a much higher cross-
section at high photon energies. Indeed, comparison of the high
photon energy ARPES data on chain and plane materials strongly
suggests that this is the case16,23. This ‘cross-section tuning’ scheme
can be used to discriminate certain states in ARPES experiments
and should find more applications in the future.

Figure 3a shows the energy distribution curves (EDCs) for k‖
between Γ and 0.6π with the momentum perpendicular to the
chain (k⊥) fixed at 0.7 Å

−1
. The most striking aspect of our new data

is that a clear two-peak structure is seen for the first few EDCs near
k‖ =Γ . Both peaks disperse towards the low-binding-energy side as
the momentum increases, with the high-energy feature dispersing
faster than the low-energy feature. Such behaviour is expected
from the spin–charge separation but has not been directly observed
from a single-band system. Our observation marks the first case
where two peaks are clearly seen in one raw ARPES spectrum. As
marked in the figure, the fast-dispersing feature corresponds to the
holon branch and the slow-dispersing feature corresponds to the
spinon branch8.

We can extract the dispersions by tracking the peak positions
in the EDCs. As the spectral lineshape is unknown, we assume
gaussian functions for the two peaks. As will be discussed in detail
later, the two-peak structure, in fact, cannot be fitted with two
gaussian functions. Thus, we confine the fitting regions to the low-
(high-) binding-energy side of the spinon (holon) (see Fig. 5). The
dispersions of the data obtained in (a) along with those for other
k⊥ data are shown in panel Fig. 3b. The results can be compared
with the theoretical dispersions based on spin–charge separation.
The red and blue solid curves correspond to the spinon branch
with the functional form of πJ|sin(k −π/2)|/2 (|k| ≤ π/2) and
the holon branch with 2t cos(k ±π/2), respectively, as predicted
in the spin–charge separated model10. An excellent agreement can
be seen between the experimental and theoretical results. The
experimental spinon and holon dispersions give exchange energy
J and hopping energy t values of 0.27 and 0.65 eV, respectively,
which are quite close to the values of J = 0.23 eV from optical20 and

Bi
nd

in
g 

en
er

gy
 (e

V)
Bi

nd
in

g 
en

er
gy

 (e
V)

Momentum (k||)

Raw
Second derivative

3

2

1

0

3

2

1

0

Γ π 2π(Γ ) 3π 4π(Γ )

k⊥

–0.3

0.85

Γ Γ

Momentum (k||)
Γ π 2π(Γ ) 3π 4π(Γ )Γ Γ

a

b

c

High intensity

Low intensity
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neutron21 measurements and t = 0.65 eV from band calculations22.
The features become weak beyond k‖ = π/2, and consequently it
becomes difficult to track the dispersion beyond that point. This
aspect of the data will be discussed later.

Having identified a clear two-peak structure, we now move
on to the global feature of the data. Three selected intensity plots
are shown in Fig. 4. Figure 4a shows the intensity variation at
a constant energy (E ≈ 0.5 eV) as a function of momentum.
Generally, variations in the electronic structure along a certain
momentum direction result in changes in the ARPES intensity.
From the plot in Fig. 4a, the 1D nature of the chain electronic
structure is apparent; as the intensity modulates along k‖, there is
very little change when k⊥ varies. This is a manifestation of the 1D
nature of the low-energy electronic structure of SrCuO2.

In Fig. 4b, we plot, for k⊥ = 0.7 Å
−1

, the data over a wide range
of k‖ which includes three Γ points. The most notable aspect of
the data is that the low-energy feature repeats itself as the periodic
nature of the crystal mandates. As k‖ changes from Γ to π, the
overall feature disperses towards the low-binding-energy side. It
disappears near π/2 but reappears around 3π/2 and disperses to
the high-energy side. This pattern is repeated again in the region
between 2π and 4π, with one difference being that a weak dispersive
feature is observed between 5π/2 and 7π/2 (this corresponds to
the region between π/2 and 3π/2). The difference in the spectral
intensities in different Brillouin zones is attributed to the matrix
element effect.

The dispersions of the edges may also be visualized by taking the
second derivative of the data. As the second derivative of a spectrum
gives the curvature, the maximum of the second derivative roughly
traces the peak positions in the energy and momentum phase space.
The sum of the second derivatives of the EDCs and momentum
distribution curves (MDCs) shown in Fig. 4b is plotted in Fig. 4c.
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Spin and charge are inseparable traits of an electron, but

in one-dimensional solids, theory predicts their separation

into collective modes—as independent excitation quanta

(or particles) called spinons and holons. Experimentalists

have long sought to verify this effect. Angle-resolved

photoemission (ARPES) should provide the most direct

evidence of spin–charge separation, as the single

quasiparticle peak splits into a spinon–holon two-peak-

like structure. Despite extensive ARPES experiments, the

unambiguous observation of the two-peak structure has

remained elusive. Here we report ARPES data from SrCuO2,

made possible by recent technological developments, that

unequivocally show the spinon–holon two-peak structure

and their distinct dispersions. The spinon and holon

branches are found to have energy scales of ∼0.43 and

1.3 eV, respectively, which are in quantitative agreement

with the theoretical predictions.

The collective behaviour of a system of particles can give
rise to properties that are completely unexpected from the
constituent individuals. Such behaviour is often the one that

yields the richest and non-trivial physics. In condensed-matter
physics, one of the most important consequences of such behaviour
is the formation of new elementary excitations or ‘particles’, such as
holes, magnons, phonons and fractionally charged particles found
in quantum Hall systems1. Discovery of such particles, and thus the
realization of the underlying concepts, has profoundly influenced
our thinking, leading to new frontiers in physics and applications.

In one-dimensional (1D) electron systems, theory predicts
that collective excitations of electrons produce, instead of the
quasiparticles in ordinary Fermi liquids, two new particles
known as ‘spinons’ and ‘holons’2,3. Unlike ordinary quasiparticles,
these particles surprisingly do not carry the spin and charge
information of electrons together. Instead, they carry spin and
charge information separately and independently. This novel and
exotic phenomenon was predicted theoretically decades ago4 and
is commonly known as spin–charge separation. An experimental
observation of spin–charge separation, thus spinons and holons,
would mean a completely new paradigm for the physics of electron
systems where the electrons have been ‘fractionalized’.

Many experiments have been carried out to observe the
signature of the spin–charge separation, such as angle-integrated
photoemission on the near-Fermi-energy spectral weight5,6, and
transport/tunnelling measurements of 1D metallic systems7,8. The
most direct evidence of spin–charge separation, however, should
come from an electron-addition or electron-removal spectroscopic
technique with momentum resolution, such as ARPES. As
illustrated in Fig. 1, removal of an electron from a 1D system
creates a hole. The hole in the case of ordinary Fermi liquid
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Figure 5 Analysis of the k‖ =Γ spectral function. The raw data (black dots) are
fitted with two gaussian peaks (red and blue for spinon and holon) with an integrated
background (dashed line). The solid black line is the sum of the two gaussian peaks
and the background, whereas the shaded green area represents the unaccounted
spectral weight. The red bar overlaid on the holon peak is the fitted spinon peak
width. The inset shows the expected underlying spectral function with edge
singularities, obtained from the Beth–Ansatz solution of the Hubbard model with
infinite Coulomb interaction.

Here we summed the second derivatives to catch both the fast- and
slow-dispersing features as the traditionally used second derivatives
of EDCs tend to miss a fast-dispersing feature, whereas the opposite
is true for MDCs. Dispersions of the spinon and holon branches are
clearly seen, which are almost identical to the dispersions shown in
Fig. 3, as expected. It is also interesting to note that the dispersions
in the main valence band, which could not be seen in the raw data,
are now observable.

Having established that the two clear peaks are from the spinon
and holon branches, we look at the spectral line shape in more
detail. The spectral function produced by spinons and holons
has double-edge singularities as shown in Fig. 1. The double-edge
singularities have a similar origin as the orthogonality catastrophe
discussed in X-ray absorption spectroscopy on metallic systems24.
The EDC at the Γ point along with fitting results is shown in
Fig. 5. At first, the raw data seems to consist of two peaks and
some background. However, fitting the data with two gaussians (red
and blue) and an integrated background (dashed line) shows that
extra weight (shaded green) still remains between the two peaks.
We find, independent of how we choose to fit the data (type of peak
functions and backgrounds used), that there is always some residual
spectral weight in the middle. This suggests that the spectral
function is not a simple combination of two peaks. Plotted in the
inset is the Bethe–Ansatz spectral function expected in the spin–
charge separation picture25. The extra weight is consistent with an
underlying spectral function with the double-edge singularities that
are expected in the spin–charge separation picture. Such an effect in
ARPES spectra would be the hallmark of failure of the quasiparticle
concept but, to the best of our knowledge, it has never been clearly
observed in ARPES spectra. The analysis given above provides a
hint of this effect.

At this point, it is important to check the possibility of two
peaks thereby arising from other origins such as surfaces states or
interchain coupling. The observed independence of the dispersion

on the k⊥ guarantees that they are from well-ordered 1D CuO
chains. First, considering the fact that SrCuO2 has neutral cleavage
planes (see Fig. 2), it is extremely unlikely that surface states,
even if they exist, would have energy of 1 eV different from the
bulk-state energy. In fact, the data taken over a wide range of
momentum and other photon energies (not shown here) show that
the observed dispersion is probing-depth independent. Second, the
band calculation result as shown in Fig. 3b fails to explain the
two peaks as arising from the interchain coupling. The excellent
agreement between the theory and experiment supports the natural
interpretation of the two peaks as originating from spin–charge
separation, and distinguishes the present result from others that
claim the observation of the spin–charge separation.

It is not clear why the two-peak structure has not been observed
before. One answer comes from the cross-section effect. On looking
at the data in Fig. 4b, it can be seen that the spectral weight of
the main valence band near the Γ point is strongly suppressed.
In the low-photon-energy data, the spectral weight of the main
valence band is large (at least a few times the Zhang–Rice singlet
feature). In that case, the holon edge is completely buried under
the tail of the main valence band, and thus cannot be observed.
This can easily be understood if we look at the data from other
Γ points (for example, k‖ = 2π in Fig. 4b). The spectral weight
of the main valence band is much larger and consequently none
of the EDCs from k‖ near 2π show the two-peak structure. In
addition, we observe that the two-peak structure is prominent only
for a certain region of k⊥ (high-k⊥ values). The fact that we used
high-energy photons worked favourably in suppressing the main
valence band spectral weight, which in combination with the fact
that we obtained data over a large region in the momentum space
allowed us to observe distinct spinon and holon branches. On the
experimental side, it should be pointed out that we were able to
obtain the high-photon-energy data over a wide momentum range
because of the recent developments in the ARPES technique.

Although the agreement between the calculated and
experimental spectral functions is excellent, some subtle differences
can be found. On comparing the two, it can be seen that the
experimental spectral function is suppressed in the region between
π/2 and π. This, however, can be attributed to a cross-section
effect. Calculated spectral functions from a more realistic Cu–O
ring show that the spectral weight between π/2 and π has mostly
O 2p character, whereas the weight between Γ and π/2 has both
Cu 3d and O 2p characters10. As we used a moderately high photon
energy of 85 eV, for which the cross-section for O 2p is much
smaller than that of Cu 3d, the spectral weight in the region is
suppressed. In fact, low-photon-energy data (hν = 22 eV) show
comparable spectral weights in the two regions9–11, confirming
our interpretation.

The only aspect of the experimental spectral function that
cannot be explained is the broad lineshape in contrast to
the sharp edges that the theory predicts. Such breadth is not
from extrinsic effects such as the experimental resolution of
60 meV (much smaller) and photoelectron life (minimal for
low-dimensional systems26). At the moment, this discrepancy is
not well understood. Possible explanations should come from
the effects that the calculation did not include, such as next-
nearest-neighbour hopping, non-included orbitals, temperature, or
lattice effects. Recently, accumulated experimental and theoretical
evidence shows that strong electron–phonon coupling significantly
broadens the spectra from Mott insulators27–30. An interesting
question is whether the coupling to the lattice would broaden the
peak but preserves the dispersions as found in 2D systems31. In
regard to the broadening, a peculiar aspect of the data is that the
width of the spinon branch (0.65 eV as represented by the red bar
in Fig. 5, placed above the holon peak for comparison) is larger than
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Inelastic neutron scattering is used to investigate the collective magnetic excitations of the high-

temperature superconductor-parent antiferromagnet La2CuO4. We find that while the lower energy

excitations are well described by spin-wave theory, including one- and two-magnon scattering processes,

the high-energy spin waves are strongly damped near the ð1=2; 0Þ position in reciprocal space and merge

into a momentum dependent continuum. This anomalous damping indicates the decay of spin waves into

other excitations, possibly unbound spinon pairs.

DOI: 10.1103/PhysRevLett.105.247001 PACS numbers: 74.72.Cj, 75.10.Kt, 75.30.Ds, 78.70.Nx

High-Tc superconductivity (HTS) occurs when insulat-
ing layered antiferromagnets such as La2CuO4 and
YBa2Cu3O6:15 are doped with electrons or holes [1].
La2CuO4 and other HTS parents are Mott-insulating lay-
ered square-lattice antiferromagnets with large exchange
couplings. Doping these parent antiferromagnets results in
a collapse of the antiferromagnetic (AFM) order, a metal
insulator transition, and the formation of a HTS phase.
Many believe that the global phase diagram of the cuprates
is explained in a strong coupling theory in which the spin
correlations important for superconductivity are already
present in the undoped parent compounds [1–3]. For ex-
ample, Anderson [3] proposed that the parent compounds
are described by a ‘‘resonating-valence-bond’’ model. In
this model, the unpaired electrons on the Cu atoms pair
with neighbors and are described by a superposition of
singlet pairs. Hole doping introduces vacancies which can
hop in a background of singlets. The preexisting magnetic
singlets may become the charged superconducting pairs in
the superconductor [1,2].

In this Letter, we use inelastic neutron scattering (INS)
to measure the collective magnetic excitations of La2CuO4

over a wide range of energy (@!) and momentum (q). Our
experiments were performed using the MAPS spectrome-
ter at the ISIS spallation neutron source of the Rutherford
Appleton Laboratory. The use of a spectrometer with a
large angular detector coverage and crystals with good
mosaic has enabled considerable improvements on pre-
vious studies [4]. We observe new contributions to the
magnetic response which carry significant spectral weight
and highlight the strong fluctuations present in La2CuO4 at
high energies.

The INS cross section may be directly related to the
imaginary part of the magnetic susceptibility !00ðq; !Þ,
which is a measure of the strength of the excitations for a
given ðq; !Þ. We specify wave vectors Q ¼ ha? þ kb? þ
lc? using the reciprocal lattice of the tetragonal (or square)

lattice, where a % 3:8 and c % 13:1 !A. Our sample con-
sisted of five crystals of La2CuO4, with total mass of
47.5 g. The crystals were annealed in Ar at 1073 K for
48 h. Susceptibility measurements showed a Néel tempera-
ture of 320& 5 K. INS data were corrected using the
Cu2þdx2'y2 form factor.

Figure 1 shows typical (T ¼ 10 K) data in the form of
constant-@! slices plotted as a function of in-plane wave
vector (h; k). The high-intensity regions in Fig. 1 are
produced when the spin-wave (SW) dispersion surface
!ðqÞ [Fig. 2(e)] intersects with the measuring plane.
Figures 3 and 4 show @!- and q-dependent cuts through
the excitations which allow the SW pole to be located.
From these and other cuts, we are able to determine the SW
dispersion throughout the Brillouin zone (Fig. 2). The
results for the SW dispersion are similar to those obtained
in previous INS and resonant magnetic x-ray scattering
(RIXS) studies [4,5].
An approach which has been widely used to describe the

magnetic excitations in La2CuO4 is to assume that (i) the
magnetic interactions are described by a Heisenberg model
on a square lattice (ii) the ground state has Néel order, and
(iii) the excitations can be computed using classical
(large-S) linear spin-wave theory (SWT). Following pre-
vious work [4] we used a Heisenberg Hamiltonian with
higher order coupling to model the magnetic interactions:

H ¼ J
X

hi;ji
Si ( Sj þ J0

X

hi;i0i
Si ( Si0 þ J00

X

hi;i00i
Si ( Si00

þ Jc
X

hi;j;k;li
fðSi ( SjÞðSk ( SlÞ þ ðSi ( SlÞðSk ( SjÞ

' ðSi ( SkÞðSj ( SlÞg; (1)

where J, J0, and J00 are the first-, second-, and third-nearest-
neighbor exchange constants and Jc is the ring exchange
interaction coupling four spins. The exchange constants
can be estimated in a Hubbard model in terms of the
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In general terms, our results show that at the q ¼
ð1=2; 0Þ position the spin waves are more strongly coupled
to other excitations than at q ¼ ð1=4; 1=4Þ. This coupling
provides a decay process and therefore damps the spin
wave, reducing the peak height and producing the tail.
The question is, What are these other excitations? An
interesting possibility is that the continuum is a manifes-
tation of high-energy spinon quasiparticles proposed in
theoretical models of the cuprates [1–3,13,19–21]. These
assume that Néel order coexists with additional spin cor-
relations with the magnetic state supporting both low-
energy SW fluctuations of the Néel order parameter as
well as distinct high-energy spin-1=2 spinon excitations
created above a finite energy gap [20,21]. Spinons are S ¼
1=2 quasiparticles which can move in a strongly fluctuating
background. The anomaly we observe at ð1=2; 0Þ may be
explained naturally in a model where spinons exist at high
energies and have a d-wave dispersion [20,21] with min-
ima in energy at q ¼ ð$1=4; 1=4Þ and ð1=4;$1=4Þ. Under
these circumstances, the lower boundary of the two-spinon
continuum is lowest in energy at ð1=2; 0Þ and significantly
higher at ð1=4; 1=4Þ. This provides a mechanism for the
spin waves at ð1=2; 0Þ to decay into spinons [with
ð1=4;$1=4Þ] and those at ð1=4; 1=4Þ to be stable.

The new features in the collective magnetic excitations
observed in the present study are (i) a q-dependent

continuum and (ii) the q dependence to the intensity of
the SW pole. We estimate the total observed moment
squared (including the Bragg peak) is hM2i ¼ 1:9$
0:3!2

B. The continuum scattering accounts for about 29%
of the observed inelastic response. The total moment sum
rule [15] for S ¼ 1=2 implies hM2i ¼ g2!2

BSðSþ 1Þ ¼
3!2

B. We consider two reasons why we fail to observe
the full fluctuating moment of the Cu2þ ion. First, our
experiment is limited in energy range to about 450 meV;
thus, there may be significant spectral weight outside the
energy window of the present experiment. Raman scatter-
ing [22] and optical absorption [23] spectra show excita-
tions up to about 750 meV. Recent RIXS measurements
also show high-energy features [24] which appear to be
magnetic in origin. The second reason why we may fail to
see the full fluctuating moment may be covalency effects
[25,26]. The Cu dx2&y2 and O px orbitals hybridize to yield

the Wannier orbital relevant to superexchange. This will
lead to a reduction in the measured response. However, the
(at most) 36% reduction observed in La2CuO4 is substan-
tially less than the 60% reduction recently reported in the
cuprate chain compound Sr2CuO3 [26].
Our results have general implications for the cuprates.

Firstly, they show that the collective magnetic excitations
of the cuprate parent compounds cannot be fully described
in terms of the simple SW excitations of a Néel ordered
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FIG. 2 (color online). q dependence of the magnetic excitations in La2CuO4. (a) One-magnon dispersion (T ¼ 10 K) along lines in
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 Tört gerjesztések magasabb dimenziókban ? 

Bezárás problémája: rendezett háttéren a távolsággal 
(határfelülettel) nő az energia.

Mi történik rendezetlen háttéren ? 

Létezhet-e rendezetlen háttér ?
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Periodic intensity variations in the measured Compton profile anisotropies of ordinary ice Ih
correspond to distances of 1.72 and 2.85 Å, which are close to the hydrogen bond length and the nearest-
neighbor O-O distance, respectively. We interpret this result as direct evidence for the substantial
covalent nature of the hydrogen bond. Very good quantitative agreement between the data and a
fully quantum mechanical bonding model for ice Ih and the disagreement with a purely electrostatic
(classical) bonding model support this interpretation and demonstrate how exquisitely sensitive Compton
scattering is to the phase of the electronic wave function. [S0031-9007(98)08227-1]

PACS numbers: 71.15.Cr, 32.80.Cy, 61.10.Eq

Hydrogen bonds play a crucial role in determining
many of the distinctive properties of water and biological
complexes. In particular, in ice, hydrogen forms two dis-
tinct types of bonds with neighboring oxygen. The shorter
(1.00 Å) covalent bond is a typical molecular s bond be-
tween the oxygen and hydrogen. It has been appreciated
since Pauling [1] that the longer (1.75 Å) so-called hy-
drogen bond is most probably partly covalent. Even so,
a microscopic quantitative understanding of the hydrogen
bonds covalent, or quantum mechanical, character remains
experimentally untested and controversial [2].
In this paper we describe high momentum transfer in-

elastic (Compton) x-ray scattering studies of the hydrogen
bond in ice Ih. In particular, we have measured Comp-
ton profile anisotropies which are exceptionally sensitive
to the phase of the electronic wave function and therefore
to the covalency of the hydrogen bond. Periodic inten-
sity variations in the anisotropy reveal two distances, one
of 1.72 Å, near the hydrogen bond length of 1.75 Å, and
another at 2.85 Å, close to the nearest-neighbor O-O dis-
tance of 2.75 Å [3]. The presence of these two dominant
lengths in the Compton profile anisotropy is interpreted
as the first direct experimental evidence for the substan-
tial covalent character of the hydrogen bond. Very good
quantitative agreement between the data and a fully quan-
tum mechanical bonding model for ice Ih [4] and the dis-
agreement with a purely electrostatic (classical) bonding
model are strong support for this interpretation.
Ice is a molecular solid in which the intermolecular

bonding consists primarily of hydrogen bonds. In par-
ticular, in ordinary ice �Ih� the oxygen atoms sit on a
lattice of two interpenetrating hexagonal close-packed
structures with space group P63�mmc (see Fig. 1) [5].
The molecular orientations are such that one hydrogen
atom lies along the axis joining each of the neighboring,
tetrahedrally coordinated oxygen atoms. As determined
by neutron (in D2O) [6] and x-ray diffraction [3], the two
O-H distances on a given axis are approximately 1.00 Å
for the covalent bond and 1.75 Å for the hydrogen bond,

the bond energies being 4.8 and 0.29 eV, respectively [3].
The molecular orientations are correlated in such a way as
to maintain this arrangement (obeying Bernal-Fowler ice
rules), but do not have long-range order [1,7]. Moreover,
the 50% concentration of hydrogen bonds relative to co-
valent bonds, the simplicity of the molecules, and the co-
herency of the ordered structure make the ice Ih an ideal
system in which to probe the covalent nature of the hy-
drogen bonds. Unfortunately, neither neutron nor x-ray
diffraction is sensitive to the extended wave function of
the electrons in the hydrogen bond.
Very high momentum transfer inelastic x-ray scattering,

so-called Compton scattering, has been shown to be an
ideal probe for measuring the Fourier transform of the

FIG. 1(color). Crystal structure of Bernal-Fowler ice Ih. Red
(white) balls give the positions of the oxygen (hydrogen). The
crystallographic c-axis is in the vertical direction.
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Z ≈ 1.5NOxygen

a lokális töltéssemlegesség miatt
a négyből csak két H+ ion van közel az O2− ionhoz.

 A jégszabály és az állapotok száma

Bernal-Fowler szabály (1933): 

Pauling becslés (1935):

A legetséges állapotok száma 
exponenciálisan nő az oxigén ionok 

számával 

10,   57.665
20,   3325.26
30,   191751.
40,   1.10573x107

50,   6.37622x108

100, 4.06561*1017
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két dimenzióban - jég és 6 vertex modell
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két dimenzióban - jég és 6 vertex modell

6-vertex model : a jég kétdimenziós hasonmása, egzaktul 
megoldható (Baxter, Lieb)

Lieb Bethe-Ansatz megoldása : Z =

(

4

3

)3N/2

≈ 1.5396
N
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film growth) to customize nanoscopic magnetic degrees of
freedom and their geometric arrangement, even allowing the
readout of their states microscopically in real time. This field
has taken on the name of artificial frustrated magnetism, on
account of the initial focus on the physics of systems with
competing interactions. It has opened a new window to col-
lective behavior, manifested in thermodynamic and dynamical
properties, both in and particularly out of equilibrium.

‘‘Artificial spin ice’’ (Wang et al., 2006) is a two-
dimensional array of magnetically interacting nanoislands
or nanowire links whose magnetic degrees of freedom can
be visualized directly in real space through a variety of
techniques (e.g., magnetic force microscopy, Lorentz micros-
copy, neutron scattering, Hall effect). Introduced initially to
mimic the frustrated behavior of naturally occurring spin ice
materials and to reproduce celebrated two-dimensional mod-
els of statistical mechanics, it has raised many distinct issues
and developed into its own field of study. Understanding these
systems requires a novel combination of concepts from fields
as diverse as classical correlated spin models, disordered
systems, information theory, granular media, and micromag-
netics, with the ground-state entropy of ice and the dynamics
of magnetic monopole excitations even putting in prominent
appearances. Reflecting its multidisciplinary nature, it has
attracted physicists from a broad range of backgrounds, and
work in the field has evolved with close connections between
experiments and theory.

This Colloquium provides a broad introduction to this
young and rapidly developing area of research. We summa-
rize key experimental and theoretical developments of the last
seven years, along with the conceptual groundwork that has
been laid. We do not aim at an exhaustive survey of the
literature; rather our goal is to provide a solid point of
reference to scientists interested in learning about the
field—establishing a common introduction to, and for, the
heterogeneous artificial frustration community.

This article is organized as follows. We first provide an
overview of the central themes whose interplay gives rise to
new phenomena: tunable degrees of freedom and their geo-
metric arrangement, frustration, and the resulting generation
of low-energy scales and emergent phenomena, the effect of
local constraints on dynamics and equilibration, and finally
the role of disorder.

The remaining material fleshes out this picture by provid-
ing the requisite details. Through an account of the experi-
mental progress that has brought the field into existence, we
lay the groundwork by introducing the model systems and
probes to study them. We then discuss central theoretical and
experimental aspects of artificial frustrated magnets. We
conclude by examining a range of offshoots of artificial
frustrated magnet research as well as considering possible
future directions for the field.

II. CONTEXT

The ability to control degrees of freedom and manipulate
their interactions underpins much of modern applied science.
Advances in the field of semiconductors and lithography now
allow us to nanostructure quasi-two-dimensional materials
with few constraints. In artificial spin ice, such methods are

used to deposit single-domain magnets of submicron dimen-
sion into two-dimensional arrays. By appropriately designing
the shape, size, and composition of the magnetic structures,
we can control properties such as individual magnetic mo-
ments, anisotropy, and coercive field, and therefore tune
interactions and responses to an external field. The geomet-
rical arrangement of multiple such structures in close prox-
imity is the essential step underpinning the collective
behavior, on which we will focus. As in conventional mag-
netism, the geometry of the moment arrangements in a lattice
(square, triangular, honeycomb, or kagome, for instance) has
tremendous ramifications, and here it can be chosen at will.
Particular emphasis has been placed on frustrated arrange-
ments, whose properties have long been of interest.

A. Frustration in water ice and spin ice

Frustration in a physical system emerges from the
impossibility of simultaneously minimizing all interactions.
It can arise from intrinsic structural disorder, as in spin
glasses, or in a regular geometry that carefully balances
competing interactions. Pioneering works on geometrical
frustration date back to the 1920s, when Pauling (1935)
explained Giauque’s (Giauque and Ashley, 1933) measure-
ments of the zero-temperature entropy of water in terms of
multiple choices in allocating hydrogen bonds between H2O
molecules in ice. A given oxygen atom in water ice is situated
at a vertex of a diamond lattice and has four nearest-neighbor
oxygen atoms, each connected via an intermediate proton
(see Fig. 1). The proton is not centered between the two
surrounding oxygen atoms, but rather is positioned closer to
one or the other. The lowest energy state has two protons
positioned close to the oxygen and two protons positioned
farther away, forming a ‘‘two-in—two-out’’ state. Such states
are said to obey an ice rule, which can be mapped to a spin
model possessing an extensive degeneracy of states
(Anderson, 1956). In the 1960s and 1970s, a two-dimensional
analog of the ice system (the six-vertex model) and its many
generalizations were studied extensively and solved exactly
(Lieb, 1967; Wu, 1969; Lieb and Wu, 1971; Baxter, 1982).

Dy
O

H

FIG. 1 (color online). The ice rule: In (cubic) water ice (right) Ic,
oxygen ions are arranged at the sites of a diamond lattice and are
hydrogen bonded by an intermediate proton. The lowest energy
configuration consists of two protons close to each oxygen atom and
two farther away. Such ice states map onto spin configurations (left)
in which a spin pointing toward the oxygen atom represents a close
hydrogen atom. Therefore in the ground state the effective sum of
all the spins in a vertex should be zero: two spins pointing out, two
pointing into a tetrahedron. The spin model captures the behavior of
the spin ice materials, in which ferromagnetically interacting mo-
ments are constrained to point directly into or out of the tetrahedra.
From Castelnovo, Moessner, and Sondhi, 2012.
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anizotróp “ferromágnes”
a spinek a kifelé mutató tengellyel 

párhuzamosak 

Spin jég: Dy2Ti2O7, Ho2Ti2O7

Dy, Ho : ritkaföldfém
piroklór rácsot alkot

20



2N állapot

S=0

hiányzó (jég) entropia

Spin jég entrópia

spin entrópia

Dy2Ti2O7: anizotróp “ferromágnes”

a spinek a kifelé mutató tengellyel 
párhuzamosak 

Bramwell & Gingras, Science 294, 1495 (2001)

2 ki-2 be spin 
konfiguráció
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1 2 3

(a) (c)

(b)1 2 3

(a) (c)

(b)

Mágneses monopólus gerjesztések

jégállapot: 2-be 2-ki

megfordítunk egy nyilat (spint): 
két rácshelyen sérül a jégszabály 

további spineket forgatva : 
továbbra is csak két rácshelyen sérül 

a jégszabály 

nem zártuk be a monopólusokat, 
szabadon mozoghatnak !
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Dirac Strings and Magnetic Monopoles in the Spin Ice Dy2Ti2O7
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Sources of magnetic fields—magnetic monopoles—have so far proven elusive as elementary particles. 
Condensed-matter physicists have recently proposed several scenarios of emergent quasiparticles resembling 
monopoles. A particularly simple proposition pertains to spin ice on the highly frustrated pyrochlore lattice. 
The spin-ice state is argued to be well described by networks of aligned dipoles resembling solenoidal tubes—
classical, and observable, versions of a Dirac string. Where these tubes end, the resulting defects look like 
magnetic monopoles. We demonstrated, by diffuse neutron scattering, the presence of such strings in the spin 
ice dysprosium titanate (Dy2Ti2O7). This is achieved by applying a symmetry-breaking magnetic field with 
which we can manipulate the density and orientation of the strings. In turn, heat capacity is described by a gas 
of magnetic monopoles interacting via a magnetic Coulomb interaction.

http://www.helmholtz-berlin.de/aktuell/pm/pm-archiv/2009/pm-tennant-morris-monopole_en.html
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Artificial ‘spin ice’ in a geometrically frustrated lattice of nanoscale ferromagnetic islands

R. F. Wang1, C. Nisoli1, R. S. Freitas1, J. Li1, W. McConville1, B. J. Cooley1, M. S. Lund2, N. Samarth1, C. Leighton2, V. H. Crespi1 & P. Schiffer1
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regions in which the atomic moments are all aligned along a
particular direction (Imre et al., 2006). For example, in a
sufficiently small, elongated ellipsoidal island or a nanowire
link in a network, the magnetostatic energy is minimized
when the moments align along the long axis. Such islands
or links therefore effectively behave as large spins, parame-
trized by the Ising variable S ¼ "1, which encodes which
direction they point along the long axis.

In the particular case of single-domain ferromagnetic is-
lands, the islands can be placed in close proximity to each
other and arranged geometrically in virtually any two-
dimensional configuration. The magnetostatic coupling be-
tween neighboring islands can then influence the relative
moment directions, and an array of closely spaced islands
constitutes an interacting many-body spin system.

The concept of artificial spin ice came with the recogni-
tion that such a system of ferromagnetic islands could
replicate much of the physics of the spin ice systems in a
two-dimensional model system of ferromagnetic islands.
However, these systems proved to be much more complex
and revealing than expected.

A. Artificial square ice

Wang et al. (2006) created such arrays of islands from thin
films of permalloy, an iron-nickel alloy with isotropic mag-
netic properties, in a square geometry shown in Fig. 2. If one
considers a single vertex of four islands, then the lowest
magnetostatic energy states have two moments oriented in
toward the center and two oriented away from the center, in
direct analogy to the tetrahedra of spin ice materials. For this
square artificial spin ice, the intrinsic frustration is similar to
that of the two-dimensional square ice model (Baxter, 1982),
with the important feature that perpendicular islands interact
more strongly than parallel ones, so that degeneracy of the ice

rule is lifted. This leads to a unique antiferromagnetic ground
state and therefore to an absence of residual entropy. In this
sense, when only the interactions at the vertex are considered,
artificial square ice is a physical realization of a generalized
F model (Rys, 1963; Lieb, 1967; Wu, 1969; Lieb and Wu,
1971) rather than of the ice model.

Wang et al. produced square arrays of different lattice
constants, all with the same island size, and subjected them
to rotational demagnetization (the details of this method of
preparation will be discussed later) (Wang et al., 2006, 2007;
Ke, Li, Nisoli et al., 2008). They then directly imaged the
orientation of magnetic moments via magnetic force micros-
copy (MFM). By counting the different kinds of vertices, they
demonstrated a suppression of non-ice vertices and hence an
excess of ice vertices (see Fig. 3) (Wang et al., 2006). An
analysis of correlations between spins confirmed that nearest-
neighbor correlations are dominant and long-range order is
absent.

These early experiments on square ice established the
possibility of producing two-dimensional magnetic nanoar-
rays in which the islands interact with sufficient strength to
display collective phenomena. Indeed, a simple estimate of
the interaction energies (depending on geometry and material
of realizations, the moment of each island is approximately
3# 107 Bohr magnetons, estimated from permalloy, and the
separation between islands is of the order of tens of nano-
meters) yields an energy scale of around 104–105 K. An
analysis of the equilibrium properties of the corresponding
effective ice model showed that the experimental system
should be well into its ordered state (Möller and Moessner,
2006) at room temperature, at which the experiments were
undertaken. This implied that the actual experimental state of
the system is athermal because, as detailed below, thermal
fluctuations at reasonable working temperatures could not
induce spin flips. An explanation of experiment thus needs

FIG. 2 (color online). Artificial spin ice (shown on the top left as an atomic force microscopy image) allows for direct visualization of its
magnetic degrees of freedom through MFM (top center) and other techniques (see the text). Energetically favorable and unfavorable dipole
interactions are described in the top right. Bottom: four-legged vertices have 24 ¼ 16 possible moment configurations, which separate into
four symmetry-distinct types, shown here with the relative frequency, which corresponds to random assignation of the moments and grouped
in clusters of increasing energy, from left to right. Note that even in the low-energy configurations, some interactions are frustrated, but the
lack of degeneracy beside spin inversion in type I vertices provides an ordered antiferromagnetic ground state. From Wang et al., 2006.
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to take into account the dynamics of the ac demagnetization
to which the artificial spin ice was subjected.

Dynamical studies of these systems were initiated by
Möller and Moessner (2006), who proposed an approach
that assumed islands flip independently, provided that the
energy gain from flipping in the applied (rotating) field ex-
ceeds a threshold value, as implied by a nonzero coercive field.
A second fitting parameter, the attempt rate for island flips,
allowed accounting for the experimental data quantitatively,
as depicted in Fig. 3: there the dotted line displays the best fit
for a model of thin dipolar needles. This systematically over-

estimates the frequencies of type I vertices at the expense of
those of type II. By using parameters determined from micro-
magnetic simulations (Wang et al., 2006; Nisoli et al., 2007)
rather than the simple dipolar needle model, the discrepancy
with the data disappears as shown by the dashed line in Fig. 3
(Möller and Moessner, 2006). Budrikis and collaborators then
pursued this line of modeling to simulate the effects of dis-
order (Budrikis, Politi, and Stamps, 2010, 2011; Budrikis,
2012). In a different approach, Nisoli and co-workers at-
tempted to frame the issue in the context of the statistical
mechanics of a granular material (Nisoli et al., 2007, 2010)
and found a description in terms of an effective temperature,
controlled by the external magnetic drive.

B. Artificial honeycomb ice and its generalizations

Around the same time, Tanaka et al. (2006) performed a
study on a continuous honeycomb network of ferromagnetic
wires, which was published only a month after the work of
Wang et al. (2006). Each vertex in this structure connects three
nanowire links, and the magnetostatic energy of the vertex is
minimized when it obeys a pseudoice rule which dictates that
two moments point in and one points out, or vice versa.

This geometry and interaction is known as the honeycomb
ice system and was later closely studied both theoretically
and experimentally (Sec. V). Its various phases can be mod-
eled as a hexagonal vertex model obeying the pseudoice rule,
or as a kagome lattice of interacting dipoles, or as a hexagonal
lattice of magnetic charges (see Fig. 4). All these are useful

FIG. 4 (color online). Honeycomb ice. (a)–(d) Possible moment configurations at a vertex. (e) The spins in honeycomb ice (dashed lines)
are arranged at the vertices of a kagome lattice (solid line). Because of the odd coordination of the lattice, vertices of the honeycomb, which
form a hexagonal lattice, harbor a positive (white) or negative (black) net magnetic charge, which can be revealed in the MFM (f).
(g) Schematics of the honeycomb lattice obeying the pseudoice rule (two in–one out and vice versa). From Tanaka et al., 2006.
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FIG. 3 (color online). Suppression of non-ice vertices in artificial
spin ice. The excess percentages of different vertex types compared
to a random arrangement, plotted as a function of the lattice spacing
of the underlying square array, approach zero for the largest lattice
spacing, i.e., weakest interactions. Symbols: experimental data from
Wang et al. (2006); lines: theoretical data from dynamical modeling
of Möller and Moessner (2006).
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kedvező beállás

kedvezőtlen beállás
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Mesterséges spinjég - bemutatott kisérlet

jégállapot: 2-be 2-ki két monopólust kapunk, 
ha megforgatunk egy 

mágnest 

A monopólusok 
eltávolódnak egymástól, 
ha további mágneseket 

forgatunk meg.
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Köszönöm a figyelmet !
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