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Geometric Frustration

No unique ground state !

They also identified deviations from the Arrhenius form at lower tem-
peratures as a result of Coulomb interactions between monopoles. In 
an intriguing paper, Bramwell and colleagues applied an old theory put 
forward by Onsager18 for the electric-field dependence of thermal charge 
dissociation in electrolytes — the Wien effect — to the magnetic analogue 
in spin ice, that is, to the dis association of monopole–antimonopole pairs 
with a magnetic field19. The theory allows an extraction of the absolute 
value of the magnetic charge of a monopole from the dependence of the 
magnetic relaxation rate on the magnetic field. The authors measured 
muon spin relaxation in Dy2Ti2O7 to obtain the rate, and from this they 
extracted a magnetic charge in near perfect agreement with theoreti cal 
expectations. In addition to these quantitative measures of the energy 
and charge of a monopole, two recent papers presented neutron-scat-
tering mea surements in magnetic fields, interpreting them as evidence 
of monopoles and the ‘strings’ emanating from monopoles20,21. Many 
more experiments in which the monopoles in spin ice are studied and 
manipulated are likely to emerge soon.

Quantum spin liquids
In spin ice, as the temperature is lowered, the spins themselves fluctuate 
ever more slowly, eventually falling out of equilibrium and freezing 
below about 0.5 K (from theory, it is predicted that, in equilibrium, 
the spins should order at T = 0.1−0.2 K (ref. 6)). This is a consequence 
of the large energy barriers between different ice-rule configurations, 
which require the flipping of at least six spins, and the weak quantum 
amplitude for such large spins to cooperatively tunnel through these 
barriers. By contrast, for materials with spins of S = ½ and approximate 
Heisenberg symmetry, quantum effects are strong, and there are no 
obvious energy barriers. I now turn to such materials in the search for 
a QSL ground state, in which spins continue to fluctuate and evade 
order even at T = 0 K. Such a QSL is a strange beast: it has a non-mag-
netic ground state that is built from well-formed local moments. The 
theoretical possibility of QSLs has been hotly debated since Anderson 
proposed them in 1973 (ref. 22).

Wavefunctions and exotic excitations
A natural building block for non-magnetic states is the valence bond, 
a pair of spins that, owing to an antiferromagnetic interaction, forms a 
spin-0 singlet state (Fig. 3a). A valence bond is a highly quantum object, 
the two spins being maximally entangled and non-classical. If all of the 
spins in a system are part of valence bonds, then the full ground state has 
spin 0 and is non-magnetic. One way in which this can occur is by the 
partitioning of all of the spins into specific valence bonds, which are static 
and localized. Mathematically, such a ground state is well approximated as 
a product of the valence bonds, so that each spin is highly entangled with 
only one other, its valence-bond partner. This is known as a valence-bond 
solid (VBS) state (Fig. 3a) and occurs in several materials23–25. VBS states 
are interesting because, for instance, they provide an experimental way 
of studying Bose–Einstein condensation of magnons (which are triplet 
excitations of the singlet valence bonds) in the solid state26.

A VBS state is not, however, a true QSL, because it typically breaks 
lattice symmetries (because the arrangement of valence bonds is not 
unique) and lacks long-range entanglement. To build a QSL, the valence 
bonds must be allowed to undergo quantum mechanical fluctuations. 
The ground state is then a superposition of different partitionings of 
spins into valence bonds (Fig. 3b, c). If the distribution of these partition-
ings is broad, then there is no preference for any specific valence bond 
and the state can be regarded as a valence-bond ‘liquid’ rather than a 
solid. This type of wavefunction is generally called a resonating valence-
bond (RVB) state22. RVB states became subjects of intense theoretical 
interest when, in 1987, Anderson proposed that they might underlie the 
physics of high-temperature superconductivity4. Only relatively recently, 
however, have RVB wavefunctions been shown to be ground states of 
many specific model Hamiltonians27–32.

It is now understood that not all QSLs are alike. Generally, different 
states have different weights of each valence-bond partition in their 
wavefunctions. The valence bonds need not be formed only from nearby 

spins33. If a valence bond is formed from spins that are far apart, then 
those spins are only weakly bound into a singlet and the valence bond can 
be ‘broken’ to form free spins with relatively little energy. So states that 
have a significant weight from long-range valence bonds have more low-
energy spin excitations than states in which the valence bonds are mainly 
short range (see, for example, ref. 34). There are also other excitations that 
do not break the valence bonds but simply re arrange them. Such excita-
tions can have low energy even in short-range RVB states.

Given the possibility of different QSL states, it is interesting to attempt 
to classify these states. This problem is only partly solved, but it is clear 
that the number of possible states is huge, if not infinite. For instance, 
Wen has classified hundreds of different ‘symmetrical spin liquids’ 
(QSLs with the full space-group symmetry) for S = ½ antiferromagnets 
on the square lattice35. Finding the correct QSL ground state among all 
of the many pos sible RVB phases, many of which have similar energies, 
is a challenge to theory, reminiscent of the landscape problem in string 
theory, in high-energy physics.

Even with this diversity of possible states, one feature that theorists 
expect QSLs to have in common is that they support exotic excitations. 
What is meant by exotic? In most phases of matter, all of the excitations 
can be constructed from elementary excitations that are either electron-
like (spin S = ½ and charge ±e) or magnon-like (spin S = 1 and charge 
neutral). Only in rare examples, such as the fractional quantum Hall 
states, do the elementary excitations differ from these, in this case by 
carrying fractional quantum numbers. The magnetic monopoles in spin 

A triangle of antiferromagnetically interacting Ising spins, which must 
point upward or downward, is the simplest example of frustration. All 
three spins cannot be antiparallel. As a re sult, instead of the two ground 
states mandated by the Ising symmetry (up and down), there are six 
ground states (see figure; blue circles denote magnetic ions, arrows 
indicate the direction of spin, and black and red lines indicate the shape 
of the triangular lattice, with red lines denoting the axis on which the 
spins are parallel). On 2D and 3D lattices, such degeneracies can persist. 
When they do, fluctuations are enhanced and ordering is suppressed. 
On the basis of this fact, Ramirez introduced a simple empirical measure 
of frustration that has become widely used50. At high temperatures, the 
spin (or magnetic) susceptibility of a local-moment magnet generally 
has a Curie–Weiss form, χ!≈ C/(T − ΘCW), where T is temperature and 
C is the Curie constant. This allows extraction of the Curie–Weiss 
temper ature, ΘCW, from a plot of 1/χ versus T. |ΘCW| provides a natural 
estimate for the strength of magnetic interactions (ΘCW!<!0 for an 
antiferromagnet) and sets the scale for magnetic ordering in an 
unfrustrated material. By comparing the Curie–Weiss temper ature with 
the temperature at which order freezes, Tc, the frustration parameter, f, is 
obtained: f = |ΘCW|/Tc. Typically, f!>!5–10 indicates a strong suppression 
of ordering, as a result of frustration. For such values of f, the temperature 
range Tc!<!T!<!|ΘCW| defines the spin-liquid regime. 

Box 1 | Elements of frustration
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They also identified deviations from the Arrhenius form at lower tem-
peratures as a result of Coulomb interactions between monopoles. In 
an intriguing paper, Bramwell and colleagues applied an old theory put 
forward by Onsager18 for the electric-field dependence of thermal charge 
dissociation in electrolytes — the Wien effect — to the magnetic analogue 
in spin ice, that is, to the dis association of monopole–antimonopole pairs 
with a magnetic field19. The theory allows an extraction of the absolute 
value of the magnetic charge of a monopole from the dependence of the 
magnetic relaxation rate on the magnetic field. The authors measured 
muon spin relaxation in Dy2Ti2O7 to obtain the rate, and from this they 
extracted a magnetic charge in near perfect agreement with theoreti cal 
expectations. In addition to these quantitative measures of the energy 
and charge of a monopole, two recent papers presented neutron-scat-
tering mea surements in magnetic fields, interpreting them as evidence 
of monopoles and the ‘strings’ emanating from monopoles20,21. Many 
more experiments in which the monopoles in spin ice are studied and 
manipulated are likely to emerge soon.

Quantum spin liquids
In spin ice, as the temperature is lowered, the spins themselves fluctuate 
ever more slowly, eventually falling out of equilibrium and freezing 
below about 0.5 K (from theory, it is predicted that, in equilibrium, 
the spins should order at T = 0.1−0.2 K (ref. 6)). This is a consequence 
of the large energy barriers between different ice-rule configurations, 
which require the flipping of at least six spins, and the weak quantum 
amplitude for such large spins to cooperatively tunnel through these 
barriers. By contrast, for materials with spins of S = ½ and approximate 
Heisenberg symmetry, quantum effects are strong, and there are no 
obvious energy barriers. I now turn to such materials in the search for 
a QSL ground state, in which spins continue to fluctuate and evade 
order even at T = 0 K. Such a QSL is a strange beast: it has a non-mag-
netic ground state that is built from well-formed local moments. The 
theoretical possibility of QSLs has been hotly debated since Anderson 
proposed them in 1973 (ref. 22).

Wavefunctions and exotic excitations
A natural building block for non-magnetic states is the valence bond, 
a pair of spins that, owing to an antiferromagnetic interaction, forms a 
spin-0 singlet state (Fig. 3a). A valence bond is a highly quantum object, 
the two spins being maximally entangled and non-classical. If all of the 
spins in a system are part of valence bonds, then the full ground state has 
spin 0 and is non-magnetic. One way in which this can occur is by the 
partitioning of all of the spins into specific valence bonds, which are static 
and localized. Mathematically, such a ground state is well approximated as 
a product of the valence bonds, so that each spin is highly entangled with 
only one other, its valence-bond partner. This is known as a valence-bond 
solid (VBS) state (Fig. 3a) and occurs in several materials23–25. VBS states 
are interesting because, for instance, they provide an experimental way 
of studying Bose–Einstein condensation of magnons (which are triplet 
excitations of the singlet valence bonds) in the solid state26.

A VBS state is not, however, a true QSL, because it typically breaks 
lattice symmetries (because the arrangement of valence bonds is not 
unique) and lacks long-range entanglement. To build a QSL, the valence 
bonds must be allowed to undergo quantum mechanical fluctuations. 
The ground state is then a superposition of different partitionings of 
spins into valence bonds (Fig. 3b, c). If the distribution of these partition-
ings is broad, then there is no preference for any specific valence bond 
and the state can be regarded as a valence-bond ‘liquid’ rather than a 
solid. This type of wavefunction is generally called a resonating valence-
bond (RVB) state22. RVB states became subjects of intense theoretical 
interest when, in 1987, Anderson proposed that they might underlie the 
physics of high-temperature superconductivity4. Only relatively recently, 
however, have RVB wavefunctions been shown to be ground states of 
many specific model Hamiltonians27–32.

It is now understood that not all QSLs are alike. Generally, different 
states have different weights of each valence-bond partition in their 
wavefunctions. The valence bonds need not be formed only from nearby 

spins33. If a valence bond is formed from spins that are far apart, then 
those spins are only weakly bound into a singlet and the valence bond can 
be ‘broken’ to form free spins with relatively little energy. So states that 
have a significant weight from long-range valence bonds have more low-
energy spin excitations than states in which the valence bonds are mainly 
short range (see, for example, ref. 34). There are also other excitations that 
do not break the valence bonds but simply re arrange them. Such excita-
tions can have low energy even in short-range RVB states.

Given the possibility of different QSL states, it is interesting to attempt 
to classify these states. This problem is only partly solved, but it is clear 
that the number of possible states is huge, if not infinite. For instance, 
Wen has classified hundreds of different ‘symmetrical spin liquids’ 
(QSLs with the full space-group symmetry) for S = ½ antiferromagnets 
on the square lattice35. Finding the correct QSL ground state among all 
of the many pos sible RVB phases, many of which have similar energies, 
is a challenge to theory, reminiscent of the landscape problem in string 
theory, in high-energy physics.

Even with this diversity of possible states, one feature that theorists 
expect QSLs to have in common is that they support exotic excitations. 
What is meant by exotic? In most phases of matter, all of the excitations 
can be constructed from elementary excitations that are either electron-
like (spin S = ½ and charge ±e) or magnon-like (spin S = 1 and charge 
neutral). Only in rare examples, such as the fractional quantum Hall 
states, do the elementary excitations differ from these, in this case by 
carrying fractional quantum numbers. The magnetic monopoles in spin 

A triangle of antiferromagnetically interacting Ising spins, which must 
point upward or downward, is the simplest example of frustration. All 
three spins cannot be antiparallel. As a re sult, instead of the two ground 
states mandated by the Ising symmetry (up and down), there are six 
ground states (see figure; blue circles denote magnetic ions, arrows 
indicate the direction of spin, and black and red lines indicate the shape 
of the triangular lattice, with red lines denoting the axis on which the 
spins are parallel). On 2D and 3D lattices, such degeneracies can persist. 
When they do, fluctuations are enhanced and ordering is suppressed. 
On the basis of this fact, Ramirez introduced a simple empirical measure 
of frustration that has become widely used50. At high temperatures, the 
spin (or magnetic) susceptibility of a local-moment magnet generally 
has a Curie–Weiss form, χ!≈ C/(T − ΘCW), where T is temperature and 
C is the Curie constant. This allows extraction of the Curie–Weiss 
temper ature, ΘCW, from a plot of 1/χ versus T. |ΘCW| provides a natural 
estimate for the strength of magnetic interactions (ΘCW!<!0 for an 
antiferromagnet) and sets the scale for magnetic ordering in an 
unfrustrated material. By comparing the Curie–Weiss temper ature with 
the temperature at which order freezes, Tc, the frustration parameter, f, is 
obtained: f = |ΘCW|/Tc. Typically, f!>!5–10 indicates a strong suppression 
of ordering, as a result of frustration. For such values of f, the temperature 
range Tc!<!T!<!|ΘCW| defines the spin-liquid regime. 

Box 1 | Elements of frustration
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They also identified deviations from the Arrhenius form at lower tem-
peratures as a result of Coulomb interactions between monopoles. In 
an intriguing paper, Bramwell and colleagues applied an old theory put 
forward by Onsager18 for the electric-field dependence of thermal charge 
dissociation in electrolytes — the Wien effect — to the magnetic analogue 
in spin ice, that is, to the dis association of monopole–antimonopole pairs 
with a magnetic field19. The theory allows an extraction of the absolute 
value of the magnetic charge of a monopole from the dependence of the 
magnetic relaxation rate on the magnetic field. The authors measured 
muon spin relaxation in Dy2Ti2O7 to obtain the rate, and from this they 
extracted a magnetic charge in near perfect agreement with theoreti cal 
expectations. In addition to these quantitative measures of the energy 
and charge of a monopole, two recent papers presented neutron-scat-
tering mea surements in magnetic fields, interpreting them as evidence 
of monopoles and the ‘strings’ emanating from monopoles20,21. Many 
more experiments in which the monopoles in spin ice are studied and 
manipulated are likely to emerge soon.

Quantum spin liquids
In spin ice, as the temperature is lowered, the spins themselves fluctuate 
ever more slowly, eventually falling out of equilibrium and freezing 
below about 0.5 K (from theory, it is predicted that, in equilibrium, 
the spins should order at T = 0.1−0.2 K (ref. 6)). This is a consequence 
of the large energy barriers between different ice-rule configurations, 
which require the flipping of at least six spins, and the weak quantum 
amplitude for such large spins to cooperatively tunnel through these 
barriers. By contrast, for materials with spins of S = ½ and approximate 
Heisenberg symmetry, quantum effects are strong, and there are no 
obvious energy barriers. I now turn to such materials in the search for 
a QSL ground state, in which spins continue to fluctuate and evade 
order even at T = 0 K. Such a QSL is a strange beast: it has a non-mag-
netic ground state that is built from well-formed local moments. The 
theoretical possibility of QSLs has been hotly debated since Anderson 
proposed them in 1973 (ref. 22).

Wavefunctions and exotic excitations
A natural building block for non-magnetic states is the valence bond, 
a pair of spins that, owing to an antiferromagnetic interaction, forms a 
spin-0 singlet state (Fig. 3a). A valence bond is a highly quantum object, 
the two spins being maximally entangled and non-classical. If all of the 
spins in a system are part of valence bonds, then the full ground state has 
spin 0 and is non-magnetic. One way in which this can occur is by the 
partitioning of all of the spins into specific valence bonds, which are static 
and localized. Mathematically, such a ground state is well approximated as 
a product of the valence bonds, so that each spin is highly entangled with 
only one other, its valence-bond partner. This is known as a valence-bond 
solid (VBS) state (Fig. 3a) and occurs in several materials23–25. VBS states 
are interesting because, for instance, they provide an experimental way 
of studying Bose–Einstein condensation of magnons (which are triplet 
excitations of the singlet valence bonds) in the solid state26.

A VBS state is not, however, a true QSL, because it typically breaks 
lattice symmetries (because the arrangement of valence bonds is not 
unique) and lacks long-range entanglement. To build a QSL, the valence 
bonds must be allowed to undergo quantum mechanical fluctuations. 
The ground state is then a superposition of different partitionings of 
spins into valence bonds (Fig. 3b, c). If the distribution of these partition-
ings is broad, then there is no preference for any specific valence bond 
and the state can be regarded as a valence-bond ‘liquid’ rather than a 
solid. This type of wavefunction is generally called a resonating valence-
bond (RVB) state22. RVB states became subjects of intense theoretical 
interest when, in 1987, Anderson proposed that they might underlie the 
physics of high-temperature superconductivity4. Only relatively recently, 
however, have RVB wavefunctions been shown to be ground states of 
many specific model Hamiltonians27–32.

It is now understood that not all QSLs are alike. Generally, different 
states have different weights of each valence-bond partition in their 
wavefunctions. The valence bonds need not be formed only from nearby 

spins33. If a valence bond is formed from spins that are far apart, then 
those spins are only weakly bound into a singlet and the valence bond can 
be ‘broken’ to form free spins with relatively little energy. So states that 
have a significant weight from long-range valence bonds have more low-
energy spin excitations than states in which the valence bonds are mainly 
short range (see, for example, ref. 34). There are also other excitations that 
do not break the valence bonds but simply re arrange them. Such excita-
tions can have low energy even in short-range RVB states.

Given the possibility of different QSL states, it is interesting to attempt 
to classify these states. This problem is only partly solved, but it is clear 
that the number of possible states is huge, if not infinite. For instance, 
Wen has classified hundreds of different ‘symmetrical spin liquids’ 
(QSLs with the full space-group symmetry) for S = ½ antiferromagnets 
on the square lattice35. Finding the correct QSL ground state among all 
of the many pos sible RVB phases, many of which have similar energies, 
is a challenge to theory, reminiscent of the landscape problem in string 
theory, in high-energy physics.

Even with this diversity of possible states, one feature that theorists 
expect QSLs to have in common is that they support exotic excitations. 
What is meant by exotic? In most phases of matter, all of the excitations 
can be constructed from elementary excitations that are either electron-
like (spin S = ½ and charge ±e) or magnon-like (spin S = 1 and charge 
neutral). Only in rare examples, such as the fractional quantum Hall 
states, do the elementary excitations differ from these, in this case by 
carrying fractional quantum numbers. The magnetic monopoles in spin 

A triangle of antiferromagnetically interacting Ising spins, which must 
point upward or downward, is the simplest example of frustration. All 
three spins cannot be antiparallel. As a re sult, instead of the two ground 
states mandated by the Ising symmetry (up and down), there are six 
ground states (see figure; blue circles denote magnetic ions, arrows 
indicate the direction of spin, and black and red lines indicate the shape 
of the triangular lattice, with red lines denoting the axis on which the 
spins are parallel). On 2D and 3D lattices, such degeneracies can persist. 
When they do, fluctuations are enhanced and ordering is suppressed. 
On the basis of this fact, Ramirez introduced a simple empirical measure 
of frustration that has become widely used50. At high temperatures, the 
spin (or magnetic) susceptibility of a local-moment magnet generally 
has a Curie–Weiss form, χ!≈ C/(T − ΘCW), where T is temperature and 
C is the Curie constant. This allows extraction of the Curie–Weiss 
temper ature, ΘCW, from a plot of 1/χ versus T. |ΘCW| provides a natural 
estimate for the strength of magnetic interactions (ΘCW!<!0 for an 
antiferromagnet) and sets the scale for magnetic ordering in an 
unfrustrated material. By comparing the Curie–Weiss temper ature with 
the temperature at which order freezes, Tc, the frustration parameter, f, is 
obtained: f = |ΘCW|/Tc. Typically, f!>!5–10 indicates a strong suppression 
of ordering, as a result of frustration. For such values of f, the temperature 
range Tc!<!T!<!|ΘCW| defines the spin-liquid regime. 

Box 1 | Elements of frustration
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They also identified deviations from the Arrhenius form at lower tem-
peratures as a result of Coulomb interactions between monopoles. In 
an intriguing paper, Bramwell and colleagues applied an old theory put 
forward by Onsager18 for the electric-field dependence of thermal charge 
dissociation in electrolytes — the Wien effect — to the magnetic analogue 
in spin ice, that is, to the dis association of monopole–antimonopole pairs 
with a magnetic field19. The theory allows an extraction of the absolute 
value of the magnetic charge of a monopole from the dependence of the 
magnetic relaxation rate on the magnetic field. The authors measured 
muon spin relaxation in Dy2Ti2O7 to obtain the rate, and from this they 
extracted a magnetic charge in near perfect agreement with theoreti cal 
expectations. In addition to these quantitative measures of the energy 
and charge of a monopole, two recent papers presented neutron-scat-
tering mea surements in magnetic fields, interpreting them as evidence 
of monopoles and the ‘strings’ emanating from monopoles20,21. Many 
more experiments in which the monopoles in spin ice are studied and 
manipulated are likely to emerge soon.

Quantum spin liquids
In spin ice, as the temperature is lowered, the spins themselves fluctuate 
ever more slowly, eventually falling out of equilibrium and freezing 
below about 0.5 K (from theory, it is predicted that, in equilibrium, 
the spins should order at T = 0.1−0.2 K (ref. 6)). This is a consequence 
of the large energy barriers between different ice-rule configurations, 
which require the flipping of at least six spins, and the weak quantum 
amplitude for such large spins to cooperatively tunnel through these 
barriers. By contrast, for materials with spins of S = ½ and approximate 
Heisenberg symmetry, quantum effects are strong, and there are no 
obvious energy barriers. I now turn to such materials in the search for 
a QSL ground state, in which spins continue to fluctuate and evade 
order even at T = 0 K. Such a QSL is a strange beast: it has a non-mag-
netic ground state that is built from well-formed local moments. The 
theoretical possibility of QSLs has been hotly debated since Anderson 
proposed them in 1973 (ref. 22).

Wavefunctions and exotic excitations
A natural building block for non-magnetic states is the valence bond, 
a pair of spins that, owing to an antiferromagnetic interaction, forms a 
spin-0 singlet state (Fig. 3a). A valence bond is a highly quantum object, 
the two spins being maximally entangled and non-classical. If all of the 
spins in a system are part of valence bonds, then the full ground state has 
spin 0 and is non-magnetic. One way in which this can occur is by the 
partitioning of all of the spins into specific valence bonds, which are static 
and localized. Mathematically, such a ground state is well approximated as 
a product of the valence bonds, so that each spin is highly entangled with 
only one other, its valence-bond partner. This is known as a valence-bond 
solid (VBS) state (Fig. 3a) and occurs in several materials23–25. VBS states 
are interesting because, for instance, they provide an experimental way 
of studying Bose–Einstein condensation of magnons (which are triplet 
excitations of the singlet valence bonds) in the solid state26.

A VBS state is not, however, a true QSL, because it typically breaks 
lattice symmetries (because the arrangement of valence bonds is not 
unique) and lacks long-range entanglement. To build a QSL, the valence 
bonds must be allowed to undergo quantum mechanical fluctuations. 
The ground state is then a superposition of different partitionings of 
spins into valence bonds (Fig. 3b, c). If the distribution of these partition-
ings is broad, then there is no preference for any specific valence bond 
and the state can be regarded as a valence-bond ‘liquid’ rather than a 
solid. This type of wavefunction is generally called a resonating valence-
bond (RVB) state22. RVB states became subjects of intense theoretical 
interest when, in 1987, Anderson proposed that they might underlie the 
physics of high-temperature superconductivity4. Only relatively recently, 
however, have RVB wavefunctions been shown to be ground states of 
many specific model Hamiltonians27–32.

It is now understood that not all QSLs are alike. Generally, different 
states have different weights of each valence-bond partition in their 
wavefunctions. The valence bonds need not be formed only from nearby 

spins33. If a valence bond is formed from spins that are far apart, then 
those spins are only weakly bound into a singlet and the valence bond can 
be ‘broken’ to form free spins with relatively little energy. So states that 
have a significant weight from long-range valence bonds have more low-
energy spin excitations than states in which the valence bonds are mainly 
short range (see, for example, ref. 34). There are also other excitations that 
do not break the valence bonds but simply re arrange them. Such excita-
tions can have low energy even in short-range RVB states.

Given the possibility of different QSL states, it is interesting to attempt 
to classify these states. This problem is only partly solved, but it is clear 
that the number of possible states is huge, if not infinite. For instance, 
Wen has classified hundreds of different ‘symmetrical spin liquids’ 
(QSLs with the full space-group symmetry) for S = ½ antiferromagnets 
on the square lattice35. Finding the correct QSL ground state among all 
of the many pos sible RVB phases, many of which have similar energies, 
is a challenge to theory, reminiscent of the landscape problem in string 
theory, in high-energy physics.

Even with this diversity of possible states, one feature that theorists 
expect QSLs to have in common is that they support exotic excitations. 
What is meant by exotic? In most phases of matter, all of the excitations 
can be constructed from elementary excitations that are either electron-
like (spin S = ½ and charge ±e) or magnon-like (spin S = 1 and charge 
neutral). Only in rare examples, such as the fractional quantum Hall 
states, do the elementary excitations differ from these, in this case by 
carrying fractional quantum numbers. The magnetic monopoles in spin 

A triangle of antiferromagnetically interacting Ising spins, which must 
point upward or downward, is the simplest example of frustration. All 
three spins cannot be antiparallel. As a re sult, instead of the two ground 
states mandated by the Ising symmetry (up and down), there are six 
ground states (see figure; blue circles denote magnetic ions, arrows 
indicate the direction of spin, and black and red lines indicate the shape 
of the triangular lattice, with red lines denoting the axis on which the 
spins are parallel). On 2D and 3D lattices, such degeneracies can persist. 
When they do, fluctuations are enhanced and ordering is suppressed. 
On the basis of this fact, Ramirez introduced a simple empirical measure 
of frustration that has become widely used50. At high temperatures, the 
spin (or magnetic) susceptibility of a local-moment magnet generally 
has a Curie–Weiss form, χ!≈ C/(T − ΘCW), where T is temperature and 
C is the Curie constant. This allows extraction of the Curie–Weiss 
temper ature, ΘCW, from a plot of 1/χ versus T. |ΘCW| provides a natural 
estimate for the strength of magnetic interactions (ΘCW!<!0 for an 
antiferromagnet) and sets the scale for magnetic ordering in an 
unfrustrated material. By comparing the Curie–Weiss temper ature with 
the temperature at which order freezes, Tc, the frustration parameter, f, is 
obtained: f = |ΘCW|/Tc. Typically, f!>!5–10 indicates a strong suppression 
of ordering, as a result of frustration. For such values of f, the temperature 
range Tc!<!T!<!|ΘCW| defines the spin-liquid regime. 
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They also identified deviations from the Arrhenius form at lower tem-
peratures as a result of Coulomb interactions between monopoles. In 
an intriguing paper, Bramwell and colleagues applied an old theory put 
forward by Onsager18 for the electric-field dependence of thermal charge 
dissociation in electrolytes — the Wien effect — to the magnetic analogue 
in spin ice, that is, to the dis association of monopole–antimonopole pairs 
with a magnetic field19. The theory allows an extraction of the absolute 
value of the magnetic charge of a monopole from the dependence of the 
magnetic relaxation rate on the magnetic field. The authors measured 
muon spin relaxation in Dy2Ti2O7 to obtain the rate, and from this they 
extracted a magnetic charge in near perfect agreement with theoreti cal 
expectations. In addition to these quantitative measures of the energy 
and charge of a monopole, two recent papers presented neutron-scat-
tering mea surements in magnetic fields, interpreting them as evidence 
of monopoles and the ‘strings’ emanating from monopoles20,21. Many 
more experiments in which the monopoles in spin ice are studied and 
manipulated are likely to emerge soon.

Quantum spin liquids
In spin ice, as the temperature is lowered, the spins themselves fluctuate 
ever more slowly, eventually falling out of equilibrium and freezing 
below about 0.5 K (from theory, it is predicted that, in equilibrium, 
the spins should order at T = 0.1−0.2 K (ref. 6)). This is a consequence 
of the large energy barriers between different ice-rule configurations, 
which require the flipping of at least six spins, and the weak quantum 
amplitude for such large spins to cooperatively tunnel through these 
barriers. By contrast, for materials with spins of S = ½ and approximate 
Heisenberg symmetry, quantum effects are strong, and there are no 
obvious energy barriers. I now turn to such materials in the search for 
a QSL ground state, in which spins continue to fluctuate and evade 
order even at T = 0 K. Such a QSL is a strange beast: it has a non-mag-
netic ground state that is built from well-formed local moments. The 
theoretical possibility of QSLs has been hotly debated since Anderson 
proposed them in 1973 (ref. 22).

Wavefunctions and exotic excitations
A natural building block for non-magnetic states is the valence bond, 
a pair of spins that, owing to an antiferromagnetic interaction, forms a 
spin-0 singlet state (Fig. 3a). A valence bond is a highly quantum object, 
the two spins being maximally entangled and non-classical. If all of the 
spins in a system are part of valence bonds, then the full ground state has 
spin 0 and is non-magnetic. One way in which this can occur is by the 
partitioning of all of the spins into specific valence bonds, which are static 
and localized. Mathematically, such a ground state is well approximated as 
a product of the valence bonds, so that each spin is highly entangled with 
only one other, its valence-bond partner. This is known as a valence-bond 
solid (VBS) state (Fig. 3a) and occurs in several materials23–25. VBS states 
are interesting because, for instance, they provide an experimental way 
of studying Bose–Einstein condensation of magnons (which are triplet 
excitations of the singlet valence bonds) in the solid state26.

A VBS state is not, however, a true QSL, because it typically breaks 
lattice symmetries (because the arrangement of valence bonds is not 
unique) and lacks long-range entanglement. To build a QSL, the valence 
bonds must be allowed to undergo quantum mechanical fluctuations. 
The ground state is then a superposition of different partitionings of 
spins into valence bonds (Fig. 3b, c). If the distribution of these partition-
ings is broad, then there is no preference for any specific valence bond 
and the state can be regarded as a valence-bond ‘liquid’ rather than a 
solid. This type of wavefunction is generally called a resonating valence-
bond (RVB) state22. RVB states became subjects of intense theoretical 
interest when, in 1987, Anderson proposed that they might underlie the 
physics of high-temperature superconductivity4. Only relatively recently, 
however, have RVB wavefunctions been shown to be ground states of 
many specific model Hamiltonians27–32.

It is now understood that not all QSLs are alike. Generally, different 
states have different weights of each valence-bond partition in their 
wavefunctions. The valence bonds need not be formed only from nearby 

spins33. If a valence bond is formed from spins that are far apart, then 
those spins are only weakly bound into a singlet and the valence bond can 
be ‘broken’ to form free spins with relatively little energy. So states that 
have a significant weight from long-range valence bonds have more low-
energy spin excitations than states in which the valence bonds are mainly 
short range (see, for example, ref. 34). There are also other excitations that 
do not break the valence bonds but simply re arrange them. Such excita-
tions can have low energy even in short-range RVB states.

Given the possibility of different QSL states, it is interesting to attempt 
to classify these states. This problem is only partly solved, but it is clear 
that the number of possible states is huge, if not infinite. For instance, 
Wen has classified hundreds of different ‘symmetrical spin liquids’ 
(QSLs with the full space-group symmetry) for S = ½ antiferromagnets 
on the square lattice35. Finding the correct QSL ground state among all 
of the many pos sible RVB phases, many of which have similar energies, 
is a challenge to theory, reminiscent of the landscape problem in string 
theory, in high-energy physics.

Even with this diversity of possible states, one feature that theorists 
expect QSLs to have in common is that they support exotic excitations. 
What is meant by exotic? In most phases of matter, all of the excitations 
can be constructed from elementary excitations that are either electron-
like (spin S = ½ and charge ±e) or magnon-like (spin S = 1 and charge 
neutral). Only in rare examples, such as the fractional quantum Hall 
states, do the elementary excitations differ from these, in this case by 
carrying fractional quantum numbers. The magnetic monopoles in spin 

A triangle of antiferromagnetically interacting Ising spins, which must 
point upward or downward, is the simplest example of frustration. All 
three spins cannot be antiparallel. As a re sult, instead of the two ground 
states mandated by the Ising symmetry (up and down), there are six 
ground states (see figure; blue circles denote magnetic ions, arrows 
indicate the direction of spin, and black and red lines indicate the shape 
of the triangular lattice, with red lines denoting the axis on which the 
spins are parallel). On 2D and 3D lattices, such degeneracies can persist. 
When they do, fluctuations are enhanced and ordering is suppressed. 
On the basis of this fact, Ramirez introduced a simple empirical measure 
of frustration that has become widely used50. At high temperatures, the 
spin (or magnetic) susceptibility of a local-moment magnet generally 
has a Curie–Weiss form, χ!≈ C/(T − ΘCW), where T is temperature and 
C is the Curie constant. This allows extraction of the Curie–Weiss 
temper ature, ΘCW, from a plot of 1/χ versus T. |ΘCW| provides a natural 
estimate for the strength of magnetic interactions (ΘCW!<!0 for an 
antiferromagnet) and sets the scale for magnetic ordering in an 
unfrustrated material. By comparing the Curie–Weiss temper ature with 
the temperature at which order freezes, Tc, the frustration parameter, f, is 
obtained: f = |ΘCW|/Tc. Typically, f!>!5–10 indicates a strong suppression 
of ordering, as a result of frustration. For such values of f, the temperature 
range Tc!<!T!<!|ΘCW| defines the spin-liquid regime. 

Box 1 | Elements of frustration
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They also identified deviations from the Arrhenius form at lower tem-
peratures as a result of Coulomb interactions between monopoles. In 
an intriguing paper, Bramwell and colleagues applied an old theory put 
forward by Onsager18 for the electric-field dependence of thermal charge 
dissociation in electrolytes — the Wien effect — to the magnetic analogue 
in spin ice, that is, to the dis association of monopole–antimonopole pairs 
with a magnetic field19. The theory allows an extraction of the absolute 
value of the magnetic charge of a monopole from the dependence of the 
magnetic relaxation rate on the magnetic field. The authors measured 
muon spin relaxation in Dy2Ti2O7 to obtain the rate, and from this they 
extracted a magnetic charge in near perfect agreement with theoreti cal 
expectations. In addition to these quantitative measures of the energy 
and charge of a monopole, two recent papers presented neutron-scat-
tering mea surements in magnetic fields, interpreting them as evidence 
of monopoles and the ‘strings’ emanating from monopoles20,21. Many 
more experiments in which the monopoles in spin ice are studied and 
manipulated are likely to emerge soon.

Quantum spin liquids
In spin ice, as the temperature is lowered, the spins themselves fluctuate 
ever more slowly, eventually falling out of equilibrium and freezing 
below about 0.5 K (from theory, it is predicted that, in equilibrium, 
the spins should order at T = 0.1−0.2 K (ref. 6)). This is a consequence 
of the large energy barriers between different ice-rule configurations, 
which require the flipping of at least six spins, and the weak quantum 
amplitude for such large spins to cooperatively tunnel through these 
barriers. By contrast, for materials with spins of S = ½ and approximate 
Heisenberg symmetry, quantum effects are strong, and there are no 
obvious energy barriers. I now turn to such materials in the search for 
a QSL ground state, in which spins continue to fluctuate and evade 
order even at T = 0 K. Such a QSL is a strange beast: it has a non-mag-
netic ground state that is built from well-formed local moments. The 
theoretical possibility of QSLs has been hotly debated since Anderson 
proposed them in 1973 (ref. 22).

Wavefunctions and exotic excitations
A natural building block for non-magnetic states is the valence bond, 
a pair of spins that, owing to an antiferromagnetic interaction, forms a 
spin-0 singlet state (Fig. 3a). A valence bond is a highly quantum object, 
the two spins being maximally entangled and non-classical. If all of the 
spins in a system are part of valence bonds, then the full ground state has 
spin 0 and is non-magnetic. One way in which this can occur is by the 
partitioning of all of the spins into specific valence bonds, which are static 
and localized. Mathematically, such a ground state is well approximated as 
a product of the valence bonds, so that each spin is highly entangled with 
only one other, its valence-bond partner. This is known as a valence-bond 
solid (VBS) state (Fig. 3a) and occurs in several materials23–25. VBS states 
are interesting because, for instance, they provide an experimental way 
of studying Bose–Einstein condensation of magnons (which are triplet 
excitations of the singlet valence bonds) in the solid state26.

A VBS state is not, however, a true QSL, because it typically breaks 
lattice symmetries (because the arrangement of valence bonds is not 
unique) and lacks long-range entanglement. To build a QSL, the valence 
bonds must be allowed to undergo quantum mechanical fluctuations. 
The ground state is then a superposition of different partitionings of 
spins into valence bonds (Fig. 3b, c). If the distribution of these partition-
ings is broad, then there is no preference for any specific valence bond 
and the state can be regarded as a valence-bond ‘liquid’ rather than a 
solid. This type of wavefunction is generally called a resonating valence-
bond (RVB) state22. RVB states became subjects of intense theoretical 
interest when, in 1987, Anderson proposed that they might underlie the 
physics of high-temperature superconductivity4. Only relatively recently, 
however, have RVB wavefunctions been shown to be ground states of 
many specific model Hamiltonians27–32.

It is now understood that not all QSLs are alike. Generally, different 
states have different weights of each valence-bond partition in their 
wavefunctions. The valence bonds need not be formed only from nearby 

spins33. If a valence bond is formed from spins that are far apart, then 
those spins are only weakly bound into a singlet and the valence bond can 
be ‘broken’ to form free spins with relatively little energy. So states that 
have a significant weight from long-range valence bonds have more low-
energy spin excitations than states in which the valence bonds are mainly 
short range (see, for example, ref. 34). There are also other excitations that 
do not break the valence bonds but simply re arrange them. Such excita-
tions can have low energy even in short-range RVB states.

Given the possibility of different QSL states, it is interesting to attempt 
to classify these states. This problem is only partly solved, but it is clear 
that the number of possible states is huge, if not infinite. For instance, 
Wen has classified hundreds of different ‘symmetrical spin liquids’ 
(QSLs with the full space-group symmetry) for S = ½ antiferromagnets 
on the square lattice35. Finding the correct QSL ground state among all 
of the many pos sible RVB phases, many of which have similar energies, 
is a challenge to theory, reminiscent of the landscape problem in string 
theory, in high-energy physics.

Even with this diversity of possible states, one feature that theorists 
expect QSLs to have in common is that they support exotic excitations. 
What is meant by exotic? In most phases of matter, all of the excitations 
can be constructed from elementary excitations that are either electron-
like (spin S = ½ and charge ±e) or magnon-like (spin S = 1 and charge 
neutral). Only in rare examples, such as the fractional quantum Hall 
states, do the elementary excitations differ from these, in this case by 
carrying fractional quantum numbers. The magnetic monopoles in spin 

A triangle of antiferromagnetically interacting Ising spins, which must 
point upward or downward, is the simplest example of frustration. All 
three spins cannot be antiparallel. As a re sult, instead of the two ground 
states mandated by the Ising symmetry (up and down), there are six 
ground states (see figure; blue circles denote magnetic ions, arrows 
indicate the direction of spin, and black and red lines indicate the shape 
of the triangular lattice, with red lines denoting the axis on which the 
spins are parallel). On 2D and 3D lattices, such degeneracies can persist. 
When they do, fluctuations are enhanced and ordering is suppressed. 
On the basis of this fact, Ramirez introduced a simple empirical measure 
of frustration that has become widely used50. At high temperatures, the 
spin (or magnetic) susceptibility of a local-moment magnet generally 
has a Curie–Weiss form, χ!≈ C/(T − ΘCW), where T is temperature and 
C is the Curie constant. This allows extraction of the Curie–Weiss 
temper ature, ΘCW, from a plot of 1/χ versus T. |ΘCW| provides a natural 
estimate for the strength of magnetic interactions (ΘCW!<!0 for an 
antiferromagnet) and sets the scale for magnetic ordering in an 
unfrustrated material. By comparing the Curie–Weiss temper ature with 
the temperature at which order freezes, Tc, the frustration parameter, f, is 
obtained: f = |ΘCW|/Tc. Typically, f!>!5–10 indicates a strong suppression 
of ordering, as a result of frustration. For such values of f, the temperature 
range Tc!<!T!<!|ΘCW| defines the spin-liquid regime. 

Box 1 | Elements of frustration
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They also identified deviations from the Arrhenius form at lower tem-
peratures as a result of Coulomb interactions between monopoles. In 
an intriguing paper, Bramwell and colleagues applied an old theory put 
forward by Onsager18 for the electric-field dependence of thermal charge 
dissociation in electrolytes — the Wien effect — to the magnetic analogue 
in spin ice, that is, to the dis association of monopole–antimonopole pairs 
with a magnetic field19. The theory allows an extraction of the absolute 
value of the magnetic charge of a monopole from the dependence of the 
magnetic relaxation rate on the magnetic field. The authors measured 
muon spin relaxation in Dy2Ti2O7 to obtain the rate, and from this they 
extracted a magnetic charge in near perfect agreement with theoreti cal 
expectations. In addition to these quantitative measures of the energy 
and charge of a monopole, two recent papers presented neutron-scat-
tering mea surements in magnetic fields, interpreting them as evidence 
of monopoles and the ‘strings’ emanating from monopoles20,21. Many 
more experiments in which the monopoles in spin ice are studied and 
manipulated are likely to emerge soon.

Quantum spin liquids
In spin ice, as the temperature is lowered, the spins themselves fluctuate 
ever more slowly, eventually falling out of equilibrium and freezing 
below about 0.5 K (from theory, it is predicted that, in equilibrium, 
the spins should order at T = 0.1−0.2 K (ref. 6)). This is a consequence 
of the large energy barriers between different ice-rule configurations, 
which require the flipping of at least six spins, and the weak quantum 
amplitude for such large spins to cooperatively tunnel through these 
barriers. By contrast, for materials with spins of S = ½ and approximate 
Heisenberg symmetry, quantum effects are strong, and there are no 
obvious energy barriers. I now turn to such materials in the search for 
a QSL ground state, in which spins continue to fluctuate and evade 
order even at T = 0 K. Such a QSL is a strange beast: it has a non-mag-
netic ground state that is built from well-formed local moments. The 
theoretical possibility of QSLs has been hotly debated since Anderson 
proposed them in 1973 (ref. 22).

Wavefunctions and exotic excitations
A natural building block for non-magnetic states is the valence bond, 
a pair of spins that, owing to an antiferromagnetic interaction, forms a 
spin-0 singlet state (Fig. 3a). A valence bond is a highly quantum object, 
the two spins being maximally entangled and non-classical. If all of the 
spins in a system are part of valence bonds, then the full ground state has 
spin 0 and is non-magnetic. One way in which this can occur is by the 
partitioning of all of the spins into specific valence bonds, which are static 
and localized. Mathematically, such a ground state is well approximated as 
a product of the valence bonds, so that each spin is highly entangled with 
only one other, its valence-bond partner. This is known as a valence-bond 
solid (VBS) state (Fig. 3a) and occurs in several materials23–25. VBS states 
are interesting because, for instance, they provide an experimental way 
of studying Bose–Einstein condensation of magnons (which are triplet 
excitations of the singlet valence bonds) in the solid state26.

A VBS state is not, however, a true QSL, because it typically breaks 
lattice symmetries (because the arrangement of valence bonds is not 
unique) and lacks long-range entanglement. To build a QSL, the valence 
bonds must be allowed to undergo quantum mechanical fluctuations. 
The ground state is then a superposition of different partitionings of 
spins into valence bonds (Fig. 3b, c). If the distribution of these partition-
ings is broad, then there is no preference for any specific valence bond 
and the state can be regarded as a valence-bond ‘liquid’ rather than a 
solid. This type of wavefunction is generally called a resonating valence-
bond (RVB) state22. RVB states became subjects of intense theoretical 
interest when, in 1987, Anderson proposed that they might underlie the 
physics of high-temperature superconductivity4. Only relatively recently, 
however, have RVB wavefunctions been shown to be ground states of 
many specific model Hamiltonians27–32.

It is now understood that not all QSLs are alike. Generally, different 
states have different weights of each valence-bond partition in their 
wavefunctions. The valence bonds need not be formed only from nearby 

spins33. If a valence bond is formed from spins that are far apart, then 
those spins are only weakly bound into a singlet and the valence bond can 
be ‘broken’ to form free spins with relatively little energy. So states that 
have a significant weight from long-range valence bonds have more low-
energy spin excitations than states in which the valence bonds are mainly 
short range (see, for example, ref. 34). There are also other excitations that 
do not break the valence bonds but simply re arrange them. Such excita-
tions can have low energy even in short-range RVB states.

Given the possibility of different QSL states, it is interesting to attempt 
to classify these states. This problem is only partly solved, but it is clear 
that the number of possible states is huge, if not infinite. For instance, 
Wen has classified hundreds of different ‘symmetrical spin liquids’ 
(QSLs with the full space-group symmetry) for S = ½ antiferromagnets 
on the square lattice35. Finding the correct QSL ground state among all 
of the many pos sible RVB phases, many of which have similar energies, 
is a challenge to theory, reminiscent of the landscape problem in string 
theory, in high-energy physics.

Even with this diversity of possible states, one feature that theorists 
expect QSLs to have in common is that they support exotic excitations. 
What is meant by exotic? In most phases of matter, all of the excitations 
can be constructed from elementary excitations that are either electron-
like (spin S = ½ and charge ±e) or magnon-like (spin S = 1 and charge 
neutral). Only in rare examples, such as the fractional quantum Hall 
states, do the elementary excitations differ from these, in this case by 
carrying fractional quantum numbers. The magnetic monopoles in spin 

A triangle of antiferromagnetically interacting Ising spins, which must 
point upward or downward, is the simplest example of frustration. All 
three spins cannot be antiparallel. As a re sult, instead of the two ground 
states mandated by the Ising symmetry (up and down), there are six 
ground states (see figure; blue circles denote magnetic ions, arrows 
indicate the direction of spin, and black and red lines indicate the shape 
of the triangular lattice, with red lines denoting the axis on which the 
spins are parallel). On 2D and 3D lattices, such degeneracies can persist. 
When they do, fluctuations are enhanced and ordering is suppressed. 
On the basis of this fact, Ramirez introduced a simple empirical measure 
of frustration that has become widely used50. At high temperatures, the 
spin (or magnetic) susceptibility of a local-moment magnet generally 
has a Curie–Weiss form, χ!≈ C/(T − ΘCW), where T is temperature and 
C is the Curie constant. This allows extraction of the Curie–Weiss 
temper ature, ΘCW, from a plot of 1/χ versus T. |ΘCW| provides a natural 
estimate for the strength of magnetic interactions (ΘCW!<!0 for an 
antiferromagnet) and sets the scale for magnetic ordering in an 
unfrustrated material. By comparing the Curie–Weiss temper ature with 
the temperature at which order freezes, Tc, the frustration parameter, f, is 
obtained: f = |ΘCW|/Tc. Typically, f!>!5–10 indicates a strong suppression 
of ordering, as a result of frustration. For such values of f, the temperature 
range Tc!<!T!<!|ΘCW| defines the spin-liquid regime. 

Box 1 | Elements of frustration
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They also identified deviations from the Arrhenius form at lower tem-
peratures as a result of Coulomb interactions between monopoles. In 
an intriguing paper, Bramwell and colleagues applied an old theory put 
forward by Onsager18 for the electric-field dependence of thermal charge 
dissociation in electrolytes — the Wien effect — to the magnetic analogue 
in spin ice, that is, to the dis association of monopole–antimonopole pairs 
with a magnetic field19. The theory allows an extraction of the absolute 
value of the magnetic charge of a monopole from the dependence of the 
magnetic relaxation rate on the magnetic field. The authors measured 
muon spin relaxation in Dy2Ti2O7 to obtain the rate, and from this they 
extracted a magnetic charge in near perfect agreement with theoreti cal 
expectations. In addition to these quantitative measures of the energy 
and charge of a monopole, two recent papers presented neutron-scat-
tering mea surements in magnetic fields, interpreting them as evidence 
of monopoles and the ‘strings’ emanating from monopoles20,21. Many 
more experiments in which the monopoles in spin ice are studied and 
manipulated are likely to emerge soon.

Quantum spin liquids
In spin ice, as the temperature is lowered, the spins themselves fluctuate 
ever more slowly, eventually falling out of equilibrium and freezing 
below about 0.5 K (from theory, it is predicted that, in equilibrium, 
the spins should order at T = 0.1−0.2 K (ref. 6)). This is a consequence 
of the large energy barriers between different ice-rule configurations, 
which require the flipping of at least six spins, and the weak quantum 
amplitude for such large spins to cooperatively tunnel through these 
barriers. By contrast, for materials with spins of S = ½ and approximate 
Heisenberg symmetry, quantum effects are strong, and there are no 
obvious energy barriers. I now turn to such materials in the search for 
a QSL ground state, in which spins continue to fluctuate and evade 
order even at T = 0 K. Such a QSL is a strange beast: it has a non-mag-
netic ground state that is built from well-formed local moments. The 
theoretical possibility of QSLs has been hotly debated since Anderson 
proposed them in 1973 (ref. 22).

Wavefunctions and exotic excitations
A natural building block for non-magnetic states is the valence bond, 
a pair of spins that, owing to an antiferromagnetic interaction, forms a 
spin-0 singlet state (Fig. 3a). A valence bond is a highly quantum object, 
the two spins being maximally entangled and non-classical. If all of the 
spins in a system are part of valence bonds, then the full ground state has 
spin 0 and is non-magnetic. One way in which this can occur is by the 
partitioning of all of the spins into specific valence bonds, which are static 
and localized. Mathematically, such a ground state is well approximated as 
a product of the valence bonds, so that each spin is highly entangled with 
only one other, its valence-bond partner. This is known as a valence-bond 
solid (VBS) state (Fig. 3a) and occurs in several materials23–25. VBS states 
are interesting because, for instance, they provide an experimental way 
of studying Bose–Einstein condensation of magnons (which are triplet 
excitations of the singlet valence bonds) in the solid state26.

A VBS state is not, however, a true QSL, because it typically breaks 
lattice symmetries (because the arrangement of valence bonds is not 
unique) and lacks long-range entanglement. To build a QSL, the valence 
bonds must be allowed to undergo quantum mechanical fluctuations. 
The ground state is then a superposition of different partitionings of 
spins into valence bonds (Fig. 3b, c). If the distribution of these partition-
ings is broad, then there is no preference for any specific valence bond 
and the state can be regarded as a valence-bond ‘liquid’ rather than a 
solid. This type of wavefunction is generally called a resonating valence-
bond (RVB) state22. RVB states became subjects of intense theoretical 
interest when, in 1987, Anderson proposed that they might underlie the 
physics of high-temperature superconductivity4. Only relatively recently, 
however, have RVB wavefunctions been shown to be ground states of 
many specific model Hamiltonians27–32.

It is now understood that not all QSLs are alike. Generally, different 
states have different weights of each valence-bond partition in their 
wavefunctions. The valence bonds need not be formed only from nearby 

spins33. If a valence bond is formed from spins that are far apart, then 
those spins are only weakly bound into a singlet and the valence bond can 
be ‘broken’ to form free spins with relatively little energy. So states that 
have a significant weight from long-range valence bonds have more low-
energy spin excitations than states in which the valence bonds are mainly 
short range (see, for example, ref. 34). There are also other excitations that 
do not break the valence bonds but simply re arrange them. Such excita-
tions can have low energy even in short-range RVB states.

Given the possibility of different QSL states, it is interesting to attempt 
to classify these states. This problem is only partly solved, but it is clear 
that the number of possible states is huge, if not infinite. For instance, 
Wen has classified hundreds of different ‘symmetrical spin liquids’ 
(QSLs with the full space-group symmetry) for S = ½ antiferromagnets 
on the square lattice35. Finding the correct QSL ground state among all 
of the many pos sible RVB phases, many of which have similar energies, 
is a challenge to theory, reminiscent of the landscape problem in string 
theory, in high-energy physics.

Even with this diversity of possible states, one feature that theorists 
expect QSLs to have in common is that they support exotic excitations. 
What is meant by exotic? In most phases of matter, all of the excitations 
can be constructed from elementary excitations that are either electron-
like (spin S = ½ and charge ±e) or magnon-like (spin S = 1 and charge 
neutral). Only in rare examples, such as the fractional quantum Hall 
states, do the elementary excitations differ from these, in this case by 
carrying fractional quantum numbers. The magnetic monopoles in spin 

A triangle of antiferromagnetically interacting Ising spins, which must 
point upward or downward, is the simplest example of frustration. All 
three spins cannot be antiparallel. As a re sult, instead of the two ground 
states mandated by the Ising symmetry (up and down), there are six 
ground states (see figure; blue circles denote magnetic ions, arrows 
indicate the direction of spin, and black and red lines indicate the shape 
of the triangular lattice, with red lines denoting the axis on which the 
spins are parallel). On 2D and 3D lattices, such degeneracies can persist. 
When they do, fluctuations are enhanced and ordering is suppressed. 
On the basis of this fact, Ramirez introduced a simple empirical measure 
of frustration that has become widely used50. At high temperatures, the 
spin (or magnetic) susceptibility of a local-moment magnet generally 
has a Curie–Weiss form, χ!≈ C/(T − ΘCW), where T is temperature and 
C is the Curie constant. This allows extraction of the Curie–Weiss 
temper ature, ΘCW, from a plot of 1/χ versus T. |ΘCW| provides a natural 
estimate for the strength of magnetic interactions (ΘCW!<!0 for an 
antiferromagnet) and sets the scale for magnetic ordering in an 
unfrustrated material. By comparing the Curie–Weiss temper ature with 
the temperature at which order freezes, Tc, the frustration parameter, f, is 
obtained: f = |ΘCW|/Tc. Typically, f!>!5–10 indicates a strong suppression 
of ordering, as a result of frustration. For such values of f, the temperature 
range Tc!<!T!<!|ΘCW| defines the spin-liquid regime. 

Box 1 | Elements of frustration

201

NATURE|Vol 464|11 March 2010 REVIEW INSIGHT

199-208 Insight - Balents NS.indd   201199-208 Insight - Balents NS.indd   201 3/3/10   11:35:123/3/10   11:35:12

© 20  Macmillan Publishers Limited. All rights reserved10

Examples: triangle of anti-ferromagnetically 
interacting Ising spins

Infinite number of degenerate ground states

Corner-sharing triangles : Kagome lattice

Features:
• large degeneracy of ground state
• non-zero ground state entropy.
• fluctuations can be classical (thermal) and 

quantum (T=0).

order by disorder
Quantum spin liquids

 (fractional excitations, artificial gauge field)

(ice entropy, Pauling 1935)

L. Balents, Insight Article in Nature 464, 199 (2010)
C. L. Henley, Annual Review of Condensed Matter Physics 1, 179 (2010)
C. Castelnovo, R. Moessner, and S.L. Sondhi, Annual Review of Condensed Matter Physics (2011) 
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Pyrochlore lattice: Spin ice

Geometric Frustration: Spin ice

water ice

… Oxygen

… Hydrogen

… Covalent

… Hydrogen bond

Around each oxygen atom, two hydrogen atoms are closer, two are far.

Why “ice”?

1935…
Linus Pauling (1935):

S
0

= 0.806 Cal/deg mol
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Pyrochlore lattice: Spin ice

Geometric Frustration: Spin ice

“Spin-Ice”

two-in / two-out

Ho2Ti2O7 
Dy2Ti2O7
Ho2Sn2O7

Spin-Ice materials:

This can be modelled in a square lattice

2 pointing in

2 pointing out

Ice Rule : Two in Two out
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Ice Rule : Two in Two out

6 configurations
Six-vertex Model

R. J. Baxter, Exactly solved models 
in statistical mechanics

Spin-1/2 model

Spin-1/2 Ising system
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Spin ice : Six vertex model

6 configurations
Six-vertex Model

(Classical spin ice)

Every pair-interaction has the same strength
(Independent of inter-particle separation)

Ground state constraint:
X

i2+

�i
z = 0

Equivalent to 
Gauss’s law

(flux free fields)
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Spin ice : Six vertex model

6 configurations
Six-vertex Model

(Quantum spin ice)

+
quantum fluctuations 
(Hopping dynamics)
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interested in

Unphysical 
subspace

Implementation using Rydberg Atoms

PRX 4 041037 (2014) 
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global Rydberg excitation laser

Recipe for Rydberg-Spin ice

PRX 4 041037 (2014) 

1) step-like potentials (radial) 2) anisotropic interaction (angle)

1 2 r

0.5

1
Rydberg dressing p-states

0 p
4

p
2

3 p
4 p

q

0.5

1
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This talk: Frustrated magnetism in an ion crystal

Monday, 16 March 15



Motivation: From square to Kagome lattice

Balents Fisher Girvin model: 
Kagome lattice 
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Motivation: From square to Kagome lattice

S=1/2

{
Balents Fisher Girvin model: 

Kagome lattice 

PRB, 65, 224412 (2002). Hamiltonian

 Ring exchange

Classical Ground states

•Similar to ice rule!

• Spin Liquid phase
• Fractionalized Excitations
• Visons (Vortex-like excitations)
• Gauge Theory

Nat. Phys, 7, 772 (20011).
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From square to Kagome lattice

Balents Fisher Girvin model 
(Kagome lattice)

PRB, 65, 224412 (2002). Hamiltonian

1 2 3 4 5

6 7 8 9 10

11 12 13 14 15

16 17 18 19 20

20 classical degenerate ground states

Classical Ground states

•Similar to ice rule!
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Trapped ions: 2D planar crystal

•  Start&out&with&planar&crystal&
&
•  Hide&out&ions&from&&
&&&&spin&interac7on&to&D5/2&state&

•  Corner=sharing&triangles&(d)&
•  Hexagons&(e)&
•  Kagome&geometry&
•  Mul7ple&ladders&(f)&&
•  Random&hiding&&
&&&&for&spin&glass&experiments&&

Bermudez, et al, NJP 14 
093042 (2012) 
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Trapped ions: 2D planar crystal

Longitudinal and transversal modes

Trap Coulomb
Potential

Normal Mode spectrum: Lattice vibrations
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Recipe for Quantum simulation in an ion crystal

   Atomic states as spin-1/2 states
(ground states or long lived metastable states)

| #i

| "i
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Recipe for Quantum simulation in an ion crystal

   Atomic states as spin-1/2 states
(ground states or long lived metastable states)

| #i

| "i

|0i

|1i
|2i

| #i
| #i

|0i

| "i
|1i| "i

|2i

Phonons as mediator of interactions
(shared among all ions)

!m

!m

!m Phonon mode frequency
of mth mode
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Recipe for Quantum simulation in an ion crystal

   Atomic states as spin-1/2 states
(ground states or long lived metastable states)

| #i

| "i

|0i

|1i
|2i

| #i
| #i

|0i

| "i
|1i| "i
|2i

single ion qubit (spin-1/2)

Phonons as mediator of interactions
(shared among all ions)
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Recipe for Quantum simulation in an ion crystal
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Recipe for Quantum simulation in an ion crystal

   Atomic states as spin-1/2 states
(ground states or long lived metastable states)

| #i
|1i
|2i
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|0i

| "i
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Phonons as mediator of interactions 
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ion 1 

ion 2
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Recipe for Quantum simulation in an ion crystal

   Atomic states as spin-1/2 states
(ground states or long lived metastable states)

| #i
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|2i
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Phonons as mediator of interactions 
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ion 1 
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Atom-light interactions (quantum gates)
 (selective population of modes)
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Recipe for Quantum simulation in an ion crystal

   Atomic states as spin-1/2 states
(ground states or long lived metastable states)

| #i
|1i
|2i

| #i
| #i

|0i

| "i

|0i| "i
|1i| "i

|2i

Phonons as mediator of interactions 

| #i
|1i
|2i

| #i
| #i

|0i

| "i

|0i| "i
|1i| "i

|2i

ion 1 

ion 2

Atom-light interactions (quantum gates)
 (selective population of modes)

Mode-structure determines the nature of 
spin-spin interactions
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Recipe for Quantum simulation in an ion crystal

   Atomic states as spin-1/2 states
(ground states or long lived metastable states)

| #i
|1i
|2i

| #i
| #i

|0i

| "i

|0i| "i
|1i| "i

|2i
| #i

|1i
|2i

| #i
| #i

|0i

| "i

|0i| "i
|1i| "i

|2i

ion 1 

ion 2

Detuning(from((
mode(m(

Lamb%Dicke+
params+

Phonon mediated spin-spin couplings

H =
X

i<j

Jz
ij�

i
z ⌦ �j

z

(depends on phonon
 eigen-vector)
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(a)

x
y

z

1 2

|1⟩ |2⟩ ≡ | ↓⟩
|3⟩ ≡ | ↑⟩

|e⟩OL1 OL2

(b)

Our Setup: 2D planar crystal

Raman scheme for generating spin-spin 
interaction between ions

Detuning(from((
mode(m(

Lamb%Dicke+
params+

Phonon mediated spin-spin interactions

H =
X

i<j

Jz
ij�

i
z ⌦ �j

z

Spin-spin interactions 
depends crucially on the 

nature of phonon modes!!!
(We use transversal modes)

(in preparation)
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Single Plaquette: 7-ion crystal

ions in the qubit states

0.5 1.0 1.5 2.0 2.5 3.0
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20

0.5 1.0 1.5 2.0 2.5 3.0

10
20

(a)

(b)

TMPM

TMPM

0

0
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 1

 2

 3

 1.4  1.8  2.2  2.6  3

δν
ν1

ω̃z[× 2π MHz]

[× 2π MHz]

[× 2π MHz]

Phonon mode spectrum (21 modes)
without pinning

(in preparation)
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Single Plaquette: 7-ion crystal

ions in the qubit states

move the central ion to 
state         (pinning ion)|1i
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Single Plaquette: 7-ion crystal

ions in the qubit statesHexagonal plaquette

move the central ion to 
state         (pinning ion)|1i
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Single Plaquette: 7-ion crystal

ions in the qubit states

0.5 1.0 1.5 2.0 2.5 3.0
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(a)

(b)

TMPM

TMPM

0

0

 0

 1

 2
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 1.4  1.8  2.2  2.6  3

δν
ν1

ω̃z[× 2π MHz]

[× 2π MHz]

[× 2π MHz]

Hexagonal plaquette

Phonon mode spectrum (21 modes)
without pinning

with pinning

Spin-spin interactions 
depends crucially on the 

nature of phonon modes!!!
(We use transversal modes)

move the central ion to 
state         (pinning ion)|1i

(in preparation)
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Single Plaquette: 7-ion crystal

ions in the qubit states

0.5 1.0 1.5 2.0 2.5 3.0

10

20

0.5 1.0 1.5 2.0 2.5 3.0

10
20

(a)

(b)

TMPM

TMPM

0

0

 0

 1

 2

 3

 1.4  1.8  2.2  2.6  3

δν
ν1

ω̃z[× 2π MHz]

[× 2π MHz]

[× 2π MHz]

Hexagonal plaquette

Phonon mode spectrum (21 modes)
without pinning

with pinning

Spin-spin interactions 
depends crucially on the 

nature of phonon modes!!!
(We use transversal modes)

Appearance of an isolated 
mode in the lowest part 

(transversal modes) of the 
spectrum when the pinning 

relaxes the trapping 
frequency of the central ion

move the central ion to 
state         (pinning ion)|1i

(in preparation)
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Single Plaquette: 7-ion crystal

ions in the qubit states

0.5 1.0 1.5 2.0 2.5 3.0
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0.5 1.0 1.5 2.0 2.5 3.0
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(a)

(b)

TMPM

TMPM

0

0

 0

 1

 2

 3

 1.4  1.8  2.2  2.6  3

δν
ν1

ω̃z[× 2π MHz]

[× 2π MHz]

[× 2π MHz]

Hexagonal plaquette

Phonon mode spectrum (21 modes)
without pinning

with pinning

�⌫ = ⌫2 � ⌫1

Spin-spin interactions 
depends crucially on the 

nature of phonon modes!!!
(We use transversal modes)

move the central ion to 
state         (pinning ion)|1i

(in preparation)
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Single Plaquette: 7-ion crystal

ions in the qubit statesHexagonal plaquette

 1  2  3  4  5  6  7
 1
 2
 3
 4
 5
 6

 0
 0.1

 0.2

 0.3

 0.4
 0.5

1 2 3 4 5 6 7
0.2
0.4
0.6
0.8

 7

 1

 2

 3

 4

 5

 6

 7
(a) (b)

-0.1

bi 1

Plaquette interactions
!!Admixture!with!other!modes!causes!imperfec3ons!

O
sc
ill
a'

on
*a
m
pl
itu

de
s*

Spin-spin interactions 
depends crucially on the 

nature of phonon modes!!!
(We use transversal modes)

move the central ion to 
state         (pinning ion)|1i

(in preparation)
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Two Plaquettes: 19-ion crystal

(a)

x
y

z

1 2

|1⟩ |2⟩ ≡ | ↓⟩
|3⟩ ≡ | ↑⟩

|e⟩OL1 OL2

(b)

(in preparation)
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Single plaquette in a 19-ion crystal

 0  4  8  12  16  20
 0

 4

 8
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 16
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 0.6
(a) (b)

bi 1
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 0  4  8  12  16  20
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8 9
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12

!!Admixture!with!other!modes!causes!imperfec3ons!

(in preparation)

but can be controlled
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Single plaquette in a 19-ion crystal

 0  4  8  12  16  20
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(a) (b)
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 0  4  8  12  16  20

1
2

3

4
5

6
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Hexagonal pattern
(interactions localized among the six ions)

!!Admixture!with!other!modes!causes!imperfec3ons!

(in preparation)

but can be controlled
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Double plaquette in a 19-ion crystal

!!Admixture!with!other!modes!causes!imperfec3ons!

 0

 0.02

 0.04

 0.06

 0.08

 0  4  8  12  16  20  0  4  8  12  16  20
 0

 4

 8

 12

 16

 20

 0

 0.05

 0.1

 0.15

 0.2

 0.25

 0.3

 0.35

1
2

3

4
5

6

19
18

17

16
15

14

13

7
8 9

10
11

12

(b)(a)

bi m

m = 1

m = 2

No (or negligible) inter-plaquette interactions 
Two different pinning lattices
Two modes with hexagonal plaquette character
Two set of Raman fields

(in preparation)

Hexagonal pattern
(interactions localized among the six ions)
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Double plaquette in a 19-ion crystal

Quantum dynamics
(a)

1
2

3

4
5

6

19
18

17

16
15

14

13

7
8 9

10
11

12

1

5 19

15

(c) (d)

6

-0.5

 0

 0.5

 0  4  8  12  16  20

bi m

m = 1
m = 2
m = 3

 0  4  8  12  16  20
 0

 4

 8

 12

 16

 20

-0.3

 0

 0.4
(b)

Interesting inter-plaquette
dynamics

Ring-exchange
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Double plaquette in a 19-ion crystal

 0

 1

 2

 3

 4

 5

 0  40  80  120  160  200

E
i
−

E
0

NN Ising
BFG

Ion setup

Ion setup
BFG

(a) (b)

 0

 0.02

 0.04

 0.06

 0  0.1  0.2  0.3  0.4
[AU]

Sufficiently strong quantum fluctuations 
mix those levels

G gives us the measure of states outside 
the ground state manifold

(in preparation)Gauss’s law
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Double plaquette in a 19-ion crystal

Some trivial dynamics

-2
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 0  20  40  60  80  100

(a) (b)

PRB, 65, 224412 (2002). Hamiltonian

BFG model (Ideal case) BFG model (ion setup)

M1 = 0 M2 = 0
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Double plaquette in a 19-ion crystal

Some trivial dynamics
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Double plaquette in a 19-ion crystal

Some trivial dynamics
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PRB, 65, 224412 (2002). Hamiltonian

BFG model (Ideal case) BFG model (ion setup)

M2 = 0M1 = �2

Charge oscillates between the two plaquettes
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Double plaquette in a 19-ion crystal

Some trivial dynamics

-2
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 0

 0.5

 0  20  40  60  80  100
-2

-1.5

-1

-0.5

 0

 0.5

 0  20  40  60  80  100

(a) (b)

PRB, 65, 224412 (2002). Hamiltonian

BFG model (Ideal case) BFG model (ion setup)

M2 = 0M1 = �2

Charge oscillates between the two plaquettes

Outlook: RVB physics and quantum spin liquids
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Spin Ice
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Mode shapping,

Spin Models 
in a

2D Ion Crystal 

Rydberg interactions

A Glätzle R MössnerM Dalmonte P Zoller

PRX 4 041037 (2014) 

(in preparation)

I. Rousochatzakis
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Mode shapping,

Spin Models 
in a

2D Ion Crystal 

Rydberg interactions
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R. Gerritsma Schmidt Kaler
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