
1 

Virginie Simonet 
Institut Néel, CNRS/Université Grenoble Alpes, Grenoble, France 

Fédération Française de Diffusion Neutronique 

Meeticc, Bordeaux, 2017 

Acknowledgments :  
J. Robert, E. Lhotel, R. Ballou, S. deBrion 

Unconventional magnetism 
Frustration, chirality, multiferroism 



2 

Virginie Simonet 

Meeticc, Bordeaux, 2017 

-I will not speak about  
quantum magnetism (talk of F. Bert).  

-I will concentrate on insulators  
and bulk materials 

-Biased point of view as a neutron user 

Unconventional magnetism 
Frustration, chirality, multiferroism 



3 

Temperature << interactions 
Ordered state 

Temperature >> interactions 
Disordered state 

Meeticc, Bordeaux, 2017 

Spin pair  
correlations 

< Si(0)Sj(r) >= S2�ij

Magnetic frustration: introduction 
Conventional magnetism 

Magnetic frustration : generalities

order 
parameter

1

k bT

J S
2

T=0

Intensité

Q

Bragg peaks

r

⟨S (0)⋅S (r)⟩ magnons

w

Q

dispersion 
relation(s)

w(Q)

magnetic order

∝JSBragg peaks 
Paramagnetic  
diffuse scattering  

S(Q) 

Q 

S(Q) 

< Si(0)Sj(r) >= ±S2



4 

Temperature << interactions 
Ordered state 

Temperature >> interactions 
Disordered state 

Excitations: spin waves (magnons) 

Meeticc, Bordeaux, 2017 

Dispersion  
relation ω(Q) 

Spin pair  
correlations 

< Si(0)Sj(r) >= S2�ij

Magnetic frustration: introduction 
Conventional magnetism 

Magnetic frustration : generalities

order 
parameter

1

k bT

J S
2

T=0

Intensité

Q

Bragg peaks

r

⟨S (0)⋅S (r)⟩ magnons

w

Q

dispersion 
relation(s)

w(Q)

magnetic order

∝JSBragg peaks 
Paramagnetic  
diffuse scattering  

S(Q) 

Q 

Wiley STM / Editor: Book Title,  
Chapter ?? / Authors?? / filename: ch??.doc 

page 22 

a)

b1)

b2)

c)
1

2 3

1

2 3

1

2 3 

Figure 5. Spin waves in different spin structures. Each spin undergoes precession about its 
equilibrium direction sweeping out the surface of a cone over a period 2 / (q), where (q) is 
frequency of spin wave and q is the wave vector. (a) ferromagnet, (b1) in-phase and (b2) anti-phase 
mode in two-sublattice antiferromagnet, (c) in-phase and two anti-phase (left to right) modes in 3-
sublattice antiferromagnet on triangular lattice. A half-period of spin-wave oscillation spanning 6 
spins is shown in (a) and (b1,b2), corresponding to spin wave with wave vector equal to 1/12 of 
reciprocal lattice unit in the direction of propagation. Anti-phase mode in (b2) corresponds to wave 
vector 7/12 in the extended paramagnetic Brillouin zone description.  

In an antiferromagnetic spin structure, precession of two sublattices can have the same, 

Figure 5(b1), or the opposite sense, Figure 5(b2). In the sublattice description, where 

magnetic superlattice contains two spin species, these correspond to two distinct, in-

phase and anti-phase, spin wave modes. In the extended, paramagnetic Brillouin zone 

(BZ) description, where there is only one spin wave branch for spins on a Bravais lattice, 

these two modes correspond to spin waves having different wave vectors, q and q ± Q, 
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Is it possible to impede the onset of magnetic ordering? 
 

è Yes, through dimensional effects, introduction of disorder, and frustration 
è Signatures? 

Meeticc, Bordeaux, 2017 

Magnetic frustration: introduction 
Magnetic frustration : generalities

order 
parameter

1

k bT

J S
2

T=0

Intensité

Q

Bragg peaks

r

⟨S (0)⋅S (r)⟩ spinons

w

Q

2-spinons
continuum

∝e−r /ξ
∝1/ rα

diffuse
scattering

1/S

quantum spin 
liquids/ice

classical spin 
liquids/ice

low dimensionality, geometrical frustration, exchange disorder, etc.

S(Q) 

Correlated  
diffuse scattering 

Paramagnetic  
scattering  

Bragg peaks 

1/�
� =

C

T + ✓CW

✓CW / JS2

TN TN



6 

Meeticc, Bordeaux, 2017 

One or several competing constrains can not be satisfied simultaneously 

Important ingredients: 
•  Geometry of the lattice 
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where r is the position of the center of the loop
and Sn are unit-length spins within the loop (n ∈
{1,…,10}).We refer toL(r) as the “10-spin director”
to emphasize that L does not transform as a
vector, because the twofold symmetry of the Gd3+

site requires that both L(r) and –L(r) identify the
same alignment axis [our use of the director here
mirrors the description of nematic liquid crys-
tals (29)]. The average magnitude h|L(r)|i =
0.49 with standard deviation 0.18, which shows
that antiferromagnetic correlation is strong within
each loop and relatively consistent between differ-
ent loops. The cyclic arrangement of 10 antiferro-
magnetic spins in a ring describes a multipole of
order 6, which contains five nodal planes orthog-
onal to the plane of the loop and a single nodal
plane coincident with it (Fig. 3A). Viewed in these
terms, the normalized 10-spin director L̂ = L/|L|
describes themultipole orientation associatedwith
a given 10-ion loop. Figure 3B shows our key result:
the distribution of normalized 10-spin directors is
strongly peaked along the local z axis.
This result is notable because it shows that the

fluctuations of the 10 spins in a loop select a single
axis on average, so the rotational degree of freedom
possessed by xy-like spins is lost in the loop di-
rectors. Hence, the 10-spin directors have no
ground-state degrees of freedom and are ordered,
with excitations normal to the local z axis (Fig. 3B).
Moreover, because the 10-spin directors describe
multipole orientations, the order is multipolar.
The unit cell of this magnetic multipole crystal is
shown in Fig. 3C. The multipole order preserves
the symmetry of the crystal structure but is not
required by this symmetry, which only constrains
the distribution of 10-spin directors to preserve
the three twofold rotation axes. Figure 3D shows
the axial correlation function of the normalized
10-spin directors extracted from our RMC config-
urations (22),

gLðrÞ ¼ 2hjL̂ð0Þ⋅L̂ðrÞji−1 ð2Þ

which is equal to –1 if, on average, loop directors
separated by distance r are orthogonal to each
other and to +1 if they are collinear. The cor-
relation length of this function diverges within
the statistical error of our refinements (22), as is
to be expected from the axial distribution of
10-spin directors in Fig. 3B. Analogous to a non-
collinear antiferromagnet, the noncollinearity of
local z axes for different loops leads to gL(r)

taking several values but does not affect the
divergence of the correlation length (fig. S3).
How is our analysis sensitive to nondipolar

order, given that neutron scattering is a dipolar
probe? To answer this question, we note that
neutron scattering is directly sensitive to two
quantities: the spin anisotropy and the spin-pair
correlations (30). If an interplay of both quantities
generates hidden order, neutron scatteringmay be
indirectly sensitive to the hidden order itself. We
performed Monte Carlo simulations, which show
that this is the case forGGG:Long-rangemultipole
order is present when both xy anisotropy and
antiferromagnetic interactions are included but
is absent for either (i) isotropic antiferromagnetic
interactions or (ii) noninteracting spins with xy
anisotropy [figs. S5 and S8] (22). Hence, hidden

order is not a consequence of either xy anisotropy
or antiferromagnetic interactions alone.
The development of hidden order provides a

plausible explanation for observed thermodynamic
anomalies in the spin-liquid state of GGG. We
show this by considering a simple model in which
spins are constrained to lie in their local xy planes
and are coupled by antiferromagnetic nearest-
neighbor interactions. We do not claim that this
xy model accurately represents the spin Hamil-
tonian of GGG but consider it instead because it
is the simplest model showing the hidden-order
state. From this model, we calculate two quan-
tities: the magnetic specific heat Cmag and a
limiting multipole correlation gmax, which we
determine by fitting a straight line to gL(r) at
the distances where it takes its maximum value

180 9 OCTOBER 2015 • VOL 350 ISSUE 6257 sciencemag.org SCIENCE

Fig. 1. Crystallographic properties of GGG.
(A) Crystal structure of GGG, showing only
magnetic Gd3+ ions.The two interpenetrating
networks of corner-sharing triangles are colored
red and blue. (B) Local environment of Gd3+

ions.The local axes x, y, and z are defined by the
three twofold axes of point symmetry of the
Gd3+ site: x ∈ h100i and y,z ∈ 1ffiffi

2
p h110i, where z is

chosen to pass through the centers of the two
triangles that contain the Gd3+ ion. Each Gd3+

ion is located at the center of a loop of 10 Gd3+

ions from the other network, where the mean
plane of the loop is perpendicular to the local
z axis.

Fig. 2. Experimental data, fits, and calculations for GGG at T = 0.175 K. (A) Single-crystal magnetic
diffuse scattering in two reciprocal-space planes.The upper image shows the (hk0) plane, and the lower
image shows the (hkk) plane. In each image, the left panel shows experimental data and the right panel
shows the calculation from RMC refinements described in the text. Regions where there are no data are
shown in white. (B) RMC fit to powder diffuse-scattering data [from (17)]. Data are shown as black
circles, fit as a red line, and difference (fit – data) as a blue line. The scattering function calculated from
the alternative isotropic model described in the text is shown as a green line. The inset shows a
stereographic projection of the logarithmic probability distribution ln(p) of spin orientations [defined in
(22)], revealing preferential spin alignment in the local xy plane (Fig. 1B). (C) Radial spin correlation
function obtained from our RMC configurations. The bars show spin correlation values, and the solid
black line shows a fit to an exponential envelope, Texp(–r/x), where x = 4.951(2) Å. Correlations with
positive (ferromagnetic) values are shown in orange, and correlation with negative (antiferromagnetic)
values are shown in green.The inset shows the temperature dependence of x (the solid line is a guide to
the eye). Error bars in (C) are smaller than the line thickness or symbol size in the plots.
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where r is the position of the center of the loop
and Sn are unit-length spins within the loop (n ∈
{1,…,10}).We refer toL(r) as the “10-spin director”
to emphasize that L does not transform as a
vector, because the twofold symmetry of the Gd3+

site requires that both L(r) and –L(r) identify the
same alignment axis [our use of the director here
mirrors the description of nematic liquid crys-
tals (29)]. The average magnitude h|L(r)|i =
0.49 with standard deviation 0.18, which shows
that antiferromagnetic correlation is strong within
each loop and relatively consistent between differ-
ent loops. The cyclic arrangement of 10 antiferro-
magnetic spins in a ring describes a multipole of
order 6, which contains five nodal planes orthog-
onal to the plane of the loop and a single nodal
plane coincident with it (Fig. 3A). Viewed in these
terms, the normalized 10-spin director L̂ = L/|L|
describes themultipole orientation associatedwith
a given 10-ion loop. Figure 3B shows our key result:
the distribution of normalized 10-spin directors is
strongly peaked along the local z axis.
This result is notable because it shows that the

fluctuations of the 10 spins in a loop select a single
axis on average, so the rotational degree of freedom
possessed by xy-like spins is lost in the loop di-
rectors. Hence, the 10-spin directors have no
ground-state degrees of freedom and are ordered,
with excitations normal to the local z axis (Fig. 3B).
Moreover, because the 10-spin directors describe
multipole orientations, the order is multipolar.
The unit cell of this magnetic multipole crystal is
shown in Fig. 3C. The multipole order preserves
the symmetry of the crystal structure but is not
required by this symmetry, which only constrains
the distribution of 10-spin directors to preserve
the three twofold rotation axes. Figure 3D shows
the axial correlation function of the normalized
10-spin directors extracted from our RMC config-
urations (22),

gLðrÞ ¼ 2hjL̂ð0Þ⋅L̂ðrÞji−1 ð2Þ

which is equal to –1 if, on average, loop directors
separated by distance r are orthogonal to each
other and to +1 if they are collinear. The cor-
relation length of this function diverges within
the statistical error of our refinements (22), as is
to be expected from the axial distribution of
10-spin directors in Fig. 3B. Analogous to a non-
collinear antiferromagnet, the noncollinearity of
local z axes for different loops leads to gL(r)

taking several values but does not affect the
divergence of the correlation length (fig. S3).
How is our analysis sensitive to nondipolar

order, given that neutron scattering is a dipolar
probe? To answer this question, we note that
neutron scattering is directly sensitive to two
quantities: the spin anisotropy and the spin-pair
correlations (30). If an interplay of both quantities
generates hidden order, neutron scatteringmay be
indirectly sensitive to the hidden order itself. We
performed Monte Carlo simulations, which show
that this is the case forGGG:Long-rangemultipole
order is present when both xy anisotropy and
antiferromagnetic interactions are included but
is absent for either (i) isotropic antiferromagnetic
interactions or (ii) noninteracting spins with xy
anisotropy [figs. S5 and S8] (22). Hence, hidden

order is not a consequence of either xy anisotropy
or antiferromagnetic interactions alone.
The development of hidden order provides a

plausible explanation for observed thermodynamic
anomalies in the spin-liquid state of GGG. We
show this by considering a simple model in which
spins are constrained to lie in their local xy planes
and are coupled by antiferromagnetic nearest-
neighbor interactions. We do not claim that this
xy model accurately represents the spin Hamil-
tonian of GGG but consider it instead because it
is the simplest model showing the hidden-order
state. From this model, we calculate two quan-
tities: the magnetic specific heat Cmag and a
limiting multipole correlation gmax, which we
determine by fitting a straight line to gL(r) at
the distances where it takes its maximum value
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Fig. 1. Crystallographic properties of GGG.
(A) Crystal structure of GGG, showing only
magnetic Gd3+ ions.The two interpenetrating
networks of corner-sharing triangles are colored
red and blue. (B) Local environment of Gd3+

ions.The local axes x, y, and z are defined by the
three twofold axes of point symmetry of the
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triangles that contain the Gd3+ ion. Each Gd3+

ion is located at the center of a loop of 10 Gd3+

ions from the other network, where the mean
plane of the loop is perpendicular to the local
z axis.

Fig. 2. Experimental data, fits, and calculations for GGG at T = 0.175 K. (A) Single-crystal magnetic
diffuse scattering in two reciprocal-space planes.The upper image shows the (hk0) plane, and the lower
image shows the (hkk) plane. In each image, the left panel shows experimental data and the right panel
shows the calculation from RMC refinements described in the text. Regions where there are no data are
shown in white. (B) RMC fit to powder diffuse-scattering data [from (17)]. Data are shown as black
circles, fit as a red line, and difference (fit – data) as a blue line. The scattering function calculated from
the alternative isotropic model described in the text is shown as a green line. The inset shows a
stereographic projection of the logarithmic probability distribution ln(p) of spin orientations [defined in
(22)], revealing preferential spin alignment in the local xy plane (Fig. 1B). (C) Radial spin correlation
function obtained from our RMC configurations. The bars show spin correlation values, and the solid
black line shows a fit to an exponential envelope, Texp(–r/x), where x = 4.951(2) Å. Correlations with
positive (ferromagnetic) values are shown in orange, and correlation with negative (antiferromagnetic)
values are shown in green.The inset shows the temperature dependence of x (the solid line is a guide to
the eye). Error bars in (C) are smaller than the line thickness or symbol size in the plots.
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where r is the position of the center of the loop
and Sn are unit-length spins within the loop (n ∈
{1,…,10}).We refer toL(r) as the “10-spin director”
to emphasize that L does not transform as a
vector, because the twofold symmetry of the Gd3+

site requires that both L(r) and –L(r) identify the
same alignment axis [our use of the director here
mirrors the description of nematic liquid crys-
tals (29)]. The average magnitude h|L(r)|i =
0.49 with standard deviation 0.18, which shows
that antiferromagnetic correlation is strong within
each loop and relatively consistent between differ-
ent loops. The cyclic arrangement of 10 antiferro-
magnetic spins in a ring describes a multipole of
order 6, which contains five nodal planes orthog-
onal to the plane of the loop and a single nodal
plane coincident with it (Fig. 3A). Viewed in these
terms, the normalized 10-spin director L̂ = L/|L|
describes themultipole orientation associatedwith
a given 10-ion loop. Figure 3B shows our key result:
the distribution of normalized 10-spin directors is
strongly peaked along the local z axis.
This result is notable because it shows that the

fluctuations of the 10 spins in a loop select a single
axis on average, so the rotational degree of freedom
possessed by xy-like spins is lost in the loop di-
rectors. Hence, the 10-spin directors have no
ground-state degrees of freedom and are ordered,
with excitations normal to the local z axis (Fig. 3B).
Moreover, because the 10-spin directors describe
multipole orientations, the order is multipolar.
The unit cell of this magnetic multipole crystal is
shown in Fig. 3C. The multipole order preserves
the symmetry of the crystal structure but is not
required by this symmetry, which only constrains
the distribution of 10-spin directors to preserve
the three twofold rotation axes. Figure 3D shows
the axial correlation function of the normalized
10-spin directors extracted from our RMC config-
urations (22),

gLðrÞ ¼ 2hjL̂ð0Þ⋅L̂ðrÞji−1 ð2Þ

which is equal to –1 if, on average, loop directors
separated by distance r are orthogonal to each
other and to +1 if they are collinear. The cor-
relation length of this function diverges within
the statistical error of our refinements (22), as is
to be expected from the axial distribution of
10-spin directors in Fig. 3B. Analogous to a non-
collinear antiferromagnet, the noncollinearity of
local z axes for different loops leads to gL(r)

taking several values but does not affect the
divergence of the correlation length (fig. S3).
How is our analysis sensitive to nondipolar

order, given that neutron scattering is a dipolar
probe? To answer this question, we note that
neutron scattering is directly sensitive to two
quantities: the spin anisotropy and the spin-pair
correlations (30). If an interplay of both quantities
generates hidden order, neutron scatteringmay be
indirectly sensitive to the hidden order itself. We
performed Monte Carlo simulations, which show
that this is the case forGGG:Long-rangemultipole
order is present when both xy anisotropy and
antiferromagnetic interactions are included but
is absent for either (i) isotropic antiferromagnetic
interactions or (ii) noninteracting spins with xy
anisotropy [figs. S5 and S8] (22). Hence, hidden

order is not a consequence of either xy anisotropy
or antiferromagnetic interactions alone.
The development of hidden order provides a

plausible explanation for observed thermodynamic
anomalies in the spin-liquid state of GGG. We
show this by considering a simple model in which
spins are constrained to lie in their local xy planes
and are coupled by antiferromagnetic nearest-
neighbor interactions. We do not claim that this
xy model accurately represents the spin Hamil-
tonian of GGG but consider it instead because it
is the simplest model showing the hidden-order
state. From this model, we calculate two quan-
tities: the magnetic specific heat Cmag and a
limiting multipole correlation gmax, which we
determine by fitting a straight line to gL(r) at
the distances where it takes its maximum value
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networks of corner-sharing triangles are colored
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Fig. 2. Experimental data, fits, and calculations for GGG at T = 0.175 K. (A) Single-crystal magnetic
diffuse scattering in two reciprocal-space planes.The upper image shows the (hk0) plane, and the lower
image shows the (hkk) plane. In each image, the left panel shows experimental data and the right panel
shows the calculation from RMC refinements described in the text. Regions where there are no data are
shown in white. (B) RMC fit to powder diffuse-scattering data [from (17)]. Data are shown as black
circles, fit as a red line, and difference (fit – data) as a blue line. The scattering function calculated from
the alternative isotropic model described in the text is shown as a green line. The inset shows a
stereographic projection of the logarithmic probability distribution ln(p) of spin orientations [defined in
(22)], revealing preferential spin alignment in the local xy plane (Fig. 1B). (C) Radial spin correlation
function obtained from our RMC configurations. The bars show spin correlation values, and the solid
black line shows a fit to an exponential envelope, Texp(–r/x), where x = 4.951(2) Å. Correlations with
positive (ferromagnetic) values are shown in orange, and correlation with negative (antiferromagnetic)
values are shown in green.The inset shows the temperature dependence of x (the solid line is a guide to
the eye). Error bars in (C) are smaller than the line thickness or symbol size in the plots.
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role of connectivity: triangular (Néel order) vs kagomé (spin liquid) 
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role of connectivity: triangular (Néel order) vs kagomé (spin liquid) 
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Composite Spin Excitations in ACr2O4

SHL et al., Nature Vol 418, 856 (2002)

The fundamental spin degree of freedom is an
   Antiferromagnetic hexagonal spin loop !

for the multipole crystal—i.e., the distances
separating loops that share the same local axes
(Fig. 3D). Figure 3E compares the broad peak
in the specific heat and gmax determined from
the xymodel with the experimental specific-heat
peak and gmax determined from RMC refine-
ment. We make three key observations. First, a
broad specific-heat peak occurs in the xy model
and the real material, which both show hidden
order; moreover, this specific-heat peak is absent
for models without hidden order (fig. S6) (22).
Second, there is a large change in gmax over the
temperature range where the specific-heat peak
develops but only a much smaller change in the
spin correlation length (Fig. 2C, inset). Third, the
temperature evolution of the specific-heat peak
correlates with the evolution of hidden order in a
similar way for both xy model and experiment
(Fig. 3E). These results suggest that the broad
specific-heat anomaly is a signature of loss of en-
tropy associated with the developing hidden order.
The hidden-order state that we propose for

GGG does not break the crystal symmetry and is
built from groups of spins that are individually
fluctuating in space and time (18–20); for exam-
ples of how spin fluctuations occur consistently
with multipolar order, see fig. S4 (22). It is also
likely that the multipolar order will be apparent
in larger clusters than the 10-spin loops. Com-
pared with URu2Si2 (2), the lack of symmetry-
breaking in GGG broadens the specific-heat
anomaly observed as the hidden-order state de-
velops, similar to the transition to the Coulomb
phase in spin-ice materials (12). An interesting
comparison can be drawnwith frustrated spinels
such as MgCr2O4, in which hexagonal spin loops
may form strongly ordered (“protected”) degrees

of freedom but adjacent loops are only weakly
correlated (31, 32). The hidden order in GGG
represents the opposite limit, in which the loops
are long-range ordered, whereas individual spins
show only short-range correlations. The hidden
order in GGG therefore has properties funda-
mentally different from previous examples. Our
results suggest that the atomic-scale refinement
approach used herewill prove valuable to unmask
hidden-order states in other materials, such as
chiral-spin liquids in frustrated magnetic mate-
rials (11) and spin nematics in high-temperature
superconductors (33).
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Fig. 3. Multipole order in GGG. (A) Relationship between representative spin
orientations and 10-spin director for a 10-spin loop. Antiferromagnetically cor-
related spins are colored alternating green and orange as the loop is traversed.
The multipole formed by the 10 spins is shown at the center of the loop, and the
10-spin director defined in the text is shown as a red double-headed arrow.
(B) Stereographic projection showing that the logarithmic probability distribution
function ln(p) [defined in (22)] of normalized 10-spin directors extracted from
our RMC configurations (22) is strongly peaked along the local z axis [shown by
the red double-headed arrow in (A)]. Fluctuations of the loop director normal to
z are also apparent. (C) Crystal structure showing the unit cell of the magnetic
multipole crystal. Multipoles and 10-spin directors are shown as in (A) and are
illustrated for only one of the two networks for clarity. (D) Axial correlation func-

tion of normalized 10-spin directors calculated from our RMC configurations
(22), showing the presence of long-range multipole order. Collinear correlations
are shown as orange bars, and orthogonal correlations are shown as green bars.
(E) Temperature evolution of the broad peak in the magnetic specific heat DC
(black symbols) compared with temperature evolution of the limiting multipole
correlation gmax (orange symbols). Open squares show experimental specific-
heat data [from (13)] and gmax obtained from RMC refinement to experimental
neutron-scattering data, whereas solid circles show specific heat and gmax

calculated for a model with antiferromagnetic nearest-neighbor interactions and
xy anisotropy as described in the text. The broad specific-heat peak has been
isolated by fitting polynomial background functions to the experimental specific-
heat data and model calculation (22).
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where r is the position of the center of the loop
and Sn are unit-length spins within the loop (n ∈
{1,…,10}).We refer toL(r) as the “10-spin director”
to emphasize that L does not transform as a
vector, because the twofold symmetry of the Gd3+

site requires that both L(r) and –L(r) identify the
same alignment axis [our use of the director here
mirrors the description of nematic liquid crys-
tals (29)]. The average magnitude h|L(r)|i =
0.49 with standard deviation 0.18, which shows
that antiferromagnetic correlation is strong within
each loop and relatively consistent between differ-
ent loops. The cyclic arrangement of 10 antiferro-
magnetic spins in a ring describes a multipole of
order 6, which contains five nodal planes orthog-
onal to the plane of the loop and a single nodal
plane coincident with it (Fig. 3A). Viewed in these
terms, the normalized 10-spin director L̂ = L/|L|
describes themultipole orientation associatedwith
a given 10-ion loop. Figure 3B shows our key result:
the distribution of normalized 10-spin directors is
strongly peaked along the local z axis.
This result is notable because it shows that the

fluctuations of the 10 spins in a loop select a single
axis on average, so the rotational degree of freedom
possessed by xy-like spins is lost in the loop di-
rectors. Hence, the 10-spin directors have no
ground-state degrees of freedom and are ordered,
with excitations normal to the local z axis (Fig. 3B).
Moreover, because the 10-spin directors describe
multipole orientations, the order is multipolar.
The unit cell of this magnetic multipole crystal is
shown in Fig. 3C. The multipole order preserves
the symmetry of the crystal structure but is not
required by this symmetry, which only constrains
the distribution of 10-spin directors to preserve
the three twofold rotation axes. Figure 3D shows
the axial correlation function of the normalized
10-spin directors extracted from our RMC config-
urations (22),

gLðrÞ ¼ 2hjL̂ð0Þ⋅L̂ðrÞji−1 ð2Þ

which is equal to –1 if, on average, loop directors
separated by distance r are orthogonal to each
other and to +1 if they are collinear. The cor-
relation length of this function diverges within
the statistical error of our refinements (22), as is
to be expected from the axial distribution of
10-spin directors in Fig. 3B. Analogous to a non-
collinear antiferromagnet, the noncollinearity of
local z axes for different loops leads to gL(r)

taking several values but does not affect the
divergence of the correlation length (fig. S3).
How is our analysis sensitive to nondipolar

order, given that neutron scattering is a dipolar
probe? To answer this question, we note that
neutron scattering is directly sensitive to two
quantities: the spin anisotropy and the spin-pair
correlations (30). If an interplay of both quantities
generates hidden order, neutron scatteringmay be
indirectly sensitive to the hidden order itself. We
performed Monte Carlo simulations, which show
that this is the case forGGG:Long-rangemultipole
order is present when both xy anisotropy and
antiferromagnetic interactions are included but
is absent for either (i) isotropic antiferromagnetic
interactions or (ii) noninteracting spins with xy
anisotropy [figs. S5 and S8] (22). Hence, hidden

order is not a consequence of either xy anisotropy
or antiferromagnetic interactions alone.
The development of hidden order provides a

plausible explanation for observed thermodynamic
anomalies in the spin-liquid state of GGG. We
show this by considering a simple model in which
spins are constrained to lie in their local xy planes
and are coupled by antiferromagnetic nearest-
neighbor interactions. We do not claim that this
xy model accurately represents the spin Hamil-
tonian of GGG but consider it instead because it
is the simplest model showing the hidden-order
state. From this model, we calculate two quan-
tities: the magnetic specific heat Cmag and a
limiting multipole correlation gmax, which we
determine by fitting a straight line to gL(r) at
the distances where it takes its maximum value

180 9 OCTOBER 2015 • VOL 350 ISSUE 6257 sciencemag.org SCIENCE

Fig. 1. Crystallographic properties of GGG.
(A) Crystal structure of GGG, showing only
magnetic Gd3+ ions.The two interpenetrating
networks of corner-sharing triangles are colored
red and blue. (B) Local environment of Gd3+

ions.The local axes x, y, and z are defined by the
three twofold axes of point symmetry of the
Gd3+ site: x ∈ h100i and y,z ∈ 1ffiffi

2
p h110i, where z is

chosen to pass through the centers of the two
triangles that contain the Gd3+ ion. Each Gd3+

ion is located at the center of a loop of 10 Gd3+

ions from the other network, where the mean
plane of the loop is perpendicular to the local
z axis.

Fig. 2. Experimental data, fits, and calculations for GGG at T = 0.175 K. (A) Single-crystal magnetic
diffuse scattering in two reciprocal-space planes.The upper image shows the (hk0) plane, and the lower
image shows the (hkk) plane. In each image, the left panel shows experimental data and the right panel
shows the calculation from RMC refinements described in the text. Regions where there are no data are
shown in white. (B) RMC fit to powder diffuse-scattering data [from (17)]. Data are shown as black
circles, fit as a red line, and difference (fit – data) as a blue line. The scattering function calculated from
the alternative isotropic model described in the text is shown as a green line. The inset shows a
stereographic projection of the logarithmic probability distribution ln(p) of spin orientations [defined in
(22)], revealing preferential spin alignment in the local xy plane (Fig. 1B). (C) Radial spin correlation
function obtained from our RMC configurations. The bars show spin correlation values, and the solid
black line shows a fit to an exponential envelope, Texp(–r/x), where x = 4.951(2) Å. Correlations with
positive (ferromagnetic) values are shown in orange, and correlation with negative (antiferromagnetic)
values are shown in green.The inset shows the temperature dependence of x (the solid line is a guide to
the eye). Error bars in (C) are smaller than the line thickness or symbol size in the plots.
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q =
p
3⇥

p
3 q = 0

reported in this Letter were performed on samples of L!
L! 3 spins with L ¼ 36 and periodic boundary condi-
tions. Our interest lies in the scattering function, namely,
the time and space Fourier transform of the dynamical
spin-pair correlations:

SðQ; !Þ ¼
X

ij

Z dtffiffiffiffiffiffiffi
2!

p
N
hSið0Þ % SjðtÞie&iQ%Rije&i!t (2)

where Q and ! are the momentum vector and energy
transfer, h. . .i is the ensemble average, and Rij ¼ Rj &
Ri and N are the number of spins.

Details about static properties will not be given here. It is
worth noting, however, that our results for ! ¼ 0 at very
low temperatures (T=J & 5! 10&3), when entropic selec-
tion is at work, points towards fluctuations predominantly
associated with the so-called q ¼

ffiffiffi
3

p
!

ffiffiffi
3

p
phase. This

meets with previous conclusions, although those were in-
ferred from instantaneous ensemble averages [5,6,11]. We
similarly got very good agreement with previous numerical
or analytical investigations of specific heat, coplanar order-
ing, or the instantaneous scattering function [3–5,12], giv-
ing confidence on the quality of our numerical simulations.

Let us now focus on the dynamical properties of the
kagome antiferromagnet. Although the propagation of col-
lective excitations may appear unexpected in such a sys-
tem, where the spin-pair correlation function decays
exponentially with distance at finite temperatures [5], a
sufficient temporal and spatial stiffness may lead to the
propagation of SW in locally ordered regions. Therefore, a
required condition for the development of SW excitations
is an increase with decreasing temperature of the autocor-
relation time "a featuring the lifetime of locally ordered
states. "a has been numerically evaluated by integrating the
scattering function over all Q values in the reciprocal
space, which gives access to the time Fourier transform
of the autocorrelation function AðtÞ ¼ hSið0Þ % SiðtÞi. A fit
of the obtained quasielastic (QE) signal using a Lorentzian
shape I0!a

!2
aþ!2 , associated with a decaying exponential law

AðtÞ ¼ expð&!atÞ in time space, allows extracting the half
width at half maximum (HWHM) !a / 1="a. As the tem-
perature is decreased, this shows an algebraic variation
!a ¼ AT# with # ¼ 0:995( 0:018 for T=J & 0:1 [see
Fig. 3(a)], transposing to a slowing down of the spin
fluctuations, but nevertheless no spin freezing even at
temperatures as low as T=J ¼ 5! 10&4. Interestingly,
the same thermal variation is observed in the cooperative
paramagnetic (T=J * 5! 10&3) and the coplanar states
(T=J & 5! 10&3) regimes, asserting that the entropic se-
lection favoring the coplanar manifold has no influence on
the lifetime "a of locally ordered states. Now that we have
characterized the temporal stiffness associated with the
T&1 slowing down of "a, we address the question of
well-defined excitations as well as their possible propaga-
tion. Evidence of the existence of SW-type excitations at
low temperatures is explicit in the excitation spectrum for

T=J ¼ 5! 10&4 (see Fig. 1). For comparison, the linear
spin wave (LSW) spectrum [11] emerging from the pure
q ¼

ffiffiffi
3

p
!

ffiffiffi
3

p
phase is shown. The SD simulations evi-

dence a large weight of SðQ; !Þ at this LSW spectrum,
confirming that the q ¼

ffiffiffi
3

p
!

ffiffiffi
3

p
short range dynamical

correlations are favored at very low temperature.
The analysis of the spectrum as a function of the tem-

perature allows more insight into the formation of SW
excitations. We show in Fig. 2 the frequency dependence
of SðQ; !Þ at the point Q0 ¼ 2!ð3=4; 0Þ in the reciprocal
space, located between the Brillouin zone (BZ) boundary
and the BZ center (see Fig. 1), where the soft, acoustic, and
optical modes are particularly easy to distinguish. These
constant-Q scans are represented for temperatures from
T=J ¼ 0:5 to 5! 10&4. At high temperatures (T=J * 0:2),
only a QE signal centered at ! ¼ 0 contributes to the
scattering function SðQ; !Þ. A single broad excitation at
finite energy comes into sight on decreasing T=J from 0.2
to 10&2, although strongly softened compared with the
LSW theory expectation (see inset of Fig. 2). Below T=J ¼
10&2, the broad peak splits into two excitations, respec-
tively, associated with SW acoustic modes and emerging
soft modes, gradually separating from each other and get-
ting thinner as the temperature goes down (see Fig. 2). The
softening of the modes dies away to disappear below
T=J ¼ 5! 10&4. The soft mode, expected to be nondis-
persive in LSW theory, is here observed at finite energy,
due to the nonlinear nature of Eq. (1), which takes account
of the interactions between the SW. This effect is expected
to decrease with temperature, which is consistent with the
fact that the soft mode drops to zero energy when tempera-
ture goes down (inset of Fig. 2). Finally, one can discern an
additional peak at ! ’ 2J for T=J < 5! 10&3, corre-
sponding to optical modes.
Each mode i of the excitation spectrum can be charac-

terized by its dispersion relation !iðQÞ, its lifetime "iSW /
ð!i

SWÞ&1, and its intensity Ii0, all these quantities being

FIG. 1 (color online). Intensity map (arb. units) of the scatter-
ing function vs ! and Q ¼ ðh; 0Þ, for T=J ¼ 5! 10&4. The
LSW dispersion relations !ðQÞ for the phase q ¼

ffiffiffi
3

p
!

ffiffiffi
3

p
are

plotted as blue lines. The white dotted line corresponds to the
constant-Q scans presented on Fig. 2.
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structure determined by neutron diffraction and the mag-
netization measurements, as briefly reported hereafter.
Although the frustration is actually released by the anisot-
ropy, the lattice topology maintains spin degrees of free-
dom associated with defects inherent to the magnetic
structure. The signature of these quasi-Ising free spins in
the ordered state is subsequently described in this letter.

We measured the magnetization and ac susceptibility of
powder samples of the three compounds by the extraction
method, using a purpose-built magnetometer and a
Quantum Design MPMS magnetometer for temperatures
above 2 K, and a superconducting quantum interference
device magnetometer equipped with a miniature dilution
refrigerator developed at the Institut Néel for temperatures
down to 65 mK. Measurements were carried out for fre-
quencies between 1.1 mHz and 5.7 kHz (more than six
decades), with an applied ac field of 0.5 Oe. Powder
neutron diffraction measurements were performed on the
two two-axis diffractometers D20 and D2B with a wave-
length equal to 2.4 Å at the Institut Laue-Langevin high-
flux reactor, Grenoble, France. Diffractograms were re-
corded down to 2 K on the three compounds (deuterated
for series II), and down to 60 mK on the QO-FeZr
compound.

In the QO-FeA, the transition to an antiferromagnetic
order is evidenced by a cusp in the magnetization at the
Néel temperature TN ¼ 3:2 K (see Fig. 2) and the rise
below TN of magnetic Bragg peaks, as seen in powder
neutron diffraction (see Fig. 3). The magnetic structure

refinement indicates an antiferromagnetic stacking along
the c axis and the so-called q ¼ 0 in-plane arrangement
consisting of magnetic moments at 120" from each other
and lying along the a, b and #a# b axes, with the same
spin chirality for all the triangles [see Fig. 1(a)] [8].
The energy scale of the main interactions can be esti-

mated from the Curie-Weiss temperature !. The linear
susceptibility " ¼ M=H was fitted in the range [50–
300 K] using a Curie-Weiss model C=ðT # !Þ with C ¼
N A#

2
eff=3kB. This yields #eff ¼ 6:4#B (S ¼ 2, L & 2)

FIG. 2 (color online). ac and dc susceptibility vs temperature:
M=H in an applied fieldHDC ¼ 500 Oe (red circles), real part "0

and imaginary part "00 of the ac susceptibility with HAC ¼ 1 Oe
and 0:21 Hz< f < 211 Hz. The inset shows $ vs 1=Tmax in a
semilogarithmic plot. The error bars indicate the uncertainty in
the determination of the "00 maximum. The lines are fits to the
Arrhenius law with $01 ¼ 2:1' 10#8 s and E1 ¼ 10 K (full
line) and $02 ¼ 1:1' 10#3 s and E2 ¼ 2:8 K (dashed line).

FIG. 3 (color online). Magnetic diffraction pattern of QO-FeZr
obtained from the difference between the diffractograms mea-
sured at 1.5 and 10 K on D2B. The red line is a fit with a
propagation vector (0, 0, 1=2) and refined magnetic moment
of 5:2ð2Þ#B. The absence of magnetic rearrangement is
shown from the flat difference between the 0.06 and 1.3 K
diffractograms.

FIG. 1 (color online). (a): Projected structure of QO-FeZr on
the (a, b) plane (right) and the (b, c) plane (left) with a ¼ b ¼
10:45 !A, c ¼ 7:54 !A. There are three FeII per unit cell at
positions (0, 0.6145, 0), (0.6145, 0, 0) and (0.3854, 0.3854, 0).
The black lines materialize the FeII NN exchange interaction
lattice. The NNN J2 and J3 exchange interactions are shown by
the green and dashed pink arrows, respectively. The blue arrows
represent the ordered magnetic moments. The 180" antiferro-
magnetic domains (red and blue) are shown in the triangular
lattice (b) and in the QO-FeA distorted kagome lattice (c), with a
string of exchange-released spins along the domain wall.
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Tb2Ir2O7 at 200 K and at 10 K (above and below TMI)
reveals additional resolution limited Bragg peaks indexable
with the propagation vector k ¼ ð0; 0; 0Þ (see Fig. 3). From
group theory and representation analysis [27], for the Ir 16c
site and the rare-earth 16d site, the representation of the
magnetic structure involves 4 irreducible representations
(IR) among 10: Γ ¼ GMþ

2 þGMþ
3 þ GMþ

5 þ 2GMþ
4

(notation of Miller-Love) [28], corresponding to the pos-
sible magnetic structures compatible with the Fd3̄m group
symmetry. The Rietveld refinement of the neutron data
shows that the AIAO magnetic configuration [GMþ

2 IR,
shown in Fig. 4(a)] is the only one accounting correctly for
the Tb magnetic ordering below 40 K and down to 2 K.
The refined Tb3þ magnetic moment at 10 K is MðTbÞ ¼
4.9% 1 μB. The very weak magnetic moment at the Ir4þ

site could not be refined, because it is too small for the
experimental sensitivity, i.e., lower than 0.2 μB=Ir.
The Tb3þ ordered magnetic moment, proportional to the

square root of the intensity of the Tb2Ir2O7 magnetic Bragg
peaks, starts to increase significantly below ≈40 K (see
inset of Fig. 3). Its temperature dependence down to 2 K
does not follow a Brillouin function, as also reported for
the Nd3þ magnetic moment in Nd2Ir2O7 [16]. Rather, its
variation indicates that it is induced, through an effective
Tb-Ir magnetic coupling, by the Ir molecular field, λ ~MIr.
To check this, we calculated the Tb3þ induced magnetic
moment by assuming a Brillouin function for the Ir4þ

magnetic moment temperature dependence and considering
the following CEF model Hamiltonian:

HCEF ¼ B0
2O

0
2 þ B0

4O
0
4 þ B3

4O
3
4 þ B0

6O
0
6 þ B3

6O
3
6 þ B6

6O
6
6;

where Om
n are the Stevens operators and Bm

n are the
adjustable Stevens parameters. Assuming that the environ-
ment is exactly the same as in Nd2Ir2O7, we took for
Tb2Ir2O7 the Stevens parameters

Bm
n ðTbÞ ¼

Bm
n ðNdÞ

ΘJðNdÞhrniNd
ΘJðTbÞhrniTb;

where ΘJ ¼ αJ; βJ; γJ stands, respectively, for the Stevens
reduced matrix elements associated with Om

2 , O
m
4 , and Om

6 ,
hrni are radial integrals, and Bm

n ðNdÞ are the Stevens
parameters extracted in Ref. [29] from fitting the inelastic
neutron spectra. The Tb-Ir interaction is taken into account
adding a term in the Hamiltonian HTb-Ir ¼ λ ~MIrðTÞgJμB~J.
The Tb3þ magnetic moment is then computed as
~MTb ¼ gJμBTr½~J expð−βHÞ', where H ¼ HCEF þHTb-Ir.

This model accounts well for the observed slow increase
of MTb below TMI, which accelerates on lowering the
temperature without any sign of saturation (see the inset of
Fig. 3). It allows us to extract a value for the Ir4þ molecular
field λMIr, found ≈33 kOe at 10 K.
This is very different from the Er2Ir2O7 case, where no

additional Bragg peak was observed down to 2 K in neutron
powder diffraction (data not shown), indicating the absence
of long-range magnetic ordering of the Er3þ sublattice.
Additional ZFC-FC magnetization measurements in vari-
ous magnetic fields were performed down to 80 mK, in
which the FC procedure started around 4 K (see inset of
Fig. 1). This allows us to evidence thermomagnetic

FIG. 3 (color online). Difference between the 10 and 200 K
neutron diffractograms recorded in Tb2Ir2O7 (in red) and calcu-
lated intensity using the AIAO model for the Tb magnetic order
(black line). Inset: Temperature dependence of the square root of
the (2,2,0) magnetic reflection intensity (red dot). It is compared
to the calculated Tb3þ ordered moment (purple line) induced by
the molecular field λMIr generated by the Ir4þ magnetization
whose temperature dependence is assumed to follow a Brillouin
function (blue line).

FIG. 4 (color online). (a) AIAO magnetic configuration on the
pyrochlore lattice. (b) The magnetic moments on a hexagon of 6
Ir4þ ions in the AIAO configuration (blue arrows) yield a
molecular field at the central Tb3þ along the h111i cubic direction
(green arrow). When adding a defect on one of the Ir sites (in
green), either a nonmagnetic ion (c) or a flipped magnetic
moment (d), the Ir molecular field is tilted by an angle of,
respectively, 29.5° (violet arrow) or 54.7° (orange arrow) with
respect to the local h111i axis. The þ (−) signs indicate the out-
of-plane direction of the moments.

PRL 114, 247202 (2015) P HY S I CA L R EV I EW LE T T ER S
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Magnetic frustration: role of anisotropy 
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Figure 3. Dumbbell model: each magnetic dipole is seen as two charges sitting on the vertices of the diamond lattice (dashed lines). 2 in–2
out is a vacuum whereas 3 in–1 out is a positive charge.

Table 3. Nearest neighbour interactions: exchange, dipolar and
effective antiferromagnetic couplings in K.

D Dnn J Jnn Jeff

Dy [24] 1.41 2.35 −3.72 −1.24 ≈1.1
HoTi [27] 1.41 2.35 −1.65 −0.52 ≈1.8
HoSn [28] 1.41 2.35 ∼1.0 ∼0.33 ∼2.7

perfectly screened [25, 26]. The dipolar interaction between
neighbouring spins 1 and 2 defined in figure 2 is given by

Dr 3
nn

!
S1 · S2

|r12|3
− 3(S1 · r12)(S2 · r12)

|r12|5
"

= 5D
3

σ1σ2. (10)

By symmetry, the result is the same for all pairs of spins in
a tetrahedron. Hence the nearest neighbour term of the dipolar
interaction is equivalent to an exchange term and the NNSI
Hamiltonian is recovered as follows:

H = −3Jeff

#

⟨i, j⟩
Si · S j = Jeff

#

⟨i, j⟩
σiσ j where

Jeff = Dnn + Jnn = 5D
3

+ J
3

. (11)

Values for the spin ice materials are summarized in table 3.
Hence the effective ferromagnetic nearest neighbour coupling
between spins Si pointing along their local easy axis, which
gives rise to frustration in the spin ice, comes from the dipolar
interactions (D > 0) being strong enough to counter-balance
an antiferromagnetic superexchange (J < 0), at least in the
most studied compounds Dy2Ti2O7 and Ho2Ti2O7 [23, 24].

The origin of this approximate screening, the so-called
projective equivalence [26], can be seen physically by
considering a further abstraction of the DSI to the dumbbell
model [4], which highlights the remarkable symmetry
properties of dipoles on the pyrochlore lattice. In this model
the point dipoles of the DSI are extended into magnetically
charged dumbbells, as shown in figure 3, whose ends sit on
the centres of the tetrahedra, forming a diamond lattice of
magnetically neutral sites for all Pauling states. Projective
equivalence is clearly exact for this model and the error
incurred in DSI, which turns out to be quadrupolar corrections

only [26], is due to the difference between point and extended
dipoles.

4. Magnetic monopoles and classical ‘Dirac strings’

Within the dumbbell model, the ensemble of Pauling states
provide a quasi-particle vacuum for neutral pairs of topological
defects. Once created, the 3 in–1 out and 3 out–1 in defects
break magnetic charge neutrality on each dual lattice, so that
when separated the defects should interact via Coulomb’s
law. Hence, one can see by construction that fractionalization
of the dipolar dumbbells into deconfined magnetic Coulomb
charges occurs when the ice rules are broken: in this sense
these quasi-particles are magnetic monopoles. To show it
remains correct to an excellent approximation in the DSI
model, thanks to projective equivalence, we have followed [4]
and simulated a DSI system. The long range interactions
have been treated using the Ewald method [34, 35, 29], where
the slowly converging sum of all dipolar interactions between
spins is replaced by two strongly convergent series. Periodic
boundary conditions ensure correct convergence. Starting with
a random 2 in–2 out configuration, we can create and force the
diffusion of a single pair of monopoles by flipping spins and
then compute the energy of the system for each configuration.
After averaging over a large number of initial microstates
and paths of diffusion, we obtain the potential of interaction
between two monopoles of opposite charges shown in figure 5.
For a distance r = xrd , where rd is the distance between two
vertices on the diamond lattice (see figure 1), the Coulomb
potential can be written [4]

V (r) = − µ0

4π

Q2

r
= Vmin

x
, where Q = 2µ

rd
, (12)

and where

Vmin = − µ0

4π

4µ2

3
2r 2

nn

1
$

3
2rnn

= −8
3

%
2
3

D ≈ −3.07 K, (13)

with, from equation (9), D ≈ 1.41 K. Vmin is the energy
gained, with respect to the vacuum, by the creation of a

4

4X

i=1

�i = ±2

~r. ~B = Qm 6= 0charged field =>

Presence of a magnetic charge
=> Magnetic monopole

Emergent field in spin ice
Magnetic fragmentation

15

Excited state: 
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Figure 3. Dumbbell model: each magnetic dipole is seen as two charges sitting on the vertices of the diamond lattice (dashed lines). 2 in–2
out is a vacuum whereas 3 in–1 out is a positive charge.

Table 3. Nearest neighbour interactions: exchange, dipolar and
effective antiferromagnetic couplings in K.

D Dnn J Jnn Jeff

Dy [24] 1.41 2.35 −3.72 −1.24 ≈1.1
HoTi [27] 1.41 2.35 −1.65 −0.52 ≈1.8
HoSn [28] 1.41 2.35 ∼1.0 ∼0.33 ∼2.7

perfectly screened [25, 26]. The dipolar interaction between
neighbouring spins 1 and 2 defined in figure 2 is given by

Dr 3
nn

!
S1 · S2

|r12|3
− 3(S1 · r12)(S2 · r12)

|r12|5
"

= 5D
3

σ1σ2. (10)

By symmetry, the result is the same for all pairs of spins in
a tetrahedron. Hence the nearest neighbour term of the dipolar
interaction is equivalent to an exchange term and the NNSI
Hamiltonian is recovered as follows:

H = −3Jeff

#

⟨i, j⟩
Si · S j = Jeff

#

⟨i, j⟩
σiσ j where

Jeff = Dnn + Jnn = 5D
3

+ J
3

. (11)

Values for the spin ice materials are summarized in table 3.
Hence the effective ferromagnetic nearest neighbour coupling
between spins Si pointing along their local easy axis, which
gives rise to frustration in the spin ice, comes from the dipolar
interactions (D > 0) being strong enough to counter-balance
an antiferromagnetic superexchange (J < 0), at least in the
most studied compounds Dy2Ti2O7 and Ho2Ti2O7 [23, 24].

The origin of this approximate screening, the so-called
projective equivalence [26], can be seen physically by
considering a further abstraction of the DSI to the dumbbell
model [4], which highlights the remarkable symmetry
properties of dipoles on the pyrochlore lattice. In this model
the point dipoles of the DSI are extended into magnetically
charged dumbbells, as shown in figure 3, whose ends sit on
the centres of the tetrahedra, forming a diamond lattice of
magnetically neutral sites for all Pauling states. Projective
equivalence is clearly exact for this model and the error
incurred in DSI, which turns out to be quadrupolar corrections

only [26], is due to the difference between point and extended
dipoles.

4. Magnetic monopoles and classical ‘Dirac strings’

Within the dumbbell model, the ensemble of Pauling states
provide a quasi-particle vacuum for neutral pairs of topological
defects. Once created, the 3 in–1 out and 3 out–1 in defects
break magnetic charge neutrality on each dual lattice, so that
when separated the defects should interact via Coulomb’s
law. Hence, one can see by construction that fractionalization
of the dipolar dumbbells into deconfined magnetic Coulomb
charges occurs when the ice rules are broken: in this sense
these quasi-particles are magnetic monopoles. To show it
remains correct to an excellent approximation in the DSI
model, thanks to projective equivalence, we have followed [4]
and simulated a DSI system. The long range interactions
have been treated using the Ewald method [34, 35, 29], where
the slowly converging sum of all dipolar interactions between
spins is replaced by two strongly convergent series. Periodic
boundary conditions ensure correct convergence. Starting with
a random 2 in–2 out configuration, we can create and force the
diffusion of a single pair of monopoles by flipping spins and
then compute the energy of the system for each configuration.
After averaging over a large number of initial microstates
and paths of diffusion, we obtain the potential of interaction
between two monopoles of opposite charges shown in figure 5.
For a distance r = xrd , where rd is the distance between two
vertices on the diamond lattice (see figure 1), the Coulomb
potential can be written [4]

V (r) = − µ0

4π

Q2

r
= Vmin

x
, where Q = 2µ

rd
, (12)

and where

Vmin = − µ0

4π

4µ2

3
2r 2

nn

1
$

3
2rnn

= −8
3

%
2
3

D ≈ −3.07 K, (13)

with, from equation (9), D ≈ 1.41 K. Vmin is the energy
gained, with respect to the vacuum, by the creation of a
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 Ice-rules : Coulomb phase 
è power-law correlations and pinch-points in reciprocal space 

4 
Fennell et al., Science 2009 

incident neutron polarization, the SF and NSF
cross sections yield information on Syy(Q) and
Szz(Q), respectively. We used a single crystal of
Ho2Ti2O7 to map diffuse scattering in the h, h, l
plane. Previous unpolarized experiments (20, 22)
have measured the sum of the SF and NSF
scattering, but in this orientation only the SF
scattering would be expected to contain pinch
points (26).

Our results (Fig. 2A) show that at temperature
(T) = 1.7 K there are pinch points in the SF cross
section at the Brillouin zone centres (0, 0, 2),
(1, 1, 1), and (2, 2, 2) (Fig. 2A) but not in the
NSF channel (Fig. 2B). The total scattering (SF +
NSF) reveals the pinch points only very weakly
(Fig. 2C) because the NSF component dominates
near the zone center. This is explicitly illustrated
with cuts across the zone center showing that the
strong peak at the pinch point in the SF channel is
only weakly visible in the total (Fig. 3B). The
total scattering (Figs. 2C and 3B) can be com-
pared with the previous observations and calcu-
lations (20, 22), in which no pinch points were
detected. The use of polarized neutrons extracts
the pinch-point scattering from the total scattering,
and the previous difficulty in resolving the pinch
point is clearly explained.

The projective equivalence of the dipolar and
near-neighbor spin ice models (10) suggests that
above a temperature scale set by the r−5 cor-
rections, the scattering from Ho2Ti2O7 should

become equivalent to that of the near-neighbor
model. T = 1.7 K should be sufficient to test
this prediction because it is close to the temper-
ature of the peak in the electronic heat capacity
that arises from the spin ice correlations [1.9 K
(20)]. In our simulations of the near-neighbor
spin ice model (Fig. 2, D to F), the experimen-
tal SF scattering (Fig. 2A) appears to be very
well described by the near-neighbor model,
whereas the NSF scattering is not reproduced by
the theory. However, we have discovered that
S(Q)experiment/S(Q)theory is approximately the same
function f (Q) for both channels. Thus, because
the theoretical NSF scattering function is approx-
imately constant, we find f ðQÞ ≈ SðQÞexperiment

NSF .
This function may be described as reaching a
maximum at the zone boundary and a finite
minimum in the zone center. Using the above
estimate of f (Q), the comparison of the quan-
tity SðQÞexperiment

SF =f ðQÞ with SðQÞtheorySF is con-
siderably more successful. Differences are less
than 5% throughout most of the scattering
map (26).

Cuts through the pinch point at (0, 0, 2)
at 1.7 K (Fig. 3, A and B) show that it has the
form of a low sharp saddle in the intensity. In
order to better resolve the line shape of the pinch
point, we performed an analogous polarized
neutron experiment on a higher-resolution spec-
trometer. To compare with theory, we used an
approximation to an analytic expression (13, 27).

In the vicinity of the (0, 0, 2) pinch point, this
becomes

Syyðqh, qk,qlÞº
q2l−2 þ x−2ice

q2l−2 þ q2h þ q2k þ x−2ice
ð1Þ

Here, xice is a correlation length for the ice rules
that removes the singularity at the pinch point
(27). The high-resolution data of Fig. 3C can be
described by this form, with a correlation length
xice ≈ 182 T 65 Å, representing a correlation vol-
ume of about 14,000 spin tetrahedra. The corre-
lation length has a temperature variation that is
consistent with an essential singularity ~exp(B/T),
with B = 1.7 T 0.1 K (Fig. 4C).

The scattering in the NSF channel is con-
centrated around Brillouin zone boundaries, as

Fig. 2. Diffuse scattering maps from spin ice, Ho2Ti2O7. Experiment [(A) to (C)] versus theory [(D) to
(F)]. (A) Experimental SF scattering at T = 1.7 K with pinch points at (0, 0, 2), (1, 1, 1), (2, 2, 2), and so
on. (B) The NSF scattering. (C) The sum, as would be observed in an unpolarized experiment (20, 22).
(D) The SF scattering obtained from Monte Carlo simulations of the near-neighbor model, scaled to
match the experimental data. (E) The calculated NSF scattering. (F) The total scattering of the near-
neighbor spin ice model.
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Fig. 3. Line shape of the pinch point. (A) Radial
scan on D7 through the pinch point at (0, 0, 2)
[s′ is the neutron scattering cross section; see (26)
for its precise definition]. (B) The corresponding
transverse scan. The lines are Lorentzian fits. (C)
Higher-resolution data, in which the line is a
resolution-corrected fit to the pinch point form Eq.
1 (the resolution width of the spectrometer is indi-
cated as the central Gaussian). (D) SF scattering at
increasing temperatures (the lines are Lorentzians
on a background proportional to the Ho3+ form
factor).
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incident neutron polarization, the SF and NSF
cross sections yield information on Syy(Q) and
Szz(Q), respectively. We used a single crystal of
Ho2Ti2O7 to map diffuse scattering in the h, h, l
plane. Previous unpolarized experiments (20, 22)
have measured the sum of the SF and NSF
scattering, but in this orientation only the SF
scattering would be expected to contain pinch
points (26).

Our results (Fig. 2A) show that at temperature
(T) = 1.7 K there are pinch points in the SF cross
section at the Brillouin zone centres (0, 0, 2),
(1, 1, 1), and (2, 2, 2) (Fig. 2A) but not in the
NSF channel (Fig. 2B). The total scattering (SF +
NSF) reveals the pinch points only very weakly
(Fig. 2C) because the NSF component dominates
near the zone center. This is explicitly illustrated
with cuts across the zone center showing that the
strong peak at the pinch point in the SF channel is
only weakly visible in the total (Fig. 3B). The
total scattering (Figs. 2C and 3B) can be com-
pared with the previous observations and calcu-
lations (20, 22), in which no pinch points were
detected. The use of polarized neutrons extracts
the pinch-point scattering from the total scattering,
and the previous difficulty in resolving the pinch
point is clearly explained.

The projective equivalence of the dipolar and
near-neighbor spin ice models (10) suggests that
above a temperature scale set by the r−5 cor-
rections, the scattering from Ho2Ti2O7 should

become equivalent to that of the near-neighbor
model. T = 1.7 K should be sufficient to test
this prediction because it is close to the temper-
ature of the peak in the electronic heat capacity
that arises from the spin ice correlations [1.9 K
(20)]. In our simulations of the near-neighbor
spin ice model (Fig. 2, D to F), the experimen-
tal SF scattering (Fig. 2A) appears to be very
well described by the near-neighbor model,
whereas the NSF scattering is not reproduced by
the theory. However, we have discovered that
S(Q)experiment/S(Q)theory is approximately the same
function f (Q) for both channels. Thus, because
the theoretical NSF scattering function is approx-
imately constant, we find f ðQÞ ≈ SðQÞexperiment

NSF .
This function may be described as reaching a
maximum at the zone boundary and a finite
minimum in the zone center. Using the above
estimate of f (Q), the comparison of the quan-
tity SðQÞexperiment

SF =f ðQÞ with SðQÞtheorySF is con-
siderably more successful. Differences are less
than 5% throughout most of the scattering
map (26).

Cuts through the pinch point at (0, 0, 2)
at 1.7 K (Fig. 3, A and B) show that it has the
form of a low sharp saddle in the intensity. In
order to better resolve the line shape of the pinch
point, we performed an analogous polarized
neutron experiment on a higher-resolution spec-
trometer. To compare with theory, we used an
approximation to an analytic expression (13, 27).

In the vicinity of the (0, 0, 2) pinch point, this
becomes

Syyðqh, qk,qlÞº
q2l−2 þ x−2ice

q2l−2 þ q2h þ q2k þ x−2ice
ð1Þ

Here, xice is a correlation length for the ice rules
that removes the singularity at the pinch point
(27). The high-resolution data of Fig. 3C can be
described by this form, with a correlation length
xice ≈ 182 T 65 Å, representing a correlation vol-
ume of about 14,000 spin tetrahedra. The corre-
lation length has a temperature variation that is
consistent with an essential singularity ~exp(B/T),
with B = 1.7 T 0.1 K (Fig. 4C).

The scattering in the NSF channel is con-
centrated around Brillouin zone boundaries, as

Fig. 2. Diffuse scattering maps from spin ice, Ho2Ti2O7. Experiment [(A) to (C)] versus theory [(D) to
(F)]. (A) Experimental SF scattering at T = 1.7 K with pinch points at (0, 0, 2), (1, 1, 1), (2, 2, 2), and so
on. (B) The NSF scattering. (C) The sum, as would be observed in an unpolarized experiment (20, 22).
(D) The SF scattering obtained from Monte Carlo simulations of the near-neighbor model, scaled to
match the experimental data. (E) The calculated NSF scattering. (F) The total scattering of the near-
neighbor spin ice model.
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Fig. 3. Line shape of the pinch point. (A) Radial
scan on D7 through the pinch point at (0, 0, 2)
[s′ is the neutron scattering cross section; see (26)
for its precise definition]. (B) The corresponding
transverse scan. The lines are Lorentzian fits. (C)
Higher-resolution data, in which the line is a
resolution-corrected fit to the pinch point form Eq.
1 (the resolution width of the spectrometer is indi-
cated as the central Gaussian). (D) SF scattering at
increasing temperatures (the lines are Lorentzians
on a background proportional to the Ho3+ form
factor).
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Single-crystal spin-flip diffuse scattering map 

Magnetic frustration: role of anisotropy 

Coulomb phases, charge order, and fragmentation 
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Monopole excitations  
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What about ferromagnetic interactions + multiaxial anisotropy? 

Spin ices in pyrochlores 

Castelnovo et al.,  
Nature 2008 
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Magnetic frustration  
 
= wonderful playground to observe new magnetic behaviors: 
Macroscopic degeneracy, spin liquid, spin ice, fractionalized excitations, emergent 
physics…  
 
Fragile sates easily destabilized towards complex magnetic orders  

Magnetic frustration: summary 



� Casual definition of chirality (handedness): 
what distinguishes a phenomenon from its materialization in a 
mirror (or through an inversion center) 

o  Called « dissymetry » by Pasteur (1848)  
He succeeded in separating the two enantiomorphs of paratartaric acid 
  
o  Word « chirality » proposed by lord Kelvin (1904) 

Χειρ 
Hand in Greek 

Chirality: introduction 



� Chirality pervades in everyday life and modern science 
-  Physics of elementary particle 
-  Chemistry 
-  Pharmacology 
-  Homochirality of life … 

Neutrinos have left helicity 

Nobel prize in chemistry 2001  
(chiral catalysis) 

Chiral molecules 

Nobel prize in physics 1957 
(chiral weak interaction) 

Canonical example : helix 
Reversal of the screw sense 

Chirality: introduction 

50th anniversary of the ILL, 19 January 2017 

! Chirality pervades in everyday life and modern science 
-  Physics of elementary particle 
-  Chemistry 
-  Pharmacology 
-  Homochirality of life … 

 Introduction to chirality 

Neutrinos have left helicity 

Nobel prize in chemistry 2001  
(chiral catalysis) 

Chiral molecules 

Nobel prize in physics 1957 
(chiral weak interaction) 

Canonical example : helix 
Reversal of the screw sense 



� Casual : what distinguishes a phenomenon 
from its materialization in a mirror (or 
through an inversion center) 
 

� Math. -> object whose symmetry group 
does not contain any negative isometries 
(inversion centers, mirrors) 
 

� Structural chirality :  
non-centrosymmetric crystal whose point 
group contains only proper rotation 
symmetries 
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Chirality: introduction 

Further definitions of chirality 

Two enantiomorphs give different signature 
(anomalous x-ray scattering) 
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Chirality: introduction 4794 J Villain 

A general formula for the ground state is: 

4i+1 - 4i - (1 -- Ei + 1 /An12 77114 ( 2 )  
where z = 0 for a non-frustrated plaquette, z = i 1 for a frustrated plaquette. In the 
latter case, the parameter z characterises the discrete degeneracy of the ground state, and 
indicates whether the spins rotate clockwise or counter-clockwise during a clockwise 
trip around the plaquette (figure 1). z will be called the ‘chirality’ of the plaquette. 

F- 
Figure 1. Classical ground state of a set of four spins described by the Hamiltonian (1). Full 
bonds are ferromagnetic, empty bonds are antiferromagnetic. (a) Non-frustrated plaquette ; 
(b) frustrated plaquette, chirality z = 1 ; (e)  frustrated plaquette, chirality z = - 1. 

A set of four three-dimensional, classical spins can also have a discrete ground state 
degeneracy (Villain 1977a) but the situation is more complicated, because the spin 
configuration is not only characterised by the sense of rotation of the spins (‘chirality’) 
but also by the axis of rotation. Since we wish to have the minimum number of para- 
meters, we shall stick to two-dimensional spins. 

The concept of chirality can be extended to a system of two plaquettes (figure 2). The 
ground state (figure 2(a) and (c)) corresponds to opposite chiralities z = -z’, where z 
and z‘ are defined by (2). But there is also a metastable excited state which is a relative 
minimum of the energy (figure 2(b) and (a)). It can be said in this case that both plaquettes 
have the same chiralities, although the definition (2) must be slightly modified. 

Figure 2. Classical ground state (a, c) and relative minima of the classical energy (b, 6) for a 
set of two frustrated plaquettes in two different situations. Chiralities are opposite in cases 
(a) and (e),  and equal in cases (b) and (d) .  

Introduced by Jacques Villain 1977 

�  Extended definition of chirality in Magnetism èSense of rotation of non collinear 
spins along an orientated line, defined by a chirality vector or spin current 
 / ~Si ⇥ ~Sj



120° 

helical 
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Simonet et al., EPJST 2012 

Chirality in magnetism 

? 

Des contraintes en compétition ne peuvent pas être satisfaites simultanément 

Géométrie :  
 

Polygones à nombre  
impair de côtés 
et interactions  

antiferromagnétiques 
Ex. triangles,  
pentagones 

 

Frustration magnétique 

6"

? 

≠ Interactions AFM 

Chiralité 
J2 J1 

? 

cycloidal 

�  Extended definition of chirality in Magnetism èSense of rotation of non collinear 
spins along an orientated line, defined by a chirality vector or spin current 
 / ~Si ⇥ ~Sj



120° 

helical 
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Simonet et al., EPJST 2012 

Does not meet the mathematical definition: 
-A chiral object in 2D becomes achiral in 3D (plane=mirror) 
-triangle case: two chiral forms not image par inversion center 

? 

Des contraintes en compétition ne peuvent pas être satisfaites simultanément 

Géométrie :  
 

Polygones à nombre  
impair de côtés 
et interactions  

antiferromagnétiques 
Ex. triangles,  
pentagones 

 

Frustration magnétique 

6"

? 

≠ Interactions AFM 

Chiralité 
J2 J1 

? 

cycloidal 

�  Extended definition of chirality in Magnetism èSense of rotation of non collinear 
spins along an orientated line, defined by a chirality vector or spin current 
 / ~Si ⇥ ~Sj

Chirality in magnetism 



Ba3NbFe3Si2O14, trigonal space group P321  
non centrosymmetric (chiral) structure 

Crystal growth 

triangular lattice of  
Fe3+ triangles, S=5/2 

Chirality in magnetism 
Chiral magnetic structure: Fe langasite example 
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Chirality in magnetism 
Chiral magnetic structure: Fe langasite example 

Neutron diffraction on powder and crystal 
and using polarized neutrons 
D1B, D15, D23, IN22@ILL 
 

Magnetic transition at TN=28 K 
Propagation vector  q=(0, 0, ≈1/7) 
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Fig. 6. Top: magnetic structure of Ba3NbFe3Si2O14 with different colors for the three
Bravais lattices. Below: representation of the magnetic structures associated with the 4 pos-
sible chiral ground states (helical chirality=±1, triangular chirality=±1). The light colored
moments lie in one layer and the darker colored ones in the next layer along the c axis, a
black curved arrow defines the helical chirality. The red arrowed circle materializes the trian-
gular chirality. The structural chirality is related to the strongest diagonal exchange between
the two layers, which is shown as a purple/orange dashed arrow path for negative/positive
structural chirality.

A simple picture, considering the 120◦ spin arrangement on a trimer (J1) and the
strongest out-of-plane interaction (J5 or J3) that connect it to the superposed trimer,
allows to understand the relation between the structural and the magnetic chiralities.
Due to the out-of-plane interaction, one magnetic moment of a given trimer will be
anti-aligned with the magnetic moment of the upper trimer in the diagonal direction
(e.g., atoms 1 and 3’ in Fig. 6). This will result in a 60◦ rotation of the spins around
the c axis (e.g., from atom 1 to atom 1′ in Fig. 6) leading to a propagation vector
(0, 0, 1/6), and in the conservation of the triangular chirality on the upper trimer. If
the diagonal interaction is twisted in the other sense, i.e. for the opposite structural
chirality, the sense of rotation of the spins around the c axis will be opposite. The he-
lical chirality is thus related to the triangular chirality via the clockwise/anticlockwise
torsion of the exchange paths along the c axis resulting from the structural chirality.

Ø  Triangles of magnetic moments in (a, b) plane 
Ø  Magnetic helices propagating along c with 

period ≈7c 

Chirality in magnetism 
Chiral magnetic structure: Fe langasite example 

Marty et al., PRL 2008 

20 30 40 50 60

5

10

15

20

 

!

! "#! "$

! "%! "$

N
eu

tro
n 

co
un

ts
 (a

. u
.)

&θ ! '()

*+,-

Neutron diffraction on powder and crystal 
and using polarized neutrons 
D1B, D15, D23, IN22@ILL 
 

Magnetic transition at TN=28 K 
Propagation vector  q=(0, 0, ≈1/7) 



4 possible  
chirality states 

Chirality in magnetism 
Chiral magnetic structure: Fe langasite example 



Use of polarized neutronsè  
Unique magnetic chirality = unique sense of rotation of the magnetic moments 

Chirality in magnetism 
Chiral magnetic structure: Fe langasite example 

4 possible  
chirality states 



Experiment 

Chirality in magnetism 
Chiral magnetic structure: Fe langasite example 
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Inelastic neutron scattering@ILL on crystal and using polarized neutrons, IN5, IN12, IN20, IN22 
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èIdentification of the ingredients producing the unique chiral 
properties and of the relation between structure and magnetism 

Inelastic neutron scattering@ILL on crystal and using polarized neutrons, IN5, IN12, IN20, IN22 
Experiment Calculation 

Chirality in magnetism 
Chiral magnetic structure: Fe langasite example 

  (meV) 
J1=0.85  

J2=0.24  

J3=0.053  

J4=0.017  

J5=0.24  
Dij=-0.03 

K=0.05 

Loire et al.  
PRL 2011 
Chaix et al.  
PRB 2016 
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Chirality in magnetism 
Complex chiral magnetic texture: skyrmions 
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Chirality in magnetism 
Complex chiral magnetic texture: skyrmions 

Non-centrosym MnSi, FeGe, FeCoSi metals, and Cu2OSeO3 insulator 
 
 

FM J1 + 
 ~Dij(~Si ⇥ ~Sj)
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Chirality in magnetism 
Complex chiral magnetic texture: skyrmions 

Non-centrosym MnSi, FeGe, FeCoSi metals, and Cu2OSeO3 insulator 
The A phase under magnetic field in bulk, extended in thin films 
 

random position. For both samples and all crystal
orientations, the scattering pattern always
exhibited the sixfold symmetry. In case the
scattering plane contained a 〈110〉 direction, two
of the peaks of the sixfold pattern coincided with
this direction. As for Fig. 2C, the scattering plane
did not contain a 〈110〉 direction. For sample 2, the
intensities along the vertical direction, which
coincided with the 〈110〉 direction, were system-
atically weaker. This may be explained by the
demagnetizing fields caused by the large aspect
ratio, which implies that part of the scattering
intensity was not captured in the rocking scans
[see also (11)]. The main result of our study is
that, for all orientations of the magnetic field with
respect to the atomic lattice, six Bragg reflections
are observed on a regular hexagon that is strictly
perpendicular to the magnetic field.

We performed rocking scans to test whether
the A phase has long-range order. Typical data
are presented in (11). In the helical state, the
half-width of the rocking scans corresponded to
a magnetic mosaicity hm ≈ 3.5° consistent with
previous work and long-range order (12, 13).
Remarkably, in the A phase the half-width of the
rocking scans corresponded to a reduced mag-
netic mosaicity hm ≈ 1.75°, implying an even
longer correlation length of at least x ≈ 5500 Å,
when allowing for demagnetizing fields (11).

To test for consistency with previous work,
we also measured the emergence of the A phase
as a function of temperature for magnetic field
perpendicular to the neutron beam, where the
vertical axis was the same 〈110〉 axis as before
and the low-symmetry horizontal axis contain-
ing spots 6 and 8 in Fig. 2F was perpendicular
to the magnetic field and incident neutron beam.
Data were recorded after (i) zero-field-cooling
the sample to a temperature well below Tc, (ii)
increasing the magnetic field to 0.19 T, and (iii)
measuring the neutron scattering pattern for se-
lected increasing temperatures (Fig. 2F shows
data for T = 27.7 K). Well below Tc we first ob-

serve the two spots parallel to the field direc-
tion labeled 9 and 10, characteristic of the
conical state. When entering the A phase, the
intensity of the spots of the conical phase be-
comes very weak but does not vanish, whereas
strong scattering intensity appears in the per-
pendicular direction (spots 6 and 8). This is
consistent with previous work and may signal a
phase coexistence, as expected of a weak first-
order transition with possible extra effects of the
demagnetizing fields added.

The key results of our neutron scattering
data may be summarized as follows: (i) the
helical wave vector aligns perpendicular to the
applied magnetic field; (ii) the fundamental
symmetry of the intensity pattern is sixfold,
suggesting a multi-Q structure; and (iii) the A
phase stabilizes in a magnetic field strength of
order Bc2/2. Moreover, the pattern aligns very
weakly with respect to the 〈110〉 orientation. We
can readily account for these features in the
framework of standard Landau-Ginzburg the-
ory in the mean-field approximation by taking
fluctuations into account. Near Tc the Ginzburg-
Landau energy functional can be written as
(14, 15)

F½M" ¼ ∫d3r½r0M2 þ Jð∇MÞ2 þ 2DM ⋅

ð∇'MÞ þ UM4 − B ⋅ M" ð1Þ

The first and second terms represent the usual
quadratic contribution with the conventional gra-
dient term; the third term, the Dzyaloshinsky-
Moriya interaction; and the last term, the coupling
to an external magnetic field B. The quartic term
accounts in lowest order for the effects of mode-
mode interactions and stabilizes the magnetic order.
We neglect higher-order spin-orbit coupling terms
describing anisotropy effects (14, 15). The free
energy is given by exp(−G) = ∫DM exp(−F[M])
(throughout the paper, we use a dimensionless
free energy). Within mean-field approximation,

G(B) is equal to minF [M], and one minimizes
F with respect to the spin structure M(r).

To explain the A phase, we evoke strong anal-
ogies with the crystal formation of ordinary solids
out of the liquid state. The latter is in most cases
driven by the cubic interactions of density waves
(16), which in momentum space can be written as

∑
q1,q2,q3

rq1rq2rq3d(q1 þ q2 þ q3)

The ordered state can gain energy from this
term only when three ordering vectors of the
crystal structure add up to zero. Accordingly, in
many cases (exceptions can arise only for strong
first-order transitions) the ordered phase, which
forms first out of a liquid state, is of body-centered
cubic symmetry (16), which is the crystal struc-
ture with the largest number of such triples of
reciprocal lattice vectors.

In the presence of a finite uniform component
of the magnetization, Mf, a similar mechanism
can also occur in MnSi. From the quartic term
in Eq. 1, we obtain terms that are effectively
cubic in the modulated moment amplitudes

∑
q1,q2,q3

(Mf ⋅ mq1 )(mq2 ⋅ mq3 )d(q1 þ q2 þ q3)

ð2Þ

where mq is the Fourier transform of M(r). As
in the case of an ordinary crystal, one can gain
energy from this term for a structure with three
Q vectors adding up to zero. These vectors have
a fixed modulus determined by the interplay of
the two gradient terms in Eq. 1. Therefore, these
three vectors have relative angles of 120° (Fig.
3A) and define a plane characterized by a
normal vector, n%. By symmetry, the energy
change is proportional to Mf ⋅ n%, and therefore
the three Q vectors must be perpendicular with
respect to the external magnetic field. Our quali-
tative arguments already explain the two main
experimental observations in the A phase: The

Fig. 1. (A) Magnetic phase diagram of MnSi. For B = 0, helimagnetic order
develops below Tc = 29.5 K. Under magnetic field, the helical order unpins
and aligns along the field above Bc1; above Bc2, the helical modulation
collapses. In the conical phase, the helix is aligned parallel to the magnetic

field. The transition fields shown here have been inferred from the AC sus-
ceptibility, where the DC and AC fields were parallel to 〈100〉 (10). (B)
Neutron scattering setup used in our study; the applied magnetic field B was
parallel to the incident neutron beam.

13 FEBRUARY 2009 VOL 323 SCIENCE www.sciencemag.org916

REPORTS

Similar skyrmion nucleation and SkX-forming processes were
observed as we varied the temperature change at a constant magnetic
field (50 mT) applied normal to the film, as shown in the colour-
wheel representation (Fig. 2i–l) obtained by our TIE analysis of the
Lorentz TEM images. As temperature is increased, the stripy spin
texture at 5 K changes to a hexagonal skyrmion crystal at 25 K,
through a mixed structure of stripes and skyrmions at 15 K, and
the magnetic contrast finally disappears at ,40 K.

The experimental phase diagram for the spin texture for a thin film
of Fe0.5Co0.5Si, based on the real-space observation, is summarized in
Fig. 3d and can be compared with that of the theoretical simulation
(Fig. 3h) of the 2D model; in these figures, the phase change of the
spin texture is represented as the contour mapping of skyrmion
density. The experimental and theoretical results show good agree-
ment not only in the behaviour of the phase change between the
helical state and the SkX state (Fig. 3b, f), but also in the transitional
coexistence regions of the helical (or ferromagnetic) state and the
SkX state; see Fig. 3a, c for the experimental observations and Fig. 3e,
g for the theoretical simulation. We see that such a SkX transition,
although driven by a weak magnetic field applied perpendicular to
the crystal plate plane, also depends on temperature. The SkX phase
occupies a larger region of the T–B plane in the experimental phase
diagram than in the simulated phase diagram. One possible reason
for this is that the pinning effect due to, for example, imperfections in
the crystal suppresses the fluctuation of the SkX; this is not taken into
account in the simulation. Another possibility, which might be more
fundamental, is that the real system has a finite thickness whereas the
simulation was carried out for a purely 2D model. The ferromagnetic
coupling between the layers effectively increases the spin stiffness in

the real case, leading to a ‘heavier-spin’ object and, consequently,
relatively weaker thermal fluctuations than in the 2D model23.

In a bulk (three-dimensional) crystal, the SkX phase appears in
a narrow window of the T–B plane, at around 10 mT and 35–40 K
(ref. 19). In comparison with the bulk case, the critical field in the
ferromagnetic region is enhanced (up to 100 mT at 5 K) owing to the
appreciable demagnetization effect in the 2D case. More significantly,
the SkX phase can be produced with a magnetic field normal to the
plane even at the lowest temperature. The suppression of the single
conical spin state with an applied magnetic field in the 2D system
should favour the emergence of the SkX phase, as indicated by the
theoretical simulation. We note that the dimension (2D) of the mag-
netic texture is defined by the thickness of the crystal film being
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Figure 3 | Phase diagrams of magnetic structure and spin textures in a thin
film of Fe0.5Co0.5Si. a–c, Spin textures observed using Lorentz TEM
obtained by Monte Carlo simulation. e–g, Spin textures after TEM. H, helical
structure; SkX, skyrmion crystal structure; FM, ferromagnetic structure.
d, h, Observed (d) and calculated (h) phase diagrams in the B–T plane. The
magnetic field was applied perpendicular to the image plane. In h, B and T are
normalized using the arbitrary constants BC and TC. The colour bars in the
phase diagrams indicate the skyrmion density per 10212 m2 (d) and per d2

(h), d being the helical spin wavelength. Dashed lines show the phase
boundaries between the SkX, H and FM phases. Stars in d and h indicate
(T, B) conditions for the images shown in a–c and e–g, respectively.
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Figure 2 | Variations of spin texture with magnetic field and temperature in
Fe0.5Co0.5Si. a–d, Magnetic-field dependence of the spin texture, in real-
space Lorentz TEM (overfocus) images. e–h, FFT patterns corresponding to
a–d. i–l, Temperature profiles of the distribution map of the lateral
magnetization for a magnetic field of 50 mT. Magnetic fields were applied
normal to the (001) thin film. The colour wheel represents the magnetization
direction at every point.
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Chirality in magnetism 
Complex chiral magnetic texture: skyrmions 

Non-centrosym MnSi, FeGe, FeCoSi metals, and Cu2OSeO3 insulator 
The A phase under magnetic field in bulk, extended in thin films 
Skyrmion hexagonal lattice 

random position. For both samples and all crystal
orientations, the scattering pattern always
exhibited the sixfold symmetry. In case the
scattering plane contained a 〈110〉 direction, two
of the peaks of the sixfold pattern coincided with
this direction. As for Fig. 2C, the scattering plane
did not contain a 〈110〉 direction. For sample 2, the
intensities along the vertical direction, which
coincided with the 〈110〉 direction, were system-
atically weaker. This may be explained by the
demagnetizing fields caused by the large aspect
ratio, which implies that part of the scattering
intensity was not captured in the rocking scans
[see also (11)]. The main result of our study is
that, for all orientations of the magnetic field with
respect to the atomic lattice, six Bragg reflections
are observed on a regular hexagon that is strictly
perpendicular to the magnetic field.

We performed rocking scans to test whether
the A phase has long-range order. Typical data
are presented in (11). In the helical state, the
half-width of the rocking scans corresponded to
a magnetic mosaicity hm ≈ 3.5° consistent with
previous work and long-range order (12, 13).
Remarkably, in the A phase the half-width of the
rocking scans corresponded to a reduced mag-
netic mosaicity hm ≈ 1.75°, implying an even
longer correlation length of at least x ≈ 5500 Å,
when allowing for demagnetizing fields (11).

To test for consistency with previous work,
we also measured the emergence of the A phase
as a function of temperature for magnetic field
perpendicular to the neutron beam, where the
vertical axis was the same 〈110〉 axis as before
and the low-symmetry horizontal axis contain-
ing spots 6 and 8 in Fig. 2F was perpendicular
to the magnetic field and incident neutron beam.
Data were recorded after (i) zero-field-cooling
the sample to a temperature well below Tc, (ii)
increasing the magnetic field to 0.19 T, and (iii)
measuring the neutron scattering pattern for se-
lected increasing temperatures (Fig. 2F shows
data for T = 27.7 K). Well below Tc we first ob-

serve the two spots parallel to the field direc-
tion labeled 9 and 10, characteristic of the
conical state. When entering the A phase, the
intensity of the spots of the conical phase be-
comes very weak but does not vanish, whereas
strong scattering intensity appears in the per-
pendicular direction (spots 6 and 8). This is
consistent with previous work and may signal a
phase coexistence, as expected of a weak first-
order transition with possible extra effects of the
demagnetizing fields added.

The key results of our neutron scattering
data may be summarized as follows: (i) the
helical wave vector aligns perpendicular to the
applied magnetic field; (ii) the fundamental
symmetry of the intensity pattern is sixfold,
suggesting a multi-Q structure; and (iii) the A
phase stabilizes in a magnetic field strength of
order Bc2/2. Moreover, the pattern aligns very
weakly with respect to the 〈110〉 orientation. We
can readily account for these features in the
framework of standard Landau-Ginzburg the-
ory in the mean-field approximation by taking
fluctuations into account. Near Tc the Ginzburg-
Landau energy functional can be written as
(14, 15)

F½M" ¼ ∫d3r½r0M2 þ Jð∇MÞ2 þ 2DM ⋅

ð∇'MÞ þ UM4 − B ⋅ M" ð1Þ

The first and second terms represent the usual
quadratic contribution with the conventional gra-
dient term; the third term, the Dzyaloshinsky-
Moriya interaction; and the last term, the coupling
to an external magnetic field B. The quartic term
accounts in lowest order for the effects of mode-
mode interactions and stabilizes the magnetic order.
We neglect higher-order spin-orbit coupling terms
describing anisotropy effects (14, 15). The free
energy is given by exp(−G) = ∫DM exp(−F[M])
(throughout the paper, we use a dimensionless
free energy). Within mean-field approximation,

G(B) is equal to minF [M], and one minimizes
F with respect to the spin structure M(r).

To explain the A phase, we evoke strong anal-
ogies with the crystal formation of ordinary solids
out of the liquid state. The latter is in most cases
driven by the cubic interactions of density waves
(16), which in momentum space can be written as

∑
q1,q2,q3

rq1rq2rq3d(q1 þ q2 þ q3)

The ordered state can gain energy from this
term only when three ordering vectors of the
crystal structure add up to zero. Accordingly, in
many cases (exceptions can arise only for strong
first-order transitions) the ordered phase, which
forms first out of a liquid state, is of body-centered
cubic symmetry (16), which is the crystal struc-
ture with the largest number of such triples of
reciprocal lattice vectors.

In the presence of a finite uniform component
of the magnetization, Mf, a similar mechanism
can also occur in MnSi. From the quartic term
in Eq. 1, we obtain terms that are effectively
cubic in the modulated moment amplitudes

∑
q1,q2,q3

(Mf ⋅ mq1 )(mq2 ⋅ mq3 )d(q1 þ q2 þ q3)

ð2Þ

where mq is the Fourier transform of M(r). As
in the case of an ordinary crystal, one can gain
energy from this term for a structure with three
Q vectors adding up to zero. These vectors have
a fixed modulus determined by the interplay of
the two gradient terms in Eq. 1. Therefore, these
three vectors have relative angles of 120° (Fig.
3A) and define a plane characterized by a
normal vector, n%. By symmetry, the energy
change is proportional to Mf ⋅ n%, and therefore
the three Q vectors must be perpendicular with
respect to the external magnetic field. Our quali-
tative arguments already explain the two main
experimental observations in the A phase: The

Fig. 1. (A) Magnetic phase diagram of MnSi. For B = 0, helimagnetic order
develops below Tc = 29.5 K. Under magnetic field, the helical order unpins
and aligns along the field above Bc1; above Bc2, the helical modulation
collapses. In the conical phase, the helix is aligned parallel to the magnetic

field. The transition fields shown here have been inferred from the AC sus-
ceptibility, where the DC and AC fields were parallel to 〈100〉 (10). (B)
Neutron scattering setup used in our study; the applied magnetic field B was
parallel to the incident neutron beam.
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Bragg spots are located in the plane perpendic-
ular to B and display a sixfold symmetry (be-
cause both Q and −Q give a Bragg reflection)
independent of the orientation of the underlying
lattice. We therefore suggest that the A phase is
a chiral spin crystal, the A crystal, approximate-
ly characterized by the magnetization

M(r) ≈ Mf þ∑
3

i¼1
Mh

Qi
(rþ Dri) ð3Þ

where Mh
Qi
(r) ¼ A½ni1 cos(Qir)þ ni2 sin(Qi)r&

is the magnetization of a single chiral helix with
amplitude A, wave vector Qi, and two unit vectors,
ni1 and ni2, orthogonal to each other and to Qi. All

three helices have the same chirality; that is, all
Qi·(ni1 × ni2) have the same sign. More precisely,
one has to add further higher-order Fourier com-
ponents to Eq. 3whenminimizingF[M]. However,
these terms remain small close to Tc. The relative
shifts, Dri, of the helices, which we calculate
theoretically, determine whether the A crystal can
be described as a lattice of skyrmions (see below).

One also has to take into account that an ex-
ternal magnetic field favors helices with Q vec-
tors parallel to B, because this way the spins
may easily tilt parallel to the field to form a
conical structure. Within mean-field theory, this
conical phase always has the lowest energy (11).
However, in the parameter range, where the A

phase occurs experimentally, that is, close to Tc,
at intermediate magnetic fields (Fig. 1A), the
energy difference between the two phases be-
comes very small as shown in the Fig. 3B
inset. The origin of the energy minimum of the A
crystal for moderate magnetic field can be traced
back to the size of the modulations of the mag-
netization amplitude, |M(r)|, which is minimal
close to B ≈ 0.4Bc2 (11). In our mean-field Landau-
Ginzburg theory, the A crystal thus appears as
a metastable phase, which becomes extremely
close in energy to the conical phase for inter-
mediate fields B ≈ 0.4Bc2.

It turns out that, when we consider thermal
fluctuations around the mean-field solution,
these stabilize the A crystal. To show this, we con-
sider the leading correction to mean-field theory
arising from Gaussian fluctuations

G ≈ F½M0& þ
1
2
log det

d2F
dMdM

! "
#

#

#

#

M0

ð4Þ

whereM0 is the mean-field spin configuration for
either the A phase or the conical phase. To make
Eq. 4 well defined, one has to specify a cutoff
scheme for short length scales. We use a cutoff in
momentum space, k < 2p/a, where a is the lattice
spacing of the MnSi crystal. Because of the long
pitch of the helix, it turns out that most
contributions arise from fluctuations on short
length scales with the exception of temperatures
extremely close to Tc [see (11) for a detailed
discussion], but both short-range and long-range
fluctuations favor the A crystal for intermediate
magnetic fields. As shown in the Fig. 3B inset, the
fluctuations indeed stabilize the A crystal. A typ-
ical phase diagram resulting from Eq. 4 is shown
in Fig. 3B. The theoretical phase diagram catches
the main characteristics of the experimental phase
diagram. The A crystal is stable at intermediate
fields not too far from Tc. When interpreting the
theoretical result, one has to take into account that
Eq. 4 is only valid for small fluctuations and
therefore cannot be applied too close to Tc. Indeed
it is expected (17, 18) that fluctuations ultimately
drive the transition first order and that such strong
fluctuations will substantially shift the transition
line to the paramagnet.We estimate the strength of
fluctuations by calculating the leading correction
to the order parameter for both the conical phase
and the A crystal (11). In the shaded area of Fig.
3B, these corrections are small (less than 20%),
which justifies the use of Eq. 4.

As can be seen from Fig. 3C, the magnetic
structure of the A crystal obtained by minimiz-
ing F[M] is characterized by a pattern of mag-
netic vortices. To elucidate their nature, we
compute the skyrmion density given by (19):

f ¼ 1
4p

n ⋅
∂n
∂x

' ∂n
∂y

ð5Þ

where x and y are the coordinates perpendicular
to B and n =M(r)/|M(r)| is the orientation of the
magnetization. f is a measure of the winding of
the magnetization profile. If f integrates to 1 or
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Fig. 2. Typical neutron small angle scattering intensities; note that the color scale is logarithmic to make
weak features visible. Data represent the sum over rocking scans with respect to the vertical axis through
the sample. (A) to (C) show data for sample 1 and (D) to (F) for sample 2. Backgrounds measured above
Tc and B = 0 were subtracted in all panels except for (A) (light blue square). Spots are labeled for
reference; for the intensity of these spots as a function of rocking angle, see (11). (A) Helical order in
sample 1 in the zero-field-cooled state at T = 27 K and B = 0. (B) Sixfold intensity pattern in the A phase
in sample 1; same orientation as in (A); T = 26.45 K, B = 0.164 T. (C) Sixfold intensity pattern in the A
phase for random orientation of sample 1 (see text for details); T = 26.77 K, B = 0.164 T. (D) Helical
order in sample 2 in the zero-field-cooled state at T = 16 K and B = 0. (E) A phase in sample 2, same
orientation as in (D); T = 27.7 K, B = 0.162 T. (F) A phase as measured in conventional setup [compare
Fig. 1A in (11)], where data in all other panels were measured in the configuration shown in Fig. 1B; T =
27.7 K, B = 0.190 T. A small residual intensity due to the conical phase is observed (spots 9 and 10),
whereas spots 6 and 8 correspond to those in (E).
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−1, a topologically stable knot exists in the mag-
netization. As shown in Fig. 3D, the skyrmion
density is finite and oscillates between posi-
tive and negative as compared with the normal
helical or conical phases, where it is zero. More-
over, the skyrmion numberF = ∫f(r)d2r per two-
dimensional unit cell is quantized and adds up to
−1. Taken together this implies that the A crystal
can be interpreted as a crystal made out of quan-
tized objects, the skyrmion lines, with a mag-
netization at their core that is antiparallel to the
applied magnetic field and M0.

Because of its symmetry and the cubic in-
teractions, the A crystal has to be separated by
two first-order phase transitions both from the
conical and the paramagnetic phases. This is
consistent with the experimental observations.
Two additional features in the scattering patterns
that account for less than 1% of the total inte-
grated scattering intensity are, first, weak con-
tinuous streaks of intensity emerging radially
outward from the six main spots and, second, the
coexistence of conical order and the spin crystal.
Both may be the result of weak heterogeneities

resulting from these generic first-order bounda-
ries of the A crystal, possibly in combination
with demagnetizing fields.

Many years ago in a seminal study, Bogdanov
and collaborators used a mean-field model to
predict the existence of skyrmion lattices for an-
isotropic noncentrosymmetric magnetic materials
under the application of a magnetic field (20, 21).
The authors also pointed out that, within their
mean-field theory for cubic materials such as
MnSi, the skyrmion lattice would always be
metastable.Moreover, in the absence of amagnetic
field, it has been shown theoretically that certain
crystalline spin structures can be stabilized by long-
range interactions or an additional phenomeno-
logical parameter (22–24). In contrast to these
predictions, we find in this study that it is sufficient
to include the effects of Gaussian thermal fluctua-
tions to stabilize skyrmion lattices in a magnetic
field in cubic materials.

It is instructive to search for analogies of the A
crystal in other condensed matter systems.
Because it is a multi-Q structure, we note that
previously known multi-Q structures, for exam-

ple, in the rare earths, involve large values of Q
and exhibit very strong pinning to the atomic
lattice (25, 26), whereas for MnSi we observe that
the sixfold pattern of the A crystal exists
independently of the underlying lattice and Q is
quite tiny. Although flux lines in superconductors
and the magnetic skyrmion lines observed are
topologically completely different objects, there is
nevertheless an intimate similarity of the Abriko-
sov lattice of superconducting flux lines and the
hexagonal symmetry of the A crystal (20, 21).
Moreover, the A crystal is characterized by broken
translation symmetry in the plane perpendicular to
B only. Therefore the A phase is similar to the
chiral columnar phase of liquid crystals (16, 27).
Further, the spin structure of the A crystal is
topologically equivalent to theoretical predictions
of the spin structure of the ferromagnetic quantum
Hall state near 1/2 filling (28), where, however, the
underlying energetics is completely different.
Lastly, individual magnetic vortices attract also
great interest as a micromagnetic phenomenon,
which arises when conventional domain walls in
soft ferromagnets are made to meet (29).

The skyrmion lattice in the chiral magnet
MnSi reported here represents an example where
an electronic liquid forms a spin crystal made from
topologically nontrivial entities. This provides a
glimpse of the large variety of magnetic states that
may be expected from the particle-like magnetic
objects currently discussed in the literature.
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Fig. 3. (A) Depiction of the hexagonal basis vectors of the crystalline spin order in the A phase. (B)
Theoretical phase diagram as a function of magnetic field B/B0 with B0 ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

( JQ2)3/U
p

and the parameter
t = r0J/D2 − 1, which is roughly proportional to T − Tc. We use the model parameter g = JD/U = 5 and a
momentum-space cutoff k < 40D/J. Smaller values of g increase the A phase regime. For most values of
field, the A phase is either metastable or stable, but at low fields below the dotted line it becomes
unstable. Above and to the right of the red dashed line, the fluctuation correction to the size of the order
parameter becomes larger than 20%, and our theoretical analysis becomes uncontrolled. Therefore in the
shaded gray region, we have reliably established stability of the A phase within our model [see (11) for
details]. (Inset) Energy difference between A phase and conical phase as a function of field for the same
parameters and t = −3.5, both in the mean-field approximation and with fluctuation corrections.
Fluctuations stabilize the A phase at intermediate fields. (C) Real space depiction of the spin arrangement
in the A phase in the x-y plane. Note that this spin arrangement is translation-invariant along the z axis,
which is parallel to the magnetic field. (D) Skyrmion density per unit cell area as calculated for the A
phase as shown in (C). The integrated skyrmion density per unit cell is finite, F = −1. The arrows
represent the magnetization component perpendicular to the line of sight.
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(several tens of nanometres) can be regarded as a magnetically 2D
system, in which the direction of q is confined within the plane
because the sample thickness is less than the helical wavelength;
therefore, various features should appear that are missing in bulk
samples. In the context of the skyrmion, the thin film has the advant-
age that the conical state is not stabilized when the magnetic field is
perpendicular to the plane23. Therefore, it is expected that the SkX can
be stabilized much more easily, and even at T 5 0, in a thin film of
helical magnet.

In this Letter, we report the real-space observation of the forma-
tion of the SkX in a thin film of B20-type Fe0.5Co0.5Si, the thickness of
which is less than the helical wavelength, using Lorentz TEM28 with a
high spatial resolution. The quantitative evaluation of the magnetic
components is achieved by combining the Lorentz TEM observation
with a magnetic transport-of-intensity equation (TIE) calculation
(Supplementary Information).

We first discuss the two prototypical topological spin textures
observed for the (001) thin film of Fe0.5Co0.5Si. The Monte Carlo
simulation (Supplementary Information) for the discretized version
of the Hamiltonian in equation (1) predicts that the proper screw
(Fig. 1a) changes to the 2D skyrmion lattice (Fig. 1b) when a perpen-
dicular external magnetic field is applied at low temperature and when
the thickness of the thin film is reduced to close to or less than the
helical wavelength. The Lorentz TEM observation of the zero-field
state below the magnetic transition temperature (,40 K) clearly
reveals the stripy pattern (Fig. 1d) of the lateral component of the
magnetization, with a period of 90 nm, as previously reported18; this
indicates the proper-screw spin propagating in the [100] or [010]
direction. When a magnetic field (50 mT) was applied normal to the
plate, a 2D skyrmion lattice like that predicted by the simulation
(Fig. 1b) was observed as a real-space image (Fig. 1e) by means of
Lorentz TEM. The hexagonal lattice is a periodic array of swirling spin
textures (a magnified view is shown in Fig. 1f) and the lattice spacing is
of the same order as the stripe period, ,90 nm. Each skyrmion has the
Dzyaloshinskii–Moriya interaction energy gain, and the regions
between them have the magnetic field energy gain. Therefore, the
closest-packed hexagonal lattice of the skyrmion has both energy
gains, and forms at a magnetic field strength intermediate between
two critical values, each of which is of order a2/J in units of energy. We

note that the anticlockwise rotating spins in each spin structure reflect
the sign of the Dzyaloshinskii–Moriya interaction of this helical mag-
net. Although Lorentz TEM cannot specify the direction of the mag-
netization normal to the plate, the spins in the background (where the
black colouring indicates zero lateral component) should point
upwards and the spins in the black cores of the ‘particles’ should point
downwards; this is inferred from comparison with the simulation of
the skyrmion and is also in accord with there being a larger upward
component along the direction of the magnetic field. The situation is
similar to the magnetic flux in a superconductor29, in which the spins
are parallel to the magnetic field in the core of each vortex.

Keeping this transformation between the two distinct spin textures
(helical and skyrmion) in mind, let us go into detail about their field
and temperature dependences. First, we consider the isothermal vari-
ation of the spin texture as the magnetic field applied normal to the
(001) film is increased in intensity. The magnetic domain configura-
tion at zero field is shown in Fig. 2a. In analogy to Bragg reflections
observed in neutron scattering22, two peaks were found in the cor-
responding fast Fourier transform (FFT) pattern (Fig. 2e), confirm-
ing that the helical axis is along the [100] direction. In the real-space
image, however, knife-edge dislocations (such as that marked by an
arrowhead in Fig. 2a) are often seen in the helical spin state, as
pointed out in ref. 18. When a weak external magnetic field, of
20 mT, was applied normal to the thin film, the hexagonally arranged
skyrmions (marked by a hexagon in Fig. 2b) started to appear as the
spin stripes began to fragment. The coexistence of the stripe domain
and skyrmions is also seen in the corresponding FFT pattern (Fig. 2f);
the two main peaks rotate slightly away from the [100] axis, and two
other broad peaks and a weak halo appear. With further increase of
the magnetic field to 50 mT (Fig. 2c), stripe domains were completely
replaced by hexagonally ordered skyrmions. Such a 2D skyrmion
lattice structure develops over the whole region of the (001) sample,
except for the areas containing magnetic defects (Supplementary
Information). A lattice dislocation was also observed in the SkX, as
indicated by a white arrowhead in Fig. 2c. The corresponding FFT
(Fig. 2g) shows the six peaks associated with the hexagonal SkX
structure. The SkX structure changes to a ferromagnetic structure
at a higher magnetic field, for example 80 mT (Fig. 2d, h), rendering
no magnetic contrast in the lateral component.

d e f

90 nm 90 nm 30 nm

[010] [100]

a b c

Figure 1 | Topological spin textures in the helical magnet Fe0.5Co0.5Si.
a, b, Helical (a) and skyrmion (b) structures predicted by Monte Carlo
simulation. c, Schematic of the spin configuration in a skyrmion. d–f, The
experimentally observed real-space images of the spin texture, represented
by the lateral magnetization distribution as obtained by TIE analysis of the

Lorentz TEM data: helical structure at zero magnetic field (d), the skyrmion
crystal (SkX) structure for a weak magnetic field (50 mT) applied normal to
the thin plate (e) and a magnified view of e (f). The colour map and white
arrows represent the magnetization direction at each point.
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Similar skyrmion nucleation and SkX-forming processes were
observed as we varied the temperature change at a constant magnetic
field (50 mT) applied normal to the film, as shown in the colour-
wheel representation (Fig. 2i–l) obtained by our TIE analysis of the
Lorentz TEM images. As temperature is increased, the stripy spin
texture at 5 K changes to a hexagonal skyrmion crystal at 25 K,
through a mixed structure of stripes and skyrmions at 15 K, and
the magnetic contrast finally disappears at ,40 K.

The experimental phase diagram for the spin texture for a thin film
of Fe0.5Co0.5Si, based on the real-space observation, is summarized in
Fig. 3d and can be compared with that of the theoretical simulation
(Fig. 3h) of the 2D model; in these figures, the phase change of the
spin texture is represented as the contour mapping of skyrmion
density. The experimental and theoretical results show good agree-
ment not only in the behaviour of the phase change between the
helical state and the SkX state (Fig. 3b, f), but also in the transitional
coexistence regions of the helical (or ferromagnetic) state and the
SkX state; see Fig. 3a, c for the experimental observations and Fig. 3e,
g for the theoretical simulation. We see that such a SkX transition,
although driven by a weak magnetic field applied perpendicular to
the crystal plate plane, also depends on temperature. The SkX phase
occupies a larger region of the T–B plane in the experimental phase
diagram than in the simulated phase diagram. One possible reason
for this is that the pinning effect due to, for example, imperfections in
the crystal suppresses the fluctuation of the SkX; this is not taken into
account in the simulation. Another possibility, which might be more
fundamental, is that the real system has a finite thickness whereas the
simulation was carried out for a purely 2D model. The ferromagnetic
coupling between the layers effectively increases the spin stiffness in

the real case, leading to a ‘heavier-spin’ object and, consequently,
relatively weaker thermal fluctuations than in the 2D model23.

In a bulk (three-dimensional) crystal, the SkX phase appears in
a narrow window of the T–B plane, at around 10 mT and 35–40 K
(ref. 19). In comparison with the bulk case, the critical field in the
ferromagnetic region is enhanced (up to 100 mT at 5 K) owing to the
appreciable demagnetization effect in the 2D case. More significantly,
the SkX phase can be produced with a magnetic field normal to the
plane even at the lowest temperature. The suppression of the single
conical spin state with an applied magnetic field in the 2D system
should favour the emergence of the SkX phase, as indicated by the
theoretical simulation. We note that the dimension (2D) of the mag-
netic texture is defined by the thickness of the crystal film being
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Figure 3 | Phase diagrams of magnetic structure and spin textures in a thin
film of Fe0.5Co0.5Si. a–c, Spin textures observed using Lorentz TEM
obtained by Monte Carlo simulation. e–g, Spin textures after TEM. H, helical
structure; SkX, skyrmion crystal structure; FM, ferromagnetic structure.
d, h, Observed (d) and calculated (h) phase diagrams in the B–T plane. The
magnetic field was applied perpendicular to the image plane. In h, B and T are
normalized using the arbitrary constants BC and TC. The colour bars in the
phase diagrams indicate the skyrmion density per 10212 m2 (d) and per d2

(h), d being the helical spin wavelength. Dashed lines show the phase
boundaries between the SkX, H and FM phases. Stars in d and h indicate
(T, B) conditions for the images shown in a–c and e–g, respectively.
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Figure 2 | Variations of spin texture with magnetic field and temperature in
Fe0.5Co0.5Si. a–d, Magnetic-field dependence of the spin texture, in real-
space Lorentz TEM (overfocus) images. e–h, FFT patterns corresponding to
a–d. i–l, Temperature profiles of the distribution map of the lateral
magnetization for a magnetic field of 50 mT. Magnetic fields were applied
normal to the (001) thin film. The colour wheel represents the magnetization
direction at every point.
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Néel-type skyrmion lattice with confined
orientation in the polar magnetic
semiconductor GaV4S8

I. Kézsmárki1,2*, S. Bordács1, P. Milde3, E. Neuber3, L. M. Eng3, J. S. White4, H. M. Rønnow5,
C. D. Dewhurst6, M. Mochizuki7,8, K. Yanai7, H. Nakamura9, D. Ehlers2, V. Tsurkan2,10 and A. Loidl2

Following the early prediction of the skyrmion lattice (SkL)—a periodic array of spin vortices—it has been observed recently
in various magnetic crystals mostly with chiral structure. Although non-chiral but polar crystals with Cnv symmetry were
identified as ideal SkL hosts in pioneering theoretical studies, this archetype of SkL has remained experimentally unexplored.
Here, we report the discovery of a SkL in the polar magnetic semiconductor GaV4S8 with rhombohedral (C3v) symmetry and
easy axis anisotropy. The SkL exists over an unusually broad temperature range compared with other bulk crystals and the
orientation of the vortices is not controlled by the external magnetic field, but instead confined to the magnetic easy axis.
Supporting theory attributes these unique features to a new Néel-type of SkL describable as a superposition of spin cycloids
in contrast to the Bloch-type SkL in chiral magnets described in terms of spin helices.

In non-centrosymmetric crystals, the energy associated with
ferromagnetic domain walls can be negative; hence, the
homogeneous ferromagnetic state becomes unstable against SkL

formation1–5. Two basic types of magnetic domain walls can form
various skyrmionic spin textures1,3,4,6. Bloch-type domain walls,
where the spins rotate in the plane parallel to the domain boundary,
can form, for example, whirlpool-like skyrmions. Such Bloch
vortices have been observed in chiral magnets7–19. In contrast, Néel-
type domain walls, with spins rotating in a plane perpendicular
to the domain boundary, can produce vortices where the spins
rotate in the radial planes from their cores to their peripheries. The
magnetization patterns of such Bloch- and Néel-type skyrmions
are illustrated in Fig. 1. The latter, expected to emerge in polar
magnets with Cnv crystal symmetry1,3,4,6, has not been observed yet
in bulk crystals. We reveal the formation of such a Néel-type SkL
in GaV4S8, a magnetic semiconductor from this crystal symmetry
class, by means of magnetic susceptibility, atomic force microscopy
(AFM) and small-angle neutron scattering (SANS) measurements.

GaV4S8, a member of the lacunar spinel family20–27, has a
non-centrosymmetric cubic (Td) structure at room temperature26.
Lacunar describes the lack of every second Ga atom compared
to the normal spinel structure. These ordered defects break the
vanadium pyrochlore lattice into a network of alternating larger and
smaller V4 tetrahedra, the so-called breathing pyrochlore lattice28,29.
The magnetic building blocks are the smaller V4 clusters with spin
1/2, and form a face-centred cubic (FCC) lattice. The hybridization
on a single V4 unit leads to one unpaired electron occupying a
triply degenerate cluster orbital. This orbital degeneracy is lifted

a b

Figure 1 | Comparison between Bloch- and Néel-type skyrmions following
refs 4,6. a, In a Bloch-type skyrmion, the spins rotate in the tangential
planes—that is, perpendicular to the radial directions—when moving from
the core to the periphery. b, In a Néel-type skyrmion, the spins rotate in the
radial planes from the core to the periphery. The cross-section of the vortex
is also depicted in both cases.

by a cooperative Jahn–Teller distortion that drives a cubic to
rhombohedral structural transition at Ts =42K (refs 26,27). In the
polar rhombohedral (C3v) phase the FCC lattice is stretched along
one of the four cubic h111i axes26.

The structural transition creates a multi-domain state with
submicron-thick sheets of the four di�erent rhombohedral
domains, as seen in Fig. 2a. At Ts the magnetic exchange interaction
changes from antiferromagnetic to ferromagnetic and the material
undergoes a magnetic transition at TC = 13K, a temperature very
close to the Curie–Weiss temperature in the rhombohedral phase30.
In the inset of Fig. 2b, the dependence of the magnetization curves
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The skyrmion number
The swirling structure of a skyrmion is characterized by the 
topological skyrmion number defined by
 

Nsk =
4π
1  × ∫∫d2rn · 

∂x
∂n

∂y
∂n

 (B1)

as the integral of the solid angle, and counts how many times 
n(r) = n(x,y) wraps the unit sphere14,15. Using the symmetry of the 
skyrmion, one can write

 n(r) = (cosΦ(φ)sinΘ(r), sinΦ(φ)sinΘ(r),cosΘ(r)) (B2) 
 
where we introduce the polar coordinates r  =  (rcosφ, rsinφ). 
Putting this form into equation (B1), we obtain 
 

0

'

r  = 0
r  = '

φ = 0
φ = 2π

0

2π
Nsk =

4π
1 sinΘ(r) = cosΘ(r) Φ(φ)∫dr∫dφ 

dr
dΘ(r)

dφ
dΦ(φ)

Accordingly, one can classify the skyrmion structures as follows. 
Suppose the spins point up at r → ∞ while they point down at r = 0. 
Then, [cosΘ(r)]r = ∞ 

r = 0   =  2. Now, there are several possibilities for 
Φ(φ). The vorticity is defined by the integer m = [Φ(φ)]φ = 2π 

φ = 0 /2π. 
Therefore, the vorticity determines the skyrmion number as 
Nsk = m, once the boundary condition at r → ∞ is fixed. We further 
define the helicity by the phase γ appearing in

 Φ(φ) = mφ + γ  (B3)

We show in Fig. 1g various skyrmion structures corresponding 
to vorticity m = ±1, and γ = 0, ±π/2 and π, Fig. 1a corresponds to 
m = 1 and γ = π/2.

From equations (B2) and (B3), the magnetic charge ρmag = ∇ · n 
is calculated as 

 
ρmag = sinΘ +(m – 1)φ + γ  cos

dr
dΘ

r
mcosΘ

 

On the other hand, the DM interaction is given by 

 
HDM = = sin2Θ +(m – 1)φ + γ  Dn · (¢ × n) Dsin

dr
dΘ

2r
m  

or 
 
HDM = = sin2Θ +(m – 1)φ + γ  Dn · (ez × ¢)n Dsin

dr
dΘ

2r
m  

Therefore, the state with vorticity m = +1 and γ = ±π/2 has the 
lowest energy, where the sign of γ is determined by the sign of 
D, which in turn is determined by the crystal structure. (When 
the DM vector is rotated by ±π/2, γ = 0 or π becomes the stable 
configuration109.)

In the case of the four-spin interaction (case 3) or the frustrated 
exchange interaction (case 4), there is no distinction between the 
skyrmion and anti-skyrmion, that is, m = ±1 and γ can take an 
arbitrary value.

Emergent electromagnetic field
One can describe the interaction between the spin textures 
and the conduction electrons in terms of the EEMF expressed 
by the spin directions. We consider the double-exchange 

model where the conduction electrons and spins are coupled 
ferromagnetically at each site by Hund’s rule coupling. In the 
strong coupling limit, the spin wavefunction |χ(r)> of the con-
duction electron at r corresponding to the localized spin n(r) in 
equation (B2) is given by

 
| χ(r)>=

T

, eiΦ(r) sincos
2
Θ(r)

2
Θ(r)

 

where T means the transpose. Therefore, when a conduction elec-
tron hops between two sites r and r + cηα (ηα is the unit vector 
along α(=x,y,z) direction, α is the space index and c a lattice con-
stant), the matrix element is given by

 tα(r) = t <χ(r) | χ(r + cηα)>

where t is the original transfer integral of the conduction elec-
tron. tα(r)  is in general a complex number, and can be writ-
ten as tα(r)  =  |tα(r)|eicaα(r). This phase factor eicaα(r) is analogous 
to the Peierls factor in the presence of the external magnetic 
field and hence we can regard aα(r) as the vector potential of 
an effective electromagnetic field. Assuming the slowly vary-
ing spin configuration over the lattice constant c, we obtain 
aα(r)  =  −i<χ(r) |  ∂αχ(r)>  =  ½∂αΦ(1  −  cosΘ). From this expres-
sion, one can easily confirm that the emergent magnetic field bz is 
related to the solid angle as

 
= =

2
1  × n · 

∂x
∂n

∂y
∂n – 

∂x
∂ay

∂y
∂axbz

 

Therefore, the total emergent magnetic flux associated with 
a skyrmion is 2πNsk. These considerations can be easily gener-
alized to the three-dimensional case and also to the emergent 
electric field eα as

 bα = ½εαβγn · (∂βn × ∂γn)  (B4a)

 eα = n · (∂αn × ∂tn)  (B4b)
 
where ∂μ = ∂/∂xμ , εαβγ is the totally antisymmetric tensor in three 
dimensions, and the coupling to the conduction electrons is 
described by the Lagrangian

 
 Lint = jμaμ  (B5) 
 
with jμ being the density and current density of conduction elec-
trons as in the case of the Maxwell electromagnetic field Aμ. Here 
μ is the space–time index.

 We mention here that the well-known spin-transfer torque 
arises from equation (B5). Namely, the variation of aμ  with respect 
to n is given by

 δaμ = –½δn · (n × ∂μn) (B6)

Combined with the variation of the Berry phase term ω as 
δω  =  –½δn  ·  (n  ×  ∂tn), equation  (B6) leads to the equation of 
motion as 

 [∂t + (j · ∇)]n(r,t) = 0   
 
which describes the current-driven motion of the spin texture 
with spatially varying n.

Box 1 | Topological properties.

REVIEW ARTICLENATURE NANOTECHNOLOGY DOI: 10.1038/NNANO.2013.243

© 2013 Macmillan Publishers Limited. All rights reserved

Nagaosa et al. Nature Nanotech. 2013 



44 

Meeticc, Bordeaux, 2017 

Chirality in magnetism 
Complex chiral magnetic texture: skyrmions 

•  Heterostructure, new media for encoding information èspintronics 

NATURE NANOTECHNOLOGY | VOL 8 | MARCH 2013 | www.nature.com/naturenanotechnology 155

commentary

velocities, identical to those of current 
driven DW motion, (iii) realistic strong 
pinning sites give rise to depinning currents 
that are larger than those derived from Hall 
effect measurements19 or simulations26 with 
skyrmion lattices but are still much smaller 
than in most experiments with DWs, and 
(iv) the generation of skyrmions in tracks 
similar to those in Fig. 3b,c is the next 
important experimental challenge on the 
way towards realizing devices. At present, 
we are using the same types of simulation 
to test several possible mechanisms (J. 
Sampaio, V. Cros, S. Rohart, A. Thiaville 
and A. Fert, unpublished observations).

Technological interest of skyrmions
The ultimate small size of the skyrmions 
and the possibility of moving them with 
electrical currents of very small density 
make them promising candidates for 
several types of spintronic storage or logic 
device27. Similar to DW-based racetrack 
memory, where the information is coded 
by pairs each consisting of a DW and 
a magnetic domain, information could 
be coded by skyrmions in a magnetic 
nanoribbon. The spacing between bits 
could be of the order of magnitude of 
the skyrmion diameter (down to a few 
nanometres), as in the simulations in 
Fig. 3b,c. This is much smaller than 
the spacing between pairs of DWs and 
magnetic domains in a DW race track 
(DW widths can also be as small as a 
few nanometres but the size of magnetic 
domains can hardly be reduced below 
30–40 nm). Although the ratio between 
velocity v and current density J is not 
expected to be very different for DWs 
and skyrmions, smaller sizes and shorter 
spacings for skyrmions could allow faster 
information flows with similar current 
densities, or, alternatively, similar flows 
with smaller current densities down 
to the very small depinning currents, 
leading to lower energy consumption. 
These advantages might also be exploited 
in several other spintronic devices such 
as magnetic random access memories in 
which a skyrmion is moved into, or out 
from, one of its electrodes.

The applications described above are 
implicitly for skyrmions in thin films. 
Until now, however, skyrmions have 
only been observed in crystals without 
inversion symmetry at temperatures below 
room temperature, and up to 250 K in 
FeGe (refs 15,16). Room-temperature 
observations are still also lacking for 
interface-induced skyrmions as the SP-
STM experiments, for technical reasons, 
have always been performed at low 
temperatures. However, from the calculated 

stabilization energy12, skyrmions in Fe on 
Ir(111) are expected to be stable at room 
temperature, also demonstrated by the 
micromagnetic simulations we performed 
with realistic DMIs. Also considering the 
unexplored possibilities of multilayered 
structures with active interfaces, we are 
reasonably optimistic on the potential 
of interface-induced skyrmions. In our 
opinion, the best solution should not be 

ultrathin layers like those used in the 
SP-STM experiments but slightly thicker 
layers in which the dilution of the interface 
effect could produce metastable individual 
skyrmions in a stable ferromagnetic state. 
Confined geometries like that shown in 
Fig. 3b–d are of high interest.

On the road
The exploration of the world of magnetic 
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Figure 3 | Skyrmion velocity. a, Deviation of the MnSi Hall resistivity from the normal behaviour (left 
y-axis), and the calculated corresponding velocity of the skyrmion lattice along the current direction 
(right y-axis) as a function of the current19,24. jc, depinning current. b–d, Micromagnetic simulations of 
current-induced motion of individual skyrmions or chains of skyrmions in 500 × 40 × 0.4 nm3 Co stripes 
with DMI of 1.4 meV per atom for the interface atoms and the different spin current densities indicated. 
The positions are indicated at t = 0 and either t = 2.8 ns or 1 ns, the corresponding velocity is also shown. 
b,c, Individual skyrmions in perfect stripes (b) and stripes with pinning (c) shown by the shaded triangle 
of enhanced anisotropy (jc is between the two current values). d, Individual skyrmions and chains of 
skyrmions exhibit the same velocity. The spacing between skyrmions can be smaller than shown in 
the figure and of the order of their diameter. The colour scale shows the out-of-plane component of 
magnetization, mZ. Animations of b–d can be seen in Supplementary Movies S1–S3. Figure reproduced 
from: a, ref. 19, © 2012 NPG.
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on the controlled motion of these particle-
like magnetic nanostructures.

Today’s hard-disk drives achieve very 
high densities of information storage, 
but the complexity and fragility of their 
mechanical parts motivate the need for 
solid-state devices with comparable or 
higher bit densities. The archetype of such 
devices is the so-called racetrack memory5 
in which the information is coded in a 
magnetic nanoribbon by a train of up or 
down magnetic domains separated by 
domain walls (DWs). The train of DWs can 
be moved electrically by spin torque to read 
or write the magnetic information. However, 
challenges such as reducing the critical 
currents for DW motion while keeping 
high velocities and avoiding the detrimental 
effects of defects must be addressed before 
this approach can be translated into a 
competitive technology. The intrinsic 
properties of magnetic skyrmions might 
help tackle most of these issues. 

The origin of skyrmions
The spin texture of a magnetic skyrmion6 

is a stable configuration (or metastable 
in some cases) that, in most systems 
investigated up to now, originates 
from chiral interactions, known as 
Dzyaloshinskii–Moriya interactions 
(DMIs)7–9. Such interactions are induced 
because of the lack or breaking of inversion 
symmetry in lattices or at the interface 
of magnetic films, respectively. The DMI 
between two atomic spins S1 and S2 can be 
expressed as: HDM = −D12 · (S1 × S2).

For ultrathin magnetic films, which 
are the main focus here, interfacial DMIs 
have been predicted10 from a 3-site indirect 
exchange mechanism11 between two atomic 
spins S1 and S2 with a neighbouring atom 
having a large SOC. The resulting DMI 
vector is perpendicular to the plane of the 
triangle (Fig. 1e). At the interface between 
a ferromagnetic thin layer and a metallic 
layer with a large SOC, this mechanism 
generates a DMI for the interface spins S1 
and S2 with the DMI vector D12 shown in 
Fig. 1f (ref. 10). The existence of such an 
interfacial DMI has also been derived from 
ab initio calculations for the Ir(111)/Fe 

interface12. The magnitude of the interfacial 
DMI can be very large, ~10–20% of 
the exchange interaction in analytical 
calculations10,11 and up to 30% in ab initio 
calculations12.

Starting from a ferromagnetic state 
with S1 parallel to S2, the DMI tilts S1 with 
respect to S2 by a rotation around D12. In 
a two-dimensional (2D) ferromagnet with 
uniaxial anisotropy and a non-negligible 
DMI compared with the exchange 
interaction, the energy is minimized by the 
skyrmion structure in Fig. 1a for D12 ^ R12 
and Fig. 1b for D12 || R12, where  R12 is the 
vector joining the site of S1 to the site of 
S2. The extension of this principle to a 3D 
lattice is straightforward, the skyrmion 
structure is obtained by a translation 
along the anisotropy axis and is made of 
skyrmion tubes.

A large value of the ratio between 
D = |D12| and the exchange coupling J 
favours a faster rotation of the spin, reducing 
the skyrmion size (at least in the absence 
of other interactions like edge effects). The 
smaller skyrmion size in skyrmion lattices 

HDM = −D12 (S1 × S2)
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Figure 1 | Spins in a skyrmion. a,b, Skyrmions in a 2D ferromagnet with uniaxial magnetic anisotropy along the vertical axis. The magnetization is pointing up on 
the edges and pointing down in the centre. Moving along a diameter, the magnetization rotates by 2π around an axis perpendicular to the diameter (a) and by 
2π around the diameter (b), which corresponds to different orientations of the Dzyaloshinskii–Moriya vector. c, Lorentz microscopy image13 of a skyrmion lattice 
(of the type shown in  Fig. 1b) in Fe1−xCoxSi. d, Sketch of a nano-skyrmion structure observed in Fe monolayers on Ir(111) (ref. 12). e, Schematic of a DMI generated 
by indirect exchange for the triangle composed of two atomic spins and an atom with a strong SOC11. f, Sketch of a DMI at the interface between a ferromagnetic 
metal (grey) and a metal with a strong SOC (blue). The DMI vector D12 related to the triangle composed of two magnetic sites and an atom with a large SOC 
is perpendicular to the plane of the triangle. Because a large SOC exists only in the bottom metal layer, this DMI is not compensated by a DMI coming from a 
symmetric triange10. Figure reproduced with permission from: a,b, ref. 24, © K. Everschor, Univ. of Köln; c, ref. 13, © 2010 NPG; d, ref. 12, © 2011 NPG.
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The skyrmion number
The swirling structure of a skyrmion is characterized by the 
topological skyrmion number defined by
 

Nsk =
4π
1  × ∫∫d2rn · 

∂x
∂n

∂y
∂n

 (B1)

as the integral of the solid angle, and counts how many times 
n(r) = n(x,y) wraps the unit sphere14,15. Using the symmetry of the 
skyrmion, one can write

 n(r) = (cosΦ(φ)sinΘ(r), sinΦ(φ)sinΘ(r),cosΘ(r)) (B2) 
 
where we introduce the polar coordinates r  =  (rcosφ, rsinφ). 
Putting this form into equation (B1), we obtain 
 

0

'

r  = 0
r  = '

φ = 0
φ = 2π

0

2π
Nsk =

4π
1 sinΘ(r) = cosΘ(r) Φ(φ)∫dr∫dφ 

dr
dΘ(r)

dφ
dΦ(φ)

Accordingly, one can classify the skyrmion structures as follows. 
Suppose the spins point up at r → ∞ while they point down at r = 0. 
Then, [cosΘ(r)]r = ∞ 

r = 0   =  2. Now, there are several possibilities for 
Φ(φ). The vorticity is defined by the integer m = [Φ(φ)]φ = 2π 

φ = 0 /2π. 
Therefore, the vorticity determines the skyrmion number as 
Nsk = m, once the boundary condition at r → ∞ is fixed. We further 
define the helicity by the phase γ appearing in

 Φ(φ) = mφ + γ  (B3)

We show in Fig. 1g various skyrmion structures corresponding 
to vorticity m = ±1, and γ = 0, ±π/2 and π, Fig. 1a corresponds to 
m = 1 and γ = π/2.

From equations (B2) and (B3), the magnetic charge ρmag = ∇ · n 
is calculated as 

 
ρmag = sinΘ +(m – 1)φ + γ  cos

dr
dΘ

r
mcosΘ

 

On the other hand, the DM interaction is given by 

 
HDM = = sin2Θ +(m – 1)φ + γ  Dn · (¢ × n) Dsin

dr
dΘ

2r
m  

or 
 
HDM = = sin2Θ +(m – 1)φ + γ  Dn · (ez × ¢)n Dsin

dr
dΘ

2r
m  

Therefore, the state with vorticity m = +1 and γ = ±π/2 has the 
lowest energy, where the sign of γ is determined by the sign of 
D, which in turn is determined by the crystal structure. (When 
the DM vector is rotated by ±π/2, γ = 0 or π becomes the stable 
configuration109.)

In the case of the four-spin interaction (case 3) or the frustrated 
exchange interaction (case 4), there is no distinction between the 
skyrmion and anti-skyrmion, that is, m = ±1 and γ can take an 
arbitrary value.

Emergent electromagnetic field
One can describe the interaction between the spin textures 
and the conduction electrons in terms of the EEMF expressed 
by the spin directions. We consider the double-exchange 

model where the conduction electrons and spins are coupled 
ferromagnetically at each site by Hund’s rule coupling. In the 
strong coupling limit, the spin wavefunction |χ(r)> of the con-
duction electron at r corresponding to the localized spin n(r) in 
equation (B2) is given by

 
| χ(r)>=

T

, eiΦ(r) sincos
2
Θ(r)

2
Θ(r)

 

where T means the transpose. Therefore, when a conduction elec-
tron hops between two sites r and r + cηα (ηα is the unit vector 
along α(=x,y,z) direction, α is the space index and c a lattice con-
stant), the matrix element is given by

 tα(r) = t <χ(r) | χ(r + cηα)>

where t is the original transfer integral of the conduction elec-
tron. tα(r)  is in general a complex number, and can be writ-
ten as tα(r)  =  |tα(r)|eicaα(r). This phase factor eicaα(r) is analogous 
to the Peierls factor in the presence of the external magnetic 
field and hence we can regard aα(r) as the vector potential of 
an effective electromagnetic field. Assuming the slowly vary-
ing spin configuration over the lattice constant c, we obtain 
aα(r)  =  −i<χ(r) |  ∂αχ(r)>  =  ½∂αΦ(1  −  cosΘ). From this expres-
sion, one can easily confirm that the emergent magnetic field bz is 
related to the solid angle as
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Therefore, the total emergent magnetic flux associated with 
a skyrmion is 2πNsk. These considerations can be easily gener-
alized to the three-dimensional case and also to the emergent 
electric field eα as

 bα = ½εαβγn · (∂βn × ∂γn)  (B4a)

 eα = n · (∂αn × ∂tn)  (B4b)
 
where ∂μ = ∂/∂xμ , εαβγ is the totally antisymmetric tensor in three 
dimensions, and the coupling to the conduction electrons is 
described by the Lagrangian

 
 Lint = jμaμ  (B5) 
 
with jμ being the density and current density of conduction elec-
trons as in the case of the Maxwell electromagnetic field Aμ. Here 
μ is the space–time index.

 We mention here that the well-known spin-transfer torque 
arises from equation (B5). Namely, the variation of aμ  with respect 
to n is given by

 δaμ = –½δn · (n × ∂μn) (B6)

Combined with the variation of the Berry phase term ω as 
δω  =  –½δn  ·  (n  ×  ∂tn), equation  (B6) leads to the equation of 
motion as 

 [∂t + (j · ∇)]n(r,t) = 0   
 
which describes the current-driven motion of the spin texture 
with spatially varying n.

Box 1 | Topological properties.
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presence of electric polarization, the sign of which is coupled to the 
direction of spin rotation. In contrast, a sinusoidal spin-density-
wave ordering, Sn = S cosQxn, cannot induce ferroelectricity, as it 
is invariant on inversion, xn → –xn. Because magnetic anisotropies 
are inevitably present in realistic materials, the sinusoidal ordering 
usually appears at a higher temperature than the spiral one, which 
is why in frustrated magnets the temperature of ferroelectric 
transition is typically somewhat lower than the temperature of the 
fi rst magnetic transition15,25,26.

Spiral states are characterized by two vectors: the wavevector Q 
and the axis e3 around which spins rotate. In the example considered 
above, Q is parallel to the chain direction, and the spin-rotation axis 
e3 = e1 × e2. Using equation (1), we fi nd that the induced electric 
dipole moment is orthogonal both to Q and e3:

 P || e3 × Q   (3)

A plausible microscopic mechanism inducing ferroelectricity 
in magnetic spirals was discussed in refs 24 and 27. It involves 
the antisymmetric Dzyaloshinskii–Moriya (DM) interaction, 
Dn,n+1 · Sn × Sn+1, where Dn,n+1 is the Dzyaloshinskii vector50,51. Th is 
interaction is a relativistic correction to the usual superexchange and its 
strength is proportional to the spin–orbit coupling constant. Th e DM 
interaction favours non-collinear spin ordering. For example, it gives 
rise to weak ferromagnetism in antiferromagnetic layers of La2CuO4, the 
parent compound of high-temperature superconductors52 (see Fig. 5). 
It also transforms the collinear Néel state in ferroelectric BiFeO3 into a 
magnetic spiral53. Ferroelectricity induced by spiral magnetic ordering 
is the inverse eff ect, resulting from exchange striction: that is, lattice 
relaxation in a magnetically ordered state. Th e exchange between spins 
of transition metal ions is usually mediated by ligands, for example 
oxygen ions, forming bonds between pairs of transition metals. Th e 
Dzyaloshinskii vector Dn,n+1 is proportional to x × rn,n+1, where rn,n+1 
is a unit vector along the line connecting the magnetic ions n and n+1, 
and x is the shift  of the oxygen ion from this line (see Fig. 5). Th us, the 
energy of the DM interaction increases with x, describing the degree of 
inversion symmetry breaking at the oxygen site. Because in the spiral 
state the vector product Sn × Sn+1 has the same sign for all pairs of 
neighbouring spins, the DM interaction pushes negative oxygen ions 
in one direction perpendicular to the spin chain formed by positive 

magnetic ions, thus inducing electric polarization perpendicular to the 
chain27 (see Fig. 5). Th is mechanism can also be expressed in terms of 
the spin current, jn,n+1 ∝ Sn × Sn+1, describing the precession of the spin 
Sn in the exchange fi eld created by the spin Sn+1. Th e induced electric 
dipole is then given by Pn,n+1 ∝ rn,n+1 × jn,n+1 (ref. 24).

Although equation (3) works for many multiferroics (see 
discussion below), the general expression for magnetically induced 
polarization is more complicated. In particular, when the spin 
rotation axis e3 is not oriented along a crystal axis, the orientation of 
P depends on strengths of magnetoelectric couplings along diff erent 
crystallographic directions (such a situation occurs in MnWO4; refs 
18,19). Furthermore, when the crystal unit cell contains more than 
one magnetic ion, the spin-density-wave state, strictly speaking, 
cannot be described by a single magnetization vector, as was assumed 
in equation (1). With additional magnetic vectors, one can construct 
other third-order terms that can induce electric polarization. In this 
case, one can classify all possible spin-density-wave confi gurations 
according to their symmetry properties with respect to transformations 
that leave the spin-density-wavevector intact15,25. According to the 
Landau theory of second-order phase transitions, close to transition 
temperatures the amplitudes of all spin confi gurations with the same 
symmetry should be proportional to a single order parameter. Th e 
sinusoidal phase is then described by one order parameter, whereas 
the ferroelectric state with additional broken symmetries is described 
by two order parameters, which are generalizations of the two 
orthogonal components of the simple spiral state.

SPIRAL MAGNETIC ORDER AND FERROELECTRICITY IN PEROVSKITE RMNO3

Th ese considerations explain the interplay between magnetic and 
electric phenomena observed in Tb(Dy)MnO3. Because of the orbital 
ordering of Mn3+ ions in orthorhombic RMnO3, the exchange between 
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presence of electric polarization, the sign of which is coupled to the 
direction of spin rotation. In contrast, a sinusoidal spin-density-
wave ordering, Sn = S cosQxn, cannot induce ferroelectricity, as it 
is invariant on inversion, xn → –xn. Because magnetic anisotropies 
are inevitably present in realistic materials, the sinusoidal ordering 
usually appears at a higher temperature than the spiral one, which 
is why in frustrated magnets the temperature of ferroelectric 
transition is typically somewhat lower than the temperature of the 
fi rst magnetic transition15,25,26.

Spiral states are characterized by two vectors: the wavevector Q 
and the axis e3 around which spins rotate. In the example considered 
above, Q is parallel to the chain direction, and the spin-rotation axis 
e3 = e1 × e2. Using equation (1), we fi nd that the induced electric 
dipole moment is orthogonal both to Q and e3:

 P || e3 × Q   (3)

A plausible microscopic mechanism inducing ferroelectricity 
in magnetic spirals was discussed in refs 24 and 27. It involves 
the antisymmetric Dzyaloshinskii–Moriya (DM) interaction, 
Dn,n+1 · Sn × Sn+1, where Dn,n+1 is the Dzyaloshinskii vector50,51. Th is 
interaction is a relativistic correction to the usual superexchange and its 
strength is proportional to the spin–orbit coupling constant. Th e DM 
interaction favours non-collinear spin ordering. For example, it gives 
rise to weak ferromagnetism in antiferromagnetic layers of La2CuO4, the 
parent compound of high-temperature superconductors52 (see Fig. 5). 
It also transforms the collinear Néel state in ferroelectric BiFeO3 into a 
magnetic spiral53. Ferroelectricity induced by spiral magnetic ordering 
is the inverse eff ect, resulting from exchange striction: that is, lattice 
relaxation in a magnetically ordered state. Th e exchange between spins 
of transition metal ions is usually mediated by ligands, for example 
oxygen ions, forming bonds between pairs of transition metals. Th e 
Dzyaloshinskii vector Dn,n+1 is proportional to x × rn,n+1, where rn,n+1 
is a unit vector along the line connecting the magnetic ions n and n+1, 
and x is the shift  of the oxygen ion from this line (see Fig. 5). Th us, the 
energy of the DM interaction increases with x, describing the degree of 
inversion symmetry breaking at the oxygen site. Because in the spiral 
state the vector product Sn × Sn+1 has the same sign for all pairs of 
neighbouring spins, the DM interaction pushes negative oxygen ions 
in one direction perpendicular to the spin chain formed by positive 

magnetic ions, thus inducing electric polarization perpendicular to the 
chain27 (see Fig. 5). Th is mechanism can also be expressed in terms of 
the spin current, jn,n+1 ∝ Sn × Sn+1, describing the precession of the spin 
Sn in the exchange fi eld created by the spin Sn+1. Th e induced electric 
dipole is then given by Pn,n+1 ∝ rn,n+1 × jn,n+1 (ref. 24).

Although equation (3) works for many multiferroics (see 
discussion below), the general expression for magnetically induced 
polarization is more complicated. In particular, when the spin 
rotation axis e3 is not oriented along a crystal axis, the orientation of 
P depends on strengths of magnetoelectric couplings along diff erent 
crystallographic directions (such a situation occurs in MnWO4; refs 
18,19). Furthermore, when the crystal unit cell contains more than 
one magnetic ion, the spin-density-wave state, strictly speaking, 
cannot be described by a single magnetization vector, as was assumed 
in equation (1). With additional magnetic vectors, one can construct 
other third-order terms that can induce electric polarization. In this 
case, one can classify all possible spin-density-wave confi gurations 
according to their symmetry properties with respect to transformations 
that leave the spin-density-wavevector intact15,25. According to the 
Landau theory of second-order phase transitions, close to transition 
temperatures the amplitudes of all spin confi gurations with the same 
symmetry should be proportional to a single order parameter. Th e 
sinusoidal phase is then described by one order parameter, whereas 
the ferroelectric state with additional broken symmetries is described 
by two order parameters, which are generalizations of the two 
orthogonal components of the simple spiral state.
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Th ese considerations explain the interplay between magnetic and 
electric phenomena observed in Tb(Dy)MnO3. Because of the orbital 
ordering of Mn3+ ions in orthorhombic RMnO3, the exchange between 
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presence of electric polarization, the sign of which is coupled to the 
direction of spin rotation. In contrast, a sinusoidal spin-density-
wave ordering, Sn = S cosQxn, cannot induce ferroelectricity, as it 
is invariant on inversion, xn → –xn. Because magnetic anisotropies 
are inevitably present in realistic materials, the sinusoidal ordering 
usually appears at a higher temperature than the spiral one, which 
is why in frustrated magnets the temperature of ferroelectric 
transition is typically somewhat lower than the temperature of the 
fi rst magnetic transition15,25,26.

Spiral states are characterized by two vectors: the wavevector Q 
and the axis e3 around which spins rotate. In the example considered 
above, Q is parallel to the chain direction, and the spin-rotation axis 
e3 = e1 × e2. Using equation (1), we fi nd that the induced electric 
dipole moment is orthogonal both to Q and e3:

 P || e3 × Q   (3)

A plausible microscopic mechanism inducing ferroelectricity 
in magnetic spirals was discussed in refs 24 and 27. It involves 
the antisymmetric Dzyaloshinskii–Moriya (DM) interaction, 
Dn,n+1 · Sn × Sn+1, where Dn,n+1 is the Dzyaloshinskii vector50,51. Th is 
interaction is a relativistic correction to the usual superexchange and its 
strength is proportional to the spin–orbit coupling constant. Th e DM 
interaction favours non-collinear spin ordering. For example, it gives 
rise to weak ferromagnetism in antiferromagnetic layers of La2CuO4, the 
parent compound of high-temperature superconductors52 (see Fig. 5). 
It also transforms the collinear Néel state in ferroelectric BiFeO3 into a 
magnetic spiral53. Ferroelectricity induced by spiral magnetic ordering 
is the inverse eff ect, resulting from exchange striction: that is, lattice 
relaxation in a magnetically ordered state. Th e exchange between spins 
of transition metal ions is usually mediated by ligands, for example 
oxygen ions, forming bonds between pairs of transition metals. Th e 
Dzyaloshinskii vector Dn,n+1 is proportional to x × rn,n+1, where rn,n+1 
is a unit vector along the line connecting the magnetic ions n and n+1, 
and x is the shift  of the oxygen ion from this line (see Fig. 5). Th us, the 
energy of the DM interaction increases with x, describing the degree of 
inversion symmetry breaking at the oxygen site. Because in the spiral 
state the vector product Sn × Sn+1 has the same sign for all pairs of 
neighbouring spins, the DM interaction pushes negative oxygen ions 
in one direction perpendicular to the spin chain formed by positive 

magnetic ions, thus inducing electric polarization perpendicular to the 
chain27 (see Fig. 5). Th is mechanism can also be expressed in terms of 
the spin current, jn,n+1 ∝ Sn × Sn+1, describing the precession of the spin 
Sn in the exchange fi eld created by the spin Sn+1. Th e induced electric 
dipole is then given by Pn,n+1 ∝ rn,n+1 × jn,n+1 (ref. 24).

Although equation (3) works for many multiferroics (see 
discussion below), the general expression for magnetically induced 
polarization is more complicated. In particular, when the spin 
rotation axis e3 is not oriented along a crystal axis, the orientation of 
P depends on strengths of magnetoelectric couplings along diff erent 
crystallographic directions (such a situation occurs in MnWO4; refs 
18,19). Furthermore, when the crystal unit cell contains more than 
one magnetic ion, the spin-density-wave state, strictly speaking, 
cannot be described by a single magnetization vector, as was assumed 
in equation (1). With additional magnetic vectors, one can construct 
other third-order terms that can induce electric polarization. In this 
case, one can classify all possible spin-density-wave confi gurations 
according to their symmetry properties with respect to transformations 
that leave the spin-density-wavevector intact15,25. According to the 
Landau theory of second-order phase transitions, close to transition 
temperatures the amplitudes of all spin confi gurations with the same 
symmetry should be proportional to a single order parameter. Th e 
sinusoidal phase is then described by one order parameter, whereas 
the ferroelectric state with additional broken symmetries is described 
by two order parameters, which are generalizations of the two 
orthogonal components of the simple spiral state.

SPIRAL MAGNETIC ORDER AND FERROELECTRICITY IN PEROVSKITE RMNO3

Th ese considerations explain the interplay between magnetic and 
electric phenomena observed in Tb(Dy)MnO3. Because of the orbital 
ordering of Mn3+ ions in orthorhombic RMnO3, the exchange between 
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presence of electric polarization, the sign of which is coupled to the 
direction of spin rotation. In contrast, a sinusoidal spin-density-
wave ordering, Sn = S cosQxn, cannot induce ferroelectricity, as it 
is invariant on inversion, xn → –xn. Because magnetic anisotropies 
are inevitably present in realistic materials, the sinusoidal ordering 
usually appears at a higher temperature than the spiral one, which 
is why in frustrated magnets the temperature of ferroelectric 
transition is typically somewhat lower than the temperature of the 
fi rst magnetic transition15,25,26.

Spiral states are characterized by two vectors: the wavevector Q 
and the axis e3 around which spins rotate. In the example considered 
above, Q is parallel to the chain direction, and the spin-rotation axis 
e3 = e1 × e2. Using equation (1), we fi nd that the induced electric 
dipole moment is orthogonal both to Q and e3:

 P || e3 × Q   (3)

A plausible microscopic mechanism inducing ferroelectricity 
in magnetic spirals was discussed in refs 24 and 27. It involves 
the antisymmetric Dzyaloshinskii–Moriya (DM) interaction, 
Dn,n+1 · Sn × Sn+1, where Dn,n+1 is the Dzyaloshinskii vector50,51. Th is 
interaction is a relativistic correction to the usual superexchange and its 
strength is proportional to the spin–orbit coupling constant. Th e DM 
interaction favours non-collinear spin ordering. For example, it gives 
rise to weak ferromagnetism in antiferromagnetic layers of La2CuO4, the 
parent compound of high-temperature superconductors52 (see Fig. 5). 
It also transforms the collinear Néel state in ferroelectric BiFeO3 into a 
magnetic spiral53. Ferroelectricity induced by spiral magnetic ordering 
is the inverse eff ect, resulting from exchange striction: that is, lattice 
relaxation in a magnetically ordered state. Th e exchange between spins 
of transition metal ions is usually mediated by ligands, for example 
oxygen ions, forming bonds between pairs of transition metals. Th e 
Dzyaloshinskii vector Dn,n+1 is proportional to x × rn,n+1, where rn,n+1 
is a unit vector along the line connecting the magnetic ions n and n+1, 
and x is the shift  of the oxygen ion from this line (see Fig. 5). Th us, the 
energy of the DM interaction increases with x, describing the degree of 
inversion symmetry breaking at the oxygen site. Because in the spiral 
state the vector product Sn × Sn+1 has the same sign for all pairs of 
neighbouring spins, the DM interaction pushes negative oxygen ions 
in one direction perpendicular to the spin chain formed by positive 

magnetic ions, thus inducing electric polarization perpendicular to the 
chain27 (see Fig. 5). Th is mechanism can also be expressed in terms of 
the spin current, jn,n+1 ∝ Sn × Sn+1, describing the precession of the spin 
Sn in the exchange fi eld created by the spin Sn+1. Th e induced electric 
dipole is then given by Pn,n+1 ∝ rn,n+1 × jn,n+1 (ref. 24).

Although equation (3) works for many multiferroics (see 
discussion below), the general expression for magnetically induced 
polarization is more complicated. In particular, when the spin 
rotation axis e3 is not oriented along a crystal axis, the orientation of 
P depends on strengths of magnetoelectric couplings along diff erent 
crystallographic directions (such a situation occurs in MnWO4; refs 
18,19). Furthermore, when the crystal unit cell contains more than 
one magnetic ion, the spin-density-wave state, strictly speaking, 
cannot be described by a single magnetization vector, as was assumed 
in equation (1). With additional magnetic vectors, one can construct 
other third-order terms that can induce electric polarization. In this 
case, one can classify all possible spin-density-wave confi gurations 
according to their symmetry properties with respect to transformations 
that leave the spin-density-wavevector intact15,25. According to the 
Landau theory of second-order phase transitions, close to transition 
temperatures the amplitudes of all spin confi gurations with the same 
symmetry should be proportional to a single order parameter. Th e 
sinusoidal phase is then described by one order parameter, whereas 
the ferroelectric state with additional broken symmetries is described 
by two order parameters, which are generalizations of the two 
orthogonal components of the simple spiral state.

SPIRAL MAGNETIC ORDER AND FERROELECTRICITY IN PEROVSKITE RMNO3

Th ese considerations explain the interplay between magnetic and 
electric phenomena observed in Tb(Dy)MnO3. Because of the orbital 
ordering of Mn3+ ions in orthorhombic RMnO3, the exchange between 
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Figure 4 Frustrated spin chains with the nearest-neighbour FM and next-
nearest-neighbour AFM interactions J and J ´ . a, The spin chain with isotropic 
(Heisenberg) HH = Σ

n
 [J Sn · Sn+1 + J ´Sn · Sn+2]. For J ´ /|J | > 1/4 its classical 

ground state is a magnetic spiral. b, The chain of Ising spins σn = ±1, with 
energy HI = Σ

n
 [J σnσn+1 + J ´σnσn+2] has the up–up–down–down ground state for 

J ´ /|J | > 1/2.

Effects of Dsyaloshinskii–Moriya interaction
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Figure 5 Effects of the antisymmetric Dzyaloshinskii–Moriya interaction. The interaction 
HDM = D12 · [S1 × S2]. The Dzyaloshinskii vector D12 is proportional to spin-orbit coupling 
constant λ, and depends on the position of the oxygen ion (open circle) between two 
magnetic transition metal ions (fi lled circles), D12 ∝ λx × r̂12. Weak ferromagnetism 
in antiferromagnets (for example, LaCu2O4 layers) results from the alternating 
Dzyaloshinskii vector, whereas (weak) ferroelectricity can be induced by the exchange 
striction in a magnetic spiral state, which pushes negative oxygen ions in one direction 
transverse to the spin chain formed by positive transition metal ions.
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the vector chirality C. In the case of CCW spiral magnetic
structure (the a component of vector chirality; Ca > 0), the
intensities of (4, !q, 1) are calculated by using Eq. (2);
I" " I0#mc $mb%2 and I# " I0#mc !mb%2 for Sn being
parallel and antiparallel to Qs, respectively. Provided that
mc=mb " 0:7 and also taking the spin flipping ratio of the
incident neutron beam into account, these intensities are in
accordance with the observed relative satellite intensities at
(4, !q, 1) for the electric polarization Pc > 0. It is thus
confirmed that the CCW spiral magnetic structure corre-
sponds to the electric polarization Pc > 0 and the CW to
Pc < 0 in TbMnO3.

We show in Fig. 3(b) the temperature dependence of the
Q-integrated polarized-neutron-diffraction intensity of the
magnetic satellite (4, !q, 1) in the Pc > 0 state. Note that
the experimentally obtained intensities [plotted in
Fig. 3(b)] were corrected with taking into account the
imperfect spin polarization (about 92%) of the incident
neutron beam prior to the calculation of ellipticity. The
magnetic satellite shows up below TN , but there is no
difference between I# and I" because of the sinusoidally
modulated collinear spin structure. The difference between
I# and I" emerges upon the ferroelectric phase transition at
TC due to the CCW spiral magnetic structure. We show in
Fig. 3(a) the ellipticity of the spiral magnetic structure of
TbMnO3, defined as the ratio of amplitude of the c-axis
spin component to the b-axis spin component in antiferro-

magnetic modulation, mc=mb, is experimentally estimated
to the first approximation,

 

mc

mb
&

!!!!
I#

p $ !!!!
I"

p
!!!!
I#

p ! !!!!
I"

p : (3)

The small angle between the scattering vector and the
vector chirality of the ellipsoids (10.6') is neglected in
this estimate. The induced magnetic moments of Tb ions
were not taken into account because they are reported to be
aligned along the a axis and insensitive to the neutron
scattering with Qs approximately parallel to the a axis
[17]. The ellipticity remains zero in the paraelectric phase
and develops below the ferroelectric phase transition tem-
perature in accordance with the ellipsoidal spiral ordering.
The average intensity, corresponding to the intensity of
unpolarized neutron diffraction, almost continuously
changes even through the ferroelectric phase transition,
while the ellipticity mc=mb discontinuously changes
from zero to a finite value. The ellipticity at 15 K derived
from the present experiments, mc=mb " 0:63#2%, shows a
good agreement with the value (mc=mb " 0:72) deter-
mined by the magnetic structure analysis [17,24], consid-
ering the assumption adopted in the calculation.

The temperature dependence of the polarized neutron
magnetic scattering intensities provides additional clear
evidence that the ferroelectric polarization is inseparably

 

FIG. 2 (color online). (a) L scans of
magnetic satellites (4, (q, 1) with q"
0:27 in the present experiment as shown
by red arrows in the reciprocal (K,
L) plane. (b) The schematic illustration
of the apparatus. The spin of the neutron
beam (Sn) could be flipped by a spin-
flipper so as to be parallel (when the
flipper was off) or antiparallel (on) to
the scattering vector Qs. (c) Electric po-
larization dependence of intensity of
magnetic satellites (4, (q, 1) at 9 K.
L-scan profiles of magnetic satellites
(4, (q, 1) with Pc > 0 and Pc < 0.
(d) The relation between the spin rota-
tory direction (or helicity) and the direc-
tion of electric polarization in TbMnO3.

PRL 98, 147204 (2007) P H Y S I C A L R E V I E W L E T T E R S week ending
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Example TbMnO3: electric control of chirality in a magnetic cycloid 

Yamasaki et al. PRL (2007) 

Use of polarized neutrons: probe magnetic chirality 
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Multiferroism and magnetoelectric coupling 

Domains of magnetic chirality/electric polarization 
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Importance of the ME coupling for the applications (spintronics, magnonics) 

TbMn2O5 
Hur Nature 2004 

→Magnetoelectric switching of P by H 

→Manipulation of hybrid excitations by E/H 
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Multiferroism and magnetoelectric coupling 
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Multiferroism and magnetoelectric coupling 

Further 
 
•  Many compounds identified (including room temperature multiferroics) in  
      different classes of materials (metallo-organics, molecular, oxides, fluorides etc.) 
 

•  Other mechanisms: exchange striction, lone pair, phonon-assisted, spin current etc. 
 

•  Other types of hybrid excitations 
 

•  Magnetoelectricity/multiferroicity in pyrochlore or kagome systems 
 

•  Studies of singular behaviors of domain and domain walls 
 

•  Magnetoelectric properties of multipole moments, beyond the toroidic moment 
 

•  Huge work on heterostructures, towards potential applications 
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Last example: Field-induced multiferroicity the Cu2OSeO3 skyrmion compound 

Manipulating skyrmions by the 
magnetoelectric effect 

J. S. White et al. PRL 2014 

Figure 1(a) shows the explored portion of the magnetic
phase diagram for μ0H∥½11̄0", and for our 26 mg single
crystal of Cu2OSeO3. In the zero-field helical phase, we
observe the expected SANS pattern with a single wave
vector qh∥½001" (note that both #q each give a Bragg spot)
[Fig. 1(c)]. By applying μ0H∥½11̄0" ¼ 19 mT at 56.8 K, the
SANS pattern transforms into the sixfold symmetric one
expected for the triple-q SKL, also with a wave vector
qSKL∥½001", and two further q vectors at angles relative to
qSKL of #2π=3 [Fig. 1(b)]. Consistent with previous work
[33], applying a dc E field within the SKL state does not
discernibly alter the SKL orientation. Here, we discover
that by additionally oscillating μ0H weakly around its mean
value, a SKL rotation is generated that saturates at an angle
dependent solely on the E field.
Figure 2 summarizes the E-field-induced SKL rotations

generated in Cu2OSeO3. Figure 2(b) shows the SKL
orientation with qSKL∥½001" after an initial zero-field
cool from 70 to 56.8 K, followed by ramping μ0H∥½11̄0"
to 16 mT. By sequentially applying an E field ¼
þ1.89 kV · mm−1, and then 2940 triangular μ0H oscilla-
tions around the average 16 mT field, the SKL orientation
shown in Fig. 2(a) is obtained.Here, theμ0H oscillations had
a frequency f ¼ 0.05 Hz, and an amplitude Δμ0H # 4 mT
(8 mT peak-to-peak) chosen so as to always remain
within the SKL phase—see the green line in Fig. 1(a).
From Fig. 2(a), we find that the SKL orientation has rotated
counterclockwise relative to that seen in Fig. 2(b). Repeating

the overall procedure except with a reversed E field of
−1.89 kV · mm−1, Fig. 2(c) shows the SKL to have
rotated clockwise after 3000 oscillations. In Fig. 2(d), we
emphasize the contrasting SKL orientations obtained for E
fields of opposite direction.
Figure 3(a) shows the average SKL rotation angle as a

function of μ0H oscillation number for several E fields.
Three salient results arise from the analysis. First,
for the explored E-field range, the rotations span a giant
range of ∼25°. Second, the rotations are asymmetric with
the E field, with larger rotations achieved for negative E
fields. Third, at each E field, the rotation angle saturates
at a large oscillation number. To extract quantitative
information, we fitted the simple relaxation model
Φðn; EÞ ¼ Φ0ðEÞf1 − exp½−n=τðEÞ"g to the data at each
E field. Here, Φðn; EÞ is the average SKL rotation angle
relative to 0° (with qSKL∥½001"), and n is the number of
μ0H oscillations. Φ0ðEÞ is the saturation rotation angle,
and τðEÞ a relaxation constant. From the fits to each curve
seen in Fig. 3(a), we obtain the E-field-dependence
of both τðEÞ [Fig. 3(a), inset] and Φ0ðEÞ [Fig. 3(b)].
Preliminary data show τðEÞ to depend strongly on
Δμ0H, and weakly on f for the low frequency range

FIG. 1 (color online). (a) The high-T portion of the magnetic
phase diagram of Cu2OSeO3 for μ0H∥½11̄0". Gray points denote
where SANS measurements were done, and red diamonds the
estimated locations of the phase boundaries. Similar phase
diagrams are reported elsewhere (notwithstanding quantitative
differences expected due to demagnetization effects) [13,24,28].
In green, we indicate the peak-to-peak range of oscillating μ0H
where a dc E field was also applied (see text for details). (b) and
(c), respectively, show typical SANS images from the SKL phase
at 19 mT, and the zero-field helical phase.

FIG. 2 (color online). SANS diffraction patterns from the SKL
with the sample under (a) E ¼ þ1.89 kV · mm−1 and after
2940 μ0H oscillations, (b) E ¼ 0, and no μ0H oscillations,
and (c) E ¼ −1.89 kV · mm−1 and after 3000 μ0H oscillations.
All measurements were done at T ¼ 56.8 K, and with a static
μ0H∥½11̄0" ¼ 16 mT. In (a)–(c), the diffraction spots exhibit
different intensities since they move at different speeds through
the Bragg condition. (d) shows the foreground data of panel (a),
subtracted from those of panel (c). All images correspond to
views of the detector as seen from the sample.

PRL 113, 107203 (2014) P HY S I CA L R EV I EW LE T T ER S
week ending

5 SEPTEMBER 2014

107203-2

Cu2OSeO3 has recently been reported to
show small anomalies in the dielectric constant
accompanied with magnetic transitions (26, 31).
To fully understand the magnetoelectric response
in this material, we performed the electric pola-
rization measurement for each magnetic phase,
focusing on the [111] component of the electric
polarization (P[111]) under H || [111]. Figure 3C
indicates the magnetic field dependence of P[111]
at 5 K, measured after cooling at zero E and H.
In the helimagnetic phase with multiple q do-
mains (denoted as h′), P[111] remains zero even
under finite H (<400 Oe). Upon the transition
into the single q-domain helimagnetic state (de-
noted as h) around 600 Oe, P[111] first takes a
nonzero negative value but then changes its sign
as H is further increased. In the ferrimagnetic
state (denoted as f ), P[111] saturates at a positive
value. The reversal of the H direction gives the
same sign as that of P[111]. In general, applica-
tion of H induces the continuous deformation of
spin texture from proper screw to conical, and
finally to collinear (that is, ferrimagnetic) (Fig. 4A).
The variation of P[111] withH || [111] appears to be
well scaledwith the relation thatP½111" ¼ P0 þ bM2

(where P0 and b are the fitting parameters) (red
dashed line in Fig. 3C), except for the low-H re-
gion where P remains zero probably due to the
cancelation ofP averaged over different q domains.

Similar behavior is observed at elevated tem-
peratures: 55 (Fig. 3F) and 57 K (Fig. 3I). How-
ever, when passing through the A phase—that

is, the bulk SkX phase (denoted as s) at 57 K—
P[111] shows an abrupt change and takes a non-
zero positive value. Each magnetic transition
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Fig. 2. Magnetic phase diagram under H || [111], deduced for (A) bulk and (B)
thin-film forms of Cu2OSeO3, respectively. The former is determined by temperature
(T ) and magnetic-field (H) scans of magnetization (M), electric polarization (P), and
ac magnetic susceptibility (c′), and the latter by the measurement of skyrmion
density through Lorentz TEM imaging at selected data points (small gray circles). (C)

Magnified view of (A) near the A-phase (skyrmion crystal phase) region. (D to G)
Magnetic field dependence of lateral magnetization distribution at 5 K with the
same color wheel mapping as in Fig. 1, where a magnetic field is applied normal to
the (111) thin film. (H to K) Temperature dependence of the magnetic domain
configuration (underfocused Lorentz TEM images) with H = 400 Oe.
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Fig. 3. Magnetic field (H || [111]) dependence of magnetization M, ac magnetic susceptibility c’, and [111]-
component of electric polarization (P[111]) measured for bulk single crystal of Cu2OSeO3 at 5 (A to C), 55 (D to
F), and 57 K (G to I), respectively. Red dashed lines in the P[111]-profiles indicate the numerical fit for the
single-domain helimagnetic state with P[111] = P0 + bM2. Letter symbols f, h, h′, and s denote ferrimagnetic,
helimagnetic (single q domain), helimagnetic (multiple q domains), and skyrmion-crystal states, respectively.
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Small Angle  
Neutron Scattering 
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Complexity is beautiful! 
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FIG. 1: Schematic illustration of the Ba3NbFe3Si2O14 crys-
tallographic structure. The five magnetic exchange paths J1

to J5 are shown.

(✏H = �1, ✏� = +1) [28]. In order to explain this unique
chiral magnetic ground state, a model based on the com-
bination between the structural chirality, five magnetic
exchange paths from J1 to J5 (see Fig. 1) with the anti-
symmetric Dzyaloshinskii-Moriya (DM) exchange inter-
action component along the ~c-axis [33, 34] was proposed
[25, 28, 35]. However, weak experimental evidence have
recently been observed on the Ba3NbFe3Si2O14 com-
pound showing that its magnetic structure is modulated
with a butterfly component along the ~c-axis and some
others weak experimental results could be explained by
the structural loss of the 3-fold axis [36, 37]. In this
paper, we will report new experimental evidence on the
Ba3NbFe3Si2O14 and Ba3TaFe3Si2O14 compounds (Nb-
compound and Ta-compound respectively), probed by
polarized and unpolarized neutron measurements, show-
ing that this previous picture is still incomplete.

In our study, we have performed two types of neutron
scattering measurements: unpolarized and polarized neu-
trons with longitudinal polarization analysis. The un-
polarized neutron experiments are realized on the IN5
time-of-flight spectrometer installed at the Institut Laue-
Langevin (ILL) high-flux reactor in Grenoble. The inci-
dent wavelength was fixed at 4 Å . The experiments are
carried out at 1.6 K for the Nb-compound and at 1.5 K
for the Ta-compound. We also performed polarized neu-
tron measurements with longitudinal polarization analy-
sis on the CRG-CEA IN22 triple-axis spectrometer at
ILL. Two di↵erent monochromater-analyser configura-
tions are used:

(1) The Heusler-Heusler (H-H) configuration, which al-
lows to discriminate the magnetic from nuclear contribu-
tions.

(2) The Graphite-Heusler (G-H) configuration, which
increases the incident neutron flux and enables to get rid
of the initial polarization of the incident neutron beam.

In both unpolarized and polarized neutrons experi-
ments, the Nb and Ta single-crystals were oriented with
the ~a-axis vertical in order to probe the (~b*, ~c*) scattering
plane.

From our results, the first experimental evidence show-
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FIG. 2: Magnetic satellites probed by neutron scattering on
the Nb-compound. (a) Bragg peaks (blue) and magnetic
satellites (red) positions in the reciprocal space predicted for
the known crystallographic and magnetic structures. (b) Zero
energy cut from unpolarized neutrons measurements (IN5) at
1.6 K, data were integrated from E = -0.1 meV to E = 0.1
meV. Dashed red and black lines show the additional satel-
lites. (c) and (d) correspond to !-scans from polarized neu-
trons measurements with longitudinal polarization analysis in
the H-H configuration for the (0 1 1-3⌧) and (0 0 1+⌧) satel-
lites at 2 K. The nuclear and magnetic contributions were
separated.

ing that the comprehension of the Nb-compound struc-
ture is incomplete concerns the observation of additional
magnetic satellites. Fig. 2 gives an overview of the unpo-
larized and polarized neutrons scattering measurements.
These measurements are compared to the expected po-
sitions of the magnetic satellites if the magnetic struc-
ture of this compound was a perfect helical structure (see
Fig. 2(a)):
(1) For a perfect magnetic helix: magnetic satellites are

present only at | ~Q |=| ~H ± ~⌧ | (red points on Fig. 2(a)).
(2) For a perfect 120� magnetic arrangement on trian-

gles: an extinction of the magnetic structure factor along
the (0 0 `) line should be observed [39].
However, from unpolarized neutron measurements,

these two conditions are not satisfied. Indeed, higher
order satellites are measured at | ~Q |=| ~H ± 2~⌧ | and
| ~Q |=| ~H ± 3~⌧ | [dashed red lines on the Fig. 2(b)]. In
addition, first-order satellites (±⌧) along the (0 0 `) line
are also present [dashed black line on the Fig. 2(b)]. Po-
larized neutrons measurements with longitudinal polar-
ization analysis in the H-H configuration allows to iden-
tify their nuclear and / or magnetic contributions. The
third-order satellites [see Fig. 2(c)] and the first-order
satellites along the (0 0 `) line [see Fig. 2(d)] have a
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èIdentification of the ingredients producing the unique chiral 
properties and of the relation between structure and magnetism 
èChiral magnetic excitations: dynamical fingerprint of chirality  

Inelastic neutron scattering@ILL on crystal and using polarized neutrons, IN5, IN12, IN20, IN22 
Experiment Calculation 

Chirality in magnetism 
Chiral magnetic structure: Fe langasite example 
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FIG. 1: Schematic illustration of the Ba3NbFe3Si2O14 crys-
tallographic structure. The five magnetic exchange paths J1

to J5 are shown.

(✏H = �1, ✏� = +1) [28]. In order to explain this unique
chiral magnetic ground state, a model based on the com-
bination between the structural chirality, five magnetic
exchange paths from J1 to J5 (see Fig. 1) with the anti-
symmetric Dzyaloshinskii-Moriya (DM) exchange inter-
action component along the ~c-axis [33, 34] was proposed
[25, 28, 35]. However, weak experimental evidence have
recently been observed on the Ba3NbFe3Si2O14 com-
pound showing that its magnetic structure is modulated
with a butterfly component along the ~c-axis and some
others weak experimental results could be explained by
the structural loss of the 3-fold axis [36, 37]. In this
paper, we will report new experimental evidence on the
Ba3NbFe3Si2O14 and Ba3TaFe3Si2O14 compounds (Nb-
compound and Ta-compound respectively), probed by
polarized and unpolarized neutron measurements, show-
ing that this previous picture is still incomplete.

In our study, we have performed two types of neutron
scattering measurements: unpolarized and polarized neu-
trons with longitudinal polarization analysis. The un-
polarized neutron experiments are realized on the IN5
time-of-flight spectrometer installed at the Institut Laue-
Langevin (ILL) high-flux reactor in Grenoble. The inci-
dent wavelength was fixed at 4 Å . The experiments are
carried out at 1.6 K for the Nb-compound and at 1.5 K
for the Ta-compound. We also performed polarized neu-
tron measurements with longitudinal polarization analy-
sis on the CRG-CEA IN22 triple-axis spectrometer at
ILL. Two di↵erent monochromater-analyser configura-
tions are used:

(1) The Heusler-Heusler (H-H) configuration, which al-
lows to discriminate the magnetic from nuclear contribu-
tions.

(2) The Graphite-Heusler (G-H) configuration, which
increases the incident neutron flux and enables to get rid
of the initial polarization of the incident neutron beam.

In both unpolarized and polarized neutrons experi-
ments, the Nb and Ta single-crystals were oriented with
the ~a-axis vertical in order to probe the (~b*, ~c*) scattering
plane.

From our results, the first experimental evidence show-
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FIG. 2: Magnetic satellites probed by neutron scattering on
the Nb-compound. (a) Bragg peaks (blue) and magnetic
satellites (red) positions in the reciprocal space predicted for
the known crystallographic and magnetic structures. (b) Zero
energy cut from unpolarized neutrons measurements (IN5) at
1.6 K, data were integrated from E = -0.1 meV to E = 0.1
meV. Dashed red and black lines show the additional satel-
lites. (c) and (d) correspond to !-scans from polarized neu-
trons measurements with longitudinal polarization analysis in
the H-H configuration for the (0 1 1-3⌧) and (0 0 1+⌧) satel-
lites at 2 K. The nuclear and magnetic contributions were
separated.

ing that the comprehension of the Nb-compound struc-
ture is incomplete concerns the observation of additional
magnetic satellites. Fig. 2 gives an overview of the unpo-
larized and polarized neutrons scattering measurements.
These measurements are compared to the expected po-
sitions of the magnetic satellites if the magnetic struc-
ture of this compound was a perfect helical structure (see
Fig. 2(a)):
(1) For a perfect magnetic helix: magnetic satellites are

present only at | ~Q |=| ~H ± ~⌧ | (red points on Fig. 2(a)).
(2) For a perfect 120� magnetic arrangement on trian-

gles: an extinction of the magnetic structure factor along
the (0 0 `) line should be observed [39].
However, from unpolarized neutron measurements,

these two conditions are not satisfied. Indeed, higher
order satellites are measured at | ~Q |=| ~H ± 2~⌧ | and
| ~Q |=| ~H ± 3~⌧ | [dashed red lines on the Fig. 2(b)]. In
addition, first-order satellites (±⌧) along the (0 0 `) line
are also present [dashed black line on the Fig. 2(b)]. Po-
larized neutrons measurements with longitudinal polar-
ization analysis in the H-H configuration allows to iden-
tify their nuclear and / or magnetic contributions. The
third-order satellites [see Fig. 2(c)] and the first-order
satellites along the (0 0 `) line [see Fig. 2(d)] have a
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One or several competing constrains can not be satisfied simultaneously 

Through competing interactions: 

Square lattice with Ising spins Spin chain from Ising to Heisenberg (XY) spins 

? 

✓

FM J1 
+ 
~Dij(~Si ⇥ ~Sj)

~Dij

Honeycomb 

Anisotropic interactions 
àKitaev spin liquid  
See talk of F. Bert 
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Magnetic frustration: competition of interactions 
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Outline of the lecture 

Magnetic frustration 
 Introduction 
 Competition of interactions 
 Geometrical frustration 
 Role of the anisotropy 

 
Introduction to Chirality 

 Introduction 
 Magnetic chirality 

 
Multiferroism and magnetoelectric coupling 

  

-I will not speak about  
quantum magnetism (talk of F. Bert).  

-I will concentrate on insulators  
and bulk materials 

-Biased point of view as a neutron user 



59 

Kenzelmann et al. PRL (2007) 
Hearmon et al. PRL (2012) 

Meeticc, Bordeaux, 2017 

59 

Pyy ¼ 2M2
?y=M

2
? " 1; (3)

Pzz ¼ 2M2
?z=M

2
? " 1; (4)

Pyx ¼ Pzx ¼ 2=ðM?yM
$
?zÞ=M2

?; (5)

where M2
? ¼ M? &M$

? and M2
?i ¼ M?iM

$
?i. Thus, the

sign of the Pyx and Pzx elements, together with the position
of the satellites (' q1;2), uniquely determines the domain
population for each of the (!t;!h).

RFMO single crystals were grown by a flux technique
using high purity (> 99:9%) Rb2CO3, Fe2O3, and MoO3,
in a molar ratio of 2:1:6 according to the recipe described
in [14]. They were heated together in air using a platinum
crucible to 825 (C and kept at this temperature for 48 h.
The homogenized melt was slowly cooled to 600 (C at a
rate of 3 (C=h, followed by a faster rate of cooling to room
temperature. Single crystal thin platelets (up to 1 cm in
diameter) were separated from the flux, their quality and
orientation were checked using an Agilent Technologies
SuperNova diffractometer, and pyroelectric currents were

measured and integrated to give the ferroelectic polarization
(along c) as a function of temperature (see Fig. 2). Gold
contactswere evaporated onto the (0; 0;'1) surfaces and the
OrientExpress neutron back-reflection Laue diffractometer
[16] at the Institut Laue-Langevin (ILL), Grenoble, France
was used to mount the sample with a$ þ b$ in the scattering
plane (see the inset to Fig. 2). This allowed us to access peaks
of the form ðhhlÞ. The contacts were connected to gold
wires with silver epoxy to allow high voltage to be applied.
An ILL ‘‘orange’’ cryostat provided cooling during the neu-
tron scattering experiment (using a fixed neutron wavelength
of 0.825 Å), which was carried out using the CryoPad [17]
setup on beam line D3 at the ILL.
Initially, the sample was cooled below Tc, fixing the

population of axial structural domains for the rest of the
experiment. Figure 2 shows the temperature dependence of
the intensity of the (1=3; 1=3; 0:44) magnetic peak (corre-
sponding to the propagation vector q1), which fits the
pyroelectric data well and confirms the simultaneous onset
of magnetic ordering and ferroelectricity at TN * 4 K. The
same sample was cooled in an applied electric field of both
'7:5 kV=cm and zero field, and the polarimetry compo-
nents measured. The results for the ("1=3;"1=3; 0:56)
peak are shown in Fig. 3(a), together with the calculations
(which contain no free parameters) from Eqs. (3) to (5).
It is clear that the components Pyx and Pzx couple to the
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FIG. 2 (color online). c-axis polarization (obtained by integrat-
ing the pyroelectic current) and intensity of the (1=3; 1=3; qz)
magnetic reflection (measured without polarization analysis) as a
function of temperature. Inset: The experimental geometry
showing the crystal orientation, direction of the applied E field,
and scattering vector Q ¼ k0 " k.
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FIG. 3 (color online). (a) Polarimetry components following
negative, positive, and zero field cooling (with field strength
7:5 kV=cm). Solid bars indicate observed values and rectangles
show the calculations. (b) Hysteresis loops in Pzx as a function
of the applied electric field for two magnetic reflections. The
chiralities ð!t;!hÞ ¼ ð';'Þ are indicated.

TABLE I. The eight possible contributions of the magnetic
structure to the scattered intensity. !t: the triangular chirality,
!h: the helical chirality, Q: the position of the peak in reciprocal
space, G: a reciprocal lattice vector, q1 ¼ ð1=3; 1=3; qzÞ, q2 ¼
ð"1=3;"1=3; qzÞ. The magnetic structure factor M is given in
terms of the orthonormal vectors û and v̂.

!t ¼ 1 !h ¼ 1 Q ¼ G' q1 M / ðû+ iv̂Þ
!h ¼ "1 Q ¼ G' q2 M / ðû' iv̂Þ

!t ¼ "1 !h ¼ 1 Q ¼ G' q2 M / ðû+ iv̂Þ
!h ¼ "1 Q ¼ G' q1 M / ðû' iv̂Þ

PRL 108, 237201 (2012) P HY S I CA L R EV I EW LE T T E R S
week ending
8 JUNE 2012

237201-3

Multiferroism and magnetoelectric coupling 

Domains of magnetic chirality/electric polarization 

Example RbFe(MoO4)2: electrical control of triangular + helical chiralities 

Use of polarized neutrons: probe magnetic chirality 


