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TN ≈ JS2 T T=0 

Temperature << interactions Temperature >> interactions Temperature ≈ interactions 

Heisenberg Hamiltonian 
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Disordered state Ordered state  

Temperature << interactions Temperature >> interactions 

•  Spin pair correlation function 
 

Paramagnetic  
diffuse scattering 
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Ordered state  

Temperature << interactions Temperature >> interactions 

•  Excitations:  
      spin waves (magnons) 
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Magnetic frustration : generalities
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Is it possible to impede the onset of magnetic ordering? 
 

è Yes, through dimensional effects, introduction of disorder and frustration 
Consequences on spin pair correlations, excitations, neutron signatures? 
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Magnetic frustration: introduction 
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paramagnet Spin liquid 

atomic states 
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One or several competing constrains can not be satisfied simultaneously 

Important ingredients: 
•  Topology of the lattice 

 

Magnetic frustration : main parameters to play with
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One or several competing constrains can not be satisfied simultaneously 

Important ingredients: 
•  Topology of the lattice 

•  Competing interactions: superexchange (nearest/further neighbors) dipolar, DM 

 

•  Anisotropy, spin dimension and norm (classical versus quantum) 

 
•  Disorder, thermal and quantum fluctuations  
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One or several competing constrains can not be satisfied simultaneously 

Through competing interactions: 

Square lattice with Ising spins 

AFM J1 

Spin chain with Ising spins 
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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 

AFM J1 
≈AFM J2 

? 

Helical order for J1≤4J2  
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Magnetic frustration: competition of interactions 
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One or several competing constrains can not be satisfied simultaneously 
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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 

? 

✓

AFM J1 
≈AFM J2 

è Prevents magnetic order or find a compromise  
     with exotic magnetic orders (non collinear) 

Magnetic frustration: competition of interactions 
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Antiferromagnetic  
interactions 

One or several competing constrains can not be satisfied simultaneously 
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role of connectivity: triangular (Néel order) vs kagomé (spin liquid) 

One or several competing constrains can not be satisfied simultaneously 

Through the geometry of the lattice:  
 

Polygons with odd number of edges 
Ex. triangles,  

Pentagons, tetrahedron 
 

? 

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 

? 
Heisenberg 

Degeneracy  

Geometrical frustration 



21/09/15 

21 

HSC18, Grenoble, 2015 

role of connectivity: triangular (Néel order) vs kagomé (spin liquid) 
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One or several competing constrains can not be satisfied simultaneously 

Spin liquids: exotic excitations 

Geometrical frustration 
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One or several competing constrains can not be satisfied simultaneously 

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.

PRL 101, 117207 (2008) P HY S I CA L R EV I EW LE T T E R S
week ending

12 SEPTEMBER 2008

117207-2

Well defined excitations  
in the spin liquid state 

Robert et al. PRL 2008 

Spin liquids: exotic excitations 

Geometrical frustration 
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One or several competing constrains can not be satisfied simultaneously 

Spin liquids: exotic excitations 

H = �J(S1.S2 + S2.S3 + S3.S1)

= �J

2
(S1 + S2 + S3)

2 + cst

Heisenberg spins : weathervane modes 
è flat modes in ordered states 

q =
p
3⇥

p
3 q = 0

Geometrical frustration 
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One or several competing constrains can not be satisfied simultaneously 

H = �J(S1.S2 + S2.S3 + S3.S1)

= �J

2
(S1 + S2 + S3)

2 + cst

Heisenberg spins : weathervane modes 
è flat modes in ordered states 

Example Fe jarosite 

K 
O 
Fe 
S 
H 

q =
p
3⇥

p
3 q = 0

Matan et al.  
PRL 2006 

Spin liquids: exotic excitations 

Geometrical frustration 
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valence bond, entanglement of 2 spins 1/2 

H = �JS1.S2

classical 
quantum 

4 ground states 

Magnetic frustration : quantum case 
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Rough comparison of the energies : classical vs quantum ground states 

Magnetic frustration : quantum case 
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Rough comparison of the energies : classical vs quantum ground states 

Magnetic frustration : quantum case 
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Quantum spin liquid on a kagome lattice: resonating valence bond model 

Excitations : deconfined spinons (continuum) 

Magnetic frustration : quantum case 
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Fractionalized excitations: spinons continuum 

Magnetic frustration : quantum case 
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Experimental search for kagome quantum spin liquid : one candidate Herbertsmithite,  
 
•  powder measurements : diffuse spin correlations, dynamics weakly dependent of energy 

and temperature : signature of spin liquid with spinon excitations? 
 

temperatures up to 120 K, to measure the dynamic mag-
netic structure factor and fully characterize the quantum
spin dynamics in herbertsmithite.

Large single crystals of herbertsmithite do not presently
exist. Hence, 20 g of 98% deuterated herbertsmithite pow-
der was synthesized following the method as described in
Ref. [18]. This sample was characterized using neutron
diffraction, dc magnetic susceptibility, heat capacity [21]
and !SR measurements [19]. The measurements were
carried out using the polarized neutron spectrometers D7
and IN22, and the time-of-flight (TOF) spectrometers IN4,
ILL, France, and MARI, ISIS, UK. At D7 the magnetic
scattering was separated from the nuclear and spin-
incoherent scattered neutrons using XYZ polarization
analysis [26]. No energy analysis was carried out on the
scattered neutrons, with an incident neutron energy of
8.95 meV, effectively energy integrating the neutron cross
section [27] up to energy transfers (") of !6:5 meV.
Complete SðQ; "Þ maps without polarization analysis
were obtained at 2, 4, 10, 30, 60, and 120 K at IN4 using
17.21 meV neutrons and at 2 K at MARI using 56 meV
neutrons. The normalized spin and nuclear incoherent
signals measured at D7 were used to normalize the IN4
and MARI data. Neutron polarization and energy resolved
measurements were carried out at the triple-axis spec-
trometer IN22, ILL. Several Q, " and T scans were per-
formed for spin flip (SF) and non-spin flip (NSF) channels
for incident and scattered neutron spins polarized parallel
to Q ( labeled xx) and perpendicular to Q ( labeled zz).

At D7 the energy of the scattered neutrons is not ana-
lyzed. The D7 data [Fig. 1(a)] therefore correspond to

magnetic correlations which persist on a time scale of at
most [27] !6:5 meV (1.6 THz). The broad peak observed
here at 1:3 !A$1 is direct evidence of short-ranged instan-
taneous near-neighbor AF correlations. For comparison,
the powder-averaged structure factor for uncorrelated near-
neighbor AF dimers given by

F2ðQÞ
!
1$ sinðQdÞ

Qd

"
; (1)

is shown in Figs. 1(a) and 1(b). In Eq. (1) FðQÞ is the Cu2þ
magnetic form factor and d ¼ a=2 ¼ 3:42 !A the Cu-Cu
distance within the kagome plane.
Similar short-ranged AF correlations are observed in the

TOF data from IN4 and MARI at all " accessed, up to
25 meV. Figures 1(b) and 1(c) show, respectively, the
momentum and energy dependence of the magnetic scat-
tering peak in the TOF data. Figure 2 shows scans in ",
temperature, and Q using polarization analysis which con-
firm that these dynamic correlations are of magnetic origin.
That a similar Q dependence is observed in the D7 data
suggests that the dynamic magnetic correlations remain
unchanged down to the elastic line. From Figs. 2(b)–2(d) it
is clear that in addition to magnetic inelastic scattering
(Smag) there is significant inelastic background from spin-
incoherent (SFinc ¼ SFzz $ Smag) and nuclear scattering.
This is ascribed to incoherent scattering from residual
protons and multiple scattering. This background is also
present in the IN4 data and to a lesser extent in the MARI
data because there a smaller sample was mounted in an
annular geometry. The integrated intensity of the dynamic
AF correlations as found in Figs. 1 and 2 up to 25 meV
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corresponds to 30% to 50% of the sum rule sðsþ 1Þ for the
spins on the kagome lattice.

In the raw IN4 data the dynamic correlations at Q<
1:8 !A$1 persist up to 30 K while the magnetic scattering at
the maximum of the peak at 1:3 !A$1 changes very little up
to 120 K [Figs. 1(c) and 2(b)]. The intensity at the energy
loss side (!< 0) in the TOF data obeys detailed balance at
all temperatures. This combined with the magnetic scat-
tering intensity and temperature dependence in theD7 data
implies that at the elastic line there must be increased
magnetic scattering, but still with the same Q dependence.
These (quasi) static magnetic correlations are reduced with
a shift of intensity to lower Q as the temperature is in-
creased, in what looks like spinon excitations in the D7
data at 10 K [Fig. 1(a)].

The above observations complement previous neutron
spectroscopy results on herbertsmithite [20], which show
the inelastic magnetic scattering cross section is energy
independent between 0.8 and 2 meV apart from a weak
field-dependent peak which is due to the weakly-coupled
Cu2þ spins on Zn sites. The Q dependence in this energy
range is not peaked at 1:3 !A$1 which is due to the single
ion contribution from antisite spins. This contribution also
needs to be added to Eq. (1) to fit theD7 data. The absence
of a peak around the edge of the first Brillouin zone in
Ref. [20] down to 35 mK implies there is no significant
increase of the dynamic magnetic correlations over 3 or-
ders of magnitude in temperature.

At Q> 1:8 !A$1 and for T > 30 K the inelastic scatter-
ing is increasingly dominated by phonons. The tempera-
ture dependence of phonon scattering can in general be
calculated from a temperature independent dynamic sus-
ceptibility using the fluctuation dissipation theorem. The
temperature independence of the magnetic scattering ob-
served at low Q prompted us to fit the temperature depen-
dence of each pixel in SðQ; !;TÞ [Figs. 3(a) and 3(b) for
T ¼ 2 K and 120 K, respectively] as the sum of a tem-
perature independent component SAFðQ; !Þ and a compo-
nent following linear response "00ðQ; !Þ,

SðQ; !;TÞ ¼ SAFðQ; !Þ þ ð1$ e$!=kBTÞ$1"00ðQ; !Þ: (2)

The SAFðQ; !Þ and "00ðQ; !Þ resulting from the fit are
shown in Figs. 3(c) and 3(d), respectively. As expected,
SAFðQ; !Þ corresponds to the raw data from IN4 at low Q
and T < 60 K and there is a good overall agreement with
the structure factor of Eq. (1) [Fig. 4(a)] added to a constant
background. Phonon dispersion originating from the nu-
clear Bragg peaks is on the other hand clearly visible in
"00ðQ; !Þ. The excellent fit for all data at 6 different tem-
peratures, as illustrated in Fig. 4(b) for a small sample of
points, confirms that the magnetic correlation length does
not diverge as the temperature is lowered and that these
dynamic correlations persist up to at least 120 K. The
maximum in "00 and SðQ; !Þ around 7 meV that extends

to Q< 1:8 !A$1 gives the impression of an increase in
magnetic scattering at ðQ; !Þ ¼ ð1:3 !A$1; 7 meVÞ. This
signal in "00 at low Q is most likely due to some weak
multiple scattering at IN4 because it was not observed in
the MARI and IN22 data.
Hence, we found that (1) At low frequencies (!<

2 meV) there is a shift of intensity to lower Q as the tem-
perature increases, which could be due to (gapless) spi-
nons. Spinons then also account for the nonzero magnetic
susceptibility as measured with 17O NMR [24]. (2) There
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also shown in (b). Panel (c) and (d) show respectively SAF and
"00. The white band at low Q is a gap between detectors. Some
increase in intensity in SAF is observed at higher energies but this
is likely due to the direct beam and larger error bars. As shown in
Fig. 4(a) the increase in intensity is only very small.
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FIG. 1. (Color online) (a) Structure of ZnCu3(OH)6Cl2 with only
Cu2+(large brown spheres) and Zn2+(small red spheres) displayed.
The Cu-Cu bonds (thick black solid lines) are all equivalent as are the
Cu-Zn bonds (thin green dotted lines). (b) A single-crystal sample of
ZnCu3(OH)6Cl2. (c) A schematic of three zone furnaces. The red/gray
bars indicate the positions of the thermocouples.

Millimeter-sized single crystals were synthesized through a
recrystallization process in a three-zone gradient tube furnace.
A schematic of such a furnace is shown in Fig. 1(c). The
sealed, prereacted quartz tubes were placed horizontally into
the furnace at room temperature. The furnace temperature was
isotropically increased to a fixed temperature, ranging from
165 to 180 ◦C in various reactions. The temperature of the
cold end was then slowly lowered. The sample and all growth
parameters were undisturbed for roughly 20 weeks until large
crystals were formed at the cold end. In the region where
the crystals nucleated and grew, the temperature gradient
was measured to be approximately 1 ◦C/cm. At the end of
the synthesis, the sample tubes were cooled down to room
temperature at 1 ◦C/min. Crystals were then rinsed with
deionized water, dried in air, and kept in a desiccator for
storage. No decomposition of the crystals has been observed
in air, water, or acetone. Precise control of the starting
concentrations of CuO and ZnCl2 allows for synthesis of
samples with variable Zn concentration, x. Data on crystals
with x = 0.8, 0.9, and 1.0 are shown in Table I. More syntheses
than listed in Table I were performed with ZnCl2 to CuO
molar ratios ranging from 2 to 10 and with ZnCl2 to H2O
concentrations ranging from 1.2 to 7.7 mmol/ml. However,
the x values of the final products were fairly stable over this
range of starting concentrations. At a fixed ZnCl2 to CuO ratio,
the x value of the product increased with increasing ZnCl2
concentration, from x = 0.8 with 1.2 mmol/ml of ZnCl2 to
x = 1.0 with 2.8 mmol/ml of ZnCl2. Products with x = 1.0
were also obtained for starting ZnCl2 concentrations up to
5.6 mmol/ml, while even higher ZnCl2 concentrations resulted
in a slight lowering of x. This diminishment of x with very
high ZnCl2 concentrations is likely due to a more acidic pH
in those reactions, which dissolves more CuO. The ZnCl2
to CuO molar ratio of the starting products had no obvious
effect on the x values of the product over the range of
syntheses performed. The compositions of the crystals were
measured by metal analysis taken with an inductively coupled
plasma atomic emission spectrometer (ICP-AES) with an
error of ±0.04 on x. Standards were prepared from commer-
cially purchased solutions from Sigma-Aldrich, specific for
ICP-AES measurements and designated as Trace SELECT
grade or better. Five to ten well-rinsed, small single crystals

TABLE I. Growth and crystallography data. All samples have
a rhombohedral crystal system in R3̄m space group (α = β = 90◦,
γ=120◦). Single-crystal XRD was performed at T = 100 K and
refined by full-matrix least-squares on F2 with goodness-of-fit
(GOF) listed. Curie-Weiss temperatures were determined from high-
temperature susceptibilities.

x = 0.8 x = 0.9 x = 1.0

Starting CuO (0.130) CuO (0.346) CuO (0.235)
materials (g) ZnCl2 (0.686) ZnCl2 (2.985) ZnCl2 (2.015)

H2O (4.0 ml) H2O (10.0 ml) H2O (4.5 ml)
Hot zone temp. 165 ◦C 165 ◦C 180 ◦C
a 6.8300(13) Å 6.8345(9) Å 6.8332(12) Å
b 6.8300(13) Å 6.8345(9) Å 6.8332(12) Å
c 14.029(3) Å 14.0538(19) Å 14.066(2) Å
Volume (Å3) 566.77(19) 568.51(13) 568.80(17)
Density, ρ 3.765 g/cm3 3.759 g/cm3 3.755 g/cm3

Total reflections 2673 3718 5908
Indep. reflections 238 225 240
GOF 1.275 1.264 1.237
%CW −266(10) K −290(10) K −296(10) K

from each synthesis tube, approximately 0.1 mg each, were
dissolved into 2% w/w dilute nitric acid for measurement.
Unlike powder samples, the ease to rinse single crystals
dramatically reduced the ambiguity from possible chemical
contamination. The relative amounts of Cu and Zn determined
from ICP metal analysis were used to calculate the values of
x listed in Table I. As previously determined via anomalous
x-ray scattering,21 our nominal x = 1 sample has the structural
composition (Zn0.85Cu0.15)Cu3(OH)6Cl2. Here, the kagome
planes are fully occupied with Cu, and anti-site disorder26,27

with Zn on the Cu kagome site is not apparent.
Single-crystal XRD was performed on a three-circle diffrac-

tometer coupled to a CCD detector. All samples were refined in
the rhombohedral space group R3̄m (trigonal setting) and with
lattice constants consistent with previous reports. The largest
(3–300 mg) crystals typically grow as a bar shape similar
to the crystal shown in Fig. 1(b). From XRD on more than
30 crystals, all of the side long faces were indexed as (1 0 1)
[the faces were normal to the (1 0 1) reciprocal lattice vector].
Some of the smaller (<1 mg) crystals were octahedrally
shaped, with all eight faces indexed as (1 0 1). Based on these
observations, we propose the following growth process: during
the early stage of crystallization, primitive micrometer-sized
crystals form as 12-faced polyhedra due to the symmetry of
the (1 0 1) directions. As the crystals grow larger in size,
8 of the 12 (1 0 1) faces, possibly due to the specific local
hydrodynamic condition, grow faster, which transforms the
crystals into larger, submillimeter octahedra. Eventually, four
of these eight (1 0 1) faces form the four large side faces of
millimeter-sized bar-shaped crystals.

The single-crystal samples obtained by this synthesis were
characterized by a variety of methods. Single-crystal suscep-
tibility measurements of an x = 1 sample were performed
on a superconducting quantum interference device (SQUID)
magnetometer (Quantum Design) using a 55.5 mg sample
[different from the one in Fig. 1(b)] with an almost cubic
shape (2.3 × 2.5 × 2.7 mm). Figure 2(a) shows the bulk
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Figure 3 | Qualitative comparison between experimental measurements1 and our theoretical results for the dynamic structure factor S(k,!).
a,b, Experimental data at fixed frequency are shown for !=0.75 meV (a) and !=6 meV (b). c,d, Theoretical results for the Q1 =Q2 spin liquid at fixed
frequency are plotted for !=0.37J (c) and !=0.6J (d). The extended Brillouin zone is indicated by the dashed hexagons. Note that the peak at the M
point at low frequencies, as well as the flatness of S(k, !) between the M and K points at higher frequencies is captured by our theory. e,f, Cuts of our
theoretical results for S(k, !) along high-symmetry directions at di�erent frequencies are plotted between the M and K point (e), as well as between the 0

and M point (f), again showing the peak at the M point at low frequencies. g, Details of the calculated structure factor as a function of frequency for various
momenta between the M (bottom curve) and K point (top curve). Note that all curves in g are shifted by 0.12 J with respect to each other for better
visibility. All theoretical data shown was computed for the Q1 =Q2 state with a spinon–vison interaction strength g0 =0.6 and other parameters as
in Fig. 1.

spinon bands come in three degenerate pairs owing to the SU(2) spin-symmetry.
Furthermore, note that the flat vison band is not renormalized at arbitrary order
in the spinon–vison coupling.

We emphasize here that a self-consistent computation of the spinon
self-energy is necessary, because the real part of 6(k,!) is large and broadens the
spinon bands. A non-self-consistent computation thus leads to sharp spinon
excitations above the bare spinon band, which are unphysical as they would decay
immediately via vison pair production. A di�erent approximation, which
circumvents this problem, would be to calculate 6(k,!) non-self-consistently and
neglect the real part completely. This approximation violates sum rules however,
as the integrated spectral weight of the spinon is no longer unity (for a detailed
discussion, see the Supplementary Methods).

Note that we do not determine the parameters |Q1| and � variationally.
Instead, we use them to fix the spinon gap as well as the spinon bandwidth. |Q1|
is restricted to values between 0 and 1/

p
2 and quantifies antiferromagnetic

correlations of nearest-neighbour spins (|Q1|=1/
p
2 if nearest-neighbour spins

form a singlet). All data shown in this paper was computed for |Q1|=0.4, and �

has been adjusted such that the spinon gap takes the value �s/J '0.05. As
mentioned in the introduction, we assume that the vison gap �v is small
owing to evidence of proximity to a VBS state, and we chose �v/J =0.025 for
all data shown in this Article—namely, the vison gap is roughly half the
spinon gap.
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FIG. 1. (Color online) (a) Structure of ZnCu3(OH)6Cl2 with only
Cu2+(large brown spheres) and Zn2+(small red spheres) displayed.
The Cu-Cu bonds (thick black solid lines) are all equivalent as are the
Cu-Zn bonds (thin green dotted lines). (b) A single-crystal sample of
ZnCu3(OH)6Cl2. (c) A schematic of three zone furnaces. The red/gray
bars indicate the positions of the thermocouples.

Millimeter-sized single crystals were synthesized through a
recrystallization process in a three-zone gradient tube furnace.
A schematic of such a furnace is shown in Fig. 1(c). The
sealed, prereacted quartz tubes were placed horizontally into
the furnace at room temperature. The furnace temperature was
isotropically increased to a fixed temperature, ranging from
165 to 180 ◦C in various reactions. The temperature of the
cold end was then slowly lowered. The sample and all growth
parameters were undisturbed for roughly 20 weeks until large
crystals were formed at the cold end. In the region where
the crystals nucleated and grew, the temperature gradient
was measured to be approximately 1 ◦C/cm. At the end of
the synthesis, the sample tubes were cooled down to room
temperature at 1 ◦C/min. Crystals were then rinsed with
deionized water, dried in air, and kept in a desiccator for
storage. No decomposition of the crystals has been observed
in air, water, or acetone. Precise control of the starting
concentrations of CuO and ZnCl2 allows for synthesis of
samples with variable Zn concentration, x. Data on crystals
with x = 0.8, 0.9, and 1.0 are shown in Table I. More syntheses
than listed in Table I were performed with ZnCl2 to CuO
molar ratios ranging from 2 to 10 and with ZnCl2 to H2O
concentrations ranging from 1.2 to 7.7 mmol/ml. However,
the x values of the final products were fairly stable over this
range of starting concentrations. At a fixed ZnCl2 to CuO ratio,
the x value of the product increased with increasing ZnCl2
concentration, from x = 0.8 with 1.2 mmol/ml of ZnCl2 to
x = 1.0 with 2.8 mmol/ml of ZnCl2. Products with x = 1.0
were also obtained for starting ZnCl2 concentrations up to
5.6 mmol/ml, while even higher ZnCl2 concentrations resulted
in a slight lowering of x. This diminishment of x with very
high ZnCl2 concentrations is likely due to a more acidic pH
in those reactions, which dissolves more CuO. The ZnCl2
to CuO molar ratio of the starting products had no obvious
effect on the x values of the product over the range of
syntheses performed. The compositions of the crystals were
measured by metal analysis taken with an inductively coupled
plasma atomic emission spectrometer (ICP-AES) with an
error of ±0.04 on x. Standards were prepared from commer-
cially purchased solutions from Sigma-Aldrich, specific for
ICP-AES measurements and designated as Trace SELECT
grade or better. Five to ten well-rinsed, small single crystals

TABLE I. Growth and crystallography data. All samples have
a rhombohedral crystal system in R3̄m space group (α = β = 90◦,
γ=120◦). Single-crystal XRD was performed at T = 100 K and
refined by full-matrix least-squares on F2 with goodness-of-fit
(GOF) listed. Curie-Weiss temperatures were determined from high-
temperature susceptibilities.

x = 0.8 x = 0.9 x = 1.0

Starting CuO (0.130) CuO (0.346) CuO (0.235)
materials (g) ZnCl2 (0.686) ZnCl2 (2.985) ZnCl2 (2.015)

H2O (4.0 ml) H2O (10.0 ml) H2O (4.5 ml)
Hot zone temp. 165 ◦C 165 ◦C 180 ◦C
a 6.8300(13) Å 6.8345(9) Å 6.8332(12) Å
b 6.8300(13) Å 6.8345(9) Å 6.8332(12) Å
c 14.029(3) Å 14.0538(19) Å 14.066(2) Å
Volume (Å3) 566.77(19) 568.51(13) 568.80(17)
Density, ρ 3.765 g/cm3 3.759 g/cm3 3.755 g/cm3

Total reflections 2673 3718 5908
Indep. reflections 238 225 240
GOF 1.275 1.264 1.237
%CW −266(10) K −290(10) K −296(10) K

from each synthesis tube, approximately 0.1 mg each, were
dissolved into 2% w/w dilute nitric acid for measurement.
Unlike powder samples, the ease to rinse single crystals
dramatically reduced the ambiguity from possible chemical
contamination. The relative amounts of Cu and Zn determined
from ICP metal analysis were used to calculate the values of
x listed in Table I. As previously determined via anomalous
x-ray scattering,21 our nominal x = 1 sample has the structural
composition (Zn0.85Cu0.15)Cu3(OH)6Cl2. Here, the kagome
planes are fully occupied with Cu, and anti-site disorder26,27

with Zn on the Cu kagome site is not apparent.
Single-crystal XRD was performed on a three-circle diffrac-

tometer coupled to a CCD detector. All samples were refined in
the rhombohedral space group R3̄m (trigonal setting) and with
lattice constants consistent with previous reports. The largest
(3–300 mg) crystals typically grow as a bar shape similar
to the crystal shown in Fig. 1(b). From XRD on more than
30 crystals, all of the side long faces were indexed as (1 0 1)
[the faces were normal to the (1 0 1) reciprocal lattice vector].
Some of the smaller (<1 mg) crystals were octahedrally
shaped, with all eight faces indexed as (1 0 1). Based on these
observations, we propose the following growth process: during
the early stage of crystallization, primitive micrometer-sized
crystals form as 12-faced polyhedra due to the symmetry of
the (1 0 1) directions. As the crystals grow larger in size,
8 of the 12 (1 0 1) faces, possibly due to the specific local
hydrodynamic condition, grow faster, which transforms the
crystals into larger, submillimeter octahedra. Eventually, four
of these eight (1 0 1) faces form the four large side faces of
millimeter-sized bar-shaped crystals.

The single-crystal samples obtained by this synthesis were
characterized by a variety of methods. Single-crystal suscep-
tibility measurements of an x = 1 sample were performed
on a superconducting quantum interference device (SQUID)
magnetometer (Quantum Design) using a 55.5 mg sample
[different from the one in Fig. 1(b)] with an almost cubic
shape (2.3 × 2.5 × 2.7 mm). Figure 2(a) shows the bulk
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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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corded down to 2 K on the three compounds (deuterated
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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
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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].
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mated from the Curie-Weiss temperature !. The linear
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300 K] using a Curie-Weiss model C=ðT # !Þ with C ¼
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and imaginary part "00 of the ac susceptibility with HAC ¼ 1 Oe
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Arrhenius law with $01 ¼ 2:1' 10#8 s and E1 ¼ 10 K (full
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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
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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.
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 Ice-rules  
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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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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Experiment at 1.7 K Calculations 

Single-crystal spin-flip diffuse scattering map on D7@ILL 

Spin ices in pyrochlores 
Multiaxial anisotropy + ferromagnetic interactions 

Magnetic frustration: role of anisotropy 
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Magnetic frustration = wonderful playground to observe new magnetic behaviors: 
Macroscopic degeneracy, spin liquid, spin ice, fractionalized excitations … 
 
Easily destabilized towards complex magnetic orders: 
order by disorder, additional interactions, anisotropies, classical and quantum 
fluctuations … 
ènon collinear, chiral, partially fluctuating magnetic order with complex (H,T) phase 
diagram… 

Why neutron scattering is a suitable tool?  
 
Small magnetic signal at very low temperature,  
access to spin correlation functions and diffuse scattering,  
use of polarized neutrons,  
inelastic probe,  
complex magnetic order,  
complex (H, P, T) phase diagram 

Magnetic frustration: summary 


