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Physics of Frustration 

in 3D on Tetrahedra

Spin Ice: Ferromagnetic interactions combined with local Ising anisotropy leads to 
6-fold degeneracy on a single tetrahedron - macroscopic degeneracy on 3D crystal  

M.J. Harris, S.T. Bramwell, D.F. McMorrow, T. Zeiske, and K.W. Godfrey, PRL 79 2554 (1997) 
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crystalline symmetry of ice and the local hydrogen bonding requirement of the water
molecule [4].

Over the past ten years, a certain class of insulating magnetic materials in which
the configurational disorder in the orientations of the magnetic moments is precisely
the same as that of water ice have been the subject of numerous experimental and
theoretical studies. Because of their analogy with water ice, these systems have
been coined the name spin ice [5, 6, 7, 8, 9]. Most chapters in this book focus on
geometrically frustrated antiferromagnets. The main reason for the interest in frus-
trated antiferromagnets is the pursuit of novel quantum ground states with exciting
properties which, because of the increased quantum zero point motion caused by
the frustration, lack conventional semi-classical long-range Néel order. This chapter
differs in that the spin ices are frustrated Ising ferromagnets and where quantum
fluctuations do not play a significant role. Yet, experimental and theoretical studies
have revealed a great richness of equilibrium and non-equilibrium thermodynamic
behaviors in spin ice systems [9]. This chapter reviews some of the salient elements
of the spin ice phenomenology. It draws particular attention to the problem of water
ice and the semi-formal origin of the Ising nature of the magnetic moments in spin
ice materials, two topics that are not usually covered in detail in standard graduate
solid state textbooks. It also reviews in some detail the mean-field theory of spin
ices as this simple tool played a key role in uncovering the microscopic origin behind
the emergence of the ice rules in real dipolar spin ice materals. We end the chapter
with a brief discussion of research topics on spin ices that are of current interest.

Fig. 1.1. Left: Local proton arrangement in water ice, showing O2− ions (large
white circles) and protons (hydrogen ions, H+, small black circles). Each O2− is
tetrahedrally coordinated with four other O2−, with two near covalently bonded
protons, and two further hydrogen bonded protons. In the hexagonal phase of ice, Ih,
the low energy configurations obey the so-called Bernal-Fowler “ice rules” [10] where
each O2− oxide has “two-near” and “two-far” protons. Right: Same as left picture,
but where the position of a proton is represented by a displacement vector (arrow)
located at the mid-point of the O2−−O2− (oxide-oxide) bond. The “two-near/two-
far” Bernal-Fowler ice rule then translates into a “two-in/two-out” configuration
of the displacement vectors. The displacement vectors become the Ising magnetic
moments in spin ice (see Fig. 1.2).
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A key physical distinction among the candidates is their degree of 
charge localization — this is important for understanding the mech-
anism of the spin-liquid behaviour. The kagomé materials can be 
regarded as strong Mott insulators, in which the electrons constituting 
the spins are approximately localized to a single atomic orbital. This can 
be seen from the small exchange couplings (proportional to the Curie–
Weiss temperature, ΘCW) relative to the Mott charge gap, which is of the 
order of electronvolts (eV) in such copper oxides. For these materials, a 
microscopic description purely in terms of Heisenberg spins is justified. 
By contrast, for the organic compounds and Na4Ir3O8, the exchange 
energies are larger and the charge gaps are smaller. These materials are 
therefore weak Mott insulators, in which the electronic spins are much 
less well localized, so charge fluctuations may have an important role. 
In the organic compounds, the Hubbard repulsion, U (Box 2), which 
sets the Mott gap, is much smaller than in inorganic compounds, owing 
to the extended nature of the molecular orbital constituting each spin. 
In Na4Ir3O8, U is likewise reduced because 5d orbitals are sig nificantly 
larger than 3d ones. The fact that metal–insulator transitions can be 
induced by physical pressure or chemical pressure in all three cases 
(for the two organic compounds and Na4Ir3O8)43,44, and the fact that 
in κ-(BEDT-TTF)2Cu2(CN)3 no clear Mott gap is seen spectroscopi-
cally45, is direct experimental evidence that these materials are weak 
Mott insulators. The applicability of a Heisenberg spin description to 
these materials is thus open to question.

Thermodynamic studies of these materials are also important because 
they reveal the spectrum of low-energy states, an abundance of which 
is expected in frustrated sys tems. At very low temperatures, the func-
tional form of the specific heat and sometimes the spin (or magnetic) 
susceptibility can distinguish between QSLs. The general thermody-
namic features of the materials are remarkably similar. In all cases in 
which it has been measured, the magnetic specific heat shows a peak 
well below the Curie–Weiss temperature46–49, indicating that significant 
spin entropy is maintained above this peak temperature. This specific 
heat then gradually decreases on further lowering of the temperature, in 
a manner that can roughly be fitted to a quadratic behaviour, Cv ≈ AT2, 
where Cv is molar specific heat at constant volume and A is a constant. 
This non-exponential form clearly indicates the absence of an energy 
gap. However, some caution is in order before interpreting this as char-
acteristic of QSLs: such approx imately quadratic behaviour of Cv is com-
mon in frustrated magnets, even ones that are classical and for which 
QSL physics is clearly irrelevant50. At very low temperatures, the can-
didate QSL materials generally show a linear behaviour, Cv ≈ γT, where 
γ is the Sommerfeld coefficient (refs 46–49, 51), which varies widely 
(between 1 and 250 mJ K−2 mol−1). This is evidence of a large density of 
low-energy states.

Ideally, the spin susceptibility, χ, is a useful measure of the available 
low-energy spin excitations. All of the candidate QSL materials also show 
a large Pauli-like paramagnetic susceptibility, χ0, in the zero-temperature 
limit. This susceptibility is smallest for the organic compounds: for these, 
χ0 ≈ 3 × 10−4 e.m.u. mol−1 (refs 52, 53), whereas it is 3–10 times larger 
for the inorganic compounds41,42,46,47,49. Before these values of χ0 can be 
interpreted as additional evidence for gapless excitations in QSLs, it is 
important to consider the influence of spin–orbit coupling. Spin–orbit 
coupling generally leads to a non-zero χ0 value irrespective of the pres-
ence or absence of an energy gap. An empirical indicator of the impor-
tance of spin–orbit coupling is the Wilson ratio, which is defined as

 4π2kB
2χ0

 
 R = _________  (1)
 3(gμB)2γ 

and should be, at most, of order 1 in the absence of strong ferro magnetic 
tendencies or spin–orbit coupling. Because all of the candidate QSL 
materials are strongly anti ferromagnetic, the ferromagnetic interpreta-
tion is untenable. In fact, most (but not all) QSL theories, in the absence 
of spin–orbit coupling, predict that R << 1. By contrast, the measured 
Wilson ratios for all of the QSL candidates in Table 1 are significantly 

larger than 1, with the exception of ZnCu3(OH)6Cl2 (for which an 
estimate of the intrinsic γ value, uncontaminated by impurities, is 
not available) and κ-(BEDT-TTF)2Cu2(CN)3. The value of the Wilson 
ratio for ZnCu3(OH)6Cl2 is probably suppressed by the high degree 
of disorder. The extremely large value for Na4Ir3O8 (R  = 70) indicates 
very strong spin–orbit effects, which are not surprising given the large 
atomic number of iridium.

The most direct evidence for a lack of magnetic ordering comes from 
local probe measurements, by using techniques such as NMR and muon 
spin resonance, in which local fields resulting from static moments affect 
the nuclear or muon spins and can be readily detected by their influence 
on the muon spins. Such measurements have confirmed the absence of 
local static moments down to T = 32 mK in κ-(BEDT-TTF)2Cu2(CN)3 
(ref. 52), T = 1.37 K in EtMe3Sb[Pd(dmit)2]2 (ref. 54) and T = 50 mK in 
ZnCu3(OH)6Cl2 (ref. 55). How ever, in Cu3V2O7(OH)2•2H2O, magnetic 

Figure 2 | Spins, artificial magnetic fields and monopoles in spin 
ice. a, A ground-state configuration of spins is shown in a pyrochlore 
lattice. The spins obey the constraint of the ice rules that mandates two 
inward-pointing spins and two outward-pointing ones on each tetrahedron. 
b, For the same lattice type, some of the loops of ‘magnetic flux’ are shown 
(red lines), as defined by the mapping of spins to an artificial magnetic field. 
c, For the same lattice type, a monopole (green) and antimonopole (red) 
are shown. These are created by flipping the ‘string’ of spins connected by 
the yellow line (compare with the spins in b). For simplicity, the particles 
themselves are not depicted. Note that the spins on the tetrahedron 
containing a monopole (antimonopole) orient three-in, one-out (three-out, 
one-in), violating the ice rules.
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where Qa denotes the total magnetic charge at site a in the diamond
lattice, and rab is the distance between two sites. The finite ‘self-
energy’ u0/2 is required to reproduce the net nearest-neighbour inter-
action correctly. Equation (2)—which is derived in detail in the
Supplementary Information—is equivalent to the dipolar energy
equation (1), up to corrections that are small everywhere, and vanish
with distance at least as fast as 1/r5.

We consider first the ground states of the system. The total energy
is minimized if each diamond lattice site is net neutral, that is, we
must orient the dumbbells so thatQa5 0 on each site. But this is just
the above-mentioned ice rule, as illustrated in Fig. 2. Thus, one of the
most remarkable features of spin ice follows directly from the dumb-
bell model: the measured low-T entropy agrees with the Pauling
entropy (which follows from the short-distance ice rules), even
though the dipolar interactions are long-range.

We now turn to the excited states. Naively, the most elementary
excitation involves inverting a single dipole / dumbbell to generate a

local net dipole moment 2m. However, this is misleading in a crucial
sense. The inverted dumbbell in fact corresponds to two adjacent
sites with net magnetic charge Qa56qm562m/ad—a nearest-
neighbour monopole–antimonopole pair. As shown in Fig. 2e, the
monopoles can be separated from one another without further viola-
tions of local neutrality by flipping a chain of adjacent dumbbells. A
pair of monopoles separated by a distance r experiences a Coulombic
interaction,{m0q

2
m

!
4prð Þ, mediated by monopolar magnetic fields,

see Fig. 3.
This interaction is indeed magnetic, hence the presence of the

vacuum permeability m0, and not 1/e0, the inverse of the vacuum
permittivity. It takes only a finite energy to separate the monopoles
to infinity (that is, they are deconfined), and so they are the true
elementary excitations of the system: the local dipolar excitation
fractionalizes.

By taking the pictures from the dumbbell representation seriously,
we may be thought somehow to be introducing monopoles where
there were none to begin with. In general, it is of course well known
that a string of dipoles arranged head to tail realizes a monopole–
antimonopole pair at its ends17. However, to obtain deconfined
monopoles, it is essential that the cost of creating such a string of
dipoles remain bounded as its length grows, that is, the relevant string
tension should vanish. This is evidently not true in a vacuum (such as
that of the Universe) where the growth of the string can only come at
the cost of creating additional dipoles. Magnetic materials, which
come equipped with vacua (ground states) filled with magnetic
dipoles, are more promising. However, even here a dipole string is
not always a natural excitation, and when it is—for example, in an
ordered ferromagnet – a string of inverted dipoles is accompanied
by costly domain walls along its length (except, as usual, for one-
dimensional systems18), causing the incipient monopoles to remain
confined.

The unusual properties of spin ice arise from its exotic ground
states. The ice rule can be viewed as requiring that two dipole strings
enter and exit each site of the diamond lattice. In a typical spin-ice
ground state, there is a ‘soup’ of such strings: many dipole strings
of arbitrary size and shape can be identified that connect a given pair
of sites. Inverting the dipoles along any one such string creates a
monopole–antimonopole pair on the sites at its ends. The associated
energy cost does not diverge with the length of the string, unlike in
the case of an ordered ferromagnet, because no domain walls are
created along the string, and the monopoles are thus deconfined.

We did not make reference to the Dirac condition19 that the fun-
damental electric charge e and anymagnetic charge qmust exhibit the
relationship eq5 nh/m0 whence any monopoles in our universe must
be quantized in units of qD5 h/m0e. This follows from the monopole
being attached to a Dirac string, which has to be unobservable17. By
contrast, the string soup characteristic of spin ice at low temperature

a b

c

e

d

Figure 2 | Mapping from dipoles to dumbbells. The dumbbell picture
(c, d) is obtained by replacing each spin in a and b by a pair of opposite
magnetic charges placed on the adjacent sites of the diamond lattice. In the
left panels (a, c), two neighbouring tetrahedra obey the ice rule, with two
spins pointing in and two out, giving zero net charge on each site. In the right
panels (b, d), inverting the shared spin generates a pair of magnetic
monopoles (diamond sites with net magnetic charge). This configuration
has a higher net magnetic moment and it is favoured by an appliedmagnetic
field oriented upward (corresponding to a [111] direction). e, A pair of
separated monopoles (large red and blue spheres). A chain of inverted
dipoles (‘Dirac string’) between them is highlighted in white, and the
magnetic field lines are sketched.
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Figure 3 | Monopole interaction. Comparison of the magnetic Coulomb
energy {m0q

2
m

!
4prð Þ (equation (2); solid line) with a direct numerical

evaluation of the monopole interaction energy in dipolar spin ice (equation
(1); open circles), for a given spin-ice configuration (Fig. 2e), as a function of
monopole separation.
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Spin Ice 
!

•Classical macroscopic degeneracy 
!

•Supports monopole excitations 
!

•Rare example of  
  deconfined excitations in 3D

C. Castelnovo, R. Moessner, and S.L. Sondi, Nature, 451, 43 (2007) 
L. Balents, Nature, 464, 199 (2010)



• Can tunnel between ice rules states 
• Introduces fluctuations in the gauge field 

• Electric monopoles — coherent, propagating wavepacket of ice configurations 
• Magnetic monopoles   — violate ice rules, i.e. 3-in 1-out  
• Gauge photons — transverse fluctuations of gauge field

O. Benton et al, Phys. Rev. B 86, 075154, 2012

“Quantum” Spin Ice

~B = ~r⇥ ~A

~r · ~B = ⇢m
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Pyrochlores have the quintessential 
lattice for the phenomena of 
magnetic frustration in 3D.

(Er3+)2(Ti4+)2O7!
 4f11 J=15/2!

!
(Yb3+)2(Ti4+)2O7!

 4f13 J=7/2!
!
!

… 
…. 

“disorder-free” spin glass 
spin ice 

metal-insulator transitions 
spin liquid 

order-by-disorder 
fragmentation 

Gardner, Gingras, and Greedan, Rev. Mod. Phys 82, 53 (2010)
Wiebe and Hallas, APL Materials 3, 041519 (2015)



R2Ti2O7 “Rare earth titanates”
R3+

Anisotropy and Interactions combine for diverse exotic ground states	

Single Ion Anisotropy Interactions Ground state

Ho, Dy Ising FM spin ice

Tb Ising AF “quantum spin ice”

Gd Heisenberg AF partial order

Er XY AF Neel state via ObD

Yb XY FM “quantum spin ice”

Real Pyrochlores: playgrounds for frustration

Ising XY Heisenberg



Yb2Ti2O7: An XY Ferromagnetic Pyrochlore
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• Ferromagnetic “XY” pyrochlore	
• “ TC ” ~ 240 mK	
• Cp (T) has 2 peaks:   one at “TC” ; one at ~ 3 K	
• CWT ~ +0.5 K     g⊥/g|| ~ 2

Yb3+(ions(with(an(effective(spin9(½.(
!
Magnetic(susceptibility(follows(Curie9Weiss(law(
with(θ(=(+0.4(K.(
!
Heat(capacity(suggests(Yb2Ti2O7(orders(
(ferromagnetically)(at(0.214(K.(
!
Entropy(of(0.671R(recovered(by(6(K.(
!
cf.(Full(Rln2(entropy(associated(for(effective(spin9
½(of(0.693R(–(simple!

H.(W.(J.(Blöte,(R.(F.(Wielinga(and(W.(J.(Huiskamp,(Physica'43,'549'(1969).

Yb2Ti2O7(;(a(pyrochlore(with(long;range(FM(order
H. W. J. Blöte, R. F. Wielinga and W. J. Huiskamp, Physica 43, 549 (1969).



Crystal Field Environment at the RE Site

(2J+1) degenerate multiplet splits in presence of strong 
crystalline electric field from O2- neighbours

2

FIG. 1: The stu↵ed pyrochlore structure of Yb2Ti2O7. –
The pyrochlore lattice consists of interpenetrating networks of
corner-sharing tetrahedra which are generated independently
by the Yb3+ (magnetic) and Ti4+ (non-magnetic) cations.
The pyrochlore lattice is said to be stu↵ed wherein a Yb3+

ions, which are normally found on the 16d site (also called
A-site), also occupy the Ti4+ 16c site (B-site).

the sharpest and highest temperature C
p

anomalies,
likely due to the lower temperatures required for their
synthesis, leading to less TiO

2

volatization. Single crys-
tals grown by floating zone image furnace techniques typ-
ically display broad low temperature C

P

anomalies, or no
anomalies, and sometimes show multiple peaks in C

P

at
low temperature. Ross et al.21 undertook a detailed neu-
tron crystallographic study of both powder and crushed
single crystal Yb

2

Ti
2

O
7

samples, representative of those
that displayed sharp and broad low temperature C

P

sig-
natures, respectively, and showed that the crushed sin-
gle crystal sample displayed weak “stu�ng”: a struc-
tural defect in which a slight excess of Yb occupies the
Ti sub-lattice. Stu�ng is illustrated schematically in
Fig. 1, wherein Yb3+ ions occupy both the 16d site of
the Fd3̄m cubic space group, as well as act as impurities
on the 16c site normally occupied by Ti4+. Weak stu↵-
ing was shown to occur at the 2.3% level in the crushed
single crystals with composition Yb

2+x

Ti
2�x

O
7+y

grown
by floating zone image techniques. In contrast the pow-
der sample grown by solid state synthesis was shown to
be stoichiometric.

In this paper we report neutron spectroscopic measure-
ments of the crystalline electric field (CEF) excitations
in the two powder samples, the stoichiometric powder
and the crushed single crystal with 2.3 % “stu�ng” pre-
viously studied by Ross et al. These measurements allow
us to accurately determine the eigenvalues and eigenvec-
tors appropriate to the 4 doublets which make up the
J = 7/2 CEF manifold for Yb3+ in Yb

2

Ti
2

O
7

. Mea-
surements on both stoichiometric and lightly “stu↵ed”
samples allow us to investigate the role of “stu�ng” on
the CEF levels associated with Yb3+ ions properly resid-

ing on the A-site of the pyrochlore structure. With these
benchmark measurements in hand, we calculated CEF
eigenvalues and eigenvectors for the “stu↵ed” Yb3+ ions
residing on the B site, as well as for the A site Yb3+ ions
in the presence of oxygen vacancies 29.

II. CALCULATED CRYSTAL FIELD LEVELS
FOR Yb3+ AT THE A-SITE

Hund’s rules enable the determination of the total an-
gular momentum J of the Yb3+ ion. The electronic con-
figuration of Yb3+ is 4f13, resulting in J = 7

2

which is
2J +1 = 8-fold degenerate. Within the pyrochlore struc-
ture this degeneracy is lifted by the CEFs at the Yb3+

site due largely to the presence of the eight neighbour-
ing O2� ions. As illustrated in Fig. 2 (left panel), the
oxygen environment at the A-site consists of a scaleno-
hedron, which is a cube distorted along one diagonal that
forms the local [111] axis. Six oxygen ions, commonly re-
ferred to as O(2), are located on a plane perpendicular
to this direction, which is a three-fold rotation axis. The
other two oxygen ions, referred to as O(1), are located
along the local [111] axis in the geometric centre of the
tetrahedra defined by the A-site Yb3+ ions. By contrast,
the environment at the B-site is a trigonal anti prism
made of six O(2) oxygen ions surrounding the transition
metal, as shown in the right panel of Fig. 2.

FIG. 2: A comparison between the A-site and B-site oxygen
environment in the pyrochlore structure of Yb2Ti2O7. – The
left panel of the figure shows the scalenohedron environment
generated by the oxygen ions at the A-site where the Yb3+

resides. The symmetry of this structure is similar to that at
the B-site (right panel) where the Ti4+ ions are located.

Following Prather’s convention30, the 3-fold axis
should be placed along ẑ of the reference system in or-
der to minimize the number of CEF parameters in the
Hamiltonian. Therefore the resulting CEF Hamiltonian
for Yb3+ on the A-site can be written as:
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Inelastic neutron scattering can 
determine the single ion anisotropy.

Yb2Ti2O7



Yb2Ti2O7 Crystal Field Scheme 
Yb2Ti2O7

843K

J. Gaudet et al,  PRB 92, 134420 (2015)

g|| = 1.92	
g⊥ = 3.69

900K

1278K
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The ytterbium and erbium pyrochlores 
have XY field anisotropy and Seff = đ.
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FIG. 3: Inelastic neutron scattering spectra– S(|Q|, h̄!) ob-
tained for the stoichiometric powder and the stu↵ed powder
samples at T = 5 K are shown in panels (a) and (b) respec-
tively, with the corresponding T = 5 K empty can subtracted
from each data set. The three horizontal arrows in blue, gray
and red highlight the three crystal field excitations which are
found at 76.7 meV, 81.8 meV and 116.2 meV, respectively.

in the presence of light stu�ng. We shall restrict our
quantitative analysis of the CEF spectra to the case of
the stoichiometric powder sample. Therefore we use the
x = 0 data set in Fig. 3 a), and perform a |Q| integrated
cut (|Q| = [4.5,5.25]Å�1), yielding the neutron scatter-
ing intensity as a function of energy. This data set is
shown in the main panel of Fig. 4, wherein the intensity
at the peak of the CEF transition at 81.8 meV has been
normalized to unity. The relative intensities of the CEF
transitions at 76.7 meV, 81.8 meV and 116.2 meV, as well

as the energy of these transitions from the GS, constrain
the CEF Hamiltonian.
The cut shown in Fig. 4 has been fitted to a model

for the inelastic scattering32 arising from dipole allowed
transitions between the CEF GS doublet and the three
excited states, using Eq. 3. The starting parameters in
the CEF Hamiltonian for Yb3+ were those determined by
Bertin et al.34 for Yb

2

Ti
2

O
7

within the point charge ap-
proximation. This calculation yielded CEF transitions at
⇠60 meV, ⇠70 meV and ⇠90 meV, in contrast to those
determined experimentally in Fig. 3. These starting pa-
rameters were then refined and a best fit (shown in solid
red) to the |Q| integrated cut in Fig. 4 was obtained.
All three CEF transitions were fit using the same reso-
lution determined energy width. In addition, relatively
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FIG. 1: The stu↵ed pyrochlore structure of Yb2Ti2O7. –
The pyrochlore lattice consists of interpenetrating networks of
corner-sharing tetrahedra which are generated independently
by the Yb3+ (magnetic) and Ti4+ (non-magnetic) cations.
The pyrochlore lattice is said to be stu↵ed wherein a Yb3+

ions, which are normally found on the 16d site (also called
A-site), also occupy the Ti4+ 16c site (B-site).

the sharpest and highest temperature C
p

anomalies,
likely due to the lower temperatures required for their
synthesis, leading to less TiO

2

volatization. Single crys-
tals grown by floating zone image furnace techniques typ-
ically display broad low temperature C

P

anomalies, or no
anomalies, and sometimes show multiple peaks in C

P

at
low temperature. Ross et al.21 undertook a detailed neu-
tron crystallographic study of both powder and crushed
single crystal Yb

2

Ti
2

O
7

samples, representative of those
that displayed sharp and broad low temperature C

P

sig-
natures, respectively, and showed that the crushed sin-
gle crystal sample displayed weak “stu�ng”: a struc-
tural defect in which a slight excess of Yb occupies the
Ti sub-lattice. Stu�ng is illustrated schematically in
Fig. 1, wherein Yb3+ ions occupy both the 16d site of
the Fd3̄m cubic space group, as well as act as impurities
on the 16c site normally occupied by Ti4+. Weak stu↵-
ing was shown to occur at the 2.3% level in the crushed
single crystals with composition Yb

2+x

Ti
2�x

O
7+y

grown
by floating zone image techniques. In contrast the pow-
der sample grown by solid state synthesis was shown to
be stoichiometric.

In this paper we report neutron spectroscopic measure-
ments of the crystalline electric field (CEF) excitations
in the two powder samples, the stoichiometric powder
and the crushed single crystal with 2.3 % “stu�ng” pre-
viously studied by Ross et al. These measurements allow
us to accurately determine the eigenvalues and eigenvec-
tors appropriate to the 4 doublets which make up the
J = 7/2 CEF manifold for Yb3+ in Yb

2

Ti
2

O
7

. Mea-
surements on both stoichiometric and lightly “stu↵ed”
samples allow us to investigate the role of “stu�ng” on
the CEF levels associated with Yb3+ ions properly resid-

ing on the A-site of the pyrochlore structure. With these
benchmark measurements in hand, we calculated CEF
eigenvalues and eigenvectors for the “stu↵ed” Yb3+ ions
residing on the B site, as well as for the A site Yb3+ ions
in the presence of oxygen vacancies 29.

II. CALCULATED CRYSTAL FIELD LEVELS
FOR Yb3+ AT THE A-SITE

Hund’s rules enable the determination of the total an-
gular momentum J of the Yb3+ ion. The electronic con-
figuration of Yb3+ is 4f13, resulting in J = 7

2

which is
2J +1 = 8-fold degenerate. Within the pyrochlore struc-
ture this degeneracy is lifted by the CEFs at the Yb3+

site due largely to the presence of the eight neighbour-
ing O2� ions. As illustrated in Fig. 2 (left panel), the
oxygen environment at the A-site consists of a scaleno-
hedron, which is a cube distorted along one diagonal that
forms the local [111] axis. Six oxygen ions, commonly re-
ferred to as O(2), are located on a plane perpendicular
to this direction, which is a three-fold rotation axis. The
other two oxygen ions, referred to as O(1), are located
along the local [111] axis in the geometric centre of the
tetrahedra defined by the A-site Yb3+ ions. By contrast,
the environment at the B-site is a trigonal anti prism
made of six O(2) oxygen ions surrounding the transition
metal, as shown in the right panel of Fig. 2.

FIG. 2: A comparison between the A-site and B-site oxygen
environment in the pyrochlore structure of Yb2Ti2O7. – The
left panel of the figure shows the scalenohedron environment
generated by the oxygen ions at the A-site where the Yb3+

resides. The symmetry of this structure is similar to that at
the B-site (right panel) where the Ti4+ ions are located.

Following Prather’s convention30, the 3-fold axis
should be placed along ẑ of the reference system in or-
der to minimize the number of CEF parameters in the
Hamiltonian. Therefore the resulting CEF Hamiltonian
for Yb3+ on the A-site can be written as:
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FIG. 4: The dispersion of spin waves is shown along the
[2,2,L] line in reciprocal space, joining the (220) and (222)
wavevectors, where Bragg scattering characteristic of the low
and high field low temperature states is observed. a) shows
data at T=2 K and H=0, while b) - h) show data at T=50
mK and applied field as indicated. A full spin excitation
softening is observed for µ0H ∼ 1.5 T.

domain state, but rather it induces a qualitative change
in the ground state. In this regime, spin excitations are
still seen to go soft at (1,1,1) and (1,1,3), but not at
(2,2,0). Application of stronger fields splits the disper-
sionless feature into two flat modes, the lower of which
decreases towards zero energy transfer. This mode soft-
ening is expected at a second order quantum critical
point, where the energy gap should vanish as a power
law in | H−Hc |[14]. Interestingly, a full mode softening
is avoided in the canonical case of LiHoF4 due to hyper-
fine coupling which leaves the quantum critical region
inaccessible[16]. This does not occur in Er2Ti2O7. At
µ0H = 1.5 T, near Hc, the system is ungapped to within
our instrumental resolution. An intriguing picture of co-
existing phases emerges, where critical fluctuations of
the low field state are observed around (2,2,0), accom-
panied by a precursor of the intense dispersive excitation
characteristic of the high field state. This mode is clear
at 2 T and 3 T, showing that the high field ground state

does not correspond to a simple disordered paramagnet.
Certainly, the difference between the excitation spectra
of the quantum paramagnetic phase (Fig. 4f), and that
of the thermal paramagnet (Fig. 4a) is undeniable. In
larger applied fields, the ground state is dominated by
Zeeman energy. This is evident at 5 T, where two dis-
persionless modes are seen. The existence of two such
modes is indicative of the subdivision of the pyrochlore
lattice discussed earlier, where the Zeeman energy of po-
larized red and blue spins are not equivalent due to local
planar anisotropy.

To conclude, the low temperature phase diagram of
Er2Ti2O7 supports a rich variety of elementary excita-
tions as the ground state is tuned by external applied
field. The most dramatic variation with occurs around
µ0HC ∼ 1.5 T, where a seemingly continuous quan-
tum critical point is observed. The degree to which this
landscape of low energy states and quantum critical be-
haviour can be understood will hinge upon a proper en-
ergetic description of the system, and we hope this work
will guide theoretical efforts in that pursuit.
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Seff = 1/2  XY AF Pyrochlore : Er2Ti2O7  ⇥CW ⇠ -22 K

ψ2 ψ3

A 9 year mystery (2003-2012) 	
as to what selects ѱ2  ground state in Er2Ti2O7  
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FIG. 1: Upper inset: tetrahedral basis projected down [001],
from left to right: ψ1, ψ2, ψ3. ± denotes how spins tilt out
of the plane (they lie parallel to the opposite triangular face
of the tetrahedron). Graph: size dependence of the simulated
specific heat for N = 16L3 spins. Lower inset: experimental
low temperature specific heat vs T 3 (powder sample). A turn
up low at temperature, attributed to hyperfine effects9, is
barely visible with this choice of scale.

the magnetic structure defined by ψ2 belonging to the
continuously degenerate IR Γ5. (Note that ψ2 is the only
non-coplanar structure among ψ1−5.) Both the initial
selection of k = 0 and the final selection of ψ2 must be
order by disorder processes as the ground state manifold
is macroscopically degenerate.

To understand this ground state selection, we ana-
lyze the D/J → ∞ model (i.e. spins confined to local
XY planes). We expect that for the preferred ground
state a spin wave analysis should expose the presence
of zero frequency modes over an extensive region of the
Brillouin zone15. This is indeed the case: we calculate
the quadratic Hamiltonian for small displacements away
from a given ground state, which we symmetrize and di-
agonalize to find the normal mode spectrum12. Applying
this procedure to the state ψ2 gives eigenvalues

λ(q⃗) = 4J (1 ± cos (q⃗ · a⃗/2))

λ(q⃗) = 4J
!

1 ± cos
!

q⃗ · (⃗c − b⃗)/2
""

, (2)

where a⃗, b⃗ and c⃗, are the basis vectors of the primitive
rhombohedral unit cell. Hence, there are branches with
λ(q⃗) = 0 over planes in the Brillouin zone, for which

q⃗ · a⃗ = 0 and q⃗ · (⃗c− b⃗) = 0. The same procedure when ap-
plied to other selected ground states yields a microscopic
number of zero modes at specific points in the zone. This
difference gives the mechanism for the order by disorder
selection of ψ2. In this approximation the amplitude of
the soft modes diverges, giving a dominant contribution
to the entropy15. Evidence of the soft modes exists in
the specific heat, as each contributes less than 1

2
kB. As

there are O(L2) modes, the quantity 1
2
−Ch/NkB should
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FIG. 2: Main picture: powder neutron profile refinement
(POLARIS, 50 mK, Rwp = 1.23 %, about a third of the inten-
sity is magnetic). The lower line is observed minus calculated
intensity. Inset: single crystal Bragg intensity (PRISMA,
(2,2,0) reflection) and fit to a power law (see text).

scale as 1/L at low temperature, as confirmed in Fig. 1.
We note that the entropy contribution to the free energy
from the soft modes scales as N

2

3 and so is not extensive.
While this could mean that the ordering within the k = 0
manifold occurs at a temperature-dependent system size
that goes to zero in the thermodynamic limit, no such
effect was detected in the system sizes we have studied.

Disordered states are occasionally formed in the sim-
ulations, by the rotation of columns of spins with infi-
nite length out of an ordered state. This suggests that,
starting from the ψ2 state, one can introduce O(L2) in-
dependent column defects, all perpendicular to a given
plane. Our calculation, giving O(L2) soft modes is com-
patible with this description and is analogous to the case
of the Heisenberg kagomé antiferromagnet15. For the lat-
ter, fluctuations out of a coplanar spin configuration can
be described equivalently in terms of soft propagating
modes and localized zero energy excitations.

The material Er2Ti2O7, which orders magnetically at
∼ 1.2 K9, has been suggested to approximate the ⟨111⟩
XY antiferromagnet10,11. To test this we have deter-
mined its magnetic structure by powder neutron diffrac-
tion using the POLARIS diffractometer (ISIS). The mag-
netic reflections observed below TN ≈ 1.2 K index with
a propagation vector of k = 0. As the transition is
continuous (see below), the system is expected to order
under only one of the non-zero IRs of the Er site rep-
resentations: Γ3,5,7,9, as defined above. Refinement of
the magnetic structure16 showed that only the two basis
vectors ψ1, ψ2 of Γ5 were consistent with the magnetic
intensity (see Fig. 1, Fig. 2). Single crystal diffraction
data collected on the instruments E2 (HMI, Berlin) and
PRISMA (ISIS), allowed us to distinguish between the
two structures. The measurements were performed on a
(∼ 8 mm3) crystal at temperatures down to 0.13 K. In

Champion et al, PRB 68, 020401 (2003)
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AF interactions and local XY anisotropy

!

• continuous degeneracy  
in mean field 

!
• 6 ѱ2 and 6 ѱ3 domains 

!
• ѱ2 selected by ObD

ψ2 ψ3
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FIG. 1: (a) The k = 0, �5 magnetic structure on the py-
rochlore (Fd3̄m) lattice, which is constructed by the  2 (red)
and  3 (blue) basis vectors. Within the local XY plane, six
specific spin orientations are allowed by (b)  2 and six inter-
leaving angles are allowed by (c)  3. The ensemble of the
full  2 and  3 states mimic a literal clock and can be used
to represent the di↵erent anisotropic Zeeman terms via the
selection of di↵erent hours (angles) on the clock.

ogy to a conventional clock, where the twelve hours of
the clock are represented by the six  2 and the six  3

states (Fig. 1(b,c)).
In this paper, we use time-of-flight neutron scattering

on Er2Ti2O7 with a magnetic field applied along high
symmetry cubic directions to provide the first experi-
mental evidence of these predicted domain e↵ects. We
find a host of low field domain selections and reorien-
tations, which henceforth we will collectively refer to as
“domain transitions”, not to be confused with a change
of representation manifold (U(1) or �5) which would be
a thermodynamic phase transition. Indeed, we find that
for a field applied along the [001] direction, Er2Ti2O7 ex-
hibits a clear  2 to  3 transition at a critical field of
0.18 ± 0.05 T. This domain transition can be seen as the
Zn generalization of the spin-flop transition that occurs
in Ising Z2 systems. Our neutron scattering results also
indicate possible domain transitions at 0.15 ± 0.03 T
and 0.40 ± 0.03 T in a [111] magnetic field. We pro-
vide a complete description of the domains transitions
that occurs in Er2Ti2O7 in such fields and show that our
observations are consistent with the predicted emergent
Zeeman two-fold, three-fold and possibly six-fold clock
terms.

II. EXPERIMENTAL DETAILS

A large single crystal of Er2Ti2O7 was grown in a
floating zone image furnace in 3 atm. of air and with
a growth rate of 7 mm h�1. This method of crystal
growth is well-established for the rare earth titanate py-
rochlores [18–20]. This crystal was cut into two 2-3 gram
segments, which were respectively aligned in the (H,K,0)

and the (K+H,K�H,�2K) scattering planes using x-ray
Laue di↵raction. Time-of-flight neutron scattering mea-
surements were performed using the Disc Chopper Spec-
trometer (DCS) at the NIST Center for Neutron Re-
search [21]. An incident wavelength of 5 Å was employed,
giving a maximum energy transfer of ⇠2 meV and an en-
ergy resolution of 0.09 meV. All uncertainties correspond
to one standard deviation. A magnetic field was applied
perpendicular to the scattering plane. Thus, for the sam-
ple aligned in the (H,K,0) scattering plane, the field is
applied along the [001] direction. For the sample aligned
in the (K+H,K�H,�2K) scattering plane, the field is ap-
plied along the [111] direction. For both alignments, the
(220) or (2-20) Bragg peak was observed only within the
central bank of our detectors providing a 2� upper limit
on the possible misalignment of our magnetic field. Scans
with a total sample rotation of 35° with 0.25° steps were
performed, centered on the (220) or (2-20) Bragg peak
(these positions are symmetrically equivalent and will
henceforth be referred to as (220)). Lastly, for complete-
ness, we also present previously published measurements
of Er2Ti2O7 aligned in the (H,H,L) scattering plane, with
a magnetic field applied along the [1-10] direction. This
earlier experiment was performed on the same spectrom-
eter (DCS at NIST) but with a di↵erent single crystal;
the full experimental details can be found in Ref. [22].

Typical elastic scattering maps of Er2Ti2O7 for each of
the three sample orientations above (T = 8 K or 2 K) and
below (T = 60 mK or 30 mK) the Neel ordering transi-
tion are shown in Fig. 2. At high temperature, we observe
a resolution limited Bragg peak that is purely structural
in origin. At low temperature, passing into the mag-
netically ordered state, additional magnetic Bragg and
di↵use scattering can be observed at the (220) position
for all sample orientations. In the subsequent analysis,
elastic cuts have been extracted for each data set with
varying magnetic field, as indicated by the white dashed
lines in Fig. 2(a,c,e). Those cuts have been obtained by
integrating the respective data sets in energy from �0.1
to 0.1 meV with an additional integration (i) from �0.3
to 0.3 in the [0,0,L] direction for the [1-10] sample, (ii)
from 1.8 to 2.2 in the [H00] direction for the [001] sample,
and (iii) from 0.8 to 1.2 in the [H’,0,-H’] direction for the
[111] sample (Fig. 3(a,c,e)). The inelastic spectra, which
are shown for each field direction in Fig. 4, are extracted
by using the same directional integrations, but without
the integration in energy. Integrations of the total in-
elastic signal about (220) are presented in Fig. 5, where
the area of integration corresponds to the white dashed
boxes in Fig. 2(b,d,f). Those spectra are obtained using
the same directional integrations as above, but with an
additional integration (i) from 1.7 to 2.3 in [H,H,0] for
the [1-10] sample, (ii) from 1.8 to 2.2 in [0K0] for the
[001] sample, and (iii) from 0.8 to 1.2 in [K’,-2K’,K’] for
the [111] sample.



Er2Ti2O7 Bragg Peaks

scattering intensity at the (0,0,2) position for H!Hc,
although this magnetic Bragg peak is weak at both low
and high fields.

The field evolution of the magnetic scattering is quali-
tatively understood as a smooth deformation of the ground
state from configuration A [illustrated in Fig. 3(a)] to
configuration B [illustrated in Fig. 3(b)]. To visualize
this, it is useful to subdivide the pyrochlore lattice into
spins residing on two sets of orthogonal chains, colored red
and blue in Figs. 3(a) and 3(b). To go from A to B, it is
necessary to rotate all blue spins by 90" such that they

polarize along ~H, while half of the red spins must rotate by
180" and half need not move at all. A simple picture
emerges in which all spins initially rotate through 90",
fully polarizing the blue spins while maintaining antiferro-
magnetic correlations between the red spins. This leads to a
polarized coplanar state, where blue spins point along
[1,1,0] and red spins point along #½1;%1; 0&. Next, while
the blue spins remain pinned along the [1,1,0] direction,
the red spins rotate through another 90", maximizing their
projections along the applied field direction and smoothly
increasing the scattering at (2,2,2). This picture gives rise
to the calculated Bragg intensities displayed in Fig. 3(d).

The above scenario describes the evolution of only one
of the six degenerate low-field states into the unique po-
larized high-field state. A more realistic picture needs to
take into account coexisting domains of all six A-type

states subject to a global symmetry-lowering [1,1,0] mag-
netic field. In this context, the quantum critical point at Hc

is most likely related to a field-induced merging of ground
states, as recently predicted for Gd-based pyrochlores [18].
Nevertheless, we expect the qualitative description of a
manifold of smoothly field-deformed states to survive
more sophisticated analysis, given the striking similarities
between the observed and calculated Bragg intensities.
Complementary to our diffraction results, we report

inelastic neutron scattering measurements of the low-
energy excitations of Er2Ti2O7 across the phase diagram.
Excitations have been measured throughout the ½H;H; L&
plane, and a subset of these results are reported in Fig. 4. In
zero applied magnetic field, the onset of magnetic order is
accompanied by the appearance of well defined spin wave
excitations. Two modes are easily seen near the (2,2,0)
position, one being essentially dispersionless at!0:4 meV
while the other goes soft at the ordering wave vector,
identifying it as a Goldstone mode. The dispersionless
mode was reported previously, along with the absence of
the soft mode [7]. It has been argued that the unusual
ground state of Er2Ti2O7 lacks soft spin excitations, or

FIG. 4 (color online). The dispersion of spin waves is shown
along the ½2; 2; L& line in reciprocal space, joining the (220) and
(222) wave vectors, where Bragg scattering characteristic of the
low- and high-field low temperature states is observed. (a) Shows
data at T ¼ 2 K and H ¼ 0, while (b)–(h) show data at T ¼
50 mK and applied field as indicated. A full spin excitation
softening is observed for !0H ! 1:5 T.

FIG. 3 (color online). (a) Schematic diagram of one of six
degenerate ground states in zero field. (b) A schematic diagram
of the high-field ground state. The spins are fully polarized
within XY planes and the state is nondegenerate. Note that spins
are subdivided into two sets, residing on perpendicular chains
and coloured red and blue. (c) The measured field dependence of
the integrated magnetic Bragg intensity of Q ¼ 0 peaks at T ¼
50 mK. The nuclear component to the scattering is eliminated by
subtracting data taken at 2 K. (d) Calculated magnetic Bragg
scattering is shown for a smooth deformation of the magnetic
structure taking it from (a) to (b). A canting angle of 0"

corresponds to (a) while 180" corresponds to (b).
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scattering intensity at the (0,0,2) position for H!Hc,
although this magnetic Bragg peak is weak at both low
and high fields.

The field evolution of the magnetic scattering is quali-
tatively understood as a smooth deformation of the ground
state from configuration A [illustrated in Fig. 3(a)] to
configuration B [illustrated in Fig. 3(b)]. To visualize
this, it is useful to subdivide the pyrochlore lattice into
spins residing on two sets of orthogonal chains, colored red
and blue in Figs. 3(a) and 3(b). To go from A to B, it is
necessary to rotate all blue spins by 90" such that they

polarize along ~H, while half of the red spins must rotate by
180" and half need not move at all. A simple picture
emerges in which all spins initially rotate through 90",
fully polarizing the blue spins while maintaining antiferro-
magnetic correlations between the red spins. This leads to a
polarized coplanar state, where blue spins point along
[1,1,0] and red spins point along #½1;%1; 0&. Next, while
the blue spins remain pinned along the [1,1,0] direction,
the red spins rotate through another 90", maximizing their
projections along the applied field direction and smoothly
increasing the scattering at (2,2,2). This picture gives rise
to the calculated Bragg intensities displayed in Fig. 3(d).

The above scenario describes the evolution of only one
of the six degenerate low-field states into the unique po-
larized high-field state. A more realistic picture needs to
take into account coexisting domains of all six A-type

states subject to a global symmetry-lowering [1,1,0] mag-
netic field. In this context, the quantum critical point at Hc

is most likely related to a field-induced merging of ground
states, as recently predicted for Gd-based pyrochlores [18].
Nevertheless, we expect the qualitative description of a
manifold of smoothly field-deformed states to survive
more sophisticated analysis, given the striking similarities
between the observed and calculated Bragg intensities.
Complementary to our diffraction results, we report

inelastic neutron scattering measurements of the low-
energy excitations of Er2Ti2O7 across the phase diagram.
Excitations have been measured throughout the ½H;H; L&
plane, and a subset of these results are reported in Fig. 4. In
zero applied magnetic field, the onset of magnetic order is
accompanied by the appearance of well defined spin wave
excitations. Two modes are easily seen near the (2,2,0)
position, one being essentially dispersionless at!0:4 meV
while the other goes soft at the ordering wave vector,
identifying it as a Goldstone mode. The dispersionless
mode was reported previously, along with the absence of
the soft mode [7]. It has been argued that the unusual
ground state of Er2Ti2O7 lacks soft spin excitations, or

FIG. 4 (color online). The dispersion of spin waves is shown
along the ½2; 2; L& line in reciprocal space, joining the (220) and
(222) wave vectors, where Bragg scattering characteristic of the
low- and high-field low temperature states is observed. (a) Shows
data at T ¼ 2 K and H ¼ 0, while (b)–(h) show data at T ¼
50 mK and applied field as indicated. A full spin excitation
softening is observed for !0H ! 1:5 T.

FIG. 3 (color online). (a) Schematic diagram of one of six
degenerate ground states in zero field. (b) A schematic diagram
of the high-field ground state. The spins are fully polarized
within XY planes and the state is nondegenerate. Note that spins
are subdivided into two sets, residing on perpendicular chains
and coloured red and blue. (c) The measured field dependence of
the integrated magnetic Bragg intensity of Q ¼ 0 peaks at T ¼
50 mK. The nuclear component to the scattering is eliminated by
subtracting data taken at 2 K. (d) Calculated magnetic Bragg
scattering is shown for a smooth deformation of the magnetic
structure taking it from (a) to (b). A canting angle of 0"

corresponds to (a) while 180" corresponds to (b).
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scattering intensity at the (0,0,2) position for H!Hc,
although this magnetic Bragg peak is weak at both low
and high fields.

The field evolution of the magnetic scattering is quali-
tatively understood as a smooth deformation of the ground
state from configuration A [illustrated in Fig. 3(a)] to
configuration B [illustrated in Fig. 3(b)]. To visualize
this, it is useful to subdivide the pyrochlore lattice into
spins residing on two sets of orthogonal chains, colored red
and blue in Figs. 3(a) and 3(b). To go from A to B, it is
necessary to rotate all blue spins by 90" such that they

polarize along ~H, while half of the red spins must rotate by
180" and half need not move at all. A simple picture
emerges in which all spins initially rotate through 90",
fully polarizing the blue spins while maintaining antiferro-
magnetic correlations between the red spins. This leads to a
polarized coplanar state, where blue spins point along
[1,1,0] and red spins point along #½1;%1; 0&. Next, while
the blue spins remain pinned along the [1,1,0] direction,
the red spins rotate through another 90", maximizing their
projections along the applied field direction and smoothly
increasing the scattering at (2,2,2). This picture gives rise
to the calculated Bragg intensities displayed in Fig. 3(d).

The above scenario describes the evolution of only one
of the six degenerate low-field states into the unique po-
larized high-field state. A more realistic picture needs to
take into account coexisting domains of all six A-type

states subject to a global symmetry-lowering [1,1,0] mag-
netic field. In this context, the quantum critical point at Hc

is most likely related to a field-induced merging of ground
states, as recently predicted for Gd-based pyrochlores [18].
Nevertheless, we expect the qualitative description of a
manifold of smoothly field-deformed states to survive
more sophisticated analysis, given the striking similarities
between the observed and calculated Bragg intensities.
Complementary to our diffraction results, we report

inelastic neutron scattering measurements of the low-
energy excitations of Er2Ti2O7 across the phase diagram.
Excitations have been measured throughout the ½H;H; L&
plane, and a subset of these results are reported in Fig. 4. In
zero applied magnetic field, the onset of magnetic order is
accompanied by the appearance of well defined spin wave
excitations. Two modes are easily seen near the (2,2,0)
position, one being essentially dispersionless at!0:4 meV
while the other goes soft at the ordering wave vector,
identifying it as a Goldstone mode. The dispersionless
mode was reported previously, along with the absence of
the soft mode [7]. It has been argued that the unusual
ground state of Er2Ti2O7 lacks soft spin excitations, or

FIG. 4 (color online). The dispersion of spin waves is shown
along the ½2; 2; L& line in reciprocal space, joining the (220) and
(222) wave vectors, where Bragg scattering characteristic of the
low- and high-field low temperature states is observed. (a) Shows
data at T ¼ 2 K and H ¼ 0, while (b)–(h) show data at T ¼
50 mK and applied field as indicated. A full spin excitation
softening is observed for !0H ! 1:5 T.

FIG. 3 (color online). (a) Schematic diagram of one of six
degenerate ground states in zero field. (b) A schematic diagram
of the high-field ground state. The spins are fully polarized
within XY planes and the state is nondegenerate. Note that spins
are subdivided into two sets, residing on perpendicular chains
and coloured red and blue. (c) The measured field dependence of
the integrated magnetic Bragg intensity of Q ¼ 0 peaks at T ¼
50 mK. The nuclear component to the scattering is eliminated by
subtracting data taken at 2 K. (d) Calculated magnetic Bragg
scattering is shown for a smooth deformation of the magnetic
structure taking it from (a) to (b). A canting angle of 0"

corresponds to (a) while 180" corresponds to (b).
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scattering intensity at the (0,0,2) position for H!Hc,
although this magnetic Bragg peak is weak at both low
and high fields.

The field evolution of the magnetic scattering is quali-
tatively understood as a smooth deformation of the ground
state from configuration A [illustrated in Fig. 3(a)] to
configuration B [illustrated in Fig. 3(b)]. To visualize
this, it is useful to subdivide the pyrochlore lattice into
spins residing on two sets of orthogonal chains, colored red
and blue in Figs. 3(a) and 3(b). To go from A to B, it is
necessary to rotate all blue spins by 90" such that they

polarize along ~H, while half of the red spins must rotate by
180" and half need not move at all. A simple picture
emerges in which all spins initially rotate through 90",
fully polarizing the blue spins while maintaining antiferro-
magnetic correlations between the red spins. This leads to a
polarized coplanar state, where blue spins point along
[1,1,0] and red spins point along #½1;%1; 0&. Next, while
the blue spins remain pinned along the [1,1,0] direction,
the red spins rotate through another 90", maximizing their
projections along the applied field direction and smoothly
increasing the scattering at (2,2,2). This picture gives rise
to the calculated Bragg intensities displayed in Fig. 3(d).

The above scenario describes the evolution of only one
of the six degenerate low-field states into the unique po-
larized high-field state. A more realistic picture needs to
take into account coexisting domains of all six A-type

states subject to a global symmetry-lowering [1,1,0] mag-
netic field. In this context, the quantum critical point at Hc

is most likely related to a field-induced merging of ground
states, as recently predicted for Gd-based pyrochlores [18].
Nevertheless, we expect the qualitative description of a
manifold of smoothly field-deformed states to survive
more sophisticated analysis, given the striking similarities
between the observed and calculated Bragg intensities.
Complementary to our diffraction results, we report

inelastic neutron scattering measurements of the low-
energy excitations of Er2Ti2O7 across the phase diagram.
Excitations have been measured throughout the ½H;H; L&
plane, and a subset of these results are reported in Fig. 4. In
zero applied magnetic field, the onset of magnetic order is
accompanied by the appearance of well defined spin wave
excitations. Two modes are easily seen near the (2,2,0)
position, one being essentially dispersionless at!0:4 meV
while the other goes soft at the ordering wave vector,
identifying it as a Goldstone mode. The dispersionless
mode was reported previously, along with the absence of
the soft mode [7]. It has been argued that the unusual
ground state of Er2Ti2O7 lacks soft spin excitations, or

FIG. 4 (color online). The dispersion of spin waves is shown
along the ½2; 2; L& line in reciprocal space, joining the (220) and
(222) wave vectors, where Bragg scattering characteristic of the
low- and high-field low temperature states is observed. (a) Shows
data at T ¼ 2 K and H ¼ 0, while (b)–(h) show data at T ¼
50 mK and applied field as indicated. A full spin excitation
softening is observed for !0H ! 1:5 T.

FIG. 3 (color online). (a) Schematic diagram of one of six
degenerate ground states in zero field. (b) A schematic diagram
of the high-field ground state. The spins are fully polarized
within XY planes and the state is nondegenerate. Note that spins
are subdivided into two sets, residing on perpendicular chains
and coloured red and blue. (c) The measured field dependence of
the integrated magnetic Bragg intensity of Q ¼ 0 peaks at T ¼
50 mK. The nuclear component to the scattering is eliminated by
subtracting data taken at 2 K. (d) Calculated magnetic Bragg
scattering is shown for a smooth deformation of the magnetic
structure taking it from (a) to (b). A canting angle of 0"

corresponds to (a) while 180" corresponds to (b).
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scattering intensity at the (0,0,2) position for H!Hc,
although this magnetic Bragg peak is weak at both low
and high fields.

The field evolution of the magnetic scattering is quali-
tatively understood as a smooth deformation of the ground
state from configuration A [illustrated in Fig. 3(a)] to
configuration B [illustrated in Fig. 3(b)]. To visualize
this, it is useful to subdivide the pyrochlore lattice into
spins residing on two sets of orthogonal chains, colored red
and blue in Figs. 3(a) and 3(b). To go from A to B, it is
necessary to rotate all blue spins by 90" such that they

polarize along ~H, while half of the red spins must rotate by
180" and half need not move at all. A simple picture
emerges in which all spins initially rotate through 90",
fully polarizing the blue spins while maintaining antiferro-
magnetic correlations between the red spins. This leads to a
polarized coplanar state, where blue spins point along
[1,1,0] and red spins point along #½1;%1; 0&. Next, while
the blue spins remain pinned along the [1,1,0] direction,
the red spins rotate through another 90", maximizing their
projections along the applied field direction and smoothly
increasing the scattering at (2,2,2). This picture gives rise
to the calculated Bragg intensities displayed in Fig. 3(d).

The above scenario describes the evolution of only one
of the six degenerate low-field states into the unique po-
larized high-field state. A more realistic picture needs to
take into account coexisting domains of all six A-type

states subject to a global symmetry-lowering [1,1,0] mag-
netic field. In this context, the quantum critical point at Hc

is most likely related to a field-induced merging of ground
states, as recently predicted for Gd-based pyrochlores [18].
Nevertheless, we expect the qualitative description of a
manifold of smoothly field-deformed states to survive
more sophisticated analysis, given the striking similarities
between the observed and calculated Bragg intensities.
Complementary to our diffraction results, we report

inelastic neutron scattering measurements of the low-
energy excitations of Er2Ti2O7 across the phase diagram.
Excitations have been measured throughout the ½H;H; L&
plane, and a subset of these results are reported in Fig. 4. In
zero applied magnetic field, the onset of magnetic order is
accompanied by the appearance of well defined spin wave
excitations. Two modes are easily seen near the (2,2,0)
position, one being essentially dispersionless at!0:4 meV
while the other goes soft at the ordering wave vector,
identifying it as a Goldstone mode. The dispersionless
mode was reported previously, along with the absence of
the soft mode [7]. It has been argued that the unusual
ground state of Er2Ti2O7 lacks soft spin excitations, or

FIG. 4 (color online). The dispersion of spin waves is shown
along the ½2; 2; L& line in reciprocal space, joining the (220) and
(222) wave vectors, where Bragg scattering characteristic of the
low- and high-field low temperature states is observed. (a) Shows
data at T ¼ 2 K and H ¼ 0, while (b)–(h) show data at T ¼
50 mK and applied field as indicated. A full spin excitation
softening is observed for !0H ! 1:5 T.

FIG. 3 (color online). (a) Schematic diagram of one of six
degenerate ground states in zero field. (b) A schematic diagram
of the high-field ground state. The spins are fully polarized
within XY planes and the state is nondegenerate. Note that spins
are subdivided into two sets, residing on perpendicular chains
and coloured red and blue. (c) The measured field dependence of
the integrated magnetic Bragg intensity of Q ¼ 0 peaks at T ¼
50 mK. The nuclear component to the scattering is eliminated by
subtracting data taken at 2 K. (d) Calculated magnetic Bragg
scattering is shown for a smooth deformation of the magnetic
structure taking it from (a) to (b). A canting angle of 0"

corresponds to (a) while 180" corresponds to (b).
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scattering intensity at the (0,0,2) position for H!Hc,
although this magnetic Bragg peak is weak at both low
and high fields.

The field evolution of the magnetic scattering is quali-
tatively understood as a smooth deformation of the ground
state from configuration A [illustrated in Fig. 3(a)] to
configuration B [illustrated in Fig. 3(b)]. To visualize
this, it is useful to subdivide the pyrochlore lattice into
spins residing on two sets of orthogonal chains, colored red
and blue in Figs. 3(a) and 3(b). To go from A to B, it is
necessary to rotate all blue spins by 90" such that they

polarize along ~H, while half of the red spins must rotate by
180" and half need not move at all. A simple picture
emerges in which all spins initially rotate through 90",
fully polarizing the blue spins while maintaining antiferro-
magnetic correlations between the red spins. This leads to a
polarized coplanar state, where blue spins point along
[1,1,0] and red spins point along #½1;%1; 0&. Next, while
the blue spins remain pinned along the [1,1,0] direction,
the red spins rotate through another 90", maximizing their
projections along the applied field direction and smoothly
increasing the scattering at (2,2,2). This picture gives rise
to the calculated Bragg intensities displayed in Fig. 3(d).

The above scenario describes the evolution of only one
of the six degenerate low-field states into the unique po-
larized high-field state. A more realistic picture needs to
take into account coexisting domains of all six A-type

states subject to a global symmetry-lowering [1,1,0] mag-
netic field. In this context, the quantum critical point at Hc

is most likely related to a field-induced merging of ground
states, as recently predicted for Gd-based pyrochlores [18].
Nevertheless, we expect the qualitative description of a
manifold of smoothly field-deformed states to survive
more sophisticated analysis, given the striking similarities
between the observed and calculated Bragg intensities.
Complementary to our diffraction results, we report

inelastic neutron scattering measurements of the low-
energy excitations of Er2Ti2O7 across the phase diagram.
Excitations have been measured throughout the ½H;H; L&
plane, and a subset of these results are reported in Fig. 4. In
zero applied magnetic field, the onset of magnetic order is
accompanied by the appearance of well defined spin wave
excitations. Two modes are easily seen near the (2,2,0)
position, one being essentially dispersionless at!0:4 meV
while the other goes soft at the ordering wave vector,
identifying it as a Goldstone mode. The dispersionless
mode was reported previously, along with the absence of
the soft mode [7]. It has been argued that the unusual
ground state of Er2Ti2O7 lacks soft spin excitations, or

FIG. 4 (color online). The dispersion of spin waves is shown
along the ½2; 2; L& line in reciprocal space, joining the (220) and
(222) wave vectors, where Bragg scattering characteristic of the
low- and high-field low temperature states is observed. (a) Shows
data at T ¼ 2 K and H ¼ 0, while (b)–(h) show data at T ¼
50 mK and applied field as indicated. A full spin excitation
softening is observed for !0H ! 1:5 T.

FIG. 3 (color online). (a) Schematic diagram of one of six
degenerate ground states in zero field. (b) A schematic diagram
of the high-field ground state. The spins are fully polarized
within XY planes and the state is nondegenerate. Note that spins
are subdivided into two sets, residing on perpendicular chains
and coloured red and blue. (c) The measured field dependence of
the integrated magnetic Bragg intensity of Q ¼ 0 peaks at T ¼
50 mK. The nuclear component to the scattering is eliminated by
subtracting data taken at 2 K. (d) Calculated magnetic Bragg
scattering is shown for a smooth deformation of the magnetic
structure taking it from (a) to (b). A canting angle of 0"

corresponds to (a) while 180" corresponds to (b).
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scattering intensity at the (0,0,2) position for H!Hc,
although this magnetic Bragg peak is weak at both low
and high fields.

The field evolution of the magnetic scattering is quali-
tatively understood as a smooth deformation of the ground
state from configuration A [illustrated in Fig. 3(a)] to
configuration B [illustrated in Fig. 3(b)]. To visualize
this, it is useful to subdivide the pyrochlore lattice into
spins residing on two sets of orthogonal chains, colored red
and blue in Figs. 3(a) and 3(b). To go from A to B, it is
necessary to rotate all blue spins by 90" such that they

polarize along ~H, while half of the red spins must rotate by
180" and half need not move at all. A simple picture
emerges in which all spins initially rotate through 90",
fully polarizing the blue spins while maintaining antiferro-
magnetic correlations between the red spins. This leads to a
polarized coplanar state, where blue spins point along
[1,1,0] and red spins point along #½1;%1; 0&. Next, while
the blue spins remain pinned along the [1,1,0] direction,
the red spins rotate through another 90", maximizing their
projections along the applied field direction and smoothly
increasing the scattering at (2,2,2). This picture gives rise
to the calculated Bragg intensities displayed in Fig. 3(d).

The above scenario describes the evolution of only one
of the six degenerate low-field states into the unique po-
larized high-field state. A more realistic picture needs to
take into account coexisting domains of all six A-type

states subject to a global symmetry-lowering [1,1,0] mag-
netic field. In this context, the quantum critical point at Hc

is most likely related to a field-induced merging of ground
states, as recently predicted for Gd-based pyrochlores [18].
Nevertheless, we expect the qualitative description of a
manifold of smoothly field-deformed states to survive
more sophisticated analysis, given the striking similarities
between the observed and calculated Bragg intensities.
Complementary to our diffraction results, we report

inelastic neutron scattering measurements of the low-
energy excitations of Er2Ti2O7 across the phase diagram.
Excitations have been measured throughout the ½H;H; L&
plane, and a subset of these results are reported in Fig. 4. In
zero applied magnetic field, the onset of magnetic order is
accompanied by the appearance of well defined spin wave
excitations. Two modes are easily seen near the (2,2,0)
position, one being essentially dispersionless at!0:4 meV
while the other goes soft at the ordering wave vector,
identifying it as a Goldstone mode. The dispersionless
mode was reported previously, along with the absence of
the soft mode [7]. It has been argued that the unusual
ground state of Er2Ti2O7 lacks soft spin excitations, or

FIG. 4 (color online). The dispersion of spin waves is shown
along the ½2; 2; L& line in reciprocal space, joining the (220) and
(222) wave vectors, where Bragg scattering characteristic of the
low- and high-field low temperature states is observed. (a) Shows
data at T ¼ 2 K and H ¼ 0, while (b)–(h) show data at T ¼
50 mK and applied field as indicated. A full spin excitation
softening is observed for !0H ! 1:5 T.

FIG. 3 (color online). (a) Schematic diagram of one of six
degenerate ground states in zero field. (b) A schematic diagram
of the high-field ground state. The spins are fully polarized
within XY planes and the state is nondegenerate. Note that spins
are subdivided into two sets, residing on perpendicular chains
and coloured red and blue. (c) The measured field dependence of
the integrated magnetic Bragg intensity of Q ¼ 0 peaks at T ¼
50 mK. The nuclear component to the scattering is eliminated by
subtracting data taken at 2 K. (d) Calculated magnetic Bragg
scattering is shown for a smooth deformation of the magnetic
structure taking it from (a) to (b). A canting angle of 0"

corresponds to (a) while 180" corresponds to (b).
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scattering intensity at the (0,0,2) position for H!Hc,
although this magnetic Bragg peak is weak at both low
and high fields.

The field evolution of the magnetic scattering is quali-
tatively understood as a smooth deformation of the ground
state from configuration A [illustrated in Fig. 3(a)] to
configuration B [illustrated in Fig. 3(b)]. To visualize
this, it is useful to subdivide the pyrochlore lattice into
spins residing on two sets of orthogonal chains, colored red
and blue in Figs. 3(a) and 3(b). To go from A to B, it is
necessary to rotate all blue spins by 90" such that they

polarize along ~H, while half of the red spins must rotate by
180" and half need not move at all. A simple picture
emerges in which all spins initially rotate through 90",
fully polarizing the blue spins while maintaining antiferro-
magnetic correlations between the red spins. This leads to a
polarized coplanar state, where blue spins point along
[1,1,0] and red spins point along #½1;%1; 0&. Next, while
the blue spins remain pinned along the [1,1,0] direction,
the red spins rotate through another 90", maximizing their
projections along the applied field direction and smoothly
increasing the scattering at (2,2,2). This picture gives rise
to the calculated Bragg intensities displayed in Fig. 3(d).

The above scenario describes the evolution of only one
of the six degenerate low-field states into the unique po-
larized high-field state. A more realistic picture needs to
take into account coexisting domains of all six A-type

states subject to a global symmetry-lowering [1,1,0] mag-
netic field. In this context, the quantum critical point at Hc

is most likely related to a field-induced merging of ground
states, as recently predicted for Gd-based pyrochlores [18].
Nevertheless, we expect the qualitative description of a
manifold of smoothly field-deformed states to survive
more sophisticated analysis, given the striking similarities
between the observed and calculated Bragg intensities.
Complementary to our diffraction results, we report

inelastic neutron scattering measurements of the low-
energy excitations of Er2Ti2O7 across the phase diagram.
Excitations have been measured throughout the ½H;H; L&
plane, and a subset of these results are reported in Fig. 4. In
zero applied magnetic field, the onset of magnetic order is
accompanied by the appearance of well defined spin wave
excitations. Two modes are easily seen near the (2,2,0)
position, one being essentially dispersionless at!0:4 meV
while the other goes soft at the ordering wave vector,
identifying it as a Goldstone mode. The dispersionless
mode was reported previously, along with the absence of
the soft mode [7]. It has been argued that the unusual
ground state of Er2Ti2O7 lacks soft spin excitations, or

FIG. 4 (color online). The dispersion of spin waves is shown
along the ½2; 2; L& line in reciprocal space, joining the (220) and
(222) wave vectors, where Bragg scattering characteristic of the
low- and high-field low temperature states is observed. (a) Shows
data at T ¼ 2 K and H ¼ 0, while (b)–(h) show data at T ¼
50 mK and applied field as indicated. A full spin excitation
softening is observed for !0H ! 1:5 T.

FIG. 3 (color online). (a) Schematic diagram of one of six
degenerate ground states in zero field. (b) A schematic diagram
of the high-field ground state. The spins are fully polarized
within XY planes and the state is nondegenerate. Note that spins
are subdivided into two sets, residing on perpendicular chains
and coloured red and blue. (c) The measured field dependence of
the integrated magnetic Bragg intensity of Q ¼ 0 peaks at T ¼
50 mK. The nuclear component to the scattering is eliminated by
subtracting data taken at 2 K. (d) Calculated magnetic Bragg
scattering is shown for a smooth deformation of the magnetic
structure taking it from (a) to (b). A canting angle of 0"

corresponds to (a) while 180" corresponds to (b).
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scattering intensity at the (0,0,2) position for H!Hc,
although this magnetic Bragg peak is weak at both low
and high fields.

The field evolution of the magnetic scattering is quali-
tatively understood as a smooth deformation of the ground
state from configuration A [illustrated in Fig. 3(a)] to
configuration B [illustrated in Fig. 3(b)]. To visualize
this, it is useful to subdivide the pyrochlore lattice into
spins residing on two sets of orthogonal chains, colored red
and blue in Figs. 3(a) and 3(b). To go from A to B, it is
necessary to rotate all blue spins by 90" such that they

polarize along ~H, while half of the red spins must rotate by
180" and half need not move at all. A simple picture
emerges in which all spins initially rotate through 90",
fully polarizing the blue spins while maintaining antiferro-
magnetic correlations between the red spins. This leads to a
polarized coplanar state, where blue spins point along
[1,1,0] and red spins point along #½1;%1; 0&. Next, while
the blue spins remain pinned along the [1,1,0] direction,
the red spins rotate through another 90", maximizing their
projections along the applied field direction and smoothly
increasing the scattering at (2,2,2). This picture gives rise
to the calculated Bragg intensities displayed in Fig. 3(d).

The above scenario describes the evolution of only one
of the six degenerate low-field states into the unique po-
larized high-field state. A more realistic picture needs to
take into account coexisting domains of all six A-type

states subject to a global symmetry-lowering [1,1,0] mag-
netic field. In this context, the quantum critical point at Hc

is most likely related to a field-induced merging of ground
states, as recently predicted for Gd-based pyrochlores [18].
Nevertheless, we expect the qualitative description of a
manifold of smoothly field-deformed states to survive
more sophisticated analysis, given the striking similarities
between the observed and calculated Bragg intensities.
Complementary to our diffraction results, we report

inelastic neutron scattering measurements of the low-
energy excitations of Er2Ti2O7 across the phase diagram.
Excitations have been measured throughout the ½H;H; L&
plane, and a subset of these results are reported in Fig. 4. In
zero applied magnetic field, the onset of magnetic order is
accompanied by the appearance of well defined spin wave
excitations. Two modes are easily seen near the (2,2,0)
position, one being essentially dispersionless at!0:4 meV
while the other goes soft at the ordering wave vector,
identifying it as a Goldstone mode. The dispersionless
mode was reported previously, along with the absence of
the soft mode [7]. It has been argued that the unusual
ground state of Er2Ti2O7 lacks soft spin excitations, or

FIG. 4 (color online). The dispersion of spin waves is shown
along the ½2; 2; L& line in reciprocal space, joining the (220) and
(222) wave vectors, where Bragg scattering characteristic of the
low- and high-field low temperature states is observed. (a) Shows
data at T ¼ 2 K and H ¼ 0, while (b)–(h) show data at T ¼
50 mK and applied field as indicated. A full spin excitation
softening is observed for !0H ! 1:5 T.

FIG. 3 (color online). (a) Schematic diagram of one of six
degenerate ground states in zero field. (b) A schematic diagram
of the high-field ground state. The spins are fully polarized
within XY planes and the state is nondegenerate. Note that spins
are subdivided into two sets, residing on perpendicular chains
and coloured red and blue. (c) The measured field dependence of
the integrated magnetic Bragg intensity of Q ¼ 0 peaks at T ¼
50 mK. The nuclear component to the scattering is eliminated by
subtracting data taken at 2 K. (d) Calculated magnetic Bragg
scattering is shown for a smooth deformation of the magnetic
structure taking it from (a) to (b). A canting angle of 0"

corresponds to (a) while 180" corresponds to (b).
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scattering intensity at the (0,0,2) position for H!Hc,
although this magnetic Bragg peak is weak at both low
and high fields.

The field evolution of the magnetic scattering is quali-
tatively understood as a smooth deformation of the ground
state from configuration A [illustrated in Fig. 3(a)] to
configuration B [illustrated in Fig. 3(b)]. To visualize
this, it is useful to subdivide the pyrochlore lattice into
spins residing on two sets of orthogonal chains, colored red
and blue in Figs. 3(a) and 3(b). To go from A to B, it is
necessary to rotate all blue spins by 90" such that they

polarize along ~H, while half of the red spins must rotate by
180" and half need not move at all. A simple picture
emerges in which all spins initially rotate through 90",
fully polarizing the blue spins while maintaining antiferro-
magnetic correlations between the red spins. This leads to a
polarized coplanar state, where blue spins point along
[1,1,0] and red spins point along #½1;%1; 0&. Next, while
the blue spins remain pinned along the [1,1,0] direction,
the red spins rotate through another 90", maximizing their
projections along the applied field direction and smoothly
increasing the scattering at (2,2,2). This picture gives rise
to the calculated Bragg intensities displayed in Fig. 3(d).

The above scenario describes the evolution of only one
of the six degenerate low-field states into the unique po-
larized high-field state. A more realistic picture needs to
take into account coexisting domains of all six A-type

states subject to a global symmetry-lowering [1,1,0] mag-
netic field. In this context, the quantum critical point at Hc

is most likely related to a field-induced merging of ground
states, as recently predicted for Gd-based pyrochlores [18].
Nevertheless, we expect the qualitative description of a
manifold of smoothly field-deformed states to survive
more sophisticated analysis, given the striking similarities
between the observed and calculated Bragg intensities.
Complementary to our diffraction results, we report

inelastic neutron scattering measurements of the low-
energy excitations of Er2Ti2O7 across the phase diagram.
Excitations have been measured throughout the ½H;H; L&
plane, and a subset of these results are reported in Fig. 4. In
zero applied magnetic field, the onset of magnetic order is
accompanied by the appearance of well defined spin wave
excitations. Two modes are easily seen near the (2,2,0)
position, one being essentially dispersionless at!0:4 meV
while the other goes soft at the ordering wave vector,
identifying it as a Goldstone mode. The dispersionless
mode was reported previously, along with the absence of
the soft mode [7]. It has been argued that the unusual
ground state of Er2Ti2O7 lacks soft spin excitations, or

FIG. 4 (color online). The dispersion of spin waves is shown
along the ½2; 2; L& line in reciprocal space, joining the (220) and
(222) wave vectors, where Bragg scattering characteristic of the
low- and high-field low temperature states is observed. (a) Shows
data at T ¼ 2 K and H ¼ 0, while (b)–(h) show data at T ¼
50 mK and applied field as indicated. A full spin excitation
softening is observed for !0H ! 1:5 T.

FIG. 3 (color online). (a) Schematic diagram of one of six
degenerate ground states in zero field. (b) A schematic diagram
of the high-field ground state. The spins are fully polarized
within XY planes and the state is nondegenerate. Note that spins
are subdivided into two sets, residing on perpendicular chains
and coloured red and blue. (c) The measured field dependence of
the integrated magnetic Bragg intensity of Q ¼ 0 peaks at T ¼
50 mK. The nuclear component to the scattering is eliminated by
subtracting data taken at 2 K. (d) Calculated magnetic Bragg
scattering is shown for a smooth deformation of the magnetic
structure taking it from (a) to (b). A canting angle of 0"

corresponds to (a) while 180" corresponds to (b).
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scattering intensity at the (0,0,2) position for H!Hc,
although this magnetic Bragg peak is weak at both low
and high fields.

The field evolution of the magnetic scattering is quali-
tatively understood as a smooth deformation of the ground
state from configuration A [illustrated in Fig. 3(a)] to
configuration B [illustrated in Fig. 3(b)]. To visualize
this, it is useful to subdivide the pyrochlore lattice into
spins residing on two sets of orthogonal chains, colored red
and blue in Figs. 3(a) and 3(b). To go from A to B, it is
necessary to rotate all blue spins by 90" such that they

polarize along ~H, while half of the red spins must rotate by
180" and half need not move at all. A simple picture
emerges in which all spins initially rotate through 90",
fully polarizing the blue spins while maintaining antiferro-
magnetic correlations between the red spins. This leads to a
polarized coplanar state, where blue spins point along
[1,1,0] and red spins point along #½1;%1; 0&. Next, while
the blue spins remain pinned along the [1,1,0] direction,
the red spins rotate through another 90", maximizing their
projections along the applied field direction and smoothly
increasing the scattering at (2,2,2). This picture gives rise
to the calculated Bragg intensities displayed in Fig. 3(d).

The above scenario describes the evolution of only one
of the six degenerate low-field states into the unique po-
larized high-field state. A more realistic picture needs to
take into account coexisting domains of all six A-type

states subject to a global symmetry-lowering [1,1,0] mag-
netic field. In this context, the quantum critical point at Hc

is most likely related to a field-induced merging of ground
states, as recently predicted for Gd-based pyrochlores [18].
Nevertheless, we expect the qualitative description of a
manifold of smoothly field-deformed states to survive
more sophisticated analysis, given the striking similarities
between the observed and calculated Bragg intensities.
Complementary to our diffraction results, we report

inelastic neutron scattering measurements of the low-
energy excitations of Er2Ti2O7 across the phase diagram.
Excitations have been measured throughout the ½H;H; L&
plane, and a subset of these results are reported in Fig. 4. In
zero applied magnetic field, the onset of magnetic order is
accompanied by the appearance of well defined spin wave
excitations. Two modes are easily seen near the (2,2,0)
position, one being essentially dispersionless at!0:4 meV
while the other goes soft at the ordering wave vector,
identifying it as a Goldstone mode. The dispersionless
mode was reported previously, along with the absence of
the soft mode [7]. It has been argued that the unusual
ground state of Er2Ti2O7 lacks soft spin excitations, or

FIG. 4 (color online). The dispersion of spin waves is shown
along the ½2; 2; L& line in reciprocal space, joining the (220) and
(222) wave vectors, where Bragg scattering characteristic of the
low- and high-field low temperature states is observed. (a) Shows
data at T ¼ 2 K and H ¼ 0, while (b)–(h) show data at T ¼
50 mK and applied field as indicated. A full spin excitation
softening is observed for !0H ! 1:5 T.

FIG. 3 (color online). (a) Schematic diagram of one of six
degenerate ground states in zero field. (b) A schematic diagram
of the high-field ground state. The spins are fully polarized
within XY planes and the state is nondegenerate. Note that spins
are subdivided into two sets, residing on perpendicular chains
and coloured red and blue. (c) The measured field dependence of
the integrated magnetic Bragg intensity of Q ¼ 0 peaks at T ¼
50 mK. The nuclear component to the scattering is eliminated by
subtracting data taken at 2 K. (d) Calculated magnetic Bragg
scattering is shown for a smooth deformation of the magnetic
structure taking it from (a) to (b). A canting angle of 0"

corresponds to (a) while 180" corresponds to (b).
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scattering intensity at the (0,0,2) position for H!Hc,
although this magnetic Bragg peak is weak at both low
and high fields.

The field evolution of the magnetic scattering is quali-
tatively understood as a smooth deformation of the ground
state from configuration A [illustrated in Fig. 3(a)] to
configuration B [illustrated in Fig. 3(b)]. To visualize
this, it is useful to subdivide the pyrochlore lattice into
spins residing on two sets of orthogonal chains, colored red
and blue in Figs. 3(a) and 3(b). To go from A to B, it is
necessary to rotate all blue spins by 90" such that they

polarize along ~H, while half of the red spins must rotate by
180" and half need not move at all. A simple picture
emerges in which all spins initially rotate through 90",
fully polarizing the blue spins while maintaining antiferro-
magnetic correlations between the red spins. This leads to a
polarized coplanar state, where blue spins point along
[1,1,0] and red spins point along #½1;%1; 0&. Next, while
the blue spins remain pinned along the [1,1,0] direction,
the red spins rotate through another 90", maximizing their
projections along the applied field direction and smoothly
increasing the scattering at (2,2,2). This picture gives rise
to the calculated Bragg intensities displayed in Fig. 3(d).

The above scenario describes the evolution of only one
of the six degenerate low-field states into the unique po-
larized high-field state. A more realistic picture needs to
take into account coexisting domains of all six A-type

states subject to a global symmetry-lowering [1,1,0] mag-
netic field. In this context, the quantum critical point at Hc

is most likely related to a field-induced merging of ground
states, as recently predicted for Gd-based pyrochlores [18].
Nevertheless, we expect the qualitative description of a
manifold of smoothly field-deformed states to survive
more sophisticated analysis, given the striking similarities
between the observed and calculated Bragg intensities.
Complementary to our diffraction results, we report

inelastic neutron scattering measurements of the low-
energy excitations of Er2Ti2O7 across the phase diagram.
Excitations have been measured throughout the ½H;H; L&
plane, and a subset of these results are reported in Fig. 4. In
zero applied magnetic field, the onset of magnetic order is
accompanied by the appearance of well defined spin wave
excitations. Two modes are easily seen near the (2,2,0)
position, one being essentially dispersionless at!0:4 meV
while the other goes soft at the ordering wave vector,
identifying it as a Goldstone mode. The dispersionless
mode was reported previously, along with the absence of
the soft mode [7]. It has been argued that the unusual
ground state of Er2Ti2O7 lacks soft spin excitations, or

FIG. 4 (color online). The dispersion of spin waves is shown
along the ½2; 2; L& line in reciprocal space, joining the (220) and
(222) wave vectors, where Bragg scattering characteristic of the
low- and high-field low temperature states is observed. (a) Shows
data at T ¼ 2 K and H ¼ 0, while (b)–(h) show data at T ¼
50 mK and applied field as indicated. A full spin excitation
softening is observed for !0H ! 1:5 T.

FIG. 3 (color online). (a) Schematic diagram of one of six
degenerate ground states in zero field. (b) A schematic diagram
of the high-field ground state. The spins are fully polarized
within XY planes and the state is nondegenerate. Note that spins
are subdivided into two sets, residing on perpendicular chains
and coloured red and blue. (c) The measured field dependence of
the integrated magnetic Bragg intensity of Q ¼ 0 peaks at T ¼
50 mK. The nuclear component to the scattering is eliminated by
subtracting data taken at 2 K. (d) Calculated magnetic Bragg
scattering is shown for a smooth deformation of the magnetic
structure taking it from (a) to (b). A canting angle of 0"

corresponds to (a) while 180" corresponds to (b).
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scattering intensity at the (0,0,2) position for H!Hc,
although this magnetic Bragg peak is weak at both low
and high fields.

The field evolution of the magnetic scattering is quali-
tatively understood as a smooth deformation of the ground
state from configuration A [illustrated in Fig. 3(a)] to
configuration B [illustrated in Fig. 3(b)]. To visualize
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spins residing on two sets of orthogonal chains, colored red
and blue in Figs. 3(a) and 3(b). To go from A to B, it is
necessary to rotate all blue spins by 90" such that they
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180" and half need not move at all. A simple picture
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[1,1,0] and red spins point along #½1;%1; 0&. Next, while
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to the calculated Bragg intensities displayed in Fig. 3(d).
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of the six degenerate low-field states into the unique po-
larized high-field state. A more realistic picture needs to
take into account coexisting domains of all six A-type

states subject to a global symmetry-lowering [1,1,0] mag-
netic field. In this context, the quantum critical point at Hc

is most likely related to a field-induced merging of ground
states, as recently predicted for Gd-based pyrochlores [18].
Nevertheless, we expect the qualitative description of a
manifold of smoothly field-deformed states to survive
more sophisticated analysis, given the striking similarities
between the observed and calculated Bragg intensities.
Complementary to our diffraction results, we report

inelastic neutron scattering measurements of the low-
energy excitations of Er2Ti2O7 across the phase diagram.
Excitations have been measured throughout the ½H;H; L&
plane, and a subset of these results are reported in Fig. 4. In
zero applied magnetic field, the onset of magnetic order is
accompanied by the appearance of well defined spin wave
excitations. Two modes are easily seen near the (2,2,0)
position, one being essentially dispersionless at!0:4 meV
while the other goes soft at the ordering wave vector,
identifying it as a Goldstone mode. The dispersionless
mode was reported previously, along with the absence of
the soft mode [7]. It has been argued that the unusual
ground state of Er2Ti2O7 lacks soft spin excitations, or

FIG. 4 (color online). The dispersion of spin waves is shown
along the ½2; 2; L& line in reciprocal space, joining the (220) and
(222) wave vectors, where Bragg scattering characteristic of the
low- and high-field low temperature states is observed. (a) Shows
data at T ¼ 2 K and H ¼ 0, while (b)–(h) show data at T ¼
50 mK and applied field as indicated. A full spin excitation
softening is observed for !0H ! 1:5 T.

FIG. 3 (color online). (a) Schematic diagram of one of six
degenerate ground states in zero field. (b) A schematic diagram
of the high-field ground state. The spins are fully polarized
within XY planes and the state is nondegenerate. Note that spins
are subdivided into two sets, residing on perpendicular chains
and coloured red and blue. (c) The measured field dependence of
the integrated magnetic Bragg intensity of Q ¼ 0 peaks at T ¼
50 mK. The nuclear component to the scattering is eliminated by
subtracting data taken at 2 K. (d) Calculated magnetic Bragg
scattering is shown for a smooth deformation of the magnetic
structure taking it from (a) to (b). A canting angle of 0"

corresponds to (a) while 180" corresponds to (b).

PRL 101, 147205 (2008) P HY S I CA L R EV I EW LE T T E R S
week ending

3 OCTOBER 2008

147205-3

Hc = 1.74 T

6 ѱ2 domains 2 ѱ2 domains 1 polarized domain
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The anisotropic exchange Hamiltonian predicts  
a rich phase diagram for the XY pyrochlores

H =
X

<ij>

~Si
~Jij ~Sj

J1 = XY 
J2 = Ising 
J3 = Symmetric off-diagonal 
J4 = Dzyaloshinskii-Moriya

Yan et al., Phys. Rev. B 95, 094422 (2017)  
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The anisotropic exchange Hamiltonian predicts  
a rich phase diagram for the XY pyrochlores



Er2Pt2O7 : 


Palmer-Chalker (𝚪7 ) Phase at much reduced TN
2

 

 

FIG. 1.

is a dramatic 75% reduction from those displayed by
its closest sister pyrochlore antiferromagnets Er2Ti2O7

and Er2Ti2O7. Our inelastic neutron scattering study
reveals that strong quasi-elastic spin fluctuations develop
in Er2Pt2O7 at a temperature well-above TN , around
T

⇤ = 1.5 K, coincident with both the TN ’s displayed by
Er2Ti2O7 and Er2Ti2O7, and a broad peak in its own
magnetic heat capacity. Below TN=380 mK Er2Pt2O7

shows a gapped spin wave spectrum, where a narrow
band of low energy spin excitations is gapped by 0.1 meV
from the elastic position. We propose that strong phase
competition between �7 and �5 ground states is at play
for ground state selection in Er2Pt2O7, and related phase
competition is likely of general relevance to the family
of XY pyrochlores, in broad agreement with theoretical
proposals [6, 28].
Er2Pt2O7 can be synthesized in the cubic Fd3̄m py-

rochlore structure in powder form only, using high-
pressure techniques. Unlike the rare earth germanium and
lead pyrochlores, it is not the relative size of the A and
B site cations that necessitates the use of high-pressure
synthesis [29, 30]. In fact, the ionic radii of platinum is
intermediate to titanium and tin, and is thus well within
the ambient pressure stability range for the formation
of a pyrochlore phase with many rare earths. Rather,
it is the low decomposition temperature of PtO2 which
necessitates the use of high-pressure. Stoichiometric quan-
tities of Er2O3 and PtO2 were reacted in gold or platinum
capsules at 6 GPa and 1200�C for two hours, then rapidly
quenched to room temperature before releasing the pres-
sure. Small quantities of unreacted Er2O3 and Pt-metal
were removed by repeated washings in aqua regia. Each
batch of Er2Pt2O7 was x-rayed to verify phase purity
and the total resultant sample was 1.2 grams. The room
temperature lattice parameter (a = 10.13 Å) and Curie-
Weiss temperature (✓CW = �24.7 K) for this sample are

consistent with previous reports [24–26].
Elastic neutron scattering measurements were carried

out on the cold neutron triple-axis spectrometer SPINS
at the National Institute for Standards and Technology’s
Center for Neutron Research (NCNR). These measure-
ments were performed with a monochromatic neutron
beam of wavelength 4.04 Å, giving an energy resolution of
x.x meV at the elastic line. Inelastic neutron scattering
measurements were performed on the time-of-flight Disc
Chopper Spectrometer (DCS) at the NCNR [31]. An
incident neutron beam of 5 Å was used, corresponding to
a maximum energy transfer of 3.3 meV, with an energy
resolution of 0.09 meV. Both experiments were performed
with an ICE dilution insert in a standard orange ILL
cryostat over a temperature range of 60 mK to 8 K. To
facilitate equilibration at low temperatures, the sample
was wrapped in a piece of copper foil and sealed in a
copper sample can with 10 atmospheres of helium. All
error bars correspond to one standard deviation. The
DCS data were reduced and visualized using the DAVE
software package [32]. The magnetic symmetry analysis
was performed with SARAh [33] and Rietveld refinements
were carried out using FullProf [34].

NEED DISCUSSION HERE ON FIG. 1 INTRODUCE
THE THEREE ER-BASED PYROCHLORES - GIVE
THEIR THCW - SET UP THE PUZZLE OVER LOW
TN FOR ER2PT2O7

The Bragg scattering of Er2Pt2O7 can be isolated by
integrating over the elastic channel (±0.05 meV) in the
time-of-flight, DCS data. As shown in the inset to Fig-
ure 2(a), additional Bragg scattering forms upon cool-
ing from 8 K to 0.06 K due to long range magnetic or-
der. These magnetic Bragg peaks are resolution lim-
ited, corresponding to a minimum correlation length of
132 ± 9 Å. A new Bragg reflection is observed to form
on the (002) position, as well as enhanced intensity on
the (111), (220), and (113) Bragg peaks. These magnetic
reflections can all be indexed with the propagation vec-
tor k = 0. The possible k = 0 magnetic structures for
Er3+ at the 16d crystallographic position in the Fd3̄m
space group are described by four irreducible representa-
tions: �mag = �1

3 + �2
5 + �3

7 + �6
9, where the superscript

denotes the number of basis vectors for the given represen-
tation, which are labeled  1, 2, ... 12 [35]. Both �3 and
�5 can be immediately ruled out, as the (002) magnetic
reflection is symmetry forbidden in both of these repre-
sentations, while (002) is very intense in our measured
pattern. Furthermore, bulk characterization indicates the
ordered state of Er2Pt2O7 is antiferromagnetic [26], and
�9 is ferromagnetic. Thus, on qualitative grounds alone,
one could deduce that Er2Pt2O7 is ordering into the �7

irreducible representation.
To definitively determine the ordered state of Er2Pt2O7,

we have performed Rietveld refinements, the result of
which is shown in Figure 2(a). The magnetic Bragg
scattering was isolated by subtracting a high temperature

3

(a)

(b) (c)

FIG. 2. Rietveld refinement of Er2Pt2O7 at 0.06 K, where the
magnetic scattering has been isolated by subtracting an 8 K
background. The data (red points) is refined against the �7

magnetic structure, the resulting fit is given by the black curve
and the residual is given by the blue curve. The goodness-of-fit
parameter is �2 = 2.22 and the ordered magnetic moment
is 3.4 ± 0.2 µB. The inset shows the unsubtracted elastic
scattering at 0.06 K and 8 K. All data were obtained by
integrating over the elastic channel, ±0.05 meV, of the DCS
data. (b) The spin configuration of Er2Pt2O7 in its Palmer-
Chalker (�7) ground state. (c) Each tetrahedron contains two
pairs of anti-parallel oriented spins, with all spins constrained
to lie in the local XY plane.

background from the 0.06 K data set. All structural
and instrumental parameters were fixed according to a
refinement of the 8 K data set. Thus, the only parameter
allowed to freely fit for the magnetic refinement at 0.06 K
is the size of the ordered moment. Magnetic refinements
were attempted with each of the k = 0 representations,
and the best agreement, �2 = 2.22, was obtained with
�7, validating our earlier qualitative assessment. Fixing
the scale of the magnetic scattering according to the
structural component allows us to determine the size of
the ordered moment, which is 3.4(2) µB at 0.06 K. The
same analysis was repeated with the data obtained from
SPINS, yielding identical results.

In the Palmer-Chalker (�7) ordered state of Er2Pt2O7,
all spins lie in the plane perpendicular to the local h111i
axis, which connects the vertices of a tetrahedron to its

FIG. 3. The intensity as a function of temperature for the (111)
magnetic Bragg peak (circles) and the (002) magnetic Bragg
peak (diamonds). The average high and low temperature
values were used to normalize the data between 0 and 1. All
data was collected on warming. The intensity grows linearly
below TN = 0.38 K, down to 0.25 K, as indicated by the
yellow line. A power law fit, given by the blue curve which
follows Eqn. 1, gives a critical exponent of � = 0.35 ± 0.03.
The ordering temperature is consistent with the transition
observed in the heat capacity, reproduced from Ref. [26].

center. The three basis vectors in the �7 manifold are
denoted as  4,  5, and  6. Under cubic symmetry, these
three basis vectors are equivalent, thus we arbitrarily pro-
ceed by visualizing  4, which is pictured in Figure 2(b)
and (c). On each tetrahedron, there are two pairs of anti-
parallel oriented spins, and all spins are aligned parallel
to one of the tetrahedron’s edges. Each of  4,  5, and
 6 are doubly degenerate as each spin can be rotated by
⇡. Thus, the �7 ground state has a 6-fold degeneracy.
This state is commonly referred to as the Palmer-Chalker
state, after the authors of the theoretical work that pre-
dicted �7 as the ground state for Heisenberg spins on a
pyrochlore lattice with antiferromagnetic exchange and
dipolar interactions [11].

We next examine the temperature evolution of the
static magnetism in Er2Pt2O7. To do so, we measured
the scattered eleastic neutron intensity, using the SPINS
spectrometer and sitting at the center of the (111) and
(002) Bragg peaks, the results of which are shown in Fig-
ure 3. All data were collected on warming from base
temperature, allowing two minutes to equilibrate at each
temperature. Our order parameter indicates the forma-
tion of a statically ordered state below TN = 0.38 K,
consistent with the heat capacity measured in Ref. [26],
which is reproduced in Figure 3. In a narrow temperature
range below TN = 0.38 K, the data is well fit to a power
law dependence,

Evidence that small changes in 	
anisotropic exchange can easily 	
induce different ordered 	
phase(s):  𝚪5             𝚪7

A.M. Hallas, J. Gaudet et al,  arXiv:1705.06680
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FIG. 4. The inelastic neutron scattering profile, S(Q,!), for Er2Pt2O7 at (a) 1.5 K, (b) 0.5 K, (c) 0.3 K, and (d) 0.06 K. Each
data set has had a high temperature, 8 K, background subtracted. At T ⇤ = 1.5 K, the center of the broad specific heat anomaly,
short range correlations are building up at 1.1 Å�1, these correlations grow more intense down to 0.5 K. Below TN = 0.38 K,
the spectral weight segregates into magnetic Bragg peaks and a gapped spin wave excitation.
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where � is the critical exponent. A fit between 0.38 K
and 0.32 K, shown by the blue curve in Figure 3 gives
� = 0.35± 0.03, consistent with conventional 3D XY uni-
versality [36], as well as the � extracted for Er2Ti2O7 [37].
However, over a wider temperature range, the form of
this order parameter is somewhat unusual for its lack of
curvature. As shown by the yellow line, the intensity
grows linearly between 0.38 K and 0.25 K.
We next turn out attention to the spin dynamics of

Er2Pt2O7. In Figure 4 we present the inelastic neutron
scattering profile, S(Q,!), for Er2Pt2O7 at 1.5 K, 0.5 K,
0.3 K and 0.06 K, which spans the temperature range of
both specific heat anomalies displayed by Er2Pt2O7 and
shown by the dashed vertical lines in Fig. 1. Each of
the data sets has been subtracted by a high temperature
data set, 8 K, in the paramagnetic regime well above both
specific heat anomalies. We can immediately associate
the broad specific heat anomaly at T ⇤ = 1.5 K to short
range quasi-elastic spin correlations, which give rise to a
di↵use feature centered at 1.1 Å�1. These short range cor-
relations grow more intense upon cooling to 0.5 K. Much
of the di↵use scattering at these temperatures, above TN ,
is elastic within our 0.09 meV resolution. However, taking
integrations over this di↵use feature, from 0.95 Å�1 to
1.35 Å�1, we can see by comparison to 8 K that there is
also a significant inelastic component to this scattering,
expanding past 0.2 meV (Figure 5).
As Er2Pt2O7 is cooled through its Neel ordering tran-

sition at TN = 0.38 K the di↵use scattering segregates
into sharp magnetic Bragg reflections, low-lying, narrow
and gapped inelastic mode centred on ⇠ 0.2 meV, and
a broader distribution of dispersive spin excitations ex-
tending to 0.6 meV. The low lying, narrow band of spin
excitations displays an ⇠ 0.1 meV energy gap, roughly
double the 0.046 meV ± xx meV order-by-disorder spin
wave gap observed in Er2Ti2O7. However the gap appears

FIG. 5. Integrated scattering intensity of Er2Pt2O7 as a
function of energy transfer over the two most intense magnetic
Bragg reflections (111) and (002), from 0.95 Å�1 to 1.35 Å�1.
The gray shaded region indicates the elastic resolution of the
measurement. Inelastic correlations begin to develop between
8 K to 0.5 K, passing through T ⇤ = 1.5 K. Below TN , at
0.06 K, the spin excitations are gapped by 0.1 meV. Inset: A
second, higher energy inelastic mode also develops centered at
0.6 meV and is seen most clearly by integrating over the full
Q range, from 0.2 Å�1 to 2.2 Å�1.

at all wavevectors, due to the fact that this low lying spin
wave band is so narrow in energy, itself displaying an
⇠ 0.1 meV bandwidth. Such a dispersionless band of
excitations is often observed in highly frustrated mag-
netic systems, such as the “weathervane mode” expected
and observed in two dimensional Kagome systems, such
as XXX and also expected and observed in frustrated
Shastry-Sutherland systems, such as SrCu2(B)3)2.

The data in Fig. 4 clearly shows that both the energy
gap (⇠ 0.1 meV) and the full bandwidth (⇠ 0.6 meV) of
the inelastic scattering in Er2Pt2O7 are in fact consider-
ably larger than those displayed by Er2Ti2O7, consistent
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FIG. 4. The inelastic neutron scattering profile, S(Q,!), for Er2Pt2O7 at (a) 1.5 K, (b) 0.5 K, (c) 0.3 K, and (d) 0.06 K. Each
data set has had a high temperature, 8 K, background subtracted. At T ⇤ = 1.5 K, the center of the broad specific heat anomaly,
short range correlations are building up at 1.1 Å�1, these correlations grow more intense down to 0.5 K. Below TN = 0.38 K,
the spectral weight segregates into magnetic Bragg peaks and a gapped spin wave excitation.
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where � is the critical exponent. A fit between 0.38 K
and 0.32 K, shown by the blue curve in Figure 3 gives
� = 0.35± 0.03, consistent with conventional 3D XY uni-
versality [36], as well as the � extracted for Er2Ti2O7 [37].
However, over a wider temperature range, the form of
this order parameter is somewhat unusual for its lack of
curvature. As shown by the yellow line, the intensity
grows linearly between 0.38 K and 0.25 K.
We next turn out attention to the spin dynamics of

Er2Pt2O7. In Figure 4 we present the inelastic neutron
scattering profile, S(Q,!), for Er2Pt2O7 at 1.5 K, 0.5 K,
0.3 K and 0.06 K, which spans the temperature range of
both specific heat anomalies displayed by Er2Pt2O7 and
shown by the dashed vertical lines in Fig. 1. Each of
the data sets has been subtracted by a high temperature
data set, 8 K, in the paramagnetic regime well above both
specific heat anomalies. We can immediately associate
the broad specific heat anomaly at T ⇤ = 1.5 K to short
range quasi-elastic spin correlations, which give rise to a
di↵use feature centered at 1.1 Å�1. These short range cor-
relations grow more intense upon cooling to 0.5 K. Much
of the di↵use scattering at these temperatures, above TN ,
is elastic within our 0.09 meV resolution. However, taking
integrations over this di↵use feature, from 0.95 Å�1 to
1.35 Å�1, we can see by comparison to 8 K that there is
also a significant inelastic component to this scattering,
expanding past 0.2 meV (Figure 5).
As Er2Pt2O7 is cooled through its Neel ordering tran-

sition at TN = 0.38 K the di↵use scattering segregates
into sharp magnetic Bragg reflections, low-lying, narrow
and gapped inelastic mode centred on ⇠ 0.2 meV, and
a broader distribution of dispersive spin excitations ex-
tending to 0.6 meV. The low lying, narrow band of spin
excitations displays an ⇠ 0.1 meV energy gap, roughly
double the 0.046 meV ± xx meV order-by-disorder spin
wave gap observed in Er2Ti2O7. However the gap appears

FIG. 5. Integrated scattering intensity of Er2Pt2O7 as a
function of energy transfer over the two most intense magnetic
Bragg reflections (111) and (002), from 0.95 Å�1 to 1.35 Å�1.
The gray shaded region indicates the elastic resolution of the
measurement. Inelastic correlations begin to develop between
8 K to 0.5 K, passing through T ⇤ = 1.5 K. Below TN , at
0.06 K, the spin excitations are gapped by 0.1 meV. Inset: A
second, higher energy inelastic mode also develops centered at
0.6 meV and is seen most clearly by integrating over the full
Q range, from 0.2 Å�1 to 2.2 Å�1.

at all wavevectors, due to the fact that this low lying spin
wave band is so narrow in energy, itself displaying an
⇠ 0.1 meV bandwidth. Such a dispersionless band of
excitations is often observed in highly frustrated mag-
netic systems, such as the “weathervane mode” expected
and observed in two dimensional Kagome systems, such
as XXX and also expected and observed in frustrated
Shastry-Sutherland systems, such as SrCu2(B)3)2.

The data in Fig. 4 clearly shows that both the energy
gap (⇠ 0.1 meV) and the full bandwidth (⇠ 0.6 meV) of
the inelastic scattering in Er2Pt2O7 are in fact consider-
ably larger than those displayed by Er2Ti2O7, consistent

A.M. Hallas, J. Gaudet et al,  arXiv:1705.06680

Low energy spin excitation is gapped and dispersion less 	
near 𝚪7 to 𝚪5 phase boundary



Yb2Ti2O7: Sample dependent ground state properties
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the non-magnetic sublattice, even when these substitutions are non-magnetic

in nature.
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Figure 5.2: a) Powder neutron di↵raction patterns at T=15K, obtained from a
crushed single crystal and sintered powder. The backgrounds, which were fit to
4th order polynomials, have been subtracted to compare peak heights. Relative
increases in S(Q) are evident at the (222), (440) and (622) positions for the
crushed crystal. These Bragg peaks are shown in more detail in b). There
is an overall shift of the peak centers due to di↵erences in lattice parameters,
discussed in the text. c) The raw data at T=15K without a background
subtraction, focusing on the di↵use background. The crushed crystal exhibits
increased di↵use scattering.

The structure of several stu↵ed rare earth titanates has been studied in

detail by Lau et al,28,29 who found that for lightly stu↵ed compounds, one ob-

serves on average a pyrochlore structure. At higher levels of stu�ng (x = 0.3)

for small RE ions such as Yb3+, one observes a transition to defect fluo-

rite structure with short range correlated pyrochlore superstructure.28 The

lattice spacing of the cubic unit cell increases linearly with stu�ng level,

and has been characterized for several stu↵ed rare earth titanates including

Yb2(Ti2�x

Yb
x

)O7�x/2.28 We have drawn on this previous work to identify sig-

144

What is different between powder  
and single crystal Yb2Ti2O7?

Yb2+xTi2-xO7-y 
!

Our powders are  
stoichiometric: x=0 

!
Our floating zone  

grown single crystals  
tend to be  

“lightly stuffed”  
x ~ 0.04

K. A. Ross et al., Phys. Rev. B 86, 174424 (2012)

Figure 1: Pyrochlore structure of Yb2+xTi2−xO7+δ. Excess Yb3+ ion can occupy a Ti4+ site

and create a local defect (referred to as “stuffing”). Left: Representation of the ideal pyrochlore

structure of Yb2Ti2O7, with Yb in blue, Ti in yellow and O in red. Yb and Ti form corner sharing

tetrahedra lattices. Right: Schematic representation of the structurally distorted environment of a

defect.

15



In contrast, Er2Ti2O7 shows little or no sample variability

• Consistent with 3D percolation
Er(2-x)Y(x)Ti2O7

Niven et al, !
Proc. R. Soc. A. 470,  2171 (2014)
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In contrast, Er2Ti2O7 shows little or no sample variability

• Consistent with 3D percolation
Er(2-x)Y(x)Ti2O7

Niven et al, !
Proc. R. Soc. A. 470,  2171 (2014)!
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     ~ 30%  
suppression of TC
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Magnetic properties (muons, neutrons ..) also show  
sample dependence about TC ~ 0.15 - 0.26 K

!
Disorder at 16 mK; no phase transition 

D’ortenzio et al, Phys. Rev. B 88, 134428 (2013)

!
Order at 50 mK; TC ~ 0.25 K 

Chang et al, Phys. Rev. B 89, 184416 (2014)



Stoichiometric Yb2Ti2O7 does order under pressure!
2

FIG. 1. Schematic diagram of the pyrochlore structure of
Yb2Ti2O7. Only Yb3+ (yellow) and Ti4+ (blue) tetrahedra
are shown. In non-stoichiometric samples, excess Yb3+ ion
can occupy a Ti4+ site and create a local defect (referred to
as “stu�ng”).

netic transition or crossover in the stoichiometric, x = 0
sample from a disordered ground-state into a splayed
ferromagnetic ground-state. This result establishes the
P-T phase diagram in Yb2Ti2O7, resolves the origin of
the sample dependence in its ground state selection, and
is consistent with the recent theoretical proposals that
Yb2Ti2O7 lies close to a phase boundary in the generic
QSI Hamiltonian phase diagram [24].

µSR measurements under hydrostatic pressures as high
as 25 kbar, and at temperatures as low as 0.245 K were
performed on Yb2+x

Ti2�x

O7+�

samples, with x = 0 and
x = 0.046 at the GPD beamline of PSI. The muons are
implanted inside the bulk of the material, and act as lo-
cal magnetic probes. The signal coming from the muons
that stop inside the pressure cell was measured separately
and subtracted from the overall signal. Details of the
background subtraction is given in the supplemental ma-
terial [25].

Fig.2a shows the temperature dependence of the muon
spin relaxation for the stoichiometric, x = 0 sample in
zero magnetic field, Pzf(t), and under an applied pressure
P = 19.7 kbar. Well above Tc = 0.265 K, at T � 0.97 K,
the majority of the Yb3+ magnetic moments are para-
magnetic and in a fast fluctuating regime, and display
single-exponential relaxation. For T  0.5 K, we ob-
serve the development of a small static magnetic frac-
tion f of the Yb3+ moments, which grows non-linearly
as the temperature decreases. The absence of oscillations
at short time is indicative of a highly disordered mag-
netic state. BG:IT SOUNDS LIKE WE ARE SAYING
THAT THE P=19.7 KBAR STATE IS DISORDERED

FIG. 2. Temperature evolution of the spin dynamics (as de-
scribed in the text) measured by µSR in Yb2+x

Ti2�x

O7+�

under applied pressure are shown. Panels a,b and c (d, e and
f) refers to the x = 0 (x = 0.046) sample.

- THIS IS NOT WHAT WE WANT TO SAY, RIGHT?
The zero-field relaxation is well described by a Gaussian
distribution of static internal fields with standard devia-
tion � (see Supplementary material for details), and the
following phenomenological function:

Pzf(t) = f
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In a purely static scenario, the second term (“1/3-tail”)
should be constant. Here, a fluctuating component is
nonetheless observed and we modelled this using a re-
laxation rate �. The third term accounts for the para-
magnetic component, and assumes the same relaxation
rate �, for simplicity. The unconventional shape of the
zero-field longitudinal relaxation was discussed in detail
in Ref [20, 26].
In contrast, the evolution of the relaxation in tem-

perature of the x = 0 sample under zero applied pres-
sure, in Fig.2b, shows little or no static magnetic frac-
tion (f ' 6%) at any temperature above our base
T = 0.245 K, in agreement with D’Ortenzio et al.’s pre-
viously reported µSR studies [21]. Using equation (1) we
extract the static magnetic fraction for each pressure and
temperature, and collect the results in Fig.2c. The devel-
opment of the static magnetic fraction with temperature
is clearly pressure dependent, and turns on strongly at
low temperatures, below Tc = 0.265 K, for our minimum
pressure of 1.2 kbar. For each pressure, one can define a
critical temperature Tc, such that for T  Tc, 50% of the
magnetic moments are frozen. The corresponding P � T

phase diagram is shown in Fig.3. Clearly, the phase tran-
sition extrapolated from finite pressure measurements to
zero pressure, agrees well with the sharp C

p

anomaly at
Tc = 0.265 K, appropriate to the x = 0 sample. However

3

FIG. 3. Pressure-temperature phase diagram for Yb2Ti2O7.
Empty black circles define the transition line between the
collective paramagnetic (PM) and the splayed ferromagnetic
(SFM) regions relative to the x = 0 sample. The green region
highlights the presence of a disordered, non-magnetic, phase
(QSL) found at P = 0. The black, thick line is a guide to the
eye. The dashed, purple line is the hypothetical transition
line appropriate to x = 0.046.

the zero pressure state for the x = 0 sample at 0.245 K,
below Tc, is disordered, indicating that the ground state
of the stoichiometric, x = 0 sample, is a spin liquid.

We now turn to the x = 0.046 sample. The zero-field
relaxation at T = 0.245 K under zero and an applied
pressure P = 24.1 kbar are shown in Fig.2d. Strikingly,
no static magnetic fraction is observed upon the applica-
tion of a pressure as high as P = 24.1 kbar. Instead, we
observe an increase of the relaxation for this x = 0.046
sample, demonstrating its sensitivity to pressure. The
temperature dependence of the relaxation is reported in
Fig.2e and f. One can speculate that a transition to a
fully ordered and static state, as it is observed for the
x = 0 sample, would require higher pressures or lower
temperatures, consistent with the lower Tc = 0.185 K of
the x = 0.046 sample.

µSR studies on other samples have reported a dras-
tic slowing down of spin fluctuations [20], or static or-
der [19], under zero applied pressure for temperatures
below 0.25 K. In the light of our results, we see that even
relatively low (applied or chemical) pressure can destroy
the disordered spin liquid state and induce conventional
magnetic order. A low level of defects in the di↵erent
samples is a natural explanation for the contradictory
µSR results. Such disorder, at the ⇠ 2 % level and below,
is di�cult to characterize. However it has been shown to
exist for single crystals grown from the melt, and it is
largely absent in polycrystalline samples, synthesized at
lower temperatures by solid state methods. [23]

We collect these muon spin rotation results to con-
struct the P

T

phase diagram for Yb2Ti2O7 in Fig.3. Note
that all data was collected as a function of T at constant
P, and a well defined transition to a splayed ferromagnet
is observed even for our lowest non-zero pressure, P=1.2
kbar. Thus, it is not clear precisly where the quantum
spin liquid (QSL) to splayed ferromagnet (SFM) phase
boundary lies, although it is clear it lies between 0< P
< 1.2 kbar. As we cannot perform measurements as a
function of P at constant T, it is also not clear if the
boundary is a phase transition or a crossover.
Armed with the knowledge of the P � T phase di-

agram in Fig.3, we sought to determine the nature of
the pressure-induced magnetic order in Yb2+x

Ti2�x

O7+�

samples, with x = 0, by performing neutron di↵raction
on the same stoichiometric powder sample at the D20
high-flux di↵ractometer of the Institute Laue Langevin.
The detection of small magnetic moments under pressure
using neutron di↵raction is challenging due to the signifi-
cant background signal of the pressure cell itself. Details
of the refinement of the structure and the background is
given in supplemental material. Fig.4a shows the neutron
di↵raction data for the maximum hydrostatic pressure of
the cell, P = 11(2) kbar, and temperatures from 400 to
100mK, from which a background measured at 800mK
was subtracted. We clearly observe the development of
magnetic Bragg intensities at the (111), (311), (222) and
(004) positions upon cooling below 400mK. This is firm
evidence for the existence of long range magnetic order
in Yb2+x

Ti2�x

O7+�

samples, with x = 0, under an ap-
plied pressure P = 11(2) kbar. The refinement of the
neutron di↵raction data gives us the temperature depen-
dence of the ordered moment, shown in Fig.4b. The con-
trast with previous neutron experiments under zero pres-
sure is striking. First, the saturated magnetic moment
µ = 0.33(5) µB is much smaller than that µ ⇠ 1 µB

reported previously for di↵erent Yb2Ti2O7 samples[17],
although it is similar to the ordered moment observed
in the �5 ordered state of Yb2Ge2O7 [27]. Second, the
ordered moment vanishes cleanly above Tc ⇠ 0.4 K,
with no anomalous magnetic Bragg intensity well above
Tc [28, 29].

Previous elastic neutron scattering measurements on
stoichiometric (x=0) powder samples of Yb2Ti2O7 at
P = 0 showed excess Bragg-like intensity at q=0 posi-
tions consistent with a splayed ferromagnet. However
the temperature dependence of its “order parameter”
was anomalous as it did not correlate with T

c

=0.26 K,
but rather with a temperature scale perhaps 10 times
higher, consistent with the broad anomaly in C

P

near
2 K. [29] Consistency with our P = 0 µSR results on
the same sample requires that this Bragg-like scattering
is dynamic on slow time scales. That notwithstanding,
the magnetic structure previously refined on the basis of
a very high temperature (⇠ 8 K) background subtrac-
tion gave a splayed ice-like ferromagnetic structure [29],

x

separately and subtracted (see Supplemental Fig.1 and 2) from the overall signal.50

Fig.2a shows the temperature dependence of the muon spin relaxation for the stoichiometric,51

x = 0 sample in zero field, Pzf(t), and under an applied pressure P = 19.7 kbar. Well above52

Tc = 0.265 K, at T � 0.97 K, the majority of the Yb3+ magnetic moments are paramagnetic and53

in a fast fluctuating regime, and display single-exponential relaxation. For T  0.5 K, we observe54

the development of a small magnetic fraction f of the Yb3+ moments, which grows non-linearly55

as the temperature decreases. The absence of oscillations at short time is indicative of a highly56

disordered magnetic state. The zero-field relaxation is well described by a Gaussian distribution57

of static internal fields with standard deviation � (see Supplementary material for details), and the58

following phenomenological function:59

Pzf(t) = f
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In a purely static scenario, the second term (“1/3-tail”) should be constant. Here, a fluctuating60

component is nonetheless observed and we modelled this using a relaxation rate �. The third term61

accounts for the paramagnetic component, and assumes the same relaxation rate �, for simplic-62

ity. The unconventional shape of the zero-field longitudinal relaxation was discussed in detail in63

Ref6, 20. In contrast, the evolution of the relaxation in temperature of the x = 0 sample under64

zero applied pressure, in Fig.2b, shows little or no magnetic fraction (f ' 6%) at any temperature65

above our base T = 0.245 K, in agreement with D’Ortenzio et al.’s previously reported µSR stud-66

ies. Using equation (1) we extract the magnetic fraction for each pressure and temperature, and67

collect the results in Fig.2c. The development of the magnetic fraction with temperature is clearly68

pressure dependent, and turns on strongly at low temperatures, below Tc = 0.265 K, for our min-69
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Fraction of  
magnetic order  
~ fast drop off  

in Pzf (t) at small t

E. Kermarrec,  J. Gaudet et al, 	
Nature Communications, 8, 14810 (2017)	
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 Tb2Ti2O7, another QSI candidate, also displays  
extreme sensitivity to stoichiometry 

Taniguchi et al, PRB, 87, 060408(R), 2013.  

Tb(2+x)Ti(2-x)O7-y

2

indicative of a thermodynamic phase transition, are also
observed at higher critical temperatures, T

C

between 0.4
K and 0.5 K in a subset of samples. Our own earlier neu-
tron scattering work on a single crystal of Tb2Ti2O7 with
a large C

P

anomaly at T
C

= 0.45 K (labelled from now
on as sample B), was observed to display quasi-Bragg
peaks at ordering wavevectors of the form

�
1
2 ,

1
2 ,

1
2

�
be-

low T
g

⇠ 0.275 K, with a concomitant gap in its spin
excitation spectrum of ⇠ 0.08 meV.[19] This state is
stabilized at zero magnetic field only under a magnetic
field-cooled protocol, and can be understood in terms of
a short-ranged antiferromagnetic spin ice (AFSI) struc-
ture, wherein an ordered correlated region is comprised
of ⇠ 8 conventional unit cells which individually adopt
ordered spin ice domains, with two spins pointing in and
two spins pointing out of each tetrahedron. These do-
mains are then antiferromagnetically correlated between
neighbouring unit cells. Another symmetry allowed spin
structure made of consecutive layers of one-in/three-out,
two-in/two-out and three-in/one-out tetrahedra was re-
cently found to share the same powder-averaged struc-
ture factor. However, the elastic di↵use scattering mea-
sured on single crystals suggests that the AFSI structure
is stabilized at low temperature.[20]

Recent work on polycrystalline samples of
Tb2+x

Ti2�x

O7+�

, with the o↵-stoichiometry x tightly
controlled, has demonstrated a strong sensitivity of T

C

to the precise Tb concentration.[21] In particular this
work showed that the size of the C

P

anomaly is maximal
at x ⇠ 0.005 and T

C

⇠ 0.5 K and that no such C
P

anomaly and corresponding phase transition is observed
at any temperature for x  0. We were then motivated
to investigate the x-dependence of the AFSI ground
state and its gapped spin excitation spectrum using
single crystals, and that is what we report here. To this
end, we grew two new single crystal samples, hereafter
referred to as samples A and C, which correspond to
Tb2+x

Ti2�x

O7+�

with x = �0.0010 and x = +0.0147.
In this paper we examine the systematics of the elastic
and inelastic magnetic neutron scattering in these two
new crystals as compared with our previous results for
sample B, with x = +0.0042.

EXPERIMENTAL DETAILS

Two single-crystal samples of Tb2Ti2O7 were grown
using the optical floating zone technique at McMas-
ter University[22, 23]. These crystals, which are re-
ferred to as samples A and C, were intentionally
grown o↵-stoichiometry; with target compositions of
Tb2+x

Ti2�x

O7+�

with x = �0.005 and +0.005, under
an absolute pressure of 3 atm of O2. We compare our
results on these single crystal samples with sample B,
which was previously grown by the same optical floating
zone technique at McMaster University, but with a tar-

FIG. 1. (Color online) (a) The phase diagram for
Tb2+x

Ti2�x

O7+�

showing the release of entropy between 0.38
and 0.55 K as a function of the o↵-stoichiometry x. The grey
disks are from measurements on polycrystalline samples, from
Ref.21. Dashed line is a guide to the eye. (b) Temperature
dependence of the specific heat (C

P

) for samples A, B and C.
The dashed lines delimit the integration range used for the en-
tropy calculation. (c) Temperature dependence of the Curie
constant (CCurie) for samples A, B and C. (d) High resolution
x-ray powder di↵raction data showing the region around the
(622) Bragg peak for samples A, B and C.

get stoichiometric x = 0 composition. We carried out
characterization studies with the intent of accurately es-
timating x for each of the three samples.
High resolution x-ray scattering measurements were

carried out at McMaster University, using a PANalyti-
cal powder di↵ractometer equipped with a X’Celerator
detector[24]. Cu-K

↵1 x-rays (� = 1.540598 Å) were gen-
erated from a Cu anode. For each of the three single
crystals, small discs were cut from the samples used for
neutron scattering measurements and then ground in an
agate pestle and mortar into a ⇠ 100 mg uniform pow-
der. A small amount of pure silicon powder (⇠ 10 mg)
was added to serve as a common reference for the deter-
mination of the lattice parameters. Di↵raction patterns
were measured at room temperature with the 2✓ range
extending from 10 to 120 degrees, with a step size of
0.00835 degrees, and then refined using the FULLPROF
package.[25]
New specific heat measurements were performed on

samples A and C with a 3He/4He dilution refrigerator at
the University of Waterloo. The single crystals used for
neutron scattering measurements were cut and sectioned
into ⇠ 30 mg masses with dimensions 2 ⇥ 2 ⇥ 2 mm3

Kermarrec et al, PRB, 92, 245114 (2015) 
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R2Ti2O7 “Rare earth titanates” R3

Anisotropy Interactions Ground state Sensitivity to 
disorder

Ho, Dy Ising FM spin ice -

Tb Ising AFM quantum !
spin ice very high

Gd Heisenberg AFM partial order -

Er XY AFM Neel state !
via ObD little

Yb XY FM quantum!
 spin ice very high

Sensitivity to disorder: Its not a bug, its a feature!

Ising XY Heisenberg



Conclusions: 

!
      Bruce D. Gaulin 
      McMaster University

!

Proximity to other ordered phases?	

  Pyrochore magnets can exhibit exotic quantum ground states despite  
  J=large magnetic moments

 Local XY anisotropy gives Seff=1/2 moments in Yb2Ti2O7 and Er2Ti2O7.   
!

Anisotropic exchange couples these moments to give a disordered 
ground state, possibly QSI, in Yb2Ti2O7.  ObD selects a ѱ2 non-coplanar 

Neel state in Er2Ti2O7 ; Palmer - Chalker 𝚪7 state in Er2Pt2O7 

  Modern neutron scattering techniques  
        offer remarkable advances for comprehensive,  
        high resolution measurements


