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Abstract
Er2Ti2O7 has been proposed as a realization of the XY 〈111〉 pyrochlore
antiferromagnet with dipolar interactions, where the spins of Er3+ lie
perpendicular to the 〈111〉 local axes. Below a Néel temperature of TN =
1.173 K magnetic order with the propagation vector �k = (000) occurs. Previous
powder neutron diffraction studies were not able to determine details of the
magnetic ordering beyond its symmetry due to powder averaging. In an attempt
to resolve the questions as regards the ordering in this model magnet we
performed a spherical neutron polarimetry experiment using CRYOPAD. The
analysis of these data and a proposed magnetic order are presented.

(Some figures in this article are in colour only in the electronic version)

One of the central themes in condensed matter research in recent years has been
frustration [1, 2], where an inherent competition prevents individual interactions from being
satisfied. Its simplest realizations are the so-called geometrically frustrated systems, where
the frustration arises from the geometry of the magnetic lattice. Particular interest has been
focused on geometries of vertex-sharing triangles and tetrahedra, the kagomé and pyrochlore
lattices, as these possess highly degenerate ground states. Model materials with these structures
have been found to display a wide range of exotic low-temperature physics, such as spin
ice [3], spin liquid [4, 5], topological spin glass [6, 7], heavy fermion [8], and partially ordered
phases [9, 10]. There is an open question in magnetism as regards the influence of anisotropies,
as this energy scale is quite distinct from that of the exchange interactions, and may raise, or
only partly raise, the degeneracies as well as tuning quantum and thermal fluctuations.
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Figure 1. Schematic diagram of the CRYOPAD (cryogenic polarization analysis device) as installed
at the ILL. The �x and �y orientations of the neutron polarization are marked in relation to �Q, �z is out
of the page.

The cubic pyrochlore Er2Ti2O7 displays a continuous antiferromagnetic ordering transition
at TN = 1.173 K despite a relatively large Curie–Weiss temperature θCW = −22 K [11],
to Néel order with the propagation vector �k = 0 [12]. The 4f11 electronic configuration of
Er3+ gives rise to a 4I15/2 (L = 6, S = 3/2) single-ion ground state term with a large XY
anisotropy that constrains the moments to the local 〈111〉 planes of each tetrahedron. Writing
the magnetic representation for the Er3+ (16c) as �Er = 1�(1)3 + 1�(2)5 + 1�(3)7 + 2�(3)9 ,
following the numbering scheme of Kovalev [13, 16] where the superscript is the order of
the irreducible representation (irrep), powder averaging limited the details determined for the
magnetic ordering to its irrep, �5. The large deviation of the refined moment, 3.0 μB at 50 mK,
from the 9.59 μB expected from the free-ion term is as yet unexplained, but may be related
to quantum fluctuations within the �5 manifold. In order to confirm the irrep, and determine
the ratio of basis vector coefficients within the irrep, a spherical neutron polarimetry (SNP)
experiment was undertaken.

The cubic unit cell of Er2Ti2O7 (Fd 3̄m, a = 10.04 Å at room temperature) contains
four symmetry related Er3+ ions and those related by the four centring translations. In the
following work, the positions of the four Er sites are defined in table 1. The SNP data were
taken from an ∼8 mm3 single crystal [12] at T ∼ 50 mK, with the sample mounted within
a dilution refrigerator. Measurements were taken with the 〈1̄10〉 and 〈001〉 axes vertical. The
first orientation allows access to all odd and all even hhl reflections; the second to the hk0 set
of reflections, where all of the indices are even.

The experiment was carried out using CRYOPAD [14] on the diffractometer D3 at the
ILL using polarized neutrons, λ = 0.825 Å, scattered from a Heusler crystal. These neutrons
pass through the incident nutator which changes the direction of the neutron polarization from
the beam axis to a chosen transverse direction by an adiabatic rotation of the neutron spins
until the polarization direction makes an angle θ with the vertical. The neutrons then pass
the precession coils, between the inner and outer Meissner screens, and precess through the
angle χ about the horizontal axis. Once past the second Meissner screen the neutrons enter the
‘zero-field’ chamber where they are Bragg diffracted by the lattice planes of the crystal (see
figure 1). Each reflection, with scattering vector �Q, has a related effective magnetic moment
described by the magnetic structure factor �M( �Q). The components of the magnetic moments
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Table 1. The basis functions of �5 and �7 for the pyrochlore lattice with the propagation
vector �k = 0 and the magnetic atoms at the sites m1: (0, 0, 0), m2: ( 1

2 ,
3
4 ,

1
4 ), m3: ( 1

4 ,
1
2 ,

3
4 ),

m4: ( 3
4 ,

1
4 ,

1
2 ).

Basis vector components

irrep Basis vector Atom a‖ b‖ c‖ Visualization

�5 �ψ2 m1 2 1̄ 1̄
m4 m1

m3m2
c

b

m2 2 1 1
m3 2̄ 1̄ 1
m4 2̄ 1 1̄

�ψ3 m1 0 1 1̄
m2 0 1̄ 1
m3 0 1 1
m4 0 1̄ 1̄

�7 �ψ4 m1 0 1 1̄
m2 0 1̄ 1
m3 0 1̄ 1̄
m4 0 1 1

�ψ5 m1 1̄ 0 1
m2 1 0 1
m3 1 0 1̄
m4 1̄ 0 1̄

�ψ6 m1 1 1̄ 0
m2 1̄ 1̄ 0
m3 1 1 0
m4 1̄ 1 0

in the plane perpendicular to �Q constitute the magnetic interaction vector �M( �Q)⊥ that induces
the rotation and further polarization of the neutron beam detected by the analyser. �M( �Q) and
�M( �Q)⊥ = �Q × M( �Q)× �Q are generally complex vectors:

�M( �Q) = γ e2

2mec2

∑

j

f ( �Q) �m j exp(i �Q · �r j ), (1)

where the γ e2

2mec2 is a constant with the value 0.269510−12 (cm/μB), f ( �Q) is the magnetic form
factor, and r j is the location of the j th magnetic atom in the unit cell. The moment orientation
and magnitude, �m j , is the magnitude of the moment, μ, multiplied by the normalized sum over
the basis vectors belonging to the i th irrep weighted by the coefficient ci , �� j = ∑

i ci �ψi j .
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Hence �m j = μ
∑

j
�� j/( �� j ��∗

j ). If the moment size is known, the only free parameters that
need to be refined are the coefficients ci , which have a summed modulus of unity.

The arbitrary direction of the neutron polarization is described using Cartesian coordinates
with: the x axis parallel to the scattering vector �Q; the z axis vertical and parallel to the zone
axis of the crystal; the y axis completing the right-handed set (see figure 1). The x component
of �M( �Q)⊥ is necessarily null.

The neutron spin and effective moment of the metal site need to be described in the same
coordinate system in order to calculate values of �M( �Q)⊥. This can be achieved by converting
the axis system of the magnetic structure factor from crystallographic to the Cartesian system of
CRYOPAD. For a cubic system the rotation operation is �M( �Q)xyz = P−1

abc→xyz · �M( �Q)abc, with

Pabc→xyz = (x̂, x̂ × ẑ, ẑ). For a given reflection, �M( �Q)⊥xyz is then calculated for the different
trial structures, with the corresponding nuclear structure factor N = ∑

j b̄ j exp(i �Q · �r j ), where

the sum is over all j atoms in the unit cell and b̄ j is the relevant scattering cross section, using
previously determined crystallographic parameters [17].

The incoming polarization, �Pi , is substituted into the Blume–Maleev equations for
analysis [18–20]. Omitting the �Q dependence of �M( �Q)⊥ for clarity:

σ = (N N∗)+ (i �Pi · ( �M∗
⊥ × �M⊥))+ ( �M⊥ · �M∗

⊥)+ ( �Pi · ( �M⊥ N∗ + �M∗
⊥ N)) (2)

�Pf σ = ( �Pi N N∗)+ (−i( �M∗
⊥ × �M⊥))

+ (− �Pi( �M⊥ · �M∗
⊥)+ �M⊥( �Pi · �M∗

⊥)+ �M∗
⊥( �Pi · �M⊥))

+ (N �M∗
⊥ + N∗ �M⊥ − i(N �M∗

⊥ − N∗ �M⊥)× �Pi ). (3)

The basis vectors of four irreps, �3,5,7,9, were calculated with the program SARAh [16].
The XY anisotropy is minimized by using either a linear combination of the basis vectors �ψ2,3

that transform as the second order �5 or the discrete set of symmetry equivalent basis vectors
�ψ4,5,6 that transform as the third order �7 (see table 1).

SNP provides a great deal of information about magnetic ordering in complex systems
with the only data loss being due to magnetic domains [15]. For �k = 0 there can be one
K-domain and only S-domains need be considered. These arise when the symmetry of the
magnetic structure is less than the crystallographic one and regions form with rotationally
related magnetic structures. Symmetry analysis indicates that there are six possible S-domains
for �5, related by time-normal and time-reversed C3 rotations. The polarization for each of
these n S-domains needs to be calculated separately and summed, �Pf dom = ∑

n
�Pf nσ . The

experimental matrices were diagonal within error, a depolarization that is characteristic of time-
reversed S-domains.

The hhlodd reflections have matrices described by Pxx < Pyy < Pzz , implying that the
magnetic interaction vector is mostly in the y and z direction. For the subset of hhl reflections,
hhleven, Pxx ≈ Pzz < Pyy , showing that the polarization is mostly parallel to the y direction.
The set of hk0 reflections have diagonal matrix elements: Pxx ≈ Pyy < Pzz ; this shows that the
magnetic interaction vector is mostly parallel to z and thus the 〈001〉 direction. The reflections
0k0, 00l and hl0, h = 4n, l = 4m, have diagonal elements Pxx ≈ Pyy ≈ Pzz ≈ 1, indicating
that their magnetic interaction vectors are zero (see table 2).

The null magnetic structure factors for the 0k0 and 00l reflections demonstrate that the
magnetic structure is antiferromagnetic with the sum over the moments on the tetrahedron
equal to zero: �M(0k0) ∝ �M(00l) ∝ ∑ �m j = 0.

Inspection of �5 and �7 reveals that the sum of the basis vectors �ψ2,3 on the sites m2 and
m3, within �5, will give a magnetic component along the 〈001〉 or �c axis of the crystal, but not
along the �a or �b axes. As combination of basis vectors within �7 cannot produce this result, the
magnetic ordering must be described by �5.
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Table 2. The experimental and fitted values of the polarization vector for several characteristic
reflections with the 〈11̄0〉 and 〈001〉 axes perpendicular. Dark circles indicate that the polarization
is above the xy plane, and light circles that it is below.

hkl Zone axis hkl Zone axis

(004) 〈1̄10〉 (400) 〈001〉

hkl Zone axis hkl Zone axis

(220) 〈1̄10〉 (220) 〈001〉

hkl Zone axis hkl Zone axis

(111) 〈1̄10〉 (111̄) 〈1̄10〉

The hhlodd reflections generate two magnetic structure factors: �M( �Q) = −2( �m1) and
�M( �Q) = −2( �m1 + �m2 + �m3) = 2 �m4. The final polarization matrices are the same for

equivalent reflections with either �m1 or �m4 contributing to the magnetic structure factor. Further
observations are difficult as the magnetic interaction vector has both y and z components. One
point to note is that the (1, 1, 1) and (1, 1, 1̄) reflections are the strongest magnetic reflections
of the hhlodd set. These reflections give equivalent final polarization output (see table 2) and
are described by �M( �Q) = −2( �m1) and �M( �Q) = 2( �m4) respectively. As expected for this
〈111〉XY system, the moments on �m1 and �m4 lie in the planes perpendicular to the 〈111〉 and
〈111̄〉 directions respectively.

Refinement of the c2,3 coefficients was carried out by minimizing the absolute difference,
R, between the experimental and calculated values of Pf , R = 1

N−1−v
∑

N (Pfexpt − Pfcalc)
2,

where the number of parameters v = 1. The same goodness of fit values were found for
the coefficients c2 = 1.00(9), c3 = 0.00(9); c2 = 0.37(7), c3 = 0.63(7); c2 = −0.37(7),
c3 = 0.63(7) and their sign inverted counterparts. As three solutions are related by C3 rotations
(see figure 2); the six possible solutions correspond to the six domains allowed within �5: three
rotationally related domains and their time-reversed anti-domains.
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Figure 2. The goodness of fit as a function of the coefficient C2 [21], where
∑

i |Ci | = 1 as
described in the text, and the orientations of the moments that correspond to the labelled minima.

The SNP experiment further evidences Er2Ti2O7 as a good model 〈111〉 XY pyrochlore
antiferromagnet. The observed magnetic ordering, under �ψ2 of �5, has been predicted to occur
when quantum fluctuations break the degeneracy of �ψ2,3 linear combination and so stabilize the
magnetic ordering process. The refined moment was μ = 3.25(9) μB which further supports
the presence of large quantum fluctuations and correspondingly their importance, in this highly
frustrated magnet. Our results go further, indicating that the microscopic magnetic structure is
formed from six spin domains, all of which are equally occupied.

We thank the Royal Society and EPSRC for financial support and the DFRL for provision of a
studentship. The authors would like to thank J D M Champion, P Holdsworth, and P J Brown
for many interesting discussions.
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