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Abstract
The geometrically frustrated antiferromagnet Gd2Ti2O7 exhibits magnetic
behaviour of such complexity that it poses a challenge to both experiment and
theory. Magnetic ordering commences at TN = 1.1 K and there is a further
magnetic phase transition at T ′ = 0.7 K. Here we use neutron diffraction to
definitively establish the nature of the phase transition at T ′ and the magnetic
structure adopted below this temperature. Between T ′ and TN the structure is
partly ordered, as previously reported. Below T ′ the remaining spins order, but
only weakly. The magnetic structure in this temperature range is shown to be
a 4-k structure, closely related to the 1-k structure previously suggested. The
4-k and 1-k variants of the structure are distinguished by analysis of the diffuse
scattering, which we believe represents a new method of solving the ‘multi-k’
problem of magnetic structure determination.

The technique of neutron diffraction enables the direct determination of complex magnetic
structures, but it can be ambiguous when applied to systems of high symmetry, where the
problem of ‘multi-k’ structures arises [1]. Alternative structures, described by one or several
symmetry-related propagation vectors k, give identical diffraction patterns as a result of
orientational averaging in powders or ‘k-domain’ formation in single crystals. To distinguish
such structures is difficult, both experimentally (where applying a perturbation can affect the
structure) and theoretically (where the structures are often degenerate to several orders in the
Landau expansion of the free energy [1]). It is these very difficulties that make the problem
of multi-k structures an interesting and fundamentally important scientific challenge (see, for
example, [2–4]).

A case in point is the highly frustrated cubic antiferromagnet Gd2Ti2O7 [5–8]. This
material crystallizes in Fd 3̄m with a = 10.18(1) Å at 300 K. The Gd3+ spins (spin
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S = 7/2), make up a pyrochlore lattice of corner-linked tetrahedra, which frustrates the
dominant near neighbour antiferromagnetic interactions. Gd2Ti2O7 has a magnetic transition
at TN = 1.1 K [5]. On the basis of powder neutron diffraction, the magnetic structure at
T = 50 mK was described as a partly ordered single-k structure, but multi-k variants were
not explicitly excluded [6]. Subsequent specific heat investigations demonstrated a second
transition at T ′ = 0.7 K [7] as well as vanishing entropy in the ground state [8]—suggesting
that the neutron diffraction study might be incomplete. At a theoretical level, Gd2Ti2O7

approximates the Heisenberg antiferromagnet with strong dipole–dipole coupling [5, 9], but
justification for the experimental magnetic structure has proved surprisingly difficult, and it
can be considered to be an important test case [9–11].

To help solve the problem, we have performed further neutron investigations of
polycrystalline Gd2Ti2O7 as well as measurements of the diffuse scattering arising from the
previously reported magnetic disorder [6]. We used the sample of 160Gd2Ti2O7 (536 mg)
described in detail in [6] (isotopic substitution is necessary to limit neutron absorption).
Powder diffraction data were measured on the D20 diffractometer at the ILL, Grenoble, using
an incident wavelength of 2.4 Å. In order to refine the magnetic structure, background and
nuclear Bragg peaks obtained from a high temperature pattern were subtracted from the data
sets.

As expected, magnetic Bragg reflections were observed at temperatures below TN = 1.1 K.
These index on the propagation vector k = 1

2
1
2

1
2 , as previously reported [6], but the D20 data

reveal a subtle feature that was outside the wavevector range of the previous experiment: the
presence of a weak reflection at hkl = 1

2
1
2

1
2 . The temperature dependence of this reflection is

shown in the inset of figure 1. It disappears at about T ′ = 0.725 ± 0.025 K, corresponding to
the transition observed in the specific heat [7]. Above that temperature the data are perfectly
consistent with the magnetic structure described in [6]. This 1-k structure is best pictured if the
pyrochlore lattice is described as [111] ‘Kagomé’ planes separated by ‘interstitial’ sites that
form a distinct fcc Bravais sublattice. There is ‘q = 0’ type order within the Kagomé planes
and spin disorder on the interstitial sites (figure 2). Bragg diffraction cannot distinguish this
1-k structure from its 2, 3 and 4-k variants: however, those multi-k possibilities can always be
generated from their related 1-k structure [1], so for the moment it is convenient to retain the
1-k structure as a working model.

The 1
2

1
2

1
2 reflection is important because its structure factor is finite only if the interstitial

spins are ordered. Hence we can immediately identify the transition reported in [7] as ordering
of the interstitial spin: this also explains the zero entropy reported in [8]. Rietveld refinement
(figure 1) shows that the interstitial spin orders in a collinear pattern within the [111] plane
with a maximum ordered moment of only 1.9 ± 0.1 µB at T = 250 mK. The three other
spins, parallel to 〈110〉 in a ‘120◦’ arrangement in the higher temperature phase, are globally
rotated by an angle of ∼9◦ within the [111] plane. They have a refined ordered moment of
7.0 ± 0.1 µB, close to the spin-only moment of 7 µB expected for Gd3+ with S = 7/2. Note
that powder diffraction cannot determine the spin direction of the interstitial spin within the
[111] plane but it can determine the direction of the three planar spins with respect to 〈110〉—a
departure from the rules enunciated by Shirane [12] which are applicable to collinear structures
only.

The results of [6] implied that roughly 1
4 of Gd spins are either statically or dynamically

disordered at T = 50 mK. We now see that this fraction corresponds to the disordered
component of the 1

4 of spins that are only weakly (∼27%) ordered (figure 2). The remaining
3
4 of spins are essentially fully ordered by 250 mK, consistent with [6]. Transforming the 1-k
structure defined above, we can generate several 2-k, 3-k and 4-k structures that give identical
diffraction patterns. However the 2-k and 3-k structures can be ruled out because the refined
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Figure 1. Rietveld fit at 250 mK to magnetic-only scattering (magnetic R-factor 4%; the lower
line is observed minus calculated intensity). Highlighted on the left of the main figure 1

2
1
2

1
2

magnetic reflection at 420 mK, 540 mK, 670 mK and 750 mK (in order of decreasing intensity).
Inset: intensity versus temperature of this reflection, which disappears near the T ′ ≈ 0.7 K phase
transition reported in [7].

Figure 2. Comparison of (left) the 1-k structure and (right) its 4-k variant. In each structure the
four Gd3+ ions coloured orange are shown as carrying no thermally averaged moment. The phase
transition at T ′ = 0.7 K involves weak ordering of these four spins and a small canting of the
remaining spins away from the positions shown. At T � 0.7 K, only these ions carry a disordered
spin component.

moments on some Gd3+ ions come out as much greater than 7 µB, which is unphysical. This
leaves only the 1-k and 4-k structures to be distinguished.

These two structures are compared in figure 2. If the pyrochlore unit cell is described
as four ‘up’ tetrahedra, then the 4-k structure consists of three fully ordered spin tetrahedra
(with moment 7.0 µB/spin) and one weakly ordered spin tetrahedron (1.9 µB/spin). These
derive, respectively, from the ‘planar’ and ‘interstitial’ spin sets of the 1-k structure. In the
4-k structure, all spins (in both sets) are perpendicular to the local trigonal 〈111〉 axes (that
connect the vertices of the tetrahedra to their centres), while in the 1-k structure the spins are
perpendicular to a single global [111] crystallographic direction. However, the disordered
spin components—which are associated with only the weakly ordered set—have a completely
different spatial distribution in the 1-k and 4-k structures. In the 1-k structure, nearest neighbour
disordered spin components are separated by 7.2 Å, while in the 4-k structure they are separated
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Figure 3. Left: magnetic diffuse scattering measured on D7 as a function of temperature. Right:
fits of the T = 46 mK data to the disordered component of (a) the 1-k and (b) the 4-k structures
(see figure 2). The data have been binned to �Q = 0.1 Å−1 and fitted to equation (1), using two
near neighbour shells (n = 1, 2) and three adjustable parameters: 〈S0 · S1〉, 〈S0 · S2〉 and S(S + 1).
Results of the fits are shown in table 1.

by 3.6 Å. The magnetic diffuse neutron scattering from the two structures must therefore be
substantially different.

The diffuse background to the D20 data (not illustrated) revealed a peak at 1.1 Å−1. This
peak is typical of pyrochlores [13] and arises from the dominant near neighbour spin correlation.
Naively one can invert the peak wavevector Qmax with the relation Rnn = 4.5/Qmax (from
equation (1), below) where Rnn is the near-neighbour distance of the disordered spins. In
the present case this suggests Rnn = 3.5 Å, much closer to the R4

nn = 3.6 Å of the 4-k
structure than to the R1

nn = 7.2 Å of the 1-k structure. To be certain that the 1.1 Å−1 peak
arises from magnetic diffuse scattering, we have isolated the purely magnetic component using
polarization analysis techniques (at the cost of poorer statistics). Data were collected on the D7
diffuse scattering spectrometer at the ILL, Grenoble, using three-directional (XY Z) neutron
polarization analysis [14] in order to separate the magnetic diffuse scattering from nuclear
coherent, nuclear spin-incoherent and background contributions. The data were collected
using an incident wavelength of 3.1 Å. The lowest temperature reached in this experiment was
46 mK, but from the magnetic Bragg scattering it is clear that there is no change in magnetic
structure between this temperature and the base temperature of the D20 experiment, 250 mK.

Figure 3 shows the D7 diffuse scattering data. They confirm the presence of the peak at
1.1 Å at all measured temperatures. To analyse the data further we use the expression for the
magnetic cross section [15]:

(
dσ

d�

)
Mag

= 2

3

(r0γ

2

)2 | f (Q)|2g2S(S + 1)
∑

n

〈S0 · Sn〉
S(S + 1)

Nn
sin(Q Rn)

Q Rn
(1)
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Table 1. Spin correlation parameters (equation (1)) estimated from the fits to the diffuse scattering
shown in figure 3.

Model S(S + 1)
〈S0 · S1〉
S(S + 1)

〈S0 · S2〉
S(S + 1)

χ2

1-k 6.5(3) +0.08(4) +0.29(12) 1.75
4-k 6.6(3) −0.48(8) +0.16(9) 1.20

where the factor 2
3 (

r0γ

2 )2 = 0.049 b, g = 2 and Rn and Nn are the radii and coordination
numbers of the nth near neighbour shells, respectively.

The crudest approximation is to include spin correlations over the near neighbour shell
only. Here, the 4-k structure produces a reasonable fit while the 1-k structure cannot fit the data.
A more flexible description includes the first two shells. These fits, using the spin correlation
functions and S(S+1) as adjustable parameters, are shown in figure 3 and summarized in table 1.
The 4-k structure is again acceptable for such a crude model and gives plausible spin correlation
functions: antiferromagnetic nearest neighbours and decreasing with distance. S(S + 1) = 6.6
implies a disordered moment per (weakly ordered) spin of

√
4 × 6.6 = 5.1 ± 0.1 µB in good

agreement with the value 7.0−1.9 = 5.1 µB expected from the D20 refinement at T = 250 mK.
It is also clear that the 1-k structure is ruled out by this analysis. Even with three adjustable
parameters, the best fit is very poor and some parameters derived are implausible: the fit drives
the near neighbour spin correlation (which produces a strong peak at 0.7 Å−1) to zero and
replaces it with an unlikely ferromagnetic second near neighbour correlation. Further attempts
to fit the data utilized the ‘reverse Monte Carlo’ method, a very flexible fitting procedure
that uses the spins as independent parameters to model the data according to equation (1).
Once again this only produced a convincing fit to the 4-k structure, the fit to the 1-k structure
remaining very poor.

We have thus obtained strong evidence in favour of the 4-k structure at T = 46 mK. At
high temperatures and above TN (e.g. at 1.4 K, see figure 3) the diffuse scattering pattern
is qualitatively the same, but more intense. This is consistent with the near neighbour
antiferromagnetic correlation at R4

nn = 3.6 Å remaining the dominant correlation for all
disordered spin components in the sample, as would be expected [5]. Because of this, it
is no longer possible to make a clear distinction between the two structures in the temperature
range T ′ < T < TN where all spins carry a significant disordered component.

The 4-k structure with k = 1
2

1
2

1
2 established here is not the same as the ground state of the

Heisenberg Hamiltonian with strong dipolar interactions calculated by Palmer and Chalker [9]
which has k = 0. However, the adoption of a k = 1

2
1
2

1
2 structure below TN has been justified

theoretically for a Hamiltonian with added second and third neighbour couplings [10]. This
propagation vector is also selected even without these extra terms, but only in a very narrow
temperature range [11]. As shown in this paper, the real material has a fully ordered 4-
k structure below T ′ and a partially ordered structure of unknown multiplicity above this
temperature. In the notation of [10] these correspond to a 4-k variant of the ‘D’ structure
and a variant of the ‘B’ structure respectively. For a detailed comparison with experiment
it will be necessary to calculate the stability of multi-k structures. In this context, we note
that the 4-k structure found experimentally would seem more reasonable than the alternative
1-k structure: 3/8 of tetrahedra in the 4-k structure are in the ground state spin configuration
of a single tetrahedron [9] while none of the tetrahedra of the 1-k structure are. Perhaps
more importantly, every ordered spin in the 4-k structure is perpendicular to its local trigonal
axis, which is the axis of point symmetry and crystal field quantization axis of the pyrochlore
structure. The dipolar couplings and any weak single ion anisotropy [18] must be symmetric
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with respect to this axis, so it is reasonable to expect that the ordered spin structure will also
have this local symmetry. In contrast, the global [111] axis of the 1-k structure has no local
significance for three quarters of the ordered spins.

Bearing these remarks in mind, it would be useful to re-examine the results of
Mößbauer [16] and ESR measurements [17]. The former support the spins being perpendicular
to the local trigonal axis, consistent with the 4-k structure established here. The results of the
ESR study [17] are much less easy to reconcile, either with the present neutron scattering
or the recent bulk magnetization study of Petrenko et al [8]. It was suggested in [17] that
Gd2Ti2O7 has a unique [111] axis with uniaxial magnetic anisotropy of 16 K. This proposition
is compatible with the 1-k structure, but is not supported by crystallographic or magnetometry
evidence, nor seemingly consistent with the typical anisotropy of Gd3+, ∼0.3 K [18]. It should
also be noted that the ESR results were obtained in high field, at T > 4.2 K, so may not be
directly comparable with our results.

In summary, our main results are: (1) between TN = 1.1 K and T ′ = 0.7 K the magnetic
structure of Gd2Ti2O7 is consistent with that previously described [6]; (2) the phase transition
at T ′ corresponds to very weak ordering of the subset of spins that were previously thought
to remain completely disordered; (3) the magnetic structure at T = 46 mK is in fact a 4-k
structure, not the 1-k structure previously proposed. We have thus fully reconciled the results
of calorimetric [7, 8] and neutron scattering studies of this material and paved the way for a
full theoretical understanding of its properties [10, 11]. Furthermore, we have demonstrated
what we believe to be the first case where single and multi-k variants of a magnetic structure
are distinguished by analysis of the diffuse scattering. This may represent a useful addition to
the existing experimental methodology.
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