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Ordered Spin Ice State and Magnetic Fluctuations in Tb2Sn2O7
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We have studied the spin liquid Tb2Sn2O7 by neutron diffraction and specific heat measurements.
Below about 2 K, the antiferromagnetic liquidlike correlations mostly change to ferromagnetic. Magnetic
order settles in two steps, with a smeared transition at 1.3(1) K, then an abrupt transition at 0.87(2) K. A
new magnetic structure is observed, akin to an ordered spin ice, with both ferromagnetic and antiferro-
magnetic character. It suggests that the ordered ground state results from the influence of dipolar
interactions combined with a finite anisotropy along h111i axes. The moment value of 3:3�3��B deduced
from the specific heat is well below that derived from the neutron diffraction of 5:9�1��B, which is
interpreted by the persistence of slow collective magnetic fluctuations down to the lowest temperatures.
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Geometrically frustrated pyrochlores R2Ti2O7 show ex-
otic magnetic behaviors [1–4] such as dipolar spin ice
(R � Dy;Ho) and spin liquid (Tb) phases, a first order
transition in the spin dynamics (Yb), or complex antifer-
romagnetic (AFM) orders (Er;Gd). The type of magnetic
order depends on the balance between antiferromagnetic
exchange, dipolar, and crystal field energies [5,6].
Tb2Ti2O7 is a unique case of a spin liquid where short-
ranged correlated magnetic moments fluctuate down to
70 mK, with typical energies 300 times lower than the
energy scale given by the Curie-Weiss constant �CW of
�19 K. The fact that Tb2Ti2O7 does not order at ambient
pressure [2], but can order under applied pressure, stress,
and magnetic field [7,8], is still a challenge to theory, since
recent models predict a transition towards antiferromag-
netic long range order at about 1 K [9,10].

With respect to titanium, substitution by tin yields a
lattice expansion. It also modifies the oxygen environment
of the Tb3� ion and therefore the crystal field. The stan-
nates R2Sn2O7 show the same crystal structure [11] as the
titanates, and susceptibility data [12,13] also suggest a
great variety of magnetic behaviors. Dy2Sn2O7 and
Ho2Sn2O7 are dipolar spin ices [14,15] like their Ti parent
compounds, whereas Er2Sn2O7 does not order down to
0.15 K [13], and Gd2Sn2O7 undergoes a transition to
AFM order [16]. In Tb2Sn2O7, magnetic measurements
suggest an original and complex behavior. Antiferro-
magnetic interactions are observed at high temperature,
yielding a Curie-Weiss constant �CW of �11 to �12 K
[12,13], but a ferromagnetic (FM) transition is seen around
0.87 K [13].

We have performed neutron diffraction and specific heat
measurements in Tb2Sn2O7. With decreasing temperature,
a spin liquid phase is shown to transform into a new type of
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ordered phase, not predicted by theory, which could be
called an ‘‘ordered spin ice.’’ Just above the transition, an
abnormal change in the spin correlations shows the influ-
ence of dipolar interactions. By comparing the ordered
Tb3� moment values from neutron diffraction and nuclear
specific heat, we also indirectly observe slow fluctuations
of correlated spins, which persist down to the lowest
temperature.

The crystal structure of Tb2Sn2O7 with space group
Fd3m was studied at 300 K by combining powder x-ray
and neutron diffraction, the neutron pattern being mea-
sured in the diffractometer 3T2 of the Laboratoire Léon
Brillouin (LLB). Rietveld refinements performed with
FULLPROF [17] confirmed the structural model (RB �

2:4%), yielding the lattice constant a � 10:426 �A and oxy-
gen position parameter x � 0:336. The magnetic diffrac-
tion patterns were recorded between 1.4 and 300 K and
down to 0.1 K in the diffractometer G6-1 (LLB) and D1B
of the Institut Laüe Langevin (ILL), respectively. The
specific heat was measured by the dynamic adiabatic
method down to 0.15 K.

Figure 1 shows magnetic neutron diffraction patterns for
several temperatures. The liquidlike peak corresponding to
AFM first neighbor correlations [18] starts to grow below
100 K. Below 2 K, it narrows and slightly shifts, and an
intense magnetic signal appears at low q values. This
shows the onset of ferromagnetic correlations, which pro-
gressively develop as the temperature decreases. Below
1.2 K, a magnetic contribution starts to appear on the
Bragg peaks of the face centered cubic (fcc) lattice, which
steeply increases at 0.87(2) K. This shows the onset of an
ordered magnetic phase with a propagation vector k � 0.

Rietveld refinements of the magnetic diffraction patterns
(Fig. 2) were performed with FULLPROF [17]. The magnetic
2-1  2005 The American Physical Society
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FIG. 2. Magnetic diffraction pattern of Tb2Sn2O7 at 0.10 K
versus the scattering angle 2�. A spectrum at 1.2 K was sub-
tracted. The neutron wavelength is 2.52 Å. Solid lines show the
best refinement and the difference spectrum (bottom). In the
inset, the magnetic structure is shown.

TABLE I. Magnetic components Mx, My, and Mz of the four
Tb3� moments (in �B) in one tetrahedron at 0.1 K. The atomic
coordinates x, y, z and the magnetic components are expressed in
the cubic unit cell.

Site x y z Mx My Mz

1 0.5 0.5 0.5 3.85 (1) 3.85 (1) 2.20 (1)
2 0.25 0.25 0.5 �3:85 (1) �3:85 (1) 2.20 (1)
3 0.25 0.5 0.25 3.85 (1) �3:85 (1) 2.20 (1)
4 0.5 0.25 0.25 �3:85 (1) 3.85 (1) 2.20 (1)
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FIG. 1. Magnetic intensity of Tb2Sn2O7 versus the scattering
vector q � 4� sin�=�. A spectrum in the paramagnetic phase
(100 K) was subtracted. Intensities at 1.0 K have an offset of 10
for clarity. Arrows show the position of the Bragg peaks and near
neighbor liquid peak (L) calculated in Ref. [18].
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structure was solved by a systematic search, using the
program BASIREPS [19] and symmetry-representation
analysis [20]. The basis states describing the Tb3� mag-
netic moments were identified and the symmetry allowed
structures were compared to experiment. Neither a col-
linear ferromagnetic structure nor the k � 0 AFM struc-
tures allowed by Fd3m symmetry were compatible with
the data, yielding extinctions of several Bragg peaks. This
suggests a magnetic component breaking the Fd3m sym-
metry. Then we searched for all solutions in the space
group I41=amd, the highest subgroup allowing FM and
AFM components simultaneously. The best refinement
[21] (RB � 2:3%) is shown in Fig. 2 and Table I.

In the ordered structure with k � 0, the four tetrahedra
of the cubic unit cell are equivalent. In a given tetrahedron,
the Tb3� moments make an angle � � 13:3� with the local
h111i anisotropy axes connecting the center to the vertices.
The components along these h111i axes are oriented in the
‘‘two in, two out’’ configuration of the local spin-ice
structure [1]. The ferromagnetic component, which repre-
sents 37% of the Tb3� ordered moment, orders in magnetic
domains oriented along h100i axes. The perpendicular
components make two couples of antiparallel vectors along
h110i edge axes of the tetrahedron. The ordered moment
[M � 5:9�1��B at 0.1 K] is reduced with respect to the free
ion moment of 9�B as expected from crystal field effects.
With increasing temperature, M remains almost constant
up to 0.6 K. Then it steeply decreases, showing an inflec-
tion point which coincides with the Tc value of 0.87(2) K
determined from the peaks in the specific heat and suscep-
tibility [13], and finally vanishes at 1.3(1) K (Fig. 3). The
magnetic correlation length Lc was deduced from the
intrinsic peak linewidth [17]. Lc remains constant and
limited to about 190 �A up to Tc, and then starts to decrease
24640
above Tc. The angle � is constant within the experimental
error.

The magnetic ground state results from a delicate bal-
ance between exchange, dipolar, and anisotropy energies.
Several theories were developed involving the AFM near-
est neighbor exchange Jnn, the FM nearest neighbor dipolar
coupling Dnn, and the strength of the local anisotropy Da
(all taken in absolute values). A spin liquid ground state is
predicted for AFM exchange only and Heisenberg spins
[22], namely, for Jnn 	 Dnn; Da. The dipolar spin-ice state
is stabilized for Ising spins when dipolar interactions over-
come the AFM exchange [23,24], namely, for Da 	
Dnn > Jnn. Its local spin structure is similar to the present
one, but spins keep the orientational disorder allowed by
the ‘‘ice rules.’’ When either a finite anisotropy [25] (Jnn 

Da 	 Dnn) or a small dipolar coupling [6] (Da 	 Jnn >
Dnn) is considered, a k � 0 structure is predicted, but with
a different local order, where all spins of a tetrahedron
point either ‘‘in’’ or ‘‘out.’’ For Heisenberg spins when
dipolar interactions dominate (Dnn > Jnn 	 Da) a k � 0
structure is predicted, but the local spin structure consists
of antiparallel moments along the h110i edge axes of the
2-2
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FIG. 4 (color online). Specific heat Cp in Tb2Sn2O7. The
curves below 0.8 K are the sum of a T3 magnon contribution
and of a nuclear Schottky anomaly, the latter being computed
for 3 moment values (see text). The electronic entropy varia-
tion is shown in the inset. The arrows label the transition at
Tc � 0:87 K.
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FIG. 3. Ordered magnetic moment M versus temperature
(filled circles) and squared intensity of the (200) magnetic
peak, scaled to the moment at 0.10 K (open circles). Tc is
determined from the peak in the specific heat. The correlation
length Lc, deduced from the width of the magnetic Bragg peaks,
and the angle � with the local anisotropy axis are plotted in the
insets.
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tetrahedron [26]. For an easy plane anisotropy (Da < 0),
the local order selected for the k � 0 structure, which is
actually observed in Er2Ti2O7, is also different [4]. The
ordered state of Tb2Sn2O7 rather resembles that predicted
for a ferromagnetic first neighbor exchange interaction
combined with a finite anisotropy along h111i axes [27].
It suggests that in Tb2Sn2O7 the magnetic order results
from an effective ferromagnetic interaction resulting from
AFM exchange and FM dipolar coupling, the strength of
the uniaxial anisotropy tuning the angle �. This may
happen if Dnn >Da > Jnn. The unusual change with tem-
perature in the short range correlations from AFM to FM,
which occurs just above the transition, also suggests that it
is driven by an effective ferromagnetic interaction, which
should naturally result from the influence of dipolar cou-
pling [28] as in dipolar spin ices.

The temperature dependence of the specific heat Cp is
shown in Fig. 4. In good agreement with neutron diffrac-
tion data, the specific heatCp starts to increase below about
1.5 K, and then shows a well defined peak at 0.87 K. The
final increase of Cp below 0.38 K is attributed to a nuclear
Schottky anomaly, resulting from the splitting of the en-
ergy levels of the 159Tb nuclear spin (I � 3=2) by the
hyperfine field due to the Tb3� electronic moment. The
whole nuclear Schottky peak was observed in Tb2GaSbO7

[29]. The nuclear Schottky anomaly Cnuc was calculated as
follows: the full hyperfine Hamiltonian, i.e., the Zeeman
part due to the hyperfine field Hhf and a quadrupolar term,
was diagonalized to obtain the four hyperfine energies. The
small quadrupolar term is the sum of a lattice contribution,
extrapolated from that measured in Gd2Sn2O7 [30] and of
an estimated 4f term, both amounting to about 5% of the
24640
magnetic term. The angle the hyperfine field is at the local
h111i axis was fixed at the value 13:3�. The Hhf value then
is the only parameter for the calculation ofCnuc, which was
obtained using the standard expression for a Schottky
anomaly. The lines in Fig. 4 below 0.8 K represent Cp �

Cnuc � Cm, where Cm �  T3 is an empirical electronic
magnon term which fits well the rise of Cp above 0.4 K,
with  � 12:5 JK�4 mol�1. The best fit to the data is
obtained with a hyperfine field of 135 T, which corresponds
to a Tb3� moment value of 3:3�3��B, using the hyperfine
constant of 40�4� T=�B. The electronic entropy variation S
was computed by integrating �Cp � Cnuc�=T (inset of
Fig. 4). In Tb2Sn2O7, our current measurements show
that the crystal field level scheme is only slightly modified
with respect to that in Tb2Ti2O7, where the lowest states
are two doublets separated by 18 K [31]. Therefore S
should reach the values R ln2 and R ln4 when T increases
above Tc, as the first two doublets become populated. In
fact, the entropy released at the transition is only 25% of
R ln2, and it reaches 50% of R ln2 at 1.5 K. This reflects the
strong correlations of the magnetic moments in the spin
liquid phase above 1.5 K.

The value meff � 3:3�3��B for the Tb moment deduced
from the nuclear specific heat is therefore well below the
neutron valueM � 5:9�1��B. Such a remarkable reduction
can be explained by the presence of electronic fluctuations,
if their characteristic time " is comparable to the spin-
lattice nuclear relaxation time T1 which governs the ther-
malization of the hyperfine levels, as in Gd2Sn2O7 [30].
Within this model [30], the reduction factor of the nuclear
Schottky anomaly is 1� 2T1=", to be compared with the
experimental reduction proportional to �meff=M�2 ’ 0:3.
Then a ratio T1=" ’ 1 can be inferred in Tb2Sn2O7. This
2-3



PRL 94, 246402 (2005) P H Y S I C A L R E V I E W L E T T E R S week ending
24 JUNE 2005
implies low temperature fluctuations of the Tb3� moments
with a time scale 10�4–10�5 s, much slower than for
paramagnetic spins (10�11 s), which means that these fluc-
tuations involve correlated spins, as previously noticed in
geometrically frustrated magnets [23]. Here, they occur in
magnetically ordered domains and may be connected with
their finite size. They could be probed by muon spin
relaxation experiments.

Why does Tb2Sn2O7 order and not Tb2Ti2O7? The
weaker AFM exchange of Tb2Sn2O7 may not be the only
reason. Our current crystal field study of the two com-
pounds by high resolution neutron scattering points out
another fact. In Tb2Sn2O7 only, we have observed a small
splitting (1.5 K) of a low energy excitation. It shows a
lifting of the degeneracy of a crystal field doublet, possibly
due to the higher value of the oxygen parameter which
controls the local distortion around the Tb3� ion. Assum-
ing that the spectral density of the spin fluctuations de-
creases with energy, this lifting could weaken in Tb2Sn2O7

the quantum fluctuations responsible for the persistence of
the spin liquid state in Tb2Ti2O7, and allow long range
order to set in.

In conclusion, we observed a new magnetic structure in
the spin liquid Tb2Sn2O7. This unpredicted structure with
both ferromagnetic and antiferromagnetic character could
be called an ‘‘ordered dipolar spin ice.’’ It arises below
1.3(1) K with a low ordered moment and strong fluctua-
tions. Then at 0.87 K a steep increase of the ordered mo-
ment coincides with a peak in the specific heat. In the spin
liquid phase, ferromagnetic correlations start to replace
antiferromagnetic ones below about 2 K. In the ground
state, the lower Tb3� moment estimated from specific heat
shows that the hyperfine levels are out of equilibrium and
evidences the persistence of slow magnetic fluctuations of
correlated spins. These unconventional fluctuations are
reminiscent of the spin liquid in the ordered phase.
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