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We present an interpretation of zero-field energy integrated (“diffuse”) neutron scattering and of high-field
magnetization data at very low temperature in the frustrated pyrochlore system Tb,Ti,O;. This material has
antiferromagnetic exchange interactions, and it is expected to have an Ising character at low temperature. Contrary
to expectations, it shows no magnetic ordering down to 0.05 K, being thus labeled a “spin liquid.” However,
the ground state in Tb,Ti,O7 is not a mere fluctuating moment paramagnet but, as demonstrated by very recent
experiments, a state where the electronic degrees of freedom are hybridized with the phononic variables in an
unconventional way. We show here that, by approximating this complex and still unraveled electron-phonon
interaction by a dynamic Jahn-Teller coupling, one can account rather well for the diffuse neutron scattering and

the low-temperature isothermal magnetization.
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I. INTRODUCTION

The pyrochlore titanates, with formula R,Ti,O7, where R
is a rare earth, have been the subject of experimental and
theoretical studies for more than a decade [1]. The pyrochlore
lattice where the R3* (and the Ti**) ions are located is formed
by corner-sharing tetrahedra and leads, indeed, to a frustration
of the exchange/dipolar interaction in some specific situations.
The best known consequence thereof is the existence of “spin
ice” materials, like Ho,Ti,O; and Dy,Ti,O; [2,3], where
the rare-earth moments have a strong Ising character along
the tetrahedron ternary axis. The spin ices remain in the
paramagnetic phase down to the lowest attainable temperature,
but the spin correlations are very strong and of the special
“two in/two out” type, i.e., where two rare-earth moments
point “outwards” a given tetrahedron and two “inwards.” The
excitations in spin ices have been shown to be magnetic
monopole quasiparticles [4,5]. Another pyrochlore material,
which remains paramagnetic down to at least 0.05 K, is
Tb,Ti,O7 [6]. The Tb** jon is a non-Kramers ion with
J =6 and a Landé factor gy = 3/2. It is submitted to a
trigonal symmetry crystal electric field (CEF) that lifts the
13-fold degeneracy of the J = 6 multiplet. The peculiarity
of the crystal field splitting in Tb,Ti,O; has been early
recognised [7], as consisting of two ground magnetic doublets
separated by an energy of the order of 15 K. For a non-Kramers
ion, each such doublet {v,¥,} has an Ising character, with
a vanishing transverse matrix element of the total angular
momentum: (Y |J|y,) = 0. The exact wave functions of these
doublets were determined [8,9] together with the exchange
contribution to the paramagnetic Curie temperature 6,,, which
is negative and of the order of —10 K [8,9], indicating
dominant antiferromagnetic superexchange interactions. The
lack of magnetic order in Tb,Ti,O7 is therefore surprising
since the Ising antiferromagnet in the pyrochlore lattice is not
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frustrated, its ground state being the so-called “all in/all out”
configuration.

Early neutron scattering studies [10,11] have shown that
the Tb moments are very short-range correlated and fluctuate
down to the 0.1-K range. Calculations of the diffuse scattering
at 9 K [12,13] were successful in reproducing experimental
data by taking into account the two ground doublets, which
are both appreciably populated at this temperature. At very low
temperature, when the ground doublet alone is populated, it
was recognized that Ising-like wave functions cannot describe
the physics in Tb,Ti,O7 [14,15] and that a nonzero transverse
matrix element of J is needed. In order to restore transverse
spin fluctuations, a model was proposed, which renormalizes
the low-energy spin Hamiltonian through quantum fluctuations
between the two ground doublets via virtual excitation of a
third ion [16,17]. It will be referred to in the following as the
“virtual crystal field” (VCF) model. It results in an effective
Hamiltonian containing non-Ising terms and thus increasing
frustration. As shown in Fig. 15 of Ref. [17], considering only
a single tetrahedron, the ground state is an ordered spin ice
with propagation vector either k = 0 or (001), depending on
the value of the exchange coupling. As to the general ground
state of the VCF model, it is not known.

In zero magnetic field, the spin liquid state seems to
be fragile: magnetic ordering appears under pressure [18],
showing the great sensitivity of the spin liquid state to external
stresses. It is also sensitive to the exact Tb stoichometry and
may be destroyed by a slight excess in Tb content [19]: small
Bragg peaks are observed at (% , %, %) positions and equivalents
in nonstoichiometric powder samples, whereas diffuse maxima
are seen at the same positions in single crystals [20-22].
Long-range magnetic order develops in the presence of
a magnetic field. For a field along [110], a magnetically
ordered phase with spin wave excitations is induced at 0.4 K
for fields of 2 T and above [23,24], and the evolution of
the magnetic structure was more quantitatively explored in

*Author to whom correspondence should be addressed: Ref. [25]. For a field along [111], a similar behavior is
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Of particular significance for the understanding of the
spin liquid ground state are the numerous experimental
evidences of either a dynamic symmetry lowering, by low
temperature x-ray diffraction [27], optical measurements [28],
and inelastic neutron scattering [29], or of a strong spin-
phonon coupling: the giant magnetostriction [7,30], the low-
temperature divergence of the bulk modulus [31,32] and of the
elastic constants [33,34]. Very recent high-resolution neutron
scattering experiments [35,36] have revealed the presence
of nonstandard hybridization between an acoustic phonon
branch and the first CEF transition, above an energy around
1.5 meV, but with a vanishing low-energy branch. They have
also confirmed the presence of dispersive inelastic excitations
around an energy of 0.2 meV, but only in the so-called “spin
ice channel.” Finally, an anomalously strong phonon scattering
at 0.3 K has been reported [37], very likely linked with the
4 f -electron—phonon hybridization. Hence the ground state in
Tb,Ti,O7 appears to be of a quite complex and unusual kind
and a full microscopic Hamiltonian describing this state is still
to be discovered. This Hamiltonian should include a coupling
between the electronic and phononic degrees of freedom, so
that the ground state be of mixed vibronic type.

Previously, we proposed a model to account for the spin
liquid behavior in Tb,Ti,O7, assuming the presence of a
static tetragonal distortion at the Tb site [21,38,39], i.e., of
an off-diagonal crystal field term that lifts the degeneracy of
the ground doublet into two CEF singlets, coupled by the
exchange/dipole interaction. This model, akin to the Bleaney
model for CEF singlets [40,41], yields a strong transverse
matrix element of J and leads to a mean-field paramagnetic
phase, or spin liquid phase, down to the lowest temperature
in a certain range of exchange integrals. This picture has been
questioned in Ref. [42], where it is claimed that no inelastic line
corresponding to the splitting between singlets is observed, but
the recent neutron data [36] do show the presence of some kind
of low-energy inelastic excitation. On the one hand, this two-
singlet mean-field model satisfactorily reproduces the q maps
of inelastic [21] and diffuse spin-flip and non-spin-flip [20]
neutron scattering at very low temperature. On the other hand,
it predicts a dominant inelastic scattering and does not account
for the strong quasielastic contribution [20,21]. It also cannot
explain the nuclear anomaly in the specific heat [43] showing
the presence of a hyperfine field of 142 T at the Tb site.
Seemingly, the vibronic ground state in Tb,Ti,O; has some
magnetic character.

In this work, we are interested in the interpretation of the
zero-field diffuse scattering and of the isothermal magnetiza-
tion for fields applied along [111], [110], and [001] at very low
temperature in Tb,Ti,O;. We present zero-field and in-field
3D maps of the total diffuse neutron scattering at 0.16 K and
we use previously published magnetization data [44,45]. We
apply a generalization of the two-singlet model to a dynamic
Jahn-Teller (JT) coupling, which seems better adapted, in the
first approximation, to describe the low-temperature state of
Tb,Ti,O7 since no static distortion has been evidenced. In a
recent work [26], we have shown that the magnetic structure
induced by a field along [111] can be explained in terms of
such a dynamic Jahn-Teller coupling. Here, we show that
the model also satisfactorily reproduces: (i) the q structure
of zero-field diffuse neutron scattering maps at 0.16 K and
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(i1) the magnetization curves at 0.05 K along the three cubic
symmetry axes.

II. THE DYNAMIC JAHN-TELLER COUPLING MODEL
AND THE SELF-CONSISTENT MEAN-FIELD AND RPA
CALCULATIONS

The trigonal crystal field acting on a Tb** ion is taken as in
Ref. [46]. We emphasize that, contrary to theories describing
the ground non-Kramers doublet by a pseudo-spin 1/2 and
using effective exchange parameters [47], we consider the
whole CEF level scheme and the actual momentum J, and
we use the bare anisotropic exchange integrals 7;;. We feel it
important to recall that a non-Kramers doublet | ) presents
the two properties, in the local frame where Oz is the trigonal
axis:

(Wl Yn) = = (¥l Jz[¥n), ey

(2| J1Yr1) = 0. @)

Then, considering the projection of the CEF Hamiltonian onto
the subspace spanned by |y ) can lead to some confusion
since the z components alone of the pseudospin behave
as those of a true spin 1/2, but its transverse components
must be chosen as quadrupolar moments [47]. An important
consequence of (2) is that transitions between |y;) and |v)
induced by the operator J are forbidden: there can be neither
exchange/dipole induced fluctuations nor neutron quasielastic
scattering within the doublet. The magnetoelastic interaction
describing the coupling of the electronic variables with the
local strain variables [48] has been shown to play an important
role in Tb,Ti,O7 [7,49]. It can be written, in the local frame,
up to second order in J;:

Hiel = Z B em Om, 3

where the e variables are normalised strains, the Q vari-
ables are 4 f quadrupole operators and the B, are coupling
coefficients, m is spanning the relevant symmetry allowed
representations. In zero magnetic field, zero external strain,
and in the absence of any symmetry lowering transition,
the mean equilibrium values (e,) vanish. In the presence
of a field, the (e, (H)) become nonzero and describe the
parastriction. The magnetoelastic coupling (3) is included in
the calculation of the magnetization curves [7,49] described in
Sec. IV.

As mentioned in the introduction, there is experimental
evidence for hybridization of a phonon branch with a CEF
transition in Tb,Ti;O; at very low temperature [35,36]. The
whole vibronic problem, with mixed phonon-electron wave
functions, should thus be treated by expanding in (3) the
strain variables in terms of phonon operators. However, in
this work, we approximate the vibronic problem by a dynamic
Jahn-Teller (JT) effect, i.e., we introduce a dynamic distortion
(e); along the equiprobable cubic axes [100], [010], or [001],
hence conserving overall cubic symmetry. A Hamiltonian
of type (3) is added to the CEF interaction, defined by
Hir = B(€); Quq = Do Qua» Where Qi = 5(JiJ; + J; ;)
and = X,Y,Z is one of the three cubic {100} directions. The
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associated Hamiltonians Hj; are written in the local frame:

D 1 3
HJ}%:_Q _Qxx+_ny+sz_\/§Qxy
3 \2 2
_‘/E sz +“/6 Qyz)»
D 1 3
H}IT = TQ(E Oxx + 5 Qw + 0 +\/§ Qxy

_ﬁsz _“/ngz)»

D
HE = TQ@ Oux + 0 +2v2 0.).

It is crucial to note that, contrary to the magnetic moment
operators J;, the quadrupole moment operators Q;; generally
couple the two states of the ground non-Kramers doublet:
(Yr11Qijr2) # 0, so that the dynamics of the system is deeply
modified. For a given direction of the JT axis, the degeneracy
of the ground doublet is lifted, and the new eigenfunctions
are close to the symmetric |¥,) and antisymmetric |v,)
combinations of the trigonal wave functions |11 ) and |v,). The
ground state depends on the sign of the Dy parameter, whose
value Dy = 0.25 K was derived in our previous work [39]
from the energy of the lowest inelastic excitation. Then,
the ground singlet is |,) = J%(h//]) — |¥2)). We note that
the single ion vibronic (or Jahn-Teller) coupling can lead
to intersite quadrupole interactions, which could also play a
role in defining the low-temperature state of Tb,Ti,O; and
in explaining the fast thermal variation of the (Cy; — C12)/2
elastic constant [33,34,49], still not undestood up to now. Work
on this subject is currently under way.

The nearest-neighbor exchange interaction is written in J-J
coupling, with the convention that a negative exchange integral
corresponds to an AF coupling:

Ho=—Y_ J: T €
(ij)

where > (ij) means a summation over the first neighbor pairs.

The exchange tensor J is chosen to be anisotropic, with
its symmetric part diagonal in a frame linked to a R-R
bond [50,51]. For instance, the frame associated with the bond
between site 1 (a/2,a/2,a/2) and site 2 (a/4,a/4,a/2) has
unit vectors: a;, = [001], by, = %[1101, and ¢, = %[110].
The exchange tensor is identical in all these frames and is
written

A 0
J = 0 /)
—V2Jpm 0 Je

The J,, J», and J, components represent the symmetric part
and Jpwm the antisymmetric Dzyaloshinski-Moriya part of the
exchange. We use the anisotropic exchange tensor derived
previously for Tb, Ti, O7 [39], slightly modified to better match
the diffuse scattering maps (see Sec. III).

For computing the magnetization curves for each field
direction, we introduce the Zeeman Hamiltonian H; and
we perform, for each site i of a tetrahedron and for each
direction « of the JT axis, the diagonalization of the following

V2 Jom
0 (5)
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Hamiltonian:
Hi = 7—lCEF + Hm»el + H_K]xT + 7_(Z + [Hex + 7_(dip]ia (6)

where [Hex + Hdip]i is the part of the first-neighbor exchange
and infinite-range dipole-dipole couplings relative to site i,
which is treated in a mean-field self-consistent way within the
four sites of a tetrahedron. The dipole sums are evaluated
using the Ewald summation method [52]. Hence we limit
our calculation to the case where the Tb moments in each
of the four fcc sublattices forming the pyrochlore lattice are
parallel. One thus obtains the magnetic structure (and the
magnetization) for a k = 0 propagation vector only.

The energy integrated neutron scattering cross section
(called “diffuse scattering” in the following) is computed in
the paramagnetic phase in zero field using the four-site RPA
outlined in Ref. [12]. The starting points are the Hcgr + HSp
Hamiltonians and the Fourier transforms of the exchange and
of the dipole-dipole interactions, the latter being obtained
following Ref. [53]. The components of the complex dynamic
susceptibility x(Q,w) are the solutions of a set of linear
equations solved using LAPACK routines. For a given Q = q+G,
where G is a vector of the reciprocal space of the fcc lattice
and q belongs to the first Brillouin zone, the diffuse scattering
intensity is obtained from the real part of the susceptibility as

FQP
% D Gup— QuQp)

a,B.a,b

Sa(Q,w) x

x exp[—i(r, — 1p).G] Re .7 (q.o),  (7)

where F(Q) is the magnetic form factor of the Tb3* ion, «
and B label spatial coordinates and a and b label the four
sites on a tetrahedron. Since application of a magnetic field
induces long-range order in Tb,Ti,O; [23-26,54], our RPA
calculation of the diffuse scattering holds only in zero field,
i.e., in the paramagnetic phase.

In our simulations of the present single-crystal data, since
an external axis is defined (the magnetic field or a particular
plane of the reciprocal space), our assumption of a dynamic
Jahn-Teller effect implies that an equal weight average over
the three {100} directions of the JT axis must be performed.

III. THE DIFFUSE NEUTRON SCATTERING AT 0.16 K

Diffuse scattering maps were measured at 0.16 K on
the Super-6T2 diffractometer at the Orphée reactor of the
Laboratoire Léon Brillouin, Saclay (France) [55], in zero
magnetic field and with fields of 1 and 4 T applied along
[110]. Data were collected using an area neutron detector
(A =2.35A) covering a 26° x 26° angular region, by rotating
the sample about the [110] axis with 0.1° step and recording
a scattering pattern for two detector positions at 20 = 17°
and 40°. In contrast to earlier diffuse scattering studies in
Tb,Ti,O7 [20,21], the use of the area detector allows one
to explore a large three-dimensional (3D) segment of the
reciprocal space by transforming a complete set of area
detector images in reciprocal space. The reconstructed volume
was completed with its symmetrically equivalent orientations
employing the Laue symmetry of the structure. In order to
strengthen the contrast of the diffuse scattering images, the
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FIG. 1. (Color online) Zero-field neutron diffuse scattering maps in reciprocal space at 0.16 K in Tb,Ti,O5: 3D equal intensity surface
(left), experimental (upper central) and calculated (lower central) scattering in the (hhl) plane, experimental (right upper) and calculated (right
lower) scattering in the (h + 1,2 — 1,1) plane. The simulations were made in the presence of dynamic Jahn-Teller effect, with the anisotropic
exchange tensor J, = —0.068 K, J, = —0.196 K, J. = —0.091 K, and Jpm=0.

regions of the nuclear and field induced magnetic Bragg
reflections were excluded after the reconstruction. A constant
background signal was subtracted. A 3D representation of an
equal scattering intensity surface in zero field is shown in the
left panel of Fig. 1. From this pattern, the conventional 2D cuts
(h,h,l) and (h + 1,h — 1,]), perpendicular to the [110] axis,
were obtained (upper central and right panels of Fig. 1). The
(hhl) cut is in reasonable agreement with the diffuse scattering
data using polarised neutrons of Ref. [20]. It shows asymmetric
“butterflylike” structures at (002) and (002) and triangular
spots near (220) and (220), with strong intensity, and small
pinch points at (111), etc. The intensity at the zone center is
weak. The (h 4 1,h — 1,) cut shows strong intensity spots at
(200) and weak intensity “butterflylike” structures at (113).

The maps were simulated in the presence of dynamic Jahn-
Teller effect using the diagonal exchange tensor elements (in
degrees of Kelvin):

Ja = —0.068, J, = —0.196, and J. = —0.091, (8)

as previously determined in Ref. [39] (the absolute value of
J. is 8% smaller that in Ref. [39]). The Dzyaloshinski-Moriya
exchange Jpym, which has been shown to be nonzero in the
pyrochlore lattice [56], is neglected here since it should be
an order of magnitude smaller than symmetric exchange. The
simulated maps, shown in the lower panels of Fig. 1, are seen to

capture the main features of the experimental data, especially
the strong intensity butterfly-like structures at (002), etc., in
the (hhl) plane, and the very low scattering “corridor” along
(1,1,1) and high intensity spots at (200) and (020) in the (h +
1,h — 1,1) plane.

Application of magnetic field in the [110] direction at
0.16 K induces magnetic order with two propagation vectors
k = 0 and [001], which leads to a strong decrease of diffuse
scattering. Since a detailed description of the in-field AF
structure has been given in Ref. [25], we concentrate here
exclusively on the diffuse scattering results. Figure 2 shows
in-field diffuse scattering maps with 1 and 4 T applied along
[110], the 3D equal intensity surfaces in the top panels and
the (hhl) cuts in the lower panels. For these field values, our
RPA approximation scheme, holding only in the paramagnetic
phase, cannot be applied, so we shall limit ourselves to a
qualitative description of the phenomena. We recall that the
field-induced structure involves the so-called « and § chains
along two perpendicular directions. The o chains running
along H || [110] have their local anisotropy axis at 36° from
the field whereas the B ones along [110] have their easy axis
perpendicular to the field. In first approximation, the k = 0
structure is related to the ordering of the « chains and the
k = [001] structure to the ordering of the 8 ones. In a field of
1 T, only the long-range ordered k = 0 structure is stabilized;
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FIG. 2. (Color online) Neutron diffuse scattering maps in reciprocal space at 0.16 K in Tb,Ti,O; with a field applied along [110]. (Top) 3D
equal intensity surfaces for a magnetic field of 1 (left) and 4 T (right). (Bottom) Cuts in the (hhl) plane of the maps at 1 (left) and 4 T (right).

the Tb moments in the « chains are easily aligned along their
local axes, which leads to a strong increase of the intensities
of the structurally allowed Bragg reflections, accompanied by
a decrease of diffuse scattering. The “butterflylike” patterns
are replaced by a disk shaped diffuse scattering concentrated
at the forbidden reflections corresponding to the k = [001]
structure, like (110), (112), and (001). This remaining diffuse
scattering is due to the 1D short-range order of the § chains.
When the field is further increased to 4 T, a 3D ordering
of the B chains occurs giving rise to the appearance of the
forbidden reflections, which violate the extinction rules of
the fcc lattice [25], and to the almost complete disappearance
of the disk shape scattering. Diffuse scattering is, however,
observed around the (111) reflection positions, possibly due
to a small misorientation of the sample induced by the high
applied field. This misorientation is evaluated to be 1.3° with
respect to the [110] direction.

IV. VERY LOW-TEMPERATURE ISOTHERMAL
MAGNETIZATION IN Tb,Ti, O

In the spin liquid Tb,Ti, O, application of a magnetic field
induces magnetic order with k =0 for H || [110] [25] and
H || [111] [26], and probably also for H || [001] although no
neutron diffraction data are available for this field direction.
Actually, for H || [110], an AF structure with k = [100] coexists
with the k = O structure above 2 T and below 1 K [25], but it
is not expected to contribute to the magnetization. Therefore

the calculation sketched in Sec. II can be applied to Tb,Ti, O
with a magnetic field applied along [110], [111], and probably
[001]. Isothermal magnetization curves in Tb,Ti,O; were
measured in the 0.05-K range in Refs. [44] and [57]; they show
a monotonic increase as the field increases (solid symbols in
Fig. 3). For H || [111], no magnetization “plateau” predicted
from the VCF model [58] and akin to that observed in spin
ices for this same field direction [59] is observed down to 0.05
K, and we see no precursor effect of it. We recall however
that, according to Ref. [58], a plateau is expected to be clearly
visible at a temperature (0.02 K) lower than that of these
experiments (~0.050 K).

For the calculation of the magnetization curves, we use
the values of the anisotropic exchange tensor as in the
previous section. We have also taken into account the stan-
dard magnetoelastic (ME) interaction (3), which yields giant
magnetostriction effects [7,49]. We limited ourselves to ME
terms quadratic in the total angular momentum, following
the formalism of Ref. [49] and using the ME parameters
values derived therein. We have computed the 0.08 and 4 K
magnetization curves for fields along [100] and [110], and the
0.057 and 4 K curves for H || [111] up to 6 T. At 4 K, we
set Dy = 0, since at this temperature the off-diagonal crystal
field probably has a quite small effect, if any.

The comparison between experimental data and our calcu-
lation is shown in Fig. 3. The overall agreement is reasonably
good both at very low temperature and at 4 K. In order
to assess the importance of the ME interactions, we have
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FIG. 3. (Color online) Isothermal magnetization curves in

Tb,Ti,O7: a for H || [111] at 0.057 and 4 K; b for H || [100] and
[110] at 0.08 and 4 K. The experimental data for H || [111] and [110]
are taken from Ref. [44], those for H || [100] from Ref. [45]. The
calculated curves were obtained using the model described in the text
with two assumptions: no magnetoelastic effects (dashed lines) and
including the magnetoelastic interaction (solid lines), except for the
solid blue line in a which reproduces the prediction of the VCF model
at 0.05 K [58], up to the highest field of the calculation (0.5 T).

represented the calculated curves obtained without (dashed
lines) and with (solid lines) ME effects. Inclusion of the ME
interaction slightly modifies the magnetization, especially at
high fields. It yields a small enhancement, which results in
a better agreement with experiment for H || [100] and [110]
[Fig. 3(b)], but not for H || [111] [Fig. 3(a)]. For this latter field
direction, we have also reproduced the curve calculated using
the VCF model at 0.05 K (blue line), taken from Ref. [58].
Despite the limited field range, it is clear that it does not
reproduce the data, which casts a doubt about the validity the
VCF model for Tb,Ti, O, at least as far as the magnetization is
concerned. Furthermore, this model predicts a sizable variation
of the shape of the low-field magnetization curve between
0.02 and 0.1 K, with the appearance of a clear plateau at the
lowest temperatures (0.02 K). By contrast, the experimental
data [44,57] (in agreement with our calculations) show that the
shape of the magnetization curve does not appreciably change
between 0.05 and 0.3 K. We believe the absence in Tb, Ti, O; of
the magnetization plateau expected for Ising spins is due to the
vibronic nature of the ground state, which likely destroys the
Ising character at the rare earth site linked with the bare trigonal
crystal field eigenfunctions. We note that these measurements
of the isothermal magnetization curves provide a direct test
of the relevance of the VCF prediction. In contrast, the recent
experimental data at very low temperature [22,60] presented
in favor of the VCF model are only an indirect evidence. They
do not check the existence of the magnetization plateau in
Tb,Ti,O7 but probe low-temperature anomalies, which could
have another origin.

Although our model correctly reproduces the overall
magnetization behavior and its anisotropy, some deviation
occurs at the lowest temperature at low field, around 1 T
and below, mainly for H || [111] and [100]. The curvature
of the magnetization as the field increases is not exactly
reproduced. At higher fields, above 3—4 T, the calculated points
lie somewhat above the data points, especially for H || [111]
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both at 0.08 and 4 K. Keeping in mind that the uncertainty for
such magnetic measurements is usually estimated to amount
to a few percent, we can envisage various causes for these
deviations. First, our model would not capture all the details
of the field-induced magnetic structure, especially at low fields.
Second, the effect of a slight field misalignment with respect
to the crystal axes can also play a role, mainly for H || [110].
Indeed, for this field direction, there occurs a “spin melting”
near 1 T where the two moments lying on sites with their
ternary axis perpendicular to the field (g sites) vanish [25]. The
“spin melting” and the configuration of the § moments are then
very sensitive to the alignment of the field with respect to the
crystal axis. As to the other field directions, our calculations
show that a partial spin melting occurs at 0.2 T for H || [111]
and that it is absent for H | [001]. Finally, we note that the
anisotropy of the magnetization curves is mainly a trigonal
crystal field effect; for fields above ~2 T, the Jahn-Teller
interaction and its associated dynamic distortion play only a
minor role. So, at low fields, calculation of the magnetization
curves can suffer from the fact that the dynamic Jahn-Teller
model is only a first approximation to describe the ground state
of szTizO7 .

V. DISCUSSION

The virtual crystal field approach of Ref. [16], which is
a first-order perturbation theory, does not seem to explain the
ground state of Tb,Ti,O7 as observed experimentally. It seems
that a more profound change of the ground-state wave function
(zeroth-order perturbation) is necessary, and the dynamic JT
interaction developed here is a first attempt to introduce such a
quantum mixing. Should then Tb, Ti, O; be dubbed a “quantum
spin ice,” as suggested by several authors? Although this term
was initially proposed for Tb, Ti,O7 in the context of the VCF
approach [16], it is now more widely used when quantum
fluctuations occur within a set of spin ice states [61-63].
Indeed, Tb,Ti, 07, where Tb* is a non-Kramers ion, which
shows dispersive excitations in a disordered ground state [36]
and where the likely presence of a vibronic coupling can
induce an interaction between quadrupolar moments [48], is
a good candidate. However, the small energy gap to the first
excited CEF level renders the situation more complicated to
treat theoretically than for the generic quantum spin ices with
effective spin % considered up to now.

The simple distortion or Jahn-Teller model for Tb,Ti,O7
implies that, for a certain range of exchange parameters,
the mean-field single ion ground state is a singlet, i.e., it is
nonmagnetic and thus could explain the absence of magnetic
ordering down to the lowest temperature. However, energy-
resolved neutron scattering shows that elastic or quasielastic
scattering is dominant at very low temperature [19-22,64],
meaning that the ground state has a nonzero magnetic moment,
which is static at the time scale of the experiment.

The fact that our model can reasonably well reproduce the
q maps in reciprocal space of the inelastic [21] and diffuse
(i.e., energy-integrated) scattering (Ref. [21] for the spin-flip
(SF) and non-spin-flip scattering and present work for the
total scattering) probably shows that it correctly represents
the spin correlations. However, it situates their characteristic
energy in the inelastic channel rather than in the elastic one,
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FIG. 4. (Color online) Calculated diffuse scattering maps in the (hh!) plane of the reciprocal space for the spin-flip channel at 0.05 K,
according to the geometrical setup of Ref. [20]. The q maps are represented in the spin liquid (SL) phase of our model (see Ref. [39]), which
stands as a wedge between the antiferromagnetic (AF) phase and the ordered spin ice (OSI) phase. The figure is a sketch of a cut in the exchange

parameter phase space for J, =

—0.196 K [65]; the numbers above each map are the values (in K) of 7, and .. The map on the left labeled

“exp.” is the experimental spin-flip diffuse scattering in Tb,Ti,O7 at 0.05 K from Ref. [20]; it has been placed close to the bottom left corner of
the phase space for sake of comparison with the simulated maps. The maps with blue background placed in the AF and OSI phases represent
the Bragg spots in the (hhl) plane for respectively the “all in / all out” and the “two in/two out” spin structures.

since a nonmagnetic ground state does not give rise to elastic
scattering. In terms of the mixed eigenstates |i,) and |)
introduced in Sec. II, one can define a “transition vector”
T = (Y, |J|¥s), whose square modulus is the intensity of the
low-energy inelastic mode. The T vector is directed along
the local trigonal axis since its only nonzero component is
T, = (Y| J:\¥s) = (¥1]|J;:1¥1), and it is solely defined by the
CEF wave functions. So the intensity of the calculated diffuse
scattering involves the pure “inelastic” CEF quantity ||T||?,
the subsequent energy integration yielding expression (7), pro-
portional to Re x according to the Kramers-Kronig theorem,
and its q dependence is mainly due to the anisotropy of the
exchange tensor.

To emphasize the difference of the diffuse scattering in
Tb,Ti,O; with respect to those in pyrochlore systems with
dominant spin ice or antiferromagnetic spin correlations, we
have computed the spin-flip scattering maps in the (hhl)
plane within the spin liquid phase of our model [39] (see
Fig. 4). Near the upper border of the SL phase with the
ordered spin ice (OSI) phase (J. = —0.030, — 0.045 K),
the SF maps are very close to those of a spin ice [66], where
the spin correlations are of the type “two in/two out.” The
corresponding Bragg spots (map with blue background in the
OSI phase) are located at the pinch points of the SF map.
Near the border with the antiferromagnetic (AF) phase, the SF
scattering consists only in broadened peaks at positions (220),

(113), etc. These positions are those of the Bragg peaks of the
“all in/all out” spin structure, as shown in the map with blue
background in the AF phase. The sketch of the SL phase in
Fig. 4 allows one to follow the progressive transformation of
the SF maps as one scans the {7,, 7.} plane. It shows that the
SF map is very specific to a given set of exchange integrals.
The map closest to the experimental data (J, = —0.068 K,
J. = —0.090 K), near the bottom left corner, is different from
the two above described limiting cases and must therefore
represent a special type of spin correlations occurring in
Tb,Ti, O, probably consisting in a mixture of spin ice and
AF correlations. Within our model, Tb,Ti,O5 lies very close
to the border with the long-range ordered OSI phase. This
could explain the presence of spin-ice-like features in the AF
spin correlations [20-22,35,36] and the stabilization of the OSI
phase in the sibling material Tb,Sn,O7 below 0.87 K [67].

In this latter compound, a nuclear Schottky anomaly is
present at low temperature and the hyperfine field derived from
itis 180 T, corresponding to an effective magnetic moment of
4.5 up/Tb* [68], using the '*Tb3*+ hyperfine constant of
40(4) T/ p [69]. This effective moment of 4.5 p is reduced
with respect to the spontaneous moment 5.9(1) p measured
by neutron diffraction, which is attributed in Ref. [67] to
persisting spin fluctuations in the OSI phase. More precisely,
the hyperfine Schottky anomaly is depleted in case the
electronic spin fluctuation frequency vs4y is not much slower
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than the nuclear relaxation frequency 1/7; [70], i.e., if v4f ~
1/T,. The presence of a similar nuclear Schottky anomaly
in the very low-temperature specific heat of Tb,Ti,O7, with a
hyperfine field of 142 T [43], is rather unexpected in a material
with no magnetic ordering. It shows that there is a hyperfine
field at the nucleus site, linked in this case with the short-range
dynamically correlated Tb>* magnetic moments. The moment
value derived from the 142 T hyperfine field is 3.6(4) i 5. Thus,
from the point of view of the nuclear specific heat, Tb,Sn, O
and Tb,Ti,O; behave very similarly, although the former
orders magnetically, while the latter does not. As a further
analogy, in order to account for the inelastic neutron scattering
maps in the OSI phase of Tb,Sn,O7 [71], it is necessary to
introduce an off-diagonal crystal-field term, which was taken
as a tetragonal distortion. The SR data in Tb,Ti,O; [6]
are also very similar to those in Tb,Sn,O7 [72,73], revealing
sizable fluctuating moments in both compounds down to the
lowest temperature.

VI. CONCLUSION

We have shown that it is possible to account for some quite
different properties of the pyrochlore spin liquid candidate
Tb,Ti,O; at very low temperature, i.e., the neutron diffuse
scattering and the isothermal magnetization, by a model that
approximates the probably complex vibronic ground state
of this material by a dynamic Jahn-Teller coupling within

PHYSICAL REVIEW B 89, 085115 (2014)

the ground electronic doublet. The success of the model in
reproducing the magnetization curves is linked with the mixed
character of the “tunnel-like” antisymmetric ground wave
function. Absence of this zero-order mixing automatically
leads to a kagome-ice state for intermediate field values along
[111] and thus to a magnetization plateau around 2 wp. As
to the diffuse scattering, its calculated intensity reflects that
of the transition between the mixed Jahn-Teller states, and
the q dependence of the maps reflects the anisotropy of the
exchange tensor. However, this approach does not provide a
fully correct picture for Tb,Ti,O; since it predicts a ground
state with a dominant inelastic scattering, due to transitions
between the singlets, and it cannot account for the observed
strong quasielastic contribution nor for the presence of the
magnetic hyperfine Schottky anomaly in the specific heat. We
believe it could anyway be a starting point while awaiting for
a more elaborate treatment of the peculiar coupling between
the phononic and electronic degrees of freedom, which seems
to be at play in Tb,Ti,O5 at very low temperature.

ACKNOWLEDGMENTS

We are indebted to B. Z. Malkin for his help with the
magnetoelastic calculations. We are grateful to J. Robert and
A.P. Sazonov for fruitful discussions, to C. Decorse and
G. Dhalenne, and to P. Dalmas de Réotier and Ch. Marin, for
providing the Tb,Ti,O7 single crystals. We thank E. Lhotel
and C. Paulsen for communicating unpublished results.

[1] J. S. Gardner, M. J. P. Gingras, and J. E. Greedan, Rev. Mod.
Phys. 82, 53 (2010).

[2] M. ]. Harris, S. T. Bramwell, P. C. W. Holdsworth, and J. D. M.
Champion, Phys. Rev. Lett. 81, 4496 (1998).

[3] A. P. Ramirez, A. Hayashi, R. J. Cava, R. Siddhartan, and B. S.
Shastry, Nature (London) 399, 333 (1999).

[4] 1. A. Ryzhkin, JETP 101, 481 (2005).

[5] C. Castelnovo, R. Moessner, and S. L. Sondhi, Nature (London)
451, 42 (2008).

[6] J. S. Gardner, S. R. Dunsiger, B. D. Gaulin, M. J. P. Gingras,
J. E. Greedan, R. F. Kiefl, M. D. Lumsden, W. A. MacFarlane,
N. P. Raju, J. E. Sonier, I. Swainson, and Z. Tun, Phys. Rev.
Lett. 82, 1012 (1999).

[7] I. V. Aleksandrov, B. V. Lidskii, L. G. Mamsurova, M. G.
Neygauz, K. S. Pigal’skii, K. K. Pukhov, N. G. Trusevich, and
L. G. Shcherbakova, JETP 62, 1287 (1985).

[8] M. J. P. Gingras, B. C. den Hertog, M. Faucher, J. S. Gardner,
S. R. Dunsiger, L. J. Chang, B. D. Gaulin, N. P. Raju, and J. E.
Greedan, Phys. Rev. B 62, 6496 (2000).

[9] I. Mirebeau, P. Bonville, and M. Hennion, Phys. Rev. B 76,
184436 (2007).

[10] J. S. Gardner, B. D. Gaulin, A. J. Berlinsky, P. Waldron, S. R.
Dunsiger, N. P. Raju, and J. E. Greedan, Phys. Rev. B 64,224416
(2001).

[11] Y. Yasui, M. Kanada, M. Ito, H. Harashina, M. Sato,
H. Okumura, K. Kakurai, and H. Kadowaki, J. Phys. Soc. Jpn.
71, 599 (2002).

[12] Y. J. Kao, M. Enjalran, A. Del Maestro, H. R.
Molavian, and M. J. P. Gingras, Phys. Rev. B 68, 172407
(2003).

[13] M. Enjalran and M. J. P. Gingras, Phys. Rev. B 70, 174426
(2004).

[14] S. H. Curnoe, Phys. Rev. B 75, 212404 (2007).

[15] S. H. Curnoe, Phys. Rev. B 88, 014429 (2013).

[16] H.R. Molavian, M. J. P. Gingras, and B. Canals, Phys. Rev. Lett.
98, 157204 (2007).

[17] H. R. Molavian, P. A. Mc Clarty, and M. J. P. Gingras,
arXiv:0912.2957.

[18] I. Mirebeau, I. N. Goncharenko, P. Cadavez-Peres, S. T.
Bramwell, M. J. P. Gingras, and J. S. Gardner, Nature
(London) 420, 54 (2002); I. Mirebeau, I. N. Goncharenko,
G. Dhalenne, and A. Revcolevschi, Phys. Rev. Lett. 93, 187204
(2004).

[19] T. Taniguchi, H. Kadowaki, H. Takatsu, B. Fék, J. Ollivier,
T. Yamazaki, T. J. Sato, H. Yoshizawa, Y. Shimura,
T. Sakakibara, T. Hong, K. Goto, L. R. Yaraskavitch, and
J. B. Kycia, Phys. Rev. B 87, 060408(R) (2013).

[20] T. Fennell, M. Kenzelmann, B. Roessli, M. K. Haas, and R. J.
Cava, Phys. Rev. Lett. 109, 017201 (2012).

[21] S. Petit, P. Bonville, J. Robert, C. Decorse, and 1. Mirebeau,
Phys. Rev. B 86, 174403 (2012).

[22] K. Fritsch, K. A. Ross, Y. Qiu, J. R. D. Copley, T. Guidi, R. L.
Bewley, H. A. Dabkowska, and B. D. Gaulin, Phys. Rev. B 87,
094410 (2013).

085115-8


http://dx.doi.org/10.1103/RevModPhys.82.53
http://dx.doi.org/10.1103/RevModPhys.82.53
http://dx.doi.org/10.1103/RevModPhys.82.53
http://dx.doi.org/10.1103/RevModPhys.82.53
http://dx.doi.org/10.1103/PhysRevLett.81.4496
http://dx.doi.org/10.1103/PhysRevLett.81.4496
http://dx.doi.org/10.1103/PhysRevLett.81.4496
http://dx.doi.org/10.1103/PhysRevLett.81.4496
http://dx.doi.org/10.1038/20619
http://dx.doi.org/10.1038/20619
http://dx.doi.org/10.1038/20619
http://dx.doi.org/10.1038/20619
http://dx.doi.org/10.1134/1.2103216
http://dx.doi.org/10.1134/1.2103216
http://dx.doi.org/10.1134/1.2103216
http://dx.doi.org/10.1134/1.2103216
http://dx.doi.org/10.1038/nature06433
http://dx.doi.org/10.1038/nature06433
http://dx.doi.org/10.1038/nature06433
http://dx.doi.org/10.1038/nature06433
http://dx.doi.org/10.1103/PhysRevLett.82.1012
http://dx.doi.org/10.1103/PhysRevLett.82.1012
http://dx.doi.org/10.1103/PhysRevLett.82.1012
http://dx.doi.org/10.1103/PhysRevLett.82.1012
http://dx.doi.org/10.1103/PhysRevB.62.6496
http://dx.doi.org/10.1103/PhysRevB.62.6496
http://dx.doi.org/10.1103/PhysRevB.62.6496
http://dx.doi.org/10.1103/PhysRevB.62.6496
http://dx.doi.org/10.1103/PhysRevB.76.184436
http://dx.doi.org/10.1103/PhysRevB.76.184436
http://dx.doi.org/10.1103/PhysRevB.76.184436
http://dx.doi.org/10.1103/PhysRevB.76.184436
http://dx.doi.org/10.1103/PhysRevB.64.224416
http://dx.doi.org/10.1103/PhysRevB.64.224416
http://dx.doi.org/10.1103/PhysRevB.64.224416
http://dx.doi.org/10.1103/PhysRevB.64.224416
http://dx.doi.org/10.1143/JPSJ.71.599
http://dx.doi.org/10.1143/JPSJ.71.599
http://dx.doi.org/10.1143/JPSJ.71.599
http://dx.doi.org/10.1143/JPSJ.71.599
http://dx.doi.org/10.1103/PhysRevB.68.172407
http://dx.doi.org/10.1103/PhysRevB.68.172407
http://dx.doi.org/10.1103/PhysRevB.68.172407
http://dx.doi.org/10.1103/PhysRevB.68.172407
http://dx.doi.org/10.1103/PhysRevB.70.174426
http://dx.doi.org/10.1103/PhysRevB.70.174426
http://dx.doi.org/10.1103/PhysRevB.70.174426
http://dx.doi.org/10.1103/PhysRevB.70.174426
http://dx.doi.org/10.1103/PhysRevB.75.212404
http://dx.doi.org/10.1103/PhysRevB.75.212404
http://dx.doi.org/10.1103/PhysRevB.75.212404
http://dx.doi.org/10.1103/PhysRevB.75.212404
http://dx.doi.org/10.1103/PhysRevB.88.014429
http://dx.doi.org/10.1103/PhysRevB.88.014429
http://dx.doi.org/10.1103/PhysRevB.88.014429
http://dx.doi.org/10.1103/PhysRevB.88.014429
http://dx.doi.org/10.1103/PhysRevLett.98.157204
http://dx.doi.org/10.1103/PhysRevLett.98.157204
http://dx.doi.org/10.1103/PhysRevLett.98.157204
http://dx.doi.org/10.1103/PhysRevLett.98.157204
http://arxiv.org/abs/arXiv:0912.2957
http://dx.doi.org/10.1038/nature01157
http://dx.doi.org/10.1038/nature01157
http://dx.doi.org/10.1038/nature01157
http://dx.doi.org/10.1038/nature01157
http://dx.doi.org/10.1103/PhysRevLett.93.187204
http://dx.doi.org/10.1103/PhysRevLett.93.187204
http://dx.doi.org/10.1103/PhysRevLett.93.187204
http://dx.doi.org/10.1103/PhysRevLett.93.187204
http://dx.doi.org/10.1103/PhysRevB.87.060408
http://dx.doi.org/10.1103/PhysRevB.87.060408
http://dx.doi.org/10.1103/PhysRevB.87.060408
http://dx.doi.org/10.1103/PhysRevB.87.060408
http://dx.doi.org/10.1103/PhysRevLett.109.017201
http://dx.doi.org/10.1103/PhysRevLett.109.017201
http://dx.doi.org/10.1103/PhysRevLett.109.017201
http://dx.doi.org/10.1103/PhysRevLett.109.017201
http://dx.doi.org/10.1103/PhysRevB.86.174403
http://dx.doi.org/10.1103/PhysRevB.86.174403
http://dx.doi.org/10.1103/PhysRevB.86.174403
http://dx.doi.org/10.1103/PhysRevB.86.174403
http://dx.doi.org/10.1103/PhysRevB.87.094410
http://dx.doi.org/10.1103/PhysRevB.87.094410
http://dx.doi.org/10.1103/PhysRevB.87.094410
http://dx.doi.org/10.1103/PhysRevB.87.094410

TOWARDS A MODEL OF A DYNAMICAL JAHN-TELLER ...

[23] K. C. Rule, J. P. C. Ruff, B. D. Gaulin, S. R. Dunsiger,
J. S. Gardner, J. P. Clancy, M. J. Lewis, H. A. Dabkowska,
I. Mirebeau, P. Manuel, Y. Qiu, and J. R. D. Copley, Phys. Rev.
Lett. 96, 177201 (2006).

[24] J. P. C. Ruff, B. D. Gaulin, K. C. Rule, and J. S. Gardner, Phys.
Rev. B 82, 100401(R) (2010).

[25] A. P. Sazonov, A. Gukasov, I. Mirebeau, H. B. Cao,
P. Bonville, B. Grenier, and G. Dhalenne, Phys. Rev. B 82,
174406 (2010).

[26] A.P.Sazonov, A. Gukasov, H. B. Cao, P. Bonville, E. Ressouche,
C. Decorse, and 1. Mirebeau, Phys. Rev. B 88, 184428 (2013).

[27] J. P. C. Ruff, B. D. Gaulin, J. P. Castellan, K. C. Rule, J. P.
Clancy, J. Rodriguez, and H. A. Dabkowska, Phys. Rev. Lett.
99, 237202 (2007).

[28] T. T. A. Lummen, I. P. Handayani, M. C. Donker, D. Fausti,
G. Dhalenne, P. Berthet, A. Revcolevschi, and P. H. M. van
Loosdrecht, Phys. Rev. B 77, 214310 (2008).

[29] K. C. Rule and P. Bonville, J. Phys.: Conf. Series 145, 012027
(2009).

[30] J. P. C. Ruff, Z. Islam, J. P. Clancy, K. A. Ross, H. Nojiri,
Y. H. Matsuda, H. A. Dabkowska, A. D. Dabkowski, and B. D.
Gaulin, Phys. Rev. Lett. 105, 077203 (2010).

[31] L. G. Mamsurova, K. S. Pigal’skii, and K. K. Pukhov, JETP
Lett. 43, 755 (1986).

[32] L. G. Mamsurova, K. S. Pigal’skii, K. K. Pukhov, N. G.
Trusevich, and L. G. Shcherbakova, JETP 67, 550 (1988).

[33] Y. Nakanishi, T. Kumagai, M. Yoshizawa, K. Matsuhira,
S. Takagi, and Z. Hiroi, Phys. Rev. B 83, 184434 (2011).

[34] Y. Luan, Ph.D thesis, University of Tennessee, USA, 2011.

[35] T. Fennell, M. Kenzelmann, B. Roessli, H. Mutka, J. Ollivier,
M. Ruminy, U. Stuhr, O. Zaharko, L. Bovo, A. Cervellino,
M. K. Haas, and R. J. Cava, Phys. Rev. Lett. 112, 017203 (2014).

[36] S. Guitteny, J. Robert, P. Bonville, J. Ollivier, C. Decorse,
P. Steffens, M. Boehm, H. Mutka, I. Mirebeau, and S. Petit,
Phys. Rev. Lett. 111, 087201 (2013).

[37] Q. J. Li, Z. Y. Zhao, C. Fan, F. B. Zhang, H. D. Zhou, X. Zhao,
and X. F. Sun, Phys. Rev. B 87, 214408 (2013).

[38] P. Bonville, I. Mirebeau, A. Gukasov, S. Petit, and J. Robert, J.
Phys.: Conf. Series 320, 012006 (2011).

[39] P. Bonville, I. Mirebeau, A. Gukasov, S. Petit, and J. Robert,
Phys. Rev. B 84, 184409 (2011).

[40] B. Bleaney, Proc. R. Soc. London A 276, 19 (1963).

[41] B. R. Cooper, and O. Vogt, J. Phys. (Paris) 32, C1-958
(1971).

[42] B.D. Gaulin, J. S. Gardner, P. A. McClarty, and M. J. P. Gingras,
Phys. Rev. B 84, 140402(R) (2011).

[43] A. Yaouanc, P. Dalmas de Réotier, Y. Chapuis, C. Marin,
S. Vanishri, D. Aoki, B. Fak, L. P. Regnault, C. Buisson,
A. Amato, C. Baines, and A. D. Hillier, Phys. Rev. B 84, 184403
(2011).

[44] E. Lhotel, C. Paulsen, P. D. de Réotier, A. Yaouanc, C. Marin,
and S. Vanishri, Phys. Rev. B 86, 020410(R) (2012).

[45] E. Lhotel and C. Paulsen (private communication).

[46] H. B. Cao, A. Gukasov, I. Mirebeau, P. Bonville, C. Decorse,
and G. Dhalenne, Phys. Rev. Lett. 103, 056402 (2009).

[47] S. Onoda and Y. Tanaka, Phys. Rev. Lett. 105, 047201 (2010).

[48] G. A. Gehring and K. A. Gehring, Rep. Prog. Phys. 38, 1 (1975).

PHYSICAL REVIEW B 89, 085115 (2014)

[49] V. V. Klekovkina, A. R. Zakirov, B. Z. Malkin, and L. A.
Kasatkina, J. Phys.: Conf. Series 324, 012036 (2011).

[50] B. Z. Malkin, T. T. A. Lummen, P. H. M. van Loosdrecht,
G. Dhalenne, and A. R. Zakirov, J. Phys.: Condens. Matter 22,
276003 (2010).

[51] P. Bonville, S. Petit, I. Mirebeau, J. Robert, E. Lhotel, and
C. Paulsen, J. Phys.: Condens. Matter 25, 275601 (2013).

[52] Z. Wang and C. Holm, J. Chem. Phys. 115, 6351 (2001).

[53] A. G. Del Maestro, and M. J. P. Gingras, J. Phys.: Condens.
Matter 16, 3339 (2004).

[54] A. P. Sazonov, A. Gukasov, I. Mirebeau, and P. Bonville, Phys.
Rev. B 85, 214420 (2012).

[55] A. Gukasov, A. Goujon, J. L. Meuriot, C. Person, G. Exil, and
G. Koskas, Physica B 397, 131 (2007).

[56] M. Elhajal, B. Canals, R. Sunyer, and C. Lacroix, Phys. Rev. B
71, 094420 (2005).

[57] S. Legl, C. Krey, S. R. Dunsiger, H. A. Dabkowska, J. A.
Rodriguez, G. M. Luke, and C. Pfleiderer, Phys. Rev. Lett. 109,
047201 (2012).

[58] H. R. Molavian and M. J. P. Gingras, J. Phys.: Condens. Matter
21, 172201 (2009).

[59] K. Matsuhira, Z. Hiroi, T. Tayama, S. Takagi, and T. Sakakibara,
J. Phys.: Condens. Matter 14, L559 (2002).

[60] L. Yin, J. S. Xia, Y. Takano, N. S. Sullivan, Q. J. Li, and X. F.
Sun, Phys. Rev. Lett. 110, 137201 (2013).

[61] O. Benton, O. Sikora, and N. Shannon, Phys. Rev. B 86, 075154
(2012).

[62] S. B. Lee, S. Onoda, and L. Balents, Phys. Rev. B 86, 104412
(2012).

[63] M. J. P. Gingras and P. A. McClarthy, arXiv:1311.1817.

[64] H. Takatsu, H. Kadowaki, T. J. Sato, J. W. Lynn, Y. Tabata,
T. Yamazaki, and K. Matsuhira, J. Phys.: Condens. Matter 24,
052201 (2012).

[65] The phase diagram in Ref. [39] is represented in the space of
the molecular constants A. The relationship with the exchange
constants used here is J = (gyus)?/ksh, ie., J(K)=1.51
MT/ ).

[66] S. T. Bramwell and M. J. P. Gingras, Science 294, 1495 (2001).

[67] 1. Mirebeau, A. Apetrei, J. Rodriguez-Carvajal, P. Bonville,
A. Forget, D. Colson, V. Glazkov, J. P. Sanchez, O. Isnard,
and E. Suard, Phys. Rev. Lett. 94, 246402 (2005).

[68] The hyperfine field and the effective moment values in Ref. [67]
have been erroneously quoted as 135 T and 3.35 ug /Tb3*,
respectively. Their actual values in Tb,Sn,O; are 180 T and
4.5 13 /Tb>*, respectively.

[69] B. D. Dunlap, Mossbauer Effect Methodology (Plenum Press)
7,123 (1971).

[70] E.Bertin, P. Bonville, J. P. Bouchaud, J. A. Hodges, J. P. Sanchez,
and P. Vulliet, Eur. Phys. J. B 27, 347 (2002).

[71] S. Petit, P. Bonville, I. Mirebeau, H. Mutka, and J. Robert, Phys.
Rev. B 85, 054428 (2012).

[72] P. Dalmas de Réotier, A. Yaouanc, L. Keller, A. Cervellino,
B. Roessli, C. Baines, A. Forget, C. Vaju, P. C. M. Gubbens,
A. Amato, and P. J. C. King, Phys. Rev. Lett. 96, 127202 (2006).

[73] F. Bert, P. Mendels, A. Olariu, N. Blanchard, G. Collin,
A. Amato, C. Baines, and A. D. Hillier, Phys. Rev. Lett. 97,
117203 (20006).

085115-9


http://dx.doi.org/10.1103/PhysRevLett.96.177201
http://dx.doi.org/10.1103/PhysRevLett.96.177201
http://dx.doi.org/10.1103/PhysRevLett.96.177201
http://dx.doi.org/10.1103/PhysRevLett.96.177201
http://dx.doi.org/10.1103/PhysRevB.82.100401
http://dx.doi.org/10.1103/PhysRevB.82.100401
http://dx.doi.org/10.1103/PhysRevB.82.100401
http://dx.doi.org/10.1103/PhysRevB.82.100401
http://dx.doi.org/10.1103/PhysRevB.82.174406
http://dx.doi.org/10.1103/PhysRevB.82.174406
http://dx.doi.org/10.1103/PhysRevB.82.174406
http://dx.doi.org/10.1103/PhysRevB.82.174406
http://dx.doi.org/10.1103/PhysRevB.88.184428
http://dx.doi.org/10.1103/PhysRevB.88.184428
http://dx.doi.org/10.1103/PhysRevB.88.184428
http://dx.doi.org/10.1103/PhysRevB.88.184428
http://dx.doi.org/10.1103/PhysRevLett.99.237202
http://dx.doi.org/10.1103/PhysRevLett.99.237202
http://dx.doi.org/10.1103/PhysRevLett.99.237202
http://dx.doi.org/10.1103/PhysRevLett.99.237202
http://dx.doi.org/10.1103/PhysRevB.77.214310
http://dx.doi.org/10.1103/PhysRevB.77.214310
http://dx.doi.org/10.1103/PhysRevB.77.214310
http://dx.doi.org/10.1103/PhysRevB.77.214310
http://dx.doi.org/10.1088/1742-6596/145/1/012027
http://dx.doi.org/10.1088/1742-6596/145/1/012027
http://dx.doi.org/10.1088/1742-6596/145/1/012027
http://dx.doi.org/10.1088/1742-6596/145/1/012027
http://dx.doi.org/10.1103/PhysRevLett.105.077203
http://dx.doi.org/10.1103/PhysRevLett.105.077203
http://dx.doi.org/10.1103/PhysRevLett.105.077203
http://dx.doi.org/10.1103/PhysRevLett.105.077203
http://dx.doi.org/10.1103/PhysRevB.83.184434
http://dx.doi.org/10.1103/PhysRevB.83.184434
http://dx.doi.org/10.1103/PhysRevB.83.184434
http://dx.doi.org/10.1103/PhysRevB.83.184434
http://dx.doi.org/10.1103/PhysRevLett.112.017203
http://dx.doi.org/10.1103/PhysRevLett.112.017203
http://dx.doi.org/10.1103/PhysRevLett.112.017203
http://dx.doi.org/10.1103/PhysRevLett.112.017203
http://dx.doi.org/10.1103/PhysRevLett.111.087201
http://dx.doi.org/10.1103/PhysRevLett.111.087201
http://dx.doi.org/10.1103/PhysRevLett.111.087201
http://dx.doi.org/10.1103/PhysRevLett.111.087201
http://dx.doi.org/10.1103/PhysRevB.87.214408
http://dx.doi.org/10.1103/PhysRevB.87.214408
http://dx.doi.org/10.1103/PhysRevB.87.214408
http://dx.doi.org/10.1103/PhysRevB.87.214408
http://dx.doi.org/10.1088/1742-6596/320/1/012006
http://dx.doi.org/10.1088/1742-6596/320/1/012006
http://dx.doi.org/10.1088/1742-6596/320/1/012006
http://dx.doi.org/10.1088/1742-6596/320/1/012006
http://dx.doi.org/10.1103/PhysRevB.84.184409
http://dx.doi.org/10.1103/PhysRevB.84.184409
http://dx.doi.org/10.1103/PhysRevB.84.184409
http://dx.doi.org/10.1103/PhysRevB.84.184409
http://dx.doi.org/10.1098/rspa.1963.0189
http://dx.doi.org/10.1098/rspa.1963.0189
http://dx.doi.org/10.1098/rspa.1963.0189
http://dx.doi.org/10.1098/rspa.1963.0189
http://dx.doi.org/10.1051/jphyscol:19711343
http://dx.doi.org/10.1051/jphyscol:19711343
http://dx.doi.org/10.1051/jphyscol:19711343
http://dx.doi.org/10.1051/jphyscol:19711343
http://dx.doi.org/10.1103/PhysRevB.84.140402
http://dx.doi.org/10.1103/PhysRevB.84.140402
http://dx.doi.org/10.1103/PhysRevB.84.140402
http://dx.doi.org/10.1103/PhysRevB.84.140402
http://dx.doi.org/10.1103/PhysRevB.84.184403
http://dx.doi.org/10.1103/PhysRevB.84.184403
http://dx.doi.org/10.1103/PhysRevB.84.184403
http://dx.doi.org/10.1103/PhysRevB.84.184403
http://dx.doi.org/10.1103/PhysRevB.86.020410
http://dx.doi.org/10.1103/PhysRevB.86.020410
http://dx.doi.org/10.1103/PhysRevB.86.020410
http://dx.doi.org/10.1103/PhysRevB.86.020410
http://dx.doi.org/10.1103/PhysRevLett.103.056402
http://dx.doi.org/10.1103/PhysRevLett.103.056402
http://dx.doi.org/10.1103/PhysRevLett.103.056402
http://dx.doi.org/10.1103/PhysRevLett.103.056402
http://dx.doi.org/10.1103/PhysRevLett.105.047201
http://dx.doi.org/10.1103/PhysRevLett.105.047201
http://dx.doi.org/10.1103/PhysRevLett.105.047201
http://dx.doi.org/10.1103/PhysRevLett.105.047201
http://dx.doi.org/10.1088/0034-4885/38/1/001
http://dx.doi.org/10.1088/0034-4885/38/1/001
http://dx.doi.org/10.1088/0034-4885/38/1/001
http://dx.doi.org/10.1088/0034-4885/38/1/001
http://dx.doi.org/10.1088/1742-6596/324/1/012036
http://dx.doi.org/10.1088/1742-6596/324/1/012036
http://dx.doi.org/10.1088/1742-6596/324/1/012036
http://dx.doi.org/10.1088/1742-6596/324/1/012036
http://dx.doi.org/10.1088/0953-8984/22/27/276003
http://dx.doi.org/10.1088/0953-8984/22/27/276003
http://dx.doi.org/10.1088/0953-8984/22/27/276003
http://dx.doi.org/10.1088/0953-8984/22/27/276003
http://dx.doi.org/10.1088/0953-8984/25/27/275601
http://dx.doi.org/10.1088/0953-8984/25/27/275601
http://dx.doi.org/10.1088/0953-8984/25/27/275601
http://dx.doi.org/10.1088/0953-8984/25/27/275601
http://dx.doi.org/10.1063/1.1398588
http://dx.doi.org/10.1063/1.1398588
http://dx.doi.org/10.1063/1.1398588
http://dx.doi.org/10.1063/1.1398588
http://dx.doi.org/10.1088/0953-8984/16/20/005
http://dx.doi.org/10.1088/0953-8984/16/20/005
http://dx.doi.org/10.1088/0953-8984/16/20/005
http://dx.doi.org/10.1088/0953-8984/16/20/005
http://dx.doi.org/10.1103/PhysRevB.85.214420
http://dx.doi.org/10.1103/PhysRevB.85.214420
http://dx.doi.org/10.1103/PhysRevB.85.214420
http://dx.doi.org/10.1103/PhysRevB.85.214420
http://dx.doi.org/10.1016/j.physb.2007.02.083
http://dx.doi.org/10.1016/j.physb.2007.02.083
http://dx.doi.org/10.1016/j.physb.2007.02.083
http://dx.doi.org/10.1016/j.physb.2007.02.083
http://dx.doi.org/10.1103/PhysRevB.71.094420
http://dx.doi.org/10.1103/PhysRevB.71.094420
http://dx.doi.org/10.1103/PhysRevB.71.094420
http://dx.doi.org/10.1103/PhysRevB.71.094420
http://dx.doi.org/10.1103/PhysRevLett.109.047201
http://dx.doi.org/10.1103/PhysRevLett.109.047201
http://dx.doi.org/10.1103/PhysRevLett.109.047201
http://dx.doi.org/10.1103/PhysRevLett.109.047201
http://dx.doi.org/10.1088/0953-8984/21/17/172201
http://dx.doi.org/10.1088/0953-8984/21/17/172201
http://dx.doi.org/10.1088/0953-8984/21/17/172201
http://dx.doi.org/10.1088/0953-8984/21/17/172201
http://dx.doi.org/10.1088/0953-8984/14/29/101
http://dx.doi.org/10.1088/0953-8984/14/29/101
http://dx.doi.org/10.1088/0953-8984/14/29/101
http://dx.doi.org/10.1088/0953-8984/14/29/101
http://dx.doi.org/10.1103/PhysRevLett.110.137201
http://dx.doi.org/10.1103/PhysRevLett.110.137201
http://dx.doi.org/10.1103/PhysRevLett.110.137201
http://dx.doi.org/10.1103/PhysRevLett.110.137201
http://dx.doi.org/10.1103/PhysRevB.86.075154
http://dx.doi.org/10.1103/PhysRevB.86.075154
http://dx.doi.org/10.1103/PhysRevB.86.075154
http://dx.doi.org/10.1103/PhysRevB.86.075154
http://dx.doi.org/10.1103/PhysRevB.86.104412
http://dx.doi.org/10.1103/PhysRevB.86.104412
http://dx.doi.org/10.1103/PhysRevB.86.104412
http://dx.doi.org/10.1103/PhysRevB.86.104412
http://arxiv.org/abs/arXiv:1311.1817
http://dx.doi.org/10.1088/0953-8984/24/5/052201
http://dx.doi.org/10.1088/0953-8984/24/5/052201
http://dx.doi.org/10.1088/0953-8984/24/5/052201
http://dx.doi.org/10.1088/0953-8984/24/5/052201
http://dx.doi.org/10.1126/science.1064761
http://dx.doi.org/10.1126/science.1064761
http://dx.doi.org/10.1126/science.1064761
http://dx.doi.org/10.1126/science.1064761
http://dx.doi.org/10.1103/PhysRevLett.94.246402
http://dx.doi.org/10.1103/PhysRevLett.94.246402
http://dx.doi.org/10.1103/PhysRevLett.94.246402
http://dx.doi.org/10.1103/PhysRevLett.94.246402
http://dx.doi.org/10.1140/epjb/e2002-00165-2
http://dx.doi.org/10.1140/epjb/e2002-00165-2
http://dx.doi.org/10.1140/epjb/e2002-00165-2
http://dx.doi.org/10.1140/epjb/e2002-00165-2
http://dx.doi.org/10.1103/PhysRevB.85.054428
http://dx.doi.org/10.1103/PhysRevB.85.054428
http://dx.doi.org/10.1103/PhysRevB.85.054428
http://dx.doi.org/10.1103/PhysRevB.85.054428
http://dx.doi.org/10.1103/PhysRevLett.96.127202
http://dx.doi.org/10.1103/PhysRevLett.96.127202
http://dx.doi.org/10.1103/PhysRevLett.96.127202
http://dx.doi.org/10.1103/PhysRevLett.96.127202
http://dx.doi.org/10.1103/PhysRevLett.97.117203
http://dx.doi.org/10.1103/PhysRevLett.97.117203
http://dx.doi.org/10.1103/PhysRevLett.97.117203
http://dx.doi.org/10.1103/PhysRevLett.97.117203



