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Magnetic excitations in Th,Sn,0, and Tb,Ti,0, as measured by inelastic neutron scattering

I. Mirebeau,! P. Bonville,2 and M. Hennion!
UL aboratoire Léon Brillouin, CEA-CNRS, CE-Saclay, 91191 Gif-sur-Yvette, France
2DSM/Service de Physique de I’Etat Condensé, CEA-CNRS, CE-Saclay, 91191 Gif-Sur-Yvette, France
(Received 29 June 2007; revised manuscript received 13 September 2007; published 27 November 2007)

We have measured the magnetic excitations by inelastic neutron scattering in the paramagnetic phase down
to 1.6 K, in Tb,Ti,05, which remains spin liquid down to 0.05 K, and in Tb,Sn,0, which shows an ordered
spin ice state below 1.3 K. The temperature dependence of the crystal field excitations, measured in the energy
range 0—10 THz, shows striking differences between the two compounds. The neutron data were reasonably
reproduced by a set of crystal field parameters, showing that while the two compounds have similar values of
the gap between the first two crystal field doublets, the associated wave functions are exchanged. This differ-
ence comes from a change in sign of the crystal field parameter Bg. The neutron data also suggest that an
excitation at very low energy (about 0.03 THz) is present in both compounds. Using these sets of crystal field
parameters, the high field magnetization and low field susceptibility data can be correctly reproduced by taking
the exchange interaction into account in the molecular field approximation. The values obtained for the

exchange integral are discussed.

DOLI: 10.1103/PhysRevB.76.184436

I. INTRODUCTION

Geometrically frustrated pyrochlore magnets are now in-
tensively studied, both theoretically and experimentally. The
geometrical frustration of the lattice of corner sharing tetra-
hedra inhibits the formation of a collinear long range order,
leading to a wide variety of magnetic behaviors, such as spin
liquids, spin ices, chemically ordered spin glasses, or uncol-
linear long range orders.!

Among them, the rare earth pyrochlore Tb,Ti,0 is one of
the most studied. Tb,Ti,O; has been called a spin liquid due
to the presence of first neighbor antiferromagnetic (AF) cor-
relations between fluctuating spins. The slowing down of the
spin fluctuations was studied by muon spin rotation (uSR)
and inelastic neutron scattering.>* Tb,Ti,O; shows an ab-
sence of long range order (LRO) and the persistence of spin
dynamics down to extremely low temperatures (50 mK), de-
spite large antiferromagnetic interactions with a Curie-Weiss
temperature fcy from —19 to — 15 K.

The absence of LRO in Tb,Ti,O5 has for long remained a
mystery in theory.® Monte Carlo simulations with classical
Ising spins interacting via AF exchange interactions and di-
polar coupling predict for Tb,Ti,O the onset of AF order at
about 1.2 K.” Under pressure and stress, long range antifer-
romagnetic order is restored,® with a Néel temperature which
may be tuned by the orientation of the stress with respect to
the crystal axes.” AF long range order with spin wave
dispersion is induced under a high magnetic field,'
likely due to magnetostriction effects. Spin-glass-like
irreversibilities!"'?> were observed below 1 K and a short
range antiferromagnetic structure, ordered within a few cubic
cells, was observed at 50 mK,!3 both features being likely
induced by internal stress.

The key parameters in Tb,Ti,O, believed to be respon-
sible for its surprising behavior, are (i) an AF near neighbor
exchange interaction with a value close to the ferromagnetic
(F) near neighbor dipolar interaction, yielding a small effec-
tive AF exchange in the classical approximation and the

1098-0121/2007/76(18)/184436(13)

184436-1

PACS number(s): 71.30.+h, 71.27.+a, 75.25.+z

proximity of the system near a Néel to spin ice phase bound-
ary, and (ii) the existence of low lying crystal field levels of
the Tb** ion. The first crystal field levels consist of two
doublets separated by a small energy gap 6 of about 18 K or
0.375 THz.>'* This feature contrasts with the classical spin
ices Ho,Ti,0; and Dy,Ti,O; where the first excited crystal
field level is situated well above the ground state.!>-!7

In the parent compound Tb,Sn,O, neutron diffraction
experiments'® showed a transition toward long range mag-
netic order. In the “ordered spin ice” structure observed in
Tb,Sn,0,, magnetic moments in a given tetrahedron orient
close to the (I111) anisotropy axes, in the “two in-two out”
configuration of the local spin ice structure. However, in con-
trast to the classical spin ices which do not order at large
scale, here the four tetrahedra in the cubic unit cell are iden-
tical, yielding long range magnetic order with a correlation
length up to 200 A. The onset of Bragg peaks is observed
below 1.3 K, with an upturn of the ordered moment at 7y
~0.87 K, associated with a peak in the specific heat. The
basic features of the ordered spin ice structure could be ex-
plained within the phenomenological model of Champion et
al.,"® which assumes a ferromagnetic first neighbor exchange
interaction combined with a finite anisotropy.

The first reason for the different behaviors in the two
compounds could be the lattice expansion induced by replac-
ing Ti by Sn. The lattice constant a of the cubic unit cell
expands from 10.335 A (Ti) to 10.426 A (Sn). The lattice
expansion should reduce the weight of the AF exchange term
with respect to that of the F dipolar first neighbor term,
yielding an effective ferromagnetic exchange in Tb,Sn,0,
and a crossing of the spin ice boundary.'> Magnetic fluctua-
tions still play a prominent role in the ordered spin ice state
of Tb,Sn,04, inducing a strong reduction of the ordered mo-
ment as measured using the hyperfine Schottky anomaly of
the specific heat.'® These fluctuations were recently probed
by uSR experiments.?*?! How they microscopically coexist
with the ordered state is still an open question.

The crystal field (CF) scheme of the Tb** ion also plays a
key role in determining the magnetic ground state of the two
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compounds. The specific CF scheme of the Tb** ion has
been studied in Tb,Ti,O; by several authors.'*??>-2* It is re-
sponsible for its giant magnetostriction,?>?* 1 order of mag-
nitude greater than for the other rare earth compounds of the
same family. It could also be a key ingredient to explain why
Tb,Ti,O; does not order, whereas Tb,Sn,O; undergoes
LRO.

Tb,Ti,O, was recently considered® as a novel quantum
variant of the classical Ising spin ice with “dynamically in-
duced frustration,” implying that quantum fluctuations are
responsible for the lack of LRO. Such fluctuations would
arise from virtual transitions to excited single-ion crystal
field levels and many body interactions.”> On the other hand,
in Tb,Sn,0; the onset of long range order, not observed in
classical spin ices, has been attributed to the fact that the
crystal field anisotropy is smaller than in spin ices, yielding a
behavior intermediate between spin ice and Heisenberg
ferromagnet.'® In other words, in Tb,Sn,0, the spin ice or-
ders because it would be a “soft” spin ice. In this context, a
precise determination of the crystal field excitations in
Tb,Sn,0; and Tb,Ti,07 is of crucial importance. The most
precise determination is given by inelastic neutron scattering,
which provides information on both energy and intensities of
the CF transitions, without perturbing the system by a mag-
netic field.

In this work, we have performed inelastic neutron scatter-
ing measurements in the two compounds, down to 1.6 K, in
the paramagnetic phase. The use of both cold and thermal
neutrons allows us to measure the low energy excitations
with great accuracy and to cover a large energy range (up to
10 THz). We can therefore improve the measurements previ-
ously performed'* in Tb,Ti,O; and obtain high quality data
in Tb,Sn,0,, where the CF excitations have not been mea-
sured up to now. We also present isothermal magnetization
measurements between 1.7 and 20 K with a field up to 14 T
and magnetic susceptibility data up to 250 K, measured with
a field of 0.005 T. Comparing the data in the two compounds
measured in the same conditions allows us to probe qualita-
tive differences in their CF level scheme.

These differences can be quantitatively interpreted by di-
agonalizing the CF Hamiltonian and searching for a set of
CF parameters that reasonably reproduces the energies and
intensities of the transitions. Confidence in the derived set of
parameters is enhanced if the data are correctly reproduced
in the large temperature range (1.4-40 K) of our experi-
ments. We find that while the two compounds have similar
values of the gap & between the first two doublets, the asso-
ciated wave functions are exchanged in Tb,Ti,O; and
Tb,Sn,0,. This explains why some particular inelastic tran-
sitions, not observed in Tb,Ti,O, are present in Tb,Sn,0-.
The determination of the CF parameters also allows one to
calculate the high field magnetization in the paramagnetic
range, in good agreement with experiments performed up to
14 T. Besides the CF excitations, our neutron measurements
also suggest the presence of another excitation at very low
energy in both compounds, whose origin is discussed.

In Sec. II, we give details about samples and experiments.
Then, we describe the inelastic neutron scattering results
(Sec. TII) and the CF calculation (Sec. IV). The magnetic
measurements are shown in Sec. V, and the anisotropic mag-
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netic behavior of the Tb* ion is studied in Sec. VL. Section
VII contains an overall discussion of the results.

II. EXPERIMENTAL DETAILS

Powder samples of Tb,Ti,O; and Tb,Sn,O; of about
15 g, synthesized in the same way as for previous
experiments,®!® were characterized by powder neutron and
x-ray diffraction. They were put in aluminum sample holders
inserted in a cryostat, reaching a minimal temperature of
about 1.6 K. The inelastic neutron scattering experiments
were performed in the Laboratoire Léon Brillouin. We used
triple axis spectrometers on a cold neutron source (spectrom-
eters 4F1 and 4F2) and on a thermal neutron source (spec-
trometers 1 T and 2 T). Measurements were performed with
constant values of the outcoming wave vector K. Several
sets of measurements were percformed with different k; val-
ues, namely, k= 1.4§ and 1.64 A~! (cold neutron source) and
ky=1.97 and 2.662 A" (thermal neutron source, filtered by a
pyrolytic graphite). This procedure allowed us to cover a
broad energy range (0—10 THz), keeping a good resolution
at low energies. The energy resolution at full width half
maximum was about 0.04, 0.06, 0.1, and 0.26 THz for kf
=1.48, 1.64, 1.97, and 2.662 A", respectively. We system-
atically performed experiments on both Ti and Sn samples in
the same experimental conditions.

Magnetic measurements were performed in the Service de
Physique de I’Etat Condensé. The high field magnetization
data were obtained in a Cryogenic vibrating sample magne-
tometer operating between 1.7 and 300 K, with a maximum
field of 14 T, and the susceptibility data in a Cryogenic su-
perconducting quantum interference device magnetometer.

III. INELASTIC NEUTRON SCATTERING RESULTS

We consider successively the low energy range (up to
0.8 THz), the medium energy range (up to 4 THz), and the
high energy range (up to 10 THz). In each case, the energy
resolution was chosen to measure the crystal field excitations
in the best conditions.

A. Low energy excitations

In the low energy range (up to 0.8 THz), constant Q scans
were measured on triple axis spectrometers installed on the
cold source with k;=1.438 A~'in the Q range (0-2.2 A‘l) at
1.6, 20, and 40 K. They allowed measurement of the neutron
intensity in the region of the elastic peak together with the
first crystal field excitation, situated around 0.3—0.4 THz in
both samples. Typical scans at 1.6 K are shown for both
compounds in Fig. 1. The neutron intensity was fitted with
the sum of three contributions: an elastic one and a quasi-
elastic or a weakly inelastic one to account for the central
region, and an inelastic contribution for the first crystal field
excitation.

The Q and T dependences of the energy, energy width,
and integrated intensity of this excitation, shown in Fig. 2,
are quite similar for the two samples. As already noticed> !4
for Tb,Ti,O4, this excitation shows an energy dispersion at
low temperature (1.6 and 1.9 K for Sn and Ti samples, re-
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FIG. 1. (Color online) Constant Q scans showing the low energy and first crystal field excitation around 0.3 THz, measured in Tb,Sn,05
and Tb,Ti,0; for Q values of 0.4 and 1.8 A~" at 1.6 K, with kp=1.48 A1, The solid line is the total fitted curve and the dotted, dashed, and
dashed-dotted lines are the fitted contributions from the elastic peak, the low energy mode, and the first crystal field excitation, respectively.
For 0=0.4 A™!, the elastic contribution is not separated from the weakly inelastic one (low energy mode), of much higher intensity.

spectively), with an energy minimum at about 1.1 A~'. The
dispersion disappears when heating at about 50 K. The inte-
grated intensity shows a clear maximum at the same Q value,
characteristics of the first neighbor distance, as also seen by
the liquidlike shape of the structure factor measured in dif-
fraction experiment.”> The inverse variations of the dispersion
and structure factor are reminiscent of the excitation spec-
trum of liquid He. In Tb,Ti,0, the dispersion of the first CF
level was well studied by single crystal experiments®!? and
could be reproduced by calculations in the random-phase
approximation, taking CF excitations, first neighbor ex-
change, and dipolar interactions into account.’> The Q depen-
dence of the energy width is about featureless.

The central region is well fitted by a quasielastic contri-
bution, except at low temperature (1.6 K) where a weakly
inelastic contribution, with a typical energy of about
0.03-0.04 THz, yields a better agreement to the data. This
excitation is better seen at high Q values, whereas at low Q
values, its intensity becomes much stronger than that of the
elastic peak, which cannot be easily separated from it (Fig.
1). The energy and energy width of this excitation (Fig. 3)
were determined with rather good confidence in the Q range
0.4-2.2 A~' by constraining the position of the elastic peak
to zero energy. The origin of this excitation, not seen before,
may not simply arise from CF excitations and it will be
considered separately. By extrapolating its energy at Q=0,
one finds a gap of about 0.028(3) and 0.034(3) THz in
Tb,Sn,0; and Tb,Ti,04, respectively. Figure 3 also shows

that in Tb,Sn,0, this excitation is better defined than in
Tb,Ti,O;, showing a smaller energy width and a slight dis-
persion. The origin of this excitation will be briefly discussed
in Sec. VIIL.

B. Medium energy range

The medium energy range (up to 4 THz) was studied on
triple axis spectrometers installed on the cold source, with
kf: 1.64 AT, Here, one observes CF excitations around 2.5
and 3.6 THz. As previously seen in Tb,Ti,O, these excita-
tions show a very small dispersion, of about 3%—-5%, much
less pronounced than for the first excitation.’

They were studied versus temperature up to about 40 K,
for a Q value of 2 A~!, and showed very different behaviors
for szsn207 (Flg 4) and szTi207 (Flg 5) In Tb25n207,
two excitations are observed at 2.3 and 2.6 THz, whose in-
tensities strongly vary with temperature (Fig. 6). The inten-
sity of the excitation at 2.6 THz decreases when heating,
whereas those of the excitations at 2.3 and 3.6 THz increase.
As shown below, this is explained by a change in the Boltz-
mann populations of the two lowest crystal field levels. In
contrast, in Tb,Ti,O,, a unique excitation is observed at
2.5 THz, whose intensity decreases when heating. Here, the
intensity of the excitation at 3.6 THz almost does not change
with temperature, up to 40 K (Fig. 6).

C. High energy range

In the high energy range (up to 10 THz), measurements
were performed on triple axis spectrometers installed on the
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FIG. 2. (Color online) First crystal field excitation in Tb,Sn,0; (left) and Tb,Ti,O (right): Q dependence of the energy (top), energy
width (middle), and integrated intensity (bottom). Filled dots, T=1.6 or 1.9 K; filled squares, 7=20 or 18 K; open squares, 7=40 or 38 K.
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FIG. 4. (Color online) Tb,Sn,05: constant Q scans, showing the crystal field excitations around 2.5 and 3.6 THz for several temperatures,
measured with k,=1.64 A=1. The solid line is the total fitted curve, the dashed line is the background contribution, and the dotted and
dashed-dotted lines are the fitted contributions from the individual excitations. The excitation at 3.6 THz is on the slope of a background

peak.

thermal source with kf=2.662 10\‘1, for 0=2, 3, and 4 AL
They allowed another excitation to be observed at 4.2(1) and
4.0(1) THz for Tb,Sn,O; and Tb,Ti,04, respectively. This
excitation could not be seen on the spectrometers using cold
neutrons due to a high background contribution. Moreover,
scans for Q=3 and 4 A~! showed one extra crystal field ex-
citation at 7.8 THz in Tb,Sn,0,, which is very small in
Tb2T1207 (Fig. 7). Finally, energy scans measured for Q
=2 A~ with an intermediate ks value of 1.97 A" allowed us
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to measure most of the crystal field excitations in the same
scan, and therefore to determine their relative intensities with
a good accuracy.

D. Data treatment and reconstructed spectra

The neutron cross section is expressed versus the neutron
intensity by the expression
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FIG. 5. (Color online) Tb,Ti,O: crystal field excitations around 2.5 and 3.5 THz for Q=2 A~', at 1.4 and 38 K, measured with kg
=1.64 A~'. The solid line is the total fitted curve. The dashed line is the background contribution. The dotted and dashed-dotted lines are the

fitted contributions from the individual excitations.
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2
do :l&c
dQdw k;

l

CI(Q,w), (1)

where k; and k; are the moduli of the incident and outcoming
wave vectors, respectively, and C is a constant.

The neutron intensity at the wave vector Q, and energy
transfer w, is expressed as

1(Qg. @) = 2, Ni{(Qo) f R(w - w))S;{(w)dw, (2)
i.j

where R(w— wy) is the resolution function centered at wy. Its
Q dependence is omitted in Eq. (2) for simplicity. The inte-

gration is performed over all energy transfers w. The sum is
performed over the transitions from the CF state |i) of energy
E; to the state |j) of energy E;.
S;j(w) is the normalized spectral function of the excitation
from state |i) to state |j) taken Lorentzian shaped:
1 .
Uy 3)

S (w)=— i
lj(w) 771—‘12] + (a) - wl’j)2

where w;; and I';; correspond to the energy and intrinsic en-
ergy half-width at half maximum of the excitation, respec-
tively. For a given transition from the CF state |i) of energy
E; to the state |j) of energy E; (with fiw;;=E,~E;), the nor-
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FIG. 7. (Color online) Crystal field excitations in the high energy range in Tb,Sn,O (left) and Tb,Ti,O5 (right), measured at 4 K for
0=3 A, with ky=2.662 A=, Inset: Same spectrum with an enlarged scale around 8 THz. The excitation at 7.8 THz is on the slope of a
background peak. The solid line is the total fitted curve. The dashed line is the background contribution. The dotted and dashed-dotted lines

are the fitted contributions from the individual excitations.

malized intensity of the transition N;; is related to the transi-
tion probability of the excitation by the expression

2 b (4)

N;;=Ap;F(Q)*|(jlm |i)

where F(Q) is the magnetic form factor of Tb**, p; is the
occupancy (Boltzmann factor) of the level i, m is the mag-
netic component of the magnetic moment operator perpen-
dicular to the scattering vector Q and A is a constant.

The set of parameters (N, w;, I';) was fitted for each
excitation, allowing us to build the “reconstructed” energy
spectra shown in Fig. 8 for Tb,Ti,O; and Fig. 10 for
Tb,Sn,0;. Spectra are shown for k;=1.64 (cold neutrons)
and 1.97 A~ (thermal neutrons). The reconstructed spectra
correspond to Q=2 A~!, a value which situates in a Q range
where the dispersion of the low energy excitation is negli-
gible. The intensity of the high energy excitation (7.8 THz),
which could be seen only for Q=3 and 4 A‘l, was calibrated
for 0=2 A~! using other excitations at lower energies. The
Q dependence of the excitations was therefore neglected in
the further analysis. The reconstructed spectra were com-
pared with the calculated ones, allowing an easy check of the
validity of the calculation.

IV. CRYSTAL FIELD CALCULATION

In the following calculation, the small Q and T depen-
dences of the energies of the excitations are neglected. The
single-ion crystal field interaction for trigonal symmetry
writes, according to Stevens,?® Hutchings,” and Abragam
and Bleaney,°

Hep= aJD(z)O(z) + ﬂ](DgOg + DEOZ)

+ 1){D505 + DgOg + D50%), 5)
where the D) are coefficients with n<2l (/=3 for rare
earths) and |m|<n. The operator equivalents O are tabu-
lated in Ref. 30, and the coefficients are a;=—1/99,

B,=2/16335, and y,=—1/891 891 for Tb**. Another formu-
lation of this interaction is in terms of spherical harmonics:*’

4ar
Yy,
2n+1

Hep= 2 B (6)

the relationship between the two types of coefficients being
D!"=\!"B", where the \" are given for Tb** in Table I. As the
latter convention is used in the recent literature about crystal
field in rare earth pyrochlores,'*3! we will use it here also.
However, we will only consider the ground spin-orbit multi-
plet of the Tb3* ion, with J=6, whereas the calculations in
Refs. 14 and 31 include the excited spin-orbit multiplets.
Therefore, a precise comparison of the CEF parameters de-
rived here with those of the literature can only be approxi-
mate.

The reconstructed spectra in Tb,Ti,O, as shown in Fig.
8, are similar to the spectra obtained in Ref. 14 in the energy
range up to 5 THz. Our data taken up to 10 THz show only
a very small extra line around 8 THz. According to the
analysis made in Ref. 14, the lowest CF levels are arranged
as shown in Fig. 9, with two close ground doublets and two
upper singlets. The lowest energy transition, labeled 1 in Fig.
9, corresponds to the first inelastic peak at §=0.32(3) THz in
Fig. 8 (top). Then, at finite temperature, all other inelastic
excitations should appear as “doublets,” corresponding, re-
spectively, to transitions labeled {2,3} and {4,5} in Fig. 9,
separated by an energy 6. However, only two inelastic peaks
appear in Fig. 8 (bottom), instead of four. This means that
there occur accidental line extinctions, which must be ex-
plained by the particular CF wave functions in the material.
This is clear when looking at the reconstructed spectra in
Tb,Sn,0; (Fig. 10). The spectra with thermal neutrons show

TABLE 1. Values of the N parameters for Tb*.

A9 A A Ao \p A
1/2 1/8 —\35/2 1/16  —\105/8 V231716
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Tb,Ti,0,
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FIG. 8. (Color online) Tb,Ti,O5: experimental reconstructed in-
elastic spectra from the triple axis spectrometers on thermal source
(top), for temperatures between 4 and 40 K, and on cold source
(bottom), for temperatures between 1.6 and 38 K. The elastic and
quasielastic lines are not presented.

lines with energies similar to those in Tb,Ti,0,, with, how-
ever, a second inelastic line at an energy =2.4 THz much
less intense relative to the first one. The better resolved spec-
tra with cold neutrons show a picture quite different from
that in Tb,Ti,O,, with a resolved doublet line around
2.4 THz and a stronger, temperature dependent, line around
3.5 THz. All these features should be explained by finding
appropriate CF parameters for both compounds.

We started from the set of B)' parameters given for
Tb,Ti,O; in Ref. 14, which we refined in order to find a set
adapted to our calculation (without account of the excited
spin-orbit multiplets) that would reproduce the observed in-
elastic features in this compound in the whole energy range.
We found that the following set reproduces correctly the ex-
perimental data (with an uncertainty of 10% on the param-
eters values):

A,

A

d
0

FIG. 9. (Color online) Energy scheme of the four lowest crystal
field levels of the Tb>* ion in the Ti and Sn pyrochlore compounds
(not to scale).

1

PHYSICAL REVIEW B 76, 184436 (2007)

\ \ \
Tb2$n207
thermal neutrons
(reconstructed)
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— 10.8K
— 40K

\ D l
3 4 5 6
Energy (THz)

T 1
Tb2Sn 2O ;

cold neutrons

(reconstructed)

Scattered intensity (arb. units)

2.5
Energy (THz)

FIG. 10. (Color online) Tb,Sn,O7: experimental reconstructed
inelastic spectra from the triple axis spectrometers on thermal
source (top), for temperatures between 4 and 40 K, and on cold
source (bottom), for temperatures between 1.6 and 38 K. The elas-
tic and quasielastic lines are not presented.

BY=491 cm™!, BJ=2345cm™, Bj=-827 cm™,

BY=779 cm™, B}=483 cm™, B{=786cm™'. (7)

The corresponding calculated spectra are represented in Fig.
11. Comparison with Fig. 8 shows a good semiquantitative
agreement as concerns line positions and intensities, with,
however, small discrepancies. The comparison makes it clear
that transition 2 is completely absent, the line at 3.6 THz is
transition 5, and transition 4, which indeed is not observed,

Tb T1 O
thermal neutrons
(calculated)
— 4.1K
— 10.4K
— 40K
! 1 -
8

z
E
£
E 0 6 7 9
B Energy (THz)
§ T —
= K Tb Ti 0,
T | |- el
& — 55K
3 — 9.34K
2] 11.7K
— 383K
1 1.5 2 2.5 3 3.5 4
Energy (THz)

FIG. 11. (Color online) Neutron inelastic spectra in Tb,Ti,05
calculated using the parameter set in Eq. (7) (see text) at the same
temperatures as the spectra shown in Fig. 8. The numbers close to
the peaks refer to the transition labels in Fig. 9.
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TABLE II. Values of the ground state moment, high temperature
AF molecular field constant A, effective exchange integral 7, and
paramagnetic Curie temperature 9;" derived from the high tempera-
ture \ value [see Eq. (14)] in Tb,Ti,O; and Tb,Sn,04.

Ko A J
(wp)  (Tip) (K) 7:(K)
Ti 5.1 ~0.33(1) ~0.083(2) -7.0(3)
Sn 5.95 ~0.30(1) ~0.075(2) -6.3(3)

appears to be almost absent. The parameter set in Eq. (7)
yields 6=0.38 THz, A;=2.58 THz, and A,=3.58 THz, the
remaining levels lying at energies higher than 9 THz. The
ground wave function is predominantly |J=6;J,=+4):

|4hy) == 0.956| £4) +0.128| = 1)
—0.121| ¥ 2) ¥ 0.226] & 5). (8)

This state has an intrinsic moment (i.e., when a small field is
applied along a [111] axis) of wy=5.1 up. The first excited
state has a wave function containing mainly |J=6;J.=+5):

|1y ==0.937| £5)+£0.241| £2) = 0.241| T 4).  (9)

In both wave functions, the states with coefficients of the
order of or less than 0.01 have been omitted; they are close
to those obtained in Ref. 14. The value of the ground state
moment wy,=5.1 uz (Table II) agrees with a previous
determination.'* The overall CF splitting amounts to about
17 THz or 800 K.

By contrast, in Tb,Sn,0,, both transitions 2 and 3 are
present and resolved, using cold incident neutrons, and the
line at 3.6 THz has a strongly temperature dependent inten-
sity, which suggests that it corresponds to transition 4. So,
the wave functions must be substantially different from those
in Tb,Ti,0;, whereas the level energies are similar. We
searched for a set of B)' parameters that would meet the
requirements of the spectra in Tb,Sn,0-, and we found that
by changing the sign of the Bg parameter with respect to that
in Tb,Ti,O5, the main features are reproduced. Refinement
of these parameters yields the calculated spectra shown in
Fig. 12, obtained with the set (with about 10% uncertainty)

BS=315cm™, BJ=1820cm™', B=-580cm™,

BY=-300cm™, B}=228cm™!, BS=900cm™.
(10)

Comparison with Fig. 10 shows that the main features of the
inelastic spectra in Tb,Sn,0; are reproduced, in particular,
that transition 5 is absent. The parameter set in Eq. (10)
yields 6=0.28 THz, A;=2.54 THz, and A,=3.80 THz; three
levels (one doublet and two singlets) have energies close to
8 THz, whose transitions are clearly visible in Fig. 10 (top),
and the remaining levels lying at energies higher than
10 THz. Contrary to Tb,Ti,O;, the ground wave function
contains predominantly |/=6;J,=+5):
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FIG. 12. (Color online) Neutron inelastic spectra in Tb,Sn,05
calculated using the parameter set in Eq. (10) (see text) at the same
temperatures as the spectra shown in Fig. 10. The numbers close to
the peaks refer to the transition labels in Fig. 9.

45"y =0.919] £ 5) 7 0.243| = 2)
+0.014] ¥ 1) ¥ 0.309| F 5), (11)

which has py=5.95up. This value matches well with the
spontaneous moment value of 5.9 up measured in the ordered
spin ice phase below 0.87 K.!3 The wave function of the first
excited state contains mainly [J=6;J_ = £4):

|37 = 0.935| £ 4) ¥ 0.156] + 1) T 0.317| T 5).  (12)

The overall CF splitting is about 12 THz or 580 K. The crys-
tal field level schemes in Tb,Ti,0; and Tb,Sn,0; are there-
fore very similar as to the energies of the four lowest states,
but the wave functions of the ground and first excited state
are exchanged. According to our calculation, this is caused
by a change in the sign of the Bg CF parameter.

V. MAGNETIC MEASUREMENTS

The isothermal magnetization measurements m(H) were
carried out in the temperature range 1.75-20 K. They are
shown in Fig. 13 and are very similar in both compounds. In
the whole field range up to 14 T, the magnetization increases
monotonically and attains 6.3ug/Tb ion at the maximum
field at 1.75 K. The free ion moment value for Tb>* is
gl pup=9 pup (with g;,=3/2 and J=6). Its value is not
reached due to CF effects. The low field magnetic suscepti-
bility (y) was measured in the same conditions for the two
compounds, in the range 5—250 K: the nominal applied field
was 5 mT, and a residual field of 0.18 mT was measured and
taken into account in the calculation of y. The data are
shown as 1/y in Fig. 14, in the limited temperature range
80-180 K for clarity. Indeed, both experimental data follow
effective Curie-Weiss laws very close to each other, where
the effective paramagnetic Curie temperature contains a

184436-9



MIREBEAU, BONVILLE, AND HENNION

1.75K
5K

* 4 e o

*0

E Y )
LI L B B

g ? 10K

o 20K

F

3 0 5 10 15
g TbZSnZO7

£ e

[=

1))

a1

>

3 +« 1.75K
+« 5K
2 + 10K
: + 20K
0 \
0 5 10 15
Magnetic field (T)

FIG. 13. (Color online) Isothermal magnetization in Tb,Ti,O
and Tb,Sn,0;. The lines are self-consistently calculated curves at
10 and 20 K using the respective CF parameter sets in Egs. (7) and
(10) and an antiferromagnetic exchange constant A=—0.25 T/ ug
for Tb,Ti,O7 and —0.20 T/ up for Tb,Sn,0O4.

crystal field contribution HSF (T) on top of the usual exchange
contribution ¢*. This is clearly seen in Fig. 14, where the
“bare CF” 1/x curves are drawn (dashed lines). As pr
shows a weak thermal variation, extraction of the effective 0,
value from extrapolation to zero of 1/ x(7T) is difficult.

For comparison with the experimental data, we used the
B, parameter sets derived from the inelastic neutron spectra
to compute both m(H) and x(T) curves for a polycrystalline
sample. We diagonalized the Hamiltonian,

H=Hcr+g;mp] -H, (13)

for a given orientation of H. Then, the magnetization was
calculated as m(H,T)=g;us{J-H)/H, where (- --) stands for
a thermal average over the crystal field levels and for an
angular average over the applied field orientations. Interionic
exchange and dipolar interaction were taken into account in
the molecular field approximation via a microscopic constant
\. The total effective field experienced by a Tb>* moment u
is then H,;=H+\p. The calculation is self-consistent, and
convergence is reached only in the “paramagnetic phase” of
the model, i.e., above a temperature 7, such that kzT,= )\,u%.
For both m(H) and x(T), we need an antiferromagnetic con-
stant to reproduce the data. However, it was not possible to
obtain a unique N\ value adequate for both m(H) and x(7)
data. In order to reproduce the high field magnetization
curves at 10 and 20 K, we find A =—-0.25 T/ up for Tb,Ti,04
and —0.2 T/ u for Tb,Sn,0 (see solid lines in Fig. 13). The
magnitude of the molecular field at low temperature H,,
=|\|ug is therefore about 1.2 T in both compounds. For the
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FIG. 14. (Color online) Inverse magnetic susceptibility in
Tb,Ti,O; (blue symbols) and Tb,Sn,O; (red symbols) measured
with a field of 0.005 T. The dashed lines are the crystal field only
calculated curves using the respective parameter sets in Egs. (7) and
(10). The solid lines are the self-consistently calculated curves in
the presence of crystal field and antiferromagnetic exchange, with
A=-0.33 T/ ug for Tb,Ti,O7 and —0.30 T/ up for Tb,Sn,0.

susceptibility data, we find A =-0.33 T/ up for the titanate
and —0.30 T/ ug for the stannate (see solid lines in Fig. 14).
So, from both low field and high field data, the strength of
the exchange is found smaller in the latter compound. For
both compounds, 7,=5 K, so the self-consistent calculation
does not converge below about 8 K.

If the exchange and/or dipole interaction is written in
terms of the total angular momentum J and of an effective
integral 7 with the z nearest neighbor Tb** ions (z=6), then,
in the mean field approximation, 7 and the high temperature
paramagnetic Curie temperature 6" write

g+ 1)

o (14)

J= égﬁﬂix and ' =\
As our simple single-ion molecular field model cannot take
into account the correlations that develop among the Tb mo-
ments at low temperature, we think that the A values ob-
tained from the high temperature susceptibility data are more
reliable to obtain an estimate of the exchange integral. The
ground state magnetic moment u, and the parameters de-
scribing the exchange (high temperature values) in both
compounds are gathered in Table II.

VI. LOW TEMPERATURE ANISOTROPIC MAGNETIC
PROPERTIES OF Th3*

The Tb** ion has an even number (8) of 4f electrons and
is therefore a non-Kramers ion, where the crystal field can
completely lift the degeneracy of the J=6 spin-orbit multi-
plet. This results in singlet CF states or, as in the present case
of high local symmetry, in both singlets and doublets. The
doublets are characterized by the fact that they are aniso-
tropic, i.e., an external magnetic field or an exchange and/or
dipole field induces a moment which is not along the field,
except when the latter is parallel to the [111] symmetry axis
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FIG. 15. (Color online) Tb,Sn,05: variation of the modulus u
and orientation ¢ of the magnetic moment induced by an exchange
and/or magnetic field H,,=1.2 T, at 0.1 K, as a function of the
angle 0 of the field with Oz, where Oz is a [111] axis. The red
dashed line is at #=87.8° and could correspond to the actual situa-
tion in Tb,Sn,04.

or perpendicular to it. With a very small field, the doublets
are extremely anisotropic, i.e., the moment is along [111]
whatever the field direction. For a finite field value, the CF
states are mixed and the induced magnetic moment u has
components both along and perpendicular to [111].

Using the set of CF parameters in Eq. (10) appropriate for
Tb,Sn,0,, we have computed the modulus and orientation ¢
of the Tb*>* moment as the exchange field rotates from 6=0
to 90° (see Fig. 15) with respect to a given [111] axis Oz. For
this purpose, we diagonalized Hamiltonian (13), where H is
now an exchange field (H=H,,), and we computed the mag-
netic moment pu=-g,;up(J), where (---) now stands for a
thermal average only, as a function of the orientation 6 of
H,..

We chose the value H,,=1.2 T as derived above and a
temperature 7=0.1 K, well inside the LRO phase. As the
field rotates, the moment remains close to Oz, with a quasi-
saturated value of 13° as 6 approaches 90°. Only when H,, is
very close to perpendicular to Oz (within a few degrees) does
the moment start to abruptly reorient. Its modulus shows the
same kind of behavior: it decreases very slowly from a value
6.8 up for 6=0 and abruptly drops when the field is very
close to perpendicular to Oz. Interestingly, for H=12T,
when 6=87.8°, one finds ¢=14° and u=5.9 uy (see the
dashed line in Fig. 15), which are exactly the experimental
values found in the LRO phase of Tb,Sn,0,.!® Whether this
is a mere coincidence or not could be checked by carefully
calculating the total field (exchange, dipolar, and possibly
Dzyaloshinskii-Moriya) in the ordered spin ice phase of the
latter compound. If one assumes, however, that, for symme-
try reasons, the exchange and/or dipole field is along the
ferromagnetic component of the moment, i.e., along a [001]
direction, then #=54.7° and one finds ¢=10° and ©=6.7ug,
which are not so far from the experimental data in view of
the uncertainties inherent to the set of CF parameter values.?’
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In Tb,Ti,O5, the same behavior is obtained, with, how-
ever, a lower value of 5.7up of the maximum moment when
0=0.

VII. DISCUSSION

We successively discuss the CF parameters with regard to
the crystal structure, the exchange constant deduced from the
Curie-Weiss behavior, and the low energy excitation.

A. Crystal field parameters and crystal structure

The CF excitations in Tb,Ti,O; and Tb,Sn,O; show
strong differences in their intensities, whereas their energies
remain similar in the two compounds. Analyzing these exci-
tations with the CF Hamiltonian shows that while the energy
levels of the CF states remain similar, the dominant wave
functions describing the ground state and first excited dou-
blets are exchanged in the two compounds. This comes from
a change in sign of the CF coefficient Bg. Such a change
should come either from the substitution of the Ti*" ion (3d)
by Sn** (sp) or from small changes in the oxygen environ-
ment of a Tb** ion.

The crystal structure is controlled by only two param-
eters, the lattice constant of the cubic cell a and the oxygen
parameter u. The lattice constant at ambient temperature and
pressure increases by 2.7% when going from Tb,Ti,0O; [a
=10.149(1) A] to Tb,Sn,0, [a=10.426(1) A]. The u param-
eter varies from 0.328(2) (Ti) to 0.336(2) (Sn).

In the cubic unit cell with space group Fd3m, a given
Tb>* ion, corresponding to the 164 site (1/2,1/2,1/2) is
surrounded by six oxygen Ol (48f sites) with position
(3/8,3/8,1—u) and equivalent positions and two oxygen O2
(8b sites) with fixed positions (3/8,3/8,3/8) and
(5/8,5/8,5/8). The oxygen environment of Tb>* thus cor-
responds to a puckered ring of six Ol ions with long Tb-O1
distances (2.52 A in Tb,Sn,0-) and a linear O2-Tb-O2 unit
with short Tb-O2 distances (2.26 A in Tb,Sn,05), normal to
the average plane of the puckered ring. The increase of u
when going from Ti to Sn decreases the trigonal distortion
around the Tb** ion, namely, the compression along the local
[111] axis, the nondistorted case u=3/8=0.375 correspond-
ing to eight equal Tb-O distances.

According to Ref. 29, the Bg coefficient is proportional to
a sum over the charges g; surrounding the Tb** ion, which

have coordinates (R;, 6;, ;) in a frame with Oz=[111]:

27,28

Bo 2 g~ (15)
J J
where Zg is the tesseral harmonics proportional to
Z2(6,¢) = 231 cos® §— 315 cos* G+ 105 cos> 5. (16)

By considering only a sum over the eight oxygen neighbors,
we calculated Bg in the two compounds according to Eq.
(15). We find that one cannot explain in such a way the
change of sign of Bg between the two compounds. The cal-
culated parameters differ only by 13%. It means that either
the point charge model is not suitable here or it should be
extended to further neighbors.
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B. Exchange interaction and Curie-Weiss constant

The determination of the exchange constant in these two
compounds is important as input for the models trying to
explain why the stannate shows magnetic LRO and the titan-
ate does not. This estimation is usually achieved through
measurement of the paramagnetic Curie temperature 6,. In
this work, we used the microscopic molecular field constant
\ extracted from the high temperature susceptibility to obtain
the 6;" value, i.e., the contribution from exchange and/or
dipolar interactions alone. It is found to be —7.0(3) K in
Tb,Ti,05 and —6.3(3) K in Tb,Sn,0,. The usual method to
obtain 6, is to measure the inverse susceptibility and to fit its
linear thermal variation (if any) to the Curie-Weiss law.
However, as it was already noticed in Ref. 14 and as it is
clear from Fig. 14, in the Tb pyrochlores, with a very large
overall CF splitting (about 800 K for Tb,Ti,O; and 600 K
for Tb,Sn,05), the bare Curie-Weiss law does not hold in the
usual temperature range of measurements (below
300-400 K). A first approximation is to write 6, as a sum of
two contributions, one due to exchange and/or dipolar inter-
actions, the other to the CF splitting: 6,= 6"+ HPCF (T). The
CF contribution is weakly temperature dependent and is al-
ways of AF type, i.e., it always enhances the inverse suscep-
tibility with respect to the Curie law. In Ref. 14, 6, was
measured in the dilute system (Tbg,Y05)Ti,O7 and found
to be =—6 K. As the exchange contribution to 6, is zero in
the dilute compound, this value was considered to be ﬁfF
appropriate in Tb,Ti,O;; since in the latter compound
,=-19(1) K, ¢ was estimated at =—13 K.

We used the set of B, parameters derived here to calcu-
late the bare CF susceptibility (dashed lines in Fig. 14). In
Tb,Ti,O;, we estimate ﬁlfF =-9(1) K in the temperature
range 150-300 K; in Tb,Sn,0, we estimate it at the some-
what lower value —7(1) K. The total paramagnetic Curie
temperature predicted in our model would then be =—16(2)
and =-13(2) K, respectively, in the titanate and in the stan-
nate, while the experimental values'*3>3 are —19(1) and
—11(1) K, respectively. Therefore, our model is in relatively
good agreement with published 6, values, although we think
one cannot obtained reliable values (within a few Kelvin) by
the extrapolation method.

Our estimation of & in Tb,Ti,0; is about twice smaller
than in Ref. 14 (-13 K). The associated exchange constant
(J=-0.083 K) is also smaller than quoted in Refs. 5 and 25
(J=-0.167 K). The near neighbor exchange constant J,,, de-
fined in Refs. 7 and 34 is deduced® from 7 by the expres-
sion Jnn=31?j(,u,0/,u3)2. So, we get J,,, values of —0.32 and
—0.39 K for Tb,Ti,O; and Tb,Sn,0,, respectively, namely,
for Tb,Ti,O; a smaller value than that of —0.9 K given in
Ref. 34 (assuming a |+4) ground state and J=-0.167 K).
Taking dipolar constants D,,, of 0.8 and 1.0 K for Tb,Ti,O5
and Tb,Sn,0,, respectively (D,,, varies as ,u,%/a3, where a is
the lattice constant™), one gets J,,,/D,, ratios of —0.4 and
—0.39, respectively, for the Ti and Sn compounds, which
locate them at the same position in the spin ice region of the
phase diagram.” We conclude that the qualitative differences
in the magnetic ground states of the two compounds cannot
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be understood simply within the approach given above.

C. Low energy excitation

In both compounds, a quasielastic signal is expected from
(i) the energy width of the ground state CF level of the Tb**
ion, of the same order of magnitude as the intrinsic linewidth
of the inelastic lines, and (ii) the cooperative fluctuations of
the Tb** moments in a given tetrahedron, yielding the spin
liquid behavior. As the moments slow down, the width of
this signal should decrease with temperature, as observed* in
Tb,Ti, 0.

An inelastic line can emerge from the quasielastic signal
if the spin fluctuations become sufficiently slow so that the
internal field becomes “static” (at the time scale of the neu-
tron probe) and splits the energy levels of the ground state.
The calculated typical energy of this splitting is around
0.01-0.1 THz (depending on the orientation and magnitude
of the exchange field). Moreover, in Tb,Sn,0; which under-
goes a transition toward long range order, cooperative ferro-
magnetic fluctuations of the tetrahedra start to grow below
about 1.3 K.'8

In the ordered phase, in order to get the full expression of
the dynamical susceptibility, the total Hamiltonian need be
written as the sum of a single-ion part (including the CF and
the exchange term in the molecular field approximation) and
an interionic part consisting of the exchange terms corrected
from the molecular field. This was done, for instance, in Ref.
36. One expects to find both dispersion curves (spin waves)
and flat modes (CF levels). In first approximation, in ordered
Tb,Sn,04, the lowest energy branch should show a quadratic
dispersion (expected for ferromagnetic like order) with a gap
corresponding to the anisotropy constant D, (where DaSg
~ & so that D,~0.03 THz). Checking this behavior in
Tb,Sn,0; would require measuring the low energy excita-
tions with a better energy resolution, if possible in a single
crystal, above and below the ordering temperature.

VIII. CONCLUSION

Comparative measurements of the crystal field excitations
by inelastic neutron scattering in Tb,Ti,O; and Tb,Sn,0,
show important differences between the two compounds. We
found a CF parameter set which accounts well for the inelas-
tic features in Tb,Sn,0,. The main difference with respect to
Tb,Ti,O; is a change of sign of the Bg CF parameter. This
change cannot be simply explained by point charge calcula-
tions involving only the local oxygen environment of
the Tb** ion. In Tb,Ti,05, fits of the high temperature sus-
ceptibility taking into account the crystal field scheme yield
exchange and CF contributions to the Curie-Weiss constant
which differ from previous evaluation. In Tb,Sn,0-, the dis-
persion of a weakly inelastic excitation is suggested, which
could be a precursor effect to the long range order.
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