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Abstract

Rare earth-based materials have played a central role in recent efforts to understand the very unconventional behavior of geometrically
frustrated magnetic materials. In particular, rare earth transition metal oxides with the pyrochlore and related structures have been investigated
extensively. In the pyrochlore structure both the rare earth and the transition metal sublattices have a topology consisting of corner-sharing
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tetrahedra and are, thus, geometrically frustrated. Here, we will review progress over the past several years concerning the rare ear
R2Ti2O7, which show a remarkable sensitivity to the electronic structure, specifically, the crystal field ground state of the R3+ ion. For example,
the materials Gd2Ti2O7, Tb2Ti2O7, Dy2Ti2O7 and Ho2Ti2O7 exhibit a wide variety of ground states including unconventional long range o
(Gd), a spin liquid state (Tb), and spin ice states (Dy, Ho). Er2Ti2O7 shows long range order but perhaps by the “order by disorder” mecha
and the Yb2Ti2O7 ground state may also be spin liquid like but is presently controversial.
© 2005 Elsevier B.V. All rights reserved.

Contents

1. Introduction. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
2. The pyrochlore structure. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
3. Preliminary comments. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

3.1. The perspective from theory. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
3.2. The experimental situation. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
3.3. Gd2Ti2O7 and Gd2Sn2O7 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

4. Tb2Ti2O7 and Tb2Sn2O7 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
5. Dy2Ti2O7, Ho2Ti2O7, Ho2Sn2O7, the spin ices. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4
6. Er2Ti2O7 and Er2Sn2O7 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
7. Tm2Ti2O7 and Tm2Sn2O7 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
8. Yb2Ti2O7 and Yb2Sn2O7 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
9. Comment on the stannate series. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
10. Summary and conclusions. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Acknowledgements. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
References. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

∗ Tel.: +1 905 525 9140x24725; fax: +1 905 521 2723.
E-mail address: greedan@mcmaster.ca.
0925-8388/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
doi:10.1016/j.jallcom.2004.12.084



J.E. Greedan / Journal of Alloys and Compounds 408–412 (2006) 444–455 445

1. Introduction

Geometrically frustrated magnetic (GFM) materials have
been the focus of intense study over the past several years and
a number of reviews exist[1–6]. In addition, three specialist
conferences have been held since 2000—Waterloo (Canada)
2000, Santa Fe (2002) and Grenoble (2003). Frustration
arises when magnetic sites are subject to competing exchange
constraints which cannot be satisfied by simple co-linear
orderings. In geometric frustration the competition arises due
to the topology of the magnetic sublattice. Frustrated sub-
lattices can be constructed by the condensation of triangles.
Indeed, the canonical example is the equilateral triangle with
nearest neighbour antiferromagnetic exchange (Fig. 1a),
where one-third of the sites are always frustrated, while this
fraction is 1/2 for the tetrahedron (four condensed triangles)
(Fig. 1b). Triangles and tetrahedra can be condensed by
sharing either corners or edges in two or three dimensions
and four representative geometrically frustrated lattices are
shown inFig. 2a–d, which include the simple hexagonal net
(2D edge-sharing), the Kagome net (2D corner-sharing), the
fcc lattice (3D edge-sharing) and the pyrochlore lattice (3D
corner-sharing). This list of examples is far from exhaustive.
Note that these sublattices are quite familiar ones and it
must be stressed that GFM materials occur commonly
in nature.
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Fig. 2. Geometrically frustrating lattices: (a) edge-sharing triangular; (b)
corner-sharing triangular (Kagomé); (c) edge-sharing tetrahedral (face-
centered cubic); (d) corner-sharing tetrahedral (pyrochlore).

Central to the study of the GFM phenomenon have been
rare earth compounds with the pyrochlore structure. This
review will concentrate on the rare earth titanates, R2Ti2O7,
and to a lesser extent the corresponding stannates, R2Sn2O7,
where only the rare earth site is magnetic. These materials
have been the object of unusually intense study over the past
5 years.

2. The pyrochlore structure

The structure of pyrochlore oxides, R2B2O(1)O(2)6, has
been described often in the literature[7–9]. The space group
is Fd3m with R3+ in 16d, B4+in 16c, O(1) in 8b and O(2) in
48f. It has become customary to choose the setting with the
16c site at the origin. Both the 16c and 16d sites, separately,
form corner-shared tetrahedral, i.e. pyrochlore, sublattices.
The smaller B sites are six-fold coordinated by O(2) in a
nearly regular octahedral geometry with only a slight trigonal
distortion. These octahedra share corners in the manner
shown inFig. 3, resulting in a rather rigid framework of
composition B2O6. As a result, the BO(2) B angle is in the
range of 125◦–135◦ for most pyrochlore oxides, regardless
of the radius of the A-site ion. The A-site, the rare earth
site, is coordinated by 6 O(2) and 2 O(1) ions in an unusual
geometry. The six O(2) ions form a puckered hexagonal ring,
s (1)
i
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t
A
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i t the
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Why are these materials interesting? There are se
nswers. First, the presence of GF inhibits the forma
f long range ordered spin ground states, i.e. the rem
f spin entropy, as dictated in principle by the third law

hermodynamics. Secondly, due to the highly local origin
F, the nominal ground state degeneracy is actually m
copic, i.e.∼N, whereN is the number of magnetic sit
ndN ∼ 1022 or so in a real material. While, this degener
an be resolved in some cases to give very complex
ange order, often, rather exotic short range ordered gr
tates are found such as spin glasses, spin liquids an
ces. Finally, it has been realized recently that the is
ncountered in the study of GFM materials map closely

hose found in other systems with high levels of degene
uch as the folding of proteins, for example, or rela
erroelectrics.

ig. 1. Geometric frustration as illustrated on a triangular (a) and a te
ral (b) plaquette.
imilar to the chair form of cyclohexane, while the two O
ons are in linear coordination, i.e. the O(1)A O(1) angle
s 180◦. The orientation of the O(1)A O(1) unit is norma
o the average plane of the hexagonal ring (seeFig. 4). The

O(1) bond is unusually short, 2.21Å in Gd2Ti2O7, while
he B O(2) bond is 2.55̊A in the same compound. Th
mparts a strong axial component to the crystal field a
are earth site. One final issue, which has become impo
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Fig. 3. The network of corner-sharing octahedra of composition BO3 (B2O6)
formed in the pyrochlore structure. Note the large hexagonal cavities in which
the rare earth ions, R, reside.

recently, is the relationship between the pyrochlore and
Kagome lattices. The pyrochlore lattice (16c or 16d sites) can
be viewed as a stacking of alternating Kagome and triangular
planer sets along〈1 1 1〉 directions in the cubic cells. This
is best seen fromFig. 5. Note that the Kagome nets are
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Fig. 5. Stacking of the R-sites (16d) along〈1 1 1〉 directions in the pyrochlore
structure showing the Kagoḿe layers alternating with the triangular layers.
The nearest neighbor distance within the Kagomé sheets is∼3.5Å while the
corresponding distance within the triangular sheets is∼7Å.

formed from the triangular bases of tetrahedra. Within any
Kagome net the apices of the tetrahedra point, alternatingly,
up and down, so the layer of sites between two Kagome
nets forms an edge-sharing triangular net, also frustrated,
but with a site separation twice that within the Kagome
nets.

3. Preliminary comments

3.1. The perspective from theory

From both detailed theory and Monte Carlo simulations,
it has been shown that for the pyrochlore lattice in the limit
of nearest neighbour antiferromagnetic correlations, the
system is indeed macroscopically degenerate and no long
range spin order is expected for any spin dimensionality
at finite temperature[10–12]. Additional perturbations
which may include second or higher neighbour exchange,
dipole–dipole, applied magnetic fields, thermal or “quan-
tum” fluctuations, disorder, etc. are needed to select an
unique ground state. The ordering wave vector of this ground
state appears to depend on the details of the perturbation
involved. This review will concentrate on the experimen-
tal facts, leaving the theoretical situation for others to
address.
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ig. 4. The local geometry of the rare earth (16d) site in the pyroc
tructure. The O(2) ions (grey spheres) form a puckered six-membere
bout R (small black sphere) with an RO(2) distance of∼2.5Å. The O(1)

ons (white spheres) coordinate R in a linear O(1)R O(1) unit with a very
hort R O(1) distance of∼2.2Å.
.2. The experimental situation

Prior to the late 1990s, few studies existed wh
ddressed the magnetic properties of the titanate pyroch
he most extensive were those of Blote and Cashion et
hich heat capacities and magnetic susceptibilities of se
2Ti2O7 phases, among others, were reported[13,14]. These
orks found evidence for apparent phase transitions ne
elow 1 K for R = Dy, Ho, Er and Yb, for example. In the f

owing, the current situation for the titanate pyrochlores
e described and comparisons made to the stannates
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Fig. 6. Susceptibility data for Gd2Ti2O7 showing Curie–Weiss behavior to
∼10 K and no sign of long range order to∼1 K [15].

3.3. Gd2Ti2O7 and Gd2Sn2O7

In principle, Gd3+ should represent the simplest case as
crystal field and excited multiplet effects are minimized for
S-state ions. The bulk susceptibility for Gd2Ti2O7 (Fig. 6)
follows the Curie–Weiss law to∼10 K with µeff = 7.7�B
(7.94�B for the free ion) andθc =−9.6 K [15]. There is no
evidence from dc susceptibility of magnetic order down to
∼1 K. Applying the so-called “frustration index” criterion
[3], i.e. f = |θ|/Tc,f, one findsf ∼10 which indicates a high
level of frustration. Here,Tc (Tf ) is an spin ordering (spin
freezing) temperature.θc sets the energy scale for the mag-
netic interactions and for non-frautrated systems one expects
f to range from 1 to 2 or 3 at the most.

Experiments on a diluted sample (Y0.98Gd0.02)2Ti2O7,
show thatθc vanishes, essentially[15]. This verifies that any
crystal field contribution toθc can be ignored for this material
in accord with expectations.

Nonetheless, it is still necessary to assess the relative
contributions of exchange and dipolar interactions to the mea-
suredθc. It is actually a quite complex problem to estimate
the dipolar contribution as an infinite lattice sum is involved
and the particle shape enters the calculation and a demag-
netizing factor must be considered. The best which one can
do is to work out upper and lower bounds for the dipolar
c dip
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Fig. 7. Presence of two phase transitions in zero applied field at 0.9 and 0.7 K
from heat capacity data on Gd2Ti2O7 (top). Induction of new transitions in
applied fields (bottom)[17].

to have arisen from sample disorder effects[15]. Additional
phase transitions are induced in applied fields (Fig. 7, bottom)
[17].

The nature of this ordered state, at zero field, has been
disclosed using neutron scattering (on160Gd2Ti2O7). In the
initial study at 50 mK at a spallation source, ak = (1/2 1/2 1/2)
structure was found with a most unusual and unexpected
spin configuration in which 3/4 of the Gd3+ spins are ordered
within the Kagome planes, identified earlier in this paper,
while 1/4, corresponding to the interplanar sites, remain
disordered. This is called a single or 1 k structure and is
depicted inFig. 8a [18]. Recent data from a D20 experi-
ment in which a new magnetic reflection, the (1/2 1/2 1/2)
reflection, was found have modified this picture[19]. This
Bragg peak has finite intensity only if the interplanar sites
are also ordered and it appears below 0.7 K, the lower phase
transition seen in the specific heat. A detailed analysis of
the intensity of this reflection indicates that only partial
order (∼27%) is present on these sites and a significant
diffuse component is seen atQ = 1.1Å, indicating that
the correlation length of the disordered spins is∼3.5Å,
the nearest neighbor distance within the Kagomé planes,
rather than ∼7Å, the corresponding distance between
the triangular, interplanar sites. The ordered part can be
described as 4-k structure depicted inFig. 8b. Strong diffuse
scattering persists above the firstT at 1.4 K, as expected
f tem-
p f the
t nder-
s ange
m ailed
s

nor-
m
a sults
f that
t con-
c rated
ontribution which is−2.4 K≤ θc ≤ 1.2 K [16]. Thus, the
exchange” component is dominant.

Unequivocal evidence for a phase transition to long ra
rder at 0.97 K is found from specific heat and ac sus

ibility data [15]. In fact there are two such transitions
ero applied field, at 0.97 and 0.6 K (Fig. 7, top) [17]. Early
eports of a diffuse contribution to the heat capacity ap
c
or a magnetically frustrated system and data at higher
eratures would be most welcome. Thus, the origin o

wo zero field specific heat anomalies appears to be u
tood from neutron scattering but the issue of short r
agnetic order and its temperature domain await det

tudy.
The situation in applied fields is less settled. The

al expectation for materials containing the Gd3+ ion is that
nisotropy should be unimportant. Nonetheless, recent re

rom a number of experimental techniques show clearly
his is not the case. For example, the earliest report
erned ESR data on a single crystal which demonst
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Fig. 8. (a) The 1 k magnetic structure for Gd2Ti2O7 which is consistent with the neutron diffraction data above 0.7 K[19]. (b) The 4 k magnetic structure of
Gd2Ti2O7 consistent with both the Bragg and diffuse neutron diffraction data below 0.7 K[19]. The dark spheres represent Gd ions with a full (7.0µB) ordered
moment while the grey spheres carry only a 1.9µB ordered moment.

anisotropy (in the form of two resonance lines) with respect
to the〈1 1 1〉 direction at temperatures just below 80 K[20].
This anisotropy becomes very large at 4 K, giving a peak
splitting of 4 T, equivalent to∼5 K which is of the order of
the exchange energy found from the bulk dc susceptibility.
This anisotropy was assigned to differences in the exchange
interactions effecting the Kagome and interlayer sites. More
recently, the H–T phase diagram has been reported for applied
fields along three directions,〈1 1 1〉, 〈1 1 1〉and〈1 1 1〉 (Fig. 9)
[21]. As well, the authors of[21] performed dc suscepti-
bility measurements on the same single crystals and found
essentially no anisotropy,<0.2% at any temperature studied.
Thus, the origin of the anisotropy seen in the ESR data is
still not clear. Anisotropy is also clearly evident in magneto-
capacitance experiments[22].

The theoretical situation is also in need of development.
No model presently available predicts the phase diagram

of [21], although recent efforts have taken into account
dipolar interactions and exchange out to third neighbors
[23].

The isostructural stannate, Gd2Sn2O7, has received com-
paratively less attention. The dc susceptibility data indicate
Tc = 1.0 K andθc =−9.4 K, values nearly indistinguishable
from the titanate[24]. However, the specific heat shows only
a single anomaly at 1.0 K in strong contrast to Gd2Ti2O7
[25]. As well, only a single Gd moment is found from155Gd
Mössbauer experiments down toT < 0.1 K [25] and �SR
indicates a different spin dynamics[26]. All of this suggests
a different magnetic structure for the stannate which has yet
to be confirmed by neutron scattering. That there should be
such distinct differences between two isostructural materials
is truly surprising and points up the extreme sensitivity of
the ground state to apparently small effects in these highly
frustrated materials.

e field
Fig. 9. The H–T phase diagram for a single crystal of Gd2Ti2O7 with th
 applied parallel to high symmetry directions in the pyrochlore cell[21].
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4. Tb2Ti2O7 and Tb2Sn2O7

Tb3+, 4f8, 7F6, is an even electron ion and it is difficult
to predict, a priori, the single ion properties. For example,
a crystal field singlet ground state is not impossible, so a
detailed investigation of the single ion properties was carried
out using dc susceptibility, specific heat, inelastic neutron
scattering and an ab initio calculation of the crystal field
at the Tb3+ site for Tb2Ti2O7 [16,27]. For the pure titanate
Curie–Weiss behavior was seen down to about 50 K with a
µeff = 9.6�B/Tb3+ (the free ion value) andθc =−19 K. In
this case one anticipates that crystal field effects will con-
tribute toθc, so a diluted sample, (Tb.02Y.98)2Ti2O7, was also
studied yielding the sameµeff/Tb3+ and θc =−6 K, which
can be taken as the CF contribution, leaving−13 K for the
exchange/dipolar part. As the dipolar contribution is at most
−2 K, the exchange portion turns out to be nearly the same
as that for Gd3+, approximately−10 K. Measurements down
to 2 K showed no sign of singlet ground state behavior.

Inelastic neutron scattering data (Fig. 10) indicate the pres-
ence of two transitions with weak or no dispersion at 17 and
120 K which can be assigned as crystal field levels. Specific
heat results are not inconsistent with this assignment. Vari-
ous crystal field splitting schemes have been determined from
ab initio calculations and from empirical arguments and are
in reasonable agreement with the two doublet picture found
e ged
s

the
g eing

F
i hese
a

Fig. 11. Fit of the low temperature magnetic susceptibility of
(Y0.98Tb0.02)2Ti2O7. To a crystal field scheme assuming a doublet struc-
ture for both the ground and first excited states derived from ab initio crystal
field calculations[16].

comprised of>90%MJ =± 4 andMJ =± 5 for the former and
latter, respectively. This is not surprising given the strongly
axial nature of the crystal field at the rare earth site in the
pyrochlore structure.

While the isostructural gadolinium pyrochlore orders just
below 1 K, the initial reports indicated the Tb2Ti2O7 does
not order in a long range sense down to at least 70 mK.
The principal evidence for this was from�SR results which
show the persistence of spin dynamics at such a low temper-
ature[27]. This has lead to the labeling of this material as
either a “cooperative paramagnet”[10] or a spin liquid, the
main distinction being that the former term implies classical
states while the latter, quantum states. There exists signifi-
cant evidence, especially from neutron scattering, that strong
magnetic correlations exist on a nearest neighbor length scale,
∼5Å, down to very low temperatures. The earliest studies
found an intense diffuse feature centered at∼1.2Å−1 and a
weaker one near 3.1̊A−1 which persisted, amazingly, up to
∼100 K[28]. A recent report using the very sensitive neutron
spin echo technique, shows the 1.2Å−1 diffuse peak even at
50 mK[29].

Detection of this effect by NSE also implies that the spins
are fluctuating faster thant ∼10−8 s while retaining the short
range correlations. The “cooperative paramagnetic” picture
is re-enforced by spin dynamics studies of a systematically
diluted system, (Tb Y ) Ti O , wherex is varied from 0
t
N
t ation,
w nge,
b o
e tering
o nge
o
m

xperimentally as illustrated by the fit to the powder-avera
usceptibility (Fig. 11).

It is important to note that the wavefunctions of both
round and first excited states are highly Ising-like, b

ig. 10. Inelastic neutron scattering for a powder sample of Tb2Ti2O7 show-
ng modes at 0.36 THz (16.8 K), 2.5 THz (120 K) and 3.5 THz (168 K). T
re identified as transitions to excited crystal field levels[27,28].
1−x x 2 2 7
o 0.21 (below the percolation limit of 0.39). Both�SR and
SE data show a strong dependence of spin dynamics onx but

here is no dramatic change at the percolation concentr
hich shows that the interactions are never of infinite ra
ut involve finite-size clusters[30]. Thus, to date there is n
vidence from microscopic probes such as neutron scat
r �SR, for any type of order, either conventional long ra
rder, spin freezing or “spin ice” down to∼50 mK at zero
agnetic field.
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Fig. 12. Pressure-induced, antiferromagnetic long range ordered state at
8.6 GPa and 1.4 K in Tb2Ti2O7 [32].

Tb2Ti2O7, therefore, appears to be the best realization
to date of a spin liquid in three dimensions. Recent theory
suggests that the lack of order may be due to the fact that the
moment anisotropy in this system is intermediate between
an Ising situation and an isotropic one. The fact that the
energy scales for the crystal field splittings and the two-ion
interactions are comparable may be responsible for the
suppression of order[31].

This situation changes under applied pressure or appar-
ently, applied magnetic fields. The situation with pressure
is more clearly established and it has been shown that for
pressures of 8.6 GPa, a long range ordered, antiferromagnetic
state is stabilized withTN = 2.1 K (Fig. 12) [32].

As well, neutron scattering experiments on a single crys-
tal with the applied field along the〈1 1 1〉 direction seem to
indicate a strong enhancement of certain Bragg reflections,
such as (2 2 0), (2 2 4) and (2 6 4), all of which are absent in
the zero-field data (Fig. 13) [33]. The magnetic structure has
not yet been solved.

Given all of the above evidence for spin liquid behavior,
there have been reports which suggest that some form of
order does occur. The earliest of these identified a transition
at 70 mK below which history dependence was seen in the
static susceptibility, not inconsistent with glassy ordering
[34]. But the most remarkable report shows very recent data,
also on single crystal TbTi O , including specific heat and
a er at
t field
( y to
r

ata,
r the
t ce
f ork
i

Fig. 13. Magnetic field induced reflections in the neutron elastic scattering
for a Tb2Ti2O7 single crystal with the field applied parallel to〈1 1 1〉 [33].

5. Dy2Ti2O7, Ho2Ti2O7, Ho2Sn2O7, the spin ices

Dy3+,6H15/2, and Ho3+,5I8, given such enormousJ values,
are likely to present complex single ion properties, especially
in the strongly axial crystal field at the rare earth site in

Fig. 14. Apparent specific heat anomalies at zero applied field for Tb2Ti2O7

[35].
2 2 7
c susceptibility, which seem to suggest magnetic ord

emperatures as high as 0.4 K and in zero magnetic
Fig. 14) [35]. At present, there appears to be no wa
econcile these divergent results.

Typically, Tb2Sn2O7 has received scant attention to d
elative to the titanate. The dc susceptibility is similar to
itanate, givingθc =−12.5 K. There may be some eviden
or ferromagnetic order below 0.87 K but much more w
s needed to verify this claim[24].
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pyrochlores. The discussion of these materials is best begun
with the holmium titanate. The earliest report found a suscep-
tibility maximum near 1 K[14]. Susequently, a more detailed
investigation showed thatθc = 1 K, much smaller than the
values for the gadolinium and terbium titanates which are
of order 10 K–20 K and positive, albeit small[36]. It was
recognized that the huge Ho3+ magnetic moment implied a
large demagnetizing field and careful studies correcting for
this effect established, eventually, thatθc was indeed posi-
tive, +1.9(1) K. Soon,�SR studies established the absence
of long range magnetic order down to 50 mK, again evi-
dence for severe magnetic frustration[37]. Yet, this presents
a paradox as the dominant spin–spin coupling is apparently
ferromagnetic and it was unclear how a ferromagnet could be
subject to geometric frustration. The resolution of this para-
dox was provided by Harris and Bramwell, in a remarkable
insight, by recognizing two facts[38]. Firstly, the crystal field
ground state of the Ho3+ ion in this material is nearly pure
|J, MJ> = |8, ±8>, i.e. a nearly pure Ising state with quan-
tization axis along〈1 1 1〉. Secondly, with this constraint on
the moment directions, the ground state spin structure maps
exactly onto the famous problem of the proton configuration
in water ice, studied decades ago by Giaque and co-workers
[39], Bernal and Fowler[40], and Pauling[41]. This paral-
lel is most easily seen fromFig. 15which compares the spin
configurations within a tetrahedron with spins along the diag-
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Fig. 16. Specific heat data for Dy2Ti2O7 showing the entropy reaching the
Pauling spin ice value[42].

studies of Dy2Ti2O7 [42]. It had been known for some time
that the crystal field ground state for Dy3+ in this material
was also strongly Ising, especially from magnetization
measurements due to Flood[43]. The observed entropy was
shown to approach the Pauling value for water ice to within
error (Fig. 16). The picture for Ho2Ti2O7 was not resolved
until a bit later due to the presence in the specific heat of a
second, low temperature upturn[44]. Counter to suggestions
that this represented spin ordering for holmium titanate,
it was shown ultimately to arise from a Schottky anomaly
due to the splitting of the nuclear spin levels of165Ho, as
had been shown very early on by Blote for the isostructural
Ho2SbGaO7 pyrochlore[13].

One puzzling feature of these materials to be explained
was the origin of the small, positiveθc which is, as mentioned,
in sharp contrast to the cases of gadolinium and terbium
titanate. Although consensus may not be fully established,
there exists a very convincing argument from den Hertog and
Gingras that the ferromagnetic coupling is the result of a dom-
inant dipolar ferromagnetic term[45]. Calculations using the
Ewald infinite summation method give a value for the dipo-
lar term which exceeds the nearest neighbor exchange term,
which is negative. Numerical simulations of the specific heat
for Dy2Ti2O7 on the dipolar spin ice model are in excellent
agreement with experiment, as are calculated and observed
neutron scattering patterns and magnetization data on sin-
g ions
[

f an
o

nals and the arrangement of protons about an oxygen
n common water ice in theIh phase. The four protons abo
he oxygen atom must form two short (covalent) and two
hydrogen) bonds while the ferromagnetic spin configura
ithin the tetrahedron involves two spins pointing out and
pins pointing in. Pauling had shown that the situation
ater ice gave rise to a macroscopically degenerate gr
tate,∼(3/2)N/2, whereN is the number of protons in the sa
le, and an excess or residual entropy,S ∼ (R/2)ln(3/2), found
xperimentally by Giaque and co-workers[39]. Interestingly
he antiferromagnetic ordering of strongly Ising spins o
etrahedron is only slightly frustrated as the ground state
e only either all spins out or all spins in.

The first experimental verification of the Harris/Bramw
pin ice conjecture was, interestingly, from specific h

ig. 15. Analogy between the configuration of ferromagnetic Ising〈1 1 1〉
pins within a tetrahedron and the arrangement of protons about o
toms in water ice. The “spin ice” analogy[6].
le crystals in applied fields along high symmetry direct
44,46].

Predictions had been made for the stabilization o
rdered ground state or states in applied magnetic fields[47].
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Neutron diffraction data at 0.35 K and applied fields up to
2.0 T show strong enhancement of reflections of the type
(0 0 1), (0 0 2), (1 1 1) and (2 2 0), indicating ak = 0 magnetic
structure[36]. Interestingly, the application of high pressures
fails to induce long range order in Ho2Ti2O7, unlike the case
of the spin liquid, Tb2Ti2O7, suggesting a surprising robust-
ness of the spin-ice ground state[32].

Spin-ice behavior has been confirmed in Ho2Sn2O7 [48]
and there are ac susceptibility results for the dysprosium
stannate which also can be interpreted in this way[24].
For Dy2Ti2O7 recent magnetization experiments on single
crystals with the field applied in〈1 1 1〉 directions have
shown a field-induced phase transition from the spin ice
state to a “three-spin-in, one-spin-out” state[49]. A similar
phase transition is also found for a [1 1 0] field direction
[50].

6. Er2Ti2O7 and Er2Sn2O7

Evidence for long range magnetic order in Er2Ti2O7 was
found in the very earliest specific heat measurements of this
material, in the form of a�-peak at 1.25 K[13]. Thus, this
material is neither a spin liquid nor a spin glass. Neutron
diffraction in zero field has confirmed the long range order
a
o te
K t the
E
T son
o
m e is
t eory

F
T xis.

predicts first order. There has been some speculation regard-
ing the nature of the perturbation which breaks the enormous
ground state degeneracy, selecting the specific ordered state
observed. Both dipolar interactions and quantum fluctuations
have been considered, with a preference for the latter. Thus,
Er2Ti2O7 has been proposed as an example of the “order by
disorder” mechanism for selecting an unique ground state
[51].

Surprisingly, Er2Sn2O7 does not order down to 0.13 K nor
does Er2GaSbO7 [13,24]. Once again, the extreme sensitivity
of the ground state to apparently minor changes in materials
chemistry is apparent.

7. Tm2Ti2O7 and Tm2Sn2O7

The thulium titanate pyrochlore is the least interesting of
the series as the single ion ground state of Tm3+, 3H6, in
the pyrochlore crystal field turns out to be a magnetic singlet
[53]. Inelastic neutron scattering data show a first excited
state at 10.6 meV (85 cm−1) above the ground state. This
is consistent with the set of crystal field parameters which
have been developed for the pyrochlore titanates[16,54–56].
Similar behaviour is found for the corresponding stannate
[24].
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nd a magnetic structure has been assigned (Fig. 17) [51]. The
rdered moment of 3.01�B is consistent with the ground sta
ramers doublet wavefunction and is strong evidence tha
r3+ moments lie in a plane normal to the〈1 1 1〉 direction.
hus, Er2Ti2O7 is an easy planar or XY magnet. Compari
f these results with early theory for the XY〈1 1 1〉pyrochlore
agnet[52] exposes discrepancies. Principal of thes

he observation of a continuous transition, whereas, th

ig. 17. Spin structure in the long range ordered state for Er2Ti2O7 below

N = 1.173 K[51]. A single tetrahedron is shown, viewed along a 2-fold a
. Yb2Ti2O7 and Yb2Sn2O7

Yb2Ti2O7 was one of the first titanate pyrochlores to
tudied in some detail. Susceptibility data over a very w
emperature range had been reported as early as 196
he very pronounced deviation from the Curie–Weiss
as attributed to the effect of the crystal field on the2F7/2
round state[57]. A pronounced�-peak at 0.25 K had lon
een interpreted as evidence for a transition to a long r
rdered state[13]. Recent, intensive studies have establis

n detail the fundamental properties. Low temperature
eptibility and170Yb Mössbauer studies have established
he ground Kramers doublet is well isolated from the exc
tates and the observed Curie constant and g-factor are c
ent with an easy planar moment orientation, as in Er2Ti2O7
58]. The Weiss constant is observed to be +0.75 K, fe
agnetic. Given the very small value of the Yb3+ moment

his can be ascribed to the nearest neighbor exchange
han dipolar coupling.

Studies of the spin dynamics using170Yb Mössbauer an
SR have disclosed a truly remarkable, first order, dec

n the spin fluctuation rate by a factor of∼104 just at the tem
erature of the heat capacity anomaly (Fig. 18) [59]. Below
.24 K the spin fluctuation rate is finite and constant. As w
eutron diffraction data show no new peaks in a differe
lot between 0.11 and 7 K (Fig. 19) and no oscillations ar
bserved in the�SR over a similar temperature range. Th

rom these studies there is no evidence of long range mag
rder below 0.24 K but a drastic slowing down of the s
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Fig. 18. The spin fluctuation rate for Yb3+ as a function of temperature as
determined by170Yb Mossbauer spectroscopy and�SR. Note the first order
change at the specific heat anomaly at 0.24 K[59].

fluctuations. An analogy has been drawn to the gas–liquid
transition.

Nonetheless, a more recent neutron diffraction study finds
evidence for ferromagnetic order at 0.03 K, in the form of the
enhancement of the intensity of certain reflections (Fig. 20)
[60]. The Yb moment deduced from the magnetic intensi-
ties is only∼1�B, which is considerably smaller that the
expected value from the Kramers ground state wavefunction.
This report is at variance with the most recent neutron data
which extend to 0.04 K in which, again, no long range order
is seen[26]. It is not clear how to reconcile these divergent
results (Table 1).

Not surprisingly, much less is known about Yb2Sn2O7.
The bulk susceptibility is very similar to the titanate and for
the ground crystal field state,θc = +0.51, ferromagnetic as in
the titanate[24].

Fig. 19. Neutron diffraction data for Yb2Ti2O7 at 7 K and the difference
pattern for 0.11–7 K. No Bragg peaks are seen[59].

9. Comment on the stannate series

In the above, the similarities and differences between the
corresponding titanate and stannate pyrochlores has been
noted. As well, the crystal chemistry of the stannate series
extends to larger rare earths, both Pr2Sn2O7 and Nd2Sn2O7
are stable as pyrochlores. Preliminary data suggest that the
Pr phase may be a spin ice due to strong Ising-like charac-
ter to the crystal field ground state[24]. The Nd stannate
orders antiferromagnetically below 0.9 K[24]. This mimics
behaviour of Nd2GaSbO7 [13].

F s reflec rature
[

ig. 20. Comparison of the intensities of the (0 0 4) and (2 2 2) reflection
60].
tions atT = 0.30 and 0.03 K, showing enhanced intensities at the lower tempe
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Table 1
Summary of the magnetic properties of the R2Ti2O7 and R2Sn2O7 pyrochlores

R θc (K) Exchange vs. dipolar Anisotropy Ground State Orders in H or P

Pr(Sn) 0.32 ? Easy axis Spin ice? ?, ?
Nd(Sn) −0.31 ? ? AF,TN = 0.97 K –
Gd(Ti) −9.6 Ex> D ∼Isotropic AF,TN = 0.9 K, 0.6 K Yes, ?
Gd(Sn) −7 Ex> D ∼Isotropic AF,TN = 1.0 K –
Tb(Ti) −19 Ex> D Easy axis Spin liquid Yes, yes
Tb(Sn) −12.5 Ex> D ? ? ?, ?
Dy(Ti) 1.2 D> Ex Easy axis Spin ice Yes, ?
Dy(Sn) 1.7 D> Ex ? Easy axis Spin ice ? ?, ?
Ho(Ti) 1.9 D> Ex Easy axis Spin ice Yes, no
Ho(Sn) 1.8 D> Ex Easy axis Spin ice ?, ?
Er(Ti) −24 Ex> D Easy plane AF, TN = 1.24 K –
Er(Sn) −14 Ex> D Easy Plane no order to 0.13 K ?, ?
Yb(Ti) 0.71 Ex> D Easy plane Spin liquid or F ? ?, ?
Yb(Sn) 0.51 Ex> D Easy plane ?, ?

10. Summary and conclusions

Table 1 is an attempt to collect the known results and
interpretations of the properties of the rare earth titanate and
stannate pyrochlores.

Among the systematics shown, perhaps the exhibited
anisotropy pattern, i.e. axial versus planar, is amenable to the
most straightforward interpretation. This can be traced to the
single ion properties of the rare earth ion with the assumption
that the axial crystal field component,B2

0C
2
0, plays a determin-

ing role in the crystal field interaction. In fact, the systematics
are more transparent if one uses, instead of the now standard
tensor operator formalism, the Stevens operator equivalent
approach[61]. Here the axial term is given asB2

0O
2
0, where

O2
0 is an operator equivalent equal to 3J2

z − J(J+ 1) andB2
0

is a numerical factor equal to the product of,αJ, the Stevens
multiplicative factor, and a factor expressing the electrostatic
potential of the crystal field,A2

0. Since the sign of the crystal
field potential will be the same for the rare earth site, indepen-
dent of the identity of the rare earth, the sign of the product
will depend on the sign ofαJ. This factor is negative for Pr,
Nd, Tb, Dy and Ho and is positive for Er, Tm and Yb. IfB2

0
is positive, the crystal field ground state will be comprised
mainly of

∣
∣±Mmin

J >components and for the opposite sign,
∣
∣±Mmax

J >components. The former favours an easy planar
anisotropy and the latter, an easy axis. From the table the vari-
a nate
p f
w

tion
i ange
w akly
p tive
e diffi-
c
w

the
a ttain

a better understanding of the properties of these fascinating
materials.
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