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Abstract: The pyrochlore structure (A2B2O7) has been an object of consistent study by materials
scientists largely due to the stability of the cubic lattice with respect to a wide variety of chemical
species on the A or B sites. The criterion for stability under ambient conditions is controlled by the
ratio of these cations, which is empirically 1.36 < RA/RB < 1.71. However, under applied pressure
synthesis conditions, the pyrochlore lattice is stable up to RA/RB ∼ 2.30, opening up possibilities for
new compounds. In this review, we will highlight recent work in exploring new rare-earth pyrochlores
such as the germanates RE2Ge2O7 and platinates RE2Pt2O7. We highlight recent discoveries made in
these pyrochlores such as highly correlated spin ice behavior, spin liquid ground states, and exotic
magnetic ordering.
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1. Introduction

The cubic pyrochlores of space group Fd3m have been known since 1826, discovered as a mineral
family in Stavern, Norway [1]. The first species identified was (Na, Ca)2Nb2O6(OH, F), but the general
chemical formula is A2B2O7, where A and B are a variety of different cations [2]. From a solid-state
chemistry perspective, the pyrochlore lattice is incredibly versatile allowing for a wide variety of
chemical species upon the A or B sites [3]. The general stability criterion under ambient pressures is
determined by the ratio of cation diameters 1.36 < RA/RB < 1.71, where RA and RB are the A- and
B-site crystal radii [4]. If the A and B sites have similar size, the fluorite phase is favored, which can
be thought of as a disordered pyrochlore with random distributions of cations. If the A and B sites
are too dissimilar in size, non-cubic phases are stable under atmospheric pressure conditions, such as
the pyrogermanate phase [5]. Nonetheless, under ambient conditions, a plethora of stable cubic
phases can be prepared, and for the titanates and stannates, nearly the entire rare-earth series can be
prepared using standard solid-state methods [3]. The popularity of the titanate series in particular,
with RE2Ti2O7 (RE = rare-earth trivalent ion), in the condensed matter physics community is rooted in
the relative ease of producing large single crystals using, for example, floating zone image furnaces.
This provides a means of tuning the RE cation, and thus the f-electron magnetism on the A-site (with
the B site being a stable diamagnetic Ti4+ state).

Upon further examination of the A-site magnetic sublattice, a network of corner-sharing
tetrahedra is found. This connectivity of spins leads to a phenomenon known as geometric magnetic
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frustration—the system has the possibility of not being able to satisfy all its local constraints
simultaneously due to the lattice geometry. This can be illustrated most clearly in the two-dimension
case of spins on an isolated triangle. For net antiferromagnetic interactions of spins that are constrained
to lie up or down (or possessing Ising symmetry), the spins cannot satisfy a convention Néel
antiferromagnetic ground state for nearest neighbors. Therefore, the system is said to be frustrated—the
magnetic entropy cannot be released in forming a conventional ordered state. The new states which
develop as energetic compromises, such as spin glasses (random freezing of spins), spin liquids
(dynamic disordered spins at low temperatures), and spin ices, have been the objects of intense
study over the last few decades. Spin ices, in particular—which are short-ranged ordered states of
spins ordered over single tetrahedra in a 2-in, 2-out configuration—have been investigated as being
host lattices for exotic magnetic excitations which are similar to magnetic monopoles. The delicate
balance of conditions for producing these rare ground states (the magnitude of exchange interactions,
crystal-field effects, and dipolar interactions) has led to a fervent search for new pyrochlore phases.
Over the last decade, many solid-state chemists have turned towards high-pressure techniques to
extend the chemical phase diagram of pyrochlores and find new examples of these phenomena (and
even more surprising states of matter). This review article details this work, and speculates on the
future of high-pressure pyrochlores that may be waiting on the horizon [4].

The evolution of high-pressure solid-state chemistry has progressed rapidly over the last few
decades [4]. The “high-pressure” regime of solid-state chemistry is traditionally referring to applied
pressures of over 0.1 GPa. One of the key advances was made by Walker in the 1990s to expand
current methods much beyond his predecessors such as Bridgeman to bring applied pressures to over
10 GPa [6]. Walker-type presses are typically used for many of the preparations of the compounds
within this review article, with yields on the order of milligrams per reaction. Pressures higher
than 20 GPa and temperatures typically up to 2000 K can be obtained through diamond anvil cells,
and high-pressure image furnace crystal growths are currently being pioneered by several research
groups [7].

Many cubic pyrochlore phases have been synthesized under ambient pressure, as the tolerance
factor determined by the ratio of cation diameters, 1.36 < RA/RB < 1.71, where RA and RB are the A-
and B-site crystal radii, enables a wide coverage of the periodic table (see Figure 1). For non-magnetic
B-site cations such as Ti4+, Zr4+ and Hf4+, this has enabled the investigation of many chemical species
without the use of high-pressure techniques. However, the issue of A/B-site mixing is relevant for
RA/RB approaching unity, and there is also the issue of “stuffing” in species such as Yb2Ti2O7 [8]. Some
of these issues can be resolved using standard solid-state chemistry techniques, but higher quality
single crystals could be obtained under applied pressure where the effects of mixing can be minimized,
but not completely avoided. The issue of oxygen non-stoichiometry is also a factor which can highly
affect the resultant magnetic ground state, as shown in such systems as Tb2Ti2O7, which has radically
different ordered states for changes in oxygen stoichiometry of less than 1 percent [9]. High-pressure
techniques have, in general, even less control of the oxygen stoichiometry than reactions under
ambient conditions. The long-term stability of phases produced under high pressure is also an issue,
with changes in oxygen stoichiometry overtime leading to decomposition to more thermodynamically
favored species such as the fluorite phases, or mixtures of fluorite and pyrochlore phases [10].

This review will focus on new high-pressure phases of RE pyrochlores. There are numerous
studies of pyrochlores in the literature which have both A and B sites as being magnetic, [11] but for
the purposes of this review we will only cover magnetism on one site. The various low-temperature
magnetic phases of high-pressure pyrochlore phases can be divided into their spin symmetries:
Ising, XY and Heisenberg.
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Figure 1.4: The elements that can occupy the pyrochlore lattice, (A3+)2(B
4+)2O7 or

(A2+)2(B
5+)2O7, in some combination are highlighted on this periodic table according to their

oxidation state, where 2+ is shown in teal, 3+ in blue, 4+ in red, and 5+ in pink.

the exchange interactions, the magnitude of which is set by orbital overlap. In the rare earths,

it is the f electron orbitals that are partially filled, and they are far more spatially localized

than the partially occupied d orbitals in magnetic transition metals. Thus, orbital overlap is

quite minimal and consequently the exchange interactions are relatively weak, on the order of

0.1 � 1 meV. In this section, where we discuss single ion properties, we will deal with the first

two of these e↵ects, the spin orbit coupling and the crystal electric field.

There are two components to the angular momentum of the electrons in an atom, the

orbital angular momentum, L, and the spin angular momentum, S, which can be combined

in (2L + 1)(2S + 1) ways. However, these components are not wholly distinct, but rather are

coupled via the spin-orbit interaction. Consequently, the quantity that must be conserved is the

total angular momentum, J = L + S, and not L and S independently. J can take values from

|L � S| to L + S. The spin-orbit interaction, which goes as

h�L · Si =
�

2
[J(J + 1) � L(L + 1) � S(S + 1)], (1.6)

splits these (2L + 1)(2S + 1) levels into well-defined J manifolds, each with a degeneracy of

2J + 1. It follows that the energy separation between the J manifold and the J � 1 manifold is

�J . It is worth emphasizing that in the absence of spin-orbit coupling all the (2L + 1)(2S + 1)

9

Figure 1. (color online) The periodic table with elements highlighted that can adopt the pyrochlore
lattice. The colors indicate the elemental oxidation states, with 2+ in teal, 3+ in blue, 4+ in red, and 5+ in
pink. Adapted from Ref. [4].

2. Heisenberg Spin Cases: Gd2Ge2O7 and Gd2Pb2O7

Gd3+ has seven unpaired f-electrons, and therefore the orbital angular momentum is quenched
(L = 0) in a half-full shell and there is, as a result, an isotropic spin-only total angular momentum of
S = J = 7/2. Crystal-field effects are not important, and the relevant physics of these ions follow the
Heisenberg model with a ground state multiplet of 2J + 1 = 8 states. These are perhaps the simplest
ground states to model and our review will begin with Gd high-pressure pyrochlore phases.

Li et al. [12] recently performed detailed studies on Gd2Ge2O7 (GGO). As shown in Figure 2,
at zero or small applied magnetic fields (H), the dc magnetic susceptibility (χdc), ac magnetic
susceptibility χdac, and specific heat of GGO consistently show an anomaly or peak at TN = 1.4 K,
which represents a long-range magnetic ordering. For χdc, an extra shoulder around 0.9 K is induced
with H = 1 T, which then shifts to below 0.6 K with H = 1.5 T. Meanwhile, χac shows a more clear
evolution of the field-induced anomalies: (i) at H = 1.5 T, a shoulder emerges around 0.9 K and
then shifts to lower temperatures with increasing field; (ii) for H > 1.5 T, the anomaly at 1.4 K splits
into two peaks. The lower one shifts to lower temperatures and disappears while field increases to
3 T; (iii) for H > 3 T, a new shoulder develops below 1.4 K and shifts to lower temperatures with
increasing field; (iv) TN is consistently suppressed by increasing field, which is also observed from
specific heat. A magnetic phase diagram was constructed based on the data, as shown in Figure 3.
At least four different magnetic phases can be distinguished here, which is similar to that of Gd2Sn2O7

(GSO) [13,14].
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Figure 2. (color online) Temperature dependence of (a) dc magnetic susceptibility (χdc), (b) ac magnetic
susceptibility χac, and (c) specific heat (C) under various fields for Gd2Ge2O7. From Ref. [12].

Figure 3. (color online) Magnetic phase diagram for Gd2Ge2O7. From Ref. [12].



Inorganics 2019, 7, 49 5 of 18

One of the interests in GSO originates from a magnetic transition at TN = 1.0 K [15,16] with the
magnetic structure exhibiting the so-called Palmer-Chalker (PC) state [17]. Meanwhile, Gd2Ti2O7

(GTO) undergoes two transitions at TN1 = 1.0 K and TN1 = 0.75 K [18], while its exact magnetic structure
is still under debate [19,20]. The TN of GGO observed here is around 40% higher than those of GSO
and GTO, which can be qualitatively attributed to the enhanced nearest-neighbor exchange interaction.
This enhancement is naturally caused by the shorter nearest-neighbor Gd–Gd distance due to the
smaller Ge4+ ionic size.

On the other side of the stability curve is the plumbate Gd2Pb2O7. The first report of high-pressure
synthesis of plumbate pyrochlores was made by Sleight in 1969 [21]. Pb4+ is the largest B-site cation
that can be incorporated in the pyrochlore structure (r = 77.4 pm). However, the similarity in radii to the
trivalent RE species leads to a considerable amount of chemical disorder. In the cases of Nd2Pb2O7, the
A/B-site disorder is on the order of a few percent, but in the case of Gd2Pt2O7, the Gd site occupancy
is 39%, which is nearly a completely disordered lattice [4,22]. Nonetheless, Gd2Pb2O7 has a magnetic
ordering transition at 0.81 K, and curiously a T3/2 dependence of the heat capacity at low temperatures
suggestive of ferromagnetic spin waves (Figure 4). This occurs despite the high degree of chemical
disorder, and the large and negative Weiss constant of −7.38(6) K. This is in striking contrast to the
magnetic ordering observed in Gd2Ti2O7, which is a two-step process. The clear difference is the lack of
chemical order in the plumbate, as both compounds have a lack of crystal fields and a large a negative
Weiss temperature. Remarkably, the plumbate still orders into a well-defined magnetic ground state
that is not a spin glass (even though the level of chemical disorder is beyond the percolation limit for
the pyrochlore lattice). Future neutron scattering experiments with a less absorbing Gd isotope (such
as Gd160) are necessary to investigate this further.

3. Ising spin ices: Ho2Ge2O7, Dy2Ge2O7

Holmium and dysprosium pyrochlores are both examples of Ising-like systems where the spins
are constrained to lie into or out of each tetrahedron at low temperatures due to strong crystal-field
effects. Both magnetic species also have large moments on the order of 10 µB. Dipolar interactions
are therefore very significant, but on an energy scale of ∼1 K. These conditions, with the additional
constraint of net ferromagnetic interactions between the moments, lead to the so-called spin ice state: a
short-range magnetic ordering of 2 spins pointing out of and two spins pointing into each tetrahedron
at very low temperatures. The holmium and dysprosium pyrochlores have been studied extensively as
host lattices for magnetic monopole excitations, which are spin defects of 3-in/1-out or 3-out/1-in spin
states on each tetrahedron. Through a coarse-graining argument, these spin defects can be thought of
as a source and sink of magnetic flux, and therefore as Dirac monopoles (Figure 5). The advantage to
investigating high-pressure phases of these spin ices is to increase the monopole concentration through
the application of chemical pressure (and therefore larger spin-spin interactions).

Hallas et al. studied Ho2Ge2O7 (HGO) in detail to compare to the spin ice state of Ho2Ti2O7

(HTO). As shown in Figure 6, the real part of the ac susceptibility, χ′, of HGO drops at 1.3 K and
approaches zero in the limit of 0.5 K while its imaginary part, χ”, contains a single maximum at
1.2 K. The frequency dependence of the peak position in χ”, T1, can be fit to an Arrhenius law f = f0

exp[–E1/(kBT1)] with E1/kB = 20 K (Figure 6c). At high temperatures with a frequency of 1 kHz,
a second peak begins to emerge in χ” at 18 K with increasing applied filed (Figure 6d), which position
(T2) can be fit to the Arrhenius law with E2/kB = 196 K (Figure 6f).The presence and position of these
peaks in the ac susceptibility for HGO is consistent with those for other known spin ices. The energy
barrier of 20 K is related to local spins adopting an ice-like state. The comparable energy barriers for
Ho2Sn2O7 (HSO) and Ho2Ti2O7 are 19.6 and 27.5 K, respectively [23]. The 196 K energy barrier of
HGO relates to a thermally activated region and the first crystal-field excitation [24].

Zhou et al. studied the magnetic heat capacity (Cmag) of HGO (Figure 7a) [25]. The calculated
zero-point entropy is near the characteristic spin ice zero-point entropy S0 = R ln(3/2). The measured
properties, including a small and positive Curie-Weiss constant, a magnetization saturating to half the
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magnetic moment, and a magnetic diffusing scattering with pinch point singularities, are all evidence
confirming that HGO is a dipolar spin ice. Similar behaviors were also observed for Dy2Ge2O7 (DGO),
which makes it another dipolar spin ice [25,26].

Zhou et al. [25] further studied the chemical pressure effects on studied spin ices by comparing
their magnetic specific heat (Figure 8), including HSO, HTO, HGO, Dy2Sn2O7 (DSO), Dy2Ti2O7

(DTO), and DGO. According to the so-called “dipolar spin ice model” proposed by den Hertog and
Gingras [27], the low-temperature magnetic properties of a pyrochlore spin ice are controlled by the
magnetic exchange (Jnn) and dipolar interaction (Dnn) of the nearest-neighbor spins. The spin ice
state is only stable with Jnn/Dnn > −0.91. For Jnn/Dnn < −0.91, the system undergoes a transition
to a low-temperature Q = 0 antiferromagnetically ordered state. Moreover, the simulated specific
heat using DSIM shows that its peak intensity and position is related to Jnn/Dnn ratio. With the
experimental value of Tpeak for specific heat and the calculated Dnn = 5/3(µ0/4π)µ2/r3

nn (where rnn

is the nearest-neighbor RE spin distance), the Jnn/Dnn values of all six spin ices were calculated and
therefore located on the DSIM phase diagram. As shown in Figure 8, with increasing chemical pressure
or decreasing lattice parameters, the Ge-spin ice approaches the phase boundary from the spin ice
side. One noteworthy feature is that for DGO with smallest Jnn/Dnn = −0.73, its Cmag has the highest
intensity, which is consistent with the sharp increase of Cpeak calculated from DSIM as the spin ice
system approaches Jnn/Dnn < −0.5 [28]. The possibility to stabilize a larger fraction of magnetic
monopole in DGO also has been discussed by Zhou et al. in Ref. [26].
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FIG. 1. (Color online) Room-temperature powder x-ray diffrac-
tion patterns and structure refinements of A2Pb2O7, where A = (a)
La, (b) Nd, (c) Pr, and (d) Gd. Patterns for the observed (red marks),
calculated (black lines), and difference (blue lines) are shown. The
ticks indicate the positions of the Bragg reflections for the Fd3̄m

space group.

2θ = 25.6◦ corresponds to the (222) pyrochlore reflection
from the Cu Kβ wavelength.

Lead is the largest known possible B-site cation for the py-
rochlore lattice. As a result, the A-site to B-site ratio, A3+/B4+,
in the lead pyrochlores are among the smallest. Consequently,
much like zirconium-based pyrochlores, nonnegligible site
mixing between the A and B sites is expected to be likely
[52]. To determine the exact level of site mixing in the lead
pyrochlores, we have performed room-temperature neutron
diffraction on Pr2Pb2O7 (Fig. 2). Rietveld analysis revealed
the presence of mixing between Pr3+ and Pb4+ on the order
of 8%. This is also evidenced by the reduced size of the (111)
superlattice peak at 2θ = 14◦ with decreasing rare-earth size
(Fig. 1). The pyrochlore superlattice peaks arise due to A-
and B-site ordering, and vanish in the case of random site

TABLE I. Ionic radii for A = Pr, Nd, Gd and B = Ti, Sn, Pb, and
the resultant pyrochlore lattice parameter. The lattice parameters for
the stannate pyrochlores are taken from [51].

Cation Pr (0.99 Å) Nd (0.98 Å) Gd (0.94 Å)

Ti (0.61 Å) 10.18 Å [44]
Sn (0.69 Å) 10.600 Å 10.567 Å 10.454 Å
Pb (0.78 Å) 10.872 Å 10.834 Å 10.729 Å

FIG. 2. (Color online) Rietveld refinement of the room-
temperature TOF diffraction pattern of Pr2Pb2O7 measured on the
GEM diffractometer. The observed (red marks), calculated (black
lines), and difference (blue lines) patterns are shown. The ticks
indicate the positions of the Bragg reflections for the Fd3̄m space
group. The weighted profile R factor for the fit is Rwp = 4.14%.

occupancy. The detailed results of the structural refinement of
Pr2Pb2O7 are presented in Table II.

Gd2Pb2O7 has an A-site to B-site ratio of 1.36, the smallest
of any pyrochlore [2]. From inspection of the x-ray diffraction
pattern, it is apparent that the (111) superlattice peak at
2θ = 14◦ is nearly extinct in Gd2Pb2O7 [Fig. 1(d)]. However,
neutron diffraction of Gd2Pb2O7 is made difficult by the high
neutron absorption cross section of gadolinium. Instead, we
used x-ray refinements to investigate the degree of site mixing
in Gd2Pb2O7. Refinements in which the A-site and B-site
occupancies are allowed to freely vary give 61% order of

TABLE II. Selected parameters for the refinement of the neutron
diffraction pattern of Pr2Pb2O7.

Atom Site (x,y,z) Occupancy Uiso (Å
2
)

Pr/Pb 16d ( 1
2 , 1

2 , 1
2 ) 0.924(7)/0.076(7) 0.0071(9)

Pb/Pr 16c (0,0,0) 0.924(7)/0.076(7) 0.0026(4)
O1 8b ( 3

8 , 3
8 , 3

8 ) 0.91(1) 0.006(1)
O2 48f (0.342, 1

8 , 1
8 ) 1.0 0.0085(4)
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FIG. 11. (Color online) The magnetization of Gd2Pb2O7 as a
function of applied field between 0 T and 7 T at temperatures between
0.5 K and 50 K. The solid curves show the Brillouin function for
J = 7/2 at each corresponding temperature.

magnetic ordering anomalies close to 1.0 K [44]. They too
both exhibit a degree of irreversibility below these transitions.
The maximum FC/ZFC splitting measured in Gd2Pb2O7 is
0.03 emu/mol Gd3+, very similar to the magnitude of the
splitting in Gd2Ti2O7 [44]. Conversely, in Gd2Sn2O7, the
FC/ZFC splitting is an order of magnitude larger [44].

The high-temperature magnetic susceptibility of Gd2Pb2O7
up to 300 K is shown in Fig. 10(b). Between 10 K and 300 K
the inverse susceptibility is strikingly linear, fitting well to
Curie-Weiss behavior. The Weiss temperature is −7.38(6) K,
indicating dominant antiferromagnetic interactions. The Weiss
temperatures for Gd2Ti2O7 and Gd2Sn2O7 are −9.9(1) K and
−8.6(1) K, respectively [44]. As anticipated, the substitution
of the larger Pb4+ cation appears to have weakened the
antiferromagnetic exchange in Gd2Pb2O7.

The Curie-Weiss fit of Gd2Pb2O7 can also be used to extract
an effective moment, yielding 7.67(1) µB [Fig. 10(b)]. This
calculated moment is close to the expected 7.94 µB free-ion
moment. In Gd3+, the isotropic spin, S = 7/2, is the only
contribution to the total angular momentum, J . Consequently,
the 8-fold degeneracy of the ground state is only marginally
lifted by the crystal electric field, on the order of a fraction
of a kelvin [17]. The high degree of linearity in the inverse
susceptibility between 10 K to 300 K suggests there are no
well-separated crystal field levels in Gd2Pb2O7, supporting
the picture described above.

The magnetization of Gd2Pb2O7 is shown in Fig. 11 at
temperatures ranging from 0.5 K to 50 K. At 10 K and
higher, the magnetization fits well to the Brillouin function
for J = 7/2, which describes a system of paramagnetic, non-
interacting moments. At 0.5 K, where the Brillouin function
fails completely, the magnetization approaches a saturation
value on the order of the free-ion Gd3+ moment by 7 T.

The magnetic specific heat of Gd2Pb2O7 is shown in Fig. 12.
The magnetic specific heat increases below 10 K and peaks
at 0.81 K. Extrapolating Cmag/T to 0 J/mol K2 gives an
integrated entropy of 17.1 J/mol K (Fig. 12 inset). This value

FIG. 12. (Color online) Magnetic specific heat of Gd2Pb2O7

measured in zero field between 0.4 K and 20 K. Inset: Inte-
grated entropy of Gd2Pb2O7, giving the expected value, R ln 8, for
Heisenberg-like spins.

corresponds to 0.99R ln 8 = 0.99R ln (2S + 1). This is the
expected value for Gd3+ (S = 7/2), which, with very small
single-ion anisotropy, has Heisenberg-like spins. Anomalies
related to magnetic ordering are also observed in Gd2Ti2O7
and Gd2Sn2O7 at approximately 1 K. The maximum amplitude
of the anomaly in Gd2Pb2O7 is 8.7 J/mol K. This is similar
in magnitude to that of Gd2Ti2O7, whereas the anomaly in
Gd2Sn2O7 has a maximum amplitude of 120 J/mol K [44].
However, in Gd2Ti2O7, there is a second anomaly at 0.75 K
and the ordering in this compound occurs in two distinct stages
[44,46]. Thus, the heat capacity anomaly of Gd2Pb2O7 does
not strongly resemble either of its group members.

The temperature dependence of the magnetic specific
heat of Gd2Pb2O7, below the ordering temperature, reveals
further differences from the other gadolinium pyrochlores
(Fig. 13). Conventional ungapped antiferromagnetic spin wave
excitations give rise to a Cmag ∝ T 3. However, the specific heat
below the ordering transition in both Gd2Ti2O7 and Gd2Sn2O7
is better parametrized by Cmag ∝ T 2 [44,56]. In Gd2Sn2O7, the
specific heat is found to decrease exponentially below 350 mK
[57]. This behavior in Gd2Sn2O7 is attributed to conventional
antiferromagnetic gapped magnons and can be theoretically
reconciled with linear spin-wave theory [57]. However, the
Cmag ∝ T 2 dependence in Gd2Ti2O7, which is ungapped down
to 100 mK, remains a mystery [56].

A least-squares fit to the heat capacity of Gd2Pb2O7
between 0.35 K and 0.75 K to Cmag ∝ T η gives η = 1.49(3).
Thus, the specific heat of Gd2Pb2O7 below 0.8 K is well
described by a Cmag ∝ T 3/2 power law, as shown in Fig. 13.
In an ordered ferromagnet, spin wave excitations make a
Cmag ∝ T 3/2 contribution to the specific heat. However, a
ferromagnetic ground state cannot be reconciled with the over-
whelmingly negative (antiferromagnetic) Curie-Weiss temper-
ature in Gd2Pb2O7. Determination of the magnetic ground
state of Gd2Pb2O7 will require neutron diffraction, which
is made challenging by the high neutron absorption cross
section of gadolinium. While the exact ground state remains
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FIG. 12. (Color online) Magnetic specific heat of Gd2Pb2O7

measured in zero field between 0.4 K and 20 K. Inset: In-
tegrated entropy of Gd2Pb2O7, giving the expected value,
R ln 8, for Heisenberg-like spins.

Gd2Pb2O7

FIG. 13. (Color online) Power law fits to the low temperature
specific heat of Gd2Pb2O7. The least squares refinement gives
a Cmag ∝ T 3/2 dependence (red curve).

K (Figure 12 inset). This value corresponds to
0.99·R ln 8 = 0.99·R ln (2S + 1). This is the expected
value for Gd3+ (S = 7/2), which, with very small single
ion anisotropy, has Heisenberg-like spins. Anomalies re-
lated to magnetic ordering are also observed in Gd2Ti2O7

and Gd2Sn2O7 at approximately 1 K. The maximum am-
plitude of the anomaly in Gd2Pb2O7 is 8.7 J/mol-K. This
is similar in magnitude to that of Gd2Ti2O7, whereas
the anomaly in Gd2Sn2O7 has a maximum amplitude
of 120 J/mol-K [44]. However, in Gd2Ti2O7, there is a
second anomaly at 0.75 K and the ordering in this com-
pound occurs in two distinct stages [44, 46]. Thus, the
heat capacity anomaly of Gd2Pb2O7 does not strongly
resemble either of its group members.

The temperature dependence of the magnetic specific
heat of Gd2Pb2O7, below the ordering temperature, re-

TABLE III. Comparison of lattice parameters and selected
magnetic parameters in the A2Pb2O7 (A = La, Nd, Pr and
Gd pyrochlores).

a (Å) θCW (K) µeff (µB) Anisotropy
La2Pb2O7 10.9682(4) − − −
Pr2Pb2O7 10.8721(9) −0.74(1) 2.53(1) Ising
Nd2Pb2O7 10.8336(4) 0.15(1) 2.47(1) Ising
Gd2Pb2O7 10.7292(8) −7.38(6) 7.67(1) Heisenberg

veals further differences from the other gadolinium py-
rochlores (Figure 13). Conventional ungapped antiferro-
magnetic spin wave excitations give rise to a Cmag ∝ T 3.
However, the specific heat below the ordering transition
in both Gd2Ti2O7 and Gd2Sn2O7 is better parameterized
by Cmag ∝ T 2 [44, 56]. In Gd2Sn2O7, the specific heat is
found to decrease exponentially below 350 mK [57]. This
behavior in Gd2Sn2O7 is attributed to conventional anti-
ferromagnetic gapped magnons and can be theoretically
reconciled with linear spin-wave theory [57]. However,
the Cmag ∝ T 2 dependence in Gd2Ti2O7, which is un-
gapped down to 100 mK, remains a mystery [56].

A least squares fit to the heat capacity of Gd2Pb2O7

between 0.35 K and 0.75 K to Cmag ∝ T η gives
η = 1.49(3). Thus, the specific heat of Gd2Pb2O7 be-
low 0.8 K is well described by a Cmag ∝ T 3/2 power
law, as shown in Figure 13. In an ordered ferromag-
net, spin wave excitations make a Cmag ∝ T 3/2 con-
tribution to the specific heat. However, a ferromagnetic
ground state cannot be reconciled with the overwhelm-
ingly negative (antiferromagnetic) Curie-Weiss temper-
ature in Gd2Pb2O7. Determination of the magnetic
ground state of Gd2Pb2O7 will require neutron diffrac-
tion, which is made challenging by the high neutron
absorption cross section of gadolinium. While the ex-
act ground state remains unknown at present, it is clear
that it is markedly different from those of Gd2Ti2O7 and
Gd2Sn2O7. In the absence of neutron diffraction or muon
spin relaxation microscopic magnetic measurements we
cannot rule out spin glass freezing. However, the sharp-
ness of the transition seen in our bulk dc suscepbitility
and specific heat measurements, along with a lack of fre-
quency dependence in ac susceptibility (not shown) make
spin glass ordering highly unlikely in Gd2Pb2O7. This is
particularily noteworthy given the significant degree of
site mixing.

CONCLUSIONS

We have reported on the crystallographic and mag-
netic properties of the lead based pyrochlores A2Pb2O7

(A = La, Pr, Nd, Gd) (Table III). We have explored
a new region of phase space in a family of materials
known to have a rich collection of ground states. Lead
is the largest B-site cation which can occupy the py-

Figure 4. (color online) XRD patterns of (a) La2Pb2O7, (b) 2Pb2O7, (c) Nd2Pb2O7, and (d) Gd2Pb2O7.
The refinements are to the cubic pyrochlore structure (green crosses below the refinements) with the
lattice parameter indicated for each. The asterix (black) marks the (111) Bragg reflection, which is weak
due to chemical disorder. (e) Low-temperature heat capacity of Gd2Pb2O7, showing a clear magnetic
transition and a T3/2 dependence suggestive of ferromagnetic ordering, despite the negative Weiss
constant (f) Heat capacity and integrated entropy of Gd2Pb2O7, indicating the release of the full S = 7/2
entropy with R ln(2S + 1) = R ln(8). From Ref. [22].
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Figure 5. (color online) The creation and propagation of magnetic monopoles in dipolar spin ice.
The 3-out, 1-in state is a source of magnetic flux (positive charge), and the 3-in, 1-out state is a sink of
magnetic flux (negative charge).

Figure 6. (color online)Temperature dependence of (a) the real part χ′ and (b) the imaginary part χ”
of the ac susceptibility for Ho2Ge2O7 below 3 K; (c) Arrhenius law fit of the low-temperature peak
position in χ”; (d) high-temperature χ” at f = 1 kHz with varying field strength; (e) high-temperature
χ” at H = 1.0 T with varying frequency; (f) Arrhenius law fit of the high-temperature peak position in
χ”. From Ref. [29].
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Figure 7. (color online) Magnetic specific heat for all six pyrochlore spin ices. The data for Ho2Sn2O7

are from [30], Ho2Ti2O7 from [31], and Dy2Ti2O7 from [32]. From Ref. [25].

Figure 8. (color online) Dependencies of the specific heat peak position Tpeak/Dnn on Jnn/Dnn ratio.
The open symbols are experimental results, and the solid lines are the theoretical calculations from the
dipolar spin ice model. From Ref. [25].

4. Ising Spin Liquid: Tb2Ge2O7

Tb2Ti2O7 remains one of the best examples in the literature as a candidate for a quantum
spin liquid state. While the moment is much smaller than the holmium or dysprosium titanates,
the spin-spin interactions are much stronger and dominantly antiferromagnetic in nature (with Weiss
temperatures on the order of −17.5 K). The combination of these effects and low-lying crystal-field
levels leads towards a dynamic ground state with antiferromagnetic ordering over single tetrahedra.
To date there has been no evidence of long-range magnetic ordering down to mK temperatures.
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The substitution of Ge4+ for Ti4+ results in even stronger exchange and therefore is a route to explore
the fragility of spin liquids under chemical pressure.

Hallas et al. studied the magnetic properties of Tb2Ge2O7 (TGO) [33]. A Curie-Weiss fit of the dc
susceptibility leads a Weiss temperature θCW = −19.2 K, representing net antiferromagnetic exchange
interactions. The specific heat shows two anomalies around 5.5 K and 1.2 K. As shown in Figure 9,
at zero dc field, both the χ′ and χ” show no sign of magnetic ordering down to 20 mK. An applied
field as small as 0.01 T induces a broad peak in χ′. This peak is frequency independent (Figure 9c) but
shifts to higher temperatures with increasing dc field. This field enhancement of this peak combined
with its frequency independence suggest that the origin of this feature is ferromagnetic in character.
Moreover, the increase of magnetic diffuse scattering intensity at low Q [33] also confirms the formation
of ferromagnetic domains at low temperatures.

Figure 9. (color online) The (a) real, χ′, and (b) imaginary, χ”, components of the ac susceptibility
of Tb2Ge2O7. (c) A dc field of 0.03 T induces a frequency independent peak that shifts to higher
temperatures with increasing field. From Ref. [33].

From Tb2Ti2O7 (TTO) to TGO, the decrease of lattice parameter leads to a 2% volume reduction.
This reduction should increase the exchange interaction and therefore it is expected to see that TGO
has a higher θCW = −19.2 K than that of TTO (θCW = −17.5 K [34]). The temperature dependence of the
magnetic specific heat also appears to be similar [34]. Another similarity between them is that TTO also
shows no ordering down to lowest temperature measured and have been treated as a quantum spin
liquid candidate [35–39]. The surprising feature of TGO is that despite the enhanced antiferromagnetic
(AFM) interactions, its ground state is ferromagnetic (FM) in nature. The chemical pressure here
dramatically changes the magnetic ground state. This significant difference in the magnetism is
possibly related to the subtle differences in the crystal-field scheme and, consequently, the single ion
anisotropy between TGO and TTO due to chemical substitution, which needs further studies to clarify.
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Very recent work by Hallas and Gaulin have shown that there is, indeed, a splayed ferromagnetic
structure with TC = 1.2 K [40].

5. XY Spin Case: Er2Ge2O7/Yb2Ge2O7

The XY pyrochlores, with planar local symmetry of the magnetic moments, have held the attention
of the solid-state community due to the possibility of exotic magnetic states, such as the quantum spin
ice. XY systems have also shown evidence for 2D magnetic ordering, and quasiparticle breakdown of
spin wave spectra. There are several excellent reviews of these systems, including the recent review by
Hallas, Gaudet and Gaulin [41].

As shown in Figure 10, Li et al. studied the ac susceptibility of Er2Ge2O7 (EGO). At zero dc field
and ambient pressure, χ′ shows a maximum at TN = 1.4 K, which is consistent with the peak position,
or magnetic ordering, observed from the dc susceptibility and specific heat data [42]. With increasing dc
field, χ′ exhibits complicated behaviors: for H ≤ 0.2 T, TN remains constant and χ′ is enhanced below
TN; (ii) for 0.3 ≤ H ≤ 1.0 T, TN decreases slightly and the low-temperature upturn of χ′ is suppressed;
(iii) for 1.0 ≤ H ≤ 2.3 T, the cusp-like anomaly of χ′ becomes a broad peak, which shifts to lower
temperatures with increasing fields; (iv) for 2.3 < H ≤ 6.0 T, the feature of χ′ is smeared out. The field
dependence of χ′ measured at 0.35 K (Figure 10e) again reflects this evolution. The χ′(H) data shows
a double peak feature with the second peak at a critical field Hc = 2.3 T. The χ′ data obtained under
applied pressure also shows that both TN and Hc are enhanced with increasing pressure (Figure 10f).

Figure 10. (color online) All data for Er2Ge2O7. (a–d) Temperature dependence of the ambient-pressure
χ′ under different dc magnetic fields. (e) Field dependence of χ′ measured at T = 0.35 K under different
pressures. (f) Field dependence of TN under different pressures. From Ref. [42].
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Dun et al. measured the neutron powder diffraction of EGO under applied magnetic fields [43].
As shown in Figure 11, several magnetic Bragg peaks, such as (111), (220), and (311), are clearly
observed at 0.3 K (< TN = 1.4 K). Moreover, the field dependence of the (220) and (311) Bragg peaks
intensities shows complicated evolution: (i) with H < 0.15 T, a magnetic domain alignment results
in a quick drop of the (220) peak intensity with increasing field; (ii) between 0.15 and 2 T, the spins
gradually rotate with the magnetic field but keep the AFM nature; (iii) around a critical field Hc = 2
T, the (220) Bragg peak intensity abruptly drops to a background value, while the (311) Bragg peak
intensity continuously increases. This demonstrates that above Hc, EGO enters a spin polarized state.
The observed FM(400) and AFM (200) Bragg peaks on the pattern measured at H = 5 T (Figure 11c)
suggest that this polarized state is similar to the splayed ferromagnetic (SF) state in the Γ9 manifold.
This domain alignment around 0.15 T and the critical field around 2 T are consistent with the critical
fields observed from ac susceptibility. The refinement of the 0.3 K data under zero field makes no
difference between the Ψ2 and Ψ3 spin structure in the Γ5 manifold. Meanwhile, the studies on
Er2Ti2O7 (ETO) [44,45] have shown that the applied field along the [1 −1 0] direction will select the
two domains with lower intensity if the Ψ3 phase is presented and lead to a drop of the (220) magnetic
peak intensity with increasing field. Therefore, the drop of (220) peak intensity with applied field of
EGO suggests a Ψ3 ground state since the similar selection rule should also work in powder sample
with additional averaging effect.

Figure 11. (color online) Elastic neutron scattering patterns and Rietveld refinements for EGO
at (a) T = 3 K and H = 0 T, (b) T = 0.3 K and H = 0 T, and (c) T = 0.3 K and H = 5 T. (d) The field
dependence of the (220) and (311) Bragg peaks intensities measured at T = 0.3 K; the critical field Hc is
marked as the dashed line. The spin configurations for (e) Ψ2, (f) Ψ3, and (g) splayed ferromagnetic
(SF) phases in the local coordination. From Ref. [43].
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The ac susceptibility [46] and specific heat [43] measured by Dun et al. (Figure 12) confirm an
AFM ordering at TN = 0.62 K for Yb2Ge2O7 (YGO). The observed magnetic Bragg peaks positions
and intensity ratios from neutron powder diffraction measurements for YGO are very similar to those
of EGO, which identifies YGO’s ground state as either Ψ2 or Ψ3 state. Refinements based on these
two spin structures give the same Yb3+ moment of 1.06 µB. The field dependence of the magnetic
Bragg peak intensity (Figure 12c) and the ac susceptibility (Figure 11d) showing a double peak feature
confirm that YGO undergoes a domain movement below 0.12 T and enters a SF (polarized) state above
0.22 T. YGO’s phase diagram (Figure 12e) is similar to that of EGO but with lower TN and smaller Hc.
Later, another neutron study by Hallas et al. [47] leads to a smaller ordered moment, 0.3 µB/Yb ion.
The exact reason for the difference of these two studies are still not clear. Their µSR measurements also
indicate persistent weak spin dynamics below TN.

Figure 12. (color online) All data for Yb2Ge2O7. (a) Elastic neutron scattering pattern and Rietveld
refinement at T = 0.3 K and H = 0 T. (b) The difference between the patterns measured at 0.3 K (with
H = 0 and 2 T) and 1.6 K. (c) The field dependence of the (220), (311), and (400) Bragg peaks intensities
at 0.3 K. (d) The ac susceptibility at different temperatures. Inset: The dc magnetization measured at
0.6 K. (e) The magnetic phase diagram. From Ref. [43].
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Table 1. Comparison between Er2X2O7 and Yb2X2O7.

Er2X2O7 Yb2X2O7

X site ion Sn Ti Ge Sn Ti Ge
IR(X4+)(Å) 0.69 0.605 0.53 0.69 0.605 0.53

a (Å) 10.35 10.07 9.88 10.28 10.03 9.83
θCW (K) −14 −15.9 −21.9 0.53 0.75 0.9

TN 0.1 1.17 1.41 0.15 0.24 0.62
Order type ∼(AFM) AFM AFM FM FM AFM
Reference [48,49] [50] [42] [51] [52] [46]

Spin state ∼(PC) ψ2 ψ3 SF SF ψ2(or3)
Reference [49] [45] [43] [51] [53] [43]

Table 1 lists the properties of the studied XY pyrochlores, including Er2Sn2O7 (ESO), ETO, EGO,
Yb2Sn2O7 (YSO), YTO, and YGO. With decreasing lattice parameters or increasing chemical pressure,
(i) for Er-pyrochlores, the magnetic ground state changes from PC state for ESO, to Ψ2 for ETO and
then to Ψ3 for EGO; (ii) for Yb-pyrochlores, it changes from ferromagnetic SF state for YSO and YTO
to antiferromagnetic Ψ2 or Ψ3 state. It is very clear that the chemical pressure efficiently modifies
the ground state of XY pyrochlores. A theoretical study [54] has pointed out that the anisotropic
nearest-neighbor exchange interaction Jex = (Jzz, J±, Jz±, J±±) between the R3+ ions, plus the strong
quantum spin fluctuations of the effective spin-1/2 moment, stabilize various exotic magnetic ground
states in these XY pyrochlores. Wong et al. [55] have scaled the Jex by J± as three variables ( Jzz/J±,
Jz±/J±, J±±/J±) and calculated a two dimensional magnetic phase diagram with the fixed ratio of
Jzz/J±, which contains continuous phase boundaries among the PC, SF, ψ2 and ψ3 phases. Based on
this phase diagram, the two trends for the Er- and Yb-pyrochlores’ ground state change listed above
can be successfully unified by the scenario that the increasing chemical pressure enhances J±, which
has been discussed in Ref. [43].

While the magnetic ground state, or the static properties, of the Yb-pyrochlores are distinct,
the recent inelastic neutron scattering measurements [56] reported by Hallas et al. reveal a common
character to their exotic spin dynamics. As shown in Figure 13, all three Yb-pyrochlores (YGO, YTO,
and YSO) show a gapless continuum of spin excitations, resembling over-damped ferromagnetic
spin waves at low Q. Furthermore, the specific heat of the series also follows a common form, with a
broad, high-temperature anomaly followed by a sharp low-temperature anomaly at TC or TN. The spin
dynamics observed from the neutron scattering measurements correlate strongly with the broad
specific heat anomaly only, remaining unchanged across the sharp anomaly. These results suggest that
the ordering in Yb-pyrochlores may not be simple magnetic dipole order, which needs future studies
to clarify.

Figure 13. (color online) Inelastic neutron scattering spectrum for (a) YGO, (b) YTO, (c) YSO, and (d)
ETO. From Ref. [56].

6. The Future of High-Pressure Pyrochlore Research: 4d and 5d Transition Metal Phases

The boundaries of the pyrochlore stability field discussed in this review are by no means set in
stone. Ever more accessible higher pressures (greater than 20 GPa) and temperatures have led to new
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phases, such as the recently discovered silicon pyrochlore phases (Si can have octahedral symmetry
under high pressure) [57]. High-pressure techniques can also be used to stabilize certain oxidation
states, such as Rh4+ and Pt4+ [58]. Here we highlight recent work on the planate pyrochlores.

Upon first glance, RE planate pyrochlores appear to be stable under ambient pressure, since the
A/B ionic radius ratio is approximately 1.7. However, PtO2 decomposes at around 450 degrees C,
rendering standard solid-state synthesis methods infeasible. RE platinate pyrochlores can be
synthesized in single phase form at relatively low pressures (6 GPa) and 1000 degrees C. The magnetic
properties of many of these pyrochlores are quite different than their titanate analogues, even though
Pt4+ is a d6 system and should be diamagnetic in a filled t2g orbital. Gd2Pt2O7, for example, has an
only 0.7 percent different lattice parameter than Gd2Ti2O7. The ordering transition in Gd2Pt2O7 occurs
at TN = 1.6 K, which is at least 50% higher than other Gadolinium-based pyrochlores which order at 1
K or lower (Figure 14) [59]. The reason for this is the enhanced magnetic exchange from the filled t2g
orbital for Pt4+, which appears to remove the frustration. Er2Pt2O7 represents another intriguing case
where the apparent magnetic transition temperature decreases rather than increases when compared
to the titanate analogue (TN = 0.35 K for Er2Pt2O7 compared to TN = 1.1 K for Er2Ti2O7) [60]. Again,
structurally the two compounds only have a 0.5 percent lattice constant difference. The reason for
this decrease in TN is linked to the proximity to a competing magnetic phase. Er2Pt2O7 magnetically
orders into the Palmer-Chalker magnetic structure (Γ7) but the exchange interactions place the system
very close to the Γ5 phase. Enhanced spin fluctuations close to the spin boundary are seen on the order
of T = 1 K through inelastic neutron scattering measurements [60]. 4
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FIG. 3. The low temperature magnetic heat capacity of
Gd2Pt2O7, showing a first order phase transition at TN =
1.6 K. Inset: The low temperature heat capacity, between 0.4 K
and 2 K on a logarithmic scale. Below 0.75 K, the heat capac-
ity is well-described by an exponential decay, given by the red
curve, indicating the presence of a gap in the spin excitation
spectrum. The fitted value of the gap is � = 0.245(1) meV.

the measured range in this study and thus, we need not
consider it. Below TN , the heat capacity in Gd2Pt2O7

does not follow a Cmag / T 3 dependence, as would be
expected for conventional ungapped antiferromagnetic
spin waves. Nor does it follow a Cmag / T 2 dependence,
which is the unusual temperature dependence observed in
Gd2Ti2O7 [30]. Instead, the lowest temperature magnetic
heat capacity of Gd2Pt2O7 can be best parameterized by
Cmag / (1/T 2) e��/T , which is the expected form for a
gapped spin wave spectrum in a collinear antiferromag-
net with anisotropy. The fitted value of the gap, �, is
0.245(1) meV. This once again mirrors the situation in
Gd2Sn2O7, where the most notable di↵erence is the or-
dering temperature, TN = 1.0 K and the magnitude of
the spin wave gap, � = 0.121(1) meV [31].

MUON SPIN RELAXATION

The muon decay asymmetry in Gd2Pt2O7 in a very
small 10 G longitudinal field is shown above and below
TN = 1.6 K in Figure 4. The purpose of the 10 G field
is to decouple any nuclear moments from the sample
or silver sample holder. Passing through the magnetic
ordering transition, the relaxation rate of the early time
asymmetry rapidly increases. Below TN = 1.6 K, the
early time asymmetry is lost, as the relaxation occurs
within the first 10 ns of the muon lifetime, outside of
our time window. This e↵ect is commonly observed in
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materials with very large magnetic moments, such as
other gadolinium-based systems [32, 33]. Examining the
very early time, shown in the inset of Figure 4, we observe
an oscillatory component to the asymmetry below TN .
An oscillating muon decay asymmetry is a hallmark of
static magnetic order. The oscillations in Gd2Pt2O7 at
25 mK fit to a two component form, consistent with the
two unique oxygen sites which would naturally correspond
to two distinct muon stopping sites. The internal field
strength at these two muon stopping sites is 0.21(1) T and
0.49(2) T. The application of a longitudinal magnetic field
at 25 mK partially decouples the asymmetry at H = 0.1 T,
and fully decouples the asymmetry at H = 1 T, as would
be expected for conventional static order.

The long time asymmetry of Gd2Pt2O7 is well-
described by a single exponential relaxation function
(Figure 4). The rate of relaxation, �, as a function of tem-
perature is strongly peaked at TN = 1.6 K (Figure 5(a)).
Below TN , the relaxation rate approaches zero, which
is the expected behavior for a conventional magnetic or-
dering transition. This stands in stark contrast to the
behavior of many magnetically frustrated systems, which
frequently exhibit persistent spin dynamics down to the
lowest measured temperature. In particular, this e↵ect
has been observed in other frustrated gadolinium-based
systems [32, 34], including Gd2Sn2O7 [33], which is so
similar to Gd2Pt2O7 in many other ways. While an under-
standing of persistent spin dynamics is far from complete

Figure 14. (color online) Heat capacity (left) and muon spin relaxation measurements (right) on
Gd2Pt2O7, showing clear evidence for long-range magnetic ordering. From Ref. [59].

7. Conclusions

The future of high-pressure pyrochlore synthesis likely involves further extensions of the stability
field (through higher pressures greater than 20 GPa), and the stabilization of delicate oxidation states
as mentioned above. The exploration of magnetic species on both the A and B sites is also promising,
as exotic magnetic behavior, such as the giant magnetoelectric effect in Er2Mn2O7, can be observed [61].
The importance of high pressure as a vector for materials discovery is all the more apparent with the
plethora of pyrochlore phases mentioned above, and as well the new advances in other geometrically
frustrated magnets, [62] and the discovery of near room temperature superconductivity in hydrides [63].
The discovery of the latter in particular has brought high-pressure research, again, to the forefront of the
condensed matter physics community. As many of these new phases of matter are only metastable at
high pressures, there will also be a further impetus to develop fast, in situ, characterization techniques
in this regime. X-ray and neutron scattering probes at powerful, high brightness sources will be
essential for moving this field forward. As well, it is clear that the boundaries of the stability field of
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pyrochlore oxides synthesized under high pressure are destined to change rapidly as new materials
will become accessible. The silicate RE pyrochlores are of great interest as this provides a mechanism to,
for example, study high density monopole phases in species such as Dy2Si2O7 [57]. Mixed pyrochlore
phases of the form RE2ScNbO7, which are only stable under ambient conditions to Dy in the RE series,
could also be stabilized under moderate high pressures on the other side of the stability field. This
enables unique studies of B-site chemical disorder, and the possibility of Nb5+/Sc3+ charge ice phases
forming. The role of local disorder on the B sites will require techniques such as pair distribution
function analysis, which is another rapidly developing technique in the study of solids [64]. It is clear
that the use of high-pressure solid-state chemistry methods to explore new materials is still in its
infancy and has ample room for growth in the near future.
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