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A B S T R A C T   

We study the low-temperature thermomagnetic properties of the polycrystalline material Tb2Zr2O7 through ac 
susceptibility and specific heat measurements. This zirconate displays a defect-fluorite structure in which the 
magnetic Tb3+ and nonmagnetic Zr4+ cations sit randomly on the same metal sublattice. No long-range magnetic 
order is found down to 100 mK, although dominant antiferromagnetic interactions are observed and the spins 
remain dynamic down to the lowest temperatures investigated. We observed a frequency-dependent peak around 
2.5 K which is well described by many models of a canonical spin-glass transition. In-field specific heat mea
surements and the recovered entropy of the system Rln(4) suggest a two doublets ground state separated by 7 K. 
Comparisons to the pyrochlores Tb2Ti2O7 and Tb2Hf2O7 reinforce the collective spin-glass-type behavior and the 
opening for discussions of an exotic Coulomb phase in this material.   

1. Introduction 

Spin systems and the underlying geometry of their lattice structures, 
pertinent to their competing magnetic interactions, have drawn enor
mous interest and extensive investigations during the current millen
nium. The phenomenon known as geometrically frustrated magnetism is 
a crucial topic in condensed matter physics for displaying a broad 
spectrum of highly correlated magnetic phases [1–3]. Competition be
tween nearest neighbors and further interactions, together with the 
arrangement of the magnetic sites all play an important role in selecting 
the ground states in the frustrated magnets. Such a scenario precludes 
the system from establishing a long-range order at very low tempera
tures, with a spin configuration of the ground state possessing an 
extremely large degeneracy. The ultimate example of a frustrated 
magnet is the quantum spin liquid, in which the spins remain fluctuating 
and the expected order is not reached even down to T = 0 K [4,5]. The 
concept of frustration is central to other studies including negative 
thermal expansion of materials, soft matter, and protein folding kinetics 
[6]. 

Experimental realizations of frustrated magnets are the R2M2O7 
pyrochlore oxides, in which R3+ is a magnetic rare-earth ion (e.g., Ho, 
Dy, Er, Tb) and M4+ is a transition metal or a p-block metal ion (e.g., Ti, 
Zr, Sn, Ge), both residing on two separated lattices of corner-sharing 

tetrahedra. These materials are perfectly suited for experimental in
vestigations since they exist in form of large high-purity single crystals, 
and their large magnetic moments are appealing to neutron scattering 
studies. The rare-earth titanates with a diverse set of exotic phenomena 
include the spin ice compounds Dy2Ti2O7 and Ho2Ti2O7, with strong 
Ising-like anisotropy and dipolar interactions [7,8], in which Coulombic 
interactions between emergent magnetic monopole excitations exist 
[9,10]; the XY antiferromagnet Er2Ti2O7, where an unconventional 
long-range order is induced by quantum fluctuations [11,12]; the Hei
senberg antiferromagnet Gd2Ti2O7 possessing partial ordering of their 
spins and fluctuations [13,14], and the unusual dynamics in Yb2Ti2O7, 
previously a possible quantum spin liquid state candidate [15], that 
exhibits a multiphase magnetism [16]. 

One frustrated magnet that stands out among pyrochlore oxides is 
Tb2Ti2O7. The vast interest in this material lies in that the Tb3+ spins 
remain dynamic in concert without developing long-range order in en
ergy scales as low as 50 mK. This occurs despite its antiferromagnetic 
Curie-Weiss temperature ΘCW = -19 K [17,18] and strong power-law 
magnetic correlations present at low temperatures, as reported by 
neutron studies [19,20]. It is proposed that this material has a spin- 
liquid ground state [18,21]. The magnetic Tb3+ in Tb2Ti2O7 possesses 
a strong Ising-like crystalline electric field (CEF) anisotropy [17,22,23] 
analogous to the reported ones for spin ices Dy2Ti2O7 [7,24] and 
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Ho2Ti2O7 [25,26]. However, in Tb2Ti2O7, the energy of its low-lying 
CEF levels is an order of magnitude smaller than those in the spin 
ices. The spatial arrangement of spins, along with the Ising single ion 
properties of Tb3+ and the antiferromagnetic correlations, conspire to 
generate a fluctuating ground state [27]. Measurements of the ac and dc 
magnetic susceptibility in zero applied field revealed a slowing down of 
the spin dynamics at 300 mK [21,28,29]. In the presence of a magnetic 
field, Ueland et al. [30] reported frequency-dependent peaks around 25 
K on the real and imaginary parts of the ac susceptibility indicating 
unexpected slow spin relaxations and a collective magnetism. The 
dynamical ground state appears to be robust to disorder with reports of a 
spin-liquid state with quantum and quadrupolar effects in 
Tb2+xTi2-xO7+y [31,32]. The search for spin liquid materials has accel
erated over the past two decades and many materials have attractive 
characteristics. Disorder can be used as a tuning parameter and it can 
help elucidate some fractionalization features of the ground state. For 
example, a broad peak in the magnetic diffraction pattern from neutron 
experiments is a first indicator of novel spin liquids [2,18]. 

In fact, with frustration and different magnetic interactions in play, 
disorder appears as a novel probe employed by researchers to under
stand collective magnetic states. Disorder in the lattice such as defects, 
vacancies, random sites, and impurities is crucial to moving forward the 
physics concerning exotic magnetism and liquid systems [33]. Defects of 
oxygen-disorder nature have been reported to be of key importance for 
originating excitations in pyrochlore materials [34,35]. For example, in 
the oxygen-deficient Dy2Ti2O7-δ, the anisotropy of the Dy3+ changes 
from easy axis to easy plane in the presence of oxygen vacancy [34], and 
when a monopole hops next to a dysprosium tetrahedron with an oxygen 
vacancy, it results in a decrease of the system’s energy and the trapping 
of monopoles [34]. In Tb2Hf2O7, the anion disorder breaks the local 
symmetry around the Tb3+ cation sited in the pyrochlore lattice [35]. 
From neutron studies, no long-range magnetic order is found down to 
100 mK [35,36], and the scattering pattern is reported to be the response 
of a Coulomb spin liquid supporting antiferromagnetic and power-law 
correlations over many terbium tetrahedra [35,36]. Moreover, inside 
this highly correlated phase, there is a spin glass transition at ~ 750 mK 
that emerges from its inherent structural defects [35]. 

A road to disorder in the long-range pyrochlore structure of the ti
tanates R2Ti2O7 is accomplished by introducing a larger M cation, such 
the ratio of ionic radii rR/rM is smaller than 1.46 [2,37]. Similarly, the 
stuffing of the R cations into the Ti4+ lattice was reported to lead to 
cation mixing of the independent tetrahedral networks [38,39]. As a 
result, a structural phase transition occurs from pyrochlore to defect 
fluorite between the members of the titanate rare-earth series, and the 
cell parameter is reduced to half its value [37,40]. The defect-fluorite 
structure is identified with a disorder of the cations R and M, occu
pying a single indistinct 4a site [37,41], see inset Fig. 1, and the envi
ronment around them consists of oxygen anions at 8c positions [37,41]. 
In this configuration, there is one oxygen vacancy, and for both cations, 
the average oxygen coordination number is 7 [37,42]. 

The canonical spin glass ground state is found when magnetic frus
tration and disorder coexist [43]. In this type of magnetic material, the 
magnetic moments became frozen and are arranged in a disordered 
configuration [43]. In the pyrochlores, despite an unclear source of 
randomness, there are some species with spin glass features. Well-known 
examples are Y2Mo2O7 [44–48] and Tb2Mo2O7 [44,49–51], both 
exhibiting a spin glass transition below 25 K. If disorder is expected in 
the family of XY pyrochlore antiferromagnets, it induces regions of 
clusters of spin glass as shown by Monte Carlo simulations [52]. For 
comparison, large-scale simulations find a finite-temperature spin-glass 
phase transition for Ising spins in 3D, and a much smaller temperature 
phase transition for XY and Heisenberg 3D spin glasses [53,54]. 

Investigations on the zirconate rare-earth series R2Zr2O7 are 
attracting high interest recently, due to the exotic magnetism being re
ported in many of these compounds. For instance, in Nd2Zr2O7, an an
tiferromagnetic all-in all-out ordering together with a fluctuating 

Coulomb phase was reported below 285 mK [55,56]. In Pr2Zr2O7, spin- 
ice-like correlations and disorder-induced a possible quantum spin 
liquid state [57,58]. Many zirconium based 227 materials crystalize into 
the cubic pyrochlore structure, stabilized for R cations with an ionic 
radius larger than the Gd ion [37]. On the other hand, its closely related 
defect fluorite structure is formed by a smaller R, for which the cations 
are completely mixed creating significant disorder [2,37]. Some defect- 
fluorite examples include Er2Zr2O7, which exhibits a spin glass-like 
transition at ~ 600 mK [59], Dy2Zr2O7, possessing nearest neighbor 
correlations and fast spin dynamics to the lowest temperatures [60], 
which are still present when non-magnetic dilution is introduced [61], 
and Ho2Zr2O7 displaying features of spin freezing and slow spin-glass 
dynamics through an analysis of the thermomagnetic data [62,63]. All 
these previous results boost and address research to start looking for 
fractionalized quasiparticles, which provide important information 
about the topological magnetism involved. Instead of magnons, one 
looks for spinons, monopoles, etc. 

Here we present the results of a structural study and thermomagnetic 
measurements of the terbium zirconate Tb2Zr2O7. Even though there is 
an extensive disorder in the lattice of Tb2Zr2O7, it still provides valuable 
insights when compared with the cooperative spin liquid Tb2Ti2O7 or to 
the glassy Tb2Hf2O7. We observe many physical similarities between 
these two, terbium-based, cubic compounds. Dominant antiferromag
netic interactions are observed with persistent spin dynamics down to 
mK temperatures. The convergence of the recovered entropy to Rln(4) is 
observed around 30 K. Our results suggest that a spin-glass-like transi
tion occurs at 2.5 K, but the system remains considerably dynamic down 
to 100 mK. In the presence of an applied magnetic field, the fluctuations 
are suppressed and a more correlated collective form of magnetism 
persists. 

2. Experimental 

Polycrystalline Tb2Zr2O7 sample was prepared via the soft-chemistry 
sol–gel method, providing a simpler route to synthesize pyrochlore ox
ides at lower temperatures in shorter times than standard powder re
actions. It also has the advantage of producing high purity and better 
homogenization of the powder, at a molecular level [64,65]. Terbium 
oxide Tb4O7 (99.99 %), and alkoxide tetrabutyl zirconate, C16H36O4Zr, 
were used as precursors of dissolutions containing the cations Tb3+ and 
Zr4+. The mixture of the dissolutions was maintained in stirring until it 

Fig. 1. X-ray diffraction pattern and calculated profile for Tb2Zr2O7. Small 
vertical lines indicate peak positions of the disordered fluorite structure. Inset: 
The disordered fluorite structure with their R/M (Tb/Zr) cations at the 4a site 
(light blue spheres), and the oxygen anions at the 8c site when occupied (or
ange spheres) and vacant (dashed circle). 
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became a gel, then this gel was heat-treated at 950 ◦C for 24 h, see Refs. 
[62,66] for details. This method was also employed for preparing the 
nonmagnetic Lu2Zr2O7 used in the analysis of the thermal data. X-ray 
powder-diffraction data was collected with a Shimadzu XRD- 
7000diffractometer in Bragg-Brentano geometry, using Cu Kα1 radia
tion (1.5406 Å). Rietveld refinement of the structure from the powder X- 
ray-diffraction spectrum was performed using the FULLPROF program 
[67] and the graphical interface WINPLOTR [68]. 

Magnetic and specific-heat experiments were conducted using a 
vibrating sample magnetometer and a dilution refrigerator; respectively, 
both operation modes equipped on a calorimeter Physical Property 
Measurement System (Quantum Design). The specific heat of the sample 
holder and Apiezon N grease (addenda) was determined prior to the 
measurements. ac Magnetic susceptibility measurements were carried 
out using a PPMS in ac susceptometer option for several frequencies 
down to 2 K and a home-made ac susceptometer insert in a helium-4 
cryostat; operating with a mutual inductance bridge, at a frequency of 
155 Hz, all experiments run with an excitation field of 1 Oe. 

3. Results and discussion 

The X-ray powder-diffraction data found the Tb2Zr2O7 sample to be 
single phase with no additional impurities detected. The structure 
analysis confirmed that the diffractogram is well described by the cubic 
defect fluorite with Fm3m symmetry as reported previously [69], see 
Fig. 1. The value of the lattice constant is a = 5.233(2) Å in the refined 
profile (Table 1), with a goodness-of-fit χ2 = 4.6. The refinement of a 
model with the pyrochlore structure and space group Fd3m to the data 
resulted in a poor fit. In the fluorite model, the values of the refined 
occupancies of the shared 4a site for the Tb and Zr cations resulted in a 
~ 50 % of occupancy for each atom, minimizing the possibility of va
cancies on these sites. For the 8c site of the O anion, the refined occu
pancy does not differ from the expected value of 7/8. The reliability of 
the fitted profile and χ2 is preserved within an experimental error of the 
Tb/Zr occupancies smaller than 5 %. In the defect-fluorite lattice, 7 
oxygen atoms in the same crystallographic site surround locally the rare- 
earth cations, distinct from the pyrochlore lattice in which the rare-earth 
environment is formed by 8 oxygen anions lying on two different crys
tallographic sites [2,37]. This change in the local structure around the 
rare-earth atom would suggest a different CEF level scheme of the defect 
fluorites and of their pyrochlore-related ones. The single-ion magnetic 
properties and local magnetism are therefore expected to change be
tween Tb2Zr2O7 and Tb2Ti2O7 (which has two low-lying non-Kramers 
doublets [23,70]) resulting in changes in the bulk magnetic properties, 
especially at low temperatures. We could gain some important insights 
about the CEF of Tb2Zr2O7 if we look at a compound with similar local 
environments around the Tb3+ cation. Inelastic neutron scattering (INS) 
experiments in the isostructural with a complete or high substitution of 
the cation of Tb by a nonmagnetic cation such Lu must be addressed in 
future works in order to probe the crystal field states associated within 

the Fm3m fluorite environment. For example, the non-Kramer Tb2Hf2O7, 
which is found at the phase boundary between pyrochlore/defect- 
fluorite structures [35,36]. In this mixed structure, the unit cell has 
been reported as a perfect arrangement of the Tb cations in a pyrochlore 
lattice together with a considerable number of oxygen-Frenkel defects 
[35], which are described by an empty site (48f) and an interstitial ox
ygen (8a). Due to the presence of the Frenkel defect, the local environ
ment of Tb has an oxygen coordination of 7 [35] equal to the average 
oxygen coordination in the defect fluorite. This occurs for around 50 % 
of the Tb cations randomly in the Tb2Hf2O7 lattice [35]. In the fluorite, 
the tetrahedra sublattice, albeit with Tb/Zr intermixing, the oxygen 
coordination around Tb, and the random disorder provide a wide variety 
of low-temperature properties, as we highlight below (see Table 2). 

The inverse of the measured magnetic susceptibility of Tb2Zr2O7 and 
the fit to the Curie-Weiss law are shown in Fig. 2. The linear fit between 
10 and 100 K yields a negative Curie-Weiss temperature, ΘCW = -9.1(2) 
K, indicating dominant antiferromagnetic interactions. The effective 
magnetic moment μeff = 9.0(1) µB is close to the expected value of 9.6 µB 
for free Tb3+ ion. The upper inset of Fig. 2 shows the data when fitted in 
the range of 50 to 300 K which yields a larger value ΘCW = -15.1(1) K, in 
good agreement with the antiferromagnetic ΘCW = -19 K and − 14.6 K 
reported for pyrochlores Tb2Ti2O7 [17] and Tb2Hf2O7 [36]; respec
tively, in similar high temperature intervals. Deviation from the Curie- 
Weiss law occurs below 50 K, indicating that spin–spin correlations 
are significant below this temperature. For Tb2Ti2O7, short-range mag
netic correlations at temperatures up to 50 K were seen in neutron 
scattering studies [18]. We must stress the fact that these Curie-Weiss 
temperatures are only a mean field estimation of a much more com
plex and realistic scenario involving different exchange constants. The 
lower inset of Fig. 2 shows magnetization as a function of the applied 
field at a temperature T = 2 K. The magnetic moment for Tb2Zr2O7 
reaches 4.5 µB/Tb ion at 7 T as reported in previous measurements 
[17,71] and is in close agreement with the attained values around 5 
µB/Tb observed in pyrochlores Tb2Ti2O7 [72] and Tb2Hf2O7 [36]. 

The temperature dependence of the real part of the ac magnetic 
susceptibility χ ́ac(T) for Tb2Zr2O7 in zero field is shown in Fig. 3(a). The 
χác values reveal a broad frequency-dependent peak at T́ ≈ 2.5 K for 
frequencies between 15 Hz and 10 kHz. It occurs at almost one order of 
magnitude higher than the glassy-like transitions at 0.75 K and 0.25 K 
reported for Tb2Hf2O7 [35,36] and Tb2Ti2O7 [21,73], respectively. The 
χác signal decreases monotonically but does not reach zero at 0.7 K 
suggesting a slowing down of the spin dynamics, but not complete 
freezing in Tb2Zr2O7. Fig. 3(b) shows the peak in the imaginary part χ ́ác 
of the susceptibility, coinciding with χ́ac on their temperature positions. 
Both parts of susceptibility present a non-negligible shift to higher 
temperatures with increasing frequency, which is a recognizable feature 
of a spin-glass transition [74]. 

In the series of the rare-earth zirconates, the disordered fluorites 
have been constantly reported as having different levels of glassy 
character [59,60,75]. This is mainly inferred modelling to the ac 

Table 1 
Refined crystallographic parameters for Tb2Zr2O7.  

Crystal system Cubic 

Space Group Fm3m 
a (Å) 5.233(2) 
Tb 4a (0,0,0) 
Occupancy 0.499(4) 
Zr 4a (0,0,0) 
Occupancy 0.499(5) 
O 8c (0.25,0.25,0.25) 
Occupancy 0.92(2) 
Number of variables 21 
Rwp (%) 14.3 
Rexp (%) 6.6 
χ2 4.6  

Table 2 
Values of the measured and estimated magnetic 
parameters.   

Tb2Zr2O7 

μeff (µB) 9.0(1) 
ΘCW (K) − 9.1(2) 
χác peak at T́ (K) 2.5 
Dynamic scaling law  
TSG (K) 2.2 
zυ 5.8 
τ0 (s) 2 × 10-8 

Vogel-Fulcher law  
T0 (K) 1.6 
E (K) 15.8 
τ0 (s) 1x10-10  
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susceptibility curves measured at different frequencies. Here we perform 
an analysis of the peak position centered at T́ for different frequencies f. 
We obtained the value of the peak temperature shift per decade of fre
quency δT́ = ΔT́/(T́ Δlog f) equal to δT́ = 0.064. This estimate is close to 
the values of 0.06 reported for the pyrochlores Tb2Ti2O7 and Tb2Hf2O7 
[29,36], and is considerably higher than that usually found for canonical 
spin glasses (between 0.005 and 0.01) [74]. The Arrhenius law, f = f0exp 
(-Eb/T́), is used to describe a thermally activated process with a single 
energy barrier Eb and a characteristic frequency f0. According to Mydosh 
[74], this model does not describe canonical spin glasses well; our fit 
(not shown) to the data returned an energy barrier of Eb = 98 K and an 
unphysical frequency, f0 = 1019 Hz, supporting the spin-glass descriptor 
of Tb2Zr2O7. A common model used to describe spin glasses is the dy
namic scaling law expression, τ = τ0 ((T́- TSG)/TSG)-zυ, where τ = 1/2πf is 
the characteristic relaxation time, TSG is the peak position as f tends to 
zero and zυ is the critical exponent. TSG was approximated as 2.2 K, and 
the fit yields the values of τ0 = 2 × 10-8 s and zυ = 5.8. This model 
describes the data well, as seen in Fig. 4(a), and zυ is in agreement with 
reported values for spin glasses (zυ = 4–12) [74,76–79]. The second 
model employed is the phenomenological Vogel-Fulcher law τ = τ0exp 
(-E/(T́-T0)), where E is the activation energy and T0 accounts for the 
interaction between magnetic clusters [74]. We obtained the parame
ters, τ0 = 1x10-10 s, E = 15.8 K and T0 = 1.6 K. Fig. 4(b) depicts the best 
fit to the Vogel-Fulcher law, the obtained T0 is smaller than T́ ≈ 2.5 K, 

Fig. 2. Inverse susceptibility (χ -1) versus temperature and Curie-Weiss fit to 
the lowest temperature. Upper inset: χ -1 data and the Curie-Weiss fit between 
50 and 300 K. Lower inset: magnetization versus the applied magnetic field 
shows a magnetic moment reaching 4.5 µB/ Tb ion at 2 K and 7 T. 

Fig. 3. Temperature dependence of the real part of the ac magnetic susceptibility χ ́ac in zero magnetic field for Tb2Zr2O7. There is a magnetic anomaly around the 
temperature T́ 

≈ 2.5 K. Temperature dependence of the imaginary part of the ac magnetic susceptibility χ ́́ac in zero field. 

Fig. 4. Logarithmic spin-relaxation time lnτ fitted to the dynamical scaling law (a), to the Vogel-Fulcher law (b), and to the equation τ = τ0 exp[(E/T́)σ] (c).  
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although they are expected to be similar, T0 ≈ T́, for canonical spin 
glasses [74]. In spite of that, our results show pieces of evidence for the 
presence of an unusual spin freezing in Tb2Zr2O7. Following the same 
study for the glassy behavior reported in Tb2Ti2O7 [29], the f depen
dence of T́ was modeled by a power law of the Arrhenius relation τ =
τ0exp [(-E/T́)σ]. The fit provides an excellent description of the data, as 
displayed in Fig. 4(c). The fit results in values of τ0 = 1 × 10-10 s, E = 7.8 
K and σ = 2.5. For Tb2Ti2O7, such a fit yields τ0 = 1.1 × 10-9 s, E = 0.91 K 
and σ = 2 [29]. 

The ac susceptibility data reveal evidence for a slowing down of the 
spin dynamics below 2.5 K, and the obtained parameters suggest that the 
magnetic correlations have a glassy nature. In Tb2Zr2O7, the large 
number of non-magnetic defects or disorder in the lattice leads to a spin- 
glass-like transition similar to what is observed for Tb2Hf2O7 possessing 
oxygen-disordered defects [35], but at a higher energy scale. This is an 
interesting result for experimental research, and since the presence of 
glassy features together with an intrinsic disorder related to the random 
Tb/Zr occupation of the lattice can host localized fractional excitations 
[80]. 

In the presence of a dc applied magnetic field, we measured the real 
part of the ac susceptibility at 1 kHz and 10 kHz and the results are 
shown in Fig. 5. The application of a field causes a drop in the suscep
tibility peak in almost an order of magnitude. More interestingly, an 
additional bump of the same height of the former begins to emerge at 
3.5 T. At a field strength higher than 5 T, we observe a clear emergence 
of a second peak at ~ 25 K, which shifts to higher temperatures with 
increasing field. The behavior persists up to 9 T and a frequency of 10 
kHz. This peak is reminiscent of the one found in the in-field χac(T) at ~ 
20 K reported for Tb2Ti2O7 which was associated with field-induced 
polarized spins in its paramagnetic state [30]. The measured in-field 
peak is due to the magnetic moments of Tb3+, which possess a value 
close to 5 µB from our magnetization measurements (inset Fig. 2). A 
contribution to susceptibility associated with spin fluctuations in a 
strong enough field is ruled out, since it must approximates to zero at 
high temperatures and close to 0 K. Our data at the 25 K peak appears to 
exhibit no frequency dependence in the kHz range. However, more ex
periments are required to verify the existence of frequency dependence 
of this in-field peak and the possible time scales of the associated spin 
relaxation. The characterization of the relaxation of the spins at higher 
temperatures could open a discussion of a possible spin-glass state. 
Despite the disorder in the lattice, there is a presumable similar mag
netic dipolar coupling as in the pyrochlore Tb2Ti2O7 reported with an 
unusual slow spin relaxation [30]. Correlated domains of spins and slow 

dynamics similar to ferromagnetic cluster systems have been discussed 
for Tb2Ti2O7 [30]. The disorder in the lattice of Tb2Zr2O7 and our 
measurements reveal evidence of a slowing down of spin fluctuations, 
similar to that seen in non-magnetic dilution studies of the Tb sublattice 
in Tb2Ti2O7 reported in [81]. The in-field data of the imaginary part of 
the ac susceptibility (not shown) is too noisy to be discussed. 

Measurements of the total specific heat C as a function of the tem
perature were carried out in different applied magnetic fields, as shown 
in Fig. 6. The data does not display sharp features down to 100 mK that 
would arise from a long-range ordering, but exhibit a broad peak 
centered at about 5 K. The maximum at 5 K has a reduced amplitude and 
shares some resemblance if compared to Tb2Ti2O7 as reported in [17]; 
also, a similar broad feature is exhibited in lower temperatures and 
around 2 K for Tb2Hf2O7 [35], and attributed to short-range spin cor
relations in both systems. Thereby, the upturn below 20 K suggests the 
inception of magnetic correlations that does not reach long-range 
ordering. Additional maxima reported at temperatures below 2 K for 
the highly sample-dependent pyrochlore Tb2Ti2O7 [17,73,82,83] are 
absent in our disordered fluorite. The absence of a feature in specific 
heat around the spin freezing temperature of 2.5 K is a characteristic 
signature of canonical spin glasses [43,84]. The application of increasing 
magnetic fields causes the single peak shifts to higher temperatures and 
around a 3.5 T field the peak becomes much broader in temperature. The 
upturn of C below 0.5 K is attributed to the nuclear specific heat CN, 
which was accounted for by calculating the nuclear specific heat of 
terbium metal (CTbMet) for the isotope 159Tb with the nuclear spin I = 3/ 
2, hyperfine constant A = 0.15 K and quadrupole coupling constant P =
0.021 K [85]. For avoiding inconsistent results in the low-temperature 
region of the data, we used the reduced nuclear-specific heat CN = f* 
x CTbMet (f* = 0.6). The parameter f* is a reduction factor which is less 
than one, and represents the fraction of Tb spins with full magnetic 
moment (μTb = 10 μB). This method has been employed for estimating 
successfully the nuclear contribution in thermal analyses for praseo
dymium pyrochlores [57,86]. Another estimate to the nuclear term (not 
shown) was approached considering reduced magnetic moments of 
0.55μTb, but the data is not reproduced as fairly as with the CN curve. 
However, more measurements below 100 mK are required to confirm 
the moment of Tb in the disordered fluorite. The reduction factor 
introduced is due to the electronic magnetic moments smaller than the 

Fig. 5. The temperature dependence of χác for Tb2Zr2O7 in various applied 
fields at different frequencies. There is an emergence of a peak at ≈ 25 K for 
field values higher than 3.5 T. 

Fig. 6. Total specific heat C as a function of temperature for Tb2Zr2O7 in 
different applied magnetic fields. The specific heat of the isostructural 
nonmagnetic Lu2Zr2O7 (CP) and the computed nuclear specific heat (CN) are 
marked by green and redlines, respectively. Cs represents the sum of the lattice, 
nuclear and CEF contributions to the specific heat measured at zero field. (For 
interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 
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saturated value which are acting on the nuclear moments, reflecting spin 
fluctuations [87,88]. This supports a model of reduced moments and it is 
associated with quantum spin fluctuations affecting the nuclear spins 
[87,88]. This was also revealed by the large values of susceptibility χ́ac at 
the lowest temperature measured. Our results, suggesting a frozen 
moment along with fluctuations are rich ingredients for the theory 
proposed for topological spin glasses by Sen and Moessner [80]. The 
lattice specific heat Cp of our system is prominent at temperatures above 
10 K and does not exhibit a strong field dependence, it was approxi
mated by measuring the specific heat of the nonmagnetic fluorite 
Lu2Zr2O7. 

The lattice and nuclear contributions to the specific heat of Tb2Zr2O7 
were subtracted from its total specific heat to isolate the electronic 
magnetic specific-heat Ce. In Fig. 7, by integrating numerically the 
Ce(T)/T data at zero field, we obtained the change of the electronic 
magnetic entropy ΔSe. Above 18 K, the values of ΔSe are higher than the 
entropy due to a two-level ground state: Rln(2), and reveal that this is a 
high enough temperature to recover an entropy associated with two 
lowest doublets: Rln(4). This result is similar to the value of the recov
ered entropy reported for Tb2Ti2O7 [17,73]. This scenario probably 
suggests a ground state of two doublets but measurements of the CEF 
levels are required to clarify this assumption. Close to 75 % of the limit 
entropy is released above the freezing temperature of 2.5 K which is a 
unique characteristic of a spin-glass phase transition [43]. The fact that 
the entropy is slightly below Rln(4) could be an indication that short- 
range correlations are still present at high temperatures. 

In Fig. 8 we plot the in-field specific heat divided by the temperature 
Ce(T)/T. The broad maxima below 5 K can be associated with the pop
ulation of CEF levels similarly to the one found in Tb2Ti2O7 [17]. 
Furthermore, in the disordered structure of Tb2Hf2O7, the specific heat 
near 50 K displays a Schottky anomaly [36]. The scheme of a three-level 
CEF was determined to be in close agreement within the energy scale of 
a broad CEF spectra reported from INS [36]. In this framework, we try 
for our data the expression for the CEF-specific heat considering a three- 
level system [89]. The fitted curves (solid lines) indicate the CEF 
contribution (CCEF), which described fairly well the data for a doublet 
ground state, with a first excited doublet below 10 K (energy gap Δε1), 
and a quartet state at around 20 K (Δε2). For example, at zero field, the 
obtained Δε1 is equal to 7.4 K, which is much smaller compared to the 
gap value of 17 K between the two non-Kramers doublets in Tb2Ti2O7 
[17,18,70], suggesting a closer distribution of energy levels. This result 
may be associated to the randomness effect around Tb3+, similarly to the 
observed fact that defects in Tb2Hf2O7 lead to a broad CEF excitation 

signal built from groups of crystal-field environments surrounding the 
cation [35]. The value of the first crystal electric field splitting is close to 
the energy scale of the broad maxima, and then its origin is the thermal 
population of CEF levels. For the in-field data, the three-level fit con
tinues to reproduce well the width and the position of the peak. The inset 
of Fig. 8 shows the linear dependence of Δε1 with the applied magnetic 
field (H). The data were fitted using the expression for the Zeeman 
separation such Δε1 = (gμB/kB)H for an effective spin S = 1/2, where the 
average g-factor is a fitting parameter. The value of the obtained factor g 
= 1.0(1) is almost a tenth of the factor parallel to the trigonal Ising axis 
g// = 9.6 (g = 0) found in Tb2Ti2O7 [70]. However, the estimated g- 
factor of Tb2Zr2O7 is close to the factors along the local trigonal axis 
reported for XY pyrochlores: Er2Ti2O7 (g// = 1.8, g = 7.7) and Yb2Ti2O7 
(g// = 2.0, g = 4.1) [70], known for having a strong planar CEF 
anisotropy. Diffuse magnetic scattering and modeling results on the 
defect Tb2Hf2O7 rule out Tb3+ spins with Ising anisotropy but a quality 
fit was obtained by considering isotropic spins with antiferromagnetic 
correlations as reported by Sibille et al. and Anand et al [36]. These 
results indicate that a potential first model for the low-temperature 
magnetic state in Tb2Zr2O7 could be spins randomly oriented with 
short antiferromagnetic correlations consistent with models found in 
Tb2Ti2O7 [19] and in Dy2Zr2O7 [60]. If these correlations extend over 
many tetrahedra, we could possibly be entering a spin configuration in 
which phase competitions are present as observed in XY pyrochlores 
[90]. Hallas et al. [90] discussed this picture of the ground state for XY 
pyrochlores supported by the presence of a broad specific heat anomaly 
together with no magnetic ordering at lower temperatures, which are 
physical signatures found in the defect-fluorite Tb2Zr2O7. The scenario 
pictured here for Tb2Zr2O7 must be confirmed by neutron experiments 
to determine the size and anisotropy of the Tb3+ magnetic moment in its 
ground state, and by Mössbauer spectroscopy to evidence spin fluctua
tions at the very low temperatures as suggest by our specific heat 
measurements. 

4. Conclusion 

Polycrystalline samples of Tb2Zr2O7 were sintered successfully using 
the sol–gel method. From its time correlations and parameters obtained 
from spin-glass models, we identified a spin-glass-like transition at ~ 
2.2 K in Tb2Zr2O7. Specific heat revealed no long-range order and the 
presence of spin fluctuations in the mK scale, with the moments fluc
tuating rapidly due to strong magnetic frustration. We found several 

Fig. 7. Electronic magnetic entropy ΔSe(T) at zero field. The dashed lines 
denote the entropy for a system with a two-level (Rln(2)) and a two-doublets 
(Rln(4)) scheme. 

Fig. 8. Electronic magnetic specific heat divided by the temperature Ce/T(T) in 
magnetic fields up to 6 T. Solid lines are the three-level fits. Inset: Energy gap 
values between the first excited level and ground state (Δε1) as a function of the 
applied field. 
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similarities in the properties of Tb2Zr2O7 and other terbium pyrochlore 
oxides, Tb2Ti2O7 and Tb2Hf2O7, with the later been shown to display a 
glassy-like transition [36]. Our data suggest a new form of collective 
behavior in the presence of strong magnetic fields which induces a 
possible spin relaxation (because of the high dynamics), contrary to the 
standard intuition that a strong field would accelerate relaxation to an 
equilibrium state. To provide more information about the cooperative 
state or the glassy-like correlations of Tb2Zr2O7, different probes like 
μSR are required to observed the moment fluctuations rates of Tb3+ and 
their respective slowing down below the temperature of the suscepti
bility peak. 
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