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We report the synthesis of powder and single-crystal samples of the cerium pyrohafnate and their
characterization using neutron diffraction, thermogravimetry and X-ray absorption spectroscopy.
We evaluate the amount of non-magnetic Ce*t defects and use this result to interpret the spectrum
of crystal-electric field transitions observed using inelastic neutron scattering. The analysis of these
single-ion transitions indicates the dipole-octupole nature of the ground state doublet and a signif-
icant degree of spin-lattice coupling. The single-ion properties calculated from the crystal-electric
field parameters obtained spectroscopically are in good agreement with bulk magnetic susceptibility
data down to about 1 K. Below this temperature, the behavior of the magnetic susceptibility indi-
cates a correlated regime without showing any sign of magnetic long-range order or freezing down
to 0.08 K. We conclude that CeoHf>O7 is another candidate to investigate exotic correlated states of
quantum matter such as the octupolar quantum spin ice recently argued to exist in the isostructural

compounds Ce2Sn2O7 and CezZrO7.

I. INTRODUCTION

Exotic magnetic behaviors often stem from competing
interactions [I]. This was studied in geometrically frus-
trated systems, such as triangular [2], kagome [3], hy-
perkagome [4, 5] and pyrochlore [6] lattices. On the py-
rochlore lattice, magnetic moments reside on the nodes
of a network of corner-sharing tetrahedra. Under certain
conditions, such systems can enter a spin ice state, where
two spins point towards the tetrahedron center and the
two others away from it. A few rare-earth pyrochlore ox-
ides, such as HoaTiO7 [7HI] or Dy2TixO7 [9, [10], were
found to host real life realizations of spin ices.

The epitome of frustrated systems is incarnated by the
quantum spin liquid (QSL) states [11]. Owing to quan-
tum fluctuations, QSLs are expected to evade ordering or
freezing of the magnetic moments down to 7' = 0 K. In-
stead, QSLs are long-range quantum entangled and have
deconfined excitations. Such a phase on the pyrochlore
lattice is called a quantum spin ice (QSI) [12] and re-
sults from the coherent superposition of ‘2-in-2-out’ spin
ice configurations. Theory has identified several possi-
ble ways to stabilize a QSI. The existence of low-lying
crystal-electric field states was first argued to be possi-
ble ingredients [I3] in the context of understanding the
absence of magnetic order in TbyTisO7. Multipolar in-
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teractions provide another possible route, as was pro-
posed for praseodymium compounds [14]. In this case,
interactions between electric quadrupoles play the role of
a transverse exchange allowing fluctuations among spin
ice states of Ising magnetic dipoles. A number of ex-
perimental works [I5HI9] have therefore concentrated on
studying Pr3*-based pyrochlore materials. Finally, it has
also been proposed that non-magnetic disorder could pro-
mote a QSI via the introduction of transverse fields in the

Hamiltonian [20H22].

While multipoles have been proposed as a source
of transverse terms in models dominated by couplings
among magnetic dipoles [14], correlated phases of higher-
rank multipoles have also been conjectured for py-
rochlores where the trivalent rare earth has a dipole-
octupole ground-state doublet [23] 24]. Such single-ion
ground states are notably possible in pyrochlore ma-
terials based on cerium, samarium or neodymuim [23-
25].  In particular, both CesSnsO; [26, 27] and
CegZro07 [28, [29] are identified as dipole-octupole py-
rochlores. CesSnyO7 was proposed to form a peculiar
U(1) quantum spin liquid state where couplings between
the octupolar components of the pseudo-spins dominate
while couplings between the dipole components play the
role of transverse fluctuations, resulting in a QSI based
on a manifold of octupole ice configurations [23 24]. Ul-
timately this was demonstrated by the observation of a
specific signature in neutron scattering - the rise of a weak
diffuse scattering signal occurring at high momentum
transfer due to the peculiar magnetization density of oc-
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tupoles. The octupolar moment develops at the expense
of the dipole moment upon cooling inside this phase, due
to the effect of the dominant octupolar correlations on
the wavefunctions. The difficult synthesis of single crys-
tals of CeaSnyO7, though remarkable progress was made
recently [30], however limits more detailed studies. In-
stead, large single-crystals of CeyZroO7 were successfully
grown and investigated using macroscopic probes as well
as neutron scattering techniques [28| 29]. The magnetic
properties of CesZryO7 share similarities with those of
CesSnsO7, particularly the continua of low-energy mag-
netic excitations identified in both compounds. Recent
works [31H33], modelling the macroscopic properties and
the momentum-resolved inelastic neutron scattering of
CegZr307, seem to confirm that the octupolar quantum
spin ice first unveiled in Ce3SnsO7 [27] is common among
cerium pyrochlores. Overall, there is growing evidence
that Ce3t pyrochlores are concrete realisations of a 3D
QSL [27, 291 32 B3], which calls for further efforts in
investigating such materials.

CesHf507 is another pyrochlore compound where
trivalent cerium ions can be stabilized. Here we report
the preparation and characterization of CeoHfsO74y4,
focusing on the level of residual tetravalent cerium ¢
achieved in our samples. We present a detailed study of
the single-ion properties via crystal electric field analysis
and compare our results with magnetic measurements
performed on powder samples. Although further work
is required to reduce § well below 0.1 in single crystals,
their availability opens the door to measuring both the
high-momentum diffuse neutron scattering specific of the
octupolar-QSI and the associated low-energy excitations
in a momentum-resolved manner. Our magnetic suscep-
tibility data additionally show that the behavior observed
in CeoSnyO7, namely the progressive reduction of dipole
magnetic moment upon cooling below 1 K, is also ob-
served in CeyHf>O7, revealing a possible indication of an
octupolar-QSI ground state.

II. METHODS

Polycrystalline samples of CesHfsO7 were prepared
via solid-state synthesis, using stoichiometric amounts of
pre-annealed CeOs and HfOs;. The mixture was then
thoroughly ground in a planetary ball mill for an hour.
The recovered powder was then subject to several cy-
cles of sintering and grinding until the observation of
a single pyrochlore phase in X-ray diffraction patterns
(Brucker D8 Advance Cu K, ). Sintering was carried out
at 1600 °C in a reductive atmosphere (He/Ha, 10% Ha)
for 150 hours in a High Temperature Horizontal Tube
Furnace (HTRH, Carbolite Gero). A nonmagnetic, iso-
structural, reference sample, LasHf5O7, was prepared
following a similar method although the sintering took
place in air at 1300 °C. Part of the CesHf>O7 powder
was subsequently used as starting material for single-
crystal growth using the optical floating zone technique.

The growth was performed at the Paul Scherrer Institut
using the high pressure, high temperature optical-image
travelling solvent floating zone furnace (HKZ by Scidre
GmbH). The crystallinity and the phase purity of the as-
grown single-crystal (Fig. [[{b)) were checked using both
a X-ray Laue camera (Fig. [Ifa)) and X-ray diffraction
on a powdered fragment. Two slices with [110] normal,
of 12.35 mg and 12.6 mg respectively, were prepared for
subsequent macroscopic measurements. The rest of the
crystal was used for neutron diffraction experiments.
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FIG. 1. (a) X-ray Laue pattern from our CexHf>O7 single-
crystal. (b) Single-crystal of Ce;Hf307 used for bulk and
neutron diffraction experiments. (c) Rocking curve over the
(620) reflection measured with Zebra on our single-crystal.

Thermogravimetric measurements were performed on

a NETZSCH STA 449C thermogravimetric (TG) ana-
lyzer. The temperature was ramped up to 1000 °C at a
rate of 3 °C/min with an intermediate step of 3 hours
at 400 °C. The experimental chamber was subject to an
oxygen flow during the whole process.
The magnetic response of the CesHfsO7 polycrystalline
sample was measured in a temperature window rang-
ing from 1.8 to 375 K in an applied magnetic field of
0.1 T using a Quantum Design MPMS-XL superconduct-
ing quantum interference device (SQUID) magnetome-
ter. In addition, low-temperature magnetization and
ac-susceptibility measurements were made on polycrys-
talline samples as a function of temperature and field,
from T = 0.07 to 4 K and from poH = 0 to 8 T, using
SQUID magnetometers equipped with a miniature di-
lution refrigerator developed at the Institut Néel-CNRS
Grenoble [34].

Heat capacity data, between 0.4 and 20 K, were ob-
tained using a Quantum Design physical properties mea-
surement system (PPMS) at the Institut Néel-CNRS
Grenoble.

X-ray absorption spectroscopy (XAS) measurements
of CegHf507 (starting powder and powdered single
crystal), CeaSnaO7 and CeaSnyOg at the Ce L3-edge



15000 T T ] ° 1 ] 1 T T 1
e Data 7 115000
a) —Rietveld refinement b) e 811
Bragg peak positions ”’ 10000 ©
—Residual )
10000 | - . =
5000 :
—_ c
=) z
£
&
> 5000 -
k%)
5 10.8
£ c) A
ofF - “ 107 o
A >
106
A
-5000 1 1 1 1 1 1 1 1 1 A 105
! 2 8 4 s 6 ! 8 o 10 105 1.1 115
Q=" sin@) A R 2+ (A)
FIG. 2. (a) Rietveld refinement of high-resolution neutron diffraction pattern collected on the starting powder at 1.5 K.

The model used corresponds to a perfect pyrochlore structure with additional oxygen ions located at the 8a crystallographic
site (Table [[II). (b) Nuclear refinement of our single-crystal neutron diffraction data using a similar model (Table [[V]). (c)
Relationship between the lattice parameter of rare-earth pyrohafnates and the ionic radii of trivalent rare-earth ions. Our
values of the lattice parameter for the single-crystal and the starting powder are highlighted in red and blue, respectively. Only
the compounds crystallizing in a pyrochlore structure were included.

(5723 eV) were performed at the SuperXAS beam-
line [35] of Swiss Light Source. The beam originating
from a 2.9 T superbend magnet was collimated using
a Si coated mirror at 2.9 mrad. The subsequent beam
was monochromatised using a liquid nitrogen cooled Si
111 monochromator oscillating with a 1 Hz repetition
rate. The beam was then focused onto the sample
with a beam Rh-coated double focussing mirror with
a spot size of 1 mm x 0.2 mm (HxV). Transmission
geometry measurements using 1/2 bar He 1/2 bar Nj
filled ion chambers were performed for 5 minutes per
sample.  FEnergy calibration was performed using a
simultaneously measured Cr foil. The raw data were
processed using the ProQEXAFS software [36] and the
linear combination analysis of the absorption spectra
was performed by means of the ATHENA software [37].

The crystal-electric field states of the Ce3t ions were
probed using inelastic neutron scattering on the MAPS
spectrometer [38] at the ISIS Neutron and Muon Facil-
ity (Harwell, England). Large polycrystalline samples of
CeoHf,07 (18.3 g) and LagHf>O7 (17 g) were inserted
into cylindrical aluminium cans in an annular geometry,
mounted on the cold head of a He closed-cycle refrigera-
tor and measured using incident energies F; = 200 meV
and F; = 500 meV at T = 7 K. Data obtained with
LasHf5O7 were used to subtract lattice contributions to
the CesHf507 data.

Neutron powder diffraction was performed on
HRPT [39] (SINQ, Paul Scherrer Institut, Villigen,
Switzerland) using a wavelength of 1.155 A. The 20 g
CeoHf> 07 powder sample was placed in a vanadium can
and cooled down using an Orange Cryostat for measure-

ments at 1.5 K. Single-crystal neutron diffraction exper-
iments were carried out on Zebra (SINQ, Paul Scherrer
Institut, Villigen, Switzerland) with an incident wave-
length of 1.178 A (Fig. c)) The nuclear structure was
studied at room temperature, using a Eulerian cradle.
All the neutron diffraction data were analyzed using the
FullProf Suite software [40] and the resulting crystallo-
graphic parameters are summarized in Appendix [A]

IIT. RESULTS AND DISCUSSION
A. Synthesis and characterization

As for oxides in general, stabilization of pyrochlores
hosting Ce3T ions is known to be rather difficult [41].
In the case of the hafnate variant, it requires very
clean reducing conditions, which are particularly difficult
to achieve because of the high annealing temperatures
(1600 °C) needed to form the compound. A large amount
of polycrystalline CesHfsO7 was prepared via solid state
synthesis, as detailed in the previous section. X-ray pow-
der diffraction reflected a well ordered Fd3m pyrochlore
phase with a lattice parameter of 10.7168(2) A at room
temperature.

This value is slightly smaller than expected, based on
the relationship between the lattice parameter of rare-
earth pyrohafnates [42] and the ionic radii of trivalent
rare-earth ions [43] (see Fig. [J[c)). A deviation can be
explained by the presence of non-magnetic Ce*t ions,
which have a smaller ionic radius compared to Ce3T.
Tetravalent cerium defects would also be accompanied
by extra oxygen ions, so as to ensure electric neutral-



ity. The precise oxygen stoichiometry of different py-
rochlore materials was shown to be an important pa-
rameter impacting the magnetic properties of some com-
pounds. For instance, it can select different ground-states
as in YbyTisO7 [44] and Theoy,Tis—,O7 [45] or modify
the excitations as seen in Dy,Ti,O7 [46].

A ground fragment of single-crystal was subject to the
same analysis, yielding a further reduced lattice parame-
ter of 10.6988(1) A, suggesting a higher concentration of
defects. In both cases, laboratory X-ray diffraction could
not resolve the excess of oxygen, thus motivating the use
of other techniques, as described hereafter.
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FIG. 3. Thermogravimetric measurement of our starting pow-
der and powdered crystal of CeoHf2O7. The obtained mass
gain is found to be 2.077% =+ 0.007 and 1.190% =+ 0.001, re-
spectively. According to the reaction CeHf207 4+ (1 - §)/2
O2 — 2 CeO2 + 2 HfO2, this mass gains correspond to
Opowder = 0.027 £ 0.007 and derystar = 0.105 £ 0.010. X-
ray diffraction of the products of the reactions corroborates
the above chemical equation.
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FIG. 4. X-ray absorption spectra of CeoHf>20O7 at the Ce L3-
edge measured on samples of starting powder (a) and pow-
dered crystal (b). The signal was fitted using a linear combi-
nation of Ce2Sn2O7 (in pink) and Ce2Sn20s (in cyan) spectra
measured in identical conditions. The difference in height of
the absorption edge is presumably coming from grain size ef-
fects.

Starting powder Single-crystal

Neutron diffraction 6+ 1% 7+2%
Thermogravimetry 2.7+0.7% 10.5 + 1%
XAS 3+0.3% 11 £0.3%

TABLE I. Estimated amount of oxygen defects obtained from
different methods on both powder and single-crystal samples.

Using Rietveld refinement, the neutron diffraction pat-
tern of the CesHf;O7 powder at 1.5 K (Fig. 2fa))
could be reproduced assuming a typical pyrochlore struc-
ture [0} [47] together with the introduction of a small
amount of oxygen atoms on the normally empty (8a)
crystallographic site (Appendix [Al Table . The pres-
ence of such defects confirms the deviation from the nom-
inal oxygen stoichiometry and implies that some cerium
ions are indeed in a nonmagnetic tetravalent state. From
Rietveld refinement, the amount of Ce*t defects is es-
timated to be around 64+1%. However, the weak occu-
pancy of the (8a) site is rather unstable during the refine-
ment. For this reason other techniques were employed to
improve our estimate of the defect density.

The raw powder was subject to thermogravimetry
analysis following a similar procedure as was used in
[48]. The variation of sample weight is directly related
to changes in oxygen stoichiometry, thus providing a ro-
bust estimate of the tetravalent cerium concentration.
In our powder samples, the oxygen stoichiometry was
found to be 7.02740.007 (see Fig. [3]), which translates
into 2.740.7 % of Ce** defects.

Finally, we have directly confirmed the change in
cerium oxidation state using XAS. To provide a mean-
ingful analysis using this technique, we first measured
samples that can be used as references. The isostruc-
tural CesSnsO- was shown to hold 100% of Ce3t to
a good approximation [27]. It is thus an appropri-
ate choice to evaluate the amount of trivalent cerium
ions. On the other hand, we use CesSnyOg, where the
cerium are all tetravalent and experience a cubic O
point group symmetry, as a reference to evaluate the
amount of Ce*t. The CeyHf,07 x-ray absorption spec-
trum is well reproduced using a linear combination of the
Ce2Snz 07 and CesSngOg spectra (Fig. [4). The best fit
for our CeoHf2O7 powders is reached with a 340.3 % con-
tribution of CeySnyOg, which is in good agreement with
our quantification of the defects obtained from thermo-
gravimetry. We note that measurements performed on
samples stored in helium and in air lead to very simi-
lar results, indicating that the compound is stable in air,
at least on the scale of several months. The latter sig-
nificantly differs from observations made on CesZrsO7,
by other groups [28] as well as by us, that the lattice
constant and colour of cerium zirconate show substan-
tial variations after exposure to air of only a few days.
This may indicate important differences in the reactivity
of the Ce®*t zirconates and hafnates, which is not antic-
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FIG. 5. (a,b) Inelastic scattering neutron spectra measured using incident energies of 200 meV and 500 meV, respectively.
Phonon contributions were accounted for by subtraction of the spectrum measured on the isostructural LasHf>O7 compound.
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(E; = 200 meV) and 3.45 A~ and 7.4 A~ (E; = 500 meV). Voigt functions were used to fit the observed excitations, as
described in the text. Only one set of excitations could be identified in the high energy data due to the coarser resolution.

ipated since tetravalent Hf and Zr are in principle very
similar, both sterically and chemically.

We now turn to estimates of the stoichiometry in
single-crystals. Using single-crystal neutron diffraction
data (Fig. 2[b)), refinements yield an anticipated higher
amount of defects (7+2%, Appendix [A] Table [[V]), most
probably stabilized during the high-temperature growth.
The thermogravimetric analysis was also performed on
a ground piece of the CeoHf5O7 crystal. In this case,
10.54+1% of the cerium cations appear to be in a tetrava-
lent oxidation state (Fig. [3). XAS measurements also
corroborate this result with an estimated 11+0.3% of
Cel™ defects as can be seen on Fig. Ekb) A summary
of the results obtained using different techniques can be
found in Table[Il

B. Single-ion properties

We report inelastic neutron scattering (INS) data
probing the crystal-electric field splitting of Ce3*t in
powders of CeoHf,O7 at T = 7 K (Fig. [5(a,b)).
Phonon contributions were removed by subtraction of
the LasHf507 data collected in an identical configura-
tion. The resulting data were corrected considering the

Ce3* magnetic form factor. Using an incident energy of
200 meV, five CEF excited states could be observed, as
can be seen on Fig. c). The two main peaks, located
at 56 meV and 110 meV, are representative of the tran-
sitions from the ground-state doublet to the two excited
Kramers doublets of the J = 5/2 multiplet.

A third excitation visible around 100 meV is rem-
iniscent of the additional CEF excitation observed in
CeoZro07 [28] and is likely to stem from hybridiza-
tion of the CEF with a phonon. Hybridized ex-
citations of mixed magnetic and phononic character
were observed in other pyrochlore magnets, such as in
ProZroO7 [49], ThyTizO7 [50] as well as other Ce3*-
based compounds [5IH53]. From their weaker spectral
weight, the two remaining excitations (around 47 meV
and 90 meV) are most likely due to a second CEF en-
vironment related to interstitial oxygen atoms (O”(8a)).
The estimated 3 % of interstitial oxygens translates into
18 % of the cerium sites experiencing a disturbed crystal-
lographic environment. This effectively lowers the sym-
metry with respect to the usual D3y point group sym-
metry at the pyrochlore’s A site, down to the C; point
group symmetry where all CEF parameters are allowed.
However, a symmetry lowering does not lift any degen-
eracy as the three doublets of the J = 5/2 multiplet of
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this Kramers ion are already maximally separated. An-
other measurement with incident energy of 500 meV al-
lowed the observation of an additional excitation located
at 264 meV (Fig. [f[d)), explained by a transition from
the ground state to the first level of the J = 7/2 multi-
plet.

The three major CEF excitations were fitted using
Voigt functions, restricting their gaussian widths to the
instrumental resolution (Fig.[5{c)). The two weaker exci-
tations, stemming from the presence of impurities, could
be fitted using the same function but with larger widths
(Fig. d)) This can be justified by a probable distri-
bution of defective environments. The measured spec-
trum was then deconvoluted into two artificial spectra
(Fig. @(a-b)), respectively corresponding to the perfect
and defective CEF environments. The first one contains
the two main peaks at 56 and 110 meV. The fitted Voigt
of the extra peak at 100 meV was also added on top
of the excitation around 110 meV to account for the
observed splitting. However, its width was changed to
match the experimental resolution at the corresponding
energy. The second spectrum solely contains the weaker
excitations attributed to cerium ions experiencing a de-
fective environment. The two decomposed spectra were
subsequently used to fit the crystal field parameters using
the PyCrystalField [54] package. To do so, we defined a
model with two crystal field Hamiltonians, both using the
whole set of 14 intermediate-coupling basis states of the
J =5/2 and 7/2 multiplets [55]. This is particularly im-
portant for light rare-earth elements where the strength
of the spin-orbit coupling competes with the crystal field.
The first Hamiltonian is representative of Ce?* in a per-
fect D34 symmetry, thus incorporating only six non-zero
CEF parameters (BS, BY, B}, BY, BE and Bf). The
second one includes Ce** defects in the second coordina-
tion sphere of the Ce3t ions as well as interstitial oxy-
gens (8a), allowing all CEF parameters to be non-zero.
We began by fitting the CEF parameters to the observed
transition energies in order to get reasonable starting val-

ues for the subsequent steps. We then included the in-
tensities of these excitations observed in Fig. [[(a). The
intensity of the excitation around 260 meV was not con-
sidered, because the present resolution does not allow to
identify contributions from the two CEF environments.
Nonetheless, both the positions and the intensities of the
observed transitions are well accounted for by our model
(Table [[] and Fig. [6(a,b)). We note that the fit results
in a fraction of defective environment of 24 %. This cor-
responds to 3.8 % of Ce**t, which is in the same range as
the estimate obtained with both thermogravimetry and
XAS.

Taking our analysis a step further, we integrated the
magnetic susceptibility measured on the powder sample
to the fitting routine. The contributions from each envi-
ronment were weighted based on the estimated amount
of defects (3 % of Ce*T). The result of the fit is shown
on Fig. El(a-b). From the entire CEF analysis, it fol-
lows that the wavefunction of the ground state doublet
is a linear combination of the |m;, = +3/2) states,
as was found in other cerium-based pyrochlores [26H29].
This is consonant with a pseudo-spin carrying both dipo-
lar and octupolar components [24] as well as a strong
Ising anisotropy. For the perfect CEF environment, we
compared the results from PyCrystalField and SPEC-
TRE [56] using the same set of CEF parameters. Both
programs returned quite similar expected neutron cross-
sections and ground state wavefunctions. Results ob-
tained with SPECTRE can be seen in Appendix [C}

We note that the number of allowed parameters of the
second CEF environment compared to the number of ob-
servables does not enable to provide a reliable analysis.
This limitation explains the rather poor fit of the defec-
tive CEF presented in Fig. @(b), and is expected to con-
tribute to the small deviation between the measured mag-
netic susceptibility and the calculation (see Fig. [f[a-b)).
The values of CEF coefficients for the defective environ-
ment can be found in Appendix [B] Although we cannot
conclude on a precise composition of the wavefunction of
the ground state doublet for the defective environment,
the dipole-octupole nature of the latter appears to be
robustly preserved as the |mj, = £3/2) states remain
largely predominant.

The magnetization curves measured on the starting
powder sample up to 8 T (Fig. m(c)) saturate at roughly
half the effective magnetic moment, which is expected for
Ising moments on a pyrochlore lattice due to the impor-
tant non-collinear local anisotropy [57]. This strong local
anisotropy is also consistent with the large energy gap to
the first excited state observed in the INS data.

C. Low-temperature correlated state

The effective magnetic moment of the ground state
doublet calculated from the crystal field (,ugf?F = 1.18
wup) compares very well with the value measured at tem-
peratures between 1 K and 10 K (ug7y = 1.18(1) us,
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FIG. 7. (a) Effective magnetic moment obtained from the magnetization measured at 1000 Oe and also shown as the inverse
magnetic susceptibility (b). In both (a) and (b), the blue circles are experimental data and the red line corresponds to our CEF
model based on susceptibility and INS data analysis. The inset shows the magnetic susceptibility obtained under field-cooled
(FC) and zero-field cooled (ZFC) conditions applying a field of 100 Oe. (c) M vs H measured at different temperatures on a
powder sample. The dashed line is the powder-averaged magnetization curve at 4 K calculated from our PyCrystalField model.

Degeneracy  Eops Ecale Lobs Icalc CEF env.#

2 0 0 1-2

2 46.9(1.2) 49.8 0.30(0.18) 0.47 2

2 56.5(0.3) 57.5 1.00 1.00 1

2 90.0(1.1) 91.7 0.29(0.10) 0.19 2

2 110.1(0.2) 110.3 1.26(0.08) 1.37 1

2 264.4(0.1) 280.6 0.14(0.03) 0.48 1
TABLE II. Observed and calculated crystal-field transition

energies of CeaHf2O7 in the intermediate coupling scheme.
The first column gives the level degeneracy which is always
two here due to the Kramers nature of the Ce®* ion. E.ps and
Ecq1c are the observed and calculated crystal-field transition
energies, with Iops and I.q. the associated intensities (nor-
malized to the intensity of the peak at 56.5 meV). The last
column indicates to which model the transition belongs: 1 for
the perfect D3gq environment and 2 for the defective one. The
intensity of the transition located at 110 meV is actually the
sum of the intensities located at 101 and 110 meV, taking
into account the observed splitting. The values of Stevens
operators obtained from the fit were BS —0.820(188),
BY = 0.223(5), Bf = 1.773(53), B = —0.008(1), B
0.074(2) and B§ = —0.075(2) meV for the first defined en-
vironment. The obtained ground-state wavefunction is |£) =
0.893|% F5 /2,£3/2) F 0.427|*Fy/9,£3/2) + 0.134|>F; 5,F3/2)
- 0.005>F 5,¥3/2).

Fig. [7fa)), and is also close to the value observed in
CeoSnp 07 26, 27]. Upon cooling below about 1 K,
a drop of the effective magnetic moment is observed
(see Fig. [[fa)). The same behavior was found in
CeoSnp 07 [26] 27], where it was interpreted as a con-
sequence of the evolution of the mixing of the wavefunc-
tions of both elements of the doublet under the influence
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FIG. 8. (a-b) ac-susceptibility measured on CeaHf207 pow-
der down to 0.08 K with frequencies ranging from 0.11 Hz to
211 Hz.

of dominant octupole-octupole interactions. Magnetic
susceptibility measured on the polycrystalline sample did
not display any sign of long-range order down to 0.08 K,
nor any zero-field-cooled /field-cooled effects (see inset of
Fig. [7[b)). Furthermore, ac-susceptibility data do not
exhibit any sizeable Y response at frequencies ranging
from 0.11 Hz up to 211 Hz (as can be seen with the flat
signal at zero in Fig. . This indicates that spins evade
freezing down to the lowest temperatures achieved here.

Heat capacity was measured on a piece of
CeoHf507 single-crystal down to 0.4 K in zero field.
Lattice contributions were subtracted using identical
measurements carried out on the isostructural compound
LagHf507 and the resulting magnetic contribution to
the heat capacity can be seen on Fig. )] The onset
of correlations appears as a strong increase of Cpag
when the temperature decreases below 2 K. We an-
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FIG. 9. Magnetic contribution to the heat capacity mea-
sured on a piece of CeaHf207 single-crystal and compared
to similar data on other cerium pyrochlores. The mag-
netic contribution to the heat capacity of CexHf30O7 was
obtained by subtracting lattice contributions using data for
LagHf>O7 that were obtained in the same way. The experi-
mental data for Ce2Sn2O7 and CezZr2O7 are reproduced from
references [27),30] and [29], respectively. We note that the dis-
crepancy observed between the magnetic contributions to the
heat capacity of Ce2SnzO7 from references [27] and [30] only
concerns few data points from [27] that were measured be-
tween 0.5 K and the lowest temperature achieved (0.36 K).
This is unlikely to reflect different correlated ground states
between Ce2Sn,O7 samples used in [27] and [30] but rather
results from difficulties in measuring heat capacity on powder
samples below 0.5 K.

ticipate that it would result in a maximum at lower
temperature, outside of the temperature range covered
in this measurement. In order to compare the magnetic
contributions to the heat capacity with other Ce3* py-
rochlores, we also reproduce in Fig. [J] literature data for
CeoSn207 27, B0] and CeoZraO7 [27]. Remarkably, the
results obtained for CesHf;O7 is very similar to data
reported for both powders [27] and single-crystals [30] of
CeaSny07, while CeyZroO7 [29] shows a significantly
different behavior, with a rise of magnetic contribution
starting up at higher temperatures and being spread on
a wider temperature range. Overall this suggests that
correlations in various Ce3T-based pyrochlores, although
similar, may have slightly different energy scales.

IV. CONCLUSIONS

To summarize, we present a study of CeoHf507, an
alternative Ce®t-based pyrochlore having magnetic
properties similar to that of its stannate and zirconate
counterparts. We start by establishing the concentration
of defects in the materials under investigation using
several techniques, yielding around 3% of non-magnetic
tetravalent cerium in the polycrystalline sample and
11% in the single-crystal. The understanding of these
defects plays an important role in the detailed crystal-

electric field analysis. The calculated Ce3T ground-state
wavefunction supports a dipole-octupole ground state
doublet that is thermally isolated at the temperatures
relevant for correlated physics in such materials. The
magnetic susceptibility extracted from the CEF analysis
is in good agreement with experimental data measured
at temperatures between 375 K and 1 K. Below this
temperature, the evolution of the magnetic susceptibility
is reminiscent of the progressive reduction of the dipole
component of the magnetic moment without any sign
of long-range magnetic order or spin freezing that was
also observed in CesSnyO7. Together with the similar
single-ion ground state wavefunction, this suggests
the presence of the same type of correlated phase in
CeoHf507. Therefore, CesHf>O7 is a promising system
to further explore the exotic properties of an octupolar
quantum spin ice. Ultimately, large single-crystals of
cerium pyrochlores should serve further experiments
such as momentum-resolved inelastic neutron scattering,
as well as thermodynamic measurements and neutron
diffraction under specific directions of applied magnetic
field in order to test recent theoretical predictions for
the octupolar quantum spin ice [58].
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Appendix A: Results of structural refinements

The crystallographic parameters resulting from the Ri-
etveld refinement of the neutron powder diffraction data
and least-square refinement of the single-crystal neutron
diffraction data are given in Table [[T]| and Table [[V] re-

spectively.



Appendix B: Defective crystal electric field
environment

As mentioned in the main text, the number of allowed
parameters of the second CEF environment, the defective
one, is too large compared to the number of observable
CEF transitions. This part of the fit is thus undercon-
strained and the obtained fitting parameters are not very
reliable. In the Stevens formalism, these CEF parameters
are BY = 2.638, B = —0.152, B2 = —0.029, B} = 0.160,
Bl =0.001, B? = 0.001, B} = 0.182, Bf = 8.749¢ — 05,
B = —0.007, B = 3.02¢ — 06, B = —1.470e — 05,
B = 0.038, B§ = —1.016e — 05, B = —1.663¢ — 05
and BS = —0.025 meV. The corresponding ground-state
wavefunction can be found in table [Vl

Appendix C: Crystal-electric field calculation using
SPECTRE

The flexibility of the PyCrystalField package was
extremely important in our detailed analysis of the CEF
data. Nevertheless, its approach is different from more
classical ones based on Stevens and Wybourne formal-
ism. SPECTRE, for instance, assumes a basis containing
n electrons to be distributed within the 4f shell. The LS
coupling along with electric repulsion between electrons
allows to work in the term basis, formed by the collection
of |J,m;), J being not unique. Noteworthy, the Stevens
formalism restricts to the J subset of lowest energy. This
results in specific correspondence between Wybourne
and Stevens coefficients. PyCEF uses the L and S values
of the ground state to create the basis, which gives new
and specific coefficients. It is thus worth benchmarking
our results with another widely used software, like
SPECTRE. Using the set of CEF parameters obtained
with PyCrystalField and converting it to the Wybourne
formalism using internal routines, we computed the
expected neutron cross section and ground-state wave-
function using SPECTRE. The wavefunction computed
by SPECTRE is very similar to the one mentioned in the
main text: |+) = 0.992|2F5/2,:|:3/2> F 0.119|2F7/2,:|:3/2)
F 0.029\2F5/2,¥3/2> + 0.009|2F7/273F3/2>.

Both expected neutron cross sections as well as the

measured data are plotted in Fig. The small dif-
ference observed between both calculated CEF schemes
potentially stems from rounding errors, different diago-
nalization routines and/or from the choice of formalism
of each program. In addition, the simulated cross section
from SPECTRE was plotted with a constant peak width
whereas the PyCrystalField one uses a phenomenological
energy dependence of the peak widths based on the
predicted instrumental resolution and experimental data.

Appendix D: Uncertainty on the crystal-electric
field parameters

Errors on the crystal-electric field parameters in ta-
ble [[T] were estimated using an incremental search over
the variables used in the fit, following a similar method
as in [59]. Due to the limited amount of observables com-
pared to the number of CEF parameters, the fit was car-
ried out by varying the charges used in the point charge
calculations and not directly on the CEF parameters.
The same applies for the incremental search which thus
involves the two charges used in the point charge model
(different charges for basal and apical oxygens) as well
as a global scaling factor. The errors obtained on the
variables were then used to determine the errors on the
CEF parameters.

+data
---PyCEF
SPECTRE

—_
)]

S(w) (mb.sr".meV" per ce®
o > 3

FIG. 10. Comparison between measured CEF excitations and
calculated neutron cross section from both PyCrystalField
and SPECTRE, using phenomenological energy transfer de-
pendent peak width or constant peak width, respectively.
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a = 10.6938(6)A T=15K x y z occ
Ce (16d) 0.5 0.5 0.5 1
Hf (16¢) 0 0 0 1
O (48f) 0.375 0.375 0.375 1
O’ (8b) 0.333(2) 0.125 0.125 1
0” (8a) 0.125 0.125 0.125 0.06(1)

ADPS in A2 U11 U22 U33 U12 U13 U23
Ce (164) 0.00116 0.00116 0.00116 0.00047 0.00047 0.00047
Hf (16¢) 0.00075 0.00075 0.00075 -0.00009 -0.00009 -0.00009
O (48f) 0.00167 0.00125 0.00125 0 0 0.00000
O’ (8b) 0.00166 0.00126 0.00126 0 0 0.00040
O” (8a) 0.00465 0.00465 0.00465 0 0 0

TABLE III. Structural parameters obtained from Rietveld refinement of our starting polycrystalline sample of Ce2Hf2O7 mea-
sured at 1.5 K (space group Fd3m, origin choice 2): Rpragg = 6.68; Rp = 4.49. The lattice parameters, the z coordinate of
the oxygen (48f), the occupation of the oxygen (8a) as well as all the anisotropic temperature factors were refined.

a = 10.6988(1)A T =297 K x y z Uiso oce
Ce (16d) 0.5 0.5 0.5 0.51287 1
Hf (16¢) 0 0 0 0.20366 1
O (48f) 0.375 0.375 0.375 0.69443 1
O’ (8b) 0.331(3) 0.125 0.125 0.61752 1
0” (8a) 0.125 0.125 0.125 0.83292 0.07(2)

TABLE IV. Structural parameters obtained from least-square refinement of neutron diffraction on our crystal of Ce2Hf>O7 mea-
sured at room temperature using a Eulerian cradle (space group Fd3m, origin choice 2): Rr = 4.04. The z coordinate of the
oxygen (48f), the occupation of the oxygen (8a) as well as all the anisotropic temperature factors were refined. The value of
the lattice parameter was obtained via X-ray diffraction, at room temperature, on a ground fragment of crystal.

|*F5,/2,F5/2) |*F5,2,F3/2) |>F5/0,F1/2) [>F5/0,£1/2) | F5/2,4+3/2) |*Fs52, £5/2)
+0.001 -0.238 F0.001 0.006 +0.833 +0.004

|2 Fr/2,F5/2) |* Fr/2,¥3/2) *Fr/2,F1/2) | Fr/2,%1/2) 2 Fry2,£3/2) |* Fr/2,%5/2)
F0.001 +0.155 +0.001 -0.004 F0.475 -0.002

TABLE V. List of contributions from the different states to the ground state wavefunction of the defective model. Note that
the |*Fy2,£7/2) state is not listed here as its contribution is calculated as null.
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