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Dipolar-octupolar correlations and hierarchy of exchange interactions in Ce,Hf,0O
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We investigate the correlated state of CeoHf>O7 using neutron scattering, finding signatures of cor-
relations of both dipolar and octupolar character. A dipolar inelastic signal is also observed, as
expected for spinons in a quantum spin ice (QSI). Fits of thermodynamic data using exact diago-
nalization methods indicate that the largest interaction is an octupolar exchange, with a strength
roughly twice as large as other terms. This hierarchy of exchange interactions — far from a pertur-
bative regime but still in the octupolar QSI phase — rationalises observations in neutron scattering,
which illustrate the multipolar nature of degrees of freedom in Ce** pyrochlores.

Multipoles in condensed matter generally refer to the
higher-order terms of a series expansion describing dis-
tributions of electric and magnetic charges in the crystal.
This general and well-known concept has recently proved
to be of interest even for ordered phases of simple mag-
netic dipoles, where local arrangements can give rise to
‘cluster multipoles’ [I—1]. In this case, multipoles are
employed to predict and describe magnetic structures,
particularly to explain magnetoelectric properties and
anomalous transport responses in time-reversal symme-
try breaking orders. However, multipoles can also be the
physical microscopic degrees of freedom arising at the
atomic level in elements with unquenched orbital mo-

ments [0, 6]. It is well established that strong spin-orbit
coupling can result in multipolar phases in compounds of
f elements [7-9] or heavy d elements [10, 11], although

experimental verification is difficult as multipoles tend
to remain hidden for conventional scattering techniques.
Long-range magnetic structures involving these elements
can lead to several of the symmetry-allowed multipoles
forming long-range order, which results in debates on the
nature and hierarchy of the order parameters [12, 13].
In compounds of f elements, the number of exchange
parameters between spin-orbital entangled J multiplets
can be large, thus increasing the complexity of the in-
teractions and in turn decreasing chances of unambigu-
ously determining their values. However, in a number
of rare-earth insulators such as pyrochlore oxides — frus-
trated magnet prototypes for the quantum spin ice (QSI)
state [14-21], interactions occur on energy scales that are
sufficiently small to simplify their contributions to involve

only the ground state doublet [22]. The local symmetry
at the rare-earth site (Dsq) in these pyrochlores gives rise
to three different kinds of single-ion ground-state dou-
blets depending on the number of f electrons and details
of the crystal-electric field (CEF) parameters. One such
possibility, named a ‘dipole-octupole’ doublet [22, 23],
is stabilized e.g. in pyrochlore oxides of Ce3t [21, 27],
in which case it is defined by any linear combination of
|my = £3/2) states. In a pseudo-spin 1/2 description,
this doublet has components s* and s* that transform
under a I’; ‘dipolar’ irreducible representation (Irrep)
while s¥ follows an ‘octupolar’ T'f" Trrep [23-20]. A mini-
mal model of interactions is given by the Hamiltonian [23]

Hpn = Z Jusist + Jysist + J.sisi + Juo (87T + s7s7)
(ig)

=D (5 h) ges7. (1)

Here, J,, Jy, J, and J,, are effective coupling strengths,
and the summation (ij) is over nearest-neighbors. In this
pseudo-spin basis, s¥ and s¥ have an octupolar charac-
ter while s* carries the dipolar magnetic moment. QSI
phases emerge when one of the first three terms is fer-
romagnetic and dominant, leading to a manifold of ice
states, while other terms bring quantum fluctuations [23].

Cerium pyrochlores have recently been the focus of in-
vestigations. CeoSnsO7 was first found to host a myste-
rious low-temperature correlated phase, based on signa-
tures of correlations below about 1 K observed in both
specific heat and magnetic susceptibility, while muon spin
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FIG. 1. (a) INS spectra measured at various temperatures between 0.1 K and 5 K and integrated between 0.2 A='and 1.0 A%
(b) Imaginary part of the dynamic spin susceptibility (points with error bars), obtained by subtracting the data measured at
5 K to the data measured at lower temperatures. Red lines represent fits of the experimental data using a Lorentzian peak shape
for comparison with previous data on CezZr2O7 [27, 28] and CezSnaO7 [29]. (c) Difference map of the magnetic dynamical
structure factor S(Q, E) between lowest (0.1 K) and highest (5 K) temperatures. (d) and (e) are constant energy cuts at 0.03 +
0.01 meV and 0 £ 0.01 meV energy transfers, respectively. (f) High-momentum diffuse scattering obtained from the difference
between neutron diffraction patterns measured at set-point temperatures of 5 K and 0.05 K for Ce2Hf207 (dark blue) and
CezSn207 [29] (light blue). Intensities are normalized to nuclear scattering as detailed in [29]. The red line is the scattering
calculated for a classical octupole ice [29]. Dark and light blue lines are the same model scaled by 0.2 and 0.625, respectively.

relaxation data exclude the possibility of a long-range
magnetic order down to 0.02 K [30]. Later results showed
the progressive growth of a signal below 1 K in thermal
neutron scattering, occurring at high momentum trans-
fers @), indicating the strengthening of the octupolar mo-
ment in the correlated phase [29]. Such a clear observa-
tion — very distinct from the Q-dependence expected for
the scattering of magnetic dipoles, can be explained by a
dominant J, or J;, leading to a mean field that favors oc-
tupolar moments at the expense of dipole moments. Ac-
cordingly, the effective dipole moment measured in bulk
magnetic susceptibility decreases concomitantly with the
increase of octupolar scattering. In CesZroO7, investi-
gations using neutron scattering and specific heat mea-
surements on single crystals [27, 28, 31-33] also conclude
that an octupolar QSI is stabilized. In other words, in
both CesSnyO7 and CesZroO7 it is proposed that one of
the exchange couplings in Eq. (1) establishes a manifold
of predominantly octupole ice states, while other (trans-
verse) terms like J, allow for quantum fluctuations.

Despite the similarity between the three sister com-
pounds, a simple comparison of the low-temperature
specific heat in CeaSnsO7 [29], CezZr207 [27] and
CegHf507 [31] exemplifies intrinsic differences between
the three materials. It is natural to conclude that these
differences should stem from the different magnitude of
the terms in model (1). The relative strength of the ex-

change interactions and their effects on the experimen-
tal observations is therefore a central question in this
remarkable series of candidate QSI materials. Here we
present the first investigation of the correlated state in
CeoHf;07 [34], revealing signatures of dipolar-octupolar
correlations that we relate to the particular ratio of ex-
change couplings in this material.

Specific heat data were measured using a Quantum
Design PPMS, in zero and finite magnetic fields up to
6 T applied along the crystallographic [111] direction,
in a temperature ranging from 0.4 to 15 K. The lat-
tice contribution was subtracted using data measured for
LasHf;07. Additional data were taken between 0.05 K
and 0.8 K using a home-built calorimeter in a dilution
refrigerator and the quasi-adiabatic heat pulse method.
The heater and thermometer were fixed directly to the
sample and contacts were made with 7 um diameter NbTi
wires to minimise heat leaks. Magnetization vs field was
measured using SQUID magnetometers equipped with a
miniature dilution refrigerator developed at the Institut
Néel-CNRS Grenoble [35]. Neutron powder diffraction
was performed on HRPT (SINQ) [36] using a wavelength
of 1.15 A and a powder sample in a dilution refrigerator.
Inelastic neutron scattering (INS) data were collected us-
ing a powder sample on IN5 (ILL) using an incident en-
ergy of 0.82 meV, providing a resolution of 0.011 meV.
All measurements used samples reported in Ref.
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FIG. 2. (a-c) Magnetic contribution to the specific heat, (d) magnetization and (e) effective magnetic moment derived from
magnetic susceptibility, with magnetic fields applied along [111]. All dots are experimental data and curves are results of the
Lanczos analysis (16-sites system) for two of the best sets of interactions. The fits a and b were obtained with g, = 2.328 and
(Ja, Jy, Jzy Jez)a = (0.011, 0.044, 0.016, -0.002) or (Ja, Jy, J=, Jaz)» = (0.020, 0.047, 0.013, -0.008) in unit of meV. (f) The
log of the two dimensional J.-J, cost function obtained by fixing J, = 0.047 meV, J,. = —0.008 meV, and g, = 2.328.

INS data integrated over a range of low momen-
tum transfers reveal the presence of an inelastic signal
(Fig. 1(a)), similar to what was identified as a con-
tinuum of spinon excitations in CesSnyO7 [29, 37] and
CeoZro07 [27, 32].  Spectra were collected at various
temperatures inside and outside of the correlated regime.
The high temperature spectrum was subtracted from the
other datasets in order to extract the imaginary part
of the generalized dynamic spin susceptibility x”(F) =
[1 —exp(—E/kpT)|S(E), with S(E) being the magnetic
dynamical structure factor (Fig. 1(b)). The temperature
dependence indicates that the signal rapidly decreases
between 0.1 K and 0.2 K and has practically vanished
at 0.4 K, consistent with the weak energy scale in the
sister compounds CezSnyO7 and CesZroO7. The band of
excitations is centered around A = 0.024 £ 0.002 meV,
which is a significantly smaller energy compared to the
two other cerium compounds (A = 0.039 £ 0.003 meV in
CesSny07 [29] and A ~ 0.04 meV in CeyZraO7 [27]). As-
suming that the continuum of spin excitations observed
in CeyHf>0O7 originates from the spinon excitations of a
QSI ground state — magnetic monopoles endowed with
quantum dynamics [24, 25, 38-45] — the center of the
band is expected to be set by the energy scale of the
dominant interaction. This leads us to the tentative con-
clusion that the dominant coupling in CeoHf507 is likely
a factor two weaker than in the other cerium pyrochlores.
The width of the observed inelastic band (I' ~ 0.01 meV)
is also sharper than in both Ce2SnyO7 (I' ~ 0.025 meV)
and CegZr207 (I' ~ 0.06 meV). The bandwidth of spinon
excitations in a QSI is set by the energy scale of the
transverse couplings responsible for quantum fluctua-
tions, indicating that the latter are weaker in CeoHf>07.
However, conclusions made on the basis of the values

of A and T consider a generic QSI spin-1/2 quantum
XYZ model [16] with dominant and transverse exchanges,
which may not reflect all subtleties of the four exchange
parameters in Hamiltonian (1) [23].

Having excitations that possibly indicate a QSI phase,
a legitimate question arising for a ‘dipole-octupole’ py-
rochlore is the nature of the background correlations, i.e.
of the dominant coupling. We have performed a thermal
neutron powder diffraction experiment in the same condi-
tions as for CeaSnyO7 [29], in order to search for octupo-
lar correlations. The result is shown in Fig. 1(f) together
with the data previously reported for CeaSnsO7 [29]. Us-
ing the same procedure for scaling in absolute units as
in Ref. [29], we found that the same type of high-Q scat-
tering occurs in CeoHf307 at low temperature, but with
a much weaker intensity than in CesSnyO-;. However,
looking at the elastic channels of the INS data (Fig. 1(c-
d)), we also observe a quasi-elastic signal (E = 0=+0.011
meV) at low-Q suggesting the simultaneous existence
of dipolar correlations. This contrasts with INS ex-
periments performed on Ce;SnsO7 prepared by solid-
state synthesis, where no quasi-elastic dipolar signal is
observed and the scattering at low @ only comprises
gapped excitations attributed to spinons of an octupo-
lar QST [29, 37]. The structure of the inelastic signal
(Fig. 1(e)) is less pronounced than for the quasi-elastic
contribution (Fig. 1(d)), though both reach a maximum
around 0.6 A=1. The Q-dependence of the quasi-elastic
and inelastic signals are reminiscent of the diffuse scatter-
ing observed in spin ices [17, 48] and the inelastic scatter-
ing in CeaSn07 [29] and CeyZroO7 [27, 28], respectively.

In order to rationalize the observed neutron scatter-
ing signals, we turn to estimating the magnitude of J
parameters using fits of the specific heat, magnetization



and susceptibility. The magnetic specific heat was fitted
using the finite temperature Lanczos method (FTLM)
[19, 50] applied to the dipole-octupole QSI Hamiltonian
in Eq. (1) (see Ref. [26, 32]). The g-tensor components
were initially estimated from magnetization vs field data
collected at 4 K, far from the correlated regime. The re-
sulting g, = 2.328 is in good agreement with expectations
from the CEF [26] and was fixed during the optimization
of the exchange interactions. The zero-field specific heat
(Fig. 2(a)) shows a broad peak, centered around 0.15 K,
as typically observed in spin ice materials when magnetic
correlations start to build up [27, 29, 51-54]. Apply-
ing a magnetic field along the [111] direction shifts the
signal to higher temperatures, where two separate contri-
butions develop, whose positions and relative weights are
remarkably captured by the simulations (see [20]). Cal-
culations from our model, in the correlated regime, were
also compared with the temperature dependence of the
bulk susceptibility measured at low field and magnetiza-
tion curves measured at 0.08 K for fields along the high
symmetry directions [20], giving a relatively good agree-
ment. The former is shown in Fig. 2(e) using a highly dis-
criminating plot — the effective magnetic moment vs tem-
perature on a logarithmic scale, showing that the drop of
dipole moment in the correlated regime is reproduced for
dominant octupolar couplings. The cost function result-
ing from our analysis [20] is presented in Fig. 2(f) for a
dominant J, , showing a valley of optimal parameter sets
that correspond to an octupolar QSI. Two representative
sets (labelled a and b and respectively shown as red and
violet curves in Fig. 2(a-e)) are (all J values in meV):

(Jas Jys Iz, Juz)a = (0.011,0.044,0.016, —0.002), -
(Jas Jys = Juz)p = (0.020,0.047,0.013, —0.008).

Importantly, dominant J, solutions are also valid, e.g.:
(Jzy Iy, Iz, Jz=) = (0.046,0.022,0.011, —0.001).  (3)

In all optimal parameter sets, J,. remains small, suggest-
ing that direct coupling of dipoles to octupoles is weak.
Noteworthy, all our optimal parameter sets deviate sig-
nificantly from those obtained for CesZrO7 [31, 32]. In
contrast with CeyZraO7 where J, ~ J,, we find that one
dominates over the other. Nonetheless, our parameters
correspond to the w-flux phase of QSI [11, 42, 55, 56],
like in CegZroO7 [31, 32], i.e. the significant transverse
interactions lead to Ji < 0, calculated as —(J, + J;)/4
or —(Jy + J,)/4, respectively for J,, or J, dominant.

In order to check the consistency of our results with the
INS data, one of the optimal parameter sets of the FTLM
analysis was used to perform a semi-classical molecu-
lar dynamics (MD) simulation [31, 32, 57], computing
the energy- and momentum-resolved map of the mag-
netic dynamical structure factor. The resulting spectrum
displays a continuum of excitations (Fig. 3b), centered
around 0.021 meV, in good agreement with the experi-
mental dynamical structure factor in Fig. 3(a).

Observing dipolar and octupolar signals informs us di-
rectly about the dual nature of the degrees of freedom
forming the spin liquid state. A mixed dipolar-octupolar
character was also observed in the correlated phase of
NdsZry0O7 [58—=60], but in that case forming a long-range
all-in-all-out order. In CeyHf>0O7, assuming a combina-
tion of dominant octupolar and substantial dipolar in-
teractions, as our optimal parameter sets suggest, we ex-
pect pseudo-spins to develop hybrid ‘dipolar-octupolar’
liquid correlations. The dipolar spin ice correlations are
deduced from the Q)-dependence of the quasi-elastic scat-
tering — a signal that is separated from the gapped ex-
citations (spinons) thanks to a high energy resolution.
The ring exchange term of the QSI Hamiltonian, e.g.
Jring = 3(Jz + J2)?/(16J72) for a dominant .J,, defines a
bandwidth of photon and vison excitations of the order of
a few 1073 meV for our optimal parameter sets, thus cor-
roborating the observation of a signal integrated over the
elastic line in our experiments. The increase of octupo-
lar scattering at low temperature is a direct consequence
of the corresponding correlations that lead to new split
eigenstates reflecting an octupolar coupling. Although
our data cannot distinguish parameter sets with a domi-
nant J,, or J,, the latter together with a non-zero J,, (3)
is an interesting scenario to explain the dipolar-octupolar
scattering, as s* and s* share the same symmetry [20].

Our work suggests that Ce3*pyrochlores are examples
of multipolar quantum orders and topological states in-
volving correlations of different terms in the magnetic
moment series expansion, as discussed in long-range mul-
tipolar orders [12, 13]. Further theoretical work is needed
to understand the spectral weights of dipolar and oc-
tupolar scattering as functions of exchange parameters
in octupolar QSIs. The relatively large transverse term
deduced for CeoHf507 places it beyond the perturbative
regime, which poses new challenges to determine the pre-
cise nature of the ground state [(1].
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FIG. 3. Comparison of the dynamical structure factor as a
function of energy and absolute momentum (a) observed (data
from Fig. 1(c)) and (b) simulated (using parameter set a).
The latter was obtained from MD simulations for 1024 sites
and re-scaled by SE/(1—exp(—BE)) (8 = 1/kpT with kp the
Boltzmann factor and F the neutron energy transfer).
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