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The pyrochlore magnet CezZr2O7 has attracted much attention as a quantum spin ice candidate
whose novelty derives in part from the dipolar-octupolar nature of the Ce3* pseudospin-1/2 degrees
of freedom it possesses. We report new heat capacity measurements on single crystal samples of
CezZr207 down to T' ~ 0.1 K in a magnetic field along the [17 1, 0] direction. These new measure-
ments show that the broad hump in the zero-field heat capacity moves higher in temperature with
increasing field strength and is split into two separate humps by the [1, 1, 0] magnetic field at ~ 2T.
These separate features are due to the decomposition of the pyrochlore lattice into effectively de-
coupled chains for fields in this direction: one set of chains (a-chains) is polarized by the field while
the other (-chains) remains free. This situation is similar to that observed in the classical spin ices
Ho2Ti2O7 and Dy2Ti2O7, but with the twist that here the strong transverse exchange interactions
produce substantial quantum effects. Our theoretical modelling suggests that the -chains are close
to a critical state, with nearly-gapless excitations. We also report new elastic and inelastic neutron
scattering measurements on single crystal Ce2Zr2O7 in [1,1,0] and [0, 0, 1] magnetic fields at tem-
peratures down to 17" = 0.03K. The elastic scattering behaves consistently with the formation of
independent chains for a [1,1, 0] field, while the [0, 0, 1] field produces a single field-induced elastic
magnetic Bragg peak at (0,2,0) and equivalent wavevectors, indicating a polarized spin ice state
for fields above ~ 3 T. For both [1, 1, 0] and [0, 0, 1] magnetic fields, our inelastic neutron scattering
results show an approximately-dispersionless continuum of scattering that increases in both energy
and intensity with increasing field strength. By modelling the complete set of experimental data
using numerical linked cluster and semiclassical molecular dynamics calculations, we demonstrate
the dominantly multipolar nature of the exchange interactions in Ce2Zr20O7 and the smallness of the
parameter 6 which controls the mixing between dipolar and octupolar degrees of freedom. These
results support previous estimates of the microscopic exchange parameters and place strong con-
straints on the theoretical description of this prominent spin ice candidate.

I. INTRODUCTION

The rare-earth pyrochlores have been of great inter-
est within the condensed matter physics community
due to the wealth of exotic magnetic ground states dis-
played throughout this large family of materials [1-4].
Many rare-earth pyrochlores have the chemical formula
R5B507, where R3Y is a trivalent rare-carth ion and B4+
is a tetravalent transition metal ion. Much attention has
focused on the subset of the pyrochlore family where
the B*t site is non-magnetic, allowing the physics to
be driven by interacting multipolar moments at the R3+
sites. These form a network of corner-sharing tetrahedra

that is one of the archetypes for geometric frustration
in three dimensions and which promotes exotic magnetic
phases at low temperature [1, 2, 4-8].

The typical energy hierarchy in rare-earth pyrochlores
is such that spin orbit coupling is the highest energy scale
apart from the coulomb interactions that dictate the fill-
ing of atomic levels, followed by the crystalline electric
field (CEF) at the R3* sites, which then dominates over
the exchange and related inter-site interactions between
the R3* ions [3, 4]. Consequently, when the CEF ground
state is a doublet that is well-separated in energy from
the first excited state, which is often the case for the
R3* ions in rare-earth pyrochlores, the low temperature
magnetic behaviour can be accurately described in terms



of interacting pseudospin-1/2 degrees of freedom [3, 4].
In such cases, the symmetry of the CEF ground state
imprints itself on the R3T pseudospin-1/2 degrees of free-
dom and the exchange Hamiltonian that describes the
interactions between them. This leads to three possible
scenarios for the rare-earth pyrochlores, based on how the
pseudospin-1/2 degrees of freedom transform under the
R3* site symmetries and time reversal symmetry [4, 9—
12]. The three scenarios for the CEF ground state dou-
blets are 1) the “non-Kramers” ground state doublet, rel-
evant for R3T ions with an even number of electrons,
2) the “effective spin-1/2” dipole doublet, and 3) the
“dipolar-octupolar” ground state doublet, with the lat-
ter two being relevant for Kramers R3* ions with an odd
number of electrons. Along with governing the form of
the non-zero terms allowed in the exchange Hamiltonian,
the nature of the CEF ground state doublet also deter-
mines the size and single-ion anisotropy of the magnetic
moments at low temperature [4].

In the case of CesZryO7, the Ce*t CEF ground state
is well-separated in energy from the first excited CEF
state by ~55 meV, and it is a dipolar-octupolar dou-
blet [13, 14], which corresponds to x and z compo-
nents of pseudospin that transform like magnetic dipoles,
and y components that transform like magnetic oc-
tupoles under the point group symmetries of the R3*
site and time-reversal symmetry [4, 11, 12]. This dipolar-
octupolar symmetry is accompanied by an Ising single-
ion anisotropy in which the magnetic dipole moments are
aligned along the local C3 axes of the R3* sites, labelled
as the local z directions. This Ising single-ion anisotropy
is the case for all dipolar-octupolar pyrochlores; While
the x and z components of pseudospin both transform
like magnetic dipoles, the x component carries an oc-
tupole moment similar to the y component, and the z
component carries a dipole moment [4, 15].

The dipolar-octupolar symmetry of the CEF ground
state doublet governs the relevant non-zero terms in the
general exchange Hamiltonian appropriate for CesZroO7
and other dipolar-octupolar pyrochlores, and at nearest-
neighbour level this yields the exchange Hamiltonian [4,
11, 12],

Hpo = Y _[JoSi"S;" + J,8:¥S;¥ + J.Si*S;?
(i)
+ sz(Siszz + SZZSJI)] — g:UB Z(h . ZZ)Slz ,
(1)

where S;” (a = z, y, z) are the pseudospin-1/2 compo-
nents of rare-earth atom ¢ in the local {z,y,z} coordi-
nate frame. The {z,y, z} coordinate frame is the local
coordinate frame that is typically used for the rare-earth
pyrochlores, with the y and z axes along the Cs and Cj
axes of the R37T site, respectively [4, 11, 12]. As described
above, S7 carries a magnetic dipole moment while SY
and SY each carry magnetic octupole moments [4, 15].

However, both S¥ and S7 transform under the R3% site
symmetries and time reversal symmetry like magnetic
dipoles, while only S transforms like a component of the
magnetic octupole tensor. The second sum in Eq. (1) rep-
resents the Zeeman interaction between the R** ion and
the magnetic field, where the magnetic field is denoted
as h and z; is the local z axis for ion 7. The constant g,
is determined by the CEF ground state doublet, which
gives g, = 2.57 for the pure |m; = +3/2) ground state
doublet estimated for Ce3T in CeaZraO7 (Refs. [13, 14]).
This nearest-neighbour exchange Hamiltonian [Eq. (1)]
can then be simplified to the “XYZ” exchange Hamilto-
nian via rotation of the local {z,y, 2} coordinate frame
by 6 about the y-axis [11, 16]:

Hxvyz = Z [J28:78;" 4+ J38:9 8,9 + J:5,7S,7]

<ij> @)
— . lB Z h- ii(SiZ cosf + S;* sinf) .

Theoretical studies of this XYZ Hamiltonian [Eq. (2)]
for zero field have shown that it permits at least four dis-
tinct U(1) quantum spin liquids, with low energy physics
mimicking the theory of quantum electromagnetism, and
at least two magnetically-ordered ground states [15, 17—
20]. We refer to these spin liquids as quantum spin ice
(QSI) phases, as they can be obtained from the addition
of quantum fluctuations to a classical spin ice model with
local “2-in, 2-out” constraints on the spins [11, 21-24].
Recent works (Refs. [25, 26]) have focused on estimating
the exchange parameters, Jz, Jj, Jz, and 6, for CeaZr2O7
by fitting collections of experimental data, and both anal-
yses yield parameters that correspond to a quantum spin
ice ground state for the XYZ Hamiltonian. A quantum
spin ice ground state of the XYZ Hamiltonian has oc-
tupolar nature if |J;| > |Jz|,|Jz| and dipolar nature if
|Jz| > |Jg| or |Jz| > |Jg| [25]. We do not distinguish here
between the spin ices appearing for large J; and the spin
ices appearing for large Jz. This is because these ground
states can be smoothly deformed into one another, by
variation of the parameter 6, so they do not represent
distinct phases. In general, the J; or J; dominated spin
ices are of mixed dipolar-octupolar character, but we re-
fer to them here as “dipolar” to distinguish them from
the purely octupolar spin ices appearing for large Jj.

The work in Ref. [25] finds experimental estimates for
the exchange parameters of CesZroO7 that correspond
to a quantum spin ice ground state near the boundary
between dipolar and octupolar character, while Ref. [26]
also fits next-near neighbour terms in the Hamiltonian,
beyond those contained in Egs. (1) and (2), and finds
exchange parameters for CesZroO7 that correspond to
a quantum spin ice ground state with octupolar char-
acter. It is worth mentioning that a QSI ground state
is also consistent with the lack of evidence for phase
transitions in the measured heat capacity and magnetic
susceptibility, as well as the snowflake-like pattern of
magnetic diffuse scattering and the lack of magnetic
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FIG. 1. (a) The magnetic rare-earth ions composing five corner-sharing tetrahedra within the pyrochlore crystal structure,
illustrating the magnetic structure expected in a [1,1,0] magnetic field for a spin ice with ferromagnetic coupling of dipole
moments. The magnetic moments of the rare-earth ions are confined by the Ising single-ion anisotropy to point directly towards
or away from the center of neighbouring tetrahedra. The magnetic sublattice can be decomposed into « chains along the [1, 1, 0]
magnetic field direction and B chains perpendicular to the field. The red (blue) colors highlight the « (8) chains along the
[1,1,0] ([1,1,0]) direction parallel (perpendicular) to the magnetic field. The « chains are polarized by the [1, 1,0] magnetic
field while the 8 chains show short-ranged ferromagnetic order, which locally establishes the 2-in, 2-out spin ice rule for dipoles.
There are two possible directions for the short-ranged ferromagnetic order of the 3 chains due to the fact that the magnetic
moments on each S chain can be collectively flipped at zero cost in energy. (b) The magnetic structure for spin ice in the
presence of a [0,0, 1] magnetic field is illustrated. Each tetrahedron takes on a 2-in, 2-out configuration, but the component
of the magnetic dipole moment along the [0, 0, 1] magnetic field direction is positive for each rare-earth ion, giving rise to a

polarized spin ice state.

Bragg scattering measured in neutron scattering exper-
iments [13, 14, 19, 25, 26].

Similarly, recent experiments on powder samples of
the dipolar-octupolar pyrochlore CesSnsO7 at low tem-
perature have been interpreted in terms of an octupole-
based QSI phase [27-29]. However, new results on
hydrothermally-grown powder and single crystal samples
of CesSnsOr7 suggest that the magnetic ground state
is an “all-in, all-out” ordered phase that is proximate
in phase space to a QSI phase whose dynamics persist
down to very low temperature [30]. In recent work on
the third existing cerium-based, dipolar-octupolar py-
rochlore, CeoHf>O7 [31], a collection of experimental data
was fit to constrain the nearest-neighbour exchange pa-
rameters and this analysis concluded that the correspond-
ing ground state is a quantum spin ice ground state [32].
The work in Ref. [32] was unable to constrain the nearest-
neighbour exchange parameters further to distinguish be-
tween a dominant .J, or a dominant J, for the proposed
quantum spin ice ground state in CesHf507.

In this work, we report heat capacity and neutron scat-
tering studies focused on probing the magnetic behaviour
of the Ce3t ions in CepZroO7 at low temperature in
magnetic fields along the [1,1,0] and [0,0,1] directions.
Fields along the [1,1,0] direction are of particular inter-
est, because the local anisotropy of the g-tensor of the
Ce3t ions means two of the four sites in the unit cell are
completely decoupled from fields in this direction, while
the other two couple to the field strongly. These two
sets of spins form chains in the pyrochlore structure [see
Fig. 1(a)], conventionally labelled o and 3. The « chains
are polarized by the field, while the £ chains are decou-

pled from it.

Moreover, the geometry of the interactions on the py-
rochlore lattice means that once the « chains are polar-
ized, the exchange field they produce on the sites of the
[ chains cancels, and the system is thus reduced to a set
of independent, quantum, spin chains [33, 34]. Ref. [34]
further shows that any effective interaction between
chains, mediated by quantum fluctuations on the «
chains, is extremely small in the nearest-neighbor model.
The decoupling of the & and 3 chains in [1, 1, 0] magnetic
fields has been observed previously in the classical spin
ices HoaTi2O7 ([35-37]) and Dy2TiO7 ([36, 38, 39]) and
in the dipolar-octupolar pyrochlore NdyZr2O7 ([40]). In
each of these cases it was found that the ([-chains de-
velop short-range ferromagnetic intrachain correlations.
For NdZr>07, no obvious correlations between /3 chains
were reported [40], while for HoaTiaO7 ([35-37]) and
Dy2Ti2O7 ([36, 38, 39]), short-ranged antiferromagnetic
correlations develop between the S chains, attributed to
long range dipolar interactions [33].

The ferromagnetic coupling detected within § chains
in Nd3Zr20O7 (Ref. [40]) is consistent with the domi-
nant ferromagnetic coupling between dipole moments
in Nd2Zro07 [16, 40, 41], despite the fact that frustra-
tion of this dominant ferromagnetic coupling leads to
an antiferromagnetic all-in, all-out ground state in zero
field [40, 42-46]. The short-range ferromagnetic intra-
chain correlations detected in HosTiaO7 ([35-37]) and
Dy2TizO7 ([36, 38, 39]) are consistent with the ferromag-
netic coupling of dipole moments that governs the con-
ventional “2-in, 2-out” rule for these classical spin ices in

zero field [35, 47-52].



The results we report here for CesZroO7 also show
short range ferromagnetic intrachain correlations, in
agreement with the ferromagnetic coupling between
dipole moments (J, > 0) determined from estimates of
the exchange parameters in this work and Refs. [25, 26],
as well as very weak or vanishing correlations between (-
chains. However, we also find important differences, com-
pared to previously studied materials. In particular, the
intrachain correlation length we observe is much shorter
in CeyZroO7 than in the classical spin ices, a fact that we
attribute both to stronger quantum fluctuations and to
the strong multipolar interactions in CesZroO7. The situ-
ation here is also somewhat different to that in NdsZr,O7,
where neutron scattering probes the dominant correla-
tions on the 3 chains, whereas here we find that the dom-
inant multipolar correlations are hidden. We reach this
conclusion via fits of the in-field heat capacity data to
Numerical Linked Cluster (NLC) calculations based on
Eq. (2), finding that J; and J; dominate over Jz, and
that 6 ~ 0, reaffirming our conclusions from [25]. We
find that the values of J;z and Jj are closely matched,
which in turn implies that the 8 chains are tuned to the
vicinity of a critical point and have nearly gapless excita-
tions.

For fields in the [0, 0, 1] direction we observe the field-
induced structure shown in Fig. 1(b). For this magnetic
structure, each of the rare-earth magnetic moments are
aligned along the local easy-axis direction that has a pos-
itive component along [0, 0, 1], so as to collectively min-
imize the interaction energies of the rare-earth ion with
both the crystal electric field and the magnetic field. This
corresponds to a field-induced selection of the 2-in, 2-out
spin ice state that has a net moment along [0, 0, 1], for
each tetrahedron, and as such forms a Q = 0 magnetic
structure [36, 38, 53]. The @ = 0 magnetic structure
is known to occur in the classical spin ices HosTisO7
and Dys>TisO7 at low temperature in moderate magnetic
fields along the [0, 0, 1] direction [36, 38].

Inelastic neutron scattering performed in both [1, 1, 0]
and [0,0,1] does not show any sharp spin wave excita-
tions. This supports the conclusion of a small or van-
ishing value of 6, as it is this parameter which con-
trols the matrix element to excite spin waves from the
high field polarized state. Modelling the inelastic scatter-
ing using molecular dynamics simulations, we find good
general agreement. The suite of data presented here,
across thermodynamic, static and spectroscopic measure-
ments, strongly constrains any theoretical description of
CegZra07. As such this work represents an important
step in the understanding of this promising spin ice can-
didate material.

II. OUTLINE

We first present new heat capacity measurements of
CeoZr207 in a magnetic field along the [1,1,0] direction
for field strengths between 0 and 2 T. These measure-

ments are fit to the results of numerical linked cluster
(NLC) calculations to further examine experimental es-
timates of the parameters (Jz,Jg,J:) and g, for Ce*"
in CeyZra07. The results of this fitting are largely con-
sistent with previous estimates for the nearest-neighbour
exchange parameters in Ref. [25], and importantly, with
a U(1), quantum spin ice ground state in CeyZroO7 ac-
cording to the ground state phase diagrams predicted for
dipolar-octupolar pyrochlores at the nearest-neighbour
level (Refs. [15, 17-20]).

We next present new elastic neutron scattering results
from our time-of-flight and triple-axis neutron scattering
measurements on single crystal CesZroO7 in a [1,1,0]
magnetic field. These new measurements reveal magnetic
Bragg peaks characteristic of field-polarized « chains, as
well as sheets of diffuse magnetic scattering characteris-
tic of loosely-correlated 8 chains that are short-ranged-
ordered ferromagnetically within each chain and disor-
dered between the chains, as illustrated in Fig. 1(a).
Our new elastic neutron scattering measurements in a
[0, 0, 1] magnetic field show only the appearance of mag-
netic Bragg intensity at Q = (2,0,0) and symmetrically-
equivalent positions, with no magnetic Bragg intensity
at Q = (2,2,0), a signature of the [0, 0, 1]-polarized spin
ice state, illustrated in Fig. 1(b). These elastic neutron
scattering results are then put into the context of the
results on the classical dipolar spin ices, HosTisO7 and
Dy, TisO7 as well as the quantum pyrochlore NdsZrsO7.

Finally, for both [1,1,0] and [0, 0, 1] magnetic field di-
rections, our new time-of-flight inelastic neutron scatter-
ing measurements reveal a continuum of relatively dis-
persionless inelastic scattering which breaks off from the
quasielastic scattering that is characteristic of the zero
field quantum spin ice state, with increasing magnetic
field strength.

We compare our new neutron scattering measurements
with semiclassical molecular dynamics calculations based
on Monte Carlo simulations, as well as one-dimensional
quantum calculations, using the experimental estimates
for (Jz, Jg,Jz) and g, obtained from our fitting to the
heat capacity. These calculated neutron scattering inten-
sities are largely consistent with the experimental data
and the strong f#-dependence of the calculated scattering
further suggests that 6 is near zero for CegZr2O7.

III. EXPERIMENTAL DETAILS

Neutron scattering and heat capacity measurements
were performed on three different high-quality single crys-
tal samples of CesZroO7, each grown by floating zone
image furnace techniques as described in Ref. [13]. As
described in earlier work, non-stoichiometric oxygen con-
tent and the presence of non-magnetic Ce** impuri-
ties can complicate measurements on as-grown CesZroO7
samples and samples that have been exposed to air after
growth [13]. Accordingly, our crystals were subsequently
annealed at 1450 C for 72 hours in Hs gas to reduce the



as-grown oxygen content and maximize the Ce?t to Ce**
ratio, and care was taken to store the samples in inert gas
after annealing.

Heat capacity measurements were performed on a sin-
gle crystal piece of CeqZroO7 that was removed from
one of our larger crystals, along with a polycrystalline
sample of LaysZr,O7, which is used as a 4f° analogue
of CeyZroO7. Heat capacity measurements on a polished
single crystal of CeaZroO7 (smooth-surfaced pressed pow-
der pellet of LasZroO7) were carried out using a Quan-
tum Design PPMS to temperatures as low as T'= 0.058 K
(T = 2.5 K) using the conventional quasi-adiabatic ther-
mal relaxation technique. The heat capacity of LasZroO7
is very small at ~2.5 K, and there was no need to pursue
measurements at lower temperatures. The heat capac-
ity of our single crystal Ce;Zro0O7 sample was measured
in a magnetic field along the [1,1,0] direction at field
strengths between 0 and 2 T. Our zero-field heat capac-
ity measurements on CesZroO7 and LasZroO7 are also
presented and analyzed in Ref. [25].

Our triple-axis elastic neutron scattering measure-
ments employed the SPINS instrument at the NIST Cen-
ter for Neutron Research, with a constant incident neu-
tron energy of E; = 5 meV. For this experiment, a
~1.5 gram single crystal of CesZroO7 was aligned in the
(H, H, L) scattering plane in a magnetic field along the
[1,1,0] direction. The (0,0,2) Bragg reflection from py-
rolytic graphite was employed for both the monochroma-
tor and analyzer of this instrument and a liquid nitrogen
cooled beryllium filter was used after the sample to re-
move higher order neutrons. The collimation was 0.7°
in both the incident and scattered beams, and the over-
all energy resolution was ~0.22 meV. The single crystal
sample was mounted in an aluminum sample holder, and
a 3He insert was used in a vertical-field superconducting
magnet cryostat with a maximum field-strength of 7 T.

Our time-of-flight neutron scattering experiments em-
ployed the Cold Neutron Chopper Spectrometer (CNCS)
instrument at the Spallation Neutron Source of Oak
Ridge National Laboratory [54, 55]. We employed an inci-
dent neutron energy of F; = 3.27 meV using the high-flux
configuration with 300 Hz chopper frequency, yielding an
energy resolution of ~0.1 meV at the elastic line. For one
experiment, a ~5 gram single crystal sample of CesZr,07
was mounted in a copper sample holder and aligned in
the (H, H, L) scattering plane in a magnetic field along
the [1,1,0] direction. For the second neutron scattering
experiment using the CNCS instrument, a ~1.7 gram
single crystal CeyZroO7 sample was mounted in a cop-
per sample holder and aligned in the (H, K, 0) scattering
plane in a magnetic field along the [0, 0, 1] direction.

For each chosen temperature and field strength of our
CNCS experiment with the [1,1,0] magnetic field, the
sample was rotated in the (H, H, L) plane in 1° steps
through a total of 220° and the data was subsequently
symmetrized. We have further discussed this symmetriza-
tion process in the supplemental material of Ref. [13]. We
reduce the diffuse scattering data in Figs. 4-6 in a manner

that avoids adding artefacts to the diffuse scattering sig-
nal arising from the imperfect subtraction of Bragg peaks;
The intensity at each Bragg peak location is masked in
performing the subtraction of the h = 0 T data and we
subsequently show the intensity at these masked Bragg
peak locations as the average intensity of the surrounding
points in reciprocal space. For each chosen temperature
and field strength of our CNCS experiment with [0, 0, 1]
magnetic field, the sample was rotated in the (H, K, 0)
plane in 0.5° steps through a total of 280° and the data
was subsequently symmetrized. The Data Analysis and
Visualization Environment (DAVE) software suite for the
reduction, visualization, and analysis of low energy neu-
tron spectroscopic data (Ref. [56]) was used in analyzing
the neutron scattering data presented in this work.

IV. RESULTS: HEAT CAPACITY AND
NUMERICAL-LINKED-CLUSTER
CALCULATIONS

New heat capacity measurements taken on a CeaZroO7
single crystal in a [1,1,0] magnetic field complement
those previously reported from CesZroO7 single crys-
tals in zero magnetic field and in [1,1,1] magnetic
fields [14, 25, 26, 57]. As discussed previously, the [1,1, 0]
magnetic field direction is particularly interesting to in-
vestigate for CeyZro07 due to the lack of coupling be-
tween the magnetic field and the ([-chains in the py-
rochlore lattice for this field direction. Figure 2(a) shows
the temperature-dependence of heat capacity measured
from our single crystal sample of CesZr207 in a [1,1, 0]
magnetic field for field strengths between A = 0 T and
h = 2T, as well as the heat capacity measured from a
powder sample of LasZro,O7 down to 2 K. LasZroO7 is
a non-magnetic analog of CesZroO7 and the measured
data from LayZroO7 in Fig. 2(a) (purple) provides an es-
timate for the phonon contribution to the heat capacity
in CeyZroO7. This shows that this lattice contribution to
the heat capacity is approximately zero below T' ~ 6 K,
and accordingly, the magnetic contribution to the heat
capacity (Cmag) is easily isolated below T' ~ 6 K. Fig-
ure 2(a) shows that the broad hump in the zero-field
heat capacity, due to Chae, increases in temperature and
width with increasing field-strength before splitting into
two distinct humps which are visible as separate features
by 2 T.

The field-dependent hump at higher temperature has
the form of a Schottky anomaly at h = 2 T and we
attribute this feature to the phase crossover into the low-
temperature ordered regime for the « chains, which in-
teract strongly with the magnetic field. On the other
hand, the low-temperature shoulder of this peak, most
visible in the 2 T data of Fig. 2(a), is attributed to the
phase crossover into the low-temperature short-ranged
ordered regime for the g chains, which lack significant
coupling to the magnetic field. This is similar to the
splitting of Chag observed in Ref. [58] for the classical
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FIG. 2. (a) The temperature dependence of the heat capacity of single crystal Ce2Zr2O~ in a [1,1, 0] magnetic field is shown for
field strengths of 0 T (blue), 0.5 T (orange), 1 T (green), and 2 T (brown), as well as the heat capacity of a LasZroOr7 powder
sample in zero magnetic field (purple). The lines in (a) show the magnetic contribution to the heat capacity in a [1, 1, 0] magnetic
field calculated using sixth- and seventh-order NLC calculations for zero magnetic field and fifth-order NLC calculations at
each non-zero field strength of measurement (as labelled). The calculation is shown using § = 0 and our best-fitting set of
nearest-neighbour exchange parameters (Jz, Jg, Jz) = (0.063, 0.062, 0.011) meV obtained in this work by fitting the sixth-order
NLC calculations to the zero-field Ce2ZroO7 Cp data in this figure. The calculations in this figure use the value g, = 2.24
for the effective g-factor, which provides the best-fit to the in-field data for (Jz, Jy, J:) = (0.063,0.062,0.011) meV and 6 = 0
according to the fifth-order NLC calculations. (b) The best fit parameters from the NLC calculations in this work overlaid on
the zero-field ground state phase diagram predicted for the XYZ model Hamiltonian and dipole-octupole pyrochlores [17, 30].
We also plot the experimental estimates for the exchange parameters determined in Refs. [25, 26]. Part (b) of this figure was

adapted from Ref. [30].

spin ice DysTizO7, where a [1,1,0] magnetic field again
splits the hump in the zero-field heat capacity into a field-
dependent hump associated with the a chains, which
takes the form of a Schottky anomaly for higher fields,
and a field-independent phase crossover at lower temper-
ature associated with the g chains, consistent with pre-
dictions for DysTisO7 in Ref. [33].

We compare the measured heat capacity of CesZroO7
with Chag-calculations using the NLC method [59-63],
which allows further refinements of the nearest-neighbour
exchange parameters in the XYZ Hamiltonian relevant
to CeaZr207 [25, 30]. The NLC method employs a pro-
cess of calculating Cinag (or other physical quantities) by
generating a series expansion from the exact diagonaliza-
tion of clusters containing increasing numbers of tetra-
hedra. The sum is truncated at some maximum cluster
size, and the calculation is expected to be accurate for
temperatures such that the correlation length does not
exceed that maximum size. The order of these quantum
NLC calculations refers to the maximum number of tetra-
hedra considered in a cluster, and the low-temperature
cutoff for the n't-order calculation, using a particular
set of exchange parameters, is set by the temperature
above which the n*-order calculation is equal to the
(n—1)"-order calculation up to some small tolerance. We

have carried out NLC calculations up to seventh-order to
model the magnetic heat capacity at temperatures above
a low-temperature threshold for each calculation, and be-
low T' = 6 K where the phonon contribution to the heat
capacity is insignificant.

In the following, we use sixth-order NLC and fifth-
order NLC to fit the heat capacity in zero and non-zero
field, respectively. The reduced order for non-zero field
is due to the reduced symmetry of the Hamiltonian in
that case, which increases the cost of the exact diag-
onalization. In addition to that, the number of topo-
logically invariant clusters in the NLC expansion is also
increased in the non-zero-field case making calculations
even more demanding. We first used sixth-order NLC
calculations in order to fit the zero-field heat capacity
measured from CesZroO7 and determine the best-fitting
nearest-neighbour exchange parameters Jz, Jj, and J;
up to permutation of the Z, ¢, and Z axes. This is similar
to the sixth-order NLC fitting of the zero-field heat capac-
ity measured from Ce2SnaO7 in Ref. [30], and provides
improvement to the fourth-order NLC fitting of the zero-
field heat capacity measured from CeyZr2O7 in Ref. [25].
We then use fifth-order NLC calculations to fit the in-
field heat capacity measured from CezZroO7 using the
best-fitting values of J;z, J;, and J; determined from our



zero-field fitting, in order to determine which permuta-
tions of these exchange parameters fit the measured data
best as well as to estimate the effective anisotropic g-
factor, g..

The zero-field heat capacity contains no directional in-
formation and as such it does not depend on 6 or the per-
mutation of x, g, and z that is chosen. We compare sixth-
order NLC calculations for Cp,,s between T' = 0.3 K and
T = 4 K to the measured heat capacity from CesZro0O7
in zero-field in order to fit the values of (J3, Jy, J3) up to
permutation. Specifically, the set of Hamiltonian param-
eters, (Jz,Jy, Jz), best reproducing Crag Was obtained
from a sixth-order NLC calculation with an Euler trans-
formation to improve convergence (see Appendix A), and
the best-fitting exchange parameters up to permutation
are (Jz,Jg,Jz) = (0.063,0.062,0.011) meV. The blue
lines in Fig. 2(a) shows the magnetic contribution to
the heat capacity calculated in zero-field via the NLC
method at sixth and seventh order, using the best-fitting
exchange parameters obtained from our Chae-fitting pro-
cedure. These exchange parameters, regardless of their
permutation, correspond to a U(1), QSI in the ground
state phase diagram predicted for dipolar-octupolar py-
rochlores [17, 19]. However, the nature of the U(1), QSI
ground state (dipolar or octupolar) depends on the per-
mutation of the exchange parameters.

Unlike in zero magnetic field, the magnetic contribu-
tion to the heat capacity in non-zero field depends on
the permutation of (J3, Jg, Jz), as well as the parameters
0 and g, which only become relevant in the Hamiltonian
of Eq. (2) for non-zero field strength. We compare fifth-
order NLC calculations for Cp,,s between T'= 0.2 K and
T = 6 K to the measured heat capacity from CezZr,07 in
a [1,1,0] magnetic field for field strengths of h = 0.5 T,
h=1T,and h = 2 T, in order to fit the value of g,
and the best-fitting permutation of the exchange parame-
ters estimated from our fitting to Ci,ae in zero-field using
higher-order calculations. The goodness-of-fit parameter
for this comparison lacks a significant # dependence in the
region of good agreement for each measured field strength
(see Appendix A), and so # has been set to zero for our
fitting of the heat capacity in non-zero magnetic field,
in accordance with value of # estimated in Refs. [25, 26]
and consistent with the neutron scattering results that
we present in Section V.

Our fifth-order NLC fitting to the measured
heat capacity from CesZroO7 in a [1,1,0] magnetic
field yields the estimated value for the effective g-
factor, g, = 2.24, and signifies that the permu-
tations (Jz,Jz,Jz) = (0.063,0.062,0.011) meV and
(Jz, J5,Jz) = (0.062,0.063,0.011) meV are the best-
fitting permutations and fit much better than the four
other possible permutations of (0.063,0.062,0.011) meV
(see Appendix A); These two best-fitting permutations
provide equal fits to the heat capacity due to the inter-
changeability of Z and g in Eq. (2) for # = 0. Both sets
of these best-fitting exchange parameters have Jz ~ Jj
which implies that the corresponding quantum spin ice

ground state is proximate to the boundary between dipo-
lar and octupolar character. Furthermore, the near-
equality of Jz and Jj implies that the 3 chains within
CeyZr07 in a [1,1,0] magnetic field are near the critical
point (Jz = Jy) where the excitations on the § chains
become gapless (see Appendix B).

The orange, green, and brown lines in Fig. 2(a) show
the magnetic contribution to the heat capacity calcu-
lated via the NLC method at fifth order for [1,1,0]
magnetic field strengths of h = 0.5 T, h = 1 T, and
h = 2 T, respectively, using the best-fitting exchange
parameters obtained from our Cpae-fitting procedure,
(Jz, Jg,Jz) = (0.063,0.062,0.011) meV and g, = 2.24,
where @ was set to zero. Figure 2(a) shows that the best-
fitting nearest-neighbour exchange parameters from this
work are able to accurately describe the temperature de-
pendence of heat capacity measured from CesZroO7 in a
[1,1,0] magnetic field up to field strengths of 2 T, at mod-
est and elevated temperatures where the NLC method is
expected to be accurate. Specifically, these NLC calcula-
tions capture the shifting, widening, and splitting of the
broad hump in the measured heat capacity of CesZro07
in a [1,1,0] magnetic field.

While these NLC calculations provide an accurate qual-
itative description of the measured data over their re-
spective regions of convergence where they are reliable
(above T' ~ 0.15 K for the zero-field calculations and
over the full range shown for the non-zero-field calcula-
tions), it is clear that the quantitative descriptions could
be improved at lower temperatures within the regions of
convergence. This is most evident for zero-field, where
the hump in calculated heat capacity peaks at a signif-
icantly higher temperature than that in the measured
data, and for h = 2 T, where the calculation suggests
a second, distinctive hump at low temperature rather
than the broadened feature that resembles more of a
low-temperature shoulder to the high-temperature hump
in the measured data [Fig. 2(a)]. These inconsistencies
suggest the significance of effects beyond the ideal near-
est neighbor Hamiltonians in Egs. (1) and (2) which are
weak effects and hence, only become relevant at the low-
est measured temperatures, as would occur, for example,
with further-than-nearest neighbour interactions.

Figure 2(b) shows the best-fitting exchange parameters
obtained in this work and the exchange parameters deter-
mined in Refs. [25, 26] overlaid on the zero-field ground
state phase diagram predicted for dipolar-octupolar py-
rochlores at the nearest-neighbour level (Ref. [17, 30]).
As shown in Fig. 2(b), the current understanding is that
there are six phases in the nearest-neighbour ground
state phase diagram predicted for dipolar-octupolar py-
rochlores: four U(1) spin ice phases which may be distin-
guished by an emergent flux of 0 or 7 on the hexagonal
plaquettes of the lattice, and by the dipolar or octupo-
lar nature of the emergent electric field, and two ordered
phases distinguished by dipolar and octupolar order pa-
rameters [15, 17, 18]. Each of the estimated exchange pa-
rameter sets for CesZroO7 are well-within the region of



the ground state phase diagram corresponding to U(1),
quantum spin ice ground states in zero field, with the
set from Ref. [26] being within the octupolar regime and
the sets from this work and Ref. [25] being on the border
between octupolar and dipolar nature.

Our best-fitting exchange parameters are nearly iden-
tical to those determined in Ref. [25] but with a reduced
anisotropic g-factor given by g. ~ 2.24, which is 87% of
the value corresponding to a pure |m; = £3/2) ground
state doublet. The experimental estimates of the ex-
change parameters in Ref. [26] also yield a reduced g-
factor value of g, ~ 2.4, while the experimental estimates
of the exchange parameters in Ref. [25] did not allow for
a variation of g, from the value of 2.57 corresponding to a
pure |mj = £3/2) ground state doublet. It is also worth
mentioning that our estimated value of g, ~ 2.24 for
CegZro07 is very near the value of g, ~ 2.2 estimated
for CeaSnaO7 in Ref. [30], and attributed to mixing of
the |m; = +£3/2) states with states from the J = 7/2
spin-orbit manifold in the CEF ground state doublet
for CeaSnyOr, rather than a pure |mj; = +3/2) ground
state [28]. Refs. [13, 14] both perform their CEF analysis
on CeyZr207 within the J = 5/2 spin-orbit ground-state
manifold.

V. RESULTS: ELASTIC AND QUASIELASTIC
NEUTRON SCATTERING

Here we present our elastic and quasielastic neutron
scattering results on single crystal CesZroO7 at low tem-
perature for both [1,1,0] and [0,0,1] magnetic fields.
We begin with the [1,1,0] field direction where we first
analyze the magnetic Bragg scattering from the field-
polarized « chains before discussing the quasielastic dif-
fuse scattering in a [1, 1, 0] magnetic field, which is dom-
inated by scattering from the field-decoupled S chains.
We end this section with an analysis of the magnetic
Bragg scattering detected from the polarized spin ice
phase in a magnetic field along [0,0,1]. It is worth
mentioning that the neutron scattering experiments we
present here directly probe only correlations from the z-
components of the pseudospins, S* (which equals S# for
6 = 0). This is due to the fact that 2- and y-components
of pseudospin each carry octupolar magnetic moments
and accordingly, give significant scattering signals only
at much higher @ than the maximum @ of our measure-
ments [64]. Nonetheless, this work establishes a clear
understanding for the behaviour of the dipole magnetic
moments in CeaZr207 at low temperature in both [1,1, 0]
and [0, 0, 1] magnetic fields. Furthermore, and as shown
in Ref. [19], the correlation function for z-components
of the pseudospins indeed depends on the relative values
of Jz, Jy, and Jz, and so our neutron scattering exper-
iments are sensitive to all exchange parameters despite
only having sensitivity to S* correlations.

A. Magnetic Bragg Peaks from Polarized a Chains
in a [1,1,0] Magnetic Field

As discussed above, the effect of a moderate magnetic
field on a disordered spin ice ground state is to polar-
ize the « chains to the extent consistent with the Ising
single-ion anisotropy [33, 35-40, 53], which constrains the
magnetic moments to point along local [1, 1, 1] and equiv-
alent directions. Accordingly, and as shown in Fig. 1(a),
the Zeeman term in Eq. (2) will couple to two of the
four sites in the unit cell (those with easy axes along
[1,1,1] and [1,1,1]) while the other two sites will not
couple to the external field. The sites which couple to
the field form the « chains, while those that don’t form
the 8 chains. The « chains polarize in the magnetic field
which then allows the perpendicular 8 chains to decou-
ple. In the absence of residual g-chain-S-chain interac-
tions, the S chains themselves are expected to behave as
one-dimensional spin systems, but weak S-chain-3-chain
interactions will tend to induce short-ranged correlations
between them [33-39, 53].

The field-polarized « chains are then expected to dis-
play long-ranged order with magnetic Bragg peaks as a
consequence. While all the ) = 0 Bragg positions for
the FCC pyrochlore structure [all even or all odd h, k,1
indices in Q = (h, k,l)] are expected to show non-zero
magnetic Bragg intensity, it is the Q = (0,0, +2) Bragg
positions at which this is immediately obvious, as there
is no nuclear contribution to this Bragg peak.

Figure 3(a-d) show the elastic neutron scattering data
in the (H, H, L) plane of reciprocal space measured in our
time-of-flight neutron scattering experiment using CNCS.
Comparison of Fig. 3(a) with Fig. 3(b) shows that there is
no discernible change in Bragg peak intensity or appear-
ance of new Bragg peaks in zero field between T = 30 K
and 7' = 0.03 K in this plane of reciprocal space. This
is consistent with the lack of zero-field magnetic order at
temperatures above ~ 0.03 K, as previously reported for
CegZr207 [13, 14, 25]. Comparison of the T' = 0.03 K
data in Fig. 3(b-d) shows that magnetic Bragg peaks at
Q = (0,0,42) appear at low magnetic field and grows in
intensity with field strength.

Figure 3(e) shows the field-strength and temperature
dependence of the Q = (0,0,2) magnetic Bragg peak
measured in our triple-axis elastic neutron scattering
experiment using SPINS. This is the strongest mag-
netic Bragg peak corresponding to a-chain polarization,
within the range of the measurements [40]. We show the
Q = (0,0,2) magnetic Bragg peak intensity as a func-
tion of magnetic field strength for field strengths between
h=0Tand h =26 T, at T = 0.30 K, T"= 0.65 K,
T =090 K, and T = 1.45 K. The T = 0.30 K (blue)
data shows that the Q = (0,0,2) magnetic Bragg peak
intensity is saturated for field strengths above h ~ 1.5 T
at low temperature. The Q = (0,0,2) magnetic Bragg
peak intensity measures the level of a-chain polarization
and the intensity saturation indicates full noncollinear
polarization for the « chains by h ~ 1.5 T at T'= 0.3 K.
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FIG. 3. The symmetrized elastic neutron scattering signal measured from CezZr2O7 in the (H,H,L) plane of recipro-
cal space with integration in the out-of-plane direction, (K, K,0), from K = —0.1 to 0.1, and over energy-transfer from
E = —0.2 to 0.2 meV. (a) and (b) show the elastic neutron scattering signals measured in zero magnetic field at 7' = 30 K

and T = 0.03 K, respectively. (c) and (d) show the elastic neutron scattering signals measured in a [1,1,0] magnetic field
at T = 0.03 K for field strengths of h = 0.35 T and h = 1.5 T, respectively. The intensity here is shown on a logarith-
mic scale. (e) and (f) show the magnetic field-strength dependence and temperature dependence of the Q = (0,0,2) and
Q = (2,2,0) magnetic Bragg peaks, respectively, measured in our triple-axis neutron scattering experiment. Specifically,
the data in blue (green, yellow, red) shows the field-strength dependence of the magnetic Bragg peak intensity measured at
T=030K (T'=065K,T=0.90 K, T~ 1.45 K). The lines in (e) show the corresponding semiclassical molecular dynamics
calculations (broken lines) and one-dimensional quantum calculations (solid line) for the magnetic Bragg peak intensity as a
function of field-strength using the experimental estimates of the nearest-neighbour exchange parameters obtained from this
work, (Jz, Jg, Jz) = (0.063,0.062,0.011) meV, g. = 2.24, and 0 = 0, where J; is approximated as zero for the one-dimensional
quantum calculations. We show the semiclassical and one-dimensional quantum calculations at 7" = 0.30 K (red lines) and
we also show the semiclassical calculations at a lower temperature (blue line) where the calculations agree better with the
measured data at T' = 0.30 K. For each data set and calculation, the arbitrary units are such that the average intensity is equal

to 100 in the saturated regime at low temperature and high field.

Figure 3(f) shows the field and temperature depen-
dence of the Q = (2,2,0) magnetic Bragg peak mea-
sured in our triple-axis elastic neutron scattering experi-
ment. The a-chain polarization yields a significant mag-
netic intensity at the Q = (2,2,0) magnetic Bragg peak
which is second only to Q = (0,0, £2) within the range
of these measurements. As the (2,2,0) nuclear Bragg
peak is allowed, this elastic scattering data has had a
zero-field high-temperature (77 = 1.5 K) data set sub-
tracted from it to isolate the magnetic Bragg intensity.
We show the Q = (2,2,0) magnetic Bragg peak intensity
as a function of magnetic field strength for field strengths
between h = 0 T and h = 2.6 T, at T = 0.30 K (blue)
and T = 1.5 K (red). Like the Q = (0,0,2) mag-

netic Bragg peak, the intensity of the Q = (2,2,0) mag-
netic Bragg peak is saturated beyond field strengths of
h~ 15T at T = 0.30 K. Similar elastic neutron scatter-
ing measurements of the (0,0, 2) and (2, 2,0) Bragg peaks
from CeyZr207 in a [1,1,0] magnetic field have recently
been reported [57], and our new measurements are con-
sistent with these. However, Ref. [57] incorrectly claims
that a three-in-one-out magnetic structure is expected
for CeaZro07 in a [1, 1, 0] magnetic field, in disagreement
with the estimated exchange parameters in this work and
in Refs. [25, 26], as we show in Appendix C.

In Fig. 3(e), we compare the measured field-
dependence of the magnetic Bragg intensity to two
separate calculations: semiclassical molecular dynam-



ics calculations based on Monte Carlo simulations (see
Appendix D) using the experimental estimates of the
nearest-neighbour exchange parameters obtained from
this work, (Jz, Jy, Jz) = (0.063,0.062,0.011) meV, g, =
2.24, and 0 = 0, as well as one-dimensional quantum
calculations (see Appendix B) that approximate J: as
zero and use the best-fitting parameters from this work
otherwise. The approximation of J; as zero is justified
as the Z-components of the a-chain pseudospins interact
much more strongly with the magnetic field than with
each other except at the low fields. This one-dimensional
quantum problem is exactly solvable for 6 equal to zero
using a Jordan-Wigner transformation (further details in
Appendix B).

The comparison in Fig. 3(e) shows that quantum cal-
culations are indeed necessary to adequately account for
the simultaneous field and temperature dependencies for
the magnetic Bragg intensity measured from CesZroO7
in a [1,1,0] magnetic field. Specifically, the semiclassical
molecular dynamics calculations, based on Monte Carlo
simulations, at 7" = 0.30 K do not account for the mea-
sured saturation at ~1.5 T, and much lower temperature
is required for these semiclassical calculations to describe
the measured data adequately (shown for T' = 0.03 K).
On the other hand, the one-dimensional quantum cal-
culations at T = 0.30 K provide a good description
for the measured saturation at ~1.5 T at that tempera-
ture [Fig. 3(e)], despite the fact that the one-dimensional
quantum calculations underestimate the measured inten-
sity at lower field where the approximation of isolated (3
chains is less accurate.

B. Quasielastic Diffuse Scattering from f Chains in
a [1,1,0] Magnetic Field

The easy-axes directions for magnetic moments on the
B chains are perpendicular to the [1,1,0] magnetic field,
resulting in a lack of coupling between the 8 chains and
the [1,1,0] magnetic field at low temperature. In addi-
tion to this decoupling with the magnetic field, the g
chains are also decoupled from the polarized « chains
at the nearest-neighbour level due to a cancellation of
the effective exchange field within the polarized state of
the a chains [34]. Experimental estimates of the nearest-
neighbour exchange parameters for CesZroO7 from this
work and Refs. [25, 26], § ~ 0 and J; > 0, are consistent
with ferromagnetic interchain correlations for the dipole
moments in the 8 chains (see Appendix C). Placke et
al. (Ref. [34]) show that interchain correlations between
ferromagnetic 8 chains can be described by a triangular
lattice model where each point on the lattice represents
a ferromagnetic 8 chain with one Ising degree of freedom
corresponding to the direction of the chain’s net mag-
netic moment. Furthermore, they show that quantum
fluctuations mediate an effective interaction between
chains which can lead to different forms of inter-3-chain
magnetic correlations [34]; However, these interactions
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mediated by fluctuations are extremely weak and there-
fore not likely to be relevant for the physics here.

The « chains contribute primarily to the elastic scatter-
ing through Bragg scattering, and the quasielastic diffuse
scattering originates almost entirely from the 8 chains.
We first examine the quasielastic diffuse neutron scat-
tering measured in the (H,H, L) plane with the time-
of-flight neutron chopper spectrometer CNCS, and com-
pare this with that predicted for possible magnetic cor-
relations of the 8 chains. This diffuse [-chain scattering
is weak for multiple reasons. First, the one-dimensional
magnetic order of the S-chains naturally results in planes
of diffuse scattering which will be relatively weak, as it
will be distributed over planes perpendicular to the -
chains. Furthermore, the small dipole magnetic moment
associated with Ce3t in CeyZro07 (~1pup [13, 14, 26],
compared to ~10up in HoaTisO7 for example [65-67])
also leads to weak magnetic scattering, as well as the fact
that the dominant intra-chain correlations are between
octupolar magnetic moments rather than dipoles (as fur-
ther discussed below). The result is that the diffuse scat-
tering intensity is similar in magnitude to that associated
with the background scattering from the magnet cryostat.
For that reason, it is necessary to subtract otherwise iden-
tical data sets in zero field (where there is no distinction
between o and 3 chains) from data sets in finite [1, 1, 0]
magnetic field. This is what is shown in Fig. 4(a-~c), where
the (H, H, L) plane of reciprocal space is displayed with a
(K, K,0) integration normal to the scattering plane, from
K = -0.3 to 0.3, and an integration in energy-transfer
over the elastic position and any low-lying excitations in
the range from £ = —0.2 meV to 0.2 meV, for h = 0.35 T,
1.5 Tand 4 T, all at T = 0.03 K.

Figure 4(a-c) clearly shows rods of scattering along
(0,0,L) and (£1, 41, L), with less-extended distributions
of scattering near (+2,+2,L). While the rod-like scat-
tering due to the 8 chains is clearly present, its relative
weakness gives rise to some degree of interference between
it and the undersubtracted and oversubtracted Al pow-
der lines associated with the background from the mag-
net cryostat. Nonetheless, the overall pattern of diffuse
rod-like scattering resembles expectations for the diffuse
neutron scattering signal from 3 chains that are ordered
ferromagnetically at short-range within the chains and
disordered between the chains, that is, with the most in-
tense rod of scattering along the (0,0, L) and with no sig-
nificant peaks in diffuse scattering along the rod. While
some patches of increased intensity are detected along
the rod, these occur at locations where the rod inter-
sects with an undersubtracted powder ring that accounts
for the increase in intensity. As we discuss shortly, the
measured rods of scattering extend in the out-of-plane,
(K, K,0), direction to form planes of scattering. In other
words, the rods of scattering in the (H, H, L) plane are
cross-sectional slices through planar scattering.

We compare the measured neutron scattering signal in
the (H, H, L) plane to the corresponding calculation us-
ing semiclassical molecular dynamics calculations based
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FIG. 4. The symmetrized quasielastic diffuse neutron scattering signal measured at T' = 0.03 K from a single crystal sample of
CeyZr207 aligned in the (H, H, L) scattering plane in a [1,1,0] magnetic field of strength h = 0.35 T (a), h = 1.5 T (b), and
h =4 T (c). In each case, a corresponding data set measured at h = 0 T has been subtracted, a (K, K, 0) integration range from
K =-0.3 to 0.3 was used, and integration in energy-transfer was employed over the range -0.2 meV < E < 0.2 meV. We compare
this with the corresponding diffuse neutron scattering signal in the (H, H, L) scattering plane predicted at T = 0.03 K according
to our semiclassical molecular dynamics calculations using the nearest-neighbour exchange parameters estimated in this work.
The calculated neutron scattering signal using the exchange parameters 6 = 0, (Jz, Jy, Jz) = (0.063,0.062,0.011) meV, and
g= = 2.24, is shown for a [1,1,0] magnetic field of strength h = 0.35 T (d), h = 1.5 T (e), and h = 4 T (f). The calculated
neutron scattering signal using the exchange parameters @ = 0.17w and (Jz, Jy, Jz) = (0.063,0.062,0.011) meV, and g, = 2.24
is shown for a [1, 1, 0] magnetic field of strength h = 0.35 T (g), h=1.5T (h), and h =4 T (i).

on Monte Carlo simulations (see Appendix D). These
Monte Carlo simulations use the experimental estimates
of the nearest-neighbour exchange parameters obtained
from this work, (Jz,Jz, Jz) = (0.063,0.062,0.011) meV,
g, = 2.24, and € ~ 0, and are consistent with field-
polarized « chains and (8 chains that are short-ranged
ordered ferromagnetically within the chains and disor-
dered between the chains. Specifically, we show the cal-
culations using § = 0 (0 = 0.17) for a [1,1,0] magnetic
field strength of h = 035 T, h = 1.5 T, h =4 T in
Figs. 4(d,e,f) [Figs. 4(g,h,i)], respectively. Both the § = 0
and 6 = 0.17 calculations are consistent with the data in
that the most dominant feature is a rod of scattering

along (0,0, L) direction for each field-strength. However,
the & = 0.17 calculations predict a sharp and intense
center-piece to the rod of scattering which has an inten-
sity that increases with field-strength, while the 8 = 0
calculations do not, and show much better agreement
with the measured data for this reason. Notably, the
6 = 0 calculations [Fig. 4(d-f)] predicts that the rod-like
scattering is weaker at 1.5 T and 4 T compared to 0.35 T,
and weaker at 1.5 T compared to 4 T, in agreement with
the measured data [Fig. 4(a-c)] and in contrast to the
6 = 0.17 calculation [Fig. 4(g-1)] which predicts a rod-like
signal with intensity that increases monotonically with
field strength.
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FIG. 5. The symmetrized quasielastic neutron scattering signal measured in our time-of flight neutron scattering experiment
at T = 0.03 K in the (H + K, H — K, 1.5) plane of reciprocal space for field strengths of h = 0.35 T (a), h = 1.5 T (b),
and h =4 T (c¢), with the (0,0, L) integration range from L = 1.25 to 1.75 and an energy-transfer integration over the range
-0.2 meV < E < 0.2 meV. In each case, a data set measured at h = 0 T has been subtracted. We compare this with the
corresponding diffuse neutron scattering signal, in the (H + K, H — K, 1.5) scattering plane with (0,0, L) integration range
from L = 1.25 to 1.75, predicted via our semiclassical molecular dynamic calculations using the experimental estimates of the
nearest-neighbour exchange parameters obtained from this work, (Jz, Jy, J:) = (0.063,0.062,0.011) meV, g. = 2.24, and § = 0.
The calculated signal is shown for T = 0.03 K and a [1,1, 0] magnetic field of strength h = 0.35 T (d), h = 1.5 T (e), and

h=4T (f).

For the best-fitting exchange parameters obtained in
this work, (Jz, Jg, Jz) = (0.063,0.062,0.011) meV, an in-
tense center piece to the calculated neutron scattering
signal becomes visible for non-zero 6, with intensity that
increases with 6 for 0< 0 < 7/2, as we show in Fig. 4(d-i)
for 6 = 0 and 0.1w. This intense center-piece is not de-
tected in the measured data [Fig. 4(a-c)] and in general,
the lack of intense centre-piece to the scattering signal is
a signature of correlations between octupolar moments
(or S* and SY in terms of pseudospin) heavily dominat-
ing those between dipole moments (S#). For example,
and as shown in Appendix D, it is possible for this in-
tense center-piece to be absent even for non-zero # when
Jgj heavily dominates both J; and J;. Accordingly, we
reiterate that this lack of intense center-piece in the mea-
sured data is consistent with heavily dominant octupolar
correlations.

It is worth mentioning that our one-dimensional quan-
tum calculations for infinite field agree remarkably-well
with the high-field semiclassical calculations, in that the
quantum calculations also predict a sharp rod at the cen-
tre of a broader rod, both along (0,0, L), for # = 0.1,

and the absence of the sharp and intense center-piece for
6 = 0 (see Appendix B). In contrast to the measured and
predicted signals displayed in Fig. 4, the diffuse scatter-
ing pattern predicted for a § chain with antiferromagnet-
ically ordered dipole moments has the most intense rods
along the (+1,+1, L) directions of the (H, H, L) plane,
with intensities that increase towards larger L for our
measurement range, rather than towards L = 0 [40].

Figure 5 shows the measured quasielastic diffuse scat-
tering signal in the (H+ K, H— K, 1.5) plane of reciprocal
space, at T =0.03 K and h =0.35 T (a), h = 1.5 T (b),
and h = 4 T (c), for a (0,0, L) integration range from
L = 1.25 to 1.75 [illustrated in Fig. 6(a)]. From Fig. 5(a-
¢), it is clear that the rod-like feature of diffuse scatter-
ing along the (0,0, L) direction in the (H, H, L) plane
also extends out in the perpendicular (K, K,0) direc-
tion at each measured field-strength, forming the ex-
pected plane of scattering perpendicular to the (H, H,0)
direction of the 8 chains which is consistent with one-
dimensional magnetic correlations for the 8 chains. We
again compare the measured neutron scattering signal in
the (H, H, L) plane to the corresponding prediction using
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FIG. 6. The symmetrized quasielastic neutron scattering sig-
nal measured at 7' = 0.03 K from a single crystal sample of
CesZr207 aligned in the (H, H, L) scattering plane in a [1, 1, 0]
magnetic field. (a) The quasielastic neutron scattering signal
in the (H, H, L) plane for a field strength of h = 0.35 T, with
a (K, K,0) integration from K = -0.3 to 0.3, also shown in
Fig. 4(a). The black line illustrates the (0,0, L) integration
range from L = 1.25 to 1.75. (b) The quasielastic neutron
scattering signal in the (H 4+ K, H — K, 1.5) plane of recip-
rocal space for a field strength h = 0.35 T, with (0,0, L)
integration range from L = 1.25 to 1.75 [illustrated in (a)].
(c) The quasielastic neutron scattering intensity along the
(H, H,0) direction of reciprocal space, for a (0,0, L) integra-
tion range from L = 1.25 to 1.75 [illustrated in (a)], and
a (K, K,0) integration from K = -0.1 to 0.1 [illustrated in
(b)], for field strengths of h = 0.35 T (blue), h = 1.5 T (or-
ange), and h =4 T (green). The lines in (c) show fits to the
intensity that were used to extract the correlations lengths
¢ = 15(2) A associated with the ferromagnetic intrachain cou-
pling for the z-components of the pseudospins within 8 chains
(see main text). In each case, a data set measured at h =0 T
has been subtracted and integration over the energy-transfer
range —0.2 meV < F < 0.2 meV was employed.
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semiclassical molecular dynamics calculations based on
Monte Carlo simulations. We show the calculations using
the experimental estimates of the nearest-neighbour ex-
change parameters obtained from this work, (Jz, Jj, Jz)
= (0.063,0.062,0.011) meV, g, = 2.24, and § = 0, for a
[1,1,0] magnetic field strength of h = 0.35 T, h = 1.5 T,
h =4 T in Figs. 5(d,e,f), respectively. Figure 5 shows
that these calculations, using the estimated exchange pa-
rameters from this work, capture the planar nature of
the measured diffuse scattering signal associated with the
one-dimensional nature of the [-chain correlations, and
provide a reasonable description for the field-dependence
of the intensity of this planar scattering.

We do not expect our semiclassical molecular dynamics
calculations to capture all of the features of the quasielas-
tic diffuse scattering measured from CesZroO7, due in
part to weak further-than-nearest neighbour interactions
not included in Egs. (1) and (2), which were shown to be
relevant in describing finer features of the zero-field dif-
fuse scattering signal measured from CesZry07 [25, 26],
and also due in part to the semiclassical nature of the
calculations. Nonetheless, the main, most-dominant fea-
tures of the measured diffuse scattering are accurately de-
scribed by these calculations for both zero and non-zero
magnetic field as shown in Figs. 4, 5 and Appendix D.
Furthermore, since our conclusions based on comparisons
with these calculations are drawn from comparing the
main features in the diffuse scattering data and calcula-
tions, we expect these conclusions, including the estima-
tion of # ~ 0, to be robust to any finer features missed
by the calculations.

We further examine the quasielastic diffuse scattering
signal detected in our time-of-flight neutron scattering ex-
periment using cuts along the (H, H, 0) direction of recip-
rocal space, perpendicular to the rod-like signal detected
in the (H, H, L) plane. Figure 6(c) shows the measured
diffuse scattering intensity along the (H, H,0) direction
of reciprocal space, for an (0,0, L) integration range from
L = 1.25 to 1.75 [illustrated in Fig. 6(a)] and a (K, K, 0)
integration from K =-0.1 to 0.1 [illustrated in Fig. 6(b)],
for field strengths of h = 0.35 T (blue), h = 1.5 T (or-
ange), and h = 4 T (green). Figure 5 and 6(c) show
that the intensity of the rod-like feature along (0,0, L) is
more intense in comparison to the scattering elsewhere
at h =0.35 T and h = 1.5 T than it is at h =4 T. We
shall revisit this point shortly.

We fit the (H, H,0) width of the diffuse scattering
around H = 0 to a Lorentzian form for the purpose
of estimating the correlation length along the 8 chains,
&, This fitting assumed a constant background and is
shown by the solid line fits in Fig. 6(c). The reorienta-
tion of diffuse scattering at 4 T results in two symmetri-
cally equivalent peaks which are not present in the cuts
along (H, H,0) direction at 0.35 T and 1.5 T, which we
discuss in further detail in the following paragraph. We
fit these additional peaks at 4 T to two Gaussian forms,
which captured the trend of this measured H # 0 scatter-
ing better than Lorentzian lineshapes. The focus of this



analysis is the width of the central peak around H = 0,
which was fit for each field strength using a resolution-
convoluted Lorentzian function (see Appendix E), result-
ing in a relatively short, ferromagnetic, correlation length
of & = 15(2) A for the § chains, which varies little as
a function of field over the measured field strengths of
0.35 T, 1.5 T, and 4 T. As previously mentioned, this
correlation length corresponds to only the correlations
for the z-components of the pseudospins within the
chains, S#, due to the fact that x- and y-components of
pseudospin each carry octupolar magnetic moments.

Returning to the magnetic field dependence of the
diffuse scattering shown in Fig. 4(a-c), Fig. 5(a-c) and
Fig. 6(c), it is clear the measured diffuse scattering is
similar at h = 0.35 T and 1.5 T and different at h =4 T,
with relatively more diffuse scattering near H = +1 and
relatively less near H = 0 for h = 4 T compared to
0.35 T and 1.5 T. This is most apparent in Fig. 5(a-c)
and Fig. 6(c), which show that the planes of scatter-
ing normal to the 8 chains redistribute to some extent
for [1,1,0] magnetic field between h = 1.5 T and 4 T,
such that stronger planes of scattering develop contain-
ing H=—1and H =1 [see Fig. 5(c)], with a relatively
weaker plane of scattering at H = 0 in comparison to the
scattering elsewhere in reciprocal space. This redistribu-
tion of the spectral weight between between h = 1.5 T
and 4 T is not shown by our semiclassical molecular dy-
namics calculations in Fig. 5(d-f).

C. Magnetic Bragg Peaks from @ = 0 Structure in
a [0,0,1] Magnetic Field

The anticipated magnetic structure of a spin ice in a
moderate [0, 0, 1] magnetic field is illustrated in Fig. 1(b).
Here the system takes on a () = 0 structure (the magnetic
structure associated with each tetrahedron is the same)
with the 2-in, 2-out ice rules satisfied on each tetrahedron
and with all magnetic moments canted along the [0, 0, 1]
field direction [36, 38, 53]. This expected @ = 0 structure
is a polarized spin ice state.

Figure 7 shows the elastic neutron scattering signal in
the (H, K,0) plane of reciprocal space measured in our
time-of-flight neutron scattering experiment on CNCS,
with a [0, 0, 1] magnetic field applied perpendicular to this
plane. Comparison of Fig. 7(a) with Fig. 7(b) shows that
there is no discernible change in Bragg peak intensity or
appearance of new Bragg peaks in zero field between T =
10 K and 7" = 0.09 K in this plane of reciprocal space,
again consistent with the lack of zero-field magnetic order
reported for CeyZr2O7 [13, 14, 25].

As can be seen from Fig. 7, there are only two Q = 0
Bragg positions (all even or all odd h,k,l indices) in
the field of view of this elastic scattering measurement
in the (H,K,0) plane. These are (2,0,0) and equiv-
alent positions, as well as (2,2,0) and equivalent posi-
tions. Comparison of the "= 0.09 K data in Fig. 7(b-e)
clearly shows that magnetic Bragg peaks appear at the

14

Q = (£2,0,0) and (0,42,0) positions in low magnetic
fields and grow in intensity with field strength. This is
obvious as there is no Bragg intensity at (2,0,0) and
equivalent wavevectors in zero magnetic field, as also ob-
served within the (H, H, L) scattering plane in Fig. 3.
This is not the case at (2,2,0) and equivalent wavevec-
tors, so differences between data sets in [0, 0, 1] magnetic
field and in zero field must be examined for (2,2,0).

Figure 7 shows exactly these differences in the form of
line scans through the (0,2,0) Bragg position [Fig. 7(f)]
and through the (2,2,0) Bragg position [Fig. 7(g)] at
T = 0.09 K. As can be seen, only the elastic scatter-
ing at the (0,2,0) Bragg position shows any [0, 0, 1] mag-
netic field dependence. The magnetic field dependence
of Bragg intensity at (0,2,0) in this polarized spin ice
state is shown in Fig. 7(h), which shows saturation of
the (0,2, 0) magnetic Bragg peak beyond ~3 T. We com-
pare this to the field-dependence of the integrated in-
tensity for the (0,2,0) magnetic Bragg peak calculated
for T = 0.09 K using semiclassical molecular dynam-
ics calculations based on Monte Carlo simulations using
the experimental estimates of the nearest-neighbour ex-
change parameters obtained from this work, (Jz, Jj, Jz)
= (0.063,0.062,0.011) meV, g, = 2.24, and § = 0. This
comparison shows that field-dependence of the Bragg in-
tensity in a [0,0, 1] magnetic field is well accounted for
by the semiclassical calculations used throughout this
work, in contrast to the field-dependence of the Bragg
intensity in a [1,1,0] magnetic field. This suggests that
quantum fluctuations are more prevalent in the [1,1,0]-
polarized a-chains compared to the three-dimensional
[0, 0, 1]-polarized spin ice phase, as is expected theoret-
ically.

A simple magnetic structure factor calculation for the
[0,0, 1]-polarized spin ice structure is consistent with
these results: magnetic Bragg intensity at (2,0,0) and
equivalent positions, but not at (2,2,0). In fact, the only
magnetic structures that are consistent with both the lo-
cal Ising anisotropy and the measured magnetic Bragg
peaks are the [0, 0, =1]-polarized spin ice structures. Ex-
amination of the h = 0 T subtracted data yields no con-
vincing signs of diffuse scattering, consistent with expec-
tations for this long-ranged ordered-phase. We therefore
conclude that CeaZroO7 in both [0,0,1] and [1,1, 0] mag-
netic fields responds as expected for a material that has
a spin ice ground state in zero field.

The [0, 0, 1]-field-induced onset of the magnetic Bragg
peak at Q = (0,2,0) is consistent with the data reported
in Ref. [57]. However, this previous work (Ref. [57])
claims to detect a [0, 0, 1]-field-induced magnetic Bragg
peak at the Q = (2,2,0) position that we do not observe
here. Only a single non-zero field value was measured
in the previous work and the net intensity surrounding
the Q = (2,2,0) position is both positive and negative in
the temperature subtraction of the previously reported
data. This suggests that the reported increase in inten-
sity may simply be due to an imperfect subtraction of
nuclear Bragg peaks at the Q = (2,2,0) position, rather
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FIG. 7. The symmetrized elastic neutron scattering signal measured in the (H, K, 0) plane of reciprocal space with integration
in the out-of-plane direction, (0,0,L), from L = -0.1 to 0.1, and over the energy-transfer range -0.2 meV < E < 0.2 meV.
(a) and (b) show the elastic neutron scattering signals measured in zero magnetic field at 7= 10 K and 7' = 0.09 K, respectively.
(¢), (d), and (e) show the elastic neutron scattering signals measured in a [0, 0, 1] magnetic field at 7' = 0.09 K for field strengths
of h=0.75T, h=1.5T, and h = 3 T respectively. The intensity here is shown on a logarithmic scale. (f) and (g) show the field-
strength dependence of the magnetic intensity at 7' = 0.09 K for the Q = (0,2,0) and Q = (2,2, 0) reciprocal space positions,
respectively. Specifically, the data in dark blue (blue, light blue, green) shows the intensity measured at h = 0.75 T (h = 1.5 T,
h=3T, h=06T). In each case, a data set measured at 7' = 0.09 K and h = 0 T has been subtracted and integration over
(0, K,0) and (0,0, L) from K =1.9 to 2.1 and L =-0.1 to 0.1 was employed, along with integration over the energy-transfer range
-0.2 meV < FE < 0.2 meV. (h) The integrated intensity of the Q = (0,2,0) magnetic Bragg peak at T'= 0.09 K as a function
of magnetic field strength. The line in (h) shows the calculated integrated intensity at 7" = 0.09 K using the experimental
estimates of the nearest-neighbour exchange parameters obtained from this work, (Jz,Jg, Jz) = (0.063,0.062,0.011) meV,
g- = 2.24, and 6 = 0, according to semiclassical molecular dynamics calculations based on Monte Carlo simulations. For both
the data and calculation in (h), the arbitrary units are such that the average intensity is equal to 100 in the saturated regime
at low temperature and high field.

than a field-dependent magnetic Bragg peak. state in zero-field, with a partially-polarized spin ice
ground state [Fig. 1(a)] in [1,1,0] magnetic fields, and
with a [0, 0, 1]-polarized spin ice ground state [Fig. 1(b)]

VI. RESULTS: INELASTIC NEUTRON in [0, 0, 1] magnetic fields.

SCATTERING

In this section, we present our inelastic time-of-
flight neutron scattering measurements on single crys-
tal CeaZraO7 in magnetic fields oriented along [1,1,0]
and [0,0,1] directions. For both field directions, a
roughly dispersionless narrow band of inelastic scatter-
ing is observed, which increases in energy and sepa-
rates from a quasielastic component with increasing mag-
netic field strength, in agreement with appropriate the-
oretical predictions. We compare the field-dependent
inelastic scattering to that predicted using semiclassi-
cal molecular dynamics calculations based on Monte
Carlo simulations. The Monte Carlo simulations apply
the experimental estimates of the nearest-neighbour ex-
change parameters obtained from this work, (Jz, Jj, Jz)
= (0.063,0.062,0.011) meV and g, = 2.24, with 6 ~ 0,
which are consistent with a quantum spin ice ground

Figures 8(a-c) show the inelastic neutron scattering
measured at T = 0.03 K from a single crystal sample
of CeaZry07 aligned in the (H, H, L) scattering plane
in magnetic a field along the [1,1,0] direction for field-
strengthof h =0.35 T (a), h = 1.5T (b),and h =4 T (c),
with a zero-field data set taken at T' = 0.03 K subtracted
in each case. Similarly, Figs. 8(d-g) show the inelastic
neutron scattering measured at 7" = 0.09 K from a sin-
gle crystal sample of CegZryO7 aligned in the (H, K, 0)
scattering plane in magnetic a field along the [0,0,1] di-
rection for field-strength of h = 0.75 T (d), h = 1.5 T (e),
h=3T(f), and h =6 T (g), with a zero-field data set
taken at T = 0.09 K subtracted in each case. In each case,
the data has been powder-averaged within the scattering
plane so as to use all the available scattering as a function
of ||Q||. This was done as the resulting powder-averaged
signal from these experiments is similar to measured sig-
nal plotted as a function of Q (see Appendix F), including
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FIG. 8. The magnetic field dependence of the powder-averaged neutron scattering spectra measured at 7' = 0.03 K from our
single crystal sample of CesZr2O7 aligned in the (H, H, L) scattering plane in a [1, 1, 0] magnetic field of strength h = 0.35 T (a),
h=15T (b),and h =4 T (c). We also show the magnetic field dependence of the powder-averaged neutron scattering spectra
measured at T = 0.09 K from our single crystal sample of Ce2Zr207 aligned in the (H, K,0) scattering plane in a [0, 0, 1]
magnetic field of strength h = 0.75 T (d), h=1.5T (e), h =3 T (f), and h = 6 T (g). In each case, a data set measured at

h = 0 T has been subtracted.

the lack of any obvious dispersion, but with better statis-

tics. The isolated signal centred on ||Q]| = 1.75 A" and
slightly above (below) F = 1 meV in the net scattering
measured for [1,1,0] ([0,0,1]) field is due to an imperfect
subtraction of scattering from the magnet cryostat (su-
perfluid helium) and is not part of the measured signal
from the sample.

Fig. 8 shows net negative quasielastic scattering is ob-
served at all finite fields in the zero-field-subtracted data,
and a narrow band of inelastic scattering with energy of
E ~ 0.5 meV onsets with increasing field-strength and
becomes clear at and above h = 1.5 T (h = 3 T) for
a magnetic field in the [1,1,0] ([0,0,1]) direction. The
lack of significant dispersion, and specifically sharp spin
waves, in our measurements is consistent with expecta-
tions for a small value of € (see Appendix D).

Fig. 9 shows the Q dependence of the calculated inelas-
tic neutron scattering signal according to our semiclassi-
cal molecular dynamic calculations, at 7' = 0.03 K for Q
along different high-symmetry directions in the (H, H, L)
scattering plane: (H, H,0), (0,0,L), and (H,H,H).
Specifically, we show the calculated signal for a [1,1,0]
magnetic field of strength h =0T, h =035T, h=15T,
and h = 4 T. The calculation is shown for both logarith-
mic intensity scale [Fig. 9(a-d)], and for linear intensity
scales [Fig. 9(e-h)] with the h = 0 T calculation sub-
tracted from the in-field calculations [Fig. 9(f-h)]. The
calculated spectra are convoluted with a Gaussian line-

shape with energy resolution of AE = 0.25 meV for best
agreement with the measured data from CesZroO7. This
resolution is larger than the instrumental resolution of ~
0.1 meV, consistent with the fact that viewing the weak
signal in the measured data from CesZroO7 requires a
smoothing of the data that artificially expands the en-
ergy resolution.

As shown in Fig. 9, the quasielastic scattering asso-
ciated with spinons in the zero-field quantum spin ice
ground state is separated by the [1,1,0] magnetic field
into three distinct scattering signals: 1) the Bragg scat-
tering due to the long-ranged magnetic order of the
polarized « chains, 2) a quasielastic signal centred on
E ~ 0.1 meV associated with g-chain elastic diffuse scat-
tering, the [-chain spinon continuum, and thermally ex-
cited magnons, whose signals are merged-together for en-
ergy resolutions above ~ 0.05 meV, and 3) a signal whose
energy centre increases with field strength such that the
signal is lifted from the quasielastic scattering with in-
creasing field, associated with the two-magnon contin-
uum of the polarized « chains.

Similarly, Fig. 10 shows the Q dependence of the
calculated inelastic neutron scattering signal according
to our semiclassical molecular dynamic calculations, at
T = 0.09 K for Q along different high-symmetry direc-
tions in the (H, K, 0) scattering plane: (H,0,0), (0, K,0),
and (H, H,0). Specifically, we show the calculations for
a [0, 0, 1] magnetic field of strengths h =0 T, h = 0.75 T,
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FIG. 9. The calculated inelastic neutron scattering signal, via semiclassical molecular dynamic calculations (see main text) at
T = 0.03 K using the experimental estimates of the nearest-neighbour exchange parameters obtained from this work, (Jz, Jg, Jz)
= (0.063,0.062,0.011) meV, g, = 2.24, and 6 = 0, is shown for [1, 1, 0] magnetic field of strengths h = 0 T (a,e), h = 0.35 T (b,f),
h=1.5T (c,g), and h = 4 T (d,h) on both logarithmic (a-d) and linear (e-h) scales. The h = 0 T calculation has been subtracted

from the in-field calculation for plots (f-h).

h=15T,h=3T, and h = 6 T, and using both a
logarithmic intensity scale [Figs. 10(a-¢)], and a linear
intensity scales [Fig. 10(f-j)] with the h = 0 T data sub-
tracted from the in-field data [Fig. 10(g-j)]. The calcu-
lated spectra are convoluted with a Gaussian lineshape
with energy resolution of AE = 0.25 meV for best agree-
ment with the measured data from Ce;Zr207. The mag-
netic field along the [0, 0, 1] direction separates the zero-
field scattering into Bragg scattering, a field-dependent
two-magnon continuum, and low-lying excitations which
consist only of thermally-excited magnons for the [0, 0, 1]
field direction. As with the [1,1,0] field direction, sharp
single-magnon modes are only expected to be visible in
the neutron scattering signal for non-zero . However, it
is worth mentioning that single-magnon modes resulting
from weak scattering of neutrons off the octupolar mo-
ments are indeed present for § = 0 but it would require
a significantly higher signal-to-noise ratio than achieved
here in order to detect these low-intensity octupolar spin
waves (see Appendix D).

As shown in Fig. 9(a-d) [Fig. 10(a-e)], our semiclassical
molecular dynamics calculations using the exchange pa-
rameters estimated in this work predict that a [1,1,0]
([0,0,1]) magnetic field induces the observed decrease
in the quasielastic scattering, concomitant with the ap-
pearance of magnetic Bragg scattering centred on F =
0 meV, and the appearance of an inelastic signal near

E ~ 0.5 meV that emerges from the quasielastic scatter-
ing at h =1.5T (h =3 T). Figures 9(f-h) [Figs. 10(g-j)]
show the same semiclassical molecular dynamics calcu-
lations with the zero-field calculation subtracted in each
case, for better comparison with the zero-field-subtracted
data shown in Fig. 8(a-c) [Fig. 8(d-g)].

Comparison of our calculations in Fig. 9(f-h) [Fig. 10(g-
j)] with our measured neutron scattering data in Fig. 8(a-
¢) [Fig. 8(d-g)] shows that our semiclassical molecular
dynamics calculations using the exchange parameters es-
timated in this work indeed predict the net-negative
quasielastic scattering in the zero-field-subtracted sig-
nal, as well as the emergence of an approximately-
dispersionless signal at energies above this net-negative
quasielastic scattering, with increasing field strength.
The magnetic Bragg peaks shown in Fig. 9 (Fig. 10)
are those associated with the polarized « chains (the
[0,0, 1]-polarized spin ice structure) expected for a [1, 1, 0]
([0,0,1]) magnetic field, and are consistent with the col-
lection of magnetic Bragg peaks detected in our neu-
tron scattering experiment in a [1, 1, 0] ([0, 0, 1]) magnetic
field.

While our semiclassical molecular dynamics calcula-
tions capture the main features in our measured data,
there are features in the comparison between theory and
experiment which could be improved. For example, the
calculated signals near £ ~ 0.5 meV in Figs. 9 and 10
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FIG. 10. The calculated inelastic neutron scattering signal, via semiclassical molecular dynamic calculations (see main text) at
T = 0.09 K using the experimental estimates of the nearest-neighbour exchange parameters obtained from this work, (Jz, Jg, Jz)
= (0.063,0.062,0.011) meV, g. = 2.24, and 6 = 0, is shown for [0, 0, 1] magnetic field of strengths h = 0 T (a,f), h = 0.75 T (b,g),
h=15T (ch), h=3T(di), and h = 6 T (e,j) on both logarithmic (a-e) and linear (f-j) intensity scales. The h = 0 T
calculation has been subtracted from the in-field calculation for plots (g-j).

show a small amount of dispersion that we were unable to
convincingly detect in our measured inelastic data; This
dispersion is also shown in our calculations convoluted
with a higher energy-resolution in Appendix D. This may
be because the of the data-averaging and smoothing re-
quired to view the weak magnetic signals associated with
small magnetic moment in CesZroO7. Also, the field-
dependence of the measured signal near £ ~ 0.5 meV in
a [0, 0, 1] magnetic field [Fig. 8(d-g)] is not well-described
by the calculations in [Fig. 10(g-j)], specifically at h =
6 T, where the measured signal is most intense, having
grown in intensity with increasing field strength. In con-
trast the calculation for A = 6 T shows relatively small
intensity at E ~ 0.5 meV. This inconsistency between
the calculations of the inelastic scattering and the corre-
sponding neutron measurements at h = 6 T is currently
unexplained, and may point towards additional terms
in the Hamiltonian beyond those contained in the ideal
nearest-neighbour models of Egs. (1) and (2), which are
relevant for pyrochlores with pure dipolar-octupolar CEF
ground states. These discrepancies notwithstanding, we

reiterate that our semiclassical molecular dynamic calcu-
lations capture the main features associated with each of
the Bragg, quasielastic, and inelastic scattering scatter-
ing signals presented here on CesZr2O7, and in and of
itself this is a significant success.

VII. DISCUSSION

Our neutron scattering results on CeyZroO7 in mag-
netic fields oriented along [1,1,0] and [0,0, 1] directions
are consistent with the expectations for a material that
has a disordered spin ice ground state in zero field.

We compare the field-induced structures in CesZroO7
with those in the three pyrochlore magnets, HosTisO7,
Dy5TisO7, and Nd2ZroO7, each having Ising anisotropy.
The classical dipolar spin ices HooTisO7 and DysTisO7
display disordered spin ice states at low temperatures
that can be modelled classically [35, 47-52], and have in-
tersite interactions which are dominated by long-ranged
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dipolar interactions. The dipolar interactions in these
materials are responsible for most of the near-neighbour
intersite interactions [51], due to the relatively large
dipole magnetic moments at the Ho?t and Dy3* sites,
~10 pp [65-68].

Their similarities to the behavior reported here for
CesZr507 include both the evidence for the polarized «
chains and decoupled f3 chains in a [1, 1, 0] field, as well as
the polarized spin ice state in a [0, 0, 1] magnetic field [35—
39]. However, there is an interesting difference, in that
the intra-B-chain correlation length in a [1,1,0] field at
low temperatures is relatively short, ¢ = 15(2) A in
Ce2Zr207 (3 to 4 nearest-neighbour separations), much
smaller than the corresponding & > 100 A correlation
lengths measured in the classical spin ices HooTioO7 and
Dy2T1207 [36, 37]

The case of NdyZroO7 is also an interesting compara-
tor, as the CEF ground state for J = 9/2 Nd*' in
the pyrochlore environment is also a dipole-octupole dou-
blet [43]. This system has also been well studied in sin-
gle crystal form. It’s ground state magnetic structure is
a non-collinear all-in, all-out structure [40, 42-45], but
it shows low energy fluctuations appropriate to spin ice
suggesting that these two states (all-in, all-out and spin
ice) are close in energy [16, 41, 46, 69].

The response of Nd2ZroO7 to a [1,1,0] magnetic field
(Ref. [40]) is very similar to CeyZroO7 and to other
spin ices [35-39], in that planes of scattering associated
with approximately decoupled [ chains are observed in
diffuse neutron scattering measurements. Furthermore,
the measured correlation length along the S-chain direc-
tion (H,H,0) in a [1,1,0] magnetic field is &€ ~10 A
in NdpZryO7 [40], similar to what we report here for
CeyZryO7, and much smaller than the ¢ > 100 A correla-
tion lengths measured in the classical spin ices Hoo TioO7
and Dy2T1207 [36, 37]

Reference [40] has noted that quantum fluctuations in
NdyZro0O7 are likely responsible for its relatively small
&. In fact, the relatively short correlation lengths along
the B chains in [1,1,0] magnetic fields would seem to
be a distinguishing feature between the quantum spin
ice states proposed for CesZroO7 and NdsZroO7 and the
classical spin ice states established for HosTisO7 and
DyoTiaO7. However, a subtlety arises when including
CeqZr207 in that comparison due to the fact the cor-
relation length measured for CeyZroO7 corresponds to
the correlations between the z-components of the pseu-
dospins, which have corresponding exchange constant (J;
for = 0) that is by far the weakest of the three exchange
constants, (Jz, Jg, Jz) = (0.063,0.062,0.011) meV; While
the S?-S% correlation function does depend on the each
of these exchange parameters, the dominant dependence
arises from Jz [19]. With that in mind, and specifically
because Jz is much smaller than Jz and Jg, it is likely
that octupolar correlations between z-components (y-
components) of pseudospin have significantly longer cor-
relation length than the z-component correlations which
are probed by our neutron scattering. In fact, accord-
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ing to our estimated exchange parameters for CesZro07,
at zero temperature the octupolar correlations in the
chains should dominate to form an octupolar ordered
phase close to criticality (with Jz ~ Jj), at the expense of
ordering of the dipole magnetic moments associated with
the z-components of pseudospin [34]. Therefore, the rel-
atively small value of £ in CeyZroO7 is not due just to
quantum fluctuations, but also due to the fact that the
corresponding neutron scattering measurements primar-
ily probe the pseudospin component that has the weakest
magnetic correlations.

In contrast to this, the value of § ~ 1 rad estimated
for NdZro07 suggests that the dominant contribution
to the neutron scattering comes from the correlations be-
tween z-components of pseudospin, which have a corre-
sponding exchange parameter, .J;, that is the largest by a
significant amount in that case [16, 70, 71]. Similarly, the
correlation lengths measured in Hos TioO7 and Dy TisO7
include significant contribution from the most-dominant
magnetic interaction, which is the long-ranged dipolar
interaction in that case [51].

For Ho2TizO7 and DysTisO7 in a [1,1,0] magnetic
field, the short-ranged antiferromagnetic correlations be-
tween [ chains lead to peaks in the diffuse scattering
in the (H, H, L) plane, centred on (0,0,1) and (0,0,3)
with broadened widths along the (0,0,L) direction of
the underlying rod of scattering and corresponding in-
terchain correlation lengths of £, > 10 A [36, 37]. This
diffuse scattering peaks at (0,0,1) and (0,0, 3) were not
observed in our time-of-flight neutron scattering experi-
ment on CesZr207 in a [1,1,0] magnetic field, as is dis-
cussed in Section V B and shown in Fig. 4(b-d). Similarly,
NdyZr,07 in a [1, 1,0] magnetic field (Ref. [40]) shows no
obvious signs for these same peaks in the diffuse scatter-
ing at (0,0,1) and (0,0, 3).

Both CeyZr207 and NdaZraO7 (Ref. [40]) in a [1,1,0]
magnetic field show no clear interchain correlations be-
tween their 5 chains (£, ~ 0) while both HosTi2O7 and
Dy2TizO7 in a [1,1,0] magnetic field exhibit significant
short-ranged antiferromagnetic interchain correlations in
their 8 chains, with £, > 10 A [36, 37]. These interchain
correlations are thought to arise via long-ranged dipole-
dipole interactions [33], which scale with the square of
the magnetic moment. The long-ranged dipole inter-
action is significantly reduced in both Ce;ZroO; and
NdsZro07 compared to HosTisO7 and DysTisOr, as
the dipole moments within the CEF ground states dou-
blets in CGQZI‘QO7 (N129‘LLB [13, 14]) and NdQZI‘QO7
(~2.65 pp [43]) are much smaller than those in HooTisO7
(~9.85 up [65-67]) and DysTisOr (~9.77 up [66, 68]).

VIII. SUMMARY

Our new heat capacity measurements on single crys-
tal CegZroO7 show that a [1,1,0] magnetic field splits
the broad hump in the zero-field heat capacity into two
humps that are visible as separate features at h = 2 T,



with one feature remaining at 7' ~ 0.15 K near the low-
est measured temperatures, and the other clearly increas-
ing in amplitude and temperature with increasing field
strength, being centred on T'= 1.1 K at h = 2 T. The
separation of energy scales implied by the development
of these separate features, corresponds to the separate
energy scales for the polarized o chains and unpolarized
B chains which emerge in a [1,1,0] field. Fitting the
heat capacity measurements to NLC calculations yields
results consistent with previous work [25, 26]. In particu-
lar, we affirm that the multipolar interactions are strong
and frustrated. Of particular interest is the near equality
of Jz and Jy which in turn implies that the S chains are
close to a critical state.

We also report new triple-axis and time-of-flight elas-
tic neutron scattering measurements on single crystal
CeyZr07 at low temperatures in both [1,1,0] and [0, 0, 1]
magnetic fields. The measurements in a [1, 1, 0] magnetic
field are consistent with the decoupling of the system into
separate quantum spin chains. The field evolution of the
Bragg peaks due to the polarized « chains is shown to be
consistent with expectations for a 1D quantum system.
The magnetic dipole moments in the S chains exhibit
short-ranged (¢ ~ 15 A) ferromagnetic intrachain corre-
lations. These intrachain correlations are much shorter
ranged than those in classical spin ices, which is a conse-
quence of both quantum fluctuations and dominant mul-
tipolar interactions. Direct confirmation of the nearly
gapless excitations predicted for the [ chains was not
possible with our present experiment, but would be an
interesting goal for future high resolution spectroscopic
measurements. In a [0,0, 1] magnetic field, we observe a
field-polarized spin ice ground state, with magnetization
along the field direction.

Our new elastic scattering results are largely consis-
tent with those recently reported in Ref. [57] on a dif-
ferent CeaZraO7 single crystal. Gao et al. (Ref. [57])
reported [1,1, 0]-field-induced Bragg peaks at the (0,0, 2)
and equivalent positions, associated with the polarization
of the « chains. In a [0, 0, 1] magnetic field, they reported
field-induced Bragg peaks at both the (0,0, 2) and (2,2, 0)
positions. Our new work, Fig. 7, shows that there is no
field-induced Bragg scattering at (2,2,0) and equivalent
positions in a [0,0, 1] magnetic field, a result which is
consistent with the expected polarized spin ice state illus-
trated in Fig. 1(b). We speculate that the relatively weak
(2,2,0) Bragg scattering reported recently (Ref. [57]) is
due to the incomplete cancellation of two large nonmag-
netic Bragg signals. Our new inelastic scattering results
show that both [1,1,0] and [0, 0, 1] magnetic fields result
in a separation of the quasielastic scattering, such that
a weak and nearly-dispersionless continuum of inelastic
scattering emerges from the quasielastic signal with in-
creasing field strength.

We compare our neutron scattering results to both
semiclassical molecular dynamics calculations and one di-
mensional quantum calculations using the best-fitting ex-
change parameters inferred from the heat capacity. The
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calculated predictions are largely consistent with the mea-
sured elastic scattering, and the 6 dependence of the pre-
dicted planar scattering from #3 chains in a [1,1,0] mag-
netic field provides further evidence that the mixing of
the dipolar and octupolar degrees of freedom through
the parameter 6 [see Eq. (2)], is weak, and importantly,
that the correlations between octupolar magnetic mo-
ments strongly dominate over dipolar correlations. Fur-
thermore, this means that if J; is the largest exchange pa-
rameter, the low energy fluctuations will be dominantly
octupolar, even though the ground state has the same
symmetry properties, and can be smoothly deformed into,
a dipolar quantum spin ice. The calculated inelastic sig-
nal shows field-induced separation of the quasielastic sig-
nal that is similar to that detected in the measured data.
By modelling the structure factor beyond the dipole ap-
proximation we also show that multipolar spin waves in
the high field state can in principle be detected, even
though the signal is too weak to detect with the present
experiment.

Taken as a whole, the complete set of in-field data pro-
vides strong constraints on the theoretical description of
CesZro07. The best description within the nearest neigh-
bor XYZ model [Eq. (2)] is found for parameters very
close to those already proposed in [25]. Future theoreti-
cal works should seek to close the remaining discrepancies
between theory and experiment, such as the increase in
inelastic scattering intensity at large applied fields and
the shape of the low temperature feature in the heat ca-
pacity in [1, 1, 0] field.
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APPENDIX A: NUMERICAL LINKED CLUSTER
CALCULATIONS OF THE HEAT CAPACITY

i) Further Details on Numerical Linked Cluster
Calculations of the Heat Capacity

Here we discuss the numerical linked cluster (NLC)
calculations for the magnetic contribution to the heat
capacity, and the fitting-analysis that was performed us-
ing the data measured from our single crystal sample
of CeaZry07 in a [1,1,0] magnetic field. The basic de-
tails of the NLC method are outlined in the main text
and in Refs. [25, 30], and further details are provided in
Ref. [59-63]. The methodology specific to the seventh-
order calculations is described in Ref. [62].

Throughout this work, we compare the magnetic heat
capacity calculated using nth-order NLC calculations,
Cﬁ{;gc " (n=4,5,6), to the heat capacity measured from
CesZry07, Cp p, using the goodness-of-fit measure,

2 CNLC n - Cexp Tex 2
<5_> _ Z [ mag ( P) ( P)] , (3)
62 T eNLCLn(Zpr) +'€0xp(1pr)2

where €cxp(Texp) is the experimental uncertainty on
the measured heat capacity at temperature Tey,, and
eNLC,n(Texp) is the uncertainty associated with the nth-
order NLC calculations at temperature Tixp,

maxr>1,,, |Chks™(T) — CRES™H(T)|.

(4)

We first used sixth-order NLC calculations, with Eu-
ler transformations to improve convergence (see Ref. [25]
for example), in order to fit the zero-field heat capacity
measured from CesZroO7 and determine the best-fitting
exchange parameters Jz, Jj, and J; up to permutation of
the exchange parameters as discussed in Section III. Heat
capacity curves were calculated for values of (Jz, Jy, Jz)
over the entire available parameter space, and we com-
pare the NLC-calculated heat capacity for each param-
eter set to the heat capacity measured from CeaZr2O7
using the goodness-of-fit measure (‘2—3) in Eq. (3). The
overall energy scale of the exchange parameters was fit
to the high-temperature tail of the heat capacity so as
to minimize (%) summed over the range from 7oy, =
19K to4 K (see Ref. [30] for example). The exchange
parameters Jz, Jg, and J; are then determined up to per-

ENLC,n (Tcxp)

mutation according to minimization of ( > summed over
the range from Toyp = 0.3 K to 1.9 K. For most parameter
sets, and specifically those corresponding to a QSI ground
state in the nearest-neighbour ground state phase dia-
gram [Fig. 2(b)], this restricts the fit to the regime where
the NLC calculations converge. The results of this fitting
procedure yield (Jz, Jg, Jz) = (0.063,0.062,0.011) meV
up to permutatlon Figure 11 shows the goodness of-fit
measure, <€—> for our sixth order NLC calculations com-
pared to the measured heat capacity of CesZroO7 in zero
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FIG. 11. The goodness-of-fit parameter (5%/¢?) for our sixth-
order NLC fits to the measured Chag of CeaZr2O7 in zero
magnetic field. Here the goodness-of-fit parameter is plotted
over the available phase space as a function of the exchange
parameters J,, J+ = —i(Jb + Jo), and Jii = i(Jb - Jo),
where the axes {a,b,c} are defined the permutation of {Z, g,
Z} such that |Jo| > |Jb|, |Je] and Jy, > Je (see Refs. [25, 30]
for further details). The best-fitting exchange parameters ob-
tained in this fitting, (Ja, Js, Jc) = (0.063,0.062,0.011) meV
are show as the red point. We also show the phase boundaries
and corresponding phases in the ground state phase diagram
predicted at the nearest-neighbour level for dipolar-octupolar
pyrochlores [17]. Each phase in this diagram can be dipolar
or octupolar in nature and this depends on the permutation
giving (Js, Jg, Jz) from (Ja, Jo, Je). The best-fitting exchange
parameters and the entire surrounding region of good agree-
ment (dark-coloured) are within the region of the phase dia-
gram corresponding to a U(1), QSI ground state.

magnetic field for Ty, = 0.3 K to 1.9 K, as well as the
best-fitting exchange parameters that we obtain. We also
overplot the ground state phase diagram predicted for
dipolar-octupolar pyrochlores at the nearest-neighbour
level [17], showing the regions of phases space correspond-
ing to U(1)g and U(1), QSIs as well as a large region cor-
responding to all-in, all-out magnetic order, where each
phase in the diagram of Fig. 11 can be dipolar or octupo-
lar in nature as discussed in the caption of Fig. 11.

We then use NLC calculations to fit the in-field heat
capacity for (Jz, Jy, Jz) equal to different permutations
of (0.063,0.062,0.011) meV, and for n = g¢./2.57 be-
tween 0.5 and 1 5. Figure 12 shows the n and 6 de-
pendencies of ( ) for our fourth-order NLC calculations
using (Jz, Jy, Jz ) (0.063,0.062,0.011) meV, compared
to measured heat capacity from CeyZroO7 in a [1,1,0]
magnetic field of strength h = 0.5 T (a), h = 1 T (b),
and h = 2 T (c¢). Here we use a field dependent low-
temperature cutoff for our evaluation of <f—z> in order
to restrict each fitting to its regime of reasonable conver-
gence, as well as a high-temperature cutoff of 6 K in each
case. Specifically, we fit the h=05T (h=1T, h=2T)
between T'=0.40 K (T'=0.36 K, T'=0.29 K) and 6 K.

Figure 12 shows the lack of significant #-dependence
for (f—;) within the dark coloured region of best agree-
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FIG. 12. The n and 6 dependencies of the goodness of fit parameter (‘2—;) for our fourth-order NLC calculations compared
to the measured heat capacity from our CezZroO7 sample for [1,1,0] field strengths of h = 0.5 T (a), h = 1 T (a), and
h =2 T (c). The parameter 7 is defined as n = ¢./2.57, and we use the best-fitting parameters from this work, (Jz, Jy, Jz) =

(0.063,0.062, 0.011) meV. This plot shows the lack of significant 8 dependence for (‘:—2) in the region of best agreement for each

field strength.

ment for each measured field strength. While we use
(Js, Jg, Jz) = (0.063,0.062,0.011) meV as representative
values in Fig. 12, it worth mentioning that other permuta-
tions of (0.063,0.062,0.011) meV and nearby parameters
also show a lack of significant #-dependence for (i—§> in
regions of good agreement. Accordingly, we find it appro-
priate to set the value of 6 to zero consistent with our esti-
mate in Section V and with the estimates in Refs. [25, 26].
With 6 set to zero, we use fifth-order NLC calculations to
fit the measured heat capacity from CezZroO7 according
to the goodness-of-fit parameter (‘2—2) evaluated below be-
tween 0.2 K and 6 K. The low-temperature cutoff used
here is lower than that used for the NLC fitting of the
zero-field heat capacity due to the fact that our NLC
calculations are convergent (expc,, = 0) down to lower
temperatures for h = 0.5 T, h = 1 T, and h = 2 T
compared to zero-field. Furthermore, in contrast to the
NLC fitting of the heat capacity in zero-field, Euler trans-
formations were not used to fit the heat capacity from
CesZrs07 for non-zero magnetic field as the bare NLC
calculations are more robust than the Euler transforma-
tions for h =0.5T, h=1T, and h =2 T, and are fully
converged for each of these field strengths down to our
low-temperature cutoff of 7' = 0.2 K as opposed to the
corresponding Euler transformations.

Figure 13 shows the goodness-of-fit parameter (‘2—;)
for our fifth-order NLC calculations compared to the
heat capacity measured from CesZroO7 over the fitting
range from T = 0.2 K to T = 6 K, for a [1,1,0] mag-
netic field of strength h = 0.5 T (a), h = 1 T (b),
and h = 2 T (c). For each measured field strength,
we show (i—j) for (Jz,Jg,Jz) equal to different permu-
tations of (0.063,0.062,0.011) meV, and for n between
0.85 and 1 as to highlight the minima in (f—§> As
shown by the collection of minima in Figure 13, the best
global fit occurs for (J;, Jy, Jz) = (0.063,0.062,0.011) or
(0.062,0.063,0.011) meV at n ~ 0.87 (g ~ 2.24).

Permutations (0.011,0.062,0.063),
(0.011, 0.063,0.062), (0.063,0.011, 0.062), and
(0.062,0.011,0.063) meV are sub-optimal and provide

near equal values of (f—j) due to both similarity of the
exchange constants 0.062 meV and 0.063 meV, and due
to the interchangeability of Z and ¢ in Eq. (2) for § =0
which results in equal fits for (Jz, Jy, Jz) = (Ja, Jp, Jo)
and (Jp, Jo, Je)-

ii) Numerical Linked Cluster Calculations of the
Heat Capacity with Other Exchange Parameters

Here we present our NLC calculations using the
different sets of nearest-neighbour exchange parame-
ters suggested in Ref. [26]: Set 1) (Jz,Jy,J:) =
(0.044,0.087,0.015) meV, g. = 24, 6 = 0, set 2)
(Js, g, Jz) = (0.039,0.088,0.02) meV, g, = 2.36, 0 =
—0.037, set 3) (Jz,Jy,J:) = (0.041,0.081,0.027) meV,
g, = 227, 6 = 0.087, and set 4) (Jz,Jz,Jz) =
(0.069,0.068,0.013) meV, ¢g. = 2.4, § = 0. Fig. 14
shows these calculations along with the calculations us-
ing the best-fitting nearest-neighbour exchange param-
eters obtained in this work, and the measured data
from CeyZro07, for a [1,1,0] magnetic field of strength
h=0T,1T, and 2 T. Each of these parameter-sets
provides a reasonable description to the measured data,
specifically for h = 1 T and 2 T. However, it is worth not-
ing that the exchange parameters obtained in this work
and parameter-set 4 from Ref. [26] (which is quite similar
to the parameter set obtain in this work) clearly provide
better description of the h = 0 T data than the other
parameter sets.
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FIG. 13. The 7 dependence of the goodness of fit parameter (‘2—;) for our fifth-order NLC calculations compared to the measured
heat capacity from our CezZr2O~7 sample for [1,1, 0] field strengths of h = 0.5 T (a), h =1 T (b), and h = 2 T (c), for (Jz, Jg, Jz)
equal to different permutations of (0.063, 0.062,0.011) meV, and with 6 set to zero as discussed in the main text. The parameter

7 is defined as n = g./2.57 (see main text).
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FIG. 14. The temperature dependence of the heat capacity of single crystal CeaZr2O7 in a [1, 1, 0] magnetic field is shown for
field strengths of 0 T (a), 1 T (b), and 2 T (c). The lines show the magnetic contribution calculated using sixth- and seventh-
order NLC calculations for zero magnetic field and fourth- and fifth-order NLC calculations at each non-zero field strength of
measurement (as labelled). We show the calculations using the best-fit exchange parameters from this work, (Jz, Jg, Jz) =
(0.063,0.062, 0.011) meV, g. = 2.24, and 6 = 0, as well as the different sets of nearest-neighbour exchange parameters obtained
in Ref. [26]: Set 1) (Jz, Jy, Jz) = (0.044,0.087,0.015) meV, g. = 24, 6 = 0, set 2) (Jz, Jy, Jz) = (0.039,0.088,0.02) meV,
g- = 2.36, 0 = —0.03nw, set 3) (Jz, g, Jz) = (0.041,0.081,0.027) meV, g. = 2.27, § = 0.087, and set 4) (Jz, Jg,Jz) =

(0.069, 0.068, 0.013) meV, g. = 2.4, § = 0.

APPENDIX B: ONE-DIMENSIONAL QUANTUM
CALCULATIONS

i) Magnetic Bragg Peak Intensity

At large fields magnetic fields along the [1,1,0] direc-
tion, the Ising pyrochlore system should be well described
by two sets of effectively decoupled one-dimensional
chains, called o and S chains [see Fig. 1(a)]. We set
0 to zero in accordance with the estimated value in
Refs. [25, 26] and to simplify the treatment, we neglect
the weakest exchange parameter, J. (which is equal to Jz
for 6 = 0). In this case, the Hamiltonian for both « and

(5 chains reduces to the XY model in a staggered field,

M= J.SEST, +J,SYSY + (—1)hoS;.  (5)
J

with hg = 0 for the § chains and hg = 2upg.h/v/6 for
the a chains, where h is the experimentally applied field-
strength and 2/1/6 is a geometrical factor arising from
the projection of the external field on the local easy-axis.
Here we have used that (z,y,z) = (Z,9,2) for 6 = 0.
Rotating the local basis on every second site (sites with
odd j) by 7 around the local z-axis yields S¥ — —S¥°
and S* — —S5% on these sites (with odd j), with the local
basis remaining the same with SY — S¥° and S* — §*°
for the other sites (with even j). This transforms Eq. (5)
into the equation for a chain in uniform field but with



flipped sign of the .J, exchange term,

M= J.SPST, — J,SP8%, +hoS.  (6)
J

This Hamiltonian can now be solved straightforwardly by
using the Jordan-Wigner transformation and subsequent
Bogolyubov transformation [72],

"= Zk:w(k) (n,im + %) (7)

w(k) = 1/ (yeosk + ho)? + 2 sin® k (8)

where 7, are Fermionic operators, J = 3 (J, + J,), and
v = 3 (J» — Jy). Note that J and ~ have switched places
in the expression for the dispersion w compared to the
usual result, because of the flipped sign in front of J, in
Eq. (6). Importantly, inserting hy = 0 into Eq. (8) shows
that the 5 chain excitations are gapless with w(0) = 0 at
the critical point where the anisotropy v vanishes (J, =
Jy). We note that the same critical point occurs for J; =
Jg in the general case where 6 is not set to zero.

The magnetic Bragg peak intensity is entirely dom-
inated by the contribution from the « chains, and
in particular, the intensity of any non-vanishing mag-
netic Bragg peak is approximately proportional to the
staggered magnetization squared on a single chain,
<m§taggered>2. In the rotated basis of Eq. (6), this is just
the magnetization squared, which is a four-Fermion op-
erator and can be computed exactly according to:

<m§taggcrcd> = <m20> (9)

1" 1 ~cos(k) + hg
= %/0 tanh<§ﬂw(k)>7dk :

e (10)

We use Eq. (10) to compute (m and we plot

(M aggorea)” 1 Fig. 3(e) using the arbitrary units that

are described in the caption of Fig. 3(e).

@ )
staggered

ii) Hidden Second-Order Transition in [1,1,0]
Magnetic Field

In Ref. [34], it was discovered that if exchange in
dipolar-octupolar pyrochlores is dominantly octupolar
(between octupolar magnetic moments), then the XYZ
Hamiltonian undergoes a second-order transition into
the high-field chain phase as a function of field strength
for fields along the [1,1,0] direction, as opposed to the
crossover behavior observed in all other cases. Exchange
can be dominantly octupolar for two reasons. First, the
case mainly considered in Ref. [34], is the case where
Jy > Jz, J.. In the case of # = 0, as seems to be realized
in CeyZr207, this can also occur for J, > J,, J..

In these cases, there is significant competition between
the polarization of the magnetic dipole moments which
are coupled to the magnetic field, and the ordering of the
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FIG. 15. The staggered magnetization for the a chains,

(M&taggerea), and its derivative with respect to field strength
are shown in (a) and (b) respectively as a function of field
strength for a [1, 1, 0] magnetic field at T" = 0.03 K, calculated
via Eq. (10) using J = 2 (Jo + J,) = 0.0625 meV and differ-
ent values of the anisotropy parameter, v = % (Jo — Jy), as
labelled. The position of the kink in the magnetization marks
the transition from the low-field phase to high-field phase (see
main text), and corresponds to the position of the peak in
O(Miaggerea) /Oh. We overplot the values of (mZ,gperca) and
(M aggerea)/Oh obtained experimentally at T = 0.3 K by
assuming the magnetic Bragg peak intensity at Q = (0,0, 2)
[shown in Fig. 3(e)] is proportional to (mjtaggered>2. For both
the calculations and measured data, we use the arbitrary units
described in the caption of Fig. 3(e).

octupolar magnetic moments associated with the compo-
nents of pseudospin which have the strongest exchange
coupling. The « chains ground state remains two-fold de-
generate for some finite field range hg < h., where in this
range, the « chains are expected to show non-collinear
ferromagnetic octupolar order with one effective degree
of freedom per chain corresponding to the two directions
of the octupolar order which are equivalent in energy.
As an additional subtlety, the critical field is set by the
anisotropy h. = v = (Jp — Jy)/2, and hence we expect it
to be small. This is the case because the transition is a
gap closing and the spinon gap is set by the anisotropy



as shown in Eq. (8). Since this low-field phase occurs in
competition with the polarization of the z-components of
pseudospin, this indeed affects the value of (Mm%, 4eerea)
and accordingly, the measured Bragg intensity from the
« chains even at low @) where direct contributions from
the octupolar components are insignificant to the Bragg
intensity.

In Fig. 15, we show the calculated value of (m,,eered)
for the « chains, as well as its derivative with respect
to field, as a function of field for # = 0 and J as esti-
mated for CesZroO7 in this work, for different values of
the anisotropy parameter y. These curves were calcu-
lated using Eq. (10). We show the curves in Fig. 15 for
v > 0 only as Eq. (10) is invariant under v — —v; One
way to see this invariance is by using the substitution
k =m — ko in Eq. (10) (with dk = —dkg, and changing
the integration limits accordingly).

As shown in Fig. 15, the transition can be diagnosed
by a kink in the magnetization curve, or equivalently by
a cusp in its derivative, which would be sharp for 7" — 0.
Also in Fig. 15, we overplot the values of (M, qeerea)
and O(m,egerea)/Oh obtained by setting the magnetic
Bragg peak intensity of Q = (0,0,2) peak at T = 0.3 K
[see Fig. 3(6)] equal to <m§taggered>2' We note that the
measured data at T = 0.3 K is described well by the
calculations performed at the lower temperature of T' =
0.03 K for small values of the anisotropy, but noise in
the measured 0(m,gpereq)/Oh means that a relatively
large anisotropy would be needed in order to observe a
transition definitively.

iii) Dynamical Structure Factor for 8 Chains

We follow the numerical procedure in Ref. [73] to
compute the correlations within a single £ chain that
is 1000 ions long, using the nearest-neighbour ex-
change parameters obtained in this work, (Jz, Jy, Jz) =
(0.063,0.062,0.011) meV. Incorporating the necessary ge-
ometrical factors, one can then obtain the full dynami-
cal structure factor S(Q, F) of the 3D material, in the
infinite field limit H — oco. In Fig. 16, we show the
integrated dynamical structure factor in the (H, H,L)
plane obtained from these calculations at 7' = 0.03 K for
both 8 = 0 and # = 0.17, integrated in energy over the
range from F = —0.2 to 0.2 meV. Remarkably, the result
is extremely similar to that of the semiclassical Monte-
Carlo molecular dynamics simulations [Fig. 4(e,h)], even
though the chain is close to criticality at J, ~ J,. Impor-
tantly, both our one-dimensional quantum calculations
and our semiclassical molecular dynamics calculations
show a sharp and intense center-piece to the rod of scat-
tering along (0,0, L) for # = 0.17 which is not present for
f = 0 and also not present in our measurements.
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FIG. 16. The B-chain contribution to the energy-integrated
dynamical structure factor obtained from our Jordan-Wigner
calculations following the numerical procedure in Ref. [73].
Specifically, we show the calculation using the nearest-
neighbour exchange parameters obtained in this work,
(Jz, Jy,Jz) = (0.063,0.062,0.011) meV, with 6§ = 0 (a)
and & = 0.17 (b), for a temperature of T = 0.03 K
and for a magnetic field in the [1,1,0] direction of infinite
strength. The energy-integration for each is over the range
E = [-0.2,0.2] meV.

APPENDIX C: CONSISTENCY BETWEEN
EXPERIMENTALLY-ESTIMATED EXCHANGE
PARAMETERS AND FERROMAGNETIC
B-CHAIN CORRELATIONS IN A [1,1,0] FIELD

We employ the experimental estimates for the ex-
change parameters of Ce3t in CeyZr,O7 from this work
and Refs. [25] to conclude that the ferromagnetic in-
trachain correlations between magnetic dipole moments
detected in our time-of-flight neutron scattering experi-
ment are consistent with the expected [-chain correla-
tions in a [1,1,0] magnetic field at finite temperature.
We first point out that the estimated exchange param-
eters give J; > max(—3Jy,Jy) for A = ¢ and Z, or
Jg > max(—3Jy,Jy) for A = Z and Z, and so at zero-
temperature all pseudospins in the § chains should be
aligned along the local ¥ or local y directions respec-



tively [34], forming a phase of ordered octupolar magnetic
moments with two possible directions for the order corre-
sponding to the fact that all pseudospins can be flipped
at zero cost in energy; This corresponds to ordering of
the octupolar magnetic moments as SY always carries
a purely octupolar magnetic moment and the magnetic
moment associated with S is also purely octupolar for
@ = 0. This occurs at the expense of any ordering of
the Z-components of pseudospin and their corresponding
dipole moments.

However, at non-zero temperature, significant corre-
lations are still expected between the magnetic dipole
moments and for these expected correlations can be de-
termined from the portion of the Hamiltonian involv-
ing the z-components of pseudospin. Using # = 0, and
(z,y,2) = (2,7, 2) for § =0, the portion of the exchange
Hamiltonian [Eq. (2)] containing the z-components of
pseudospin is given by H. = >°_,. [J.S;"S;"], where
the term in Eq. (2) representing the interaction with the
magnetic field vanishes due to the fact that a [1,1,0]
magnetic field gives h 1 z; for each atom ¢ within the
8 chains. Each ion in the [ chains has four nearest-
neighbours in « chains and two nearest neighbours in
the same [ chains; The polarization of the « chains dic-
tates that two of the neighbouring a-chain pseudospins
are along their local +z direction and two are along their
local —z direction. Accordingly, this gives a vanishing
exchange field produced from the a-chains on the sites
of the § chains [33, 34]. Furthermore, Ref. [34] further
shows that even quantum fluctuations of the a-chains
are not expected to result in any significant coupling be-
tween a and § chains within the nearest-neighbor model.
The estimates for the exchange parameters in Refs. [25]
and in this work give J, > 0 and accordingly, the min-
imum energy state of H, corresponds to 8 chains with
non-collinear ferromagnetic order as we discuss in the fol-
lowing paragraph.

Employing J, > 0 to the isolated 8 chain shows that
‘H. is minimized for two neighbouring atoms in the /3
chain when one atom has its magnetic moment in the +z;
(—z;) direction and the other atom has its magnetic mo-
ment in the —z; (4+%;) direction. These preferred align-
ments for a S chain then correspond to neighbouring mag-
netic moments aligned along the [1,1,1] and [1, 1, 1] direc-
tions, or along the [1,1,1] and [1,1, 1] directions [11, 12],
which corresponds to noncollinear ferromagnetism for the
[ chain, with net dipole moment for the chain in the
[1,1,0] or [1,1,0] direction, respectively. These ferromag-
netic correlations between dipole moments in the 5 chains
establish the 2-in, 2-out rule locally at finite temperature
in [1, 1, 0] magnetic fields. We note that these correlations
are also consistent with the estimated nearest-neighbour
exchange parameters in Ref. [26] (see Appendix A, Sub-
section ii), although for the parameter sets of Ref. [26]
with non-zero 0, the ferromagnetic interchain correlations
between dipole magnet moments would involve both the
Z and & components of pseudospin.
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APPENDIX D: SEMICLASSICAL MOLECULAR
DYNAMICS CALCULATIONS BASED ON
MONTE CARLO SIMULATIONS

i) Further Details on Semiclassical Molecular
Dynamics Calculations based on Monte Carlo
Simulations

Here we further discuss the semiclassical molecular
dynamics calculations based on Monte Carlo simula-
tions, which we’ve used to calculate Bragg intensities in
Figs. 2(e) and 7(g), the quasielastic diffuse scattering sig-
nals in (H, H, L) scattering plane in Figs. 4(d-i) and in
the (H + K, H — K, 1.5) scattering plane in Figs. 5(d-f),
as well as the inelastic neutron scattering spectra shown
in Figs. 9 and 10. The details of these calculations are
outlined in Appendix H of Ref. [25].

Figure 17 shows the temperature and [1,1,0]-field-
strength dependencies of the diffuse neutron scattering
signal calculated via our semiclassical molecular dynamic
calculations using the experimental estimates of the
nearest-neighbour exchange parameters obtained from
this work, (Jz, Jy, Jz) = (0.063,0.062,0.011) meV, g, =
2.24, and 6 = 0. The calculated signal for the (H, H, L)
scattering plane uses an integration in energy-transfer
over -0.2 meV < E < 0.2 meV and an integration in
the (K, K,0) direction over -0.3 < K < 0.3, consistent
with the integration ranges for the experimental data in
Figure 4(a-c). Figure 17 shows that the predicted diffuse
neutron scattering possesses essentially the same field de-
pendence for each temperature, and that for each field-
strength the signal grows in intensity with decreasing
temperature.

The snowflake-like pattern of diffuse scattering in the
(H, H, L) plane predicted at low-temperature in zero-field
in Fig. 17 is consistent with the corresponding signals
measured from CesZroO7 in Refs. [13, 14, 25], however,
as discussed in Section V B, the calculations miss finer fea-
tures of the diffuse scattering due to approximations used
in Eq. (2) and the semiclassical molecular dynamics calcu-
lations themselves (outlined in Appendix H of Ref. [25]).
Specifically, previous measurements in Ref. [13] show a
snowflake pattern like the one predicted in Fig. 17 but
with an increase in scattering centred on (0,0,1), less
scattering along the (H,H,H) direction compared to
the (0,0, L) direction, and broadened pinch-point fea-
tures near (1,1,1) and (0,0,2). None of these are cap-
tured by the semiclassical molecular dynamics calcula-
tions. Nonetheless, the main features of the diffuse scat-
tering are accurately predicted by these calculations for
both zero and non-zero magnetic field as was mentioned
in Section V.

In Figs. 18 and 19 we show the calculated inelas-
tic neutron scattering spectra via semiclassical molecu-
lar dynamic for a higher energy-resolution than used in
Section V; Here we show the calculated spectra convo-
luted with a Gaussian lineshape with energy resolution
of AE = 0.02 meV. In further detail, Fig. 18 (Fig. 19)
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FIG. 17. The temperature and field-strength dependencies of the diffuse neutron scattering signal calculated via semiclassical
molecular dynamic calculations using the experimental estimates of the nearest-neighbour exchange parameters obtained from
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column and row, respectively.
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FIG. 18. The calculated inelastic neutron scattering signal, via semiclassical molecular dynamic calculations (see main text)
at using the experimental estimates of the nearest-neighbour exchange parameters obtained from this work, (Jz, Jg, J:) =
(0.063,0.062,0.011) meV, and g. = 2.24, for § = 0 (a-d) and 6 = 0 (e-h). Specifically, we show the calculated dispersion
along high symmetry directions in the (H, H,L) plane at T = 0.03 K for a [1,1, 0] magnetic field of strength h = 0 T (a,e),
h=035T (bf), h=15T (c,g), and h =4 T (d,h). The intensity is shown on a logarithmic scale and the calculated spectra
are convoluted with a Gaussian lineshape with energy resolution of AE = 0.02 meV.

shows the calculated dispersion for high symmetry direc-
tions in the (H,H,L) [(H,K,0)] plane at T = 0.03 K
(T = 0.09 K) for a [1,1,0] ([0,0,1]) magnetic field.
Our calculations again use for the nearest-neighbour ex-
change parameters obtained from this work, (Jz, Jg, J3)
= (0.063,0.062,0.011) meV and g, = 2.24, and we show
the calculations for both § = 0 (left) and 6 = 0.17 (right).
As shown in Figs. 18 and 19, sharp single-magnon excita-
tions have extremely weak intensity for 6 = 0 and become
more-visible for non-zero 6.

In order to understand why inelastic scattering from
single magnon excitations is not expected to be observed
in the high field regime when # = 0, we must consider
both how the neutrons couple to spin waves, and the form
of the magnetic ground states. In the dipole approxi-
mation, the neutrons couple to the magnetic moment,
which in the pseudospin picture means they couple only
to S% = S% cosf+ STsinf. At the same time, single spin
waves are excited by spin operators transverse to the di-
rection of the ground state expectation value of the spin.
This means that in order to see single spin wave scatter-
ing in the dipole approximation, the ground state expec-
tation value of the pseudospin must not be fully aligned
with the pseudospin z axis (meaning S#). For 6 = 0, we

find that the ground state energy is minimised by spins
aligned with the z-axis for all h strong enough to be in
the polarized phase. On the other hand, for 6 # 0, the
ground state expectation value is canted away from the z-
axis for all fields, only becoming fully aligned as h — oo.
It is this canting which allows for a matrix element for
the scattering from single spin waves in the dipole approx-
imation. Moving beyond the dipole approximation, the
scattering becomes sensitive to the S* and SY pseudospin
components, and single magnons contribute a finite, but
small, intensity even for § = 0. However, the intensity
due to octupolar contributions is suppressed by an oc-
tupolar form factor and is therefore only expected to be
observable at large (. This effect is visible for example
in Fig. 19(d,e), where a weak sharp magnon dispersion
is visible even for # = 0 at the largest wave vectors plot-
ted. Nonetheless, due to its low intensity, this weak-but-
visible signal in the calculations (shown on a logarithmic
scale in Fig. 19) is not expected to be observable in the
inelastic neutron scattering experiments included in this
work.

We include contributions from all higher-order multi-
poles relevant to the J = 5/2 manifold in our semiclas-
sical molecular dynamic calculations. However, we show
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FIG. 19. The calculated inelastic neutron scattering signal, via semiclassical molecular dynamic calculations (see main text)
at using the experimental estimates of the nearest-neighbour exchange parameters obtained from this work, (Jz, Jg, Jz) =
(0.063,0.062,0.011) meV, and g. = 2.24, for § = 0 (a-e) and 6 = 0.17 (f-j). Specifically, we show the calculated dispersion
along high symmetry directions in the (H, K,0) plane at 7' = 0.09 K for a [0,0,1] magnetic field of strength h = 0 T (a,f),
h=0.75T (b,g), h=15T (ch), h =3 T (d,i), and h = 6 T (e,j). The intensity is shown on a logarithmic scale and the
calculated spectra are convoluted with a Gaussian lineshape with energy resolution of AE = 0.02 meV.

the calculated Bragg scattering in Fig. 10 in the dipole-
approximation for aesthetic purposes and include the
higher-order multipole contributions elsewhere. In fur-
ther detail, our calculations including higher-order multi-
poles for a [0,0, 1] magnetic field find a magnetic Bragg
peak at Q = (2,2,0) (see Fig. 19) which is ~50,000 times
weaker than the magnetic Bragg peak at Q = (0,0,2)
and is far from being detectable in experiment due to
its weak intensity, especially considering there is a large
nuclear Bragg peak at the same position.

ii) Monte Carlo Molecular Dynamics Calculations
with Other Exchange Parameters

Here we discuss our Monte Carlo molecular dynamics
calculations for the neutron scattering signal using the
different sets of nearest-neighbour exchange parameters

obtained in Ref. [26] through different fitting processes
applied to the heat capacity and magnetization measured
(Ref. [57]) from CesZr2O7 in a [1,1,1] magnetic field:
Set 1) (Jz, Jg,J:) = (0.044,0.087,0.015) meV, g. = 2.4,
0 = 0, set 2) (Jz,J3,J5) = (0.039,0.088,0.02) meV,
g = 2.36, 0 = —0.037‘1’7 set 3) (Ji7 Jg, Jg) =
(0.041,0.081,0.027) meV, g, = 2.27, § = 0.087, and
set 4) (Jz, Jg, Jz) = (0.069,0.068,0.013) meV, g, = 2.4,
6 = 0. The corresponding point shown in Fig. 2(b) was
obtained in Ref. [26] as the approximate centre point of
these four different parameter sets. However, it is worth
noting that parameter set 4 from Ref. [26] agree partic-
ularly well with the best-fitting exchange parameters ob-
tained in this work. For a non-zero a [1,1,0] magnetic
field, each of these parameter sets shows quasielastic dif-
fuse scattering which forms a rod along (0,0, L) in the
(H, H, L) scattering plane and is extended in the out-of-
plane, (K, K,0) direction as we show in Fig. 4(d-f) and
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parameters obtained in Ref. [26]: Set 1) (Jsz,Jy,Jz) = (0.044,0.087,0.015) meV, g. = 2.4, 8 = 0, set 2) (Jz, Jy,Jz) =
(0.039, 0.088, 0.02) meV, g, = 2.36, § = —0.03m, set 3) (Jz, Jy, Jz) = (0.041,0.081,0.027) meV, g. = 2.27, 6 = 0.087, and set 4)
(Jz,Jg, Jz) = (0.069,0.068,0.013) meV, g. = 2.4, § = 0. For each parameter set we show the calculated signals for a [1,1,0]
magnetic field of strength h =0T, h=0.35 T, h=1.5 T, and h =4 T (as labelled).

Fig. 5(d-f) for the best-fitting exchange parameters ob-
tained in this work. Furthermore, each of these parame-
ter sets gives similar inelastic scattering spectra for the
energy resolution of our inelastic neutron scattering ex-
periment, shown in Figs. 9 and 10 for the best-fitting
exchange parameters obtained in this work.

Fig. 20 shows the diffuse neutron scattering signal in
the (H, H, L) scattering plane predicted at 7' = 0.03 K
in a [1,1,0] magnetic field for each of these parame-

ter sets along with the exchange parameter estimated
in this work, for an integration in energy over E =
[-0.2,0.2] meV and an integration in the out-of-plane
direction over K = [—0.3,0.3]. Each of these parameter-
sets provides a reasonable description to the measured
data in Fig. 4(a-c), specifically for h = 1.5 T and 4 T.
However, it is worth noting that the exchange parameters
obtained in this work and parameter set 4 from Ref. [26]
(which is quite similar to the parameter set obtain in this
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The symmetrized neutron scattering signal measured at 7" = 0.03 K from a single crystal sample of CexZr20O7

aligned in the (H, H, L) scattering plane in a [1, 1, 0] magnetic field. The energy dependence of the neutron scattering signal
along the (H, H,0) and (0,0, L) directions of reciprocal space are shown in (a-c) and (d-f), respectively, for field strengths of

h=035T (a,d), h=15T (b,e),and h =4 T (c, {).

The (0,0, L) and (H, H,0) integration ranges for (a-c) and (d-f)

are L = [—0.5,0.5] and H = [—0.5,0.5], respectively. In each case, an integration in the out-of-plane direction, (K, K,0), from
K = -0.3 to 0.3 was used and a data set measured at h = 0 T has been subtracted.

work) clearly provide better description of the h = 0.35 T
data [Fig. 4(a)] than the other parameter sets, as well as
the relative intensity between the signals at h = 0.35 T,
h=15T, and h =4 T [see Fig. 4(a-c)].

APPENDIX E: ESTIMATING THE
CORRELATION LENGTH FOR THE
FERROMAGNETIC CORRELATIONS WITHIN g
CHAINS

We fit the (H, H,0) width of the diffuse scattering
around H = 0 to a Lorentzian form for the purpose
of estimating the correlation length along the 3 chains,
&, This fitting assumed a constant background and is
shown by the solid line fits in Fig. 6(c). The inter-
est in this analysis is the width of the central peak
around H = 0, which was fit for each field strength
using a resolution-convoluted Lorentzian function with
the correlation length along the (H, H,0) direction cal-
culated using the equation £ = a/(\/iASignal), where
a = 10.7 A is the cubic lattice constant for CesZrsOs
and Agignai = A?otal — AZ_.. 1In this second equa-
tion, Ayotq; is the full-width at half-maximum of the
Lorentzian function, and A, is the experimental resolu-
tion along the (H, H,0) direction determined by fitting

the full-width at half-maximum for nuclear Bragg peaks.
This analysis yields correlation lengths of £ = 17, 13, and
14 Aath=035T, 15T, and 4 T, respectively, which
we describe in the main text using the average value £ =
15(2) A. As discussed in Section V, this corresponds to
the correlations between the z-components of the pseu-
dospins in the S chain.

APPENDIX F: INELASTIC SCATTERING DATA
WITHOUT POWDER AVERAGING

Here we show the inelastic neutron scattering sig-
nal along specific high-symmetry directions of reciprocal
space in the scattering plane, measured at low tempera-
ture from our single crystal sample of CesZroO7 for mag-
netic fields along the [1,1,0] and [0, 0, 1] directions. This
compliments the powder-averaged inelastic neutron scat-
tering shown in Fig. 8 which utilizes the entire data set
acquired and possesses a better signal-to-noise than the
inelastic neutron scattering along specific high-symmetry
directions.

Figure 21(a-c) [Figure 21(d-f)] shows the energy-
dependence of the measured inelastic neutron scattering
signal along the (H, H,0) [(0,0, L)] direction of recipro-

cal space at T = 0.03 K for a [1,1,0] magnetic field of
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FIG. 22. The symmetrized neutron scattering signal measured at 7' = 0.09 K from a single crystal sample of Ce2Zr207
aligned in the (H, K,0) scattering plane in a [0,0, 1] magnetic field. The energy dependence of the neutron scattering signal
along the (H,0,0) and (H, H,0) directions of reciprocal space are shown in (a-d) and (e-h), respectively, for field strengths
of h =07 T (a, e), h =15T (b, f), h=3T (¢, g), and h = 6 T (d, h). The (0, K,0) integration range for (a-d) is
K =[-0.5,0.5] and the (K, K,0) integration range for (e-h) is K = [~0.5,0.5]. In each case, an integration in the out-of-plane
direction, (0,0, L), from L = -0.3 to 0.3 was used and a data set measured at h = 0 T has been subtracted.

strength h = 0.35 T, h = 1.5 T, and h = 4 T. For
Fig. 21(a-c) [Fig. 21(d-f)] we use an integration in (0,0, L)
[(H,H,0)] from L = —0.5 to 0.5 (H = —0.5 to 0.5) and
in (K, K,0) from K = —0.3 to 0.3, with a zero-field data
set taken at T'= 0.03 K subtracted in each case.

Figure 22(a-d) [Figure 22(e-h)] shows the energy-
dependence of the measured inelastic neutron scattering
signal along the (H,0,0) [(H, H,0)] direction of recipro-
cal space at T = 0.09 K for a [0,0,1] magnetic field of
strength h = 0.75 T, h =15 T, h=3 T, and h = 6 T.
For Fig. 22(a-d) [Fig. 22(e-h)] we us an integration in
(0, K,0) [(K, K,0)] from K = —0.5 to 0.5 (K = —0.5 to
0.5) and in (0,0, L) from L = —0.3 to 0.3, with a zero-
field data set taken at 7" = 0.09 K subtracted in each
case.

As shown in Fig. 21 (Fig. 22) for the [1,1,0] ([0,0,1])
field direction, the inelastic scattering along different
high-symmetry directions in the scattering plane shows
the same general features as the powder-averaged data
in Fig. 8(a-c) [8(d-g)]. For both field directions, a
continuum of scattering, with no obvious dispersion,
separates from the net-negative quasielastic scattering
and increases energy and intensity with increasing field
strength. As mentioned in Section VI, the lack of sharp
spin waves in these measurements is consistent with ex-
pectations for a small value of 6 (see Appendix D).

APPENDIX G: THE ENERGY-DEPENDENCE OF
DIFFUSE SCATTERING IN A [1,1,0] MAGNETIC
FIELD

As our time-of-flight neutron scattering measurements
provide energy resolution on a ~0.1 meV scale, it is also
possible to examine the energy dependence of the dif-
fuse planes of scattering originating from the g chains.
This is particularly interesting and important to exam-
ine in this case of CeaZr20O7 in a [1,1,0] magnetic field,
as the planes of diffuse scattering are only evident in sub-
tractions of zero-field data sets from finite-field data sets
at T = 0.03 K, and this difference is negative (as can
be seen in Figs. 4, 5, and 6) meaning that the zero-field
quasielastic scattering is more intense than the finite-field
quasielastic diffuse scattering (this is clearly not the case
for the elastic scattering associated with field-induced
magnetic Bragg peaks). This negative quasielastic net-
scattering that we measure is consistent with the calcu-
lations shown in Fig. 9, where the zero-field quasielastic
scattering is more intense than the in-field quasielastic
scattering everywhere except at magnetic Bragg peak po-
sitions.

Figure 23(a,b,c) shows three integration ranges in re-
ciprocal space that we use to examine the energy depen-
dence of the measured diffuse scattering signal: one cen-
tered on the plane of S-chain scattering at H = 0 which

-0.00015
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FIG. 23. The neutron scattering signal measured at 7' = 0.03 K from a single crystal sample of Ce2Zr2O~ aligned in the
(H, H, L) scattering plane in a [1, 1, 0] magnetic field. (a), (b), and (c) show the quasielastic neutron scattering signal in the
(H,H, L) plane for a field strength of A = 0.35 T, also shown in Figs. 4(a) and 5(a). The black rectangle in (a) shows the
combined integration range for (0,0, L) and (H, H,0) defined by L = [0.75,1.75] and H = [—0.25,0.25]. The black rectangle in
(b) shows the combined integration range for (0,0, L) and (H, H,0) defined by L = [0.5,1.5] and H = [0.25,0.75]. The black
rectangle in (c) shows the combined integration range for (0,0, L) and (H, H,0) defined by L = [—0.5,0.5] and H = [0.75, 1.25].
(d), (e), and (f) show the energy dependence of the integrated neutron scattering intensity within the boxes of reciprocal space
depicted in (a), (b), and (c), respectively, for magnetic field strengths of h = 0.35 T (blue), h = 1.5 T (orange), and h =4 T
(green). In each case, a data set measured at h = 0 T has been subtracted. (g), (h), and (i) show the energy dependence of
the integrated neutron scattering intensity within the boxes of reciprocal space depicted in (a), (b), and (c), respectively, for
h = 0 T. Integration in (K, K,0) over the range —0.3 < K < 0.3 was employed for each plot in this figure. (j) shows the
subtraction of the energy-cut in (e) centered between the planes, from the energy-cut in (d) centered on the plane at H = 0,
for each field-subtraction (as labelled). (k) shows the subtraction of the energy-cut in (e) centered between the planes, from
the energy-cut in (f) centered on the plane at H = 1, for each field-subtraction (as labelled).



appears as a rod along (0,0,L) in Fig. 23(a), one be-
tween the rods of scattering and centered on (0.5,0.5, L)
in Fig. 23(b), and one centred on the second plane of (-
chain scattering at H = 1 which appears as a rod along
(1,1, L) in Fig. 23(c). Specifically, the black rectangle of
integration in Fig. 23(a) is defined by L = [0.75,1.75],
H = [-0.25,0.25], the black rectangle of integration in
Fig. 23(b) is defined by L = [0.5,1.5], H = [0.25,0.75],
and the black rectangle of integration in Fig. 23(c) is de-
fined by L = [-0.5,0.5], H = [0.75,1.25]; Each of these
employ the same integration normal to the (H,H, L)
plane, which is a (K, K, 0) integration from K = -0.3 to
0.3. The varying L-range employed over the three black
rectangles of integration results from avoiding both the
oversubtracted (blue intensity) powder ring, and the re-
gion near @ = 0.

Figure 23(d) [23(e), 23(f)] shows the energy depen-
dence of the measured diffuse scattering for the net
data in the integration range in Fig. 23(a) [23(b), 23(c)].
Clearly Figs. 23(d-f) show an easily observable decrease
in elastic and quasi-elastic scattering in a magnetic field
compared to zero field as previously discussed. The neg-
ative net intensities in the field-subtracted data, both
centered on the planes of scattering [Figs. 23(d,f)] and
centered between planes [Fig. 23(e)], have energy de-
pendencies that peak at slightly positive energies even
though the zero field data sets themselves are centered
on F = 0 meV, as shown in Figs. 23(g,h,i). This is con-

34

sistent with the fact that the quasielastic scattering from
the QSI phase in zero-field, that is, the scattering being
subtracted and leading to negative net-scattering, is cen-
tred at slightly positive energies. Furthermore, as shown
in Figs. 23(j,k), a subtraction of the net intensities cen-
tered on a plane of scattering, from that centered between
the planes of scattering, shows that the planes of scatter-
ing due to the (8 chains are approximately elastic with
centre at £ &~ 0 meV within resolution of the measure-
ments; We refer to this diffuse scattering as quasielas-
tic in the main text as higher-resolution measurements
would be needed to definitively determine whether the
measured scattering is elastic or inelastic (or more pre-
cisely, to decompose any elastic and inelastic portions of
the measured quasielastic signal).

Figure 23(j) shows that the elastic intensity associated
with the plane of scattering at H = 0 is approximately
constant in intensity at h = 0.35 T and 1,5 T, but then
decreases in intensity by a factor of ~3 at h =4 T. On
the other hand, Fig. 23(k) shows that the elastic inten-
sity associated with the plane of scattering at H = 1 is
weaker at h = 0.35 T and h = 1.5 T than at h = 4 T.
Comparison of Fig. 23(j) and 23(k) shows that the de-
crease in scattering at h = 4 T, for the rod at H = 0, is
met with an approximately equal increase in scattering
for the rod at H = 1. This migration of intensity be-
tween the rods at H = 0 and H = 1 is consistent with
conclusions drawn from the Q-dependence of the diffuse
scattering shown in Figs. 4(a-c), 5(a-c), and 6(c).
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