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We study the stability of the antiferromagnetic all-in—all-out state observed in dipolar-octupolar pyrochlores
that have neodymium as the magnetic species. Different types of disorder are considered, either affecting the
immediate environment of the Nd** ion or substituting it with a nonmagnetic ion. Starting from the well-studied
Nd,Zr,0; compound, Ti substitution on the Zr site and dilution on the Nd magnetic site with La substitution
are investigated. The recently discovered entropy stabilized compound NdMox, which exhibits a high degree
of disorder on the nonmagnetic site is also studied. Using a range of experimental techniques, especially very
low-temperature magnetization and neutron scattering, we show that the all-in—all-out state is very robust and
withstands substitutional disorder up to large rates. From these measurements, we estimate the Hamiltonian
parameters and discuss their evolution in the framework of the phase diagram of dipolar-octupolar pyrochlore

magnets.

DOLI: 10.1103/PhysRevB.109.224416

I. INTRODUCTION

Geometrically frustrated magnetism is a forefront research
topic within condensed matter physics, as testified by the
wealth of exotic phenomena discovered over past years
[1,2]. To explore this physics, pyrochlore oxide compounds
(RyT,07, R is arare-earth and T is usually a transition metal),
in which both R and T sites form a corner-sharing tetrahedra
lattice are a rich playground. Depending on the rare-earth
element, different spin anisotropy (Ising, easy-plane, Heisen-
berg) and interactions (antiferromagnetic, ferromagnetic,
long-range, anisotropic) come into play. This results in amaz-
ing physics, including delicate balance between ferro- and
antiferromagnetism, order by disorder mechanisms, Coulomb
and quantum spin liquid phases [3,4].

Ho,Ti,O7 and Dy, Ti, O are, for instance, experimental re-
alizations of the celebrated spin-ice state [5]. They correspond
to the case of ferromagnetic interactions between rare earth
magnetic moments, constrained to lie along the local (111)
axes (linking the center of each tetrahedron to its vertices) by
a crystal-field scheme featuring a strong Ising anisotropy.

In contrast to spin ice, Nd-based magnets, Nd,Zr,O;
[6—8], NdZSn207 [9], and Ndsz207 [10,1 1] are Ising
antiferromagnets, hence, at first glance, more conventional
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materials. The Nd** magnetic moments indeed exhibit a
strong local (111) Ising anisotropy with an effective value
of about 2.4-2.5 ug. Magnetization measurements together
with powder neutron diffraction experiments further reveal
that these compounds undergo an antiferromagnetic transi-
tion towards an all-in—all-out magnetic configuration, where
the four spins point inwards to or outwards from the center
of a tetrahedron. This situation corresponds, in principle, to
a simple noncollinear antiferromagnetic state. Surprisingly,
experiments demonstrate a much more complex case: in
Nd,Zr,07 and Nd;Hf,07, the measured ordered magnetic
moment is only about 1 up, thus less than half the full
moment. Furthermore, the Curie-Weiss temperature obtained
from the magnetic susceptibility is positive, indicating fer-
romagnetic interactions that should stabilize a spin-ice state,
contrasting with the all-in—all-out ground state. In addition,
inelastic neutron scattering measurements reveal distinctive
excitations, encompassing a flat mode at finite energy, above
which dispersive modes appear [12—14]. Both modes have
remarkable structure factors, the flat mode being characterized
by pinch points, suggesting dynamic spin ice correlations,
while the dispersive mode is characterized by a half-moon
pattern stemming out of the pinch point positions.

To solve this conundrum, Benton [15] showed that it is
necessary to consider the dipolar-octupolar nature [16] of the
Nd** magnetic moment in the pyrochlore lattice symmetry.
At low temperature, the relevant degree of freedom is an
effective spin-1/2 whose z component can be interpreted as
the magnetic moment, while its x and y components represent

©2024 American Physical Society
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combinations of octupolar moments. The observed ordered
phase corresponds to an ordering of this pseudospin, which
adopts an all-in—all-out structure, each spin pointing, however,
in an inclined direction in the (x, z) local plane. It is therefore
physically both a magnetic and octupolar structure, the or-
dered dipole moment being reduced compared to the ground
state doublet value because of the octupolar contribution. It
was further shown that this peculiar ordering competes with a
ferromagnetic Coulomb phase, which gives rise to spin ice
correlations above the ordering temperature [17,18], so the
system may be close to a U (1) spin liquid state [15,16,19,20].

The aim of this paper is to study the stability of this un-
conventional all-in—all-out state when disorder is introduced
into the Nd,Zr,O; compound. In standard magnets, disor-
der is known to progressively suppress the magnetic long
range order. If too strong, exchange disorder, for instance,
favors a spin-glass ground state. When the magnetic species
is substituted by a nonmagnetic element, the order survives
up to a certain level called the percolation threshold. The
latter can be quite large (and depends on the lattice), so the
ordering can stand strong disorder. In frustrated magnets,
disorder has a more dramatic effect. The reason is that the
energy landscape of frustrated systems comprises a macro-
scopic number of states that are very close in energy, or
even fully degenerate in some special cases, such as nearest-
neighbor spin ice for instance. Any minute perturbation is
then likely to favor a particular ground state. Several studies
on pyrochlore materials have documented this physics, as,
for instance, in Tb,  Tir_O74, [21], Er,Ti,_,Sn, 07 [22],
and Yby;,Ti,_O74, [23]. In TbyyTir_O74,, a long-range
quadrupolar order is stabilized beyond a minute threshold
of x =0.005 to the detriment of a spin liquid phase. In
Er,Tip—Sn,O7, the Sn/Ti substitution induces a change of
the magnetic structure. YbyTip_,O74, lives just at the
edge between ferromagnetic and antiferromagnetic phases
[24-26]; achieving a very high sample quality was necessary
to eventually observe the ferromagnetic long-range order. In
Nd,Zr,07, it was shown that off-stoichiometry in the Nd/Zr
ratio has an impact on the lattice parameter and magnetic
properties and is at the origin of the different ordering tem-
peratures observed between polycrystalline and single crystal
samples [27].

In the present paper, different kinds of disorder are con-
sidered: on the one hand, substitution on the magnetic site,
replacing neodymium by lanthanum, and on the other, sub-
stitution on the zirconium (nonmagnetic) site. Two cases
are envisaged: substitution by titanium, and another original
route, which consists of an entropy stabilized mixing of five
different cations at the zirconium site. In the latter case, the
global pyrochlore structure is preserved but the disorder is
maximum on the 7T site, which is expected to strongly af-
fect the magnetic properties. All those different substitutions
contribute to modifying the environment and exchange inter-
actions between Nd>* ions.

We show that the all-in—all-out state is very robust and
withstands disorder and/or dilution up to very large levels.
This paper is organized as follows. The first section focuses
on experimental techniques and the sample synthesis. The
next sections describe the crystalline structures, crystal field
schemes and magnetic ground states. We then investigate the

low energy excitations, propose effective interactions param-
eters and briefly present the in field evolution of the structure.
We finally discuss the influence of the different types of disor-
der by comparing our results with the properties of previously
reported Nd-based pyrochlore compounds.

II. EXPERIMENTAL TECHNIQUES

A. Sample synthesis

Three types of samples were synthesized for this paper.
The Nd,(Zr;_,Ti,),07 samples are the same as studied in
Ref. [28], and were also grown as single crystals. The
(Nd;_,La,),Zr,O; samples were synthesized in polycrys-
talline form using solid state reactions between starting pow-
ders Nd, O3, La; O3 and ZrO, in a stoichiometric mixture [29].
The powders were mixed and pressed in pellets to facilitate the
chemical reaction. To eventually obtain (Nd;_,La,),Zr,O;
compounds, several heat treatments were necessary. Fi-
nally, three samples were obtained: Nd; gLag,Zr,O7 (10%-
substituted sample), Nd; gLag 4Zr,07 (20%-substituted sam-
ple), and Nd;,LaggZr,O7 (40%-substituted sample). They
were then characterized by x-ray diffraction measurements to
check the purity of the phase.

The NdMox (Nd, (TiZrHfScNb),07) samples were synthe-
sized as described in Ref. [30].

B. Bulk magnetic measurements

The high-temperature magnetization measurements were
performed on a Quantum Design MPMS VSM-SQUID mag-
netometer from 2 to 300 K. The powder samples were packed
in cellophane with an approximate spherical shape. The data
were corrected from demagnetizing effects with the demagne-
tization factor for a sphere.

Magnetization and ac susceptibility measurements were
performed down to 80 mK using a superconducting quantum
interference device (SQUID) magnetometer equipped with a
He - “He dilution refrigerator developed at the Institut Néel-
CNRS Grenoble [31]. The powder samples were placed in
small rectangular pouches made from thin copper sheets and
covered with Apiezon grease to favor proper thermalization.
The NdMox polycrystalline sample was pressed into a paral-
lelepiped shape.

The specific heat of the NdMox sample was mea-
sured with a Quantum Design PPMS equipped with a
*He system. To estimate the lattice contribution, a YMox
(Y2 [(TiZrHfSn)g 205 Geo.18].O7) sample was also measured.

C. Powder neutron diffraction

For the Nd,(Zr;_,Ti,),07 and (Nd;_,La,),Zr,O; samples
(except the 40% substituted-sample), powder neutron diffrac-
tion experiments were carried out at G4.1 (LLB-Orphée,
France) operated with A =2.43 A and equipped with a
*He - *He dilution refrigerator. A dedicated vanadium sample
holder was used, loaded with “He pressure of about ten bars
to ensure thermalization.

Neutron powder diffraction data for the NdMox
and Nd;,LaggZr,O; samples were acquired with the
high-resolution neutron powder diffractometer HRPT
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[32] at Paul Scherrer Institute. The data for NdMox were
collected at 300 K with neutron wavelengths A = 1.494 and
1.1545 A in the high intensity mode of the instrument and for
Nd, sLag gZr,07 with A = 1.044 and 2.450 A in the medium
resolution mode of the instrument. The Nd;,LaggZr,O7
sample has been found to contain 4 wt % of a Nd(OH);
impurity, which was included in the refinements.

D. Inelastic neutron scattering

For the (Nd,_,La,),Zr,07 samples with y = 10 and 20%,
inelastic neutron scattering measurements were performed
on the time-of-flight spectrometer PANTHER (ILL, France)
[33] to determine the crystal electric field (CEF) excitations
[34]. The spectrometer was operated with an incident energy
E; = 50meV, yielding a good compromise in terms of energy
resolution and flux. The samples were placed in an orange
cryostat capable of cooling to 1.5 K, and data were taken up to
200 K with 50 K steps. The scattering from the empty sample
holder was measured and subtracted from the raw data.

Similar experiments were performed on the triple
axis spectrometers 2T (LLB-Orphée, France) for
Nd;(Zr_,Ti,),07 samples, and at EIGER (PSI, Switzerland)
[35] for the NdMox and Nd; ;Lag gZr,O; samples. We used
a constant final wave vector ky = 2.662 A-!, yielding an
energy resolution at the elastic line of the order of 1 meV.
Several Q scans were measured with 1 < Q < 6 A~! and the
spectra were then assembled to produce intensity maps as
a function of Q and energy transfer w. A pyrolytic graphite
(PG) filter was used to eliminate spurious signals due to
harmonics in the incident beam being scattered from the
elastic incoherent response of the sample and sample holder.
Depending on the strength of such scattering, the length of
the filter may not be sufficient to completely eliminate this
effect. At 2 T, we also measured the aluminum can sample
holder under the same conditions to eliminate background and
spurious scattering as far as possible by subtraction. When
measuring Ndj,LagsZr,O; at EIGER, we used a long filter
(~70mm), which also minimizes the spurious scattering. For
the measurements of NdMox at EIGER we used the normal
short filter (~36 mm) and time constraints prevented the
measurement of the empty holder. We have therefore fitted
the spurious peaks at 17.5 meV (2k; = 3ky) and 43.5 meV
(ki = 2ky¢) using Gaussian profiles and subtracted these from
the data. This treatment works well for the peak at 17.5 meV
but is less effective for the peak at 43.5 meV.

To determine the low-energy magnetic response, typically
below 1 meV, we used the time of flight spectrometers
SHARP (LLB CRG @ILL, France) [36] with an incident
wavelength of 5.1 A for the (Nd;_,La,),Zr,O7 samples with
y = 10 and 20%, and FOCUS (PSI, Switzerland) with inci-
dent wavelengths of 5 and 5.75 A, for the NdMox sample. The
samples were placed in a Cu sample holder and inserted into
a dilution refrigerator, reaching temperatures below 100 mK.
The (Nd;_,La,)>Zr,07 spectra present a Gaussian profile at
the elastic position, due to incoherent and Bragg scattering.
To extract the low-temperature inelastic magnetic signal, data
measured at 5 K were used as a reference. Nevertheless,
because a low-energy quasielastic signal is still visible at this
temperature, amplified by the detailed balance factor, these

data cannot be directly used for subtraction. The spectrum
measured at 5 K was thus reduced to a series of energy scans,
for each Q position. Each scan was then fitted in a small
energy interval —w; < w < w1, w; =~ 0.4 meV to a function
consisting of a Lorentzian function of width y on top a Gaus-
sian profile of width o:

A )
T (0 +y?)
The Gaussian and Lorentzian contributions represent the

elastic and quasielastic responses, respectively. We then con-
sidered the quantity

Inodel = Le #M¥X@/77 4 (1 41/(/T — 1))

S0, ©) = Lxp(Q, w, T) — Le * 2@/,

The low-energy excitations of the Nd,(Zr;_,Ti,),O7 sam-
ples were probed on single crystals on the INS (ILL, France)
time-of-flight spectrometer. Data for the x = 2.5% single
crystal sample [37] are reported in Ref. [18]. The x = 10%
sample was measured in the (100) — (010) scattering plane
with incident wavelengths of 6, 8, and 10 A [38].

III. STRUCTURAL PROPERTIES

As shown below, all the compounds discussed in this paper
were found to crystallize in the Fd3m space group. Rietveld
refinement using FULLPROF [39] was performed to refine the
lattice parameter as well as the position of the 48 f oxygen
atom, which is the single positional parameter in the py-
rochlore structure. For the substituted samples, the lanthanum
occupancy could not be determined with a good accuracy as
neodymium and lanthanum elements have very similar scat-
tering lengths.

The Nd,(Zr;_,Ti,),07 samples structural properties are
discussed in Ref. [18]. (Nd;_,La,),Zr,O; structural prop-
erties at ambient temperature were determined from x-ray
diffraction for y = 10 and 20% and neutron scattering for
y = 40%. The percentages of lanthanum occupancy are con-
sistent with the synthesis expectations. The NdMox structure
was refined from x-ray and neutron diffraction measurements
(see Fig. 1). Accounting for a possible antisite disorder, which
could occur between the Nd** and the Sc3* ions, did not
improve the refinement.

The obtained structural properties are summarized in Ta-
ble I. They show that the lattice parameter and the oxygen
position are little affected by substitution in Nd,Zr,O7; com-
pounds. The lattice parameter seems to slightly decrease with
the introduction of Ti, and to increase with the introduction of
La, which is consistent with Ref. [40]. In the case of NdMox,
the lattice parameter is significantly reduced compared to the
pure Nd,Zr,O; compound.

IV. CRYSTAL ELECTRIC FIELD

The inelastic neutron scattering spectra recorded at low
temperature for all samples are shown in Fig. 2. For the Ti
and La-substituted compounds, the spectra are characterized
by two lines, centered around 23-25 and 34-38 meV, the
latter peak being broader. In (Nd;_,La,),Zr,O7 with y =10
and 20%, the instrument resolution allows us to distinguish
a shoulder on the higher energy mode that can be due to
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TABLE I. Structural (at room temperature) and magnetic parameters for the investigated polycrystalline samples. The values for the pure
compound have been updated compared to Refs. [6,7] from measurements on D1B and D2B (ILL). For all compounds, the space group is
Fd3m (No. 227), the atoms are Nd(La): 16d (1/2, 1/2, 1/2) position, Zr(Ti,M):16¢ (0,0,0) position, O1: 85 (3/8, 3/8, 3/8) position, and O2:
48f (x,1/8,1/8) position. The Curie-Weiss temperatures and effective moments have been obtained from Curie-Weiss fits between 4 and
50 K for all samples. Note that the obtained Curie-Weiss temperature is affected by the fitting range, as well as the demagnetization effects,
which may explain the differences with some values reported in the literature. For Nd; ;La, gZr, O, no ordering temperature could be observed
down to 75 mK. For Nd,Zr,07, Nd,Zr 95 Tip 0507, and Nd,Zr, §Tip 207, the gap values €, were obtained for single crystal samples.

Ti/La occupancy Lattice parameter Tew eff N, Mord €
Sample [%] x(02) [A] [mK] [uB] [mK] [uB] [meV]
Nd,Zr,0, 0.3366 10.69 175 2.45 370 1.154+0.05 0.075
Nd,Zr 95Tig 0507 2.8 0.3360 10.67 145 2.46 420 1.36 £ 0.04 0.07
Nd,Zr; 3 Tip,07 11.2 0.3359 10.64 180 2.49 430 1.33 £0.03 0.075
Nd, sLag,Zr,04 9.6 0.3346 10.69 275 2.61 330 1.27 £ 0.06 0.05
Nd,; ¢Lag4Zr,04 20.5 0.3344 10.70 220 2.75 240 1.25 +0.06 0.025
Nd, ,Lag3Zr,O; 40 0.3330 10.73 170 2.61
NdMox 0.330 10.56 30 2.60 550 1.22 +0.09 0.11

the presence of two very close modes. The energy widths
are almost identical (considering the instruments resolution),
whatever the doping (see also Table II). For the high entropy
compound, the situation is very similar, with excitations cen-
tered at about the same energies. Their half width at half
maximum, however, is much larger, about 6-8 meV. Phonon
excitations, characterized by their larger intensity at high Q,
are also visible in all samples around 10-15 meV. These

results should be discussed in the perspective offered by the
reference compound Nd,Zr,0O. Its crystal field scheme has
been studied in Refs. [6-8], and has levels at about 23, 34, 35,
and 104 meV. All the studied compounds thus have very sim-
ilar schemes compared to the pure compound (the 104 meV
level could not be observed within the energy range of our
measurements). While this result could have been expected
for the La-substitution, it is more surprising for the other com-

pounds, namely, Nd,(Zr;_,Ti,),O7 and NdMox, for which
the local environment of the Nd3*

20000 [, —\7 L L A L I ion is directly perturbed
(a) + lobs ] by the substitutions and the disorder on the 7T site.
m - Icalc To estimate how the small variations in the CEF level ener-
£15000 —— lobs-Icalc ] . . .
c i ] gies reflect in the crystal field coefficients, we have analyzed
= I I Bragg position 1 . . ..
. i ] the data using the multiplet description of the CEF levels
£210000 [ . . . .
e : 1 previously used in Refs. [6,8]. In this case, the crystal field
= Hamiltonian is written [41]
£ 5000 | -
S ]
= 0 i I ¥ BN P [ Veer = Z Bi0Cr0 (1)
F Y I \HH\IHH\HHHHHHHE k=0,2,4.6
L1 =| L T k
20 0 (d go) 80 100 + D> D BinCim+ (=1'Cem). ()
— , — .g ; , k=2,4,6 m=1
()
» 10000 | 7 i i
= TABLE II. Energy and half-width at half maximum of the CEF
S levels measured on the different Nd-based pyrochlore compounds,
£ in meV. Compounds marked with a * were measured on triple axis
& 5000 I spectrometers, where the energy resolution is expected to be about
%’ I 3.5 and 5 meV at 23 and 36 meV, respectively. Compounds marked
S with a  were measured on PANTHER with a resolution of about
§ 2 meV [33].
0 L T Nl Sample E; Ay E, E; Ars
P A SRl Ml
50 100 150 Nd,Zr,05 [8] 234 344 35.7
26 (deq) Nd,Zr; 95 Tig0sO7* 232 39 359 59
NdszllgTio'207* 22.8 4.8 36.3 5.7
FIG. 1. (a) X-ray and (b) neutron diffractograms (taken at HRPT) NdLsLaO,zZrzO; 23.8 1.9 34.5 36.5 1.5
measured on NdMox (red points) at room temperature together with Nd; ¢Lag, 4Zr203 24.2 1.9 35.0 38.4 24
the refinement with a pyrochlore structure (black line). The differ- Nd; ,LagsZr, 0% 25.4 2 37 6
ence between measurements and calculations is shown in blue. Green NdMox:* 21 6 36 8

bars show the Bragg positions.
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FIG. 2. Inelastic neutron scattering spectra at 7 = 3.8 K in Nd,(Zr,_,Ti, ),O7 with x = 2.5 and 10% measuredon 2 T, and at 7 = 1.5 —
1.6 K for (Nd,_,La,),Zr,O; with y = 10 and 20% measured on PANTHER and Nd,(TiZrHfScNb),0; and (Nd,_,La,),Zr,0; with y=40%
measured on EIGER. Q-cuts of these spectra are shown in Appendix A.

The Cy,, operators, usually called Wybourne operators, are
defined as Cy, = 22%

harmonic functions. The Wybourne coefficients By ,, are con-
sidered as empirical coefficients. The By, parameters which
are not zero in the D3; symmetry were computed using the
energy level values detailed in Table II. The obtained values
are close to the ones obtained in the pure compound and differ
only by about 5% (see Appendix A).

In the Nd»(Zr{_Ti,)>O7 and (Nd;_,La,),Zr,O7 samples,
the levels are not significantly broadened, so one can assume
that the Nd*>" crystal field states are homogeneous within
the sample. In the case of NdMox, disorder induces a larger
distribution that could correspond to local variations up to
about 35% of the By, values (see Appendix A). This may
affect locally the properties of the Nd*>* magnetic ion, and
in particular the value of the magnetic moment. Neverthe-
less, it is worth noting that the dipolar-octupolar character of
the ground doublet, which confers to Nd,Zr,05 its peculiar
properties, remains present in the obtained wave functions.
This is especially interesting, since it makes possible the
study of the disorder impact on the collective properties of
the Nd-substituted compounds, without considering as a first
approximation the local variations in the Nd** single-ion
properties.

Yi.m, where Yy, are the spherical

V. MAGNETIC GROUND STATE

For all samples, magnetization measurements performed
between 2 and 300 K show a continuous behavior, excluding

the possible existence of magnetic transitions due to mag-
netic impurities. Estimations of the Curie-Weiss temperature
Tew and the effective moment pes for all samples were per-
formed by fitting the inverse susceptibility x ~' (obtained from
magnetization data, assuming that M is linear in H) as a
function of temperature using a Curie-Weiss law x = C/(T —
Tcw), where C = MONA,ugff/(?)kB), as shown in Fig. 3 (ug
is the vacuum permeability, A5 the Avogadro constant, and
kg the Boltzmann constant). A Van Vleck contribution was
also included in the fit and gives for all samples values
between 0.0035 and 0.0039 emu/mol Nd, in agreement
with the literature [6,8]. The obtained values are summa-
rized in Table I. All Curie-Weiss temperatures are positive,
similarly to the pure compound, which suggests effective
ferromagnetic interactions. Although the determination of
Tew is only approximate (the fit is very sensitive due to
the small values, and Tcw is affected by demagnetization
corrections), the following tendencies are observed: In the Ti-
substituted samples, the Curie-Weiss temperatures are in the
same range or smaller than in the pure sample. Surprisingly,
in the La-substituted samples, where the magnetic Nd** ions
are diluted, Curie-Weiss temperatures are larger than in the
pure sample, reaching the pure sample value only for the 40%
substituted sample. In NdMox, Tcw is strongly reduced and is
close to zero.

It is also interesting to discuss the obtained effective
moments. They are all larger than in the pure compound,
reaching 2.75up in the (Nd;_,La,;);Zr,O; compound
with y =20%. In magnetization as a function of field
measurements, the magnetization is almost saturated at
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FIG. 3. Inverse approximate susceptibility H;/M vs temperature
T between 4 and 50 K with an applied field H ~ 1000 Oe, where H;
is the internal field obtained after demagnetization corrections. The
inset shows a zoom in these curves between 4 and 10 K. Lines corre-
spond to fits using a Curie-Weiss law with a Van Vleck component.
The resulting Curie-Weiss temperatures and effective moments are
summarized in Table I.

100 mK and 8 T for all samples (see Appendix B). The
magnetization reaches values corresponding to half of the
moment value, which is the expected result for polycrystalline
pyrochlore compounds with local (111) anisotropy [42]. A
finite slope is nevertheless observed at high field. While
effective  moment values between 2.5 and 2.6 ug are
consistent with the crystal electric field parameters deduced
from neutron scattering, the high value of 2.75 ug obtained for
the 20% La-substituted compound does not seem compatible
with the INS results. It may be due to an overestimation of
the La substitution rate in the sample, which would naturally
induce an overestimated average Nd magnetic moment.

The existence of a magnetic transition below 1 K was
probed through ac susceptibility and magnetization measure-
ments. An antiferromagnetic transition is observed in all
samples except the most diluted (Nd;_,La,);Zr,O; sample.
This transition manifests as a maximum in x’ and x”, whose
position does not depend on frequency (see Fig. 4 and Ap-
pendix B), as well as a peak in magnetization. For NdMox,
a peak in the specific heat (see Appendix B) confirms the
existence of a transition (note that it was not possible to cool
down to a low enough temperature to reach the transition
temperature of the other samples with our specific heat setup).

The Néel temperatures of the La-substituted compounds
are smaller than in the pure powder Nd,Zr,O; (330 and
240 mK for y = 10 and 20%, respectively), which may be
expected due to the dilution of the magnetic Nd** ions.
The transition is even suppressed in the measured range
(T > 75 mK) for the y = 40% sample for which a param-
agnetic behavior is observed down to the lowest temperature.
Conversely, in other substituted samples, the Néel temperature
T\ is larger (see Table I), which indicates that disorder has
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FIG. 4. ac susceptibility, in-phase x’ (blue, left) and out-of-phase
x" (red, right), as a function of temperature measured with an applied
field H,. = 1.8 Oe and f = 0.57 Hz for (Nd,_,La,),Zr,O; with
(a)y = 10%, (b) y = 20%, and for (c) NdMox.

reinforced the antiferromagnetic ordering. It is worth not-
ing that the ratio Ty/Tcw is much larger in NdMox and to
a lesser extent in Nd,(Zr,_,Ti,),07 than in Nd,Zr,O; and
(Nd;_,La,),Zr,0; samples, pointing to different magnetic
couplings as discussed below. In all samples, the susceptibility
peaks are wider than in the pure sample, suggesting a small
distribution of the transition temperatures. In addition, in the
(Nd;_,La,),Zr,O7 samples, and especially in the y = 20%
one [see Fig. 4(b)], the real part of the susceptibility keeps
increasing at low temperature, which may be due to the per-
sistence of disordered Nd magnetic moments even below the
Néel temperature.

The magnetic structure associated with this magnetic
ordering was determined from neutron diffraction measure-
ments using a FULLPROF refinement [39]. Examples of
diffractograms measured on (Nd;_,La,),Zr,O; and NdMox
are shown in Figs. 5(a) and 6(a), where it can be seen that
the magnetic structure has a k = 0 propagation vector. (220)
and (311) peaks have a strong magnetic intensity at low
temperature, while the (002) peak has not, which is char-
acteristic of the all-in—all-out structure [43] observed in the
pure Nd»Zr,O7 compound [7]. The temperature dependence
of the ordered magnetic moment myq could also be deter-
mined [see Figs. 5(b) and 6(b)]. At low temperature, the
obtained ordered moment is always larger than in the
pure compound (see Table I) and reaches about 1.35 ug
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FIG. 5. (a) Neutron diffractogram measured on G4.1 for
(Nd;_,La,),Zr,0; with y = 10% at 45 mK (red dots) and 950 mK
(blue squares). The red line is a refinement to an all-in—all-out
magnetic structure. (b) Ordered magnetic moment as a function of
temperature determined from the diffractogram. The line is a guide
to the eye.

for the Ti-substituted samples. It is nevertheless far
from the full moment of the Nd** ion. These results
thus suggest that the ground state of all the substi-
tuted compounds is similar to the pure compound, i.e.,
an antiferromagnetic all-in—all-out state in which the
ordered moment has a dipolar-octupolar character [15].

VI. LOW-ENERGY EXCITATIONS

A key feature of this dipolar-octupolar ordered state is
the existence of low-energy excitations with peculiar char-
acteristics: flat mode with pinch points from which stem
dispersive excitations. We have thus performed measurements
to check whether these excitations are affected by disorder and
substitutions. In the case of 2.5% titanium-substituted single
crystals, we have shown that the excitations remain almost
intact [18]. In the x = 10% sample, these excitations are still
present at almost the same energy (the energy of the flat mode
is about 70 ueV), but features are broadened, especially the
pinch points (see Fig. 7).

The lack of single crystals for (Nd;_,La,),Zr,O; and
NdMox prevents the observation of pinch points in the excita-
tions of these samples. Nevertheless, inelastic measurements
show in all measured samples the persistence of a flat mode
as can be seen in Figs. 8 and 9. The energy ¢, of the flat mode
is decreased to about 50 and 25ueV in (Nd;_,La,),Zr,0
with y = 10 and 20%, respectively, while it is increased in
the NdMox compound (€y & 110 peV). Dispersive excitations

- e lobs 70mK = (a)
100 + Icalc ® .
= = |obs 750mK & |
5 80 8
g Q8
8
2
k7]

c
2
£

1L T i ]
5 1
o ]
=05 ’ ]
NdMox [ |
0 L TR B R NP B

0 01 02 03 04 05 06
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FIG. 6. (a) Neutron diffractogram measured for NdMox by in-
tegrating the inelastic data measured on FOCUS between —0.1 and
0.1 meV at 70 mK (red dots) and 750 mK (blue squares). The red line
is a refinement to an all-in—all-out magnetic structure. (b) Ordered
magnetic moment as a function of temperature determined from the
diffractogram. The line is a guide to the eye.

are hardly seen in the NdMox sample but are present in the
(Nd;_,La,),Zr,O7 and qualitatively similar to the ones of the
pure Nd,Zr,O; compound; still, features are broadened, so
the gap looks almost suppressed in (Nd;_,La,),Zr,O; with
the present resolution (70 ueV).

These results confirm the conclusion reached in the previ-
ous section: the magnetic state in the substituted compounds
is of the same nature as in the parent compound Nd,Zr,05.
Disorder and/or dilution seem to renormalize the parameters
(ordering temperature, ordered magnetic moment, gap) and
to induce some distribution but without affecting strongly the
ground state itself.

VII. DETERMINATION OF THE HAMILTONIAN
PARAMETERS

To go further in the understanding of the role of disorder, it
is necessary to quantitatively estimate the microscopic param-
eters which govern the magnetic state, namely, the magnetic
couplings.

CEF measurements show that in spite of the loss of sym-
metry induced by local disorder, the magnetic moment of
the Nd** ions is well described by a dipolar-octupolar wave
function. As a result, the XYZ Hamiltonian, which was shown
to be relevant for this kind of magnetic ions [16], can be
used to investigate the magnetic couplings in the system. This
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FIG. 7. Low-energy excitations measured on Nd,(Zr;_,Ti, )07 with x = 10% at 50 mK on INS5. (a) Spectra along (2k0) showing the flat
mode and the dispersive branches measured with A = 6 A. (b) Energy cut at E = 70 = 0.05 ueV showing the broadened pinch points measured
with 4 = 8 A. (¢) Q cut measured with A = 10 A showing the persistence of a gap in the excitations.

Hamiltonian is written

H = Z [Jetie] + It + it + (g + tt)],
(i.)

3)
where 7;° are the components of the pseudospin and
J, the coupling parameters (a = x,Yy, z, xz). 7° is oriented
along the local (111) axes of the tetrahedra, and corresponds
to the magnetic component probed by magnetization or neu-
tron scattering (at low Q). The dipolar-octupolar character of
the pseudospin implies that 7° and t° components transform
like a pseudovector (or a dipole) but that the 77 component
transforms as an octupole.

0.4
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o
)

0.4

o
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FIG. 8. Low-energy excitations of (Nd;_,La,),Zr,O; measured
at 50 mK on SHARP (a) for y = 10 % and (c) y = 20 %.The plotted
data were obtained following the procedure explained in Sec. II. (b),
(d) Calculations performed with the parameters detailed in Table III,
and including a 60 ueV broadening (full width at half maximum) for
each spin wave mode in order to mimic the experimental resolution.

The J,; term can be removed from Eq. (3) by rotating the
x and z axes in the (x, z) plane by an angle 6 [15,16],

with tan(260) = (@]

Jx - JZ '
where the J, (a = x, v, z) are the interaction parameters in the
rotated frame (X, Z) (See Appendix C).

When an all-in—all-out state is stabilized as in the com-
pounds studied here, the 8 angle is simply related to the
ordered magnetic moment my along z and the saturated
magnetic moment mg, [15] by the equation

Mord

cos(f) = (@)

Mgat

Accounting for zero-point quantum fluctuations slightly af-
fects this equation, leading to [14,15]
Mord

cos(9) ~ W (6)
sat

N w
T T

-
T

Intensity (arb. units)
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FIG. 9. Energy scan in NdMox measured on FOCUS at 70 mK
(red squares) and 1 K (blue dots), in which the signal has been
integrated over the Q-range [0.5;1.6] A~'.
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TABLE III. Estimated couplings (in K) in Nd** pyrochlore
magnets. Jy was fixed to zero in all samples, except Nd,Zr,07,
Nd,(Zr,_,Ti,),0; and Nd,Hf,0; for which single crystals are
available. 0 was obtained according to Eq. (6). Jo (a=
Xx,y,z) parameters were determined using the dispersion in-
ferred from inelastic neutron scattering data only in Nd,Zr,O7,
Nd,(Zr,-,Ti,)»07, and (Nd,_,La,),Zr,O; compounds (see Ap-
pendix D for Nd,Zr,sTip,07). The others (marked by an as-
terisk *) were deduced from ¢y, & and Tcw. Nd,GaSbO; and
Nd,;ScNbO; parameters were deduced from values given in
Refs. [45,46], respectively, following the procedure detailed in
the text.

Sample J, Jy NE J, /:JZ 6 (rad)
Single crystals
Nd,Zr,07 [18] 1.18 -0.03 -053 -220 1.23
Nd»Zr,05 [14] 1.06 0.16 -0.53 -197 098
NdyZr; 95 TigosO7 [18]  0.97 021 -0.53 -1.83 1.08
Nd,Zr, §Tip 0 126 -0.05 -0.57 -223 1.09
Nd,Hf,0; [44] 1.23 0.09 -0.66 -1.86 1.26
Polycrystalline samples
Ndl‘gLaO'zzr207 1.19 0 -0.48 -2.50 0.99
Nd, ¢Lag4Zr,0 0935 0 -0.34 -2.76 1.01
NdMox * 0.25 0 -047 -0.53 1.02
Nd,ScNbO;7 * -0.07 0 -0.37  0.19 1.08
Nd,GaSbO; * -0.44 0 -091 048 0.73

The coupling parameters can be obtained from the
measured magnetic scattering function S(Q, ) using spin-
wave theory, as previously done for Nd,Zr,O; and
Nd,Zr 95Tig0507 [14,18]. In the absence of single crystals,
the dispersing branches in S(Q, w) are broadened by the
powder average, making an accurate determination of the
parameters difficult. Nevertheless, in the specific case studied
here, distinctive features are present in the spectra, which
enable an estimation of the parameters, even for powder sam-
ples: the gap to the flat mode €, the energy € of the dispersion
at the Brillouin zone boundary [Q = (110), (112), (221)],
and the top of the dispersion at the Brillouin zone center €;
[Q = (220), (113)]. They are given by the following relations
[14,15]:

co = /GBIl = J)GILI - 3,), %
e1 = /GBI +30GILI+ ), ®)
& = 331+ 3003 +J,). ©)

€ can directly be observed in powder spectra but it is not as
straightforward for €; and €. In Nd,Zr,07 and Nd,Hf,07, :Jy
is small compared to the other parameters, we have thus set
it to zero to better constrain the fit. By analyzing energy cuts
at several O, we could then estimate ¢, and deduce the pa-
rameters :JX and :Jz of Nd; gLagZr,07 and Nd, ¢Lag 4Zr,07,
which are reported in Table III (note that the sign of J, is fixed
by the all-in—all-out nature of the ground state). The calculated
powder average spectra corresponding to these parameters are

shown in Figs. 8(b) and 8(d).

In systems where low-energy inelastic neutron scattering
measurements are not of high enough quality so only €, can
be determined, the Curie-Weiss temperature can also be used
to estimate the coupling parameters. Indeed, it is given by the
relation [15]

J.  J,cos?(0) + J, sin?(9)
2 2 '
where the coupling parameters are in K. Nevertheless, as
previously mentioned, the determination of the Curie-Weiss
temperatures Tcw from susceptibility are far from accurate
given their low values, so the resulting errors in the cou-
pling parameters may be important. After determining 0
from Eq. (6) and assuming J, = 0, J;, and J; can thus be
determined using Eqs. (7) and (10). We used this method to es-
timate the couplings in NdMox. To get a broader view, we also
applied it to other Nd pyrochlore systems where miq4, Tow,
and ¢y are known from the literature, namely, Nd,ScNbO;
and Nd,GaSbO5. It is, however, worth noting that when the
interaction parameters could be determined independently, the
computed Tcw is different from the experimental one (see
Appendix E), except in the study by Xu et al. [14]. In addition
to the experimental uncertainty in 7cw, the determination of 6
may also be at the origin of these discrepancies; the ordered
moment can indeed be underestimated due to thermalization
issues. The coupling parameters obtained by this method may
thus be considered cautiously.

Tew = (10)

VIII. FIELD-INDUCED BEHAVIOR

The behavior of the substituted samples when a mag-
netic field is applied is qualitatively similar to the Nd,Zr,O5
sample (except, of course, for Nd;;Lag3Zr,O; which does
not order down to 75 mK), as detailed in Ref. [28] for the
Nd;(Zr_,Ti,),07 compounds. The lack of single crystals for
(Nd;_,La;)>Zr,0; and NdMox samples prevents a detailed
study under applied magnetic field. Several key features can
nevertheless be observed. As shown in Fig. 10, a freezing is
observed below Ty that manifests as a splitting in zero-field
cooled—field-cooled (ZFC-FC) magnetization measurements
as a function of temperature. This effect has already been ob-
served in several pyrochlore compounds, including Nd-based
ones, and is probably due to the trapping of magnetic mo-
ments at the domain walls. This irreversibility is suppressed
when increasing the magnetic field: it is not visible anymore
at 500 Oe in Nd1_6L80_4ZI‘207, 1000 Oe in Nd]_gLaO.QZI‘207
and at 3000 Oe in NdMox. This hierarchy is consistent with
the different ordering temperatures observed in the three
compounds.

In both (Nd;_,La,),Zr,O7 compounds, the magnetization
at low field keeps increasing when decreasing the temperature,
as previously observed in the ac susceptibility. This effect is
more important in the y = 20% sample and may be due to the
existence of Nd spins which remain paramagnetic down to the
lowest temperature due to the dilution.

The field-induced behavior was shown to be very similar
to the pure compound in the Nd,(Zr;_,Ti, ),O7 samples [28].
In (Nd;_,La,),Zr,07 and NdMox samples, the field-induced
transitions could not be probed due to the polycrystalline
character of the samples. Nevertheless, in NdMox a
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FIG. 10. M/H versus temperature measured at several applied
magnetic fields H in (Nd,_,La,),Zr,0; with (a) y = 10%, (b) y =
20%, and in (c) NdMox. All curves were measured using a ZFC-
FC procedure. The derivatives of the FC curves as a function of
temperature are shown in Appendix B.

clear inflection point could be observed in the isothermal
magnetization curve at low temperature (see Fig. 11), which
may feature the field-induced transition observed along [111]
in Nd,Zr,05 [7,13,14]. The transition field is, however, one
order of magnitude larger than in Nd,Zr,O;. It reaches
0.225 T at low temperature and progressively decreases
when increasing the temperature, reaching zero at the Néel
temperature.

IX. DISCUSSION

The present paper about the effects of disorder on
Nd-based pyrochlores highlights the robustness of the all-
in—all-out ordered state with a dipolar-otcupolar character
stabilized in these compounds. Disorder introduced on the
transition metal site is expected to disturb the local symmetry
of the Nd** ions, and thus to affect the single ion proper-
ties. Nevertheless, even if the D3; symmetry is suppressed
on a significant proportion of sites in the most substituted
Nd;,(Zr_,Ti, )07 sample or in NdMox, the crystal electric
field properties are not strongly modified. Disorder manifests
as a broadening of the crystal field excitations but the nature
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FIG. 11. M versus H at several temperatures in NdMox. The
sample was first saturated in —1 T and the field was ramped up to
1T

and position of the levels remain similar. As a consequence the
data can be reproduced by crystal field wave functions close to
the ones obtained in pure samples. In particular, the obtained
Nd** ground doublet retains the dipolar-octupolar character
which enables the exotic properties reported in the pure com-
pound. The main effect seems to be on the value of the ground
doublet moment, which increases slightly with disorder.

A. Substitution on the nonmagnetic site

Upon substituting titanium on the zirconium site, the
Curie-Weiss temperature is only slightly modified, hence a
small change of the exchange parameters, which is not that
surprising since structural parameters are very similar in the
substituted and the pure samples (see Table I). Nevertheless,
the Néel temperature increases with the substitution rate, as
well as the all-in—all-out ordered moment along the (111)
directions. This indicates that the ordering is reinforced and
slightly pushed along the local (111) directions, which means
a smaller 6 angle. In terms of interactions, this would imply
that the absolute value of the J, parameter is increased com-
pared to J, in these substituted polycrystalline samples.

The Hamiltonian parameters determined from inelas-
tic neutron scattering data analysis on single crystals (see
Table III) do not, however, provide clear trends. Strong vari-
ations are obtained even in the reported parameters for pure
Nd,Zr, 07 samples, which may be due to distinct fit methods,
but also result from different crystal growth protocols. Indeed,
these samples additionally have different 7y and ordered mo-
ments. As shown in Ref. [28], it is also worth mentioning that
single crystals have smaller ordering temperature and ordered
moments along z than polycrystalline samples. In spite of the
robustness of global properties with respect to substitutions,
the details of the microscopic parameters are thus sensitive to
subtle variations in the composition.

In NdMox, where disorder is much stronger, the Curie-
Weiss temperature is close to zero, while the ordering tem-
perature and the flat mode energy significantly increase. This
corresponds to a much smaller J, value than in the pure com-
pound, while J, is preserved. The 6 value is, however, little
affected, since the ordered moment along (111) remains sim-
ilar. This stability of 6 is surprising since it cannot be simply
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FIG. 12. Sketch of the classical phase diagram for dipolar-
octupolar pyrochlores assuming J. < 0. The % all-in-all-out phase
is stabilized for :JX < Jz < 0, while the ¥ spin ice is favored for
Je > 3|:lz| (these two phases have their moments oriented along the
X direction). In quantum models, this ¥ spin ice phase is a U (1) spin-
liquid phase and the phase boundary is slightly shifted [19,20]. In
between arises the 7 all-in—all-out (with the moments oriented along
the Z direction) observed in pure and substituted Nd,Zr,0;. The
position of the different compounds listed in Table III are indicated
by colored rectangles.

related to a microscopic parameter of the system [see Eq. (4)].
The main difference between NdMox and other measured
compounds arises from the significant decrease of the lattice
parameter (see Table I). It is comparable to the one obtained
in Nd>Sn,O7 [9], and Nd,ScNbO; [46,47]. Nd,ScNbO; has
similar Tcw and ordered moment as NdMox but a smaller
Néel temperature (370 mK). Nd,Sn,O7 has a much larger
Néel temperature (910 mK) and z-ordered moment (1.7 ug).
Nd,GaSbO; [45], which has the smallest reported lattice pa-
rameter (10.34 A) in the family, and has properties similar
to Nd»Sn;O7. In all these compounds characterized by a re-
duced lattice parameter, |Jx/Jd:| is significantly decreased. In
particular, J, strongly decreases and possibly changes signs
in Nd,GaSbO; and Nd,ScNbO5 (see Table III). As illustrated
in the phase diagram of Fig. 12, the competition between
the high-temperature Coulomb phase and the all-in—all-out
state is then much reduced, in favor of the all:intall—out state.
Starting from Nd,Zr,07 characterized by |J,/J;| ~ 2, such
samples are then located deeper in the Z all-in—all-out phase.
Note that this also results in a higher transition temperature.
Further studies are needed to enlighten the relation between
these interaction parameters and microscopic properties.

B. Substitution on the magnetic site

Even more interesting is the case of nonmagnetic sub-
stitution on the magnetic site. When diluting up to 20%
the magnetic ions with nonmagnetic ions, our measurements
show only quantitative changes in the behavior but the physics
remain the same: (i) the system reaches an ordered all-in—
all-out ground state along the Z direction; (ii) the apparent
reduced ordered moment along z remains in the same range
as the pure sample (see Table I); and (iii) the excitations
show the same characteristics, a gapped flat mode associated
to dispersive excitations (see Fig. 8). The transition as well
as Curie-Weiss temperatures nevertheless decrease gradually
with dilution. Ty is below 75 mK at 40% dilution, despite a
positive Tcw of 170 mK and a substitution rate quite far from
the percolation threshold (61% of dilution) [48]. The inelastic
spectra for these dilute systems with y = 10 and 20% can be
reproduced with average interaction parameters (see Fig. 8
and Table III). As expected, these parameters decrease with
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FIG. 13. Calculated inelastic neutron scattering spectra along
(hh0) at zero temperature and for different substitution rates. The
top left figure shows the spin-wave calculations to be compared with
the 0% calculations.

dilution, but interestingly the ratio |J, /:JZ| increases. This is
seen experimentally through the decrease of the spin ice flat
mode towards the elastic line. In Fig. 12, this corresponds to
moving towards the boundary of the U (1) spin liquid phase
[15]. These results suggest that by weakening the all-in—
all-out ordering, magnetic dilution favors the unconventional
Coulomb phase observed in these compounds. To confirm this
hypothesis, it would be interesting to measure the magnetic
diffuse scattering in the 40% sample and see whether or not it
shows the spin-ice-like pattern down to very low temperature.

To go further in the understanding of magnetic dilution, we
have performed numerical simulations of the spin dynamics
in a dilute system (see Appendix F), assuming interaction
parameters close to the pure system (J, = 1, J, = —0.5 K).
As shown in Fig. 13, when the dilution rate increases, the
intensity of the dispersive mode decreases, while its width
increases. The flat mode persists even at high substitution
rates, but its position in energy decreases, approaching the
elastic line. It condenses for a substitution rate of about
50%. Supernumerary flat levels below the gap to the main
flat mode are clearly present in the systems with low dilu-
tion levels. We believe they reflect the presence of sites that
no longer have six, but less neighbors due to substitution.
These calculations are consistent with the dynamics observed
in (Nd;_,La,),Zr,0O; samples, i.e., the persistence of the
flat and dispersive modes, the broadening of the modes and
the decrease of the gap. This suggests that the microscopic
interaction parameters may not be strongly affected by the
dilution on the Nd site. The apparent increase of |J,/J.|
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FIG. 14. Intensity vs energy obtained from constant Q cuts in the inelastic neutron scattering maps shown in Fig. 2. For (Nd,_,La, ),Zr,0,

with y = 10 and 20%, Q cuts are performed within Q = 2.5 (red dots), 3.5 (blue dots), and 5 A (green dots) £0.4 A. For Nd,(Zr;_, Ti, ),0-
with x = 2.5 and 10%, they are performed at Q = 3.2 £0.2 A. For (Nd;_,La,),Zr,07 with y = 40% and NdMox, they are performed at
Q0=3+02Aand Q =3.540.2 A, respectively. All cuts show the presence of the CEF modes discussed in the text around 25 and 35 meV,

as well as a phonon mode around 10 meV.

determined based upon the average model is thus a conse-
quence of the dilution and of the random fields it creates,
which apparently tend to favor the disordered Coulomb phase
with respect to the all-in—all-out ordered state.

X. CONCLUSIONS

Our study of substitutions in Nd,Zr,O; samples, on both
the magnetic and nonmagnetic sites, demonstrates the re-
markable stability of the dipolar-octupolar properties. The
ground state remains this unusual all-in—all-out antiferromag-
netic state, characterized by a partially ordered magnetic
moment along the local (111) directions. The excitations,
which exhibit both a flat mode and a dispersive one (the
so-called dynamic fragmentation [15]), also persist in the
samples where ordering could be observed.

In all studied samples here and in the literature, substitu-
tion on the nonmagnetic site, or replacement of zirconium
by another element, tend to decrease the lattice parameter.
Concomitantly, our study tends to show that the ratio |J,/J,|
decreases, which means that the system moves away from the
U (1) spin liquid state [15]. While no clear picture emerges up
to now to explain the value of these couplings, this suggests
that to reach this unconventional spin liquid state in Nd-based
pyrochlore compounds, one should try to expand the lattice
parameter. The dilution on the magnetic site may be an option,
since (Nd;_,La;),Zr,07 systems show an increase of |J,/J.|.
The presence of specific diffuse scattering in the more diluted
sample, that would indicate the persistence of the Coulomb
phase, nevertheless remains to be investigated.
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APPENDIX A: CEF

Figure 14 shows constant Q cuts performed on the maps of
Fig. 2, which highlight the CEF level positions as well as the
10 meV phonon present in all the samples.

The By, values determined from the CEF energy levels
of the different samples are summarized in Table IV. The
corresponding wave functions for the pure Nd,Zr,0O; sample
are detailed in Table V.

These parameters have been estimated from the average
position of the energy levels only. To estimate the uncertainty

TABLE IV. Wybourne coefficients in meV obtained for the dif-
ferent samples.

Sample Boo  Bso  Bsz  Bso Bs.3 Bs.s

Nd,Zr,0; [8] 492 4089 1216 1481 —98.0 139.1
Nd»Zr; 95TipgsO; 54.1 4089 121.6 140.7 —107.8 139.1
Nd,Zr; 3 Tip,04 529 4089 121.6 137.0 —112.7 139.1
Nd, sLag,Zr,0; 517 4293 1246 1444 —98.0 135.6
Nd, gLag4Zr,04 54.1 449.8 133.8 148.1 —1029 132.1
Nd,; ,LaygZr, O, 61.5 4600 121.6 129.6 —85.7 139.0
NdMox 56.6 408.9 139.8 1370 —112.7 128.7
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TABLE V. Coefficients of the Nd** wave-function expansion in Nd,Zr,0;.

my

Ey

E} E,

E| E,

E} E;

E;

E, Ej

23 meV

34 meV

35 meV

104 meV

J=9/)2

—9/2
-1/2
-5/2
—3/2

0.894

0.261

0.735
0.336

—0.346
0.148

0.842

0.223
—0.510

—0.294

—0.486

0.833
0.442

—-1/2 0.652
+1/2
+3/2
+5/2
+7/2
+9/2
J=11)2
—~11/2
—-9/2
-7/2
-5/2
-3/2
-1/2
+1/2
+3/2
+5/2
+7/2
+9/2
+11/2

0.652
—0.336 0.261
0.735
—0.148

0.894

0.109
—0.055
0.053

0.053
0.055
0.109

—0.294

—-0.223

0.681 0.306

0.681 —0.306
0.842

—0.486 —0.442
0.510 0.833

—0.346

—0.082 0.075
0.145
0.147
—0.079 —0.065
—0.098
0.059

0.059

—0.098

—0.079 0.065

—0.147

—0.145

—0.082 —0.075

on these parameters, the energy levels have been calculated
in a systematic way by varying the By, coefficients in an
interval of 5%, 10%, 20%, 30%, and 50% around the values
determined in Ref. [8] for Nd,Zr,O7 (see line 1 of Table IV).

Figure 15 presents the different CEF energy levels ob-
tained, showing E;34 as a function of Ej, in the form of
a scatter graph. On those graphs are also shown the energy
range determined by INS experiments. These calculations
thus allow us to estimate the uncertainty range on the By,
values still compatible with measurements. They also indicate

which local variation of the By ,, parameters could induce the
broadening observed in certain experiments.

APPENDIX B: COMPLEMENTARY MACROSCOPIC
MEASUREMENTS

The magnetization curves measured at low temperature
(typically around 100 mK) on all studied samples are shown
in Fig. 16, showing a finite slope at high field.

45 . . ‘ — 45 130
125 +
40 + 40 | 120
S S = {9
[0] [0} [0)
£ 35} £ 35} £ 110}
o [se} <t
w w W 105 |
30 | 30 100 +
95
25 : : : : : 25 : : : : : 90 —
10 15 20 25 30 35 40 10 15 20 25 30 35 40 10 15 20 25 30 35 40

E1 (meV)

Eq (meV)

E1 (meV)

FIG. 15. Energy of the crystalline field levels obtained by varying the By, coefficients in an interval of & 5% (red), 10% (yellow), 20%
(green), 30% (cyan), and 50% (blue) around the nominal values of Ref. [8]. The vertical and horizontal lines depict the variation range observed

in the various samples.
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FIG. 16. Magnetization M vs magnetic field H measured in all
samples up to 8 T at about 100 mK.

The temperature dependence of the NdMox specific heat is
shown in Fig. 17, showing the magnetic transition at 550 mK.

The derivatives of the FC curves of Fig. 10 are shown in
Fig. 18. In (Nd;_,La,),Zr,O; [panels (a) and (b) of Figs.
10 and 18], the inflection point in M vs T, corresponding
to the minimum in the derivative, smoothens and moves to
higher temperatures when increasing the magnetic field. In
NdMox, the minimum first moves to higher temperatures and
then shifts to lower temperatures for fields above 1000 Oe.

The frequency dependence of the susceptibility at the tran-
sition is shown in Fig. 19. While the position of the maxima
in x’ and x” does not change with frequency in our fre-
quency range (typically f < 200 Hz), the amplitude of the
peak strongly decreases, especially in x” when the frequency
increases.

APPENDIX C: XYZ HAMILTONIAN

To model the low-energy properties of Nd** pyrochlore
magnets, we have ingoduced the XYZ Hamiltonian in Egs. (3)
and (4). The J and J parameters in these equations are con-
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~ 8L ‘ ]
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FIG. 17. Magnetic contribution to the specific heat C vs tempera-
ture T measured in NdMox. The YMox specific heat was subtracted
from the raw data after a correction due to the different molecular

weights [49].
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FIG. 18. Derivative of M/H with respect to the temperature in
(Nd;_,Lay),Zr,0; with (a) y = 10%, (b) y = 20%, and in (c) Nd-
Mox for several applied fields between 50 and 3000 Oe.

nected by the following relations:

J, = J,cos?6 + J, sin? 6 + J,. sin 26
J. = J,sin? 6 + J. cos? 0 — J,. sin 26
J, =,

or
~ 1
J, = E(Jx +J. 4/ (e —J)? +4J2)

_
J, = E(JX +J. — /(e = J)? +4J2)

Jy =4y,
and, conversely:
J: = J, — J.)sin6 cos #
J, = J,cos?6 + JZ sin’ 0
J. =J,cos?0 + J, sin?6.
APPENDIX D: INTERACTION PARAMETERS FOR
Nd,Zr; 3Tiy.2O7

Inelastic neutron scattering on IN5 with the field applied
along [001] allowed us to determine the dispersion in the
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FIG. 19. x. vs T zoomed in around the transition temperature, for several frequencies in (Nd,_,La,),Zr,0; with (a) y = 10%,

(b) y = 20%, and in (c) NdMox.

Nd,Zr §Tip 07 sample, and thus to access the parameters of
the XYZ Hamiltonian using the SPINWAVE software [50,51].
The obtained parameters are detailed in Table III, and the
measurements together with the calculations are shown in
Fig. 20.

In this case, since single crystal samples are available,
neutron scattering experiments can be analyzed thoroughly
and the coupling constants can be directly obtained from the
fitting of the spectra. The uncertainty on those values is quite
good, typically 10%. In the present case, we could not directly
use Eq. (9) as the (220) wave vector is impossible to reach for
this incident wavelength. Nevertheless, Eqgs. (7) and (8) are
already enough to put strong constraints on the parameters.

APPENDIX E: COMMENTS ABOUT THE CURIE-WEISS
TEMPERATURES

The determination of the Curie-Weiss temperature in rare-
earth based systems is often not as simple as it seems. This is
especially true in Nd-based pyochlores where the Curie-Weiss
temperature is less than 1 K, while fits of the susceptibility are
performed in ranges of dozens of Kelvins. It is commonly be-
lieved that the determination is accurate when the Curie-Weiss
fit is performed well below the energy of the first excited level
(~25meV, i.e., 300 K in the case of Nd,Zr,0O7). This must
nevertheless be taken with caution. In the Nd pyrochlores
case, CEF calculations show that there is an important Van
Vleck contribution so that the susceptibility is never perfectly
linear. Associated to the fact that the Curie-Weiss value is
very small, the obtained Curie-Weiss temperature thus varies
depending on the chosen fit range. This is illustrated in
Refs. [8,14], where two different fitting ranges were used,
leading to two estimations of the Curie-Weiss temperature.

In this paper, we have chosen the fitting range (4 — 50 K)
based on our CEF calculations. Indeed, in this range the CEF

N

Hlll
-

(suun que) Ausuaiu|

Energy (meV)

o

FIG. 20. (a) Inelastic neutron scattering spectra measured in
Nd,Zr §Tip,0; on IN5 and (b) calculated dispersion with the pa-
rameters of Table III.

susceptibility gives a Tew & 0, so the fitted Tew to the ex-
perimental data corresponds to the interactions contribution
only. This is not the case for the fitting ranges in other articles
[8,10,14,45,46], which is thus expected to induce a shift of the
obtained value.

In addition, demagnetization corrections have to be taken
into account because they shift the Curie-Weiss temperature
towards larger values. The increase can reach around a hun-
dred of milliKelvins in our case.

In samples where the magnetic couplings could be de-
termined from the inelastic neutron scattering spectra, the
experimental value of Tcw can be compared to the one de-
duced from the couplings, which is given by [15]

1 - ~
Tew = ——(J, cos*(0) + J, sin?(0)).
2kg

6 is deduced from neutron diffraction with a typical accuracy
of about 10% as it is calculated using the ratio between the
zero-temperature ordered moment and the saturated moment.
Note that due to the difficulty of thermalization of the samples,
the ordered moment can be underestimated. Some uncertain-
tity also arises from the J values.

The results are shown in Table VI. A discrepancy is
observed between the values obtained from susceptibility
(Tew meas) and the ones obtained from estimated couplings
and 6 (Tcw cac). Nevertheless, there is not a systematic
difference between the two values. This makes it difficult to
identify the precise reasons for these discrepancies beyond
the possible errors in the Tew meas and Tew cale determinations
discussed above.

TABLE VI. Estimated Curie-Weiss temperatures from the cou-
pling parameters and ordered moment (7cw cac) and the Curie-Weiss
fits in the 4-50 K range on data corrected from demagnetization
effects (Tcw meas). (Note that the Curie-Weiss temperatures for the
pure and Ti substituted samples are different from Table I, because
the latter correspond to single crystal samples and not to powders.)

Sample TCW calc (K) TCW meas (K)
Single crystals
Nd,Zr,04 0.280 0.330
Nd,Zr 95 Ti 0507 0.320 0.325
NdZZr1<3TiO<207 0.435 0.300
Polycrystalline samples
NdLgLaO,zZr207 0.350 0.275
Nd146La0,4Zr207 0.285 0.220
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APPENDIX F: NUMERICAL SIMULATIONS

To better understand the remarkable stability of the all-in—
all-out ground state in Nd pyrochlores, numerical simulations
of spin dynamics have been carried out. To this end, a finite-
size system containing N x N x N unit cells of the pyrochlore
lattice was considered, among which n sites were chosen
at random to simulate the substitution by lanthanum. These
sites are therefore empty. As a first step, the mean-field
equation based on Eq. (3) was solved until convergence. As
a function of n, the pseudo-spin-ordered magnetic moment
decreases gradually. It does not reach exactly zero at the
percolation threshold (n/(16N 3) ~ 0.61), as expected due to
the finite size of the system [52].

Second, spin dynamics were calculated by solving the
classical equations of motion. This includes integrating the
differential equations governing the classical temporal evolu-
tion of a pseudospin at a given site. At the end of this stage, the
correlations (S;5;(¢)) are computed, which are Fourier trans-
formed to obtain spectra as a function of energy transfer w. As
Nd** is a dipolar-octupolar Kramers ion, the actual magnetic
moment is related to the pseudospin as S; = n;77, where ;
denotes the local (111) direction. In addition, to benchmark
the simulations, the n = 0 calculations are compared to the
spin-wave spectrum. Coupling parameters close to that of the
pure sample J, = 1, J, = —0.5 K were used systematically.
Results are shown in Fig. 13.
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