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We present single crystal diffuse neutron scattering study on the quantum spin ice candidate
Nd2Zr207 pyrochlore in magnetic fields along the (1 1 0) direction. Two-dimensional scattering
sheets perpendicular to the (1 -1 0) direction were observed evidencing field-induced one-dimensional
correlations and disorder. The pyrochlore lattice is completely separated into orthogonal sets of
chains which is in strong contrast to classical spin ice and surprising for an “all-in-all-out” (AIAO)
ordered magnet with a non-Ising Hamiltonian. Our mean field and Monte Carlo simulations reveal
that the (1 1 0) field induces a transition from the AIAO order to a “2-in-2-out” disordered state
with interactions between the two sets of chains cancelled out, resulting in disorder and quantum

spin-1/2 XY Z chains.

Introduction. Magnetic pyrochlore compounds display
various fascinating physical phenomena due to geomet-
rical frustration on the network of corner-sharing tetra-
hedra in the crystal structure [1]. The spin ice state
with macroscopic degeneracy and monopole-like excita-
tions is probably the most striking which was observed
in HosTisO7 and Dy,TiaO7 [2, 3]. Tt originates from
a novel type of geometrical frustration where the local
[1 1 1] Ising anisotropy of the single ion forces the spins
to point either into or out of the tetrahedra and frus-
trates the effective ferromagnetic (FM) interactions be-
tween the spins resulting in “2-in-2-out” spin configura-
tions [4]. Classical spin ice can be melted by quantum
fluctuations introduced by non-Ising terms in the spin
Hamiltonian [5-7]. This leads to quantum spin ice which
is a type of long-sought quantum spin liquid prominent
for emergent massive many-body entanglement and frac-
tionalized excitations with topological properties [8-10].

An external magnetic field introduces constraints that
lift spin ice degeneracy partially or totally leading to new
novel states. For the classical spin ice, it has been re-
ported that a field along the (1 1 1) crystallographic di-
rection pins one fourth of the spins and confines the resid-
ual entropy within two-dimensional (2D) kagome layers
resulting in a kagome ice state [11, 12]. A field along the
(1 1 0) direction reduces the three-dimensional (3D) sys-
tem to a quasi-one-dimensional (quasi-1D) system yield-
ing Ising ferromagnetic chains interacting through dipo-
lar interactions [13-16].

The reasons for the appearance of these field-induced
states are related to decompositions of the pyrochlore lat-
tice with respect to the magnetic field directions and the
symmetry of interactions. For example, for the (1 10)
field direction, the pyrochlore lattice can be viewed as
being composed of one-dimensional chains parallel (a-
chains) and perpendicular (5 chains) to the (11 0) di-
rection [Fig. 1(a)]. The (110) field polarizes the «
chains but does not affect the § chains directly due to
the local [1 1 1] Ising anisotropy [Fig. 1(b)]. The effec-
tive interactions between the two sets of chains sum to
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FIG. 1. (a) Pyrochlore lattices decomposed into chains par-
allel (a chains) and perpendicular (8 chains) to the (1 1 0)
direction. (b) Polarized « chains in the (1 10) field and
non-collinear ferromagnetic order on the 3 chains (alternating
“in/out” order with moments pointing along the local [1 1 1]
directions). The effective Ising FM interactions between the
two types of chains are frustrated and cancelled out (the sat-
isfied and unsatisfied bonds are shown in blue and grey, re-
spectively).

zero as a result of the frustration of the interactions be-
tween « and § chains [Fig. 1(b)] [15-17]. The isolated
[ chains could show intra-chain non-collinear FM order
with two possible directions for the net moment. How-
ever, the long-range dipolar interactions between the
chains were found to induce antiferromagnetic (AFM)
inter-chain correlations or a @ = X order (“X” corre-
sponds points at e.g. [0 0 1], [0 0 3], [0 1 1] in the recip-
rocal space) [4, 15-17].

The quantum counterparts of these field-induced novel
states are expected to show in quantum spin ice which
is more fascinating due to the inherent quantum dynam-
ics instead of only thermal fluctuations in classical spin
ice. It has been shown theoretically that quantum strings
with monopoles at their ends appear in quantum spin ice
in (1 0 0) fields [18]. Recently, a 2D spin liquid state was
predicted to show on the kagome layers in pyrochlores
with dipolar-octupolar doublets in (1 1 1) fields [19-21].

However, these field-induced quantum states in quan-
tum spin ice have not been observed clearly in experi-
ments due to the lack of proper quantum spin ice mate-
rials [22-26]. Recently, Nd-containing pyrochlores were



proposed in theory to be candidates for quantum spin
ice and they are quite special because of the peculiar
symmetry of the dipolar-octupolar crystal field ground
state doublet of the Nd3T ion [27]. The pseudospin-
1/2 Hamiltonian has the form of the XY Z model which
supports two distinct symmetry-enriched U (1) quantum
spin ice phases, i.e., dipolar and octupolar quantum
spin ice states [27, 28]. Neutron scattering experiments
on NdoZroO7 confirmed that the single-ion crystal field
ground state is an Ising-anisotropic dipolar-octupolar
doublet and the collective ground state was found to
be an “all-in-all-out” (ATAO) order (Neel temperature
Tn =0.4 K) [29, 30]. It shows dynamical spin ice corre-
lations and quantum moment fragmentation where a pa-
rameterized spin Hamiltonian was proposed [31, 32]. The
behaviors in fields have been studied with magnetization
and susceptibility measurements and field-induced tran-
sitions were observed at critical fields ~ 0.1T [29, 33].
Very recently, the ground state of NdyZroO7 ina (1 1 1)
field was found to be a “3-in-1-out” state which shows
remarkably dynamical kagome ice [34].

In this Communication, we study the ground state
of Nd2Zrs0O7 in high (1 10) fields by means of single
crystal diffuse neutron scattering. We find evidence for
field-induced one-dimensional chains in NdZroO7 even
though the zero-field ground state is the ATAO AFM or-
der rather than a spin ice state. These chains are sup-
posed to be XY Z spin-1/2 chains with quantum dynam-
ics, in contrast to the Ising spin chains realized in the
classical spin ice. No features of inter-chain correlations
are observed which is ascribed to the weak dipolar in-
teractions between the 8 chains and the strong quantum
fluctuations expected for this quantum chain.

FExperimental. The single crystal was grown in a
high temperature floating zone furnace (Crystal Systems
Corp.) equipped with Xenon arc lamps and characterized
by X-ray Laue diffraction, powder diffraction and mag-
netic measurements in the Quantum Materials Corelabs
at Helmholtz-Zentrum Berlin (HZB) [35]. The AC sus-
ceptibility of this sample was reported in Ref. [33] which
reveals an AFM ordering transition at 0.31 K, consistent
with previous results on the powder and single crystal
samples [29, 30]. A diffuse neutron scattering experiment
was performed on the E2 diffractometer at HZB (neutron
wavelength A\ = 2.38 A) with applied magnetic fields (0-
2T) along the (1 10) direction at 50 and 450 mK [36].
The (H -H L) reciprocal plane was measured with out-
of-plane component along the (1 1 0) axis in the range
[-0.1, 0.4]. A scattering pattern is also measured at 20 K
in zero field which was subtracted as the background.

Results and analyses. Fig. 2 shows the three-
dimensional diffuse neutron scattering data at 50 mK un-
der a field of 0.5 T. We can see a strong two-dimensional
scattering sheet perpendicular to the (1 -1 0) direction
passing through the zero point. After integrating the
data over the (1 1 0) axis, we clearly see streaks parallel
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FIG. 2. Three-dimensional neutron diffuse scattering pattern
in the reciprocal space at 50 mK in 0.5 T (1 1 0) field where the
two-dimensional scattering planes perpendicular to (1 -1 0)
direction are shown. The data collected at 20 K in zero field
is subtracted as the background.

to the (0 0 L) axis passing through the points (0 0 0),
(2-20) and (-2 2 0) as shown in Figs. 3(a)-(c) [Fig. 3(a)
shows the featureless zero field data]. These scattering
sheets are related to the one-dimensional scattering of
uncoupled 5 chains along the (1-10) direction. The
continuous scattering along the (0 0 1) and (1 1 0) direc-
tions signals a complete disorder between the [ chains in
NdsZr,07 in contrast to the classical spin ice materials
for which broad @@ = X Bragg peaks were observed in-
dicating significant inter-chain correlations [13, 14]. In
addition, we also see strong Bragg peaks at [1-1 1],
[1-13],[2-24], (004) and especially at (0 0 2) where
nuclear scattering is forbidden which are also observed
for DysTisO7 and HoyTisO7 in (1 1 0) fields and can be
associated with the scattering of the polarized « chains
[4, 13, 14].

Similar scattering patterns were observed for other
fields and 450 mK as shown in Fig. 3 and the sup-
plementary materials [35]. The intensity increased for
higher fields but the peak width along the (1-10) di-
rection did not seem to change for the different fields as
shown by the cuts through the data along the (H -H 0)
axis [Fig. 3(d) and (h)]. The intra-chain correlation
length ¢ of the § chains was estimated by fitting the
cuts along the (H -H 0) axis with a resolution-convoluted
Lorentzian function of the Ornstein-Zernike form and it
yields & ~ 10 A suggesting a correlation length within one
unit cell. This is very different from the classical spin
ice which shows that the intra-chain correlation length
increases up to 100 A with increasing the field [13, 14].
This is attributed to the strong quantum fluctuations ex-
pected in NdsZroOr. This pattern persists above Ty at
450 mK but it is broader than at low temperature and
thus indicates a shorter correlation length (~ 5A).

To gain more insights on the short-range correlations
within the § chains, we calculated the structure factors of
possible moment configurations. First, the magnetic mo-
ments should be along the local [1 1 1] directions respect-
ing the single-ion Ising anisotropy. Second, with only the
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FIG. 3. (a)-(c) and (e)-(g): data collected at 50 and 450 mK in zero and several (1 1 0) fields integrated along the (K K 0)
axis. (d) and (h): one-dimensional cut (points) along the (H -H 0) axis with integration along the (K K 0) and (0 0 L) axes
(Bragg peaks are excluded) and fitting (lines) with a resolution-convoluted Lorentzian function. The data collected at 20 K in

zero field is subtracted as the background for all the data.

nearest-neighbor interactions, a magnetic structure with
zero propagation vector is most likely as indicated by
the data. There are two types of magnetic structures
possible: (i) a non-collinear FM order with alternating
“in/out” magnetic moments along the chains as shown
in Fig. 1(b); (ii) an AFM order with “all-in/all-out” mo-
ment configurations (flipping every second moment on
the FM chain) [35]. Fig. 4(a) shows the calculated struc-
ture factor for a single FM S chain which is quite similar
to the data. The AFM order produces a different pat-
tern, thus excluding it as the possible solution (see the
supplemental information) [35]. Therefore, the S chains
show short-range FM intra-chain correlations.

As for the inter-chain disorder, it is counter-intuitive
that a magnetic field could induce disorder in an or-
dered system even at such high fields. The observa-
tion for NdZroO7 with the ATAO order as the zero-field
ground state points out the unique properties of this com-
pound. To study the origin, we performed mean-field
calculations. The symmetry-allowed nearest-neighbor
spin Hamiltonian with a magnetic field for the dipolar-
octupolar doublet on the pyrochlore lattice is given as
27]

H= Z JOri i IV TR A I (T AT
(4,9

+ hgzpp Z 7 (2i-m) (1)

where 7 and J are the pseudospin and the exchange in-
teractions respectively defined in local coordinate frames
with the local [1 1 1] crystallographic directions as the
z axes, g, is the only non-zero component of the Ising-
anisotropic g tensor and h and n are the magnitude and
direction of the external field. Due to the peculiar sym-

metry of the dipolar-octupolar doublet, the interactions
are uniform for every bond and the cross coupling J**
can be removed by a global pseudospin rotation around
the local y axes by an angle ¢ which leads to the XY Z
model [27, 32]

Hxvz =Y [JOF7 + JIF07) + 77
(4.3)
+ hg. 1B Z(%f sind + 77 cos¥)(2; - n), (2)

where {J¥ J7 J?} are the exchange parameters cor-
responding to the rotated pseudospin components
{7%,79 7%} defined in the rotated local frames and
the magnetic moment is given by m; = g.(7¥sind +
7Z cos¥) up which lies along the local [1 1 1] axes (details
for this transformation are shown in Ref. [35]). Note
that the non-Ising exchange interactions produce a mean
field away from the Ising axis, which means that the
pseudospins can rotate smoothly rather than flop when
changing the magnetic field in contrast to classical spin
ice. However, the magnetic moment is always exactly
along the local [1 1 1] directions due to the infinite Ising-
anisotropy of the g tensor [29, 30].

In our mean-field calculations, the spins are treated as
classical vectors [35] and the interaction parameters used
are

J% ~0.103,J7 ~ 0,.J% ~ —0.047meV, (3)
g, ~ 4.5,9 ~ 0.83rad,

which are suggested in Refs. [31, 32]. The ground state
for this set of parameters is the AIAO order of the 77
component though |J7| is much larger than |.J?|. This
is because ice-like frustration happens for the FM J*
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FIG. 4. (a) Calculated structure factor for a non-collinear

“in/out” ferromagnetic chain along the (1 -1 0) direction as
shown in Fig. 1(b) (including the magnetic form factor of
Nd3"). The dashed lines indicate the region measured in the
experiment. (b) Schematic illustration of the field-induced
transition showing the zero-field AIAO order and two equiva-
lent induced orders with the net moments of the FM f chain
reversed. (c¢) Average bond energies between o and 3 chains
and within the 3 chains.

but not for the AFM J? (here “FM” and “AFM” are
based on the global crystal coordinate frame but they
are the opposite regarding to pseudospins defined in the
local frames). Starting from this state, the calculations
show that the system undergoes a transition in increasing
field which is consistent with the magnetic measurements
though the calculated critical field ~ 0.5 T is higher than
the experimental one (~ 0.1T) [29, 35]. Fig. 4(b) illus-
trates the calculated moment configurations before and
after the transition. In high fields, every second moment
on the « chain is flipped in order to lower the Zeeman
energy forming a field-polarized state. The S chains do
not couple to the (1 1 0) field but they also show a FM
order with an alternating “in/out” moment configuration
which is exactly the magnetic correlations suggested by
the neutron diffuse scattering data.

The above calculation explains not only the intra-chain
FM order but also the inter-chain disorder for the
chains. Within the nearest-neighbor model, the o and
B chains are interacting with each other but there is
no direct interaction between chains of the same type.
Each spin on the 8 chains is connected with four spins
on two different « chains and two spins on the same
chains (vice versa for spins on the « chains) as shown in
Fig. 1(a). After the field-induced transition, the spins on
the a chains point alternately “in/out” of the tetrahedra
(opposite to each other in terms of the local frames) and
the spins on the (§ chains are subjected to an effective
zero molecular field from the o chains because every spin
on the § chains interacts with two pairs of “in/out” spins
on « chains whose molecular fields cancel out.

This was confirmed by the mean field calculations.
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FIG. 5. Calculated scattering pattern for 8 (a) and a (b)
chains based the states produced in the Monte Carlo simula-
tions at 50mK in the 1.0T field along the (1 1 0) direction.
The magnetic form factor of Nd** is included.

Fig. 4(c) shows that the average bond energies between
« and f chains are exactly zero after the field-induced
transition as for classical spin ice with Ising interactions.
Therefore the § chains are effectively isolated. Finally
the intra-chain exchange interactions of the 5 chains with
the dominant ferromagnetic J* term lead to FM intra-
chain correlations with spins alternating along the pos-
itive and negative local & directions (an effective AFM
order in terms of the pseudospin defined in the local
frames). Due to the crystal symmetry, the net moment of
a FM f chain could be parallel or antiparallel to the chain
direction and the inter-chain disorder arises naturally in
the absence of inter-chain interactions. On the other
hand, the FM intra-chain correlations of the § chains
evidenced by the data reveal that a FM term (either J?
or J? ) is dominant in the spin Hamiltonian of NdsZr,0O7
which supports the analyses of the inelastic neutron scat-
tering data in Refs. [31, 32] and provides a constraint for
the determination the exchange parameters. Although
the FM term is frustrated in zero field, the frustration is
relieved within the chains after the field-induced transi-
tion by the realization of the FM intra-chain correlations
as shown by the lowering of the intra-chain bond energy
in Fig. 4(c).

To verify this scenario suggested by the mean-field
calculation and examine the effects of thermal fluctu-
ations, we performed single-spin-flip Metropolis Monte
Carlo (MC) simulations at finite temperatures using the
SPINW MATLAB Package by implementing our own
codes [37]. The simulations were carried out on a
10 x 10 x 10 supercell of the pyrochlore unit cell (totally
16000 spins) with periodic boundary conditions. The de-
tails are given in the supplementary materials [35]. Fig. 5
shows the neutron scattering patterns of the a and g
chains calculated separately based on the spin configura-
tions produced in the MC simulations at 50 mK in the
(11 0) field of 1 T. The scattering pattern of the 3 chains
shows continuous scattering which agrees well with the
data. The polarized « chains yield a scattering pattern
consisting of Bragg peaks which is also consistent with
the field-induced Bragg peaks observed and confirms that
these peaks are due to the Bragg diffraction of the po-
larized a chains. Therefore, the MC simulation confirms



the field-induced 1D correlations and disorder.

Nevertheless, the current analyses are based on the
nearest-neighbor model, and further-neighbor interac-
tions would introduce inter-chains correlations as in the
classical dipolar spin ice [4, 13-17]. The long-range dipo-
lar interactions contribute ~ 0.01 K to the second nearest
neighbor interactions in NdyZroO7 and are much weaker
than the nearest-neighbor interactions and are much
lower than the lowest temperature measured. Therefore
the system is essentially one-dimensional in an applied
magnetic field along (1 1 0).

Having established the existence of one-dimensional
magnetism in NdyZroO7 in high (1 1 0) fields, we now
consider the properties of the magnetic chains. Inherited
from the parent system with the dipolar-octupolar spin
Hamiltonian, the chains in NdyZr,O7 are supposed to be
XY Z spin-1/2 chains. The classical ground state is the
ferromagnetic order of the 7% component for the current
Hamiltonian. However, it is well-known that due to the
low-dimensionality, the classical ordered ground state is
destroyed by thermal and quantum fluctuations. This is
exactly what we found here, only short-range FM cor-
relations within the 8 chains. One-dimensional spin-1/2
chains are famous for emergent fractionalized excitations
[38, 39]. It will be very interesting to study the exci-
tation spectrum within the g chains by using inelastic
neutron scattering. It is remarkable that the excitations
are not expected to be affected by the (1 1 0) field due to
the Ising anisotropy and preserve their original proper-
ties in the (1 1 0) field. In addition, the possible further-
neighbor inter-chain and intra-chain couplings and long-
range dipolar interactions may introduce more interest-
ing physics than the conventional one-dimensional quan-
tum magnets.

Summary. We find field-induced one-dimensional
quantum chains in the AIAO ordered pyrochlore
NdsZry07 in (1 1 0) fields by using single crystal neutron
diffuse scattering. It is attributed to bond frustration and
interaction cancellation which originate from the com-
bined effect of single-ion anisotropy, dipolar-octupolar
Hamiltonian and the lattice geometry. The first obser-
vation of 1D quantum magnetism on the pyrochlore lat-
tice here provides a possibility to study one-dimensional
magnetism on the pyrochlore lattice and could stimulate
more theoretical and experimental studies on the field-
induced behaviors in quantum spin ice and the emergent
low-dimensional magnetism.
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Supplementary Information for
“Field-induced quantum spin-1/2 chains and disorder in Nd,Zr,0;”

EXPERIMENTAL DETAILS

The NdsZrsO7 single crystals were grown by using
the optic floating zone furnace in the Crystal lab in
Helmholtz-Zentrum Berlin, Germany and characterized
using X-ray powder diffraction (XRD) (Bruker-D8, Cu-
K,) at room temperature. Rietveld refinements were
performed using the software Fullprof Suite [S1].

The magnetic susceptibility and magnetization mea-
surements (above 2K) were performed on the magnetic
properties measurement system (Quantum Design) at
MagLab, Helmholtz-Zentrum Berlin.

The neutron diffuse scattering experiment with applied
magnetic field along the (1 1 0) direction was performed
on the E2 diffractometer at Helmholtz-Zentrum Berlin.
The incident neutron wavelength was 2.38 A (PG002).
The magnet VM-4 provided a vertical field perpendicu-
lar to the scattering plane and a dilution refrigerator was
used to cool the sample down to 50 mK. The measure-
ments were performed in fields of 0, 0.25, 0.5, 0.75, 1.0,
1.25, 1.5, 1.75 and 2.0 T for 50 mK and in fields of 0.5,
and 2.0 T for 450 mK.

CRYSTALLOGRAPHY AND MAGNETIC
PROPERTIES

The refined XRD pattern and crystallographic param-
eters are shown in Fig. S1 and Table S1, respectively.
The results are consistent with the previous reports for
the powder and single crystal samples [S2-S4].
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FIG. S1. X-ray powder diffraction pattern of single crystal
Nd2Zr20O7 at room temperature.

Fig. S2 shows the susceptibility of the single crys-
tal sample of NdyZroO7 above 2K. The susceptibility
increases with decreasing temperature and shows no

TABLE S1. Crystallographic parameters of the single crys-
tal of Nd2Zr2O7 obtained from the refinement of the X-ray
diffraction pattern recorded at room temperature. The lattice
parameter a, atomic coordinate xoi1, overall thermal factor
Biso and refinement quality parameters are shown.

a (A) ZO1 Biso pr RBragg‘ X2
10.651(1) 0.3347(1) 0.53(3) 4.74 4.66 2.55

anomaly above 2 K. The x(7T) data were fitted by the
Curie-Weiss law with the Van Vleck term x(T') = xo +
C/(T — 0,) for the temperature range 10K < T < 30K.
This yields 6, = 0.270(13) K, pesr = 2.47(1) pg/Nd and
Xo = 3.5(1) x 1073 emu/mol Nd, which is consistent with
those reported for powder and single crystal samples
[S2-S4]. The positive 6, indicates an effective ferromag-
netic interaction between the Nd3* moments though the
sample shows an “all-in-all-out” antiferromagnetic order.
This is a consequence of the dipolar-octupolar nature of
the effective spin of the Nd** ion in pyrochlores [S5].

0.5 T T T T T T
ol | XD w0 Fiing (1030K) 2"
- ’ %;20 ’
3 2
S 03 Crystal[100]  § 10
£ ) 5 [
=) ' 0% ™5 40 15 20 25 30
qE) 0.2} T(K)
a : 8,=0.270(13) K; pq = 2.47(1) py/Nd
M 0.0035(1) emu/mol Nd
O'O _I 1 1 1 1 1

0 50 100 150 200 250 300
T(K)

FIG. S2. Susceptibility of the single crystal Nd2Zr2O7 with
field 0.1 T applied along the [1 0 0] direction and the Curie-
Weiss law fitting (inset).

AC susceptibility of this single crystal sample was
shown in Ref. [S6]. The antiferromagnetic ordering tem-
perature is Ty =~ 310 mK. The transition temperature is
lower than that of the powder sample (400 mK) shown
in the specific heat data in Ref. [S7] and in the neu-
tron diffraction data [S3, S4]. The crystal reported in
Ref. [S3, S8] shows a transition temperature of 285 mK.
This indicates that a small sample dependence is present
for the NdsZrsO7 single crystals. However the magnetic
ground state of NdyZroO7 does not vary from sample to
sample according to the neutron diffraction data of dif-
ferent samples [S3, S4, S8|.



DIFFUSE NEUTRON SCATTERING WITH THE
(1 1 0) FIELDS

Figure S3(a) shows the 3D neutron diffuse scattering
data in 1T at 50 mK where the (K K L) scattering sheet
at H = 0 is presented. Fig. S3(b) and (c) shows (H -H L)
layers of the data for vertical (K K 0) components with
K =0 and K = 0.4rl.u. measured in 1T and 0.5T
fields at 50 mK, respectively. The K = 0.4 layers show
no Bragg peaks but only streaks with similar intensity
as in the layer at K = 0 and they show no clear varia-
tion of intensity along (0 0 L). Therefore, the scattering
sheet clearly extends to at least K = 0.4 r.l.u. which sug-
gests an upper limit 3A for the inter-chain correlation
length along (K K 0). It is smaller than the nearest-
neighbor distance v/2/2a along (K K 0) between the 3
chains. Therefore, the scattering sheet is neither an ef-
fect of the vertical instrument resolution nor due to the
very-short-range inter-chain correlations.
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FIG. S3. (a) Three-dimensional neutron diffuse scattering
data with a 1.0 T field along the (1 1 0) direction at 50 mK.
(b) and (c): Data at 50mK in 1.0 and 0.5 T fields showing the
(H -H L) reciprocal plane with vertical (K K 0) components
fixed at K=0and K=04r.Lu..

Figure S4 (a) and (b) shows the cuts of the data
at 50mK and 450mK along the (H-H 0) axis with
integration over the vertical (K K 0) component of
0.2 <K <04 (excluding the layers with Bragg peaks)
which are compared with the calculated scattering pat-
tern of a FM chain. In contrast to the featureless pattern

(a) 20 . .

50 mK A0T =0.75

. : ©0.25<1.0

S1s5)

©

T

o 10f

S

-’

2

o °f

= <

T Rttt Wm&

0 0 e ::»“ﬁ““*‘“ﬂ-@"m
2 -1 o 1 2
(H-H0)

(b) 12

Intensity(10~3 a.u.)

o
>

-2 -1 0 1 2
(C) (H-H 0) _
- 202
5 14 . s
© 1.2 .
15 ©
7 1.0 . 8 S
= . 9
Z.08 y 10
= ° C
0.6 i)
2oa ©
Lo2 50 mK 9]
= o
0075704 06 08 10 ° S
Field (T)

FIG. S4. (a) and (b): Cuts of the data at 50 mK and 450 mK
along the (H -H 0) axis with integrating the (H -H L) layers
with 0.2-0.4 (K K 0) vertical components (excluding the lay-
ers with Bragg peaks) and the black lines shows the scaled
calculated scattering pattern for the FM chains convoluted
with a Gaussian function. The data are shifted vertically by
0.003 unit successively for better visualization. (c) Intensity
and correlation length at 50 mK in different fields estimated
from fitting the peaks at H = 0 with a Lorentzian function
convoluted with the resolution function. All the data are
background-subtracted.

in zero field, the patterns in the (1 1 0) fields show peaks
at H =0, £1 and £2 due to the scattering sheets, which
is in agreement with the calculations. The intensity and
the correlation length at 50mK in different fields were
estimated from fitting the peaks at H = 0 which were
shown in Fig. S4(c). They show a weak increase as the
field increases and do not change much in different fields.

Figures 3(a) and (e) in the main text show the zero
field data at 50 and 450 mK which does not have a clearly
structured pattern in contrast to the data measured in
field. Note that there is a Bragg peak at (0 0 2) which is
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FIG. S5. Data at 50mK in 0, 0.25, 0.75, 1.25 and 1.5T
fields and data at 450 mK in zero field integrated over the
out-of-plane scattering with the wave vector component along
(K K 0) in the range [-0.1, 0.4]. All the data are background-
subtracted.

a forbidden position for nuclear scattering and it is pos-
sibly caused by multiple scattering which was also seen
in HooTiz07 [S9] (it exists also in the 20K data). The
nuclear peaks are stronger at the low temperatures than
at 20 K due to the Debye-Waller factor and the magnetic
Bragg scattering of the ATAO order [S3, S4].

Figure S5 shows data at 50 mK in 0.25, 0.75, 1.25 and
1.5T fields. They all show a streak along the (0 0 L)
direction. In fields higher than ~ 1T, the diffuse scatter-
ing pattern gets blurred because there is a misalignment
~ 0.9 degree of the (H -H 0) axis and the field tends to
polarize the 8 chains inducing long-range inter-chain fer-
romagnetic order. This was also shown by the intensity
of the (0 0 2) peak as a function of the field in Fig. S6.
The intensity of (0 0 2) increases with the field and shows
a plateau at ~ 1T indicating a nearly fully polarization
of the «a chains, consistent with the magnetization data
[S3]. The intensity increases further in fields above 1T
indicating the polarizing of the 3 chains.

Figure S7 shows the one-dimensional cuts through the
data along the (0 0 L) and (K K 0) axes. There is no
clear modulation of the intensity of the diffuse scattering
along the two axes which indicates uncorrelated chain
scattering.

SCATTERING PATTERN OF AN
ANTIFERROMAGNETIC CHAIN

Figure S8(a) shows the antiferromagnetic (AFM)
chain with the moments pointing ”all-in/all-out” of the
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FIG. S6. (a) One-dimensional cuts through the data along the
(H -H 2) axis integrated over a range of [1.8, 2.2] for the (0 0
L) axis and a range of [-0.1, 0.4] for the (K K 0) axis where
the field dependence of the (0 0 2) Bragg peak is shown; (b)
Field dependence of the integrated intensity of the (0 0 2)
Bragg peak (without background subtraction).
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FIG. S7. One-dimensional cuts through the data at 50 mK
in different fields: (a) cuts along the (0 0 L) axis integrated
over a range of [-0.2, 0.2] for the (H -H 0) axis and [-0.1,
0.4] for the (K K 0) axis (shifted by 0.003 unit successively
for a better visualization); (b) cuts along the (K K 0) axis
integrated in the range [-0.2, 0.2] for the (H -H 0) axis and [0,
4] for the (0 0 L) axis but excluding the Bragg peaks (0 0 2)
and (0 0 4). All the data are background-subtracted.

tetrahedra. There is a net moment perpendicular to the
chain but no net moment along the chain direction. The
scattering pattern of a single AFM [ chain is shown in
Fig. S8(b) which is quite different with the data.

(a) s (o)

(oov)

a-chain
Y/
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FIG. S8. (a) Polarized o« chains and antiferromagnetic j
chains; (b) Scattering pattern of an AFM § chain.



SPIN HAMILTONIAN AND MEAN FIELD
CALCULATIONS

The general form of the pseudospin exchange Hamil-
tonian on the pyrochlore lattice is given by Eq. 1 in the
local frames in the main text. The local frames for the
four magnetic ions on a tetrahedron are defined with the
local [1 1 1] directions as the local z axes and the local
y axes being chosen to keep the two-fold rotation invari-
ance about the three axes that include the centre of the
tetrahedron and are parallel to the global crystal a, b and
¢ axes [S10, S11] (Fig. S9):

%O = %(]—7171) a::O = %(_23 ]-7]-)

z1 = %(1,_1a _1> T = %(_25 _17 _1) S
2= D(C11,-1)° #p=-t(21,-1 o OV
AQ—\{g A2_ \{6 5 Ly

z3 = ﬁ( ]., ) 3 = %(27 _].,].)

The pseudospin rotation (around the local y axis) is
performed to remove the J** term which a rotation
around the local y axes [S5, S12] (Fig. S9)

7F =7 cos ¥ + 77 sin ¥,

~z'g =1/,

77 =717 cost) — 7 sin, (52)
1 2J%*

¥ = 5 arCtan(W).

The relations between the exchange parameters in the
initial local frames and in the rotated local frames are

J7 = 0.5[(J* + J*) + (J* — J7) cos(29)],
JY = jﬂ’
I (S3)
J* =0.5[(J% + J*) = (J* = J?) cos(20)],
J% = 0.5(J% — J*)sin(20).

FIG. S9. Original {z,y,z} (solid) and rotated {Z,@,Zz}
(dashed) local frames.

In the mean field calculation, the spins are taken
as classical vectors 7(sin 6; cos ¢;, sin 8; sin ¢;, cos 0;) with
7 =1/2 and 6; and ¢; being the angles defining the di-
rection of spins in the spherical coordinate frames based
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FIG. S10. Calculated magnetization for the three main cubic
directions using the exchange parameters in Ref. [S5].

on the rotated local coordinate system. Two sets of
exchange parameters for NdyZroO7 have been proposed
which are quite similar with J7 and Jv being the largest
and smallest terms [S5, S8, S13]. They do not give signif-
icantly different calculation results and here the param-
eters given in Ref. [S5] are used.

The mean-field calculations are performed by locally
optimizing the energy by sweeping the field along the (1
1 0) direction upwards and taking the spin configuration
in the previous field as the start. Fig. S10 shows the
calculated magnetization at zero temperature which ex-
hibits field-induced transitions consistent with the mea-
surements in Refs. [S3, S6]. The transition field H, and
the saturation values of magnetisation M, is different
from the measurements. They depends largely on the
g-factor and the exchange parameters. The refined pa-
rameters reported in Ref. [S13] still fail to give an accu-
rate modelling which calls for more efforts to determine
the spin Hamiltonian of NdsZroO7.

After the field-induced transition for the (1 1 0) direc-
tion, the spins on the § chains point along the positive
and negative & directions (see Fig. S11). The magnetic
moments are

m; = g.(7F sin® + 77 cos ) up
= ¢. 77 sinYup (S4)
=+1/2g, sinYug,

which are along the local [1 1 1] axes.

MONTE CARLO SIMULATIONS

The classical single-spin-flip Metropolis Monte Carlo
simulations are performed based on the SPINW Matlab
Package by implementing our own codes [S14]. The sim-
ulations of different supercell sizes confirmed that finite
size effect was small. Finally, we used a 10 x 10 x 10 su-
percell with periodic boundary conditions. At each tem-
perature and/or field, 1 x 10° ~ 5 x 105 Monte Carlo
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Field // a chain

FIG. S11. Spin (black arrows) and moment (golden arrows)
configurations in high (1 1 0) fields: the « chains are polarized
with the spins and moments pointing into and out of the
tetrahedra alternately (along the local z axes); the spins on
the B chains points along positive and negative local & axes
alternately producing moments directing out of and into the
tetrahedra (the magnetic moment and spin are plotted with
the same sign for simplicity). The original local frames and
the rotated Z local axes are also shown.

steps per spin were used for thermal equilibrium and
1 x 10° ~ 5 x 10° Monte Carlo steps per spin for data
collection while discording ~ 5 x 103 MC steps between
successive data collection to reduce the correlation be-
tween measurements. To ensure that the results are fully
thermally equilibrated, the simulations are started from
different initial states, i.e., disordered, AIAO ordered and
field polarized states. Two MC annealing procedures are
considered: annealing in fields from high temperature to
0.05 K; sweeping the field at 0.05 K. To avoid freezing of
the dynamics at low temperatures, the spins are moved
in a cone around its present direction with the cone angle
as a free parameter chosen to keep the acceptance rate
30 ~ 60% for the most generic situations.
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