
This is the accepted manuscript made available via CHORUS. The article has been
published as:

Magnetic properties of the Shastry-Sutherland lattice
material math

xmlns="http://www.w3.org/1998/Math/MathML">mrow>ms
ub>mi>BaNd/mi>mn>2/mn>/msub>msub>mi>ZnO/mi>

mn>5/mn>/msub>/mrow>/math>
Yuto Ishii, G. Sala, M. B. Stone, V. O. Garlea, S. Calder, Jie Chen, Hiroyuki K. Yoshida,
Shuhei Fukuoka, Jiaqiang Yan, Clarina dela Cruz, Mao-Hua Du, David S. Parker, Hao

Zhang, Cristian D. Batista, Kazunari Yamaura, and A. D. Christianson
Phys. Rev. Materials 5, 064418 — Published 28 June 2021

DOI: 10.1103/PhysRevMaterials.5.064418

https://dx.doi.org/10.1103/PhysRevMaterials.5.064418


Magnetic properties of the Shastry-Sutherland lattice material BaNd2ZnO5
∗

Yuto Ishii,1, 2, † G. Sala,3, † M. B. Stone,4 V. O. Garlea,4 S. Calder,4 Jie Chen,2, 5 Hiroyuki

K. Yoshida,6, 2 Shuhei Fukuoka,6 Jiaqiang Yan,7 Clarina dela Cruz,4 Mao-Hua Du,7 David

S. Parker,7 Hao Zhang,7, 8 C. Batista,4, 8 Kazunari Yamaura,2, 5 and A. D. Christianson7, ‡

1Department of Physics, Hokkaido University, North 10 West 8, Kita-ku, Sapporo 060-0810, Japan
2International Center for Materials Nanoarchitectonics (WPI-MANA),

National Institute for Materials Science, 1-1 Namiki, Tsukuba, Ibaraki 305-0044, Japan
3Spallation Neutron Source, Second Target Station,

Oak Ridge National Laboratory, Oak Ridge, Tennessee 37831, USA
4Neutron Scattering Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee 37831, USA

5Graduate School of Chemical Sciences and Engineering, Hokkaido University,
North 10 West 8, Kita-ku, Sapporo, Hokkaido 060-0810, Japan

6Department of Physics, Faculty of Science, Hokkaido University, Sapporo, Hokkaido 060-0810, Japan
7Materials Science and Technology Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee 37831, USA

8Department of Physics and Astronomy, University of Tennessee, Knoxville, TN 37996
(Dated: June 4, 2021)

We investigate the physical properties of the Shastry-Sutherland lattice material BaNd2ZnO5.
Neutron diffraction, magnetic susceptibility, and specific heat measurements reveal antiferromag-
netic order below 1.65 K. The magnetic order is found to be a 2-Q magnetic structure with the
magnetic moments lying in the Shastry-Sutherland lattice planes comprising the tetragonal crystal
structure of BaNd2ZnO5. The ordered moment for this structure is 1.9(1) µB per Nd ion. Inelastic
neutron scattering measurements reveal that the crystal field ground state doublet is well separated
from the first excited state at 8 meV. The crystal field Hamiltonian is determined through simul-
taneous refinement of models with both the LS coupling and intermediate coupling approximations
to the inelastic neutron scattering and magnetic susceptibility data. The ground state doublet in-
dicates that the magnetic moments lie primarily in the basal plane with magnitude consistent with
the size of the determined ordered moment.

I. INTRODUCTION

The Shastry-Sutherland model[1, 2] is one of the
quintessential models of two dimensional quantum mag-
netism. This model is a spin-1/2 square lattice model
with a twist–not all of the squares have a next nearest ex-
change interaction. Rather, only every other square has a
next neighbor interaction. This turns out to be an impor-
tant modification which generates novel physical behav-
ior, but still allows for a comprehensive understanding
for rather broad values of the two exchange interactions
in the model[2]. Recently, the Shastry-Sutherland model
has gained renewed attention due to the possibility of
topological character of the magnetic excitations[3, 4].

Despite the interesting physics displayed by the
Shastry-Sutherland model, magnetic materials which can
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be mapped onto the model are rare. The most no-
table realization is SrCu2(BO3)2[2, 5, 6] which hosts
a lattice with dimers or strongly coupled spin pairs of
Cu2+ ions arranged orthogonally to one another as illus-
trated schematically in Fig. 1(b). This lattice geometry
is topologically equivalent to the Shastry-Sutherland lat-
tice where the nearest neighbor and next nearest neigh-
bor interactions are reversed so that the intra-dimer and
inter-dimer interactions are denoted by J and J ′ respec-
tively. The ground state of SrCu2(BO3)2 is a dimer sin-
glet state [2, 6]. However, the ratio of the two magnetic
interactions δ = J ′/J ∼ 0.63 is near the quantum critical
point between the dimer singlet and the plaquette sin-
glet states[2, 7]. Indeed, several studies have shown how
the ground state can be modified by tuning δ though
the application of pressure[8, 9]. Recently, theoretical
modeling[3, 4] and inelastic neutron scattering studies[4]
have demonstrated multiple triplon bands and possible
topological phase transitions between phases with differ-
ent topologically nontrivial bands.

Beyond SrCu2(BO3)2, there are few examples of mag-
netic Shastry-Sutherland lattice materials which have
been investigated in detail. Two families of insulating
materials where investigations have been made are: The
RB4 (R=rare earth) family of materials[10–12] and a
large family of materials with generalized chemical for-
mula of the form BaR2TO5 (R=rare earth, T=transition
metal) [13–16]. There have also been investigations
of metallic Shastry-Sutherland lattice materials such as
Yb2Pt2Pb, where the spin Hamiltonian governing the
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FIG. 1. (a) The crystal structure of BaNd2ZnO5. One
chemical unit cell is depicted. BaNd2ZnO5 crystallizes in the
tetragonal space group I4/mcm with lattice parameters at
300 K of a = 6.763 Å and c = 11.542 Å, respectively. (b) The
Shastry-Sutherland lattice formed by a plane of Nd3+ ions in
BaNd2ZnO5. The nearest neighbor Nd-Nd distance is 3.46
Å, pink bonds. The next nearest neighbor distance is 3.51 Å,
black bonds. The shortest Nd-Nd distance along the c-axis is
5.92 Å.

magnetic behavior is quasi-one-dimensional[17] and ma-
terials in the family R2T2In (R=rare earth, T=transition
metal)[18–20].

Here we focus on the insulating material BaNd2ZnO5,
a member of the BaR2TO5 family (the chemical for-
mula for the family is sometimes given as R2BaTO5 in
the literature), as a model magnetic system for study.
BaNd2ZnO5 hosts Shastry-Sutherland layers of Nd3+

ions[21]. The crystal structure has tetragonal symmetry
and crystallizes in space group I4/mcm. The structure
can be understood as consisting of Shastry-Sutherland
layers of Nd3+ ions alternating with nonmagnetic Ba-Zn
spacing layers as shown in Fig. 1(a). The Nd3+ - Nd3+

distances in the Shastry-Sutherland layer are 3.46 Å and
3.51 Å as shown in Fig. 1(b). The shortest Nd-Nd dis-
tance along the c-axis is 5.92 Å suggesting that the Nd
layers are well isolated from each other. Kageyama et al.
report a large negative Weiss temperature θW = -44.5
K and attribute a peak in the susceptibility at 2.4 K to
the onset of antiferromagnetic order[22]. If the effects
of crystal field level spitting are neglected, the large ra-
tio |θW/TN| = 19 suggests strong frustration. The crystal
field level splitting in BaNd2ZnO5 has been previously in-
vestigated with optical techniques[23–25] with some dif-
ferences in the observed crystal field levels and conven-
tions used to determine the crystal field parameters.

Given the potential for topological behavior of the
Shastry-Sutherland lattice layers in the BaR2TO5 family
a comprehensive characterization of the physical prop-
erties of representative members is important. To that
end, in this paper we study BaNd2ZnO5 with a combi-
nation of neutron diffraction, inelastic neutron scatter-

FIG. 2. (a) Specific heat divided by temperature (Cp/T )
and entropy (S) of BaNd2ZnO5. (b)Neutron diffraction data
showing the temperature dependence of the powder averaged
peak intensity of the (0.5 0.5 1) magnetic peak and symme-
try equivalents. The red line is a power law fit which yields
TN=1.80(5) K. The inset shows log-log plot of the power law
fit. Note the value of β has been fixed to the mean field value
of 0.5 as described in the text. (c) The inverse magnetic sus-
ceptibility divided by temperature (H/MT ) with an applied
field of 0.1 T. The inset shows the low temperature behavior
of the magnetic susceptibility (M/H). The black solid line
is the result of a Curie-Weiss fit for 100 ≤ T ≤ 300 K as
described in the text. The red solid line is the calculated sus-
ceptibility based upon the results of the crystal field analysis.

ing, magnetization, and specific heat capacity measure-
ments. Specific heat measurements show that a transi-
tion to long range order occurs at 1.65 K. Using neutron
diffraction data we find the magnetic structure is a 2-Q
antiferromagnetic structure with an ordered moment of
1.9(1) µB per Nd ion. Using inelastic neutron scattering
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FIG. 3. (a) Neutron diffraction data in the low Q region
above (T=2.1 K) and below (T=0.75 K) the magnetic phase
transition. (b) Fit of the magnetic and nuclear structure mod-
els to the data as described in the text. The top series of blue
tick marks indicates structural reflections and the bottom se-
ries of pink tick marks indicates magnetic reflections. The
difference between the data and model is displayed by the
blue line at the bottom of the panel. Regions of data where
Al peaks occur (arising due to scattering from the sample
holder) have been excluded from the plots above and from
the refinements of the structural models. (c) The results of a
simulated annealing analysis performed on the pure magnetic
intensities, as described in the text.

we measure the crystal field excitations and determine
the crystal field Hamiltonian. The crystal field Hamilto-
nian explains the magnetic susceptibility data indicating
that the rather large frustration ratio of 19 is at least in
part the result of crystal field level spitting and further
indicates that the moments on the Nd ions are preferen-
tially orientated perpendicular to the vector connecting
Nd nearest neighbors (pink bond in Fig. 1(b)) in agree-
ment with the magnetic structure.

II. EXPERIMENTAL DETAILS

Samples of BaNd2ZnO5 and BaLa2ZnO5 were synthe-
sized by pelletizing a finely ground mixture of stoichimet-
ric amounts of BaCO3, Nd2O3, and ZnO. The pellet was
heated at 850◦C for 2 days, 950◦C for 3 days and 1000◦C
for 1.5 days in air. After each firing, the sample was re-
moved from the furnace and reground and pelletized[13].
As described in Appendix C, a 1.5% impurity phase of
Nd2O3 was observed in our synchrotron x-ray and neu-
tron diffraction characterization. We found no influence
of this phase in our thermodynamic or spectroscopic mea-
surements.

Heat capacity measurements were performed on a
210 µg pellet of BaNd2ZnO5 using the thermal relaxation
method with a homemade calorimetry system equipped
with a 3He cryostat[26]. The pellet was fixed onto the
sample stage using a small amount of Apiezon N grease.
Magnetic susceptibility measurements were performed
using a SQUID magnetometer (Magnetic Property Mea-
surement System, Quantum Design) in the temperature
range 2 to 300 K and in an applied magnetic field of 0.1
T.

Neutron powder diffraction measurements to study the
crystal and magnetic structures of BaNd2ZnO5 were per-
formed using the HB-2A powder diffractometer at the
High Flux Isotope Reactor (HFIR). Additional charac-
terization at 300 K was performed using the POWGEN
diffractometer at the Spallation Neutron Source (SNS)
at Oak Ridge National Laboratory and synchrotron x-
ray diffraction with the BL15XU beamline at SPring-8
in Japan (additional details are provided in Appendix
C). For the HB-2A measurements the sample was loaded
into a Al sample can with He exchange gas. HB-2A mea-
surements with λ = 2.41 Å were conducted for temper-
atures between 0.5 and 3 K using a cryostat with a 3He
insert. To extract an accurate temperature dependence
(Fig. 2(b)), an additional neutron diffraction experiment
was conducted with HB2A using a pressed pellet of the
same sample used in the other neutron scattering stud-
ies. For technical reasons, the temperature dependence
was conducted at zero field inside of a superconducting
magnet with a 3He insert, which resulted in larger back-
ground scattering than for the data used to refine the
magnetic structure (Fig. 3). The magnetic structure re-
finement was performed with the software FullProf [27].
The figures depicting the crystal structure and magnetic
structure were produced with VESTA[28]

Inelastic neutron scattering measurements were per-
formed using the SEQUOIA spectrometer at the
SNS [29]. BaNd2ZnO5, BaLa2ZnO5 and an empty Al
sample can were loaded in a three sample changer lo-
cated on a bottom loading CCR. BaLa2ZnO5 and the
empty can were used to subtract the phonon contri-
bution from the measured scattering intensity of the
BaNd2ZnO5 sample. Measurements were acquired with
neutron incident energies, Eis, of 45, 60, 150 and 500
meV. The Ei=45 meV data were collected in high res-
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FIG. 4. The magnetic structure of BaNd2ZnO5. The
structure is described by the magnetic space group PC4/nnc
(#126.385) with lattice parameters of 2a, 2b, and c referenced
to the lattice parameters of paramagnetic space group. The
two wave-vectors defining this structure, (0.5,0.5,0) and (0.5,-
0.5,0), operate on different nearest neighbor dimers to form
an orthogonal spin configuration of ferromagnetic dimmers.

olution mode with the remainder of the data collected
in the high flux mode of the instrument over the tem-
perature range 5 ≤ T ≤ 200 K. The highest incident
energy was used to investigate the location of higher J-
multiplets which provides an additional constraint on the
crystal field refinement.

III. THERMODYNAMIC MEASUREMENTS

Figure 2(a) displays the temperature dependent heat
capacity divided by temperature, Cp/T and entropy, S.
The entropy was estimated by integrating the Cp/T vs
T curve from 0.7 K to 10 K. Because the contribution
of the lattice heat capacity is much smaller than that
of the magnetic heat capacity below 10 K, the phonon
contribution is neglected. The heat capacity data indi-
cates a phase transition at TN = 1.65 K (Fig. 2(a)).
The temperature dependence of the entropy shows that
a large portion of the entropy is released well above the
transition temperature and integration up to 10 K is re-
quired to reach the value of Rln2. This indicates that
the ground state is a doublet which is expected for a
Kramers ion such as Nd3+. We will return to this point
later with a detailed discussion of the crystal field split-
ting in BaNd2ZnO5. Additionally, the entropy reveals
that the interactions generating collective behaviour are
significant well above the long range ordering tempera-
ture of 1.65 K suggesting a modest degree of frustration
and/or low dimensional behavior.

The temperature dependence of the magnetic suscep-
tibility measurements is shown in Fig. 2(c). The inset
shows the low temperature behavior of the susceptibility

Atom x y z usio
Ba 0 0 0.25 0.5(1)

Nd1 0.1736(2) 0.6736(2) 0 0.11(6)
Zn 0 0.5 0.25 0.33(9)
O1 0 0 0 0.3(1)
O2 0.3547(1) 0.8547(1) 0.1312(1) 0.66(6)

Lattice parameters am,bm=13.4822(2) Å cm=11.5296(2) Å
Magnetic moment µNd = 1.9(1)µB

Magnetic R-factor 19
Rwp 7.4 (2.1 K) 7.7 (0.75 K)

TABLE I. Low temperature refinement parameters. For the
refinement of the magnetic structure atom positions and ther-
mal factors where held fixed to the values determined from
refining the structural model at 2.1 K and are given in the
table. The refinement parameters pertaining to the magnetic
structure are determined from refinements to data collected at
0.75 K. Additional information about the symmetry of mag-
netic structure is provided in Appendix D.

indicating a broad maximum at 2.3 K which is close to
the value of 2.4 K reported by [22]. This temperature cor-
responds to the onset of a gradual increase in the heat ca-
pacity suggesting that the antiferromagnetic correlations
grow from 2.4 K and that long range magnetic order oc-
curs at a temperature corresponding to the peak in the
heat capacity. The neutron scattering data shown in Fig
2(b), and discussed further below, supports this. The
temperature dependent Q = 0.84 Å−1 magnetic Bragg
peak scattering intensity in Fig. 2(b) is fit well by a
power law assuming the mean field value, β = 0.5, for
the critical exponent and yielding a transition tempera-
ture of TN = 1.80(5) K. We emphasize that the value of
the critical exponent has not been fit due to the potential
thermal rounding of the transition due to the possibility
of incomplete thermalization of the large powder sample.
Additionally, the small difference between the values of
the transition temperature derived from the specific heat
and neutron scattering measurements may be related to
incomplete thermalization and/or a reflection of short
range correlations existing above the ordering tempera-
ture.

The inverse susceptibility shows almost linear temper-
ature dependence between 100 and 300 K. Fits to a Curie-
Weiss law with and without a temperature independent
term results in a range of Curie constants and Weiss
temperatures which vary significantly depending on the
range of data selected for the fit. As explained in more
depth in the section on crystal field splitting, a proper
description of the susceptibility requires a model which
considers the thermal population of the crystal field lev-
els. For completeness and to give a point of reference
for future studies, the Curie constant and Weiss temper-
ature determined by fitting the susceptibility for 100 ≤
T ≤ 300 K are C= 1.24 emu/mol Nd and ΘCW =-7.9 K.
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FIG. 5. Crystal field excitations in BaNd2ZnO5. (a) and (b) Intensity maps of the inelastic neutron data collected with
SEQUOIA using Ei = 45 meV at T=90 K (a) and T= 5 K (b). The data show a sharp crystal field excitation at ~ω = 8 meV,
and three excitations in the range 21 ≤ ~ω ≤ 28 meV. The intensity decrease at T=90 K is due to the depopulation of the
GS state, in favor of excited states. A transition between the first excited state and one of the higher levels is visible near 20
meV in (a). (c) Cuts along ~ω with Q integration range 0.5 ≤ |Q| ≤ 3.0 Å−1 compared to the final crystal field model. The
nonmagnetic background has been removed from the data displayed here by subtracting properly normalized data collected
under the same conditions of the nonmagnetic analog BaLa2ZnO5. The refined energy levels for the T = 5 K measurement
based upon the LS coupling scheme are illustrated in the inset of (c).

IV. MAGNETIC STRUCTURE

To determine the nature of the magnetic transition at
TN , neutron diffraction measurements were performed
using the HB2A powder diffractometer. The neutron
diffraction data are shown in Figs. 2(b) and 3. Below
TN these measurements reveal an additional set of reflec-
tions arising due to magnetic order of the Nd magnetic
moments (Fig. 3(a)). The additional set of peaks can be
indexed by wave vectors of the type (0.5 0.5 0). Analysis
to determine symmetry allowed magnetic structures was
performed with the Sarah[30] and ISODISTORT[31] soft-
ware packages. To determine the magnetic space group
of the structure we employed the k-SUBGROUPSMAG
program at the Bilbao Crystallographic Server[32]. With
a propagation vector of (0.5 0.5 0), symmetry requires
that the single Nd site of the parent structure split into
two orbits (or magnetically non-equivalent sites, which
correspond to different set of dimers). Initial refinements
of single-Q magnetic structures resulted in spin config-
urations with large moments on one Nd orbit whereas
the other had essentially a zero moment (Magnetic space
group CAmca). Solutions of this type were rejected be-
cause no crystallographic distortion was detected in the
neutron diffraction data indicating that the two Nd sites
remain in identical chemical environments. As discussed
below, the Nd3+ ions have a substantial local moment
of 2.17 µB from the ground state crystal field doublet
which should result in a strong diffuse scattering signal

in the case where 1/2 of the magnetic moments do not
undergo long range magnetic order. Diffuse scattering
corresponding to this case was not observed in the neu-
tron diffraction pattern.

With the aforementioned considerations in mind a 2-
Q magnetic structural model was fit to the data. This
magnetic structure is characterized by the two propaga-
tion vectors (0.5 0.5 0) and (0.5 -0.5 0) acting on dif-
ferent dimer pairs to produce an orthogonal spin con-
figuration as shown in Fig. 4. Table I summarizes the
structural and magnetic refinement results at low tem-
perature. The moments on the Nd3+ ions are found
to point along [110] and symmetry equivalent directions
with a magnitude of 1.9(1) µB and are always perpendic-
ular to the vector connecting nearest neighbor Nd ions.
The magnetic space group for this structure is PC4/nnc
with lattice parameters of am,bm=2a and cm = c, where
a and c are the lattice parameters of the paramagnetic
structure. Note that the double-Q structure recovers the
symmetry of the parent structure and all magnetic ions
are described with a single Wyckoff position. We also
used simulated annealing as a second approach for de-
termining the magnetic structure (See Fig. 3(c)). The
analysis was performed on the integrated magnetic inten-
sities obtained after subtracting the nuclear contribution
measured in the paramagnetic state. The paramagnetic
scattering that follows the Nd3+ magnetic form factor de-
cay with momentum transfer Q was property accounted
for in the subtraction. We defined a magnetic unit cell as
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Bm
n LS-coupling (meV) Intermediate (meV)
B0

2 −55(1) −61(1)
B2

2 −47.0(3) −50.7(3)
B0

4 1.03(6) 1.03(5)
B2

4 −13(1) −14(1)
B4

4 −75.5(3) −75.8(3)
B0

6 1.11(8) 1.07(7)
B2

6 16.6(5) 19.2(6)
B4

6 −4.1(5) −4.4(5)
B6

6 48(3) 49(3)

TABLE II. Tabulated crystal field parameters in units of
meV determined for the LS-coupling and Intermediate cou-
pling approximations.

2a,2b,c and allowed the magnetic moment to vary freely
inside the ab plane. This method led to the same spin
configuration of ferromagnetic dimers with magnetic mo-
ments oriented perpendicular to the bond direction. The
value and orientation of the ordered moment compares
well with that expected from the ground state crystal
field doublet as will be discussed further in Sec. V. This
magnetic structure has ferromagnetic dimers rather than
the dimer singlets of the prototypical Shastry-Sutherland
model material SrCu2(BO3)2[2, 6].

V. CRYSTAL FIELD LEVEL SPLITTING

We examine the local properties of the Nd3+ ions in
BaNd2ZnO5 by studying the crystal field excitation spec-
trum to determine the crystal field Hamiltonian. We an-
alyze the inelastic neutron scattering data using the for-
malism described by Wybourne [33] based on the Racah
tensor operator method [34–37]. The Nd ions occupy
atomic positions with C2v point symmetry. The coordi-
nate system was rotated by 45◦ around the ẑ-axis (crys-
tallographic c-axis) to achieve Prather’s convention [38],
which ensures the lowest number of crystal field parame-
ters to approximate the Coulomb potential, thus we can
write the crystal field Hamiltonian as:

H = B0
2Ĉ

0
2 +B2

2(Ĉ2
2 + Ĉ−22 ) +B0

4Ĉ
0
4 +B2

4(Ĉ2
4 + Ĉ−24 ) +

B4
4(Ĉ4

4 − Ĉ−44 ) +B0
6Ĉ

0
6 +B2

6(Ĉ2
6 + Ĉ−26 ) +

B4
6(Ĉ4

6 − Ĉ−46 ) +B6
6(Ĉ6

6 + Ĉ−66 ) (1)

where Bm
n and Cm

n are Wybourne’s crystal field param-
eters and relative operators respectively. The intermedi-
ate coupling formalism has been employed in our analysis
to verify the possible overlap of the ground state (GS)
eigenfunctions with higher J-multiplets. Once H is diag-
onalized, the crystal field intensities can be calculated as
shown in Ref. [39]. Given that the total angular momen-
tum of Nd3+ is J = 9/2 we expect a total of 5 doublets,
hence 4 crystal field transitions within the GS multiplet.

The inelastic neutron scattering measurements per-
formed with SEQUOIA are displayed in Fig. 5. The
measurements at T=5 and 90 K identified a series of

crystal field excitations in the range 8 ≤ ~ω ≤ 30 meV,
as shown in Fig. 5. Among these excitations, the first
excited state is well isolated at ~ω = 8 meV, while the re-
maining three are peaked in a range 23 ≤ ~ω ≤ 27 meV.
The resolution of the SEQUOIA spectrometer and the
temperature dependence of transitions between excited
states allowed the positions of the crystal field levels to
be identified (Fig. 5(c) and Tab. III).

Using the procedure described in Ref. [39] the inelas-
tic neutron scattering data collected at T=5 and T=90
K, and the magnetic susceptibility data from 270 K to
150 K were simultaneously refined to determine the crys-
tal field parameters of Eq. 1. The calculation was first
performed in LS-coupling, then extended to intermediate
coupling and verified with the software SPECTRE [40].
The refined crystal field parameters within the LS and in-
termediate couplings are shown in Tab. II. There is good
agreement between the data and calculation. The over-
all spectrum is captured by our model as are the transi-
tions between excited states at T= 70 K. Note that we
subtracted the nonmagnetic equivalent of BaNd2ZnO5,
BaLa2ZnO5, from the data set to eliminate the phonon
contribution to the spectrum. Based on our data set we
did not find evidence of phonon-crystal field coupling,
nevertheless, as will be discussed below, there appear
to be several phonon modes which have been previously
misidentified as crystal field levels.

Finally, we report in Tabs. III and AII the wave-
functions of the crystal field states for BaNd2ZnO5, cal-
culated within the LS and intermediate coupling approx-
imation. Considering that the J = 11/2 multiplet lays
at ~ω = 237.35 meV, and that the mJ mixing of the GS
wave-functions is quite small (≤ 4%), we conclude that
the main contributions to the magnetic properties of the
sample arise from the GS multiplet with no significant
contribution from higher multiplets.

VI. DISCUSSION

We first discuss the difference between our crystal
field model, and the previously reported models for
BaNd2ZnO5 [23, 24]. The previous crystal field measure-
ments obtained by optical data are significantly different
from one another; both authors identified the first excited
state of BaNd2ZnO5 around ∆E=8 meV, consistent with
our observations, but they report one or more higher ex-
cited states above 30 meV that to not appear to be crystal
field levels based on our analysis. Furthermore, they do
not benchmark their results against physical properties
such as the magnetic susceptibility which as we discuss
provides further confirmation of our crystal field model.

To understand the origin of the spectra above 30 meV
we checked the Q-dependence of the excitations at 18 ≤
~ω ≤ 22 meV, 33 ≤ ~ω ≤ 38 meV and 55 ≤ ~ω ≤ 59
meV (see Appendix Fig. A1). A quadratic behavior of
these levels as a function of Q is clearly observed, such
behavior is the signature of phonon scattering in an in-
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mJ 0.0 0.0 8.07 8.07 22.98 22.98 25.52 25.52 27.71 27.71
−9/2 0.0987 0.395 0.166 -0.702 0.559
−7/2 -0.527 0.0669 -0.167 0.516 -0.651
−5/2 -0.596 0.0475 0.617 0.370 0.353
−3/2 0.486 0.565 -0.512 -0.211 -0.372
−1/2 0.347 -0.720 0.549 -0.244 -0.0214
1/2 0.347 -0.720 -0.549 0.244 -0.0214
3/2 0.486 0.565 0.512 0.211 -0.372
5/2 -0.596 0.0475 -0.617 -0.370 0.353
7/2 -0.527 0.0669 0.167 -0.516 -0.651
9/2 0.0987 0.395 -0.166 0.702 0.559

TABLE III. Tabulated wave functions of the crystal field states in BaNd2ZnO5 obtained within the LS-coupling approximation.
The crystal field energies (in meV) are tabulated horizontally, the mJ -values of the ground-state multiplet vertically. Only
coefficients of the wave functions > 10−3 are shown.

elastic neutron scattering experiment. To gain additional
confidence that the modes are indeed phonons rather
than crystal field excitations, DFT calculations were per-
formed (see Appendix B) Specifically, the levels at 37.815
meV in [23] and at 35.58, 57.03 meV in [24] were com-
pared to our DFT calculations for BaNd2ZnO5. Indeed,
we found three phonons at 34.83 (A2u), 37.51 (Eu) and
58.84 (Eg) meV that match closely the previous optical
measurements (see Appendix Fig. B1).

As an additional check of the crystal field levels re-
ported by Refs. [23, 24], we investigated if the ground
state of these models was consistent with the physical
properties of BaNd2ZnO5. For example, computing the
ground state wave-functions in intermediate coupling of
BaNd2ZnO5 using either Ref. [23] or Ref. [24] results in a
strong linear combination of 0.715|±9/2〉+ 0.587|±5/2〉
and 0.75| ± 9/2〉+ 0.514| ± 5/2〉 respectively. This would
imply that spins have an Ising-like nature pointing per-
pendicular to the Shastry-Sutherland lattice, in contra-
diction with the magnetic structure determined here.

Based on our analysis all crystal field levels of the
ground state (J=9/2) multiplet are found below 30 meV;
with the first excited state at 8.07 meV and the remain-
ing three excited states located in close proximity to each
other at ~ω = 22.98, ~ω = 25.52 and ~ω = 27.71 meV.
Additionally, by computing the crystal field spectrum
in intermediate coupling (see Tab. AI), our model re-
produces the energies of the first J-multiplet 4I11/2 at

237 ≤ ~ω ≤ 260 meV, and 4I13/2 at 480 ≤ ~ω ≤ 503
meV in good agreement with what has been measured in
Refs. [23, 24].

The simultaneous refinement of the energies, inte-
grated intensity and susceptibility imposes strong con-
straints on the fit, and allowed us to determine a mag-
netic moment of µ = 2.17(7)µB/ion for the ground state
doublet, in close agreement with the ordered moment of
1.9 µB of the refined magnetic structure. The g-factors
can also be determined and are gz = 0.486, gx = 1.31 and
gy = 4.752 indicating spins laying in the ab plane of the
compound. Note that the subscripts indicated on the g-
factors refer to the rotated coordinate system used for the
crystal field calculation. These g-factors show that the

moments have a strong tendency to point perpendicular
to the vector connecting the nearest neighbor Nd ions,
in agreement with the magnetic structure. Indeed, the
2-Q structure here is likely stabilized by the anisotropy
introduced by the crystal field Hamiltonian.

VII. CONCLUSIONS

We have studied the magnetic properties of the
Shastry-Sutherland lattice material BaNd2ZnO5. Long
range magnet order occurs below TN= 1.65 K. The mag-
netic structure is a 2-Q structure with a magnetic mo-
ment of 1.9 µB . The heat capacity and magnetic sus-
ceptibility indicate that significant magnetic correlations
build above the ordering temperature. The crystal field
Hamiltonian determined here does a good job explaining
the physical properties including the magnetic suscepti-
bility above 15 K and the orientation of the magnetic mo-
ments. The distribution of magnetic entropy around the
transition to long range order indicates the significant po-
tential for collective magnetic excitations in BaNd2ZnO5.
The very low transition temperature and relatively large
spin quantum indicate that such excitations would be at
energies of the order of 1 meV. The geometrical frus-
tration and 2-Q structure at play in BaNd2ZnO5 will
significantly influence these collective excitations.
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[27] J. RodrÃguez-Carvajal, Physica B: Condensed Matter
192, 55 (1993).

[28] K. Momma and F. Izumi, J. Appl. Crystallogr. 44, 1272
(2011).

[29] G. E. Granroth, A. I. Kolesnikov, T. E. Sherline, J. P.
Clancy, K. A. Ross, J. P. C. Ruff, B. D. Gaulin, and
S. E. Nagler, Journal of Physics: Conference Series 251,
012058 (2010).

[30] A. Wills, Physica B: Condensed Matter 276-278, 680
(2000).

[31] B. J. Campbell, H. T. Stokes, D. E. Tanner, and
D. M. Hatch, Journal of Applied Crystallography 39, 607
(2006).

[32] J. Perez-Mato, S. Gallego, E. Tasci, L. Elcoro, G. de la
Flor, and M. Aroyo, Annual Review of Materials Re-
search 45, 217 (2015).

[33] B. G. Wybourne, Spectroscopic Properties of rare earths
(Wiley, 1965).

[34] G. Racah, Phys. Rev. 61, 186 (1942).
[35] G. Racah, Phys. Rev. 62, 438 (1942).
[36] G. Racah, Phys. Rev. 63, 367 (1943).
[37] G. Racah, Phys. Rev. 76, 1352 (1949).
[38] J. L. Prather, NBS Monograph 19 (1961).
[39] G. Sala, M. B. Stone, B. K. Rai, A. F. May, C. R.

Dela Cruz, H. Suriya Arachchige, G. Ehlers, V. R.
Fanelli, V. O. Garlea, M. D. Lumsden, D. Mandrus,
and A. D. Christianson, Phys. Rev. Materials 2, 114407
(2018).

[40] A. T. Boothroyd, Spectre, a program for calculating spec-
troscopic properties of rare earth ions in crystals (1990-
2014).

[41] A. Togo and I. Tanaka, Scr. Mater. 108, 1 (2015).
[42] P. J.P., K. Burke, and M. Ernzerhof, Phys. Rev. Lett.

77, 3865 (1996).
[43] G. Kresse and J. Furthmüller, Comput. Mater. Sci. 6, 15

(1996).
[44] G. Kresse and D. Joubert, Phys. Rev. B 59, 1758 (1999).
[45] B. H. Toby and R. B. Von Dreele, Journal of Applied

Crystallography 46, 544 (2013).

http://dx.doi.org/ https://doi.org/10.1016/0378-4363(81)90838-X
http://dx.doi.org/ https://doi.org/10.1016/0378-4363(81)90838-X
http://dx.doi.org/10.1088/0953-8984/15/9/201
http://dx.doi.org/10.1088/0953-8984/15/9/201
https://doi.org/10.1038/ncomms7805
https://doi.org/10.1038/ncomms7805
https://doi.org/10.1038/nphys4117
https://doi.org/10.1038/nphys4117
http://dx.doi.org/https://doi.org/10.1016/0022-4596(91)90316-A
http://dx.doi.org/https://doi.org/10.1016/0022-4596(91)90316-A
http://dx.doi.org/10.1103/PhysRevLett.82.3168
http://dx.doi.org/10.1103/PhysRevLett.111.137204
http://dx.doi.org/10.1103/PhysRevLett.111.137204
http://dx.doi.org/10.1073/pnas.1413318111
http://dx.doi.org/10.1073/pnas.1413318111
http://dx.doi.org/10.7566/JPSJ.87.033701
http://dx.doi.org/10.7566/JPSJ.87.033701
http://dx.doi.org/ https://doi.org/10.1016/0025-5408(76)90103-3
http://dx.doi.org/ 10.1103/PhysRevLett.101.177201
http://dx.doi.org/10.1103/PhysRevB.95.174405
http://dx.doi.org/10.1103/PhysRevB.95.174405
http://dx.doi.org/ 10.6028/jres.104.011
http://dx.doi.org/ 10.6028/jres.104.011
http://dx.doi.org/ https://doi.org/10.1016/j.jallcom.2004.05.057
http://dx.doi.org/ https://doi.org/10.1016/j.jallcom.2004.05.057
http://dx.doi.org/ 10.1103/PhysRevMaterials.1.054404
http://dx.doi.org/ 10.1103/PhysRevMaterials.1.054404
http://dx.doi.org/ https://doi.org/10.1016/j.jssc.2020.121489
http://dx.doi.org/ https://doi.org/10.1016/j.jssc.2020.121489
http://dx.doi.org/10.1126/science.aaf0981
http://dx.doi.org/ https://doi.org/10.1016/j.solidstatesciences.2004.06.011
http://dx.doi.org/ https://doi.org/10.1016/j.solidstatesciences.2004.06.011
http://dx.doi.org/ 10.1021/cm051618g
http://dx.doi.org/ 10.1021/cm051618g
http://dx.doi.org/ 10.1088/0953-8984/12/31/310
http://dx.doi.org/ 10.1088/0953-8984/12/31/310
http://dx.doi.org/ https://doi.org/10.1016/0022-4596(90)90138-N
http://dx.doi.org/ https://doi.org/10.1016/0022-4596(90)90138-N
http://dx.doi.org/ 10.1143/PTPS.145.17
http://dx.doi.org/ 10.1143/PTPS.145.17
http://dx.doi.org/https://doi.org/10.1002/pssa.2211150220
http://dx.doi.org/https://doi.org/10.1002/pssa.2211150220
http://dx.doi.org/10.1006/jssc.2001.9339
http://dx.doi.org/10.1006/jssc.2001.9339
http://dx.doi.org/10.1103/PhysRevB.76.125116
http://dx.doi.org/10.1103/PhysRevB.76.125116
http://dx.doi.org/10.1007/s10973-013-3069-4
http://dx.doi.org/10.1007/s10973-013-3069-4
http://dx.doi.org/ https://doi.org/10.1016/0921-4526(93)90108-I
http://dx.doi.org/ https://doi.org/10.1016/0921-4526(93)90108-I
http://dx.doi.org/ 10.1088/1742-6596/251/1/012058
http://dx.doi.org/ 10.1088/1742-6596/251/1/012058
http://dx.doi.org/https://doi.org/10.1016/S0921-4526(99)01722-6
http://dx.doi.org/https://doi.org/10.1016/S0921-4526(99)01722-6
http://dx.doi.org/10.1107/S0021889806014075
http://dx.doi.org/10.1107/S0021889806014075
http://dx.doi.org/ 10.1146/annurev-matsci-070214-021008
http://dx.doi.org/ 10.1146/annurev-matsci-070214-021008
http://dx.doi.org/10.1103/PhysRev.61.186
http://dx.doi.org/10.1103/PhysRev.62.438
http://dx.doi.org/10.1103/PhysRev.63.367
http://dx.doi.org/10.1103/PhysRev.76.1352
https://nvlpubs.nist.gov/nistpubs/Legacy/MONO/nbsmonograph19.pdf
http://dx.doi.org/10.1103/PhysRevMaterials.2.114407
http://dx.doi.org/10.1103/PhysRevMaterials.2.114407
http://dx.doi.org/https://doi.org/10.1016/j.scriptamat.2015.07.021
http://dx.doi.org/10.1103/PhysRevLett.77.3865
http://dx.doi.org/10.1103/PhysRevLett.77.3865
http://dx.doi.org/ https://doi.org/10.1016/0927-0256(96)00008-0
http://dx.doi.org/ https://doi.org/10.1016/0927-0256(96)00008-0
http://dx.doi.org/10.1103/PhysRevB.59.1758
http://dx.doi.org/10.1107/S0021889813003531
http://dx.doi.org/10.1107/S0021889813003531


9

[46] A. Huq, J. P. Hodges, L. Heroux, and O. Gour-
don, Zeitschrift fur Kristallographie Proceedings 1, 127
(2011).

[47] M. Tanaka, Y. Katsuya, and A. Yamamoto, Rev. Sci.
Instrum. 79, 075106 (2008).

[48] M. Tanaka, Y. Katsuya, Y. Matsushita, and O. Sakata,
J. Ceram. Soc. Jpn. 121, 287 (2013).



10

Appendix A: Crystal Field Analysis

FIG. A1. Q-dependence of the scattering intensity of
BaNd2ZnO5 as measured at T = 5 K. (a) The constant en-
ergy cuts of the crystal field excitations were scaled by a mul-
tiplicative factor to normalize their integrated scattering in-
tensity over their shared range of wave-vector transfer. The
good agreement with the fit of all the data (black line), to the
square of the Nd3+ magnetic form factor, validates their crys-
tal field origin. (b) Constant energy cuts through the inelas-
tic neutron scattering measurements over the range of energy
transfer reported in Refs. [23, 24]. Data have been scaled by
a multiplicative pre-factor so that they share a common in-
tegrated scattering intensity over a range of measured values
of |Q|. Dashed red line is a quadratic function with a con-
stant background fit through all these data, highlighting the
phonon nature of the excitations.

In order to distinguish between crystal field levels and
the phonon modes of the BaNd2ZnO5inelastic neutron
scattering measurements, we examined the |Q| depen-
dence of each excitations taking constant energy cuts
thought the data set. As shown in Fig. A1(a), individ-
ual energy cuts centered around ±1 meV on each crystal
field level are compared to the square of the magnetic
form factor for Nd3+ (black line) within an overall mul-
tiplicative constant. These individual cuts through the
measured spectra were scaled to one another with a mul-
tiplicative factor so that they would be on the same in-
tensity scale. This comparison highlights the excellent
agreement of the |Q| dependence with the magnetic ion
form factor, verifying the origin of the scattering.

The same procedure was used to check the origin of the
scattering at the energies of the excitations reported in
Refs. [23, 24]. The ranges of energy transfer correspond-
ing to these excitations are shown in Fig. A1(b). These
data have also been scaled to appear on the same inten-
sity scale using a multiplicative scale factor. For compar-
ison, we also plot a quadratic function with a constant
background as a guide to the eye. The good agreement
with this function indicates that the origin of the scat-
tering intensity of these modes is likely due to phonons,
and not crystal field excitations. This result is also inde-
pendently confirmed by our DFT calculations (Appendix
B).

The crystal field fit was first performed assuming LS-
coupling and then extended to intermediate coupling to
verify the overlap of the eigenfunctions between the GS
J-multiplet and any of the higher J-multiplets. This is
an important verification that needs to be done to fully
understand the properties of the GS, especially for light
rare earth atoms. Both optical measurements showed
a huge gap ≥ 200 meV between the the 4I9/2 and the
4I11/2 multiplets, thus giving a negligible overlap of the
respective eigenfunctions. Indeed, our refinement con-
firmed an overlap ≤ 3%. Our calculations have also been
independently verified with the software SPECTRE [40].
The tabulated final wave functions of the crystal field
levels for BaNd2ZnO5 up to the first excited multiplet,
are shown in Tab. AII. Finally, a comparison of the
calculated energies of the first three J-multiplets with
Refs. [23, 24] is shown in Tab. AI. As shown in the table,
our analysis agrees remarkably well with the high energy
excitations measured with optical methods.

Level Exp. [23] Exp. [24]
Exp.

(this work)
Calc.

(this work)
0.0 0.0 0.0 0.0
8.18 8.31 8.05 8.07

4I9/2 — 28.27 23.10 22.98
37.815 35.58 25.58 25.52

— 57.03 27.69 27.72
— 240.78 — 237.35
— 247.47 — 239.27

4I11/2 — — — 248.52
— 263.71 — 252.36
— 269.42 — 255.83
— 276.61 — 256.73

480.81 480.81 — 480.51
490.36 — — 483.16
493.33 490.36 — 494.12

4I13/2 — — — 496.47
513.42 — — 500.87
520.98 520.98 — 502.45

— — — 503.26

TABLE AI. Comparison of the experimental and calculated
levels of the first three J-multiplets in meV for BaNd2ZnO5.
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mJ 0.0 0.0 8.07 8.07 22.98 22.98 25.52 25.52 27.72 27.72
−9/2 -0.096 -0.373 0.191 0.655 0.621
−7/2 0.519 -0.051 0.14 0.582 -0.607
−5/2 0.596 -0.075 0.631 -0.401 0.277
−3/2 -0.497 -0.565 0.49 -0.15 -0.41
−1/2 -0.339 0.728 0.553 0.218 -0.015
1/2 -0.339 0.728 0.553 0.218 -0.015
3/2 -0.497 -0.565 0.49 -0.15 -0.41
5/2 0.596 -0.075 0.631 -0.401 0.277
7/2 0.519 -0.051 0.14 0.582 -0.607
9/2 -0.096 -0.373 0.191 0.655 0.621
−11/2 0.002 -0.029 -0.008 -0.009 -0.006
−9/2 0.029 0.038 0.002 -0.004 0.02
−7/2 -0.04 0.011 -0.016 0.017 -0.012
−5/2 -0.028 -0.016 -0.002 -0.015 0.021
−3/2 0.009 0.005 -0.026 0.001
−1/2 -0.008 -0.002 -0.008 0.008 -0.025
1/2 0.008 0.002 0.008 -0.008 0.025
3/2 -0.009 -0.005 0.026 -0.001
5/2 0.028 0.016 0.002 0.015 -0.021
7/2 0.04 -0.011 0.016 -0.017 0.012
9/2 -0.029 -0.038 -0.002 0.004 -0.02
11/2 -0.002 0.029 0.008 0.009 0.006

TABLE AII. Tabulated wave functions of the crystal field states in BaNd2ZnO5 obtained within the intermediate coupling
approximation, only the J = 9/2 and J = 11/2 mixing is presented. The crystal-field energies (in meV) are tabulated
horizontally, the mJ -values of the ground-state multiplet vertically. Only coefficients of the wave functions > 10−3 are shown.
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Appendix B: phonon calculations

As an additional means of checking for phonon con-
tributions to the measured scattering intensity, the
phonon DOS of BaNd2ZnO5 was calculated based on the
frozen phonon method using the PHONOPY code[41].
Forces were calculated based on density functional theory
(DFT) with Perdew-Burke-Ernzerhof (PBE) exchange-
correlation functional[42] implemented in the VASP
code.[43] The interaction between ions and electrons was
described by projector augmented wave method.[44] The
4f electrons of Nd ions are frozen in the core because
the 4f states are highly localized and have little inter-
action with valence states. The valence wavefunctions
were expanded in a plane-wave basis with a cut-off en-
ergy of 520 eV. The calculated partial phonon density
of states are shown in Fig. B1 as a function of energy
transfer. The calculated phonon branches span energy
transfers between approximately 10 meV up to 80 meV.
Higher energy branches are due to several flat band opti-
cal oxygen phonon modes. We note that three particular
oxygen phonon modes are at energy transfers similar to
prior observed modes in optical spectroscopy measure-
ments as indicated by the heavy vertical lines in Fig. B1.

FIG. B1. Calculated partial phonon density of states of
BaNd2ZnO5 as a function of energy transfer. Dark vertical
lines are shown at 34.83, 37.51, and 58.84 meV energy trans-
fer for comparison to the calculated oxygen partial phonon
density of states (red curve).
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Appendix C: Structural properties at 300 K

The Rietveld refinement of the structural model at
300 K was done with the GSAS-II software package[45].
Analysis was performed with neutron diffraction data
(POWGEN[46], SNS) and synchrotron x-ray diffraction
data (BL15XU, Spring-8). Two phases where used in the
refinements, the primary phase BaNd2ZnO5 and an im-
purity phase Nd2O3. The phase fraction for the Nd2O3

impurity phase is 1.5 %. Table CI shows the final pa-
rameters of our refinement. For the neutron diffraction
measurements using POWGEN, the sample was loaded
into a vanadium sample can with a He exchange gas. The
POWGEN measurements were conducted at 300 K using
the high intensity configuration with the center of the
wavelength band at 0.8 Å. The synchrotron experiment
was performed at room temperature with the precision
powder X-ray diffractometer installed at the BL15XU
beamline, SPring-8, Japan [47, 48]

Atom (Position) x y z
U11 U22 U33

U12 U13 U23

Ba (4a) 0 0 0.25
0.00535(12) 0.00535(12) 0.00659(19)

0 0 0
Nd (8h) 0.17399(3) 0.67399(3) 0

0.00320(6) 0.00320(6) 0.00418(9)
-0.00098(8) 0 0

Zn (4b) 0 0.5 0.25
0.00569(13) 0.00569(13) 0.00337(21)

0 0 0
O1 (4c) 0 0 0

0.00723(16) 0.00723(16) 0.00958(28)
0 0 0

O2 (16l) 0.35458(4) 0.85458(4) 0.13111(3)
0.00894(9) 0.00894(9) 0.00770(12)

-0.00193(10) -0.00224(7) -0.00224(7)

TABLE CI. Structural refinement parameters. The space
group and lattice parameters are I4/mcm, a = 6.76348(2) Å
and c = 11.54204(3) Å, respectively.
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FIG. C1. (a) Neutron diffraction data collected with POW-
GEN. The observed data (red circles), result of refinements
(blue lines), and difference between them (green). (b) Syn-
chrotron x-ray diffraction data collected with BL15XU. The
observed data (red circles), result of refinements (blue lines),
and difference between them (green).
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Appendix D: Magnetic space group and symmetry

Symmetry operations

(x,x+ 1
4
,0|mx,my,0) (-x,-x+ 1

4
,0|mx,my,0)

(-x+ 1
4
,x,0|-my,mx,0) (x+ 1

4
,-x,0|-my,mx,0)

(x+ 1
4
,x, 1

2
|my,mx,0) (-x+ 1

4
,-x, 1

2
|my,mx,0)

(-x,x+ 1
4
, 1
2
|mx,-my,0) (x,-x+ 1

4
, 1
2
|mx,-my,0)

(x,x+ 3
4
,0|-mx,-my,0) (-x,-x+ 3

4
,0|-mx,-my,0)

(-x+ 1
4
,x+ 1

2
,0|my,-mx,0) (x+ 1

4
,-x+ 1

2
,0|my,-mx,0)

(x+ 1
4
,x+ 1

2
, 1
2
|-my,-mx,0) (-x+ 1

4
,-x+ 1

2
, 1
2
|-my,-mx,0)

(-x,x+ 3
4
, 1
2
|-mx,my,0) (x,-x+ 3

4
, 1
2
|-mx,my,0)

(x+ 1
2
,x+ 1

4
,0|-mx,-my,0) (-x+ 1

2
,-x+ 1

4
,0|-mx,-my,0)

(-x+ 3
4
,x,0|my,-mx,0) (x+ 3

4
,-x,0|my,-mx,0)

(x+ 3
4
,x, 1

2
|-my,-mx,0) (-x+ 3

4
,-x, 1

2
|-my,-mx,0)

(-x+ 1
2
,x+ 1

4
, 1
2
|-mx,my,0) (x+ 1

2
,-x+ 1

4
, 1
2
|-mx,my,0)

(x+ 1
2
,x+ 3

4
,0|mx,my,0) (-x+ 1

2
,-x+ 3

4
,0|mx,my,0)

(-x+ 3
4
,x+ 1

2
,0|-my,mx,0) (x+ 3

4
,-x+ 1

2
,0|-my,mx,0)

(x+ 3
4
,x+ 1

2
, 1
2
|my,mx,0) (-x+ 3

4
,-x+ 1

2
, 1
2
|my,mx,0)

(-x+ 1
2
,x+ 3

4
, 1
2
|mx,-my,0) (x+ 1

2
,-x+ 3

4
, 1
2
|mx,-my,0)

TABLE DI. The magnetic structure of BaNd2ZnO5 belongs
to the magnetic space group, PC4/nnc (#126.385) with a
single Nd site (0.086, 0.336, 0.00) and lattice parameters
am,bm=2a and cm=c where a and c are the lattice parame-
ters of the tetragonal parent structure. The two wave-vectors
defining this structure (0.5,0.5,0) and (0.5,-0.5,0) operate on
different Nd dimers to form an orthogonal spin configuration
of ferromagnetic dimers as depicted in Fig 4 in the main text.
The symmetry operations presented here where generated us-
ing the Bilbao Crystallographic Server[32].
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