
PHYSICAL REVIEW MATERIALS 8, 094001 (2024)

Magnetic properties of the quasi-XY Shastry-Sutherland magnet Er2Be2SiO7
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Polycrystalline and single-crystal samples of the insulating Shastry-Sutherland compound Er2Be2SiO7 were
synthesized via a solid-state reaction and the floating zone method, respectively. The crystal structure, Er
single-ion anisotropy, zero-field magnetic ground state, and magnetic phase diagrams along high-symmetry
crystallographic directions were investigated with bulk measurement techniques, x-ray and neutron diffraction,
and neutron spectroscopy. We establish that Er2Be2SiO7 crystallizes in a tetragonal space group with planes
of orthogonal Er dimers and a strong preference for the Er moments to lie in the local plane perpendicular
to each dimer bond. We also find that this system has a noncollinear ordered ground state in zero field with
a transition temperature of 0.841 K consisting of antiferromagnetic dimers and in-plane moments. Finally,
we mapped out the H -T phase diagrams for Er2Be2SiO7 along the directions H ‖ [001], [100], and [110].
While an increasing in-plane field simply induces a phase transition to a field-polarized phase, we identify
three metamagnetic transitions in the H ‖ [001] case. Single-crystal neutron diffraction results reveal that the
H ‖ [001] phase diagram can be explained predominantly by the expected field-induced behavior of classical,
anisotropic moments, although the microscopic origin of one phase requires further investigation.
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I. INTRODUCTION

Magnetic systems with a combination of geometric frus-
tration and antiferromagnetic exchange interactions have
attracted significant attention as candidates for hosting novel
magnetic states with intrinsically quantum mechanical prop-
erties [1–4]. In such frustrated magnets competing exchange
interactions prevent the system from finding a global arrange-
ment of spins which minimizes energy. This suppression of
long-range magnetic order allows for the formation of novel
phases such as quantum spin liquids (QSLs) [5–13] charac-
terized by long-range entanglement and capable of hosting
exotic quasiparticle excitations. Frustrated magnets tend to
have complicated magnetic phase diagrams with a variety
of different states stabilized for various combinations of ap-
plied magnetic field and temperature. Notable examples of
frustrated geometries include the kagome [14], pyrochlore
[15,16], and triangular lattices [17].

The geometrically frustrated, quasi-two-dimensional
Shastry-Sutherland lattice (SSL) is unique due to its
realization of a magnetic Hamiltonian that is exactly solvable
[18]. One can generate the SSL by starting with a square
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lattice and then adding an additional diagonal bond to
each ion. This results in a structure where each site has
one nearest neighbor (NN) with coupling strength J and
four next-nearest neighbors each with coupling strength
J ′. Critically, the magnetic ground state of SSL systems
depends both on the effective spin of the magnetic ion
and the ratio J ′/J [18]. For the effective spin-1/2 case
with antiferromagnetic exchange interactions, when J ′/J is
small the ground state is known to be a product of dimer
singlets. When J ′/J is large, the ground state is the same
antiferromagnetic Néel spin configuration expected for a
simple square lattice.

The small J ′/J limit is exemplified by the well-studied
insulating compound SrCu2(BO3)2 whose low-temperature
ground state consists of a series of spin-singlet dimers [19,20].
Furthermore, SrCu2(BO3)2 is close to the critical J ′/J value,
and it can be driven across the quantum phase transition into
an antiferromagnetic Néel state by the application of pressure
[21–23]. At pressures between these two extremes an inter-
mediate singlet plaquette phase whose basic unit consists of
four entangled spins is observed and multiple theoretical stud-
ies predict the existence of another intermediate QSL phase
[24,25]. Under extreme magnetic fields SrCu2(BO3)2 displays
several magnetization plateaus at rational fractions of the
saturation magnetization, which are attributed to the crystal-
lization of the excited triplets [26–29]. Overall, SrCu2(BO3)2
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provides a rich platform for exploring several novel and exotic
magnetic phenomena.

Since SrCu2(BO3)2 is a particularly fascinating system and
theoretical work on the SSL abounds, there is significant inter-
est in identifying and characterizing other magnetic materials
that realize the J ′ − J S = 1/2 SSL model. Rare-earth-
based materials are particularly attractive because crystal field
effects often generate Jeff = 1/2 moments with a variety
of magnetic anisotropies. The RB4 (R = rare earth) fam-
ily was the first group of materials studied in this context
[30–38]. However, for RB4 the crystal field schemes are not
well known, the zero-field magnetic ground states are typ-
ically ordered [32,34,36,38–45], and their metallic behavior
ensures that the simple J ′-J SSL model is not appropriate due
to the extended nature of the RKKY exchange interactions.
Similar issues were identified in subsequent metallic SSL sys-
tems with the general chemical formula R2T2X (T = Pd, Ge,
Ni, Cu, Pt, Si, Rh, and X = Mg, In, Cd, Sn, Pb, Al) [46–59].

More recently, insulating SSL systems based on rare-earth
ions have been discovered. One such family is BaR2MX5

(M = Zn, Pd, Pt, Co; X = O, S) [60–66] and a second family
is R2Be2GeO7 [67] or R2Be2SiO7 [68]. Limited characteriza-
tion work has been reported on BaR2MX5, with most studies
concentrating on the Nd-based systems and identifying Jeff =
1/2 moments, ferromagnetic dimers, and zero-field ordered
ground states with predominantly in-plane spin configurations
[63–65]. Interest in the R2Be2GeO7 or R2Be2SiO7 families
is steadily increasing, with recent work describing the mag-
netic properties of Tb2Be2Si1−xGexO7 [69], Nd2Be2GeO7,
Pr2Be2GeO7 [70], Er2Be2GeO7 [71], and Yb2Be2GeO7 [72].

Here we investigate the magnetic properties of polycrys-
talline and single-crystal samples of Er2Be2SiO7 with a
combination of DC and AC magnetic susceptibility, mag-
netization, heat capacity, x-ray and neutron diffraction, and
neutron spectroscopy measurements. We find that the Er mo-
ments exhibit quasi-XY magnetic anisotropy with a strong
tendency to lie in the local plane perpendicular to each
dimer bond. The system hosts noncollinear magnetic order
with in-plane moments and antiferromagnetic dimers below
0.841 K. While an in-plane magnetic field simply polarizes
the moments, an H ‖ [001] field induces three metamagnetic
transitions before the field-polarized phase is realized. The
insulating behavior of Er2Be2SiO7 ensures that its complex
magnetic properties measured in the laboratory can be com-
pared to theoretical predictions of the appropriate anisotropic
J ′-J SSL model.

II. EXPERIMENTAL METHODS

Er2Be2SiO7 single crystals were grown using the float-
ing zone method from a packed, phase pure polycrystalline
sample with a growth speed of 10 mm/hr [68]. To synthesize
the polycrystalline sample, stoichiometric amounts of Er2O3

(Strem Chemicals, 99.999%), SiO2 (Alfa Aesar, 99.8%), and
BeO (Alfa Aesar, 99%) were ground and packed into a long
cylindrical rod. This rod was first annealed in air at 1000 ◦C
and then twice more at 1400 ◦C for 20 hr each time with inter-
mediate grindings. A similar procedure was used to synthesize
polycrystalline Lu2Be2SiO7 with Lu2O3 (Alfa Aesar, 99.99%)
substituted for Er2O3.

FIG. 1. Room temperature XRD pattern of Er2Be2SiO7. The red
circles represent experimental data, the black curve shows the fitted
pattern, the blue line depicts the difference curve, and the green ticks
indicate Bragg positions.

The phase purity of both the powders and single crystals
was confirmed by performing room temperature powder x-ray
diffraction (XRD) using a HUBER imaging plate Guinier
camera 670 with Cu radiation (λ = 1.54059 Å). The single-
crystal samples were first crushed for these measurements.
Refinement of the XRD patterns were done with the software
package FULLPROF [73] using the structure of Y2Be2SiO7

[74] as a starting reference. The refined powder diffrac-
tion pattern for the Er2Be2SiO7 powder is shown in Fig. 1.
Single-crystal x-ray diffraction (SXRD) measurements were
carried out on a Bruker Eco Quest X-ray Diffractometer using
Mo radiation (λ = 0.71073 Å) at 300 K, and the refinement
was done using the Bruker SHELXTL software package.
The main results are presented in Table I, and the results
agree well with the previous powder refinement [68]. For all
directional-dependent measurements, the crystal orientation
was determined using the Laue backscattering method.

Temperature- and field-dependent magnetization data were
collected at the University of Tennessee using a Materials
Property Measurement System (MPMS) from Quantum De-
sign with a vibrating squid magnetometer (VSM) option.
Magnetization measurements at He-3 temperatures were car-
ried out in the same MPMS using a He-3 insert also from
Quantum Design. Heat capacity measurements under field
were carried out using a Physical Property Measurement
System (PPMS) Dynacool with a He-3 insert at Shenyang
National Laboratory. AC susceptibility measurements were

TABLE I. Atomic coordinates and isotropic displacement pa-
rameters Ueq (Å2). All sites are fully occupied.

Atom Wyck. x y z Ueq

Er 4e 0.15907(3) 0.65907(3) 0.50719(8) 0.0041(19)
Si 2a 0 0 0 0.0036(5)
Be 4e 0.6352(14) 0.1352(14) 0.960(3) 0.0060(18)
O1 2c 0 1/2 0.180(2) 0.0069(17)
O2 4e 0.6411(7) 0.1411(7) 0.2934(5) 0.0041(11)
O3 8f 0.0816(8) 0.1634(7) 0.2017(10) 0.0050(8)
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FIG. 2. (a) Schematic diagram of the Er3+ ions forming a SSL lattice in the ab plane. Intradimer bonds J (3.265 Å) are shown in red and
interdimer bonds J ′ (3.862 Å) in blue. The relative positions of the Be and Si ions are also shown. (b) Structure of Er2Be2SiO7 viewed slightly
off the [100] axis. The SSL layers formed by the ErO8 polyhedra are separated by layers of BeO4 (green) and SiO4 (blue) tetrahedra. (c) The
monoclinic point symmetry (Cs) of the Er ions is best illustrated by viewing the crystal structure along the [001] and [00-1] directions. A single
NN pair of Er ions is marked with stars for reference. The normal to the mirror plane lies along the crystallographic [110] or [1-10] direction
for the orthogonal dimer sublattices in the system.

performed at the National High Magnetic Field Laboratory
(NHMFL) with both He-3 and dilution refrigerator configura-
tions.

Neutron powder diffraction was performed using the high-
resolution HB-2A powder diffractometer [75] at the High Flux
Isotope Reactor (HFIR) of Oak Ridge National Laboratory
(ORNL). The ∼4 g powder sample was sealed inside an alu-
minum can with 1 atm of helium exchange gas. Diffraction
patterns were measured at 280 mK and 4 K with a wave-
length of 2.41 Å and a collimation of open-open-12´. Inelastic
neutron scattering on ∼3 g of similarly prepared powder was
performed on the direct geometry time-of-flight chopper spec-
trometer SEQUOIA [76] at the Spallation Neutron Source
(SNS) at ORNL. Data were collected at 5 and 25 K with
incident energies of 25 and 80 meV. For these measurements,
the fine Fermi chopper was spun at 240 or 480 Hz, and the T0

chopper setting was 60 or 90 Hz. Spectra were collected with
the same instrument settings on a similar mass of the nonmag-
netic reference sample Lu2Be2SiO7 to facilitate a background
subtraction of the phonon spectra.

A single-crystal neutron diffraction experiment was per-
formed on the DEMAND (HB-3A) beamline [77] at the HFIR
with an incident wavelength of 1.542 Å. A single-crystal sam-
ple with a mass ∼30 mg was measured in two-axis mode in
a vertical-field cryomagnet down to temperatures of 280 mK
using a He-3 insert. A magnetic field of up to 2 T was applied
along the [001] axis.

III. RESULTS AND DISCUSSION

A. Crystal structure

Er2Be2SiO7, like all members of the R2Be2SiO7 fam-
ily, crystallizes into a tetragonal lattice with space group
P − 421m (113). The room-temperature lattice constants de-
termined via single-crystal XRD are a = 7.2572(4) Å and
c = 4.7396(3) Å. The structure consists of planes of eightfold
coordinated Er3+ ions with spacer layers containing both Si-O
and Be-O tetrahedra. The sublattices formed by Er, Be, and
Si all stack in an AAA-type fashion along the [001] axis.

The magnetic Er3+ and nonmagnetic Be2+ ions both form
SSLs in plane, while the nonmagnetic Si4+ ions form a square
lattice. The NN and NNN in-plane distances at room tem-
perature are 3.265 Å and 3.862 Å, respectively, while the
shortest interplane distance is 4.740 Å, which implies a quasi-
two-dimensional magnetic system. Schematics of the crystal
structure viewed along the [001] axis and just slightly off the
a axis are shown in Figs. 2(a) and 2(b), with an outline of the
chemical unit cell also shown in the latter.

The Er and Be ions occupy two different 4e Wyckoff sites,
while Si occupies the 2a Wyckoff site. The ligand environ-
ment around the Er3+ ions are irregularly shaped polyhedra
consisting of eight O2− ions, as shown in Fig. 2(c). Opposite
faces of the polyhedra, located above and below the SSL
planes, have distorted square and diamond geometries, respec-
tively. The Er3+ ions have a monoclinic point group symmetry
of Cs, which means that their only symmetry element is a
mirror plane. The Er ions forming the two different types of
dimers have different directions for their mirror plane normals
corresponding to the crystallographic [110] and [1-10] axes.
The ErO8 polyhedron shares a face with its one NN poly-
hedron and an edge with each of its four NNN polyhedra.
Detailed crystal structure refinement results obtained from
single-crystal XRD are given in Table I. An image of a floating
zone crystal boule and a Laue pattern with the beam oriented
along the crystallographic [001] axis are shown in Fig. 3.

B. Single-ion anisotropy and crystal fields

Figure 4 shows the T dependence of both the magnetic
susceptibility χ (plotted as M/H) and its inverse 1/χ along
three high-symmetry crystallographic directions. 1/χ does
not have a linear T dependence throughout the entire range
measured due to the increased depopulation of excited Er3+

crystal field levels with decreasing temperature. The 1/χ data
were first fitted to a Curie-Weiss law in the high-temperature
range 150–300 K, and we found that the Er3+ effective mo-
ment agrees well with expectations for a free ion system,
with a small variation for the different datasets. The values
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FIG. 3. (a) An as-grown crystal boule of Er2Be2SiO7. (b) The
Laue pattern generated with the incident x-ray beam along the crys-
tallographic [001] axis.

were 9.3597(4) µB for H ‖ [001], 9.4618(2) µB for H ‖ [110],
and 9.6158(2) µB for H ‖ [100]. Using the same fit range the
Curie-Weiss (θcw ) temperatures obtained for each direction
are 16.30(6) K for H ‖ [001], −25.76(4) K for H ‖ [110], and
−41.64(3) K for H ‖ [100]. We proceeded to perform another
fit to the same Curie-Weiss function in the low-temperature
range 2–6 K. The Curie-Weiss temperatures θcw are negative
for all three datasets, with values of −4.29(4) K for H ‖ [001],
−2.15(3) K for H ‖ [110], and −1.77(3) K for H ‖ [100].
The effective moments obtained using the low-temperature fit
range are 9.649(5) K for H ‖ [001], 7.630(3) K for H ‖ [110],
and 7.276(3) K for H ‖ [100]. The sign of θCW indicates that
Er2Be2SiO7 has dominant antiferromagnetic exchange inter-
actions, which is likely due to an antiferromagnetic intradimer
coupling.

Figure 5(a) shows DC magnetization vs applied field at
2 K. Interestingly, the saturation magnetization ratio between

the [110] and [100] directions, M110
sat /M100

sat , is almost exactly
sin(45◦) = 1/

√
2. This observation can be used to draw some

general conclusions about the Er3+ single-ion anisotropy in
this system. Since the SSL can be described as two interpene-
trating square networks of orthogonal dimers, the measured
anisotropy in the ab-plane magnetization can arise from a
combination of a [110] easy axis and a [1-10] hard axis for
one dimer sublattice and vice versa for the second dimer
sublattice. A [110] applied field would then polarize only one
sublattice while the other would not respond to it at all. For
a [100] applied field, both sublattices would contribute to the
field-polarized state in an equivalent manner, as all moments
would have a component along the field direction but they
would remain parallel to their local [110] easy-axis direction.
Schematics of the expected field-polarized states for the [100]
and [110] applied field directions that are consistent with
the anisotropic saturation magnetization values are shown
in Figs. 5(b) and 5(c). Similar in-plane anisotropy has been
observed in other magnetic systems with a SSL geometry,
including Yb2Pt2Pb [55] and BaNd2ZnS5 [64].

The saturation magnetization ratio of M110
sat /M001

sat ≈ 1/2
provides additional insight into the Er3+ single-ion anisotropy.
Based on the established ab-plane anisotropy, the [001]
saturation magnetization can be explained by a simple field-
polarized state with the moments from both sublattices
aligned with the field. Since the low-field magnetization
slopes are nearly equivalent for the [110] and [001] field
directions when scaling the former dataset to account for the
decreased number of moments contributing to the response,
Er2Be2SiO7 appears to be an XY (or quasi-XY) magnet.
This behavior differs strongly from observations for Yb2Pt2Pb
[59,78] and BaNd2ZnS5 [64], where the c axis turned out to
be a hard direction for the magnetization.

To investigate quantitative details of the magnetic
anisotropy induced by crystal fields, inelastic neutron scat-
tering (INS) measurements on a polycrystalline sample of
Er2Be2SiO7 were conducted using the time-of-flight chopper
spectrometer SEQUOIA. Datasets were collected with inci-
dent energies of 25 meV and 80 meV at temperatures of 5
and 25 K to measure the crystal field levels associated with
the J = 15/2 ground state multiplet of Er3+ and the virtual

FIG. 4. 1/χ (left) and χ (right) vs T for H ‖ [001], H ‖ [110], and H ‖ [100] collected at 0.1 T. Linear fits are performed between
150–300 K and 2–6 K. The obtained θcw and μeff values are noted in the text.
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FIG. 5. (a) DC magnetization (M) vs field (H ) for the three
high-symmetry directions H ‖ [001], H ‖ [100], and H ‖ [110]. The
magnetization values at 7 T are provided in the panel. (b) Predicted
field-polarized spin structure for H ‖ [100]. The moments are con-
fined to the ab plane and make a 45◦ angle with the local [100]
axis. (c) Predicted field-polarized spin structure for H ‖ [110]. Due
to in-plane anisotropy with a strong tendency for the moments to
point along local [110] directions, only one sublattice is polarized
while the other one is essentially unresponsive.

transitions created by thermally populating the lowest-lying
crystal field level. Er3+ is a Kramers ion, so the crystal field
ground state must be at least two-fold degenerate. As shown in
Figs. 2(b) and 2(c), each Er ion is surrounded by eight oxygen
ions that generate a monoclinic Cs environment. The low sym-
metry of this point group is expected to produce maximal
splitting of the 16 levels associated with the J = 15/2 ground
state multiplet, so up to seven excited crystal field doublets
may be visible in the low-temperature INS data.

Figures 6(a) and 6(b) present color contour plots of the
Ei = 25 meV and 80 meV datasets, respectively, at 5 K.
The phonon spectra from a nonmagnetic reference sample of
Lu2Be2SiO7 were subtracted off from these data. There are
three strong, flat modes in the lower incident energy dataset
centered about energy transfers of 1.75 meV, 5.22 meV, and
13.73 meV, with two additional strong modes visible in the
other dataset centered about energy transfers of 22.54 meV
and 27.87 meV. Three weaker modes are also present at
energy transfers of 3.47 meV, 7.12 meV, and 49.46 meV.
All eight modes have a magnetic origin, as their intensities
decrease monotonically with increasing Q. The higher tem-
perature data collected at 25 K is shown in Figs. 6(c) and
6(d) and proved invaluable for elucidating the crystal field
scheme. While seven of the eight modes previously observed
had reduced intensity at 25 K, the intensity of the 3.47 meV
mode was enhanced. This finding suggests that this mode
corresponds to a virtual crystal field transition. Indeed, the
energy of this mode corresponds to the difference between the

first and second excited doublets. Therefore, the other seven
levels observed at 5 K are the expected transitions associated
with the ground state doublet. Several other virtual crystal
field transitions are observed in the 25 K datasets as well,
with the most prominent features centered at 8.51 meV and
11.98 meV. The energy levels and integrated intensities of
these CEF excitations have been extracted by fitting constant
Q cuts (integration range of 1.5 to 2 Å−1 and 3 to 3.5 Å−1

for the Ei = 25 meV and 80 meV datasets respectively) to a
sum of Lorentzian functions with a linear background. The
integrated intensities of the crystal field modes above 20 meV
were normalized by a scale factor obtained by comparing the
integrated intensities of the 13.73 meV mode in both the low-
and high-incident energy datasets.

To ensure that all the crystal field parameters are real, we
choose the local y axis to be perpendicular to the mirror plane
associated with the Cs point group [79,80]. As mentioned
above, this corresponds to the [110] crystallographic direction
for one of the dimer sublattices, and it is guaranteed to be one
of the principal g-tensor directions by symmetry. On the other
hand, the two principal g tensor directions in the xz plane are
strongly dependent on the details of the surrounding ligands,
and they are not known a priori. Our choice of y axis generates
the following CEF Hamiltonian with 15 terms:

H = B0
2Ô0

2 + B1
2Ô1

2 + B2
2Ô2

2 + B0
4Ô0

4 + B1
4Ô1

4 + B2
4Ô2

4

+ B3
4Ô3

4 + B4
4Ô4

4 + B0
6Ô0

6 + B1
6Ô1

6 + B2
6Ô2

6 + B3
6Ô3

6

+ B4
6Ô4

6 + B5
6Ô5

6 + B6
6Ô6

6,

where Bm
n and Ôm

n represent the crystal field parameters and
the corresponding operators in Stevens notation. Note that
Bm

n = λm
n θnAm

n , where λm
n are normalization constants [81],

θn are constants associated with the electron orbitals of Er3+

[82,83], and Am
n are the crystal field parameters in Wybourne

notation.
The standard approach for determining crystal field pa-

rameters from INS data for higher point-symmetry systems
is to perform a point charge calculation to obtain reason-
able starting values and then refine the parameters through
a least-squares fitting process with the data using the typical
χ2 minimization function. For an under-constrained problem
with a low point symmetry such as the present case, there is a
strong likelihood that this procedure will not result in a mean-
ingful solution since the fitting routine may get stuck in the
same local minimum each time. To mitigate this issue and fa-
cilitate quick comparisons between INS data and crystal field
models, the software package CrysFieldExplorer was devel-
oped recently [84]. One key advantage of CrysFieldExplorer
is the use of a revised cost/loss function for comparing the
experimental and calculated CEF energy levels, which signif-
icantly reduces the likelihood of getting stuck in local minima.
CrysFieldExplorer also takes advantage of high-performance
parallel computing so rapid searches through complex param-
eter spaces can be conducted. This allows one to bypass the
crystal field point charge calculation step in the determination
of crystal field parameters from INS data and set up a random
parameter initialization instead so that the parameter space
search is not biased towards particular local minima. Note that
CrysFieldExplorer reports crystal field parameters as Bm

n /θn.
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FIG. 6. Color contour plots of the scattering intensity (in arb. units) as a function of momentum transfer Q and energy transfer E for the
following datasets: (a) Ei = 25 meV, T = 5 K, (b) Ei = 80 meV, T = 5 K, (c) Ei = 25 meV, T = 25 K, (d) Ei = 80 meV, T = 25 K. Several
crystal field excitations from Er3+ are visible in this data.

Promising crystal field parameter sets for Er2Be2SiO7 were
obtained by considering a custom loss function of the form

Ltot = LE + LInt + LM, (1)

where LE , LInt, and LM are the loss function components
for the INS energy levels, the INS integrated intensities and
the 2 K powder-averaged M vs H data respectively. Their
functional forms are given by

LE = log10

(∑
i

det
{(

E exp
i + E cal

0

)
I − H

}2

det
{
E exp

i I
}2

)
, (2)

LInt =
√∑ (

Iexp
i − Icalc

i

)2√∑(
Iexp
i

)2
, (3)

LM =
√∑(

Mexp
i − Mcalc

i

)2√∑(
Mexp

i

)2
, (4)

where I represents the identity matrix, H is the CEF Hamil-
tonian, and "det" denotes the determinant of a matrix. While

LE includes contributions from the 5 K INS data only, LInt

includes intensities from both the 5 K and 25 K INS datasets.
The summation on index i in Eq. (4) is carried out using a
field interval three times larger than the measurement step
size to reduce the computation time of the powder-averaged
magnetization calculations.

The complete set of INS energy levels and integrated
intensities included in the fitting process are presented in
Table II. Due to the large crystal field parameter space, Crys-
FieldExplorer used the covariance matrix adaptation evolution
strategy (CMA-ES) to minimize LE + LInt initially. The fitting
routine was run over 1900 times to sample the loss space, and
129 solutions were found that matched the INS data signif-
icantly better than other solutions. Due to the computational
cost of simulating powder-averaged magnetization data, LM

was not included in the initial optimization but was later used
in conjunction with the loss function from the INS data to
assess the candidacy of the remaining 129 possible solutions.
Ltot vs B0

2/θ2 for each of the 129 solutions is plotted in
Fig. 7(a) with the chosen coordinate system for the crystal
field parameters corresponding to the one with B1

2 = 0, which
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TABLE II. Measured CEF energy levels and the integrated in-
tensities for all the transitions measured with INS. When the initial
state corresponds to the CEF ground state doublet (i.e. 0), the data
were collected at 5 K. Otherwise, the data were collected at 25 K.
All the measured integrated intensities were normalized to the value
for the 1.75 meV mode. The calculated integrated intensities for the
two most probable CEF parameter sets discussed in the main text are
also presented.

Transition Eobs(meV) Iobs Icalc1 Icalc2

0-1 1.75(3) 1.0 1.0 1.0
0-2 5.22(3) 0.43(6) 0.408 0.357
0-3 7.12(5) 0.007(3) 0.020 0.029
0-4 13.73(1) 0.160(6) 0.152 0.156
0-5 22.54(5) 0.073(7) 0.047 0.078
0-6 27.87(8) 0.025(4) 0.016 0.021
0-7 49.46(11) 0.0064(9) 0.013 0.006
1-2 3.47 0.20(3) 0.192 0.227
2-4 8.51 0.040(3) 0.048 0.044
1-4 11.98 0.022(5) 0.005 0.006

has often been used for this low point symmetry previously to
make comparisons between different crystal field parameters
more straightforward [85]. In other words, for the specific Er
ion being considered here the local y axis is aligned with the
crystallographic [110] direction and the x and z axes make
an arbitrary angle with the crystallographic [1-10] and [001]
directions, respectively. The large number of solutions with
low Ltot values indicate that a simultaneous fit of these three
datasets is insufficient to fully constrain the 15 CEF parame-
ters for this system.

To further constrain the possible crystal field parameter
solutions, we use the 2 K M vs H data shown in Fig. 5(a) to
establish approximate lower and upper bounds for the g-tensor
components of the crystal field ground state doublet. We note
that these bounds are based on the assumption that the princi-
pal g-tensor components are along the [110], [1-10], and [001]
crystallographic directions for the Er ions forming one dimer
sublattice, which correspond to the y, x, and z axis in the local
frame, respectively. For the second Er dimer sublattice, the in-
plane crystallographic directions corresponding to the x and y
axes are reversed. Although the monoclinic site symmetry of
the Er ions in this system ensures that the principal directions
of the g tensor in the xz plane cannot be uniquely determined
by symmetry constraints, a nearest-neighbor point charge cal-
culation of the crystal field levels suggests that they are within
20◦ of our assumption. A magnetic structure refinement of
recent low-temperature neutron diffraction data collected on
the sister compound Dy2Be2SiO7 provides further support for
this assumption, as the moment direction was found to be in
the xz plane with the local x-axis (or true Ising axis) making
an angle of ∼ 17◦ with the crystallographic [1-10] (or [110])
direction [86].

Subtracting off the linear van Vleck contribution for each
field direction leads to saturation magnetization values of
2.65, 3.92, and 4.83 µB for H ‖ [110], [100], and [001] respec-
tively. As described above, the Er moments display a large
anisotropy in the SSL planes, with a strong tendency to point
along their local y-axis directions. This behavior suggests that

FIG. 7. (a) The loss function value vs B0
2/θ2 for all 129 crys-

tal field parameter solutions determined by CrysFieldExplorer. The
solid red circles represent the six unique solutions that are consis-
tent with the known magnetic anisotropy of the system and satisfy
the hard g-tensor constraints as discussed in the main text. (b) A
comparison of the calculated (blue and green circles) vs measured
(red circles) powder-averaged magnetization. The calculated magne-
tization curves for the two most probable crystal field solutions (as
discussed in the main text) are shown. (c, d) A comparison of the
calculated (blue and green curves) vs simulated experimental INS
spectra (red circles) at 5 K and 25 K, respectively. The calculated
spectra for the two most probable crystal field solutions are superim-
posed on the simulated data.

gxx should be small. The other interesting observation from
this data is that M110

sat /M100
sat ≈ 1/

√
2 and M110

sat /M001
sat ≈ 1/2.

Since we argued above that only one Er dimer sublattice
contributes to the magnetization with a magnetic field H ‖
[110] while both sublattices should contribute equally when
H ‖ [001], this implies that gyy and gzz are very similar and the
system has a quasi-XY magnetic anisotropy. As we will dis-
cuss in the next section, we also find that the ordered moment
points along the local y direction. Therefore, we assume that
appropriate crystal field solutions should have gyy > gzz. Fi-
nally, we can place hard constraints on the maximum possible
gyy and gzz values from the 2 K saturation magnetization (note
that these are not exact gyy and gzz values due to the low-lying
crystal field level at 1.75 meV) and the minimum possible gyy

value from the magnitude of the ordered moment determined
from neutron diffraction. We find that the upper bounds on gyy

and gzz are given by 4M110
sat = 10.6 and 2M001

sat = 9.66 respec-
tively. The magnitude of the ordered moment, as determined
from neutron diffraction, has a value of 2.47(3) µB and sets a
lower limit on gyy = 4.94.

With the hard constraints on the g-tensor components of the
crystal field ground state doublet now established as 4.94 <

gyy < 10.6 and 0 < gzz < 9.66, the number of viable solutions
from the CrysFieldExplorer analysis described above can be
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TABLE III. The crystal field parameters (in Stevens notation), the diagonal g-tensor components, and the Ltot values for the six unique
solutions identified with CrysFieldExplorer that are consistent with the known magnetic anisotropy of the system and satisfy the hard g-tensor
constraints discussed in the main text. The crystal field parameters are provided in units of meV.

Bm
n 1 2 3 4 5 6

B0
2 −9.32 × 10−2 −1.95 × 10−2 −6.86 × 10−2 −6.55 × 10−2 −1.28 × 10−1 −9.55 × 10−2

B1
2 0 0 0 0 0 0

B2
2 1.88 × 10−1 2.97 × 10−1 2.53 × 10−1 2.49 × 10−1 2.64 × 10−1 1.94 × 10−1

B0
4 4.93 × 10−5 2.31 × 10−4 5.33 × 10−4 3.18 × 10−4 1.35 × 10−4 4.66 × 10−4

B1
4 −1.75 × 10−3 −8.48 × 10−4 4.13 × 10−3 −3.44 × 10−3 −3.34 × 10−5 −2.58 × 10−3

B2
4 −2.20 × 10−3 −2.66 × 10−3 −5.46 × 10−4 −1.03 × 10−3 −1.82 × 10−3 −3.21 × 10−4

B3
4 1.08 × 10−2 4.20 × 10−3 −7.33 × 10−3 9.59 × 10−3 1.04 × 10−2 1.39 × 10−2

B4
4 3.21 × 10−3 3.27 × 10−3 3.17 × 10−4 −6.70 × 10−5 6.70 × 10−4 3.75 × 10−4

B0
6 5.44 × 10−7 −2.57 × 10−6 −3.17 × 10−6 −6.71 × 10−6 1.72 × 10−6 −2.32 × 10−6

B1
6 −5.84 × 10−6 −6.56 × 10−5 −1.24 × 10−5 2.86 × 10−5 1.10 × 10−5 1.19 × 10−5

B2
6 2.09 × 10−5 9.36 × 10−6 1.43 × 10−5 1.99 × 10−5 2.24 × 10−6 1.76 × 10−6

B3
6 −3.87 × 10−5 6.25 × 10−6 7.82 × 10−5 −4.78 × 10−5 −6.85 × 10−5 −8.38 × 10−5

B4
6 −2.96 × 10−5 −2.17 × 10−5 −7.60 × 10−5 8.13 × 10−7 −4.24 × 10−5 −1.48 × 10−5

B5
6 1.65 × 10−4 4.70 × 10−5 1.80 × 10−6 1.50 × 10−5 4.84 × 10−5 1.17 × 10−4

B6
6 −5.49 × 10−5 −1.31 × 10−5 −5.22 × 10−5 −4.18 × 10−5 1.78 × 10−5 3.77 × 10−5

gxx 2.57 2.33 1.72 0.03 0.57 1.49
gyy 9.48 9.57 10.1 8.81 9.76 10.2
gzz 6.62 7.02 6.96 8.12 7.80 7.79
Ltot 18.64 19.28 19.56 19.73 20.01 20.84

drastically reduced. Note that gxx and gzz are interchangeable
here due to two degenerate sets of crystal field parameters
related by a 90◦ rotation about the y axis that we could not
differentiate between when fitting the INS data above. Taking
these criteria into account drastically reduces the number of
acceptable solutions from 129 to 17. Two of them can be
discarded immediately due to their nearly isotropic g tensors,
which are inconsistent with the known magnetic anisotropy of
the system. Furthermore, only six of the remaining solutions
are unique. Their B0

2/θ2 values are depicted with solid red
circles in Fig. 7(a). Their crystal field parameters, diagonal
g-tensor components, and Ltot values are presented in Table III
in order of increasing Ltot . The calculated integrated inten-
sities for the Ltot = 18.64 (Icalc1) and 19.28 (Icalc2) solutions
from Table III are shown in Table II. Figure 7(b) compares
the calculated M vs H to the experimental data for the same
two solutions. Figures 7(c) and 7(d) show similar comparisons
with the 5 K and 25 K INS data, respectively. The experimen-
tal (simulated) neutron scattering spectra were plotted here by
using a sum of Lorentzian functions with the measured (cal-
culated) energy levels, the measured (calculated) integrated
intensities, and fixed widths independent of energy transfer.
Both solutions successfully account for most energy levels
and their relative integrated intensities, although it is difficult
to capture the small feature at ∼7 meV accurately as the low
intensity ensures that its contribution to Ltot is minimal.

C. Zero-field magnetic ground state

The magnetic susceptibility χ vs T for a 0.1 T field
applied along the crystallographic [001], [110], and [100]
directions is shown in Fig. 8. All three datasets show a

decrease in the signal at an average temperature of 0.841 K,
which is indicative of a phase transition to long-range
antiferromagnetic order. The enhanced signal reduction for
the in-plane directions suggests that the ordered moments lie
in the SSL plane.

To determine the ordered spin configuration in the anti-
ferromagnetic ground state, we performed neutron powder
diffraction measurements. The nuclear structure was first

FIG. 8. The DC susceptibility (χ ) and its derivative (dχ/dT ) vs
T measured at 0.1 T along three high-symmetry crystallographic di-
rections. The peaks in (dχ/dT ), indicative of the magnetic transition
temperature, are visible at 0.832, 0.827, and 0.865 K for applied
fields along the [001], [110], and [100] directions, respectively.
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FIG. 9. (a) The neutron powder diffraction pattern collected at 4 K (above TN ). The best Rietveld refinement result is superimposed on
the data. The nuclear Bragg peaks from the sample and the background are indicated by green and red ticks, respectively, and the difference
curve is shown below the Bragg peaks. (b) The neutron powder diffraction pattern collected at 0.28 K (below TN ). The best Rietveld refinement
result, which now includes a magnetic phase, is again superimposed on the data. The magnetic Bragg peaks are denoted by the yellow ticks.
(c) Schematics of the in-plane spin structures for the �1 to �4 models. The Rmag values for the best refinements (which include out-of-plane
components when allowed by symmetry) using each of these models are also shown. (d) The spin configuration of the �1 magnetic structure
realized by Er2Be2SiO7 below TN , with the dimer bonds shown in pink. The moments have a magnitude of 2.47(3) µB, and each square
plaquette consists of two moments pointing into it and two pointing out.

confirmed by performing a Rietveld refinement using the
FULLPROF software suite [73] on a diffraction pattern col-
lected above TN at 4 K. The data and the refinement results
are shown in Fig. 9(a). The obtained lattice parameters,
a = 7.262 Å and c = 4.744 Å, agree well with the XRD re-
sults discussed above. No evidence of a structural transition
between 4 K and 300 K is found.

A second neutron diffraction pattern was measured well
below TN at 0.28 K. The nuclear phase was first refined
using the parameters obtained from the 4 K fit as a starting

point, and no significant changes to the crystal structure were
identified. Several additional Bragg peaks are visible in the
low-temperature data, and they could be indexed to a magnetic
propagation vector of �k = (0, 0, 0.5). Since there is only one
SSL plane per chemical unit cell for the R2Be2SiO7 family,
this implies that the dominant interplane coupling is anti-
ferromagnetic (AFM). With the magnetic propagation vector
established, the software package SARAh [87] was used to
identify all five irreducible representations (IRs) in Kovalev’s
notation [88] allowed by symmetry. The �1-�4 IRs correspond
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to spin states with AFM dimers, while the �5 IR has ferromag-
netic (FM) dimers. The �1 and �3 magnetic structures have
their moments confined to the local directions perpendicular
to the dimer bonds in the ab plane, with �1 and �3 consisting
of two different square plaquette spin configurations. The
�2 and �4 magnetic structures can have in-plane moments
parallel to the dimer bonds, out-of-plane moments, or some
combination of both. There are two main differences between
them. First, the �4 in-plane moments form a magnetic state
with a definite handedness, but this is not true for �2. Second,
in a given SSL plane the c-axis moments are parallel for the
�2 structure, while they are antiparallel for the two dimer sub-
lattices of the �4 configuration. Schematics for the in-plane
moment configurations of the �1 to �4 magnetic structures
are shown in Fig. 9(c).

For Er2Be2SiO7, the negative Curie-Weiss temperatures
identified above suggest that its low-temperature ground
state consists of AFM dimers, and therefore the most likely
candidates are the �1-�4 magnetic structures. To test this hy-
pothesis, we performed systematic Rietveld refinements using
the 0.28 K NPD data and the calculated magnetic diffraction
patterns from each of the IRs in turn. Indeed, we find the
largest Rmag = 141.7 for the �5 model with the FM dimers.
The fit quality improves substantially for all four AFM dimer
models as shown in Fig. 9(c), but we find the best agreement
(Rmag = 28.27) for the �1 IR. Our �1 magnetic structure re-
finement returns an ordered moment value of 2.47(3) µB and
indicates that all the Er moments point along the normal to
their local mirror planes. A schematic of the refined magnetic
structure viewed along the crystallographic c axis is shown in
Fig. 9(d).

D. Magnetic phase diagrams

We collected a variety of bulk characterization data with
the applied magnetic field along the high-symmetry direc-
tions [001], [110], and [100] to explore the possibility of
field-induced phase transitions and to establish H-T magnetic
phase diagrams. DC magnetization M vs field H is shown
at selected temperatures for these three high-symmetry direc-
tions in Figs. 10(a)–10(c). The first derivative dM/dH is also
shown on these same panels. Although magnetization plateaus
are often observed in SSL systems, there is no evidence for
them in these data. The in-plane field dependence of both
M and dM/dH appears to be quite simple, with only one
abrupt slope change in the 0.4 K magnetization data around
0.3–0.4 T corresponding to a large peak in dM/dH . This
behavior is indicative of a single metamagnetic transition
from the zero-field ground state established above to the field-
polarized phase. The real part of the AC susceptibility, plotted
in Figs. 10(e) and 10(f), shows that no additional features
appear down to 30 mK.

On the other hand, the H ‖ [001] data appear to be more
interesting. Aside from clear evidence in the 0.4 K magneti-
zation data for a ∼1.1 T phase transition to a field-polarized
state, there is at least one lower-field peak in dM/dH as
shown in Fig. 10(a). Furthermore, the AC susceptibility data
presented in Fig. 10(d) reveal that the H-T phase diagram
becomes more complex when the temperature is decreased
below 0.4 K, as an additional peak appears in the data at

an intermediate field. This feature may correspond to a third
phase transition. The transition to the field-polarized phase
occurs at a slightly lower field of 0.8 T in these data only,
which is likely due to a slight sample misalignment.

Complementary heat capacity data with the field applied
along the same three high-symmetry directions is shown in
Figs. 10(g)–10(i). All three datasets have the same general be-
havior, with clear λ anomalies indicative of low-temperature
magnetic order in the lower-field range and broader features
characteristic of the field-polarized phase in the higher-field
regime. As expected for the zero-field antiferromagnetic state,
its ordering temperature is suppressed with increasing field
applied along any direction. The field evolution of the mag-
netic phase transition is extremely anisotropic for in-plane vs
out-of-plane fields, with a much larger field required to reach
saturation for H ‖ [001].

Figure 11 summarizes the bulk characterization results
for the three high-symmetry directions. These H-T phase
diagrams were constructed from a combination of the heat
capacity data (λ anomaly temperature), the real part of the
AC susceptibility (peak fields), and dM/dH (peak fields). As
described above, the phase diagrams for the two in-plane field
directions are nearly indistinguishable and consist of a single
metamagnetic transition from the low-field �1 antiferromag-
netic ground state to a field-polarized phase [see Figs. 5(b)
and 5(c) for schematics of the high-field spin structures]. The
phase diagram for H ‖ [001] is more complex, as we have
identified two intermediate field-induced states.

To investigate the microscopic origin of these phases in
more detail, we performed a single-crystal neutron diffrac-
tion experiment with the magnetic field applied along the
[001] direction. This was a challenging measurement due to
the low-field magnetic propagation vector of �k = (0, 0, 0.5),
which can only be probed with this field direction using
a horizontal-field cryomagnet or a vertical-field cryomagnet
with out-of-plane detector geometry. We performed this ex-
periment on DEMAND since it offers the latter combination,
although very few magnetic Bragg peaks could be measured
in each phase due to the limited vertical acceptance of the
cryomagnet.

The main results of the neutron diffraction experiment
are shown in Fig. 12. While we identified �k = 0 and �k =
(0, 0, 0.5) Bragg peaks in these measurements, no peaks
indicative of additional magnetic propagation vectors were
found at any applied field. Here we present the field evolution
of the (3,1,0) and (3,1,0.5) Bragg peak integrated intensities at
a fixed temperature of 0.28 K. There are three different field
regimes. For the lowest fields, both the (3,1,0) and (3,1,0.5)
integrated intensities are roughly constant. For intermediate
fields, the (3,1,0.5) peak and the (3,1,0) peak intensities show
a large decrease and increase, respectively. For the highest
fields, the (3,1,0.5) peak intensity is completely suppressed,
while the (3,1,0) peak shows another modest intensity in-
crease. The field evolution of the (3,1,0) peak tracks the 0.4 K
magnetization data well, which shows that it is an effective
probe of the net moment along the c axis. These results in-
dicate that one of the intermediate phases corresponds to a
2�k structure, with the in-plane and out-of-plane moment com-
ponents giving rise to the �k = (0, 0, 0.5) and �k = 0 magnetic
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FIG. 10. (a–c) DC magnetization and dM/dH vs H for applied magnetic fields along the [001], [110], and [100] directions at select
temperatures. While only a single peak in dM/dH indicative of one metamagnetic phase transition is visible in the low-T in-plane field data,
there are at least two dM/dH peaks when H ‖ [001]. (d–f) The real component of the AC susceptibility χ ′ vs H . While the results generally
agree with the DC magnetization, there is an extra peak in the lowest-T H ‖ [001] χ ′ data, which suggests that the H -T phase diagram
becomes more complex below 0.4 K. The appearance of peaks in the χ ′ data at slightly lower fields, compared to the magnetization results,
is likely due to a slight sample misalignment. (g–i) Heat capacity data Cp vs T for all three field orientations. In each case, the zero-field λ

anomaly indicative of magnetic order is suppressed with increasing field and replaced by a broad hump in the higher field range signifying
the field-polarized phase regime. The onset of the polarized phase occurs at a much higher field for H ‖ [001] due to the significant magnetic
anisotropy of this system.
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FIG. 11. H -T phase diagrams for Er2Be2SiO7 with H ‖ [001], H ‖ [110], and H ‖ [100]. Dashed lines are drawn as guides to the eye.
The in-plane field behavior is quite simple and consists of only phase I and phase II, which correspond to the �1 magnetic structure and the
field-polarized state. There are two additional phases for H ‖ [001] found at intermediate field ranges between phase I and II. Single-crystal
neutron diffraction suggests that phase III is a 2�k magnetic structure corresponding to a field-induced canting of the moments towards the
c axis, while the nature of phase IV remains unknown.

propagation vectors, respectively. The onset of the polarized
phase corresponds to the disappearance of the (3,1,0.5) peak
and hence the complete suppression of the in-plane moment
component. There appears to be a weak energy barrier that
must be overcome by the magnetic field to reach the 2�k state
since the (3,1,0.5) peak intensity does not decrease immedi-
ately after the field is applied. This behavior provides further
evidence that the Er moments in this system have quasi-XY
rather than true XY magnetic anisotropy. Finally, we note that
there is no evidence for the second intermediate-field phase in
this data, which may be due to the elevated base temperature
as compared to the AC susceptibility measurement.

FIG. 12. Field dependence of the integrated intensity for the
(3,1,0) and (3,1,0.5) Bragg peaks. While the (3,1,0.5) integrated
intensity drops sharply between 0.4 and 1 T, the (3,1,0) integrated
intensity tracks the field dependence of the DC magnetization at
comparable temperatures quite well. The field dependence of these
two peaks matches expectations for a field-induced canting of the
moments towards the c axis that cannot proceed until a small energy
barrier due to the magnetic anisotropy of the system is overcome first.

IV. CONCLUSIONS

We investigated the structural and magnetic properties
of both polycrystalline and single-crystal samples of the
Shastry-Sutherland lattice system Er2Be2SiO7 using a variety
of bulk characterization and scattering techniques. This ma-
terial crystallizes in the tetragonal P-421m space group (113)
over a wide temperature range from 0.28 K to 300 K. The Er
moments have a quasi-XY magnetic anisotropy with a small
preference to lie along the normal to their local mirror plane,
which corresponds to the crystallographic [110] or [1-10]
direction for the two orthogonal dimer sublattices. Inelastic
neutron scattering data show that the Jeff = 1/2 model is not
appropriate for this system due to a low-lying crystal field
level, and it was also used to establish some probable crystal
field parameters for this material.

Er2Be2SiO7 exhibits long-range noncollinear magnetic or-
der below TN = 0.841 K. The Shastry-Sutherland planes of
the �1 structure consist of antiferromagnetic dimers with in-
plane moments perpendicular to the dimer bonds and square
plaquettes with two moments pointing in and two moments
pointing out of them. The �k = (0, 0, 0.5) magnetic prop-
agation vector also ensures that there is antiferromagnetic
coupling between the Shastry-Sutherland planes. A modest
in-plane magnetic field ∼0.4 T induces a magnetic transition
from the �1 magnetic structure to a field-polarized phase.
An H ‖ [001] field generates a more complicated H-T phase
diagram with at least two intermediate field states between
the �1 and field-polarized phases. One intermediate phase has
a 2�k magnetic structure corresponding to a gradual canting
of the moments towards the c axis with increasing field, while
the nature of the second intermediate phase remains unknown.
The microscopic origins of the field-induced phases eluci-
dated here are consistent with expectations for the behavior
of classical, anisotropic moments.

Despite the conventional magnetic properties of
Er2Be2SiO7, we expect our work to motivate comprehensive
magnetism studies of other isostructural R2Be2SiO7 and
R2Be2GeO7 family members. There is a strong likelihood that
the rare-earth-based Shastry-Sutherland planes, combined
with specific magnetic anisotropies and insulating behavior,
will generate exotic zero-field magnetic ground states
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and field-induced magnetization plateaus for many family
members that can be readily compared to theoretical
predictions of the beyond-Heisenberg Shastry-Sutherland
model. In fact, both features have been identified in recent
work on a subset of these materials [70–72].
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