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Abstract

Geometrically frustrated magnetism arises when competing exchange interactions

are incompatible with the geometrical arrangement of magnetic ions in the lattice.

This leads to a large ground state degeneracy and the system typically has difficulty

establishing a unique ground state often resulting in unusual magnetic ground states

characterized by quantum entanglement and complex field dependent phase diagrams.

The rare earth compound family R2Be2SiO7 garnered our attention when we realized

that the R3+ ions formed a structure equivalent to the geometrically frustrated

Shastry-Sutherland lattice. The competing interactions and unique geometry of this

lattice produces interesting magnetic phases both in zero field, in the form of unique

ground states lacking long range order, and in field, where an out of plane field induces

magnetization plateau in several members.

An investigation into three members of the R2Be2SiO7 family, Er2Be2SiO7,

Dy2Be2SiO7, and Yb2Be2SiO7 is presented in this thesis. Both Er2Be2SiO7 and

Dy2Be2SiO7 compounds order into non-collinear antiferromagnetic states at 0.85 K

and 1.1 K respectively. While Yb2Be2SiO7 shows no signs of long range order and

instead appears to realize a unique entangled dimer ground state. For Er2Be2SiO7

field applied perpendicular to the plane produces two successive magnetic transitions

but nor magnetization plateau. The behavior of Er2Be2SiO7 is broadly consistent

with classical anisotropic moments. In Dy2Be2SiO7 a field applied perpendicular to

the plane produces several magnetization plateau at: 1/7,4/9, and 2/3 fractions of
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the saturation magnetization. Both Er2Be2SiO7 and Dy2Be2SiO7 have different zero-

field spin structures with the same magnetic propagation vector of (0,0,1/2) and with

moments primarily oriented in the ab-plane. The spin structure of the plateau phases

in Dy2Be2SiO7 remains to be determined.

For all three compounds inelastic neutron scattering experiments were done to

gain insight into the CEF spectrum of the compound. The ground state doublet is

found to be well isolated in Dy2Be2SiO7 and Yb2Be2SiO7 with the first excited level

at 7.9 meV and 11 meV respectively. For Er2Be2SiO7 the first excited level is at only

1.7 meV indicating an Seff = 1/2 model is not appropriate. In Yb2Be2SiO7 inelastic

measurements with cold neutrons reveal several excitations related to gaps in the

spin excitation spectrum at energy transfers of 0.11 meV and 0.19 meV. Subsequent

analysis determines that these gaps are due to excitations from the novel entangled

dimer unit ground state: (↑↑ − ↓↓)/
√
2.
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Chapter 1

Introduction

The first discovery of magnetism and magnetic materials is attributed to the Greeks

who in ∼600 BC recorded the properties of magnetite (Fe2O3). In the 21st century

using the framework of quantum mechanics we identify the magnetism in magnetite

as ferromagnetism, a phenomenon in which unpaired electrons in the material co-

operatively align in one directions resulting in a macroscopic magnetic moment. The

next great leap in our understanding of magnetism coincides with the experimental

detection of anti-ferromagnetism via neutron diffraction [1], where magnetic moments

in a crystal form a bipartite lattice whose net magnetization approaches zero. In

modern research on magnetism the large variety of systems of interest and reported

types of magnetic interactions produce a similarly large array of phenomenon.

One such phenomenon of interest is magnetic frustration where in the spins are

unable to orient themselves in a way that satisfies competing magnetic interactions.

This frustration often results in the suppression of more typical long range magnetic

order and allows for the formation of several novel phenomenon. A common way to

induce magnetic frustration is geometric frustration where the spatial arrangement of

spins produces competing interactions [2, 3, 4]. The simplest example of geometrical

frustration can be seen in a triangular lattice with Ising spins. Spins are coupled
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antiferromagnetically along one axis and there is no arrangement which can satisfy

the interactions among the three spins.

Beyond the simple case of a triangular lattices many other lattices can result

in geometric frustration such as triangular, kagome, and pyrochlore. One such

lattice capable of inducing geometrical frustration is the Shastry-Sutherland lattice

(SSL). The SSL consists of planes of orthogonal dimers such that each magnetic

ion has one nearest neighbor and four next-nearest neighbors. The SSL model has

attracted significant interest as simple model which is exactly solvable [5]. For

certain parameters the SSL has long been predicted to host an entangled ground

state consisting of dimer units. This prediction would later be confirmed by the

synthesis and investigation of the first SSL compound SrCu2(BO3)2, wherein the Cu

ions arrange themselves in a SSL.

We have synthesized a new family of rare earth based Shastry-Sutherland magnets

with the formula R2Be2SiO7 (R = Nd, Sm, and Gd-Yb) [6]. A brief analysis of the

atomic structure of the entire series is presented in the introduction, all members

are iso-structural. This thesis is organized as follows. A brief introduction to

geometrically frustration, the SSL,and structural characterization of the R2Be2SiO7

system is given. An overview of the experimental techniques utilized is given

in chapter 2. While the magnetic properties of Er2Be2SiO7, Dy2Be2SiO7, and

Yb2Be2SiO7 are presented in detail in chapters 3,4, and 5 respectively. The main

results on the above three R2Be2SiO7 (R = Er, Dy, Yb) compounds are summarized

in chapter 6 alongside suggestions for future work.

1.1 Introduction to Frustrated Magnetism

In physics, frustration refers to the presence of competing forces that can not be

simultaneously satisfied. In frustrated magnetism this refers to magnetic moments or

spins and the exchange interaction forces that influence their orientation. Although

frustration in magnetic systems can arise for multiple reasons, e.g site disorder, it
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mostly common refers to geometric frustration where the arrangement of ions in a

periodic crystal induce exchange interactions with contributions to the energy that

cannot be simultaneously minimized by any arrangement of the magnetic moments. A

simple example of this frustration can be seen by considering Ising moments restricted

to the vertical axis with antiferromagnetic coupling between spins arranged in a

triangular lattice, Fig 1.1. Although two of the three spins can be aligned antiparallel

with each other satisfying the coupling constraint there is no orientation of the third

spin that can simultaneously satisfy the coupling interaction with the other two.

Typically geometrically frustrated lattices are based either on corner or edge

sharing triangles or tetrahedra. Examples of frustrated lattices include the 2D

triangular [7], 2D kagome [8], and 3D pyrochlore [9, 3] lattices which are shown

in Fig 1.2. The 2D triangular and kagome lattices both contain frustrating triangles

while the 3D pyrochlore lattice is an example of frustrated Tetrahedra. Geometrical

frustration in magnetic crystals has attracted intense interest as a pathway to avoid

conventional Neel order and stabilize more exotic phases including resonating valence

bond crystals [10, 11, 12, 13], spin ices [14, 15, 16, 17], and quantum spin liquid phases

[18, 19, 20, 21, 22, 23, 24, 25, 26].

1.2 The Shastry-Sutherland Lattice

The Shastry Sutherland lattice (SSL) can be described as a square lattice of

orthogonal dimers where each ion has a single nearest or intra-dimer neighbor and four

next-nearest or inter-dimer neighbors as depecited in Fig 1.3[5]. The Hamiltonian for

the system including the Zeeman interaction with a magnetic field B⃗ can be written

as [27]:

H =
∑
nn

SiJ1Sj +
∑
nnn

SiJ2Sj − B⃗
∑
i

Si (1.1)
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Figure 1.1: The simplest example of geometric frustration can be seen by considering
Ising spins arranged in a triangular lattice.
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Figure 1.2: Common Frustrated lattices. The triangular and Kagome lattices are
example of frustration in 2D while the pyrochlore lattice is an example of frustration
in 3D.
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Figure 1.3: (a) The theoretical lattice first considered by Shastry and Sutherland in
1981. It can be described as a square lattice with an additional diagonal bond every
other square. (b) The topologically equivalent experimental realization of the SSL in
RB4.
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The lattice has been extensively studied for Heisenberg [27, 28, 29], Ising [30, 31,

32], and XXZ [33, 34] cases but limited work has been done on the more general XYZ

case. For the maximal quantum case of Seff = 1/2 the Heisenberg SSL is known to

host a ground state consisting of products of dimer singlets for a sufficiently large value

of J1/J2 where J1 and J2 are the intra and inter dimer coupling strengths respectively

[5].

In the case of classical spins (S → ∞) typical Neel Order is favored for the

ground state for all values of J1/J2 in both Heisenberg [27, 29]and Ising models [32].

Although the predicted ground state is somewhat typical, experimental realizations

of classical spins on an SSL also display striking series of magnetization plateau at

rational fractions of the saturation magnetization as seen in the RB4 series.

1.2.1 SrCu2(BO3)2

Experimental realizations of the Shastry-Sutherland lattice are rare and of the few

known compounds that do form a SSL SrCu2(BO3)2 is the most notable [35, 36]. In

SrCu2(BO3)2 the Cu ions form SSL layers in the ab-plane and layers are AAA-type

stacked along the c-axis [37]. The inter-planar bond distance is greater than both

intra and inter dimer bond distances and although inter-plane coupling is considered

in some models layers are most typically considered isolated resulting in a 2D system

like that originally considered by Shastry and Sutherland [5]. In SrCu2(BO3)2 the

transition metal and spin 1/2 Cu ions have simple Heisenberg anisotropy and the

Hamiltonian of the system is of the same form as equation 1.1.

At low temperatures a gap in the excitation spectrum is observed at ∼ 3 meV

corresponding to an excitation from the singlet dimer state, ϕ = ↑↓ − ↓↑, to one

of the degenerate triplet states [38, 39, 40]. The spectra peak associated with this

excitation is nearly dispersion-less indicating that triplet excitations carry very little

momentum and their hopping ratio is so small that the excitations can nearly be

considered completely bound to the site. Intriguingly it has been shown that α =
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J1/J2 is close to a critical point and is very sensitive to the application of pressure

[41, 42, 37, 43]. Under applied pressure at low temperatures the magnetic ground

state of the system transitions from a product of dimer singlets to an entangled

plaquette phase and finally to an ordered antiferromagnetic state, with possibly other

intermediate phases.

In SrCu2(BO3)2 several plateaus are observed in the magnetization at rational

fractions of the saturation magnetization. These plateaus form the improbable

sequence 1/8, 2/15, 1/6, 1/4, 1/3, 2/5, and 1/2. The plateaus are attributed to

wigner crystals either of individual triplet excitations embedded in a singlet space or

as crystals of bound states each comprising multiple dimer units [41, 39, 44, 45].

1.2.2 RB4 and other compounds

Beyond SrCu2(BO3)2, most SSL compounds contain magnetic rare-earth ions.

The RB4 family represents the only known binary SSL compounds and have

been extensively studied [46, 47, 48, 49, 50]. Though all RB4 compounds order

antiferromagnetically, like SrCu2(BO3)2 several members of this family have complex

magnetic phase diagrams and magnetization plateau at fractional values of the

saturation magnetization. A 1/2 magnetization plateau is observed in ErB4 [46],

DyB4 [50], TbB4 [51, 52], and TmB4 [53, 54]. While TbB4 and TmB4 also displaying

further fractional magnetization plateau at 1/3 and 1/8 respectively. The field induce

magnetic phases observed in the RB4 series range from relatively simple ferri-magnetic

structures to phases with expanded unit cells containing stripe structures [52, 55].

For ternary compounds, a large metallic family with the general formula R2T2X

and structure type U3Si2 have been identified and synthesized. R2T2X compounds

with T (X ) = Si (Al, Sc, Mg, Li), Ge (Mg, In, Al, Sn, Cd), Ni (Sn, Mg), Cu (In,

Mg, Cd), Pd (In, Pb, Cd, Mg), and Pt (Rh, Pb) have been reported and can be

found in the international crystal structure database. Only a small subset of the

listed R2T2X compounds have had their magnetic properties investigated, with bulk
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characterization evidence for both antiferromagnetic and ferromagnetic ground states

available in select cases [56, 57, 58, 59, 60, 61, 62, 63, 64]. The Yb-based systems have

the most complex electronic and magnetic properties, with intermediate valence states

identified in Yb2Si2Al [62] and Yb2Pd2In [65]and quasi-one-dimensional quantum

magnetism arising from weakly coupled spin chains found in Yb2Pt2Pb [64]. There

are two known quaternary SSL families based on insulating oxides or sulfides with

general formulas BaR2MX5 (M = Pd, Zn; X = O, S) [66, 67, 68, 69, 70, 71, 72]and

the melilite type R2Be2GeO7 [73].

1.3 R2Be2SiO7

All members of the R2Be2SiO7 family are isostructural and crystallize into the

tetragonal space group P-421m (113) with the melilite structure [6]. The R and

Be ions occupy two different 4e Wyckoff sites that each generate a SSL topology. The

Si ions occupy a 2a Wyckoff site and they are found in the same plane as the Be ions,

while the O ligands occupy three different Wyckoff sites (2c, 4e, and 8 f ). The oxygen

coordination of the R, Si, and Be ions are 8, 4, and 4, respectively. The distorted RO8

polyhedron generates a low-point symmetry of Cs (or m), which needs to be taken

into account when considering crystal-field splitting of the R ground-state multiplet.

In this structure, the R and BeO4/SiO4 planes are alternatively stacked along the

[001]-axis as shown in Fig 1.4. Each BeO4/SiO4 plane is made up of a series of

edge-sharing tetrahedra. While this atomic arrangement is reminiscent of the ternary

compounds with the U3Si2 structure such as Yb2Pt2Pb, the addition of the O ions

between the R and Be layers ensures that the R2Be2SiO7 family is insulating.
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Figure 1.4: (a) Schematic diagram of the R3+ ions in purple forming a SSL lattice
in the ab-plane. Intradimer bonds J1 are shown in red and interdimer bonds J2 in
blue . The relative positions of the Be and Si ions are also shown in green and
gray respectively. (b) Structure of R2Be2SiO7 viewed slightly off the [100] axis. The
SSL layers formed by the RO8 polyhedra are separated by layers of BeO4 and SiO4

tetrahedra. (c) The monoclinic point symmetry (Cs) of the R ions is best illustrated
by viewing the crystal structure along the [001] and [00-1] directions. A single NN
pair of R ions is marked with stars for reference. A single plane is shown from both
the [001] and [00-1] directions to highlight the two sub-lattices.
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Detailed crystal structure refinement results and select distances for select

compounds are provided in Table 1.1. Representative XRD patterns for R2Be2SiO7

(R = Sm, Yb) with the refinement results superimposed on the data are shown in

Fig 1.5 and they agree well with the calculated pattern from a previous single crystal

study [74]. The XRD refinement results indicate no significant signs of Be2+/Si4+

site mixing, which is in good agreement with previous work on R2Be2GeO7 [73]. Fig

1.6 shows the lattice parameters a (left axis) and c (right axis) versus ionic radius

(IR) for all compounds synthesized in the R2Be2SiO7 series. The lattice constants

increase approximately linearly with increasing R ionic radius. Yb2Be2SiO7 has the

smallest unit cell with a = 7.223 Å and c = 4.719 Å while Nd2Be2SiO7 has the largest

unit cell with a = 7.461 Å and c = 4.862 Å.

The ligand environment around the R ions are irregularly- shaped polyhedra

consisting of eight cooridnated oxygen ions, as shown in Fig 1.4 (c). Opposite faces

of the polyhedra, located above and below the SSL planes, have distorted square

and diamond geometries respectively. Two distinct sub-lattices with the square and

diamond faces are visible. The R ions have a monoclinic point group symmetry of

Cs, which means that their only symmetry element is a mirror plane that seperates

NN. The R ions in the two sublattices have different directions for their mirror plane

normals corresponding to the crystallographic [110] and [1-10] axes.

Although Nd2Be2SiO7 and Ho2Be2SiO7 were previously investigated in the context

of laser materials [74], prior to this work no investigations of the magnetic or electronic

properties of these R2Be2SiO7 compounds has been reported. The basic magnetic

properties of members of the related compound family R2Be2GeO7 [73] have been

reported although difficulties in growing single crystals make further investigation

difficult.
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Figure 1.5: The polycrystalline XRD pattern is shown for two representative
members of the R2Be2SiO7 family. The refined structure details are presented in
Table 1.1.
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Figure 1.6: The lattice parameters a (left axis) and c (right axis) vs rare-earth ionic
radius (IR) from Shannon [58]. Both lattice constants increase approximately linearly
with increasing ionic radius.
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Table 1.1: Summary of room-temperature XRD Rietveld refinements for R2Be2SiO7

(R = Nd, Sm, Gd-Yb)

Sm Dy Ho Er Yb

R3+ IR (Å) 1.079 1.027 1.015 1.004 0.985
a (Å) 7.40287(4) 7.30825(8) 7.28535(8) 7.25903(5) 7.22334(5)
c (Å) 4.82202(3) 4.76866(6) 4.75659(5) 4.74094(4) 4.71925(3)

NN bond (Å) 3.3617(7) 3.3046(10) 3.2840(9) 3.2610(8) 3.2379(6)
NNN bond (Å) 3.9312(7) 3.8844(10) 3.8749(9) 3.8635(8) 3.8462(6)
R (x,y,z) (x,y,z) (x,y,z) (x,y,z) (x,y,z)
x 0.83945(7) 0.84013(10) 0.84063(9) 0.84117(8) 0.84152(6)
y 0.33945(7) 0.33013(10) 0.34063(9) 0.34117(8) 0.34152(6)
z 0.5002(6) 0.5028(9) 0.5048(7) 0.5037(7) 0.5039(5)
Si (0,0,0) (0,0,0) (0,0,0) (0,0,0) (0,0,0)
Be (x,y,z) (x,y,z) (x,y,z) (x,y,z) (x,y,z)
x 0.6481(18) 0.656(3) 0.643(2) 0.638(2) 0.637(2)
y 0.1381(18) 0.156(3) 0.143(2) 0.138(2) 0.137(2)
z 0.943(3) 0.921(3) 0.947(4) 0.949(4) 0.949(3)
O1 (x,y,z) (x,y,z) (x,y,z) (x,y,z) (x,y,z)
x 0.9258(8) 0.9208(10) 0.9215(9) 0.9241(9) 0.9210(7)
y 0.8364(8) 0.8395(12) 0.8375(10) 0.8364(9) 0.8376(7)
z 0.1955(9) 0.2084(12) 0.1973(11) 0.2123(11) 0.2053(8)
O2 (x,y,z) (x,y,z) (x,y,z) (x,y,z) (x,y,z)
x 0.6404(9) 0.6438(13) 0.6388(10) 0.6412(10) 0.6431(8)
y 0.1404(9) 0.1438(13) 0.1388(10) 0.1412(10) 0.1431(8)
z 0.2975(11) 0.2917(15) 0.2923(14) 0.2941(13) 0.2910(10)
O3 (0,1

2
,z) (0,1

2
,z) (0,1

2
,z) (0,1

2
,z) (0,1

2
,z)

z 0.159(2) 0.170(3) 0.174(3) 0.156(3) 0.163(2)
RP 1.28 1.42 1.69 1.77 1.75
Rwp 1.81 2.15 2.76 2.85 2.72
χ2 2.19 3.02 3.83 4.19 3.79
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Magnetization and susceptibility measurements on polycrystalline sample indicate

that, except for R = Tb which appears to order antiferromagnetically at ∼2.6 K, all

compounds show no sign of long range order above 2 K. The main focus of this thesis

is on the compounds R2Be2SiO7 where R = Er, Dy, and Yb. Both Er2Be2SiO7 and

Dy2Be2SiO7 order antiferromagneticly at ∼ 0.85 K and ∼ 1.1 K respectively. While

two field induced transitions are observed in Er2Be2SiO7 no magnetization plateau are

observed. On the other hand, for fields applied along the [001]-axis Dy2Be2SiO7 shows

magnetization plateau at 1/7, 4/9, and 2/3 fractions of the saturation magnetization.

Yb2Be2SiO7 shows no signs of long range order above 0.05 K and a combination

of neutron scattering and diffraction data suggest that its magnetic ground state

consists of dimers as in SrCu2(BO3)2. The properties of Er2Be2SiO7, Dy2Be2SiO7,

and Yb2Be2SiO7 are discussed in detail in chapters 3, 4, and 5 respectively.
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Chapter 2

Experimental Methods

2.1 Sample Synthesis and Structural Characteri-

zation

2.1.1 Polycrystalline Preparation via Solid State Reaction

Polycrystalline samples were prepared using a KSL 1700-X high temperature muffle

furnace with alumina fiber bricks and MoSi2 heating elements, made by MTI Corp.

Stoichiometric amounts of the appropriate rare-earth oxide, R2O3, (Strem Chemicals,

99.999%), SiO2 (Alfa Aesar, 99.8%), and BeO (Alfa Aesar, 99%) were ground and

packed into a long cylindrical rod using a hydraulic press at a pressure of 40 psi. The

general formula for the reaction is [6]:

R2O3 + [2]BeO + SiO2 = R2Be2SiO7

The pressed cylindrical rods were then pre-reacted in air at 1000◦C for twenty

hours. Then the rods were reground and reacted twice for twenty hours at 1300◦C for

R = Nd, Sm, Gd, Tm and at 1400◦C for R = Dy, Ho, Er, Tm, Yb. Reactions involving

R = Tb, Tm were conducted under an Argon environment using a high temperature

tube furnace, STF54233C, manufactured by Lindberg/Blue M; All other reactions

16



were conducted in an air environment. Prior to weighing and use, all rare-earth

oxides were preheated in air at 1000◦C for at least ten hours to remove moisture.

2.1.2 Single Crystal Growth via Floating Zone Method

The floating zone method was used for the R2Be2SiO7 crystal growth. A halogen lamp

optical furnace, SC1MDH-11020 manufactured by Canon Machinery Incorporated,

was used. This crucible free technique allows for the synthesis of high quality single

crystals free of contaminants from a container [75, 76, 77]. The experimental design

of this technique is illustrated in Fig. 2.1. The light from two halogen lamps is focused

by two elliptical mirrors onto a small zone, Z, between an upper feed rod and a lower

seed rod. This small zone contains molten liquid material which slowly crystallizes as

the rods are moved downwards. For the first growth both the feed and seed rod are

composed of packed polycrystalline material. For subsequent growths a crystalline

piece is utilized as a seed rod. As the two rods are lowered they are both rotated in

opposite directions, in this case at a rate of 15 RPM.

In the initial floating zone growth with polycrystalline material both rods are

lowered at a fast rate of 40 mm per hour. In subsequent growths the rods are lowered

at a slower rate of 5 mm per hour. For the growth of R2Be2SiO7 crystals, similar to

preparation of polycrystalline material, for R = Tb, Tm an argon environment with

a pressure of 4 bar is used. For all other rare-earth elements an air environment at

approximately room pressure is used.

2.1.3 Polycrystalline X-Ray Diffraction

X-ray powder diffraction (XRD) measurements were performed on all the reported

compounds, R2Be2SiO7, to check their face purity and obtain lattice information

including lattice parameters and atomic positions.The measurements were performed

using a HUBER imaging-plate Guinier camera 670 with Cu Kα radiation (λ = 1.5418

Å) at room temperature between 4◦ ≤ 2θ ≤ 100◦.
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Figure 2.1: Experimental setup of the floating zone melt method. The light from
two halogen lamps are focused on a small zone, Z, between a feed and seed rod. The
sample material in this zone melts forming a liquid zone stabilized by surface tension.
Both feed and seed rods are slowly lowered and as material exits the liquid zone it
forms crystals.
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The resulting XRD difractogram was analyzed via Rietveld refinement with the

program FullProf [78] using the structure of Y2Be2SiO7 [79] as a starting template.

For powder XRD refinement a least squares method with a pseudo-Voigt axial

divergence asymmetry peak function is used [80, 81]. The background is modeled via

a linear interpolation between approximately sixty background points. No signatures

of impurity phases were detected in the XRD difractogram.

2.1.4 Single Crystal X-Ray Diffraction

Single crystal X-ray Diffraction (SC-XRD) measurements were conducted on the

samples produced via floating zone growth using a Bruker D8 Eco Quest X-ray

Diffractometer with Mo radiation (λ = 0.71073 Å) at 300 K and the refinement was

done using the Bruker SHELXTL Software Package. The crystal structure refinement

was performed using the least squared method on the full matrix representation of

the structure factors, |Fhkl|2.

2.1.5 Laue Back-Diffraction

Prior to being utilized in a bulk measurement or for neutron spectroscopy all single

crystals must be oriented along a high symmetry axis, e.g: [001],[100],[110]. To do

this the Laue back diffraction method is used. A broad spectrum or white beam of

X-rays is passed through a charge-coupled device plate (CCD plate) and incident on

the crystal sample. The broad spectrum allows for scattering off several lattice planes

simultaneously. Some of this scattering is back-scattering, towards the incident X-

ray source, and is absorbed onto the CCD plate accumulating as a spot. Since the

distance between the CCD plate and the sample are fixed the location of the spot

depends only on the reflected wavelength and corresponds to a specific bravais plane.

Analyzing the position of several of the spots corresponding to different bravais planes

allows for the determination of the relative orientation of the crystal lattice [82].
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The crystal sample can be rotated along two axes and its orientation is adjusted

until the desired high symmetry direction is parallel/anti-parallel to the axis of the

incident x-ray beam. The software OrientExpress [83]is used to simulate the laue

pattern based on the space group and lattice information. The same software allows

for the comparison of the simulated pattern to the collected pattern and thus for

robust determination of the crystal orientation. Once the desired crystal axis is found

the sample is glued to an aluminum plate and a plane perpendicular to this axis is

cut using a low speed diamond cutting wheel to preserve the orientation.

2.2 Bulk Measurements

2.2.1 DC- Magnetic Susceptibility and Magnetization

Temperature dependent magnetization or susceptibility measurements, χDC , were

performed on single crystal samples using a magnetic property measurement system

(MPMS) with a super conducting interference device (SQUID) magnetometer [84,

85]. The susceptibility measurements were conducted with a field of 0.1 T over a

temperature range from 1.8 K to 300 K. The temperature range is extended down to

0.4 K using a He3 insert, also by Quantum design.

Field dependent isothermal magnetization measurements, M(H), were also con-

ducted using the MPMS system. Isothermal magnetization measurement were

performed at temperatures between 1.8 K to 300 K. Isothermal magnetization

measurements up to 7 T were also conducted at 0.4 K using a He3 insert. Additional

isothermal magnetization measurements were performed using a physical property

measurement system (PPMS) from Quantum Design. These measurements were

performed on polycrystalline samples up to a maximum field of 14 T.

For all single crystal measurements a non-magnetic quartz rod is used while a

straw rod is used for polycrystalline samples. Samples are adhered to the holder

using a thin layer of Ge varnish. During the measurement the sample is moved
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through a series of coils inducing a current via induction. This current is converted

to a voltage with increased precision, compared to a typical coil magnetometer, using

a superconducting quantum interference device (SQUID).

2.2.2 AC- Magnetic Susceptibility

AC susceptibility measurements, χ = dM/dH were performed at the National High

Magnetic Field Laboratory (NHMFL) in Tallahassee, FL. As this method directly

measures the derivative of Magnetization it is very sensitive to small chnages in

Magnetization and magnetic phase transitions [86].

Measurements were performed on SCM2 and SCM1 which are He3 and dilution

refrigerator cryostats with base temperatures of 0.3 K and 0.025 K, respectively. In

AC susceptibility measurements a small time dependent AC-field is applied to the

sample along with an optional DC field. At the NHMFL a 18 T superconducting

magnet is used to apply the DC Field. A voltage controlled current source, Standford

Research CS580, was used to apply the AC current with frequencies ranging from 49

Hz to 2147 Hz. The sample signal was measured via the mutual inductance technique

and the resulting signal converted by lock-in amplifiers, Standford Research SR830.

2.2.3 Specific Heat Capacity

Heat capacity measurements were performed between 2 K and 300 K using a PPMS

by Quantum Design. The temperature range of the measurement was extended using

a He3-He4 dilution refrigerator insert with a range of 0.05 K to 4 K. For Er2Be2SiO7

and Yb2Be2SiO7 heat capacity measurements in fields as high as 3 T were performed

using at dilution refrigerator temperatures.

For all heat capacity measurements one surface of a single crystal sample is

polished and adhered to the measurement platform using a small amount of Apiezon

N-grease. Before every sample measurement an addenda or background measurement

is conducted over the same temperature range to model the heat capacity contribution
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from the puck and addenda. The relaxation method is used to measure heat capacity.

In this method a constant heat load is applied to a sample in thermal equilibrium

until a certain temperature rise is achieved. The temperature of the sample is then

measured as the sample cools and the resulting temperature vs time curve is fit to

either a single or double exponential function, referred to as one and two tau fitting,

respectively [87].

2.3 Neutron Diffraction

2.3.1 Polycrystalline Sample with HB-2A (POWDER HFIR)

Neutron powder diffraction was performed using the high-resolution HB-2A powder

diffractometer at the High Flux Isotope Reactor (HFIR) of Oak Ridge National

Laboratory (ORNL). Approximately 4 g of powder sample was sealed inside an

aluminum can with 1 atm of helium exchange gas. Diffraction patterns were measured

at He-3 temperatures as low as 0.25 K and up to 10 K. A vertically focused Ge

monochromator is used to select a wavelength of 2.41 Å while a collimation of open-

open-12’ is used. Hb2A is ideally suited for magnetic structure determination over

a 150 degree range with support for low temperature environments, application of

magnetic field, and pressure [88, 89]. Refinement of the resulting diffraction pattern

was done using Fulprof. The symmetry allowed magnetic structures were analyzed

using SARAh [90].

2.3.2 Half-Polarized Powder Neutron Diffraction with HB2A

(POWDER HFIR)

A half-polarized neutron powder diffraction (pNPD) experiment was performed using

the same HB-2A collimation settings and a V-cavity to generate the polarized

beam. Approximately 10 g of polycrystalline sample were pressed into pellets. For

Dy2Be2SiO7, with highly neutron absorbing Dy, the sample was diluted by 95% by
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volume with Si powder. The sample was loaded in a larger Al can than the one

used for the unpolarized measurements. The polarization state was controlled using

a Mezei flipper to produce spin up and spin down polarized neutrons. Spin-up and

spin-down diffraction patterns, with intensities denoted by I+ and I respectively, were

collected in vertical magnetic fields of 1 and 1.5 T at temperatures between 5 and 20

K using a wavelength of 2.41 Å. The diffraction patterns are collected at temperatures

where the sample is in the paramagnetic state and provides information on the local

site susceptibility tensor which is heavily influenced by the strong spin orbit coupling

common in rare-earth magnetic ions [91]. The resulting I+ and I diffraction patterns

where analyzed with the software package Cryspy [92].

2.3.3 Single Crystal Sample with HB-3A (DEMAND HFIR)

Single crystal neutron diffraction experiments were performed on the DEMAND

(HB-3A) beamline at HFIR with an incident wavelength of 1.542 Åand a Si-220

monochromator. A single crystal sample with a mass of approximately 30 mg was

measured in two-axis mode in a vertical-field cryomagnet down to temperatures of

0.25 K using a He-3 insert. A magnetic field of up to 2 T was applied along the [001]-

axis. Analysis of the resulting single crystal diffraction data was completed using

Fulprof.

2.3.4 Single Crystal Sample with HB-2C (WAND2 HFIR)

A single crystal neutron diffraction experiment was performed on the DEMAND

(HB-2C) beamline at HFIR with an incident wavelength of 1.488 Å. A single crystal

sample with a mass 20 mg was measured in a vertical-field cryomagnet down to

temperatures of 280 mK using a He-3 insert. The sample was contained in a robust

custom aluminum mount to prevent induced torque from the magnetic field moving

the sample. The sample was oriented so that the [HK0] scattering plane was aligned

horizontally to the scattering plane and a vertical magnetic field was applied along the
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[001]-axis. Data reduction of the collected scattering event data was conducted using

MANTID. Peak intensities produces as part of the data reduction process were used

to determine the magnetic spin structure at select fields. The software BasIreps was

used for symmetry analysis of the allowed magnetic structures given the space group

and propagation vector. Least squared refinement of the allowed magnetic structures

was done using the software package FULPROF .

2.3.5 Polycrystalline Sample with BL-21B (NOMAD SNS)

Time-of-flight neutron powder diffraction data were collected at 100 K on NOMAD

at the Spallation Neutron Source (SNS) of ORNL using ∼4 g of powder. Similar

measurements were carried out on ∼4.5 g of crushed single crystals and ∼2.3 g

of polycrystalline Er2Be2SiO7. The resulting measured structure factor, S(Q), was

reduced with the software package ADDIE[93] with a maximum Q range of 30 Å.

The software Pdfgui was used to produce the reduced pair distribution function,

G(r), as a function of distance, r(Å). This provides an accurate profile of interatomic

distances in the crystal allowing for the detection of off-stoichiometry or structural

defects via the distorted bond distances they produce [94, 95]. The reduced pair

distribution function is compared to previous crystal structure models created using

X-ray or neutron diffraction.

2.4 Neutron Spectroscopy

2.4.1 Polycrystalline Sample with BL-17 (SEQUOIA SNS)

Inelastic neutron scattering on polycrystalline sample was performed on the direct

geometry time-of-flight chopper spectrometer (SEQUOIA) at the Spallation Neutron

Source (SNS) at ORNL [96]. Data were collected at 5 and 25 K with incident energies,

Ei, 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
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with the same instrument settings on a similar mass of the non-magnetic reference

sample Lu2Be2SiO7 to facilitate a background subtraction of the phonon spectra. The

background subtracted spectrum was analyzed with the software DAVE to identify

crystal electric field energy levels and other magnetic scattering phenomenon.

2.4.2 Polycrystalline Sample with BL-18 (ARCS SNS)

Inelastic neutron scattering on polycrystalline sample was performed on the Wide

Angular-Range Chopper Spectrometer (ARCS) at the Spallation Neutron Source

(SNS) at ORNL. To minimize neutron absorption by the highly neutron absorbing

Dy nuclei the sample was sealed in a flat square can with the smallest dimension

being ∼0.5 mm and aligned along the path of the neutrons. Data were collected at

10 K with incident energies, Ei, of 25, 60 and 200 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. The spectrum was analyzed with the software DAVE to identify crystal

electric field energy levels and other magnetic scattering phenomenon [97].

2.4.3 Polycrystalline Sample with BL-5 (CNCS SNS)

Lower incident energy inelastic neutron scattering data were measured with the

direct-geometry time-of-flight instrument CNCS at the SNS using a polycrystalline

sample. The CNCS data were collected using incident energies of Ei =1.55 meV and

2.44 meV in the “high flux” chopper setting mode, which produced energy resolutions

of 0.04 meV and 0.06 meV (full-width half-maximum) at the elastic line respectively

[98, 99]. Data were collected at temperatures between 0.25 K and 100 K with a He3

insert.
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Chapter 3

Magnetic Properties of Er2Be2SiO7

This chapter is dedicated to the investigation of the magnetic properties of the

Shastry-Sutherland lattice magnet Er2Be2SiO7. The strong spin-orbit coupling of

the Er3+ ions in this compound produces highly anisotropic magnetic moments. The

presence of a low lying crystal electric field level indicates that an effective spin-

half model, Jeff =1/2, is not appropriate. At very low temperatures the observed

magnetic properties are consistent with classical anisotropic moments.

The investigation of Er2Be2SiO7 begins with the first reported synthesis of

polycrystalline sample as previously described in the experimental methods section

of this text. The phase purity of the resulting polycrystalline sample is confirmed via

XRD. The resulting X-ray difractogram is refined with the software FULPROF where

the previously reported structure of Y2Be2SiO7 is used as a starting template. Single

crystal samples were grown via the floating zone melt method and oriented using

the laue back-diffraction. Single crystal XRD measurements confirm the previously

refined structural model [100].

The properties of the resulting single crystals were checked with ac-magnetic

susceptibility, magnetization, and heat capacity measurements. A magnetic phase

transition consistent with antiferromagnetic order is observed at TN = 0.84 K.

Inelastic neutron diffraction reveals the presence of a [0,0,1/2] propagation vector
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alongside spin structure of the moments in zero field. The application of magnetic

field along the [001]-axis induces two magnetic transitions.

Neutron scattering experiments were conducted on polycrystalline sample to

investigate the crystal electric field Hamiltonian of this compound. All seven crystal

electric field energy levels expected from the Kramer’s ion Er3+ are observed. Several

possible solutions to the crystal electric field Hamiltonian are suggested using the

software CrysfieldExplorer [101]. However, the determination of a robust solution set

is challenging given the low symmetry of the system and remains an area of active

investigation.

3.1 Bulk Characterization

The fractional atomic positions and lattice parameters determined via single crystal

XRD as described in Section 2.1.4 and are given in Table 3.1. The single crystal

results agree well with previous XRD results on polycrystalline sample.

Single crystal samples grown via the previously described floating zone melt

method were oriented then using the laue back-diffraction method as detailed in

section 2.1.5. A laue photograph along the [001] crystallographic direction is shown

in Fig 3.1. While orienting the crystal samples some domains with multiple nearly

overlapping points are observed. This is due to multiple crystal grains with slightly

differing orientations. Large single domain grains were carefully isolated and cut from

the boule. The as grown boule and a cut single crystal piece of Er2Be2SiO7 is shown

in Fig 3.2.

3.1.1 Heat Capacity

Fig 3.3 shows the heat capacity as a function of sample temperature with varying

magnetic fields applied along the [001], [100], and [110] axes. In zero field all three

directions show a lambda anomaly indicative of antiferromagnetic order at ∼0.84 K.
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Table 3.1: Atomic coordinates and isotropic displacement parameters Ueq (Å2). All sites are

fully occupied.

Space Group: Tetraganol, P-421m, No. 113
Unit Cell: a = b = 7.2572(4) Å and c = 4.7396(3) Å
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)

28



Figure 3.1: The Laue pattern generated with the incident x-ray beam along the
crystallographic [001]-axis.
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Figure 3.2: An as-grown crystal boule of Er2Be2SiO7 and a small oriented crystal
grain.
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Figure 3.3: Heat capacity data Cp vs T with field along [001], [100], and [110]
crystal directions. 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. 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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In each case the zero-field peak is suppressed and shifted towards lower tem-

peratures with increasing magnetic field. The rate of this suppression and the field

required to completely suppress the peak varies with direction to due to the significant

magnetic anisotropy of the system. The peak is more readily suppressed for fields

along the [110] and [100] directions and is absent in fields greater than 0.4 T. A much

larger field of 1.2 T is required along the [001]-axis. A broad field dependent hump

which is more obvious at higher fields is also visible along all three directions. This

hump is due to the occupation of a very low lying crystal electric field level at ∼1.75

meV and appears to be field dependent.

3.1.2 DC-Magnetic Susceptibility

Fig 3.4 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

decreased population of excited Er3+ crystal field levels with decreasing temperature.

The 1/χ data was first fit to a Curie-Weiss law in the high-temperature range 150-

300 K and we found that the Er3+ effective moment agrees well with expectations

for a free ion system, with a small variation for the different datasets. The values

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].
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Figure 3.4: 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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The sign of θCW indicates that Er2Be2SiO7 has dominant antiferromagnetic

exchange interactions, which is likely due to an antiferromagnetic intradimer cou-

pling. Additional temperature dependent magnetic susceptibility measurements were

conducted using a Quantum Design MPMS3 with an He3 insert. The susceptibility

vs temperature and its derivative for the high symmetry crystal directions [001],

[100], and [110] are shown in Fig 3.5. The average TN extracted from the derivative

of susceptibility for the three directions is ∼0.844 K. in good agreement with heat

capacity data.

3.1.3 DC-Magnetization

DC magnetization M vs field H and its derivative is shown at selected temperatures

for these three high-symmetry directions in Fig 3.6. Although magnetization plateaus

are often observed in SSL systems, there is no evidence for them in this 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 shows similar behavior.

The H ∥ [001] data on the other hand clearly shows two meta-magnetic transitions

at ∼ 0.34 T and ∼ 1.05 T. The transitions above ∼ 1.05 T results in a fully polarized

phase.

3.1.4 AC-magnetic susceptibility

The real part of the ac-susceptibility data is shown in Fig 3.7. The data was collected

at the National High Magnetic Field Laboratory (NHMFL) in Florida using the

SCM2, He3 cryostat, and SCM1, dilution refrigerator cryostat. In agreement with

magnetization data collected at 0.4 K, the in-plane ac-susceptibility data shows only

a single field dependent transition before saturation.
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Figure 3.5: The DC susceptibility (χ) and its derivative (dχ/dT ) vs T measured at
0.1 T along three high-symmetry crystallographic directions.
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Figure 3.6: 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 for H ∥ [001].
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Figure 3.7: 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.
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On the other hand, the [001] data shows two transitions above 0.34 K in agreement

with magnetization data. At temperatures below 0.34 K a possible third meta-

magnetic transition appears at roughly 0.6 T.

3.2 Zero-Field Spin Structure via Neutron Diffrac-

tion

Neutron diffraction data was collected on polycrystalline sample at the HB-2A

beamline at ORNL, as described in section 2.3.1. Approximately 4 g of sample was

sealed in an aluminum can and diffraction patterns were collected at 0.28 and 4 K

using a wavelength of 2.41 Å. Data collected at 4 K above TN is refined with only

the nuclear phase and an aluminum background phase. The resulting fit pattern is

compared to the measured pattern in Fig 3.8(a) and agrees with previous powder-

XRD and single crystal XRD refinements. No evidence of structural distortions was

detected.

The diffraction pattern at 0.28 K is shown in Fig 3.8(b) and clearly shows

additional peaks, not present at 4 K above TN , associated with an ordered magnetic

phase. The position of these peaks was indexed using K-search, a Fulprof application.

We find that these additional peaks are well indexed by a (0,0,1/2) propagation vector

and that there are five symmetry allowed irreducible representations in Kovalev’s

notation. The Γ1 - Γ4 IRs correspond to spin states with AFM dimers, while the Γ5

IR has ferromagnetic (FM) dimers.

The Γ1 and Γ3 magnetic structures have their moments confined to the local

directions perpendicular to the dimer bonds in the ab-plane, with Γ1 and Γ3 consisting

of two different square plaquette spin configurations. The Γ2 and Γ4 magnetic

structures can have in-plane moments parallel to the dimer bonds, out-of-plane

moments, or some combination of both.
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Figure 3.8: (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.
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There are two main differences between them. First, the Γ4 in-plane moments form

a magnetic state with a definite handedness, but this is not true for Γ2. Secondly, in

a given SSL plane the c-axis moments are parallel for the Γ2 structure, while they are

anti-parallel for the two dimer sublattices of the Γ4 configuration. Schematics for the

in-plane moment configurations of the Γ1 to Γ4 magnetic structures are shown in Fig

3.9(a). Γ1 one yields the structure with the best fit and is shown in Fig 3.9(b).

3.3 The Crystal Electric Field Hamiltonian and

Single Ion Anisotropy

To investigate quantitative details of the magnetic anisotropy induced by crystal

fields, inelastic neutron scattering (INS) measurements on a polycrystalline sample of

Er2Be2SiO7 were conducted using the time-of-flight chopper spectrometer SEQUOIA.

Datasets were collected with incident 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 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. Each Er ion is surrounded by eight oxygen ions

that generate a monoclinic Cs environment. The low-symmetry 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 7 excited crystal field doublets may be visible in the

low-temperature INS data.

Fig 3.10 (a) and (b) present color contour plots of the Ei = 25 meV and 80 meV

datasets respectively at 5 K. The phonon spectra from a non-magnetic 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.
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Figure 3.9: (a) Schematics of the in-plane spin-structures for the Γ1 to Γ4 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. (b) The spin
configuration of the Γ1 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.
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Figure 3.10: 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.

42



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 temperature data collected at 25 K is

shown in Fig 3.10 (c) and (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. There are several other virtual crystal

field transitions 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. A list of all observed CEF

transitions is provided in Table 3.2.

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. 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:
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2Ô

0
2 +B1

2Ô
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4Ô
0
4 +B1

4Ô
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where Bm
n and Ôm

n represent the crystal field parameters and the corresponding

operators in Stevens notation. Note that Bm
n = λmn θnA

m
n , where λ

m
n are normalization

constants, θn are constants associated with the electron orbitals of Er3+, and Am
n are

the crystal field parameters in Wybourne notation.

The standard approach for determining crystal field parameters from INS data

for higher point-symmetry systems is to perform a point charge calculation to obtain

reasonable 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 meaningful solution

since the fitting routine may get stuck in the same local minimum each time. To

mitigate this issue and facilitate quick comparisons between INS data and crystal

field models, the software package CrysFieldExplorer was developed recently. One

key advantage of CrysFieldExplorer is the use of a revised cost/loss function for

comparing the experimental and calculated CEF energy levels, which significantly

reduces the likelihood of getting stuck in local minima. CrysFieldExplorer also takes

advantage of high-performance parallel computing so rapid searches through complex

parameter 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. The best two solution are compared to

data in Fig 3.11 and the corresponding Stevens parameters for the best five solutions

are provided in Table 3.3.
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Table 3.2: Measured CEF energy levels and the integrated intensities for all the
transitions measured with INS. When the initial state corresponds to the CEF ground
state doublet (i.e. 0), the data was collected at 5 K. Otherwise, the data was 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
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Figure 3.11: (a) The loss function value vs B0
2/θ2 for all 129 crystal field parameter

solutions determined by CrysFieldExplorer. The solid red circles represent the six
unique solutions that are consistent 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 magnetization 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 superimposed on the simulated data.
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Table 3.3: 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

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

B1
2 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

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

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

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

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

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

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

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

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

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

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

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

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

gxx 2.57 2.33 1.72 0.03 0.57

gyy 9.48 9.57 10.1 8.81 9.76

gzz 6.62 7.02 6.96 8.12 7.80

Ltot 18.64 19.28 19.56 19.73 20.01
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3.4 Field Induced Spin Structure

Fig 3.12 shows DC magnetization vs applied field at 2 K. Interestingly, the saturation

magnetization ratio between the [110] and [100] directions, M110
sat /M

100
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 interpenetrating 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 only polarize 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 [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 Fig 3.12 (b) and (c).

Similar in-plane anisotropy has been observed in other magnetic systems with a SSL

geometry, including Yb2Pt2Pb and BaNd2ZnS5.

The saturation magnetization ratio of M110
sat /M

001
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 and

BaNd2ZnS5, where the c-axis turned out to be a hard direction for the magnetization.
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Figure 3.12: (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 confined 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.
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The main results of the neutron diffraction experiment are shown in Fig 3.13.

While we identified k⃗ = 0 and k⃗ = (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 increase. 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 indicate that one of the intermediate phases corresponds to a 2k⃗-

structure, with the in-plane and out-of-plane moment components giving rise to the

k⃗ = (0,0,0.5) and k⃗ = 0 magnetic 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 2k⃗-

state since the (3,1,0.5) peak intensity does not decrease immediately 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.

3.5 Summary

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.
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Figure 3.13: 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.
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This material 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 shows 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.

Fig 3.14 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 Γ1 antiferromagnetic ground state to a

field-polarized phase. The phase diagram for H ∥ [001] is more complex, as we have

identified two intermediate field-induced states.

Er2Be2SiO7 exhibits long-range non-collinear magnetic order below TN = 0.841 K.

The Shastry-Sutherland planes of the Γ1 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. A modest in-plane

magnetic field ∼ 0.4 T induces a magnetic transition from the Γ1 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 Γ1 and field-

polarized phases. One intermediate phase has a 2k⃗ 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 elucidated here are consistent with expectations for the

behavior of classical, anisotropic moments.
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Figure 3.14: 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 only consists of phase I and phase II, which correspond to the Γ1

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 2k⃗ magnetic structure corresponding
to a field-induced canting of the moments towards the c-axis, while the nature of
phase IV remains unknown.

53



Chapter 4

Magnetic Properties of Dy2Be2SiO7

This chapter is dedicated to the investigation of the magnetic properties of the

Shastry-Sutherland lattice magnet Dy2Be2SiO7. The strong spin-orbit coupling of

the Dy3+ ions in this compound produces highly anisotropic magnetic moments. In

this case the [001]-axis appears to be a quasi-hard axis. The integrated entropy

extracted from temperature dependent heat capacity measurements approaches

Rln(2) indicating that the moments are effective spin 1/2. For fields applied along

the [001]-axis a striking series of four magnetization plateaus, including a zero-field

plateau, are observed prior to saturation.

After confirming the atomic structure via powder and single crystal XRD,

small single crystal samples are oriented using the laue back diffraction method.

The oriented samples were first investigated with magnetization and heat capacity

measurements. A sharp magnetic phase transition consistent with antiferromagnetic

order is observed in heat capacity measurements at TN = 1.18 K. The integrated

entropy falls just short of Rln(2) and is consistent effective spin 1/2 moments.

For fields applied along the in-plane directions [100] and [110] only a single

magnetic phase transition from the zero-field state to a field polarized state is

observed. In both directions this phase transition occurs at approximately 0.25 T

at 0.4 K. When field is applied along the [001]-axis several magnetization plateaus
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are observed. Plateaus are observed 0,1/7,4/9,2/3, and 1/1 fractions of the saturation

magnetization.

Analysis of powder neutron diffraction data collected on HB-2A at ORNL reveals

a zero-field spin structure, with a propagation vector of k =[0,0,1/2],consisting of

antiferromagnetically coupled layers of moments principally oriented in the ab-plane

with only a small out of plane component. Neutron scattering experiments to

investigate the crystal electric field Hamiltonian were conducted on polycrystalline

sample at the ARCS beamline at ORNL. Although we were not able to identify all

seven CEF excitations expected of the Kramer’s, J = 15/2, Dy3+ ion, we are able to

identify the first excited level at ∼ 8.4 meV.

4.1 Bulk Characterization

4.1.1 Heat Capacity

Fig 4.1 shows the heat capacity as a function of sample temperature in zero field. A

broad lambda anomaly indicative of long range antiferromagnetic order is observed

with a peak at TN = ∼1.18 K. The lambda anomaly is very sharp and their is

real possibility that true peak maximum is not captured by the relaxation heat

capacity method. The integrated entropy approaches Rln(2) at 10 K indicating that

an effective spin-half, Seff = 1/2, model is appropriate at low temperatures.

4.1.2 DC-Magnetic Susceptibility

Figure 4.2 and 4.3 show the T -dependence of the inverse magnetic susceptibility

1/χ along three high-symmetry crystallographic directions measured from 2 K to

300 K with an applied DC-field of 0.1 T and χ vs T(K) at He3 temperatures in an

applied field of 0.05 T, respectively. For the [001] direction 1/χ does not have a

linear T -dependence throughout the measured range due to the presence of two CEF

excitations at 8.4 meV and 19.6 meV.
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Figure 4.1: Zero-field heat capacity data reveals a sharp Lambda anomaly at 1.18
K. The corresponding magnetic entropy is shown over the same range in red. The
entropy almost approaches Rln(2) at 10 K. A non-magnetic analog, Lu2Be2SiO7, is
used to subtract the phonon contribution to heat capacity above 2 K.
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Figure 4.2: 1/χ for H ∥ [001], H ∥ [110], and H ∥ [100] collected at 0.1 T. Linear
fits are performed between 150-300 K and 2-10 K. The obtained θcw and µeff values
are noted in the text.
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Figure 4.3: The DC susceptibility (χ) and its derivative (dχ/dT ) vs T measured at
0.05 T along three high-symmetry crystal-lographic directions. The peaks in (dχ/dT ),
indicative of the magnetic transition temperature, are visible at 1.21, 1.19, and 1.16
K for applied fields along the [001], [110], and [100] directions respectively.
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4.1.3 DC-Magnetization

DC magnetization M vs field H and its derivative is shown at selected temperatures

for these three high-symmetry directions in Fig 4.4. The in-plane field dependence of

both M and dM/dH appears to be quite simple, with only one abrupt slope change

in magnetization data around 0.2-0.3 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 H ∥ [001] data on

the other hand shows several Magnetization Plateau at zero-field,∼1/7 of Msat,∼4/9

of Msat,and ∼2/3 of Msat. Careful scrutiny of the corresponding susceptibility in Fig

4.4 (d) also show weak signs of an additional plateau like feature centered at ∼ 4 T.

4.2 Zero-Field Spin Structure via Neutron Diffrac-

tion

Neutron diffraction data was collected on polycrystalline sample at the HB-2A

beamline at ORNL, as described in section 2.3.1. Due to the strong neutron

absorption of Dy ∼3 g of sample was rolled into a cylindrical annulus of thickness 1-2

mm. This thickness is selected to optimize the total neutron transmission through

the sample. Data collected at 3 K above TN is refined with only the nuclear phase

and an aluminum background phase. The resulting fit pattern is compared to the

measured pattern in Fig 4.5 and agrees with previous powder-XRD and single crystal

XRD refinements. No evidence of structural distortions was detected.

The diffraction pattern at 0.3 K is shown in Fig 4.5(b) and clearly shows additional

peaks not present in the 3 K data. The position of these peaks was indexed using

K-search, a Fulprof application. We find that these additional peaks are well indexed

by a [0,0,1/2] propagation vector and that there are five symmetry allowed irreducible

representations in Kovalev’s notation. The Γ1 - Γ4 IRs correspond to spin states with

AFM dimers, while the Γ5 IR has ferromagnetic (FM) dimers.
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Figure 4.4: (a-c) Magnetization vs Field and its derivative along three high
symmetry directions [001], [110], [100]. For fields along [001] three distinct
magnetization plateau are visible.
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Figure 4.5: (a) The neutron powder diffraction pattern collected at 3 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 0.3 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) The Spin
configuration of the best magnetic structure as seen along the [001] and (d) [010]
directions. This phase corresponds to irreducable representation Γ4 with a [0,0,1/2]
propogation vector. All ions have the same moment of 8.38 µB.
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The best matching spin structure corresponds to IR Γ4 which consists of moments

primarily in the ab-plane but with an allowed out of plane component. The in-

plane component of the magnetic moments in a unit cell form a loop with a definite

handedness while the out of plane component couples antiferromagnetically between

planes as shown in fig 4.5 (c)(d) . All ions in this ordered spin structure have a

moment of 8.45(3) µB.

4.3 Inelastic Neutron Scattering and the CEF

spectrum

To investigate quantitative details of the magnetic anisotropy induced by crystal

fields, inelastic neutron scattering (INS) measurements on a polycrystalline sample of

Dy2Be2SiO7 were conducted using the Wide Angular-Range Chopper Spectrometer

ARCS. Datasets were collected with incident energies of 25 meV, 60 meV, and 200

meV at 10 K, Fig 4.6. The goal of this measurement is to determine the crystal

field levels associated with the J = 15/2 ground state multiplet of Dy3+. Dy3+ is a

Kramers ion so time reversal symmetry requires that the crystal field ground state

must be at least two-fold degenerate. The Dy ions are surrounded by eight oxygen

ions that generate a low symmetry monoclinic Cs environment. The low-symmetry 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 7 excited crystal field doublets

may be visible in the low-temperature INS data. The separation of the lowest CEF

doublet from the ground state is ∼ 7.8 meV ensuring that the Dy moments have Seff

= 1/2 at temperatures near TN . Although other possible CEF peaks are observed

we were not able to identify all seven expected CEF peaks in the data. The analysis

of the data is complicated by the presence of several phonon which combined with

the low point symmetry of the system, producing a CEF Hamiltonian with 14 terms,

makes determining the crystal field parameters infeasible.
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Figure 4.6: 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 at
10 K: (a) Ei = 25 meV, (b) Ei = 60 meV, (c) Ei = 200 meV. Several crystal field
excitations from Dy3+ are visible in this data with the lowest at ∼ 7.9 meV.
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4.4 Summary

We investigated the structural and magnetic properties of both polycrystalline and

single crystal samples of the Shastry-Sutherland lattice system Dy2Be2SiO7 using a

variety of bulk characterization and scattering techniques. The single ion anisotropy

is complicated and of the XYZ form with g110 (parallel to NN bond) ≥ g−110

(perpendicular to NN bond) ≥ g001. This anisotropy results in a strong tendency for

moments to lie in the ab-plane. Although it was not possible to determine all seven

CEF levels expected for the J = 15/2 Dy ion the lowest CEF level is identified at 7.9

meV. This result alongside the integrated entropy from heat capacity measurements

indicate that an Seff = 1/2 model is appropriate. Dy2Be2SiO7 exhibits long-range

non-collinear antiferromagnetic order below TN = 1.18 K. The magnetic propagation

vector of this antiferromagnetic state is k⃗ = (0,0,0.5).

The spin structure in zero field, shown in fig 4.5 (c), corresponds to IR Γ4 which

has moments oriented in a loop with a definite handedness and only a small out

of plane component. The nature and spin structure of the field induced phases

remains unknown. However, it is worth noting that the (0,0,0.5) magnetic propagation

vector persists only in the first field induced phase up to 1 T and is replaced by a

(0,0,0) propagation vector in the two subsequent phases. Fig 4.7 summarizes the bulk

characterization results as a phase diagram for field applied along the [001]-axis. The

value of the magnetization is represented by color and the symbols correspond to

peaks in dM/dH. Four phases corresponding to magnetization plateaus are observed

before saturation, with weak evidence for a fifth plateau phase at temperatures below

0.5 K. Further neutron diffraction experiments on single crystal samples under field

are needed to determine the spin structure of the field induced plateau phases.
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Figure 4.7: The phase diagram for field applied along [001] shows several field
induced phases. Constructed from Magnetization data where symbols represent peaks
in dM/dH. Color indicates value of Magnetization.

65



Chapter 5

Magnetic Properties of Yb2Be2SiO7

This chapter is dedicated to the investigation of the magnetic properties of the

Shastry-Sutherland magnet Yb2Be2SiO7. We present bulk characterization, neutron

diffraction, and neutron scattering measurements of the SSL material. We find that

the Yb3+ ions are well described by an effective spin-1/2 model at low temperatures

and the system shows no signs of long range magnetic order at temperatures

above 50 mK. Neutron scattering and heat capacity measurements indicate that

the magnetic ground state is composed of dimers with non-degenerate spin gaps at

∆ ∼ 0.11 meV and ∆ ∼ 0.19 meV. Additional neutron scattering experiments reveal

the presence of three crystal electric field levels, at energy transfers greater than 10

meV, and investigate the possibility of structural disorder in this material.

SSL magnets with antiferromagnetic intradimer and interdimer Heisenberg ex-

change are predicted to host the antisymmetric singlet, S = 0 and Sz = 0, ground state

when the intradimer exchange is dominant [43, 37]. Until recently there has only been

one experimental realization of this ground state in the celebrated SSL compound

SrCu2(BO3)2 [35, 36]. Rare-earth-based SSL systems with strong spin-orbit coupling

offer the possibility of introducing anisotropic intradimer and interdimer exchange

interactions and realizing magnetic ground states not possible in the Heisenberg case.

This appears to be the case for Yb2Be2SiO7, analysis of magnetization, heat capacity,
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and neutron spectroscopy data using a model of isolated dimers with anisotropic

XYZ exchange interactions suggest a novel dimer ground state with the symmetric

wavefunction (↑↑ − ↓↓)/
√
2.

Although not observed in heat capacity data two additional low energy excitations

at ∆ ∼ 0.7 meV and ∆ ∼ 1.2 meV are observed in neutron scattering data.

Intriguingly, these excitations have a very different Q-dependence from the excitations

at 0.11 meV and 0.19 meV. The Q-dependence of the excitations at 0.7 meV and 1.2

meV match the expected Q-dependence for dimers with Heisenberg like exchange.

The presence of two distinct sets of dimer like excitations with different characters

indicates there may be a small degree of structural distortion or site mixing in the

sample.

5.1 Bulk Characterization

The fractional atomic positions and lattice parameters determined via single crystal

XRD are given in Table 5.1. The single crystal results agree well with previous XRD

results collected on polycrystalline sample.

5.1.1 Heat Capacity

Fig 5.1 shows the heat capacity as a function of sample temperature in zero field. A

broad Schottky anomaly consistent with energy transfers of 0.11 meV and 0.19 meV

centered at a temperature of ∼0.5 K. The integrated entropy approaches Rln(2) at

4 K indicating that an effective spin-half, Seff = 1/2, model is appropriate at low

temperatures. The field dependent heat capacity with fields along [001] and [110] is

shown in fig 5.2 as open symbols. The simulated results from our best model are

also shown and will be discussed in greater detail in this chapter. The broad peak

in heat capacity is pushed to higher temperatures with the application of magnetic

field. The degree to which the peak shifts with field depends on the component of the
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Table 5.1: Atomic coordinates and isotropic displacement parameters Ueq (Å
2) from

single-crystal XRD

Space Group: Tetraganol, P-421m, No. 113

Unit Cell: a = b = 7.207(2) Å and c = 4.719(2) Å

AtomWyck. x y z Ueq

Yb 4e 0.1589(1) 0.6589(1) 0.50772(1) 0.0040(1)

Be 4e 0.637(1) 0.137(1) 0.960(2) 0.006(2)

Si 2a 0 0 0 0.0033(4)

O1 2c 0 1/2 0.185(2) 0.005(1)

O2 4e 0.6423(6) 0.1423(6) 0.295(1) 0.005(1)

O3 8f 0.0824(7) 0.1624(6) 0.203(1) 0.0058(8)

anisotropic g-tensor for the crystallographic direction the field is applied in. The shift

in temperature per unit of applied field is much greater along the [001]-axis than for

the [110]-axis. This suggests that the component of the g-tensor for the lowest lying

CEF doublet along [001] is significantly greater than the g-tensor component along

[110].
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Figure 5.1: Zero-field heat capacity data reveals a broad Schottky anomaly centered
near 0.5 K. The inset shows the magnetic entropy over the same temperature range,
which approaches Rln(2) at 4 K.
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Figure 5.2: Heat capacity vs magnetic field applied along the [001] and [110] crystal
directions. Experimental data are shown as open symbols while simulated data from
our XYZ anisotropic intra-dimer exchange model are shown as solid curves.
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5.1.2 Magnetization

Fig 5.3 shows the Magnetization as a function of applied field at both 2 K and 0.4 K.

The components of the ground state g-tensor parallel to crystallographic [001] and

[110] are estimated from the value of the Magnetization in the saturated state as

gA−110 = 1.64 µB, g
A
110 = 1.71 µB, and g

A
001 = 4.6 µB. These estimated g-tensor values

serve as key inputs in our isolated dimer simulations where there values are fixed.

At 2 K for both the [001] and [110] directions the Magnetization is seen to

increase smoothly until saturation with no evidence for transitions. At 0.4 K the

Magnetization curve along [001] remains smooth and continuous but for fields along

[110] a weak peak in susceptibility appears at ∼ 1.4 T. The origin of this peak requires

further investigation but may be explained by a level crossing between two dimer

wavefunctions whose associated energy levels are influence by the applied field.

5.2 Neutron Diffraction in Zero-Field

Unpolarized neutron powder diffraction (NPD) patterns collected at 0.25 K and

2 K on the HB-2A beamline at ORNL are presented in Fig 5.4 (c) and (d)

respectively. Both patterns are well-described by nuclear Bragg peaks associated

with the Yb2Be2SiO7 crystal structure and the Al sample can. The expected

positions of these peaks are indicated by the green and red ticks respectively. While

Rietveld refinements of the data using FULLPROF reveal no evidence for oxygen

off-stoichiometry in this sample, they do identify ∼4.4% Be/Si site mixing. Most

importantly, there are no additional Bragg peaks or enhanced peak intensities that

can be attributed to long-range magnetic order in Yb2Be2SiO7, even down to 0.25 K.

The results of the 0.25 K refinement are given in Table 5.2. The arrangement of Yb

ions forming an SSL lattice and the atomic structure of Yb2Be2SiO7 are shown in Fig

5.4 (a) and (b) respectively.
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Figure 5.3: (a) Magnetization vs field along two high-symmetry crystallographic
directions at 2 K. (b) Similar data collected at 0.4 K.
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Table 5.2: Fractional coordinates for Yb2Be2SiO7 from neutron powder diffraction
at 0.25 K

AtomWyck. x y z

Yb 4e 0.1590(3) 0.6590(3) 0.506(1)

Be 4e 0.6387(4) 0.1387(4) 0.955(1)

Si 2a 0 0 0

O1 2c 0 1/2 0.181(2)

O2 4e 0.6405(6) 0.1405(6) 0.303(1)

O3 8f 0.0846(5) 0.1658(6) 0.201(1)
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Figure 5.4: (a) The arrangement of Yb3+ ions in Yb2Be2SiO7 forming a SSL as
viewed along the crystallographic [001]-axis. The intradimer and interdimer bonds
J1 and J2 are shown in blue and red respectively. (b) The full crystal structure of
Yb2Be2SiO7 viewed along the same axis. The four Yb3+ ions in the chemical unit cell
have diagonal g-tensors with different local axes, as explained in the main text. (c-d)
Neutron powder diffraction patterns collected at 0.25 K and 2 K, respectively. Multi-
phase Rietveld refinements with the known Yb2Be2SiO7 crystal structure (green ticks)
and Al from the sample can (red ticks) explain the data well. No additional peaks
associated with long-range order are observed.
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5.3 Inelastic Neutron Scattering and low energy

excitations

Neutron spectroscopy data collected at the SEQUOIA beamline at ORNL is used to

analyze the crystal electric field spectrum in Yb2Be2SiO7. The magnetic scattering

contribution was isolated by subtracting the scattering from the non-magnetic

analog Lu2Be2SiO7 measured under the same experimental conditions and scaled

appropriately to account for the scattering cross-section difference between Yb and

Lu. There is no evidence for low-lying crystal field levels in this data. Instead, there

are three excitations centered about 11, 23, and 36 meV as shown in Fig 5.5, whose

intensities decrease with increasing Q, that likely correspond to the three excited

crystal field doublets expected for J = 7/2 Kramer’s Yb3+ ions in a low-symmetry

ligand environment.

Interestingly, these three excitations are much broader than the instrument energy

resolution, which is readily apparent when comparing this data to previous results

from Er2Be2SiO7. This broadening may be a consequence of the Be/Si site mixing

that we identified in the Rietveld refinements of the HB-2A data. Interestingly, we

confirmed that there is no evidence for Be/Si site mixing in the previously reported

HB-2A data for Er2Be2SiO7. We also collected Pair-Distribution-Function (PDF)

data using the time-of-flight diffractometer NOMAD to investigate possible local

structural distortions in Yb2Be2SiO7 but the PDF data, shown in Fig 5.6 is explained

well by the global structure. Due to the low point symmetry of the Yb3+ ions and

the lack of sufficient crystal field observables in the neutron spectroscopy data, it is

not feasible to obtain a unique set of crystal field parameters for Yb2Be2SiO7.

Neutron spectroscopy data collected at SEQUOIA with an incident energy of 10

meV , not shown, revealed the existence of two low energy excitations at ∼0.7 meV

and ∼1.2 meV.
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Figure 5.5: (a) Color contour plot of the scattering intensity as a function of
momentum and energy transfer at 5 K from SEQUOIA with Ei = 80 meV. (c)
Constant-Q cuts (Q integration range [0.25, 2] Å−1) of the same Yb2Be2SiO7 data
and the equivalent data for Er2Be2SiO7 and the non-magnetic analog Lu2Be2SiO7.
The difference curve obtained by scaling the Lu data to account for the variation in
the Yb and Lu neutron scattering cross-sections is also shown.
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Figure 5.6: The pair distribution function G(r) vs distance for (a) polycrystalline
Yb2Be2SiO7, (b) crushed single crystal Yb2Be2SiO7, and (c) polycrystalline
Er2Be2SiO7. The data are described well by the known crystal structures for these
materials, so there is no evidence for local structure distortions77



To investigate the nature of these two low energy excitations neutron spectroscopy

data were collected at the CNCS beamline at ONRL at several temperatures between

0.25 K and 100 K. A graph of intensity vs energy transfer (Ei) collected at 0.25 K

and integrated between 0.3 and 1.8 Q is shown in Fig 5.7 (a). In this data three

excitations centered at ∼0.11 meV, ∼0.19 meV, and ∼ 0.7 meV are identified. It is

noted that both the excitation at ∼ 0.7 meV and at ∼ 1.2 meV (not shown) have

intensities roughly fifty times weaker than that of the ∼ 0.11 meV excitation. This

would be reasonable if they were due to a minority Yb ions hosting different local

environments and Hamiltonians. The contribution of each identified peak and the

background to the overall pattern is shown in Fig 5.7 (b) and the extracted peak

parameters are given in Table 5.3.

Similar intensity vs energy transfer (Ei) data collected at several temperatures

is shown in Fig 5.8. The three observed excitations begin to reduce in intensity

with increasing temperature above 5 K. Remarkably, the excitations are present at

temperatures up to 50 K. The reduction in intensity with increasing temperature

provides further evidence that these excitations are magnetic in origin.

Time-of-flight neutron powder diffraction data collected at 100 K using the

NOMAD beam line at ORNL on three samples: polycrystalline Yb2Be2SiO7, finely

ground single crystals of Yb2Be2SiO7, and polycrystalline Er2Be2SiO7. The goal of

this experiment was to identify evidence for local structural distortions that could be

responsible for the Yb3+ crystal field broadening observed in the SEQUOIA and HB2A

data. The NOMAD data reduction was completed with the Advanced Diffraction

Environment (ADDIE) suite .

Pair Distribution Function (PDF) refinements were completed using the software

package PDFGUI with a maximum Q value of 30 Å−1. The pair distribution function,

G(r), as a function of distance, r(Å), is shown for the three samples in Fig 5.6. In

conflict with HB2A data, all three PDF patterns are well-explained by the known

crystal structure of these materials with no clear evidence for significant deviations

that would arise from local structure distortions.
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Table 5.3: CNCS data fitting results at 0.25 K with Ei = 1.55 meV using a four
Gaussian peak model

Peak center Peak width(FWHM) Peak Amplitude

-0.0019(2) 0.0390(3) 1

0.111(2) 0.088(4) 0.25(3)

0.19(4) 0.14(5) 0.04(3)

0.692(8) 0.10(2) 0.006(2)
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Figure 5.7: (a) Constant-Q cut of CNCS data (Q-integration range [0.3, 1.8] Å−1)
with Ei = 1.55 meV and T = 0.25 K. The best fitting result using a function with
four Gaussian peaks, a decaying exponential term, and a constant is superimposed
on the data. (b) The contribution of each Gaussian peak to the final fit result. The
extracted peak parameters are given in table 6.3
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Figure 5.8: Constant-Q cut of CNCS data (Q-integration range [0.3, 1.8] Å−1) with
Ei = 1.55 meV at several temperatures between 0.25 K and 100 K.
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It is also worth noting that the PDF patterns for polycrystalline and crushed

single crystal Yb2Be2SiO7 are nearly identical.

5.4 Neutron Diffraction with Polarized Neutrons

The magnetic susceptibility χ is a measure of the magnetization of a material in

an applied magnetic field. In most crystalline materials, the influence of spin-orbit

coupling induces anisotropy that results in χ taking the form of a second-rank tensor

rather than a scalar quantity. The components of this tensor can be determined by

the half-polarized neutron powder diffraction (pNPD) technique in the linear M/H

regime and they provide insight into the local anisotropy of the magnetic ion. The

atomic site symmetry is used to establish appropriate constraints for χ. Spin-up and

spin-down neutron diffraction patterns with intensities of I+ and I− are measured

separately, and then Rietveld refinements of the sum and difference patterns (given

by I+ + I− and I+ - I− respectively) are performed using the software CrysPy [92].

The results of these Rietveld refinements for the Yb2Be2SiO7 HB-2A data collected

at 5 K and 1.5 T are shown in Fig 5.9. The local site susceptibility tensor extracted

from this analysis is given by:

χ̂ij =
M⃗i

H⃗j

=


−0.12(3) −0.02(2) 0.05(4)

−0.02(2) −0.12(3) 0.05(4)

0.05(4) 0.05(4) 2.36(3)


The magnetization ellipsoids’ principal axis directions and magnitudes can be

obtained from the local site susceptibility tensor. For Yb2Be2SiO7, we find that

the two principal g-tensor directions not constrained by symmetry are nearly aligned

with the crystallographic [001]-axis and the dimer bond direction ([110] and [11̄0] for

the two dimer sublattices).
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Figure 5.9: (a) The difference pattern, I+ - I−, and (b) the sum pattern, I+ + I−,
obtained from the pNPD measurements at 5 K under an applied field of 1.5 T. For
each case, the Rietveld refinement is superimposed on the data and the fit residual is
shown below it.
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The magnitudes of the principal axes are 2.32 µB/T, 0.14 µB/T, and 0.10 µB/T,

with the largest value for the pseudo-[001]-axis direction. The magnetization ellipsoids

are plotted in Fig 5.10.

5.5 Isolated Dimer Hamiltonian and Simulations

Since effective spin-1/2 dimer models with strong intradimer exchange anisotropy can

have a maximum of three single-dimer excitations, it is clear that all four modes (at

0.11, 0.19, 0.7 and 1.2 meV) observed here do not have the same origin. Zero-field heat

capacity only depends on the eigenvalues of these models, so we compared our data

shown in Fig 5.11 to simulations assuming various energy-level schemes. The best

simulation of the zero-field heat capacity data corresponds to an isolated dimer model

with a doubly-degenerate mode at 0.11 meV and a non-degenerate mode at 0.19 meV

[102, 72]. This implies that the two higher-energy modes have a different origin. In

fact their Q-dependence is well-described by the Yb3+ magnetic form factor squared

multiplied by the known structure factor of a singlet-triplet transition for an isolated

Heisenberg dimer model with the square plaquette distance d = 3.84 Å. Since these

higher-energy modes have a negligible contribution to the specific heat, this implies

that only a small fraction of Yb3+ ions form longer-range dimers in Yb2Be2SiO7,

possibly due to the known Be/Si site mixing in this system.

With the energy level scheme for a possible isolated dimer model comprised of

most Yb3+ ions in the system established, we performed a quantitative analysis

of the low-energy neutron spectroscopy data and field-dependent heat capacity and

magnetization data. We started by constructing a minimal model based on symmetry

analysis [103]. The model Hamiltonian describes a collection of isolated dimers with

anisotropic intradimer interactions and Zeeman coupling:

H =
∑

<i,j>lα

Sα
ilJ

l
ααS

α
jl − µ0µB

∑
ilαβ

HαglαβS
β
il (5.1)
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Figure 5.10: (a) The magnetization ellipsoids obtained from the pNPD analysis at
5 K. The Yb3+ anisotropy is nearly Ising with a strong tendency for the moments to
align close to the crystallographic c-axis. (b) Magnetization vs applied magnetic field
for polycrystalline Yb2Be2SiO7 at 2 K, 5 K, and 10 K.
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Figure 5.11: Simulations for different single-dimer models are superimposed on the
data in panels (a-f). The simulation with a doubly-degenerate 0.11 meV excitation
and a non-degenerate 0.19 meV excitation describes the data best.
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Where the superscript l denotes dimers in sub-lattice A/B, Sα
i refers to the α(=

x, y, z) component of the effective spin 1/2 operator with x = [1, 1, 0] and y = [−1, 1, 0]

and z = [0, 0, 1], J l
αα represents one component of the intradimer exchange tensor for

dimers in each sub-lattice, Hα is the α component of the applied magnetic field, and

glαβ represents one component of the g-tensor.

Our model is defined in global crystallographic coordinates and it is equivalent to

the one defined within the local basis after proper rotations. Constrained by the time-

reversal and mirror symmetries, this Hamiltonian takes a diagonal form with an XY Z

type of spin anisotropy in the reference frame defined above, and the couplings on

the two sub-lattices are related by a 90◦ rotation about the crystallographic [001]-axis

so that JA
xx/yy = JB

yy/xx and JA
zz = JB

zz. Although off-diagonal g-tensor components

are allowed by symmetry, our pNPD results described above suggest they are much

smaller than the diagonal ones. We hence take the approximation that the g-tensor

follows the same symmetry as the exchange tensor. With the principal g-tensor

directions now fixed along high-symmetry crystallographic directions, we estimated

the g-tensor values by using the 2 K magnetization data presented in Fig 5.3 and

obtain gAxx = 1.64 µB, g
A
yy = 1.71 µB, and g

A
zz = 4.6 µB.

Diagonalizing this Hamiltonian generates the following eigenvalues:

E0 =
1

4
(−JA/B

xx + JA/B
yy + JA/B

zz )

E1 =
1

4
(JA/B

xx + JA/B
yy − JA/B

zz )

E2 =
1

4
(JA/B

xx − JA/B
yy + JA/B

zz )

E3 =
1

4
(−JA/B

xx − JA/B
yy − JA/B

zz ) (5.2)

The energy level scheme determined from the neutron spectroscopy and zero-field

heat capacity data described above is consistent with 12 different intradimer exchange

matrices. There are six solutions with Sz = 0 wavefunctions and six solutions with

Sz ̸= 0 wavefunctions. These two types of solutions are characterized by intense
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dimer excitations with very different Q-dependences, as shown in Fig 5.12. The

intense excitation for the Sz = 0 solutions is described by the structure factor,

S(Q) = A

(
1− sin(Qd)

Qd

)
(5.3)

where A is a constant and d is the intradimer distance. These solutions cannot

explain the Q-dependence of the 0.11 meV mode so they can be discarded. The

intense excitation for the Sz ̸= 0 solutions is described by the structure factor,

S(Q) = A
sin(Qd)

Qd
(5.4)

which accounts for the Q-dependence of the 0.11 meV mode well as shown in Fig

5.14. Two of the Sz ̸= 0 solutions can be ruled out because their most intense mode

is located at 0.19 meV, which is inconsistent with the neutron spectroscopy data.

This leaves four models out of the 12 possibilities that were consistent with the Q-

dependence and energy of the most intense mode measured by neutron spectroscopy.

The eigenvectors for these four models are as follows:

ψ0 =
1√
2
(↑↑ − ↓↓)

ψ1 =
1√
2
(↑↓+ ↓↑)

ψ2 =
1√
2
(↑↑+ ↓↓)

ψ3 =
1√
2
(↑↓ − ↓↑) (5.5)

The simulation results of the four models are presented in Fig 5.13.
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Figure 5.12: (a) Simulated powder dynamical structure factor S(Q) for the three
excitations and (b) simulated single crystal anisotropic magnetization at both 0.4 K
and 2 K for an isolated dimer model with anisotropic exchange using the parameters
Jxx = 0.03 meV, Jyy = 0.19 meV, and Jzz = 0.19 meV with the dimer ground state
1√
2
(↑↓ − ↓↑). (c-d) Similar simulations for a second isolated dimer model using the

parameters Jxx = −0.19 meV, Jyy = −0.03 meV, and Jzz = 0.19 meV with the dimer
ground state 1√

2
(↑↓+ ↓↑). (e-f) Similar simulations for a third isolated dimer model

using the parameters Jxx = 0.19 meV, Jyy = −0.03 meV, and Jzz = −0.19 meV with
the dimer ground state 1√

2
(↑↑ − ↓↓).
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Figure 5.13: Simulated dynamical structure factor S(Q,E) for the three excitations,
(b) simulated and measured anisotropic magnetization at both 0.4 K and 2 K, (c)

simulated and measured heat capacity data for H⃗ ∥ [001], and (d) simulated and

measured heat capacity data for H⃗ ∥ [110]. The simulations correspond to an isolated
dimer model with anisotropic exchange using the parameters Jxx = 0.03 meV, Jyy =
−0.19 meV, and Jzz = −0.19 meV. Similar dynamical structure factor simulations
and the same bulk characterization data with similar simulations superimposed on it
for (e-h) an isolated dimer model with Jxx = −0.03 meV, Jyy = 0.19 meV, and Jzz =
−0.19 meV, (i-l) an isolated dimer model with Jxx = −0.19 meV, Jyy = 0.03 meV,
and Jzz = −0.19 meV, and (m-p) an isolated dimer model with Jxx = 0.19 meV,
Jyy = −0.03 meV, and Jzz = −0.19 meV. The fourth set of simulations show the best
agreement with the experimental data.
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Figure 5.14: (a) Color contour plot of the scattering intensity as a function of
momentum and energy transfer at 0.25 K from CNCS with Ei = 1.55 meV. A
weakly-dispersive mode with a magnetic origin is centered at 0.11 meV. (b) Color
contour plot of the simulated scattering intensity using an isolated dimer model
with the anisotropic intradimer exchange parameters provided in the main text. (c)
Constant-Q cuts of the scattering intensity (Q integration range [0.5, 1.8] Å−1) with
Ei = 2.49 meV at selected temperatures. Aside from the main excitation band
centered at 0.11 meV with a shoulder at 0.19 meV, there are two higher excitation
bands centered at 0.7 meV and 1.2 meV respectively. (d) Constant-E cuts centered
about three different mode positions, with an energy integration range ± 0.05 meV for
the lowest mode (Ei = 1.55 meV data) and an integration range of ± 0.1 meV for the
two higher modes (Ei = 2.49 meV data). The Q-dependence of the lower excitation
band and the upper two excitation bands is strikingly different. Simulations based on
two different types of single dimer ground states are superimposed on the data and
describe it well.

91



It is interesting to note that all four models have single-dimer ground states of

the form (↑↑+ ↓↓)/
√
2 or (↑↑ − ↓↓)/

√
2 with a dominant contribution from the other

Sz ̸= 0 wavefunction to the doubly-degenerate first excited state. Two of the solutions

show superior agreement with the H⃗ ∥ [110] bulk characterization data. The only

way to differentiate between these two solutions is via subtle intensity differences

in the weaker dimer excitation at 0.19 meV. One solution is characterized by an

oscillatory Q-dependence around this energy transfer range that is not observed in

the data. Therefore, the intradimer exchange matrix that describes both the neutron

spectroscopy and the bulk characterization data best is given by JA
xx = 0.19 meV,

JA
yy = −0.03 meV, and JA

zz = −0.19 meV.

Using the Hamiltonian parameters provided above, the neutron spectroscopy

simulation is shown in Fig 5.14 (b) and the calculated magnetization and heat capacity

data are superimposed on the corresponding experimental datasets in Fig 5.15. The

agreement between experiment and theory is excellent, with the small differences

between the H⃗ ∥ [001] heat capacity data and the simulation likely arising from

modest sample misalignment. This simulation yields an effective S = 1 dimer state

(↑↑ − ↓↓)/
√
2 in zero field, which is stabilized by the large ferromagnetic exchange

interaction Jzz along the quantization axis. The excited states are doubly degenerate

(↑↑+ ↓↓)/
√
2 and (↑↓ − ↓↑)/

√
2 at E = 0.11 meV and (↑↓+ ↓↑)/

√
2 at E = 0.19

meV, respectively. This isolated dimer model accounts for the major experimental

features well, including the Q and E-dependence of the dynamical structure factor

for the dimer excitations and the magnetic-field-dependence of the magnetization and

specific heat. These results confirm that the interdimer interactions are significantly

weaker than the intradimer interactions in Yb2Be2SiO7.
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Figure 5.15: (a) Magnetization vs field along two high-symmetry crystallographic
directions at 2 K. (b) Similar data collected at 0.4 K. (c) Heat capacity vs magnetic
field applied along the [001] direction. Experimental data are shown as open symbols
while simulated data from our XYZ anisotropic exchange model are shown as solid
curves. (d) Heat capacity data vs magnetic field applied along the [110] direction with
simulated data from the same model superimposed on it. (e-g) Simulated isolated
dimer energy levels vs applied field along different crystallographic directions for one
dimer sublattice based on the XYZ anisotropic exchange model. There is a level
crossing between 1.5 T and 2 T for one dimer sublattice when H⃗ ∥ [−110] or for the

other dimer sublattice when H⃗ ∥ [110].
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The neutron spectroscopy simulations of the dynamical structure factor for

transitions between the single dimer levels j and k were performed using the

expression:

S(Q⃗, E) = A
∑
j,k

exp

(
− Ej

kBT

)∑
α,β

(
δα,β −

QαQβ

Q2

)
×

∑
m,n

f ∗
n(Q⃗)fm(Q⃗) exp(iQ⃗ · (R⃗m − R⃗n))×

ψjS
α
mψk × ψkS

β
nψjδ(E + Ej − Ek) (5.6)

where α, β = x, y, z, Sα
m refers to the α component of the effective spin-1/2 operator

for the mth spin, R⃗m and fm(Q) are the position vector and magnetic form factor of

magnetic ion m, and the matrix element between two single-dimer states is ψkS
β
nψj.

The quantity A includes a constant and the Debye-Waller factor exp(−2W ). The

neutron spectroscopy simulation was powder-averaged to facilitate direct comparison

to the CNCS data using the equation:

S(Q,E) =

∫
dΩ

4π
S(Q⃗, E) (5.7)

To assess which excitations could be associated with single dimer physics, we

simulated our low-T heat capacity data with the function [? ]:

Cm(T ) =
1

kBT 2

{
−

(
1

Z

∑
j

Ej exp

(
− Ej

kbT

))2

+
1

Z

∑
j

E2
j exp

(
− Ej

kbT

)}
(5.8)

where Ej is the eigenvalue of dimer state j, Z =
∑

j exp(−
Ej

kbT
) is the partition

function, and kB is the Boltzmann factor. The XYZ Hamiltonian can yield up

to three single-dimer excitations, so we tried different eigenvalue combinations in

our simulations that were consistent with the four energy levels observed in neutron
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spectroscopy. Several of these simulation results are presented in Fig. 5.13. We found

that the two higher-energy excitations have negligible contributions to the measured

heat capacity, so we do not consider them further in our single-dimer models. The best

agreement between the data and the simulation is found for a single-dimer model with

a doubly-degenerate 0.11 meV excitation and a non-degenerate 0.19 meV excitation.

The magnetization simulations were performed using the expression:

M(H⃗, T ) =
1

N

∑
m

1

Z

∑
j

ψj(H⃗)µB g⃗m · S⃗mψj(H⃗)×

exp

(
− Ej

kbT

)
(5.9)

where N is the number of magnetic ions in a unit cell, ψj(H⃗) is the eigenfunction

of dimer state j in an applied magnetic field H⃗, gm is the g-tensor of the mth spin,

and S⃗m is the effective spin-1/2 operator of the mth spin. The field-dependent heat

capacity simulations were performed using Eq. (2) with modified eigenvalues obtained

by diagonalizing the XYZ Hamiltonian with the appropriate Zeeman term included.

5.6 Summary

Yb2Be2SiO7 single crystals were similarly prepared using the floating zone melt

method. Subsequent bulk measurements show no signs of long range order at

temperatures as low as 0.05 K. In addition, neutron diffraction measurements at

2 K and 0.25 K show similar patterns matching the nuclear phase with no additional

peaks or intensity.

The three CEF excitations expected from J = 7/2 Kramer’s Yb ion are identified

with the lowest doublet found at 11 meV. The CEF peaks are unusually broad which

might indicate some source of structural disorder. Although a determination of the

CEF Hamiltonian for this compound is likely impossible, we are able to obtain some

infomation about the ground state g-tensor utilizing half-polarized neutron powder
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diffraction (pNPD). The pNPD results suggest that the Yb3+ ions are nearly ising

like with a much larger g-tensor component along [001] and much smaller in-plane

components.

Neutron scattering experiments with cold neutrons having incident energies

of 1.5 meV reveal the existence of several spin-gap excitations associated with

transitions between singlet and triplet wave functions. Analysis of Q-dependent

powder dispersion spectrum indicates that the excitations at 0.11 meV and 0.19 meV

correspond to entangled units between NN with the Stot and Sz = 1 wave function

(↑↑−↓↓)/
√
2. While the same data indicates that the excitations at 0.7 meV and 1.2

meV correspond to entangled units between NNN with the more typical entangled

unit wave function (↑↓ − ↓↑)/
√
2.

To simulate the observed bulk magnetic properties and cold neutron scattering

data a simple model of isolated dimer units with anisotropic XYZ exchange is

employed. The exchange parameters Jx = 0.19 meV, Jy =-0.03 meV, and Jz = -0.19

meV produce the closest match to the measured data and reproduces well the two

observed low energy excitations, the zero-field and field dependent heat capacity, and

magnetization data. However, small differences between the simulated and measured

Magnetization and heat capacity indicate that NNN or inter-dimer interactions play

a role and must be considered to explain these differences .
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Chapter 6

Conclusions

The compound family R2Be2SiO7 offers a rare opportunity to experimentally study

the magnetic phases and properties of highly anisotropic moments arranged into

a geometrically frustrated Shastry-Sutherland lattice. In this thesis the atomic

structure of this iso-structural family is presented and the magnetic properties of

Er2Be2SiO7, Dy2Be2SiO7, and Yb2Be2SiO7 are investigated in detail. The sub-lattice

formed by the R3+ ions in R2Be2SiO7 is equivalent to an SSL lattice where each ion has

one nearest or intra-dimer neighbor and four next-nearest or inter-dimer neighbors.

Er2Be2SiO7 single crystals were grown from polycrystalline sample using the float-

ing zone melt method. Subsequent bulk magnetization, ac magnetic susceptibility,

and heat capacity measurements reveal a phase transition to an antiferromagnetic

ordered state at TN = 0.85 K. The 8-coordinated ligand environment surrounding

each Er3+ ion can be described as an anti-prism with the four oxygen ions above the

plane rotated relative to the four below the plane. The Er ions belong to one of two

sub-lattices such that nearest neighbors or the two ions that form a dimer are always

in the same sub-lattice and adjacent orthogonal dimers always belong to different

sub-lattices. The ligand environments in the two sub-lattices are reflected relative to

one another along the plane defined by the [001] axis.
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The single ion anisotropy of each Er ion is quasi-XY like with a preference to lie

along the normal to their local mirror plane which is defined either by the [110] or

[1-10] vectors depending on the sub-lattice. Neutron scattering data allows for the

determination of all seven CEF levels expected of the J = 15/2 Er ion. The lowest CEF

level is at just 1.7 mev which suggests that an Seff = 1/2 model is not appropriate.

Although several candidate solutions to the CEF Hamiltonian are proposed, a robust

determination is complicated by the low site symmetry and remains elusive at this

time.

The zero-field ground state is described the Γ1 IR vector and consists of

antiferromagneticly coupled dimers with in-plane moments perpendicular to the

dimer bond. The four ions in a unit cell form a square plaquette with two

moments pointing in and two moments pointing out. The k⃗ = (0,0,0.5) magnetic

propagation vector identified in neutron diffraction experiments also ensures that

there is antiferromagnetic coupling between the Shastry-Sutherland planes. The field

induced behavior of the spins is consistent with classical anisotropic moments. For

field applied out of plane along the [001]-axis with two intermediate magnetic phases

between the zero field Γ1 IR phase and the fully polarized phase. One intermediate

phase has a 2k⃗ 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.

Dy2Be2SiO7 single crystals were similarly prepared using the floating zone melt

method. Subsequent bulk measurements reveal a transition to an antiferromagnetic

ordered ground state below TN = 1.1 K. Magnetization measurements show at least

three field induced phases before saturation corresponding to plateaus at 1/7, 4/9,

and 2/3 fractions of the saturation magnetization.

As was the case for Er2Be2SiO7, the Dy
3+ ions form two sub-lattices with differing

ligand environments. The single ion anisotropy is complicated and of the XYZ form

with g110 (parallel to NN bond) ≥ g−110 (perpendicular to NN bond) ≥ g001. This

anisotropy results in a strong tendency for moments to lie in the ab-plane. Although
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it was not possible to determine all seven CEF levels expected for the J = 15/2

Dy ion the lowest CEF level is identified at 7.9 meV. This result alongside the

integrated entropy from heat capacity measurements indicate that an Seff = 1/2

model is appropriate.

The zero-field ground state is described the Γ4 IR vector and consists of

antiferromagneticly coupled dimers with in-plane moments parallel to the dimer bond.

The four ions in a unit cell form a square plaquette with the moments forming a

spiral or loop with a distinct handedness. The k⃗ = (0,0,0.5) magnetic propagation

vector identified in neutron diffraction experiments ensures that antiferromagnetic

coupling between the planes exists. The nature and spin structure of the field induced

phases remains unknown. However, it is worth noting that the (0,0,0.5) magnetic

propagation vector persists only in the first field induced phase and is replaced by a

(0,0,0) propagation vector in the two subsequent phases.

Yb2Be2SiO7 single crystals were similarly prepared using the floating zone melt

method. Subsequent bulk measurements show no signs of long range order at

temperatures as low as 0.05 K. In addition, neutron diffraction measurements at

2 K and 0.25 K show similar patterns matching the nuclear phase with no additional

peaks or intensity.

The three CEF excitations expected from J = 7/2 Kramer’s Yb ion are identified

with the lowest doublet found at 11 meV. The CEF peaks are unusually broad which

might indicate some source of structural disorder. Although a determination of the

CEF Hamiltonian for this compound is likely impossible we are able to obtain some

infomation about the ground state g-tensor utilizing half-polarized neutron powder

diffraction (pNPD). The pNPD results suggest that the Yb3+ ions are nearly ising

like with a much larger g-tensor component along [001] and much smaller in-plane

components.

Neutron scattering experiments with cold neutrons having incident energies

of 1.5 meV reveal the existence of several spin-gap excitations associated with

transitions between singlet and triplet wave functions. Analysis of Q-dependent
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powder dispersion spectrum indicates that the excitations at 0.11 meV and 0.19 meV

correspond to entangled units between NN with the Stot and Sz = 1 wave function

(↑↑−↓↓)/
√
2. While the same data indicates that the excitations at 0.7 meV and 1.2

meV correspond to entangled units between NNN with the more typical entangled

unit wave function (↑↓ − ↓↑)/
√
2.

To simulate the observed bulk magnetic properties and cold neutron scattering

data a simple model of isolated dimer units with anisotropic XYZ exchange is

employed. The exchange parameters Jx = 0.19 meV, Jy =-0.03 meV, and Jz = -0.19

meV produce the closest match to the measured data and reproduces well the two

observed low energy excitations, the zero-field and field dependent heat capacity, and

magnetization data. However, small differences between the simulated and measured

Magnetization and heat capacity indicate that NNN or inter-dimer interactions play

a role and must be considered to explain these differences.

While the work presented in this thesis represents a good start to the analysis

of magnetism in R2Be2SiO7 compounds it also highlights the need for further

investigation. Although several magnetization plateaus have been observed in

Dy2Be2SiO7 the nature and spin structure of these phases remains unknown and

additional single crystal neutron diffraction studies remain necessary to clarify this.

Additional theoretical analysis to determine an accurate field induced Hamiltonian

capable of explaining the plateau phases is also necessary. For Yb2Be2SiO7 a ground

state consisting of unique dimer units is identified and much of the observed data is

explained by the simple model of isolated dimers presented in this work. However,

this data also suggests that inter-dimer or NNN interactions though small are present

and may influence both the ground state and field induced states. The nature of the

four spin gap excitations observed in neutron scattering data also requires further

investigation. Present work suggests that the excitations at lower energies of ∼0.11

meV and ∼0.19 meV correspond to excitations from a unique ground state consisting

of anti-symmetric entangle units with Stot = 1 and Sz = 1. On the other hand, the

much weaker excitations at ∼0.7 meV and ∼1.2 meV appear to be due to a small
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amount of structural disorder which causes some Yb ions to realize a different dimer

ground state. To confirm the wavefunction of the identified ground state and the

states associated with the two observed excitations additional cold neutron scattering

experiments on single crystal of Yb2Be2SiO7 both in zero field and under applied field

are sorely needed. Additional studies on site diluted LuxYb2−xBe2SiO7 could also be

helpful in clarifying the nature of weak excitations at ∼0.7 meV and ∼1.2 meV and

general interplay between NN interactions and NNN interactions in Yb2Be2SiO7.
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