Final Thesis Submission Sheet Copyright Permission Form Library and
Archives Canada Licence (PhD only) McMaster University Licence



FRAGILE MAGNETISM IN XY RARE EARTH PYROCHLORES



FRAGILE MAGNETISM IN XY RARE EARTH
PYROCHLORES

JONATHAN GAUDET, B.Sc., M.Sc.

A Thesis Submitted to the School of Graduate Studies
in Partial Fulfillment of the Requirements
for the Degree Doctor of Philosophy

McMaster University
©Copyright by Jonathan Gaudet, 2018.



DOCTOR OF PHILOSOPHY (2018)
(Physics)

TITLE: Fragile magnetism in XY rare earth pyrochlores
AUTHOR: Jonathan Gaudet, B.Sc., M.Sc.
SUPERVISOR: Professor Bruce Gaulin

NUMBER OF PAGES: viii, 99

ii

McMaster University
Hamilton, Ontario



Lay Abstract

In this thesis, we search for new magnetic phenomena that can be obtained by decorating a
lattice of corner-sharing tetrahedra with rare earth ions. In particular, we are interested in
studying the magnetic properties of pyrochlore magnets built from spins that have a preference
to lie perpendicular to the center of each tetrahedron, termed XY anisotropy. This ingredient is
found in the rare earth pyrochlore magnets YbsTisO7 and EroTiaO7. In these materials, the
combination of geometrical frustration, dominant spin-orbit coupling and strong crystal-field
effects give rise to several exotic magnetic states such as the quantum spin ice. The impact of
disorder, dilution, hydrostatic pressure and chemical pressure on the magnetic ground states
of YboTisO7 and EraTisO7 were investigated in this thesis using inelastic neutron scattering.
Our results support the notion that multiphase competition is the primary driver for spin liquid

behaviour and order-by-disorder effects in these materials.
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Abstract

The topic of investigation in this thesis is the pyrochlore titanates A;Ti,O7 where A3% is a
magnetic rare earth ion and Ti*t is non-magnetic. The pyrochlore is a cubic structure composed
of two inter-penetrating networks of corner-sharing tetrahedra and is the archetypal platform
for the study of magnetic frustration in three dimensions. Magnetic frustration in rare earth
pyrochlores favors the stabilization of various exotic magnetic phenomena such as the classical
and quantum spin liquid states. The degree of magnetic frustration in these systems depends
strongly on the local spin anisotropy of the rare earth ion. In this thesis, we studied the magnetic
properties of XY pyrochlore magnets where the spins have a preference to point perpendicular to
the centers of the two tetrahedra they connect. XY local anisotropy is obtained in the rare earth
pyrochlores YbaTioO7 and EreTisO7, which are the primary subjects of this thesis. Using elastic
and inelastic neutron scattering techniques, we study the magnetic ground state of YbsTioO7 and
EryTioO7 as a function of various perturbations such as disorder, dilution, hydrostatic pressure
and chemical pressure. Our results on YbyTisO7 reveal a spin liquid ground state in ambient
pressure. The spin liquid state of YboTioO7 is found to be unstable upon the application of
hydrostatic pressure, from which a ferromagnetic ground state is obtained. ErsTisO7 is known
to magnetically order into an antiferromagnetic 19 state at 1.2 K. Diluting the Er?* site with
non-magnetic Y3t ions causes a transition from the v antiferromagnetic state found in EryTisO7
to a frozen mosaic of 1o and 13 at a critical dilution of ~ 20%-Y. Furthermore, it will be
demonstrated that EraTisO7 has a rich phase diagram in both an applied magnetic field as well
as with the application of chemical pressure. The fragile magnetism in both YboTioO7 and
EryTisO7 is discussed in terms of multiphase competition that promotes spin liquid behaviour

and order-by-disorder phenomena.
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Chapter

Introduction

The magnetic properties of materials are strongly connected to their underlying crystalline
structures. In this thesis, we take full advantage of this fact by studying the magnetism of
cubic pyrochlore magnets A;BsO7. As shown in Fig.1.1(a), both the A-site and the B-site
of the pyrochlore structure form an independent network of corner-sharing tetrahedra. When
one or both of the two sublattices are decorated with magnetic ions, the tetrahedral motif of
the pyrochlore structure frustrates the near neighbour spin interactions and can prevent the
system from selecting a conventional long-range magnetic order at low temperature. In such a
case, the spin configuration of a frustrated system has an extensive degeneracy and a magnetic
ground state that can potentially be described by a strongly entangled quantum mechanical wave
function. The most famous example is the quantum spin liquid ground state, where the spins do

not order at any temperature and remain dynamic down to 7'= 0 K. [11]

The most well-studied family of pyrochlore magnets for the topic of frustrated magnetism is
the rare earth titanates AsTisO7 [12]. In this family of pyrochlores, the B-site is occupied by
non-magnetic Ti*t and the A-site is occupied by a trivalent rare earth ion such as Ho?t, Yb3t,
Er3t, or Th3*. An important ingredient for describing the magnetism in these systems is their
spin anisotropy. The spin anisotropy in the pyrochlore structure is defined locally which implies
that the orientation of the Ising axis is different for every ion in a single tetrahedron. The local
environment of the A-site in the pyrochlore lattice is shown in Fig.1.1(b). The Ising axis, also
known as the local [111] axis, is defined as the direction that links the rare earth site to the centers
of the two tetrahedra it connects. Pyrochlore magnets with Ising anisotropy will have their spins

point into or out of the centre of each tetrahedron (red arrow in Fig.1.1(b)) and those with XY
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anisotropy will have their spins lying in the plane perpendicular to the local [111] axis (blue arrow
in Fig.1b)). For Heisenberg spin anisotropy, the spins have no constraints and are free to point
in any direction (black arrow in Fig.1b)). Each of these spin anisotropies can be obtained within

the rare earth pyrochlore titanates by simply changing the rare-earth ion sitting on the A-site [13].

Theoretically, an astonishingly broad range of magnetic ground states can be stabilized on a
pyrochlore lattice by mixing the different spin anisotropies with various magnetic interactions.
For example, a frustrated and macroscopically degenerate 2-in 2-out spin state is stabilized for
Ising spins with net ferromagnetic interactions [14], but an unfrustrated all-in all-out long-range
magnetic order is obtained for Ising spins with antiferromagnetic interactions [15]. In the quest
to find spin liquid behavior in real materials, it is thus natural that significant scientific attention
has been devoted to investigating pyrochlore systems with Ising anisotropy and ferromagnetic
interactions. The archetypical examples of such systems are the classical spin ices HosTioO7
and Dy TisO7 [14,16,17]. It was found that the macroscopic degeneracy of the 2-in 2-out spin
configuration found in these materials is exactly analogous to the case of proton disorder in
water ice, hence the name spin ice [18]. The magnetic excitations in spin ice can be mapped
onto diffusive magnetic charges where the positive and negative magnetic charges correspond to
an excited tetrahedron with a 3-in 1-out spin configuration and a 3-out 1-in spin configuration,
respectively. Both effective magnetic charges are produced by flipping a single spin within the
two-in two-out manifold and the interaction with each other occurs via an emergent Coulomb
interaction. [19,20]. As such, these emergent quasi-particles mimic magnetic monopoles, a particle

that is absent in the current theory of our universe.

A route towards promoting frustration as well as quantum effects in pyrochlore magnets
is to investigate materials with local XY anisotropy [10]. Theoretical proposals suggest that
XY anisotropy provides a key ingredient in the stabilization of various spin liquids such as the
quantum spin ice state [21-28]. In addition to the emergent magnetic monopoles excitations
present in the classical case, the quantum spin ice state has emergent electric monopole exci-
tations and photon excitations that are predicted to arise at low temperatures. Furthermore,
XY pyrochlore magnets can experience order-by-disorder, a phenomena where a material adopts
a particular long-range magnetically ordered state due to its propensity to fluctuate [29,30].
This type of magnetic ordering corresponds to an entropic ground state selection rather than

the more conventional ground state selection via energetic arguments. Both order-by-disorder
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Figure 1.1: (a) The A-site and B-site basis of the cubic Fd3m pyrochlore lattice forms two
independant networks of corner-sharing tetrahedra. (b) Local oxygen environment of the A-site
in the pyrochlore lattice, which consists of a cube of oxygen atoms that is distorted along the local
Ising axis. The different arrows (spins) shown in (b) correspond to the possible spin anisotropies
of the pyrochlore lattice: local Ising anisotropy (red spin), local XY anisotropy (blue spin) and
Heisenberg spins (black spin).

and quantum spin ice are magnetic phenomena that have yet to be definitively observed in any
real materials, but have been discussed as relevant in the XY pyrochlores studied in this thesis:

YbQTiQO7 and Er2Ti2 O7 .

As will be shown in Chapter 2 and 3, both YbyTisO7 and EryTisO7 have local XY
anisotropy [1, 6, 13,31-33]. YbsTisO7 displays ferromagnetic exchange [34] and its low en-
ergy spin excitations consist of a continuum of gapless excitations at low temperature [2,35-37].
This continuum of excitations has been proposed to originate from the proximity to a quantum
spin ice phase [35,38-40]. Regarding EryTisO7, this material orders into an XY antiferromag-
netic long-range state at 1.2 K with a ground state selection that is argued to originate from
quantum and thermal order-by-disorder effects [41-47]. In this thesis, I will study the magnetic
ground states of both YbyTisO7 and ErsTisO7 under various perturbations such as chemical
disorder [1,2], hydrostatic pressure [3], magnetic dilution [4] and chemical pressure [6-10]. For
all these perturbed systems, neutron scattering was used to probe their spin structures as well as
their associated magnetic excitations. Our results suggest that the magnetic ground states of
XY pyrochlores are unusually sensitive to many perturbations. This magnetic fragility is caused
by an intrinsic multiphase competition that exists between different magnetic ground states. It

is proposed that multiphase competition promotes spin liquid behavior and order-by-disorder



Ph.D. Thesis - J. Gaudet McMaster University - Physics and Astronomy

effects in rare earth XY pyrochlores [48,49].

The introduction begins in Section 1.1 with a short description of the magnetism in XY
rare earth pyrochlore magnets. The single-ion properties of the rare-earth ions on the pyrochlore
lattice is presented as well as the relevant spin interactions. Then Section 1.2 describes the
relevant concepts of neutron scattering that are important to understanding the results and
analysis found in this thesis. Chapter 2 and Chapter 3 shows the results and analysis of neutron
scattering experiments performed to investigate the magnetic ground state properties of YboTisO7

and EreTisO7, respectively.

1.1 Magnetism in rare earth XY pyrochlores

The magnetism of the pyrochlore magnets A3TiaO7 originates from the unpaired f electrons
belonging to the rare earth ion. The single-ion properties of the rare earth ions are dominated by
the Coulomb interaction between f electrons. Following Hund’s rules, the Coulomb interaction
is minimized by first maximizing the total spin angular momentum S and second by maximizing
the total orbital angular momentum L. For the case of the Yb?* ion, this leads to an electronic
state with L = 3 and S = 1/2 while it leads to an electronic state with L = 6 and S = 3/2 for
the Er3* ions. This manifold is (2L + 1)(2S + 1) degenerate, but this degeneracy is lifted by the
spin-orbit coupling, the crystal electric field of the surrounding ions (CEF) and the spin-spin

interactions (see Fig.1.2).

The spin-spin interactions in rare earth pyrochlores are dominated by the superexchange inter-
action. Due to the strong spatial localization of the f orbitals, the overlap of the 4f — O(2p) — 4 f
wave functions is weak and so too are the superexchange interactions, on the order of 1 meV [34].
The CEF is the Coulomb potential that originates from the presence of neighboring ions. For
pyrochlores A2 BoO7, the CEF is dominated by the oxygen ions that have strong electro-negativity
giving a magnitude in energy of about 100-150 meV [13], and it provides a much stronger energy
scale than that of the exchange interactions. Finally, the spin-orbit coupling goes roughly as
Z* where Z is the atomic number. Since rare-earth ions are heavy, the spin-orbit coupling is
on the order of 0.3-3 ¢V [50] and dominates both the CEF and the exchange interactions. Such
stratification of the energy scales in the description of rare earth pyrochlores is convenient because

it allows the exchange interactions to be described as a perturbation of the CEF interaction

4
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Figure 1.2: Energy scheme of the relevant interactions responsible for the single-ion properties
of the rare-earth ion in the oxide pyrochlore structure. The Coulomb potential stabilizes a
ground state with orbital angular momentum L and spin S. The (2L + 1)(2S 4 1) ground state
manifold is spht by the spin-orbit coupling that selects a ground state with quantum number J
where, J = L+ S is the total angular momentum and m is its projection within the local [111]
axis. Finally, the degeneracy of the (2J + 1) ground-state spin-orbit manifold is lifted by the
crystal electric field. The eigenfunctions of the CEF interaction can be written in terms of linear
combinations of the (2J + 1) spin-orbit ground state manifold.

which in turn can be described as a perturbation of the spin-orbit coupling.

The spin-orbit interaction goes as:

A~

Hy o= No-§— %[J(J+1)—L(L+1)—S(S+1)], (1.1)

and is diagonal within the |.J, M ;) basis where .J is the quantum number of the total momentum
operator J =L+S. The spin-orbit ground states are the single-ion wave functions with J = L+ .S
if \<lorJ=L-S5if A >1. From atomic physics, it is known that X is positive for f orbitals
that are less than or equal to half-filled and that X is negative for ions with f orbitals that are
more than half-field. For both Er®* and Yb3*, the f orbitals are more than half-filled resulting
in a ground state with J=2> for Er®* and J=1 for Yb3*. The spin-orbit ground state is 2J + 1
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degenerate and is separated from the first spin-orbit excited states by AJ. The CEF interaction
is responsible for the lifting of the 2J + 1 degeneracy of the spin-orbit ground state. For Er3*
and Yb3t, \J is about 1-2 eV [50] and, consequently, the calculation of the low energy states
can be performed solely using the 2J 4 1 eigenfunctions of the spin-orbit ground state. Such
simplification is not possible for all rare earth ions. For example, AJ for Ce3t and Sm>* is about
200 meV and 365 meV, respectively [50]. As a result, a perturbative approach fails and the single
ion wave functions need to be found by diagonalizing the total Hamiltonian H=H, ,+ Hepr
within the full |L, S) manifold.

As briefly mentioned before, the CEF interaction originates from the electric field of the
neighboring ions. The CEF potential is simply the sum of the electrostatic potential between the
charges of the magnetic ion and the neighboring ions. The crystalline potential energy is then

given by:

2 459
H = E E — 1.2

where ¢; is the effective charge and r; is the position of the i-th electron within the rare earth
ion shell. Likewise, g; is the effective charge and R; is the position of the j-th neighboring ion.
This potential is described in terms of the z, § and Z operators that determine the electrical field
strength as a function of the position of the charges with respect to the magnetic ion. As the
CEF interaction is a perturbation to the spin-orbit coupling, we are interested in applying the
time-independent degenerate quantum perturbation theory using the ground state eigenvectors of
the spin-orbit coupling. Thus, the CEF eigenfunctions and eigenvalues are obtained by diagonal-
izing the CEF Hamiltonian within the |.J, M) basis. Such a task requires the calculation of the
matrix element (J, M J/|ﬁCE r|J, M y), which is possible using the Stevens operator formalism,
O,T = OA;”(J:E, Jy,J>). This formalism consists of replacing each &, § and Z operator by their
corresponding fx, jy and J, operators [51]. When doing so, the noncommutativity of J;, jy and
J. has to be taken into account by replacing the products of &, §j and Z with an operator that
combines all possible permutations of jm, jy and J,. For example, Ty = M

The number and choice of Stevens operators OA,T needed to describe the electrical field
for a given charge distributions depends on the point-group symmetry of the local crystalline

environment [52]. For the case of the A-site in the rare-earth pyrochlores AsB2O7, the point
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group symmetry is D3q with the following symmetry elements: a 3-fold rotation axis, an inversion
center, two 2-fold rotation axes (which define the local z and y axes) and two mirror planes. The
3-fold rotation axis defines the z axis of the Hamiltonian and corresponds to the Ising or local

[111] axis. The crystal electric field Hamiltonian for an ion with D3, point symmetry is
Hepr = BSOS + BJO§ + BiO} + B{Og + B{O + B{Og, (1.3)

where the operators 09, OY, etc. are the Stevens operators [51]. The terms BY, BY, etc. are
the crystal electric field constants that can be calculated using point-charge calculations [53] or
experimentally determined using inelastic neutron scattering [54]. The latter method will be
discussed in further detail in section 1.2 as well as in Publication I (chapter 2) and VI (chapter

3).

For the case of the XY rare earth pyrochlores, the ground-state of the CEF interaction
is isolated from its first excited CEF level by ~70 meV in YbyB2O7 [1,7] and ~6 meV in
EryBy07 [6]. As we are interested in the magnetic properties of these systems at very low
temperature, the local g-tensor of the rare-earth ions can be well approximated by projecting
the system solely within the CEF ground state. By doing so, the g-tensor components of the

Zeeman coupling are given by [13]:
91 =291 (¢5] J=|¢5) | and (1.4)

91 =911 (o¢ | T+ |00 ) | = 951 (&5 | I |67 ) | (1.5)

where g| is the g-tensor component along the Ising direction and g, is the component of the
g-tensor that is perpendicular to the Ising direction. Thus, a local Ising spin anisotropy is
obtained when g is greater than g, . Conversely, the local spin anisotropy is XY when g, is
larger than g)- For both YbsTioO7 and ErsTisO7, g, > g indicating that both materials are
examples of XY pyrochlore magnets [1,6].

As the origin of the single-ion properties of the rare-earth pyrochlores have been discussed,
we can now focus on the important spin-spin interactions that exist in these system. It has
been shown that the super-exchange interaction is on the order of 1 meV in both YbyBy0O7 and
EryB2O7; and thus, the exchange interaction is important only at low temperature [34,35,42].

For the pyrochlore structure, the most general form of the nearest-neighbor exchange interaction
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Figure 1.3: The calculated phase diagram for rare earth XY pyrochlores adapted from Ref. [49]
using a classical treatment of the anisotropic exchange Hamiltonian shown in equation 1.6 with
Jys =0 and J3 < 1. The degeneracy of the 12 and 13 states within such a model is lifted by the
order-by-disorder mechanism. The spin structures associated with each ordered phase are shown.
The exchange parameters of YboTisO7 and ErsTisO7 obtained from inelastic neutron scattering
in ref. [35] and [42] are indicated in the phase diagram. This figure has been reproduced from
Ref. [10] with permission copyrighted by the Annual Review of Condensed Matter Physics.
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(H¢z) is written as [35,49,55,56]:

He, =Y JL'Stsy, (1.6)
(6,9)

where the sum (i,j) goes over nearest-neighbor spins and p, v = 2/,¢/,2/. In general, JZ-“j" is
a 3x3 matrix with nine different components that are reduced to four independent exchange
parameters due to the symmetries of the pyrochlore lattice (Jy,J2, Js3, Jy). With respect to
the direct local bond between two spins on the same tetrahedron, the significance of the four
independent exchange parameters can be interpreted as the following: J; is an XY term, Js is
an Ising term, J3 is a symmetric off-diagonal term and Jy is an effective Dzyaloshinskii-Moriya
term. By assuming the origin of our coordinate system to be the center of a tetrahedron and
the positions of the four ions within the tetrahedron given by: ro = §(1,1,1), r1 = §(1,-1,-1),

ry = ¢(—1,1,—-1) and r3 = ¢(1,1,1), the exchange matrix between the ions at ro and ry is [49]:

Jo  Jy Jy
j01: -Jy J1 J3| - (1.7)
—Jy J3 N

All the other exchange matrices between the different ions of a tetrahedron can be obtained by a

proper rotation of the Jo1 matrix.

In the exchange Hamiltonian written in equation 1.6, the operators S; = (S;”l, Sy ,, Sf/) describe
the magnetic moment of the rare-earth ion in a global axis frame of reference. However, since
the anisotropy of the rare earth ions is defined locally, it is common to rewrite the Hamiltonian
of equation 1.6 within a basis of local coordinates (z,y, z) where the z axis of each ion is defined
as the local [111] or Ising axis. Then, the anisotropic exchange Hamiltonian can be written as

follows [35,49]:

Hep =Y {J.S78; — J+(S;HS; + 8787)
(4.4)
+ JaslyigSTST 475557 (1.8)

+ Jex[SF(Giy S+ ¢5S7) +i = 41}

with v = -¢* and
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The relationship between the exchange parameters within the global coordinate frame (z/,y’, 2’)

and the local coordinate (z,y, z) frame is given by the following [49]:

1
Jow = —§(2J1 —Jo +2J3 + 4J4)
1
Jr = _6(2J1 —Jo — J3—2Jy)

1 (1.10)
Jigy = —E(Jl + Jo —2J3 + 2J4)

1
S = ———=(J1 +J2+ J3 = Ju).
+ 3\@(1 2+ J3 — Ju)

In both YboB07 and Ere BoO7, a well isolated ground state doublet is obtained due to strong
CEF effects. Thus, the system can be projected within the CEF ground state doublet by
introducing new effective pseudo-spin 1/2 operators. These pseudo-spin 1/2 operators respect
the non-commutation rule for general spin operators ([S¢, Sf | = i€qpyS; ) and have an anisotropy
that is dictated by the local CEF. To take the CEF anisotropy into account, the dipole moment

of the spin operator is written as [49]:

me =Y g S’ (1.11)
=1

where the g-tensor glofﬁ ., is diagonal within the local basis state:

g. 0 0
glocal =10 gl 0] - (112)
0 0 g

Other spin-spin interactions in the rare earth pyrochlore magnets are important. For example,
the dipolar interaction is responsible for the stabilization of the spin-ice manifold in both

Ho2Ti2O7 and DysTiaO7 [57-60]. The nearest-neighbour part of the dipolar interaction is given

10
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by:

. S; - S; (S; - R;)(S; - Ry;)
(i) "

v

2
with D = % and where pg is the permeability of free space, up is the Bohr magneton
and |R;;| is the distance between two neighboring spins. Since its strength goes as sz Iz the
dipolar interaction for both YboBoO7 (pers ~ 2up [1,7])) and EroByO7 (pers ~ 4pup [6]) is
less important than for the classical spin ices HooTi2O7 (pefs ~ 10pp [54,61]) and Dy2TiO7

2
(feff ~ 10up [61,62]). Even if it is small for the XY rare earth pyrochlores (;T;iif'g, ~0.3 K),

the dipolar interaction can included in the effective spin Hamiltonian of XY pyrochlores. Once
projected within the pseudo-spin 1/2 basis, it has been shown that the dipolar interaction on the
pyrochlore lattice can be written in the same mathematical form as the anisotropic exchange

Hamiltonian shown in equation 1.8, with the following correspondence [44]:

[ 727 2097
JP D i
=] o (119
St 797
-
| T ] —2/(2)g)9.

This result means that because of the projection of the system within the CEF ground state
doublet, the form of the spin Hamiltonian in equations 1.6 and 1.8 is accurate even with the
addition of dipolar interactions. The only correction is that the dipolar term is absorbed in the
definition of the effective exchange parameters. For example, the effective exchange parameter

. 20Dg?
/ . . / di
J., isgiven by J, = J., — Ji' = J.. — — H

Inelastic neutron scattering and magnetization and have been used to estimate the anisotropic
exchange parameters of XY pyrochlores [9,35,36,42,63-65]. In all the XY pyrochlore magnets
probed so far, the exchange parameter J3 was always refined to be negative and J4 refined to
be small and negligible. Within such constraints, the authors of ref. [49] derived a classical
phase diagram for the subspace of exchange parameters found to be relevant for rare earth XY
pyrochlores. The resulting phase diagram is shown in Fig.1.3 along with the magnetic structure
of the different ordered phases that are predicted to be stabilized. All these magnetic ordered

phases correspond to a k=0 magnetic structure. The I'g structure is a splayed ferromagnetic
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structure with the spins polarized along the (001) direction, but tilted along their respective local
[111] axes. The tilting or splayed angle is the same for all spins in one tetrahedron, but two spins
are tilting along the center of the tetrahedron and two spins are pointing away from the center of
the tetrahedron. As will be discussed in Chapter 2, the magnetic structure of YboTioO7 under
pressure has been refined to belong to the I'g phase with a small splayed angle (~1°) [3]. Both the
I'; and I'; phases are XY magnetic structures where the spins are constrained to lie within the XY
local plane. The I'7, also defined as the Palmer-Chalker phase, is obtained for isotropic exchange
interactions with dominant dipolar interactions [66]. Within the family of XY pyrochlore magnets,
both ErySnyO7 and ErgPteO7 order into the Palmer-Chalker state [9,65]. Finally, the I's phase
has two different basis vectors 19 and 3 which correspond to an XY pyrochlore structure
where all the spins point along the local x (¢2) or y (13) axis. At the mean field level, the v
and 13 states are degenerate [42,43], but in the model presented in ref. [49], the degeneracy
is broken by order-by-disorder effects. In such a case, the system will order into the structure
with the basis vector (12 and 13) that minimizes the spin wave energie and, hence, maximizes
the entropy. ErgTiaO7, EraGesOr and YboGeaO7 have all been refined to belong to the I's
phase [7,41,67-69]. ErsTisO7 has a 12 ground state [70] and EroGeaOy is argued to order into a

pure 15 state [68]. The exact nature of the I's phase in YboGeoO7 is still unknown at the moment.

From the calculated phase diagram of XY pyrochlores shown in Fig.1.3 and from the
experimental observation of all the predicted ordered phases in the known XY pyrochlores, it is
clear that these materials live in a rich phase space with a possibility for competition between
these ordered phases. This intrinsic phase competition between the I'g, I'y and I's phases can
promote spin liquid behavior, especially for materials with exchange parameters that lie near a
phase boundary between two of these phases [48,49]. Such a scenario of phase competition is
proposed for YboTisO7. As will be discussed in Chapter 1, YboTisO7 has strong sensitivity to
both disorder and hydrostatic pressure [3,71,72]. This observation can potentially be explained
by phase competition between the ferromagnetic I'g state and the antiferromagnetic I's state. A
similar scenario is also proposed for the origin of the spin liquid behavior observed in EroSnoOr
and ErsPt2O7 where phase competition between antiferromagnetic I's and I'g phases has also
been argued to exist [9,63,65]. Finally, phase competition is also responsible for promoting
order-by-disorder effects in rare earth XY pyrochlore such as, potentially, the ¢» ground state
selection in EryTisO7 and this fact will be further investigated in Chapter 2.

12



Ph.D. Thesis - J. Gaudet McMaster University - Physics and Astronomy

1.2 Neutron scattering

The neutron is a particle with physical properties that are perfectly suited to study the magnetic
behavior of condensed matter systems via scattering experiments. First, the neutron has a spin,
i = —1.042 x 10733, which allows a direct coupling between the neutron’s spin and the spins
of the unpaired electrons in a material. Second, the neutron is uncharged, which implies that
there is no Coulomb interaction between the neutron and the material’s electrons. Consequently,
the neutron’s interaction with the nucleus is relatively weak and thus, as opposed to photon
scattering, the rate of magnetic scattering events is comparable to the rate of nuclear scattering
events. Finally, the mass of the neutron, m, = 1.675 x 10727 kg, is such that at 293 K, the
average kinetic energy of the neutron is 25.3 meV, corresponding to a wavelength of 1.798 A.
This length scale is on the order of the distance between the atoms in a material and provides
the possibility of using neutrons for diffraction experiments. Furthermore, the average energy
of the neutron is comparable to the energy scale of typical magnetic excitations such as spin
waves and crystal field excitations. Thus, the energy gain or loss during a scattering process is a
considerable fraction of the neutron incident energy which facilitates scattering experiments with

good energy resolution.

The principle of neutron scattering is schematically shown in Fig.2.1 and consists of placing a
h2k2
2Mman )

sample in front of an incident neutron beam (with incident wave vector k; and energy, E; =
The sample interacts with the incoming neutrons via momentum (Q = k; — ky) and energy

27.2 h2k2
transfer (hw = E; — Ey = Ui i

2mn  2my

), which are both conserved during the scattering event.
In a neutron scattering experiment, we are interested in measuring the ratio of the number of
neutrons scattered per second into the solid angle df2 in the direction (0, ¢) (with respect to the
direction of the incident neutron) with energy E per total incident neutron flux. This measured
ratio is defined by the partial differential scattering cross-section (Cﬁ;—gﬁ). When multiplied by the
incoming neutron flux, the cross-section o is defined as the total number of scattered neutrons

per unit of time and, hence, o has units of area.

The calculation of ddEQ—gQ requires the determination of the scattered neutron eigenstates. This
task is facilitated by the fact that both the magnetic and nuclear interactions of the neutron with
the sample are weak. The interaction (V) of the sample can then be treated as a time-dependent
perturbation of the free particle Hamiltonian. In this context, the rate of neutrons scattered

from an initial state k; to a final state ky follows the Fermi’s golden rule rules and hence, is
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Position and time sensitive detectors

Incident energy
determining choppers

Sample

Neutron guide Collimators

Figure 1.4: Scheme of a time-of-flight neutron spectrometer. In this example, an ensemble of
seven choppers are converting a white neutron beam into a neutron beam with well-defined energy
(E;). This monochromatic neutron beam is converged to the sample space. After being scattered
by the sample, the neutrons are detected by an assembly of He? detectors that cover a large part
of 2m steradian. The momentum transfer Q and energy transfer Aw of the scattering processes
can be deduced from the time and position at which the scattered neutrons are detected.

proportional to the matrix element |(kg, Stn f|‘7|ki, Sz m)|2. S% and S7 are the final and initial
spin state of the neutron and ny and n; are variables that define the final and initial states of
the sample. Using this formalism, the partial differential scattering cross-section can be written

as [73]:

Ao _( My,
dEdQ  ‘2mh?

k .
7221 (ke, S5,V ke, S, mi) 26(Bs — By — ) (1.15)

where the last term is a Dirac function that ensures energy conservation and where the ratio ’Z—f
arises because we divided the scattered neutron flux by the incident flux, which both depend on

the neutron’s velocity and hence, on its momentum wave vector k.

Naturally, the origin of the nuclear and magnetic interaction of the neutron with matter is
different. The nuclear interaction (VN) is only significant at short distance scales (~ 107 to
107'° m) because it originates from the nuclear forces between the nucleus of an ion and the
neutron. Thus, the nuclear potential can be approximated by a Dirac function and is, generally,

defined as:
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N 2 h?
VN (rna RN) - -

bo(rn — Ruy), (1.16)

may,

where ry, is the position of the neutron, Ry is the position of the ion and b is a scattering
length. The scattering length b quantifies the strength of the scattering process and is different
for every nuclei. In general, the scattering length has an imaginary component that represents
the absorption process of the neutron by a nuclei. Here, however, we consider only the positive

and real value of the scattering length b.

The net interaction between the neutron’s spin and the dipole (B;) and orbital (B,,;) moment
of an unpaired electron is responsible for the magnetic contribution of the scattering. The

magnetic interaction (V) between a neutron and an electron can be written as:

pe xR, 2upp xR

Ho

VM = —MUn - (Bs + Borb) — E(VX(

(1.17)

where R is a unit vector pointing along the direction between the electron position and the
magnetic field at a point R, p is the electron momentum and pe is the magnetic dipole moment

of the electron.

It is now interesting to show explicit mathematical expressions of the partial differential
scattering cross-section corresponding to various scattering examples relevant for the neutron
analysis presented in this thesis. First, we can look at the nuclear scattering obtained from a
crystal, a periodic arrangement of ions with reciprocal space vector 7. By treating each ion
within the crystal as static, the scattering potential (V) entering equation 1.15 is the sum of Vi

over all atoms within the crystal:

N, n,
27Th2 cell b

Vr(r,) = D) bud(ra —1- p), (1.18)

m
"ol=1 p=1

where N, is the number of unit cells within the material and ny is the number of atoms within

one unit cell. The result obtained from inserting Vp in equation 1.15 is given by [73]:

Ao
dEdQ

= NViee Fn(Q)I” D 6(Q — 7)) (1.19)

where Fy(Q) is the unit cell structure factor:
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Fn(Q) = bue@. (1.20)
7

In these equations, N is the number of atoms in the crystal, V.. is the volume of the unit cell in
the reciprocal space and §(hw) is a Dirac function that restricts the scattering to elastic processes
only (E; = Ef). The Dirac function §(Q — 7) represents the well-known Bragg condition where
non-zero intensity, or constructive interference, is possible only if the neutron momentum transfer
Q is equal to a reciprocal space vector 7. This restriction is a necessary, but not sufficient,
condition for constructive interference because the unit cell structure factor (Fv(Q)) can suppress
the intensity of a particular Bragg peak. From equations 1.19 and 1.20, we can see that it is
possible to use elastic neutron scattering to determine the crystal structure of any material. This
is feasible because the structural Bragg peaks as a function of momentum transfer depends on
the crystal symmetry of the probed material and the relative intensities of all these Bragg peaks
depends on the position of the ions within the unit cell. For example, we used neutron diffraction
to characterize the dimensions and exact distortion of the oxygen environment surrounding each

Er?t site in the different Ery BoO7 compounds probed in Publication VI.

The magnetic structure determination of various XY pyrochlore magnets has also been
performed in this thesis. To describe the scattering originating from a long range magnetic
structure, the total interaction potential is the sum of the magnetic potential V;,, (equation 1.17)
over all spins sitting on a periodic lattice with reciprocal space vector 7,,. Upon inserting the
net magnetic potential into equation 1.15, one can derive the following equation [73]:

TO 0 Ny FQDE S 6(Q — ) X Farlrm) P8, (1.21)
dEdQ  2up

Tm

where Fj/(Q) is the Fourier transform of the unit cell magnetization M(r):

Fu(Q) = [ M(r)eQr (1.22)

cell
and v is a constant equal to 1.913, r( is the classical radius of the electron and f(|Q|) is the
atomic form factor. The atomic form factor is the Fourier transform of the electron spatial
density of the rare earth ion. Equation 1.21 is similar to equation 1.19, but here, constructive
interference is only possible for momentum transfer (Q) that matches the magnetic reciprocal

lattice vector 7,,. An important point is that the neutron is only sensitive to the components
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of the magnetization that are perpendicular to the momentum transfer Q. For this reason, the
term |7 X Far(Tm) X Tm| arises in equation 1.21. This sensitivity of the neutron to the moment
direction was important in the analysis of the elastic scattering data in Publication V. In this
publication, we studied the magnetic field induced domain re-orientation and redistribution
in EraTioO7. In a I's XY pyrochlore magnet such as EroTisO7, the magnetic intensity of the
Q =(220) Bragg peak oscillates as a function of the Er3* spin orientation within its respective XY
local plane. This oscillatory behaviour originates from the direction of the unit cell magnetization
that oscillates between being fully perpendicular to Q (where the scattered intensity is maximal
and where all the spins point along their local  or ¥ axis) to being fully parallel to Q (where the
scattered intensity is zero and where all the spins point along their local y or 3 axes). Finally, as
shown in Chapter 2 and Chapter 3, the magnetic structures of YboTisO7 and the Ero_, Y, TisO7
systems give rise to magnetic Bragg peaks that lie on top of the structural Bragg peaks at low
temperature. Thus, the characterization of the nuclear contribution to the scattering is essential
in order to properly separate the structural Bragg intensity from the magnetic Bragg peak
intensities. The characterization of the nuclear part of the elastic scattering was performed by

collecting a neutron diffraction pattern above the magnetic ordering temperature of these systems.

Inelastic neutron scattering was also performed to look for various excitations. In particular,
the knowledge of the partial differential scattering cross-section of a crystal-field excitation is
necessary to understand the fitting procedure of the CEF Hamiltonians for YbsTisO7 and the
Ery BoO7 pyrochlores. To derive the equation of the partial differential scattering cross-section
for CEF excitations, we simply have to include equation 1.17 for a single ion into equation 1.15.
As we performed inelastic neutron scattering on powder samples, a powder integration is also

required and results in the following expression [73]:

@0 Ky 3o (il Jali) e 0P ,
dQdE' CEf (‘QD Z Zj o—PE; 5(Ez - Ei - hw) (1.23)

P
where f2(|Q|) is the atomic form factor of the rare earth ion, a = z,y, 2 and where C is a
constant. Equation 1.22 indicates that the scattered intensity of a CEF transition depends
directly on the matrix element ) [(i|Jq|i’ )|? which involves the CEF state of the rare earth
ion before (]i')) and after ((i|) the transition. This result implies that the scattered intensity
of a transition between two CEF states depends directly on their compositions, which in turn

depends on the CEF parameters B]" defined in equation 1.3. Thus, inelastic neutron scattering
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can be used to fit the CEF Hamiltonians of rare earth pyrochlores. This procedure consists
of minimizing the chi-squared distribution of the observed and calculated scattered neutron
intensities and energies of any observed CEF transitions. Analyses of this type are presented
in Publication I for YbsTisO7 and in Publication VI for EroTisO7, EroGesO7, EroPtoO7 and
ErsSnsO.

Finally, knowledge of the partial differential cross-section for phonon excitations in a crystal
is important. A phonon is a quantized vibration of the crystal lattice and can be described in
terms of displacement operators “th’ with wave vector k,j, polarization vector es and energy
hws. The partial differential cross section can be derived for phonon excitations in a crystal
assuming a non-static distribution of atoms. In this context, the atoms are allowed to move
(R(t) =14+ p + By, (t)). Acoustic phonons are in-phase displacements of the atoms within
the unit cell and are present for both a Bravais (n;, = 1) and non-Bravais lattices (n, > 1).
For acoustic phonons, it can be shown that the cross section for a one-phonon emission and

absorption process is written as follows [73]:

d2(7 _ g kf —2W (Q : 63)2
d0dE = st b Ve Ly, MW@ Fa - Tk, (12)

where o is the cross section for a specific atom, e 2" is the Debye-Waller factor and (n, + 1) is
the thermal Bose-factor. The Debye-Waller factor describes the attenuation of coherent neutron
scattering caused by thermal motion of the atoms. The thermal Bose-factor characterizes the
effect of temperature on the average population of phonons. The derivation of the cross-section
for phonon excitations is important for Publication I and VI. Indeed, as phonon excitations are
also measured in any unpolarized inelastic neutron scattering experiment, it is important to
properly identify them so they can be distinguished from the magnetic excitations. As opposed
to magnetic scattering, the scattering goes as |Q|? and thus, the intensity of a phonon excitation
should increases as a function of the momentum transfer |Q|. As shown in equation 1.23, the
|Q| dependence of CEF excitations follows the dependence of the magnetic form factor f2(|Q|)
which decreases at high |Q|. Thus, it is typically possible to distinguish between a phonon and a

magnetic excitation because they have distinct |Q| dependences.
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Chapter

Fragile Magnetism in YboTioO~

This chapter is dedicated to the ground-state properties of the rare earth pyrochlore YheTioO7.
This material piqued the interest of the frustrated magnetism community because of the exotic
nature of its magnetic ground state. Experiments have revealed an unconventional continuum of
gapless spin excitations at low temperature, a signature of spin liquid physics. This continuum
of spin excitations was observed to condense into sharp coherent spin waves in a small applied
magnetic field [74,75]. Taking advantage of the presence of sharp spin waves in the high field
inelastic neutron scattering spectra of YbyTioO7, Ross et al. [35] fitted a spin Hamiltonian using
the anisotropic exchange Hamiltonian that we defined in Equation 1.8. A mean-field development
using the exchange parameters obtained from this procedure predicts that YbsTisO7 should
order into a splayed ferromagnetic state at low temperature with well-behaved ferromagnetic
excitations that are gapped by ~0.2 meV [2,35]. In experiments, this conventional magnetic
behavior was not found. Furthermore, the Ising exchange parameters J,, was refined to be
dominant, leading to proposals that the magnetic ground state of YbaTioO7 may be proximate to
a quantum spin ice phase [35]. Since then, other explanations for the quantum spin liquid behavior
observed in YboTisO7 have been put forward, such as phase competition due to proximity to an
antiferromagnetic I's phase [10,48,49,64] (See Figure 1.3 of the introduction) or proximity to a
magnetic Coulomb liquid [76].

The nature of the magnetic ground-state of YboTisO7 is still unknown and the mechanism re-
sponsible for the continuum of excitations at low temperature remains a mystery. A complicating
factor in the quest to understand the magnetic ground state of YboTisOr is its extreme sensitivity

to small amounts of disorder [71,72,78-80]. The effect of disorder on the low temperature
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Figure 2.1: (a) Low temperature specific heat of YboTisO7 [71] showing both the broad and
anomaly centered at ~2 K and the sharp anomaly at lower temperature, 265 mK. (b) Variability
of the low temperature specific heat anomaly in YboTisO7 for various powder and single crystal
samples synthesized by different groups [71,75-77].

magnetism of YbsTisO7 can be best appreciated by comparing the low temperature specific
heat of various powder and single crystal samples synthesized by different groups. The magnetic
contribution to the specific heat of YboTisO7 consists of two features: one broad anomaly at
relatively high temperature, ~2 K [8], and another sharp anomaly at low temperature, ~265 mK
(see Fig.2.1(a)). The higher temperature broad specific heat anomaly does not exhibit any sample
dependence. However, as seen in Fig. 2.1(b), both the position and shape of the low temperature
specific heat anomaly vary drastically amongst different samples of YboTiaO7. This low tempera-
ture transition is the most variable in single crystal samples. The sample dependence of YboTiaO7
is also perceptible in other probes such as uSR spectroscopy and neutron scattering, where some
samples of YbyTisO7 show a clear transition to a ferromagnetic ordered state [2,40,81-84] and
some samples do not [77,85-87]. The nature of the defects in single crystals of YbyTioO7 have
been investigated by a few groups and were refined to have a small amount of cation disorder, on
the level of 1-2% [71,72,78-80,88]. In the pyrochlore structure, this cation disorder is termed
“stuffing”, which consists of replacing some Ti** atoms that resides on the B-site by an excess of
Yb3t ions. Other types of defects in rare earth pyrochlores have been proposed such as oxygen
vacancies [89,90]. While it is known that such defects affect the low temperature phase behavior
of YbyoTioO7, careful studies of this disorder and its microscopic manifestation are lacking. The

three publications in this chapter seek to remedy this problem:
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Publication I: “Neutron spectroscopic study of crystalline electric field excitations in stochio-
metric and lightly stuffed Ybs Tis O7”, Jonathan Gaudet, Dalini D. Maharaj, Gabriele Sala,
Edwin Kermarrec, Kate A. Ross, Hanna A. Dabkowska, Alexander I. Kolesnikov, Gar-

ret E. Granroth, and Bruce D. Gaulin. Physical Review B 92, 134420 (2015) [1].

Publication II: “Gapless quantum excitations from an icelike splayed ferromagnetic ground
state in stoichiometric Ybo Tip O7”, Jonathan Gaudet, Kate A. Ross, Edwin Kermarrec,
Nicholas P. Butch, Georg Ehlers, Hanna A. Dabkowska, and Bruce D. Gaulin. Physical
Review B 93, 064406 (2016) [2].

Publication III: “Ground state selection under pressure in the quantum pyrochlore magnet
Ybs Tis O7”, Edwin Kermarrec, Jonathan Gaudet, Katharina Fristch, Rustem Khasanov,
Zurab Guguchia, Clemens Ritter, Kate A. Ross, Hanna A. Dabkowska, and Bruce D. Gaulin.
Nature Communications 8, 14810 (2017) [3].

2.1 Preface to Publication I: Single-ion properties of stoichio-

metric and weakly stuffed Yb,Ti,O7.

In this work, we used forefront inelastic neutron scattering techniques to measure the CEF
excitations in both a stoichiometric powder sample of YboTisO7 as well as a crushed single
crystal, with approximate composition Ybo,,Tis_,O74, and o = 0.046. This work allowed us to
determine the CEF eigenvalues and eigenfunctions for Yb3* in stoichiometric YbsTioO7 and also
to probe the effect of stuffing on the CEF excitations of the crushed single crystal. Modeling these
single-ion excitations with the proper CEF Hamiltonian for the stoichiometric powder resulted
in a single-ion CEF ground state mainly composed of |J = 7/2,m; = £1/2). This results in XY
local anisotropy and validates the quantum description for the Yb3T moments in this compound.
The same excitations are also observed in the stuffed powder, but with smaller lifetimes. This
allow us to conclude that an extended strain field exists about each local “stuffed“ site, which
produces a distribution of random CEF environments. Finally, with the CEF Hamiltonian of

the pure YboTioO7 in hand, it was possible to approximate the CEF eigenfunctions of defective
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Yb3* sites. The eigenfunctions for defective Yb?* cations siting on the B-site or siting on the
A-site adjacent to an oxygen vacancy are predicted to have local Ising anisotropy, which can

potentially help in disrupting the fragile magnetic order reported in some samples of YbyTisO7.

My role in this work was the analysis of the inelastic neutron scattering data. I wrote a
Matlab code to refine a CEF Hamiltonian for the stoichiometric YboTisO7 powder. Finally, I
drafted the majority of the manuscript and the response to the Physical Review B referee reports.

The contributions of each author are summarized below.

Author Contributions:

e Fxperimental Concept: B.D. Gaulin

Sample Preparation: K.A. Ross, H.A. Dabkowska

Neutron Scattering Experiments: D.D. Maharaj, E. Kermarrec, A.I. Kolesnikov, G.E. Granroth,
B.D. Gaulin

Data Analysis: J. Gaudet, G. Sala, D.D. Maharaj, B.D. Gaulin

o Manuscript: J. Gaudet, G. Sala, D.D. Maharaj, B.D. Gaulin
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Time-of-flight neutron spectroscopy has been used to determine the crystalline electric field (CEF) Hamiltonian,
eigenvalues and eigenvectors appropriate to the J = 7/2 Yb*' ion in the candidate quantum spin ice pyrochlore
magnet Yb,Ti,O;. The precise ground state (GS) of this exotic, geometrically frustrated magnet is known to be
sensitive to weak disorder associated with the growth of single crystals from the melt. Such materials display
weak “stuffing,” wherein a small proportion, 222%, of the nonmagnetic Ti*" sites are occupied by excess Yb>'.
We have carried out neutron spectroscopic measurements on a stoichiometric powder sample of Yb,Ti,O, as
well as a crushed single crystal with weak stuffing and an approximate composition of Yb,,,Ti, O, with
x = 0.046. All samples display three CEF transitions out of the GS, and the GS doublet itself is identified
as primarily composed of m; = 41/2, as expected. However, stuffing at low temperatures in Yby, ,Ti,_O74,
induces a similar finite CEF lifetime as is induced in stoichiometric Yb,Ti,O; by elevated temperature. We
conclude that an extended strain field exists about each local “stuffed” site, which produces a distribution of
random CEF environments in the lightly stuffed Yb,,,Ti,_,O-,,, in addition to producing a small fraction of
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Yb ions in defective environments with grossly different CEF eigenvalues and eigenvectors.
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I. INTRODUCTION

Geometrically frustrated magnetic materials are of great
current interest due to the diversity of exotic ordered and dis-
ordered ground states (GSs) that they display [1]. In particular,
cubic pyrochlore magnets with chemical composition A;B,07
have been a playground for geometric frustration as both the
A3t and B** sites, independently, reside on interpenetrating
networks of corner-sharing tetrahedra (see Fig. 1), one of the
canonical architectures for frustrated ground states in three
dimensions [2]. The rare earth titanate pyrochlores have played
a pivotal role in the development of the field, as Ti*" at the
B site is nonmagnetic, and the A site can be occupied by all
trivalent rare earth ions from Sm** to Lu**. Many of these
rare earth titanates therefore have a magnetic A sublattice,
and the family as a whole gives rise to different combinations
of magnetic anisotropies and interactions, which in turn are
responsible for the diversity of exotic ground states [3].

As an example, the classical spin ice state has been the
focus of much attention [4-6], and it results from a combi-
nation of local Ising anisotropy [7,8] and net ferromagnetic
interactions [8] on the pyrochlore lattice, such that the Ising
magnetic moments on each tetrahedron obey “ice rules” with
two spins pointing into each tetrahedron and two spins pointing
out, analogous to the water ice model proposed by Pauling [9].
This results in a sixfold degeneracy for a given tetrahedron,
and a macroscopic degeneracy for the three-dimensional
network as a whole. Yb,Ti,O; has attracted much recent
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attention [10-14] as a candidate for a quantum spin ice ground
state [15,16], wherein effective S = 1/2 degrees of freedom
decorate a pyrochlore lattice and interact via net ferromagnetic
interactions [17]. The GS phase diagram and microscopic
Hamiltonian appropriate to Yb,Ti;O; have been extensively
studied [18,19]. The microscopic Hamiltonian itself has been
determined by modeling spin wave dispersion and neutron
intensities in the high magnetic field, low temperature state of
Yb,Ti,O7 [20]. This work convincingly showed anisotropic
exchange to be the relevant form of the interactions at low
temperatures.

One of the most interesting features of the GS properties of
Yb,Ti,O7 is its apparent sensitivity to small levels of defects
that are present in real materials [21-23]. Stoichiometric
Yb,Ti,O7 is known to display a large and sharp anomaly in
its heat capacity C, near ~265 mK. However, this anomaly
has been observed to be sample dependent with samples
displaying broader anomalies at lower temperatures depending
on the exact stoichiometry of the material studied [24-28].
This phenomena is very unusual for a three-dimensional
magnet, as the defect levels involved are at the limits
of detectability by conventional techniques. The variation
in stoichiometry, where characterized, is on the order of
1% level, far removed from percolation thresholds in three
dimensions.

Polycrystalline samples of Yb,Ti,O; tend to display the
sharpest and highest temperature C,, anomalies, likely due to
the lower temperatures required for their synthesis, leading
to less TiO, volatization. Single crystals grown by floating
zone image furnace techniques typically display broad low
temperature Cp anomalies, or no anomalies, and sometimes



Ph.D. Thesis - J. Gaudet

McMaster University - Physics and Astronomy

Yb3*
(16d)

FIG. 1. (Color online) The structure of

stuffed pyrochlore
Yb,Ti,O;. The pyrochlore lattice consists of interpenetrating net-
works of corner-sharing tetrahedra which are generated indepen-
dently by the Yb** (magnetic) and Ti** (nonmagnetic) cations. The
pyrochlore lattice is said to be stuffed, wherein Yb** ions, which are
normally found on the 16d site (also called A site), also occupy the
Ti** 16c site (B site).

show multiple peaks in Cp at low temperature. Ross et al. [21]
undertook a detailed neutron crystallographic study of both
powder and crushed single crystal Yb,Ti;O; samples, rep-
resentative of those that displayed sharp and broad low
temperature Cp signatures, respectively, and showed that
the crushed single crystal sample displayed weak stuffing: a
structural defect in which a slight excess of Yb occupies the
Ti sublattice. Stuffing is illustrated schematically in Fig. 1,
wherein Yb** ions occupy both the 16d site of the Fd3m
cubic space group, as well as act as impurities on the 16¢
site normally occupied by Ti*". Weak stuffing was shown to
occur at the 2.3% level in the crushed single crystals with
composition Yb,,,Ti;_,O7,4, grown by floating zone image
techniques. In contrast the powder sample grown by solid state
synthesis was shown to be stoichiometric.

The role of different quenched disorder has been studied in
other pyrochlores and generally in the field of frustrated mag-
netism [29]. For example, A" site disorder in Dy,  Tb, Ti,O;
and B** site disorder in Tb,Ti,_,Sn,O7 have recently been
studied in rare-earth titanate pyrochlores [30,31]. Both of
these studies show evidence that the nature of the GS is very
sensitive to such disorder. In light of these studies and the
well-known variation in the stoichiometry of the Yb,Ti,O7
sample, we report neutron spectroscopic measurements of the
crystalline electric field (CEF) excitations in the two powder
samples, the stoichiometric powder and the crushed single
crystal with 2.3% stuffing previously studied by Ross et al.
These measurements allow us to accurately determine the
eigenvalues and eigenvectors appropriate to the four doublets
which make up the J = 7/2 CEF manifold for Yb** in
Yb,Ti;O7. Measurements on both stoichiometric and lightly
stuffed samples allow us to investigate the role of stuffing on
the CEF levels associated with Yb** ions properly residing on
the A site of the pyrochlore structure. With these benchmark
measurements in hand, we calculated CEF eigenvalues and
eigenvectors for the stuffed Yb>* ions residing on the B site,
as well as for the A site Yb*" ions in the presence of oxygen
vacancies [32].

B-Site

ee O™

FIG. 2. (Color online) A comparison between the A-site and B-
site oxygen environment in the pyrochlore structure of Yb,Ti,O;.
The left panel of the figure shows the scalenohedron environment
generated by the oxygen ions at the A site where the Yb>* resides.
The symmetry of this structure is similar to that at the B site (right
panel) where the Ti** ions are located.

II. CALCULATED CRYSTAL FIELD LEVELS
FOR Yb** AT THE A SITE

Hund’s rules enable the determination of the total angular
momentum J of the Yb** ion. The electronic configuration
of YB3t is 4f13, resulting in J = % which is 2J + 1 = 8-fold
degenerate. Within the pyrochlore structure this degeneracy is
lifted by the CEFs at the Yb*™ site due largely to the presence
of the eight neighboring O?~ ions. As illustrated in Fig. 2
(left panel), the oxygen environment at the A site consists of
a scalenohedron, which is a cube distorted along one diagonal
that forms the local [111] axis. Six oxygen ions, commonly
referred to as O(2), are located on a plane perpendicular to
this direction, which is a threefold rotation axis. The other two
oxygen ions, referred to as O(1), are located along the local
[111] axis in the geometric center of the tetrahedra defined
by the A-site Yb>* ions. By contrast, the environment at the
B site is a trigonal antiprism made of six O(2) oxygen ions
surrounding the transition metal, as shown in the right panel
of Fig. 2.

Following Prather’s convention [33], the threefold axis
should be placed along % of the reference system in order to
minimize the number of CEF parameters in the Hamiltonian.
Therefore, the resulting CEF Hamiltonian for Yb3* on the A
site can be written as

Hegr = BYOY + BYOY + B3O + BYO2 + B O} + BSOS,
M

Here we employ the Steven’s operators OA,’," [34] and CEF
parameters B)' to approximate the Coulomb potential gener-
ated by the crystalline electric field due to the neighboring
oxygen atoms. Note that the CEF Hamiltonian contains no
intersite terms such as exchange and strictly speaking would
be only relevant for an isolated Yb*t in Yb,Ti,O;. However,
as we will see, the CEF eigenvalues we report for Yb,Ti,O
are at high energies and display no dispersion, making the
intersite interactions unimportant at the energy scale of the
CEF transitions.

The determination of the crystal field parameters B, in
Eq. (1) is well suited to inelastic neutron spectroscopy. The
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unpolarized neutron partial differential magnetic cross section
can be written within the dipole approximation as [35]

d? k
7= c-LF(QDS(Ql.ho). ©))

dQdE’ i

where Q is the scattered solid angle, E’ is the final neutron
energy, i—f is the ratio of the scattered and incident momentum
of the neutron, C is a constant, and F'(] Q|) is the magnetic form
factor. The scattering function S(|Q|,hw) gives the relative
scattered intensity due to transitions between different CEF

levels. At constant temperature and wave vector |Q| we have

X il Juli)PePE:
Z,‘ e PE;

where @ = x,y,z and L(AE + hw) = L(E; — E; + hw) is a
Lorentzian function which ensures energy conservation as the
neutron induces transitions between the CEF levels i — i/,
which possess a finite energy width or lifetime.

The procedure for fitting our inelastic neutron scattering
(INS) data assumes an initial set of CEF Hamiltonian param-
eters. The Hamiltonian is then diagonalized to find the corre-
sponding CEF eigenfunctions and eigenvalues. S(|Q|,hw) is
then computed and directly compared with the experimental
results and, finally, the CEF parameters are tuned such that
the x2 between the calculated and measured S(|Q|,hw) is
minimized.

L(AE + o), 3)

S0 hw) =

ii’

III. EXPERIMENTAL DETAILS

Now we turn our attention to the details of the INS
experiment which was conducted on two samples of Yb,Ti; O
of different stoichiometry. We will refer to these two samples
as the stoichiometric (x = 0) and stuffed powder (x = 0.046)
samples hereafter. Specific details regarding their synthesis
and characterization can be found in previous work by
Ross et al. [21]. These samples were studied utilizing the
SEQUOIA direct geometry time-of-flight spectrometer [36],
which is located at the Spallation Neutron Source at Oak Ridge
National Laboratory. In an INS experiment the CEF excitations
are manifested as dispersionless features with the strongest
scattering intensity expected at low | Q| positions as a result of
their magnetic origin. SEQUOIA is the ideal instrument for the
investigation of the CEFs since it provides low |Q| coverage
and a large, dynamic (| Q|, E) range.

12 g of each of the stoichiometric and stuffed powder
samples were loaded in an aluminum flat plate with dimensions
50 mm x 50 mm x 1 mm and sealed with indium in helium
atmosphere. An empty can with the same dimensions was
loaded with the two samples on a three sample changer in a
closed-cycle refrigerator. Measurements have been performed
over arange of temperatures from 7 = 5to 300 K, and utilizing
neutrons with incident energy E; = 150 meV giving an
elastic energy resolution of £2.8 meV. The energy resolution
improves with increasing energy transfer and is ~1.4 and
~1 meV for energy transfers of 80 and 115 meV, respectively.
The corresponding chopper settings selected were 7y = 120
Hz and FC| = 600 Hz. Similar measurements were conducted
on the empty can for use as a background measurement.

Intensity (a.u.)

Q] (An°

FIG. 3. (Color online) Inelastic neutron scattering spectra
S(]Q|,hw) obtained for the stoichiometric powder and the stuffed
powder samples at 7 = 5 K are shown in (a) and (b), respectively,
with the corresponding 7 =5 K empty can subtracted from each
data set. The three horizontal arrows in blue, gray, and red highlight
the three crystal field excitations which are found at 76.7, 81.8, and
116.2 meV, respectively.

IV. INELASTIC NEUTRON SCATTERING FROM CRYSTAL
FIELD EXCITATIONS IN Yb,Ti, O,

The INS spectra taken on both the stoichiometric and
stuffed powder samples are shown in Fig. 3 for energies
up to E; =150 meV at T =5 K. An empty can data set,
taken as background at the same temperature, has been
subtracted from both the sample data sets. As seen in Fig. 3,
we observe a set of dispersionless excitations arising from
both the CEF transitions, as well as optical phonons. Below
60 meV, the intensity associated with the dispersionless
excitations increases with increasing |Q|, characteristic of
inelastic scattering from phonons. In contrast, the excitations
at 76.7, 81.8, and 116.2 meV, highlighted with blue, gray, and
red arrows, respectively, in Fig. 3 , show inelastic scattering
which increases with decreasing |Q|, consistent with magnetic
scattering. We therefore ascribe these three dispersionless
excitations with CEF transitions from the GS doublet.

Yb3t possesses 13 electrons inits almost filled 4 f shell and,
as a consequence of Kramers’ theorem, its eightfold degenerate
CEF levels can be maximally split into four doublets. We
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FIG. 4. (Color online) |Q| integrated cut for the stoichiometric
powder at T =5 K. A |Q] integrated cut (|Q| = [4.5,5.25] A’l)
obtained from the INS spectra in Fig. 3(a) for the stoichiometric
powder at T = 5 K is shown. The arrows indicate the corresponding
positions of the CEFs. The inset outlines the corresponding CEF
transitions from the GS doublet.

associate the three magnetic excitations observedat 7 = 5Kin
both the stoichiometric and the stuffed powder samples shown
in Fig. 3, with the transitions between the CEF GS doublet
and the CEF excited state doublets, as indicated in the inset of
Fig. 4. These three transitions between CEF doublets account
for all the CEF states within this J = 7/2 multiplet appropriate
to Yb>*. As will be described in further detail, the CEF
transitions observed at low temperatures in the stoichiometric
sample are sharper in energy than those in the presence of
light stuffing. We shall restrict our quantitative analysis of
the CEF spectra to the case of the stoichiometric powder
sample. Therefore, we use the x = 0 data set in Fig. 3(a), and

perform a | Q| integrated cut (|Q| = [4.5,5.25](1&71), yielding
the neutron scattering intensity as a function of energy. This
data set is shown in the main panel of Fig. 4, wherein the
intensity at the peak of the CEF transition at 8§1.8 meV has
been normalized to unity. The relative intensities of the CEF
transitions at 76.7, 81.8, and 116.2 meV, as well as the energy of
these transitions from the GS, constrain the CEF Hamiltonian.

The cut shown in Fig. 4 has been fitted to a model for the
inelastic scattering [35] arising from dipole allowed transitions
between the CEF GS doublet and the three excited states, using
Eq. (3). The starting parameters in the CEF Hamiltonian for
Yb** were those determined by Bertin et al. [37] for Yb, Ti,O7
within the point charge approximation. This calculation
yielded CEF transitions at ~60, ~70, and ~90 meV, in contrast
to those determined experimentally in Fig. 3. These starting
parameters were then refined and a best fit (shown in solid
red) to the | Q| integrated cut in Fig. 4 was obtained. All three
CEF transitions were fit using the same resolution determined
energy width. In addition, relatively weak Lorentzian line
shapes near 56, 70, and 100 meV phenomenologically describe
the inelastic scattering from the phonons which are in near
proximity to the CEFs, and improved the fit when included.
As can be seen, the overall description of the INS data from
the stoichiometric sample in Fig. 4 is very good.

TABLEI. A comparison of the calculated crystal field parameters
(B)") with those obtained by fitting INS data from the stoichiometric

powderat T =5 K.
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B} (meV) Calculated Fitted Ratio
BY 1.270 1.135 0.894
BY —0.0372 —0.0615 1.653
B3 0.275 0.315 1.145
BY 0.00025 0.0011 44

B} 0.0023 0.037 16.087
BS 0.0024 0.005 2.083

The values which were obtained for the CEF Hamiltonian
parameters from the fit relevant to Yb>T at the A site are
given in Table I and the resulting energy eigenvalues and
eigenvectors are given in Table II. The GS doublet for Yb>*
is comprised primarily of m; = £1/2 and the corresponding
low temperature anisotropic g-tensor components are given by
g1 =3.69£0.15and g, = 1.92 £ 0.20, where z corresponds
to the local [111] axis. The error bars on the g values were
estimated by exploring the sensitivity of the fitting procedure
on the low temperature stoichiometric powder data, to different
quantitative descriptions of the background phonons. Note that
this determination of the g tensor is performed at zero magnetic
field, in contrast to, for example, the analysis of spin wave
data in high magnetic fields [20]. The g tensor is consistent
with previous estimates for Yb** in Yb,Ti,O7 [38—40], and
the dominant m; = £1/2 character of the GS validates the
effective § = 1/2 quantum description for the Yb*+ moment.
In order of ascending energy, the excited state doublets
correspond primarily tom; = £7/2, m; = £3/2,and m; =
+5/2.

A. Temperature and weak stuffing dependence
of the A-site CEF transitions

Inelastic neutron scattering measurements have also been
carried out on both the stoichiometric and stuffed powder
samples as a function of temperature, using E; = 150 meV
neutrons. Energy scans of the | Q| = [4.5,5.25] A-! integrated
inelastic scattering for the stoichiometric powder sample are
shown as a function of temperature in Fig. 5. The T =5 K
data set is the same x = 0 data set shown in Fig. 4, and the
peak intensity associated with the 81.8 meV CEF transition at
T = 5 K has been normalized to unity.

We note that the maximum temperature employed in these
measurements, 300 K, corresponds ~27 meV and conse-
quently only the GS doublet of Yb*™ is substantially occupied
at any temperature. Qualitatively, the thermal fluctuations have
three effects on the CEF neutron spectra: the CEF excitations
broaden appreciably in energy; the maximum peak intensity
diminishes; and the energy of the CEF excitations softens
slightly. This latter effect is somewhat subtle, but it can be
seen in Fig. 5 by drawing a fiducial dashed line positioned at
the center of the CEF transitions at 7 = 5 K.

The energy width of the CEF excitations can be quantita-
tively examined by fitting the data sets as in Fig. 4, but now with
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TABLE II. The CEF eigenvalues and eigenvectors for Yb** at the A site of Yb,Ti,O,. The first column displays the CEF eigenvalues of
the system, while the corresponding eigenvectors are given in each row in terms of the m; basis.

E (meV) -3) I-3) -3) -3) 13) 3) 3) 3)
0 0 0.0866 0 0 ~0.9283 0 0 0.3616
0 03616 0 0 ~0.9283 0 0 ~0.0866 0
76.706 0.9136 0 0 ~0.3343 0 0 02313 0
76.706 0 ~0.2313 0 0 0.3343 0 0 0.9136
81.764 0 0 -1 0 0 0 0 0
81.764 0 0 0 0 0 1 0 0
116.23 0 0.9690 0 0 0.1627 0 0 0.1858
116.23 0.1858 0 0 ~0.1627 0 0 0.9690 0

a damped harmonic oscillator (DHO) line shape for the three
CEF transitions, each with the same temperature dependent
energy width. At the energy transfers and temperatures of
interest, the DHO can be approximated by a single Lorentzian
for each mode.The form of this line shape is given by

1

Lops
L(E) = — () —.
T(E— AEY + (&)

“

which is a Lorentzian function of energy with width I'gps and
centered on the energy of the CEF transition AE. The falloff
of the maximum peak intensity as a function of increasing
temperature along with the concomitant broadening in the
energy widths of the transitions ensures that the integrated
spectral weight of this inelastic scattering is almost temper-
ature independent, consistent with the CEF transitions being
from the GS doublet of Yb** at all temperatures considered
here. The common energy width or inverse lifetime of the
three CEF excitations extracted from this analysis is plotted
as a function of temperature in Fig. 6, where we removed
the resolution contribution to the widths using the following
relation:

2 2
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FIG. 5. (Color online) Energy cuts of the |Q| = [4.5,5.25] Al
integrated inelastic scattering for the stoichiometric powder sample as
afunction of temperature. Energy cuts were taken with an appropriate
background subtraction and all energy cuts for temperature above
T =5 K has been vertically translated for clarity.
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Figure 6 then shows pronounced growth in the intrinsic
energy width of the CEF transitions from ~3.5 meV at T =
5 Kto~9 meV at T = 300 K. This growth mirrors the tem-
perature dependence of the Yb*+ mean squared displacements
(MSDs) in stoichiometric Yb,Ti;O7 as determined by powder
neutron diffraction [21], and this is also reproduced in Fig. 6
for direct comparison. It is worth noting that we plot one of the
anisotropic components of the atomic displacement parameter
U,,, which represents the anisotropic MSD of the Yb** ions
from their average positions. Although, for the specific case of
the Yb>*t ion in the stoichiometric powder, it can be shown
that U;; is equal to the other components of the atomic
displacement, so that the MSD is effectively isotropic. The
inset to Fig. 6 shows the slight softening of the CEF energies
with increasing temperature. The softening is most pronounced
for T < 125 K, and then it flattens out at higher temperature.
The significance of 125 K = 11.3 meV is not completely clear,
although it could be related to the temperature scale associated
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FIG. 6. (Color online) Energy width and shift of the CEF transi-
tions as a function of temperature. The intrinsic energy width of the
CEF transitions as extracted using Eq. (5). The intrinsic energy width
corresponding to the stuffed powder is higher at both 5 and 300 K in
comparison to the stoichiometric sample. The green dots shows the
mean square displacement (MSD) of the Yb** taken from Ref. [21]
and scaled in such a way that the MSDs and the energy widths of the
CEF excitations in the stoichiometric powder have the same value at
T = 100 K. The inset shows the shift in energy of the CEF transitions
as a function of temperature, relative to that at 7 = 5 K.
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FIG. 7. (Color online) A direct comparison between the INS
from CEF transitions in the stuffed powder (in orange) and the
stoichiometric powder (in green) Yb,Ti,O; samples. Energy cuts
takenat 7 = 5 K within arange | Q| = [4.50,5.25] A~ for the stuffed
powder (orange) and stoichiometric powder (green) samples.

with the top of the acoustic phonon band in Yb,Ti,O7, which
is typically 10-15 meV for transition metal oxides. This effect
is relatively small with a maximum observed softening of
~0.8 meV at T = 300 K compared with T = 5 K.

The finite intrinsic energy widths of the CEF excitations
in stoichiometric powder must originate from dynamics in
the lattice not captured by the static structure. The strong
resemblance of the temperature dependence of the Yb** MSDs
to that of the CEF energy widths suggests that zero point
fluctuations determine the low temperature energy widths,
and the thermal population of phonons give rise to the
larger widths at finite temperature. The ionic displacements
associated with both zero point fluctuations and the phonons
will distort the local environment at the Yb** site, giving rise
to a distribution of CEF transitions energies. Displacements
of harmonic phonons time average to zero, consequently
the distribution of CEF transitions in the presence of the
phonons is approximately centered on the zero temperature
CEF transitions, and the transitions remain well defined at all
temperatures.

Figure 7 shows a direct comparison of the 7 =5 K,
|Q| = [4.50,5.25] At integrated inelastic scattering for the
stoichiometric and stuffed samples. This comparison clearly
shows the CEF excitations in the lightly stuffed sample have
a considerably larger energy width even at low temperatures.
The INS from the stuffed powder was also fit to the same
DHO line shape as was fit to the stoichiometric data, and
the corresponding intrinsic energy widths at 7 = 5 and 300
K are also plotted in Fig. 6. The intrinsic energy widths of
the CEF excitations in the stoichiometric and lightly stuffed
samples differ by only ~5% at T =300 K; this is not
surprising as the intrinsic energy widths in either sample are
expected to be dominated by thermal fluctuations. However,
at T = 5 K, the intrinsic energy width of the stuffed sample is

28

~5.2 meV—approximately that displayed by the stoichiomet-
ric sample at ~125 K.

The finite energy widths of the CEF excitations at low
temperature in the lightly stuffed sample demonstrate that
weak stuffing must induce a relatively large “volume of
influence” about each stuffed Yb ion, that is, about each Yb
ion residing on a B site. The corresponding distortion field
about each stuffed site gives rise to a distribution of A-site
Yb** environment, similar to those associated with phonons
at finite temperature. Indeed, the stuffed B-site Yb ions would
also give rise to CEF spectra completely distinct from those of
Yb** in A-site environments. However, the concentration of
such stuffed B-site Yb ions is known to be small, ~2.3%, in our
lightly stuffed sample and we were unable to find convincing
evidence for such excitations in this study.

V. CRYSTAL FIELD CALCULATIONS FROM FIRST
PRINCIPLES WITHIN THE POINT CHARGE
APPROXIMATION

As discussed in Sec. II, the CEF Hamiltonian parameters
can be fitted using INS data. In principle, these param-
eters can also be calculated from first principles within
a point charge model following the procedure outlined in
Refs. [41-43]. The CEF interactions are treated as a perturba-
tion to the spin-orbit coupling and the resulting eigenfunctions
of the CEF Hamiltonian are expressed as a linear combination
of the |J,m ) states within the > F’ 1 manifold multiplets.

We have calculated the CEF Hamiltonian parameters in
this manner and the ratio between these ab initio parameters
and those extracted from fit of the INS data are shown in
Table I. Note that the ionic positions were taken from the
crystallographic refinement of stoichiometric Yb,Ti,O7 [21].
As can be seen, apart from the Bg and Bg terms which are
relatively small, all the CEF parameters agree well with those
extracted from fitting the INS data. This result is remarkable
given the simplicity of the point charge approximation, and it
gives us confidence that we can make reasonable predictions
on the strength of the CEF Hamiltonian parameters determined
in this way.

The CEF eigenvectors and eigenvalues determined from
the fit to the INS in the stoichiometric powder at 7 =5 K is
shown in Table II. Tables Il and IV show the CEF eigenvectors
and eigenvalues for Yb ions in two different impurity sites:
one stuffed on the B site and one on the A site but in the
presence of one O(1) oxygen vacancy. Both of these impurities
are expected to be present at some small concentration in
the lightly stuffed sample. In principle, O(2) vacancies can
also occur, but these are higher energy defects than O(1)
vacancies [32]. These CEF eigenvectors and eigenvalues have
been calculated within the point charge approximation and
then corrected with the same ratio of B)' parameters as were
determined from the comparison between the INS fitted values
and the calculated values in stoichiometric Yb,Ti,O; at low
temperatures.

The differences between the fitted CEF parameters and the
calculated ones originate mainly from the overlap of the 4 f
orbital of the rare earth with the 2p orbitals of the ligands.
The corresponding effects on the B terms are difficult to
estimate from first principles and are not considered here.
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TABLE III. The CEF eigenvalues and eigenvectors calculated for Yb’tina depleted oxygen environment at the A site in Yb,Ti,O;. The
first column displays the CEF eigenvalues of the system, while the corresponding eigenvectors are given in each row in terms of the m, basis.
The ratio correction was applied in order to arrive at the final CEF parameters.

E (meV) -3) -3) I-3) -3) 3) 3) 3) 13)
0 —0.9933 0 0 ~0.1136 0 0 0.02 0

0 0 —0.02 0 0 ~0.1136 0 0 0.9933
163.789 0 0.9844 0 0.0010 0.1756 0 0.0056 0
163.789 0 0.0056 0 ~0.1756 -0.0010 0 —0.9844 0
230,125 0 0 0 0 0 -1 0 0
230.125 0 0 i 0 0 0 0 0
238.306 0.1153 ~0.0061 0 ~0.9773 ~0.0341 0 0.1743 ~0.0040
238,306 ~0.0040 ~0.1743 0 0.0341 ~0.9773 0 ~0.0061 ~0.1153

Instead we calculate the CEF parameters for the defective
environments, and then correct these with the same B} ratios
which were determined in the treatment of CEFs for the
stoichiometric sample. Finally, we verified that this correction
did not dramatically affect the properties of the system; that is
that the CEF properties within the defective environments did
not qualitatively depend on this correction.

A. Crystal field calculation for Yb** at the A site in an oxygen
depleted environment

We first consider an A-site Yb>* in the presence of a
single O(1) oxygen vacancy. This depleted environment is
expected to break the symmetries of the CEF Hamiltonian.
However if Prather’s convention is satisfied, only the inversion
operation is lost and the number of CEF parameters in our
Hamiltonian is unchanged from the stoichiometric case. Note
that in general a broken symmetry can dramatically affect the
CEF Hamiltonian, and it may be necessary to add terms to the
CEF Hamiltonian to better approximate the defective Coulomb
potential.

The eigenvalues and eigenvectors calculated for A-site
Yb** in the presence of a single O(1) oxygen vacancy
are shown in Table III. As previously discussed, we have
performed the point charge calculation and then scaled these
results by the B)' ratios taken from the fitted and calculated
CEF Hamiltonian terms determined for the stoichiometric
powder.

Kramers’ degeneracy still protects the Y ion in this
defective environment and all the CEF eigenvectors appear

b3+

as doublets. However, the gap between the GS and the first
excited state is much larger than in the stoichiometric case.
Moreover an examination of the eigenvectors in Table III
shows that the GS is now a pure linear combination of
my = £7/2 states. These GS eigenvectors are similar to what
is found in stoichiometric Dy, Ti,O7 crystals, where the GS is
comprised of a linear combination of the maximal m states,
pure m,; = £15/2.

With the CEF eigenfunctions in hand, we can calculate the
local magnetization of the A-site Yb>* in the presence of a
single O(1) oxygen vacancy. This is shown in Fig. 8 where
the magnetization anisotropy for Yb’>* moment within the
defective scalenohedron is displayed. In both Figs. 8 and 9
colored spheres represent the tips of magnetization vector
centered at the Yb3* ion, in response to a given applied external
field of H = 1 T with a particular [111] component and which
precesses around the plane normal to [111]. Many values of
the magnetization are shown simultaneously for applied fields
uniformly distributed on the unit sphere. The color scale is
chosen in order to match the strength of the magnetic moment
from O pp (dark blue) to 4 g (dark red). For the same [111]
component of magnetization, the center of the spheres are
sufficiently close to each other, that the final impression is that
of rings (this is seen more clearly in Fig. 9). The tightness
of the rings about the [111] axis implies stronger Ising-like
behavior of the Yb*™ moment. For the case of the A-site
Yb** in the presence of a single O(1) oxygen vacancy in
Fig. 8, the calculated magnetic moment along the local [111]
direction is 3.953 g, close to the full moment of 4 wg. This
suggests negligible precession around this easy axis and thus

TABLE IV. The CEF eigenvalues and eigenvectors calculated for Yb,Ti,O; at B site. The first column displays the crystal field spectrum
of the system, while the corresponding eigenvectors are given in each row in terms of m ; basis. The ratio correction was applied in this case to

the CEF parameters.

E (meV) -3 -3 —3) -3) l3) 13) 3) 3)
0 0 —0.2733 0 0 —0.2648 0 0 0.9248
0 0.9248 0 0 0.2648 0 0 —0.2733 0
69.991 0 —0.9558 0 0 —0.0338 0 0 -0.2921
69.991 —0.2921 0 0 0.0338 0 0 —0.9558 0
247.81 0 0 0.1238 0 0 —0.9923 0 0
247.81 0 0 —0.9923 0 0 —0.1238 0 0
318.797 0.2439 0 0 —0.9637 0 0 —0.1086 0
318.797 0 0.1086 0 0 —0.9637 0 0 —0.2439

29



Ph.D. Thesis - J. Gaudet

McMaster University - Physics and Astronomy

q; —
[111]
I
| |
"——ef.

FIG. 8. (Color online) Magnetization of the A-site Yb** ion in
presence of an O(1) oxygen vacancy. A colored sphere represents the
tip of the magnetization vector centered at the Yb** ion in response
to an applied external field of H# =1 T which rotates within the
plane normal to [111]. Many values of the magnetization are shown
simultaneously for applied fields uniformly distributed on the unit
sphere. For the same [111] component of magnetization, the center
of the spheres are sufficiently close to each other, that the final
impression is that of rings. The tightness of the rings around the
[111] axis implies stronger Ising-like behavior of the Yb*" moment,
in this case with a calculated magnetic moment of 3.953 5 along
the local [111] direction.

strong Ising-like behavior. The local magnetization anisotropy
for the A-site Yb** in the presence of a single O(1) oxygen
vacancy is dramatically different from the stoichiometric case,
where it was planar or XY-like [39,40,44], and is similar to
that displayed by the prototypical spin ice magnets Dy, Ti,O7
and Ho,Ti,O7. This anisotropy is present even without the
B, ratio corrections and thus it depends only on the depleted
environment.

B. Crystal field calculation for stuffed Yb** at the B site

Neutron powder diffraction measurements on the stuffed
powder samples, derived from crushed single crystals, show
such Yb,Ti,O7 samples to be lightly stuffed at the 2.3% level.
We therefore calculate the CEF eigenvectors and eigenvalues
for stuffed Yb** at the B site. This is an interesting case
to consider since the local environment at the B site is very
different from that considered to this point for A site Yb**.
Nonetheless, the symmetry at the B site is similar to the A
site, and we can simply rotate the trigonal antiprism cage
around the B site so that the local [111] direction is aligned
along 2 and the C, axis along §. Therefore the form of the
B-site Yb’* CEF Hamiltonian is identical to Eq. (1). The
calculated CEF eigenvectors and eigenvalues for B-site Yb**
are displayed in Table IV. Once again we have performed the

[111]

FIG. 9. (Color online) Magnetization of the “stuffed” Yb** ion
at the B site of Yb,Ti,O;. Each sphere represents the tip of the
magnetization vector centered at the Yb** ion in response to an
applied rotating external field of H = 1 T. Neighboring contiguous
spheres form a ring pattern. The ellipsoidal shape of the ring pattern
suggests Ising-like behavior of the rare earth moment along the local
[111] direction, however the transverse extent of the ellipsoidal shape
indicates a small precession around the Ising axis. The calculated
magnetic moment is 3.25 pp.

point charge calculation and then scaled these results by the
B ratios determined for the stoichiometric powder.
Kramers’” degeneracy is again invoked and all CEF levels
are again doublets, now with a gap of 105 meV between the
GS and the first excited state. The eigenvectors within the GS
doublet are again almost pure m; = £7/2 spin states, and
we expect the anisotropy to be Ising-like. This is borne out
by again applying a small rotating external magnetic field
to probe the shape of the anisotropy of the GS magnetic
moment as was done for Yb>* at the A site in an oxygen
depleted environment. Following the previous convention,
Fig. 9 shows spheres centered along the direction in which
the magnetic moment points. The color scale matches the
magnetic moment size in units of wpg. In contrast with the
previous case, we can see by comparing Figs. 9 and 8 that
the resulting ellipsoid is more extended normal to the local
[111] direction, thus we anticipate a small precession about the
easy axis with the maximum value of the magnetic moment
given by u = 3.25 pp. This is similar to what was calculated
for the defective scalenohedron associated with Yb* at the
A site in an oxygen depleted environment (Fig. 8), but the
anisotropy, characterized by the tightness of the spheres which
make up the ellipsoid, is not as Ising-like as it was for that case.
It is interesting that the influence of oxygen vacancies
on A-site Yb** ions and that of stuffed B-site Yb’* ions
have similar effects on the CEF eigenvalues and eigenvectors.
Stuffing Yb** into B sites nominally occupied by Ti*" will
require oxygen vacancies to preserve charge neutrality, and
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we expect both phenomena to occur at some level in single
crystals grown from the melt. The symmetry of the defective
scalenohedron, especially when two O(1) are missing, is
reasonably similar to the trigonal antiprism associated with
stuffed Yb** at the B site, so it is perhaps not so surprising
that these environments produce similar effects on the CEF
eigenvalues and eigenvectors of the magnetic ions.

VI. CONCLUSIONS

Neutron scattering measurements on the stoichiometric and
stuffed powder samples of the quantum spin ice candidate
system Yb,Ti,O7 have been carried out to probe the CEF
eigenvalues and eigenvectors associated with the J =7/2
Yb** ion in these environments. Analysis of the INS from
the stoichiometric powder show the GS doublet to correspond
primarily to m; = £+1/2, with anisotropic g-tensor com-
ponents given by g, =3.69£0.15 and g, = 1.92 £ 0.20,
which therefore imply local XY anisotropy as expected. The
eigenvalues and eigenvectors of the three excited state CEF
doublets were all identified above a lowest CEF gap of
~76.7meV atT = 5K. The energy widths, or inverse lifetimes
of the CEF states, broaden with increasing temperature from
~3.5 meV at low temperatures up to the highest measured
temperature 300 K. This broadening mirrors the temperature
dependence of the Yb** MSDs, and we associate it with
the effects of zero point motion and phonons on the CEF
environment around the A-site Yb3* site. Interestingly, the
corresponding measurements and analysis of the lightly stuffed
powder sample (x = 0.046) of Yb,Ti,O; show a similar set of
CEF transitions, however the energy width or inverse lifetime
of the transitions are intrinsically further broadened even at
T =5 K. This effect is ascribed to a relatively large strain
field, or “volume-of-influence,” associated with each stuffed
B-site Yb**.

We have also calculated the CEF eigenvectors and eigen-
values associated with Yb** in two defective environments

of relevance for nonstoichiometric Yb,Ti,O;. These are for
Yb3* at the A site in an oxygen depleted environment, and for
stuffed Yb* at the B site. These calculations were performed
within the point charge approximation and make use of a
comparison of the calculated and measured eigenvalues and
eigenfunctions in the stoichiometric sample to benchmark
these results. Both of these defective environments give rise
to related effects, wherein the GS doublet is now primarily
made up of m; = £7/2, and the local anisotropy of the GS
eigenfunctions are Ising-like, although with stronger Ising
anisotropy for the oxygen depleted environment than for case
of the stuffed Yb** at the B site.

These results put the nature of the CEF eigenfunctions and
eigenvalues associated with Yb** in the quantum spin ice
candidate system Yb;Ti,O; on a much firmer footing and
indicate how the nature of the GS moment and anisotropy
in this system can be sensitive to small amounts of disorder.
The type of disorder studied in this paper is known to be
relevant in many pyrochlores and most notably to influence
the thermodynamics and GS properties of Yb,Ti;O;. We hope
that our systematic study of the effect of such disorder on
the CEFs of Yb,Ti,O7 will help to shed light on the role of
quenched disorder in these systems.
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2.2 Preface to Publication II: The magnetic ground state of

Yb,TisO; and its low energy spin dynamics.

The impact of low levels of stuffing on the magnetic ground state of YbyTisO7 are further
investigated in this second publication. Here, we used elastic and low energy inelastic neutron
scattering on the same samples as publication I. Our elastic neutron scattering experiment shows
the apparition of magnetic Bragg peaks at low temperature for the stoichiometric powder of
YboTioO7. These magnetic Bragg peaks onset at a temperature that correlates well with the
broad specific heat anomaly, around 2 K and are practically unresponsive to passing through the
sharp specific heat anomaly at 265 mK (see Fig.2.1(a)). The magnetic structure of YboTisO7 has
been refined to a I'g ferromagnetic structure with a splayed angle of ~15 °. Finally, low energy
inelastic neutron scattering reveals that both the stoichiometric powder and the crushed single
crystal have a continuum of excitations that do not resemble conventional spin waves. In both
the stoichiometric and stuffed samples, the spin wave excitations are gapless within an energy
resolution of 0.09 meV. However, the overall continuum of scattering is significantly broader in
the stuffed sample. Our findings are consistent with YbsTioO7 being a dynamical ferromagnet

with strong quantum fluctuations that strongly resemble a spin liquid state.

For this paper, I performed the inelastic neutron scattering experiments and analyzed the
resultant data. I also refined the magnetic structure of the stoichiometric powder of YboTisO7.
Finally, I wrote part of the manuscript as well as the response to the referee reports. The

contributions of each author are summarized below.

Author Contributions:

FEzxperimental Concept: K.A. Ross, B.D. Gaulin

Sample Preparation: K.A. Ross, H.A. Dabkowska

Neutron Scattering Exzperiment: K.A. Ross, E. Kermarrec, J. Gaudet, N.P. Butch, G.
Ehlers B.D. Gaulin

Data Analysis: J. Gaudet, K.A. Ross, E. Kermarrec, B.D. Gaulin

o Manuscript: J. Gaudet, K.A. Ross, E. Kermarrec, B.D. Gaulin
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Gapless quantum excitations from an icelike splayed ferromagnetic
ground state in stoichiometric Yb,Ti, O
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The ground state of the quantum spin ice candidate magnet Yb,Ti,O7 is known to be sensitive to weak
disorder at the ~1% level which occurs in single crystals grown from the melt. Powders produced by solid
state synthesis tend to be stoichiometric and display large and sharp heat capacity anomalies at relatively
high temperatures, 7¢c ~ 0.26 K. We have carried out neutron elastic and inelastic measurements on well
characterized and equilibrated stoichiometric powder samples of Yb,Ti,O; which show resolution-limited Bragg
peaks to appear at low temperatures, but whose onset correlates with temperatures much higher than 7¢. The
corresponding magnetic structure is best described as an icelike splayed ferromagnet. The spin dynamics in
Yb,Ti,O; are shown to be gapless on an energy scale <0.09 meV at all temperatures and organized into a
continuum of scattering with vestiges of highly overdamped ferromagnetic spin waves present. These excitations
differ greatly from conventional spin waves predicted for Yb,Ti,O;’s mean field ordered state, but appear robust
to weak disorder as they are largely consistent with those displayed by nonstoichiometric crushed single crystals
and single crystals, as well as by powder samples of Yb,Ti,O;’s sister quantum magnet Yb,Sn,O7.

DOI: 10.1103/PhysRevB.93.064406

I. INTRODUCTION

Pyrochlore magnets of the form A, B,O7 have been of great
topical interest as both the A and B sublattices independently
form networks of corner-sharing tetrahedra, one of the canoni-
cal crystalline architectures supporting geometrical frustration
in three dimensions [1,2]. The cubic rare earth titanates, of
the form RE,;Ti,O; have been especially relevant as many
magnetic RE** ions can occupy the A site of the structure and
where the nonmagnetic Ti** occupy the B site. This pyrochlore
family can also be relatively easily produced in both powder
and single crystal form [3-5]. One of the family members,
Yb,Ti, 07, has been particularly topical as it has been proposed
as a realization of quantum spin ice [6—16]. It displays a net
ferromagnetic Curie-Weiss constant of ~0.6 K [17,18], and
crystal field (CF) effects give rise to a CF ground state doublet
at the Yb** site made up of primarily m; = +1/2 eigenvectors
and local XY anisotropy [19-21]. Yb,Ti, O is therefore a good
realization of quantum S = 1/2 spins decorating a network
of corner-sharing tetrahedra—the pyrochlore lattice.

The microscopic spin Hamiltonian for Yb,Ti;O; has been
estimated using neutron spectroscopic measurements of spin
waves in its high field polarized state [12]. While the zero field
phase of Yb,Ti;O; does not show well defined spin waves
in single crystals, a magnetic field applied along the [1-10]
direction pushes Yb,Ti,O7 through a quantum phase transition
or crossover near oHc ~ 0.5 T into a polarized phase that is
characterized by resolution-limited spin waves [14]. Linear
spin wave theory using anisotropic exchange produces an

“Current address: Colorado State University, Fort Collins, Colorado
80523-1875, USA.
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excellent description of the high field spin wave dispersion
and intensities, and the resulting microscopic Hamiltonian
has been used in high temperature series expansions which
accurately describe the magnetization and heat capacity of
Yb,Ti,O7 in absolute units [22]. Yb,Ti,O7’s spin Hamiltonian
contains four symmetry-allowed near-neighbor anisotropic
exchange terms, and it has been proposed that the largest
of these is J;, which ferromagnetically couples together
local z, or Ising components of spin [12]. These z compo-
nents are aligned directly into or out of the tetrahedra, and
this combination of Sesr = 1/2 spins, the spin Hamiltonian,
and the pyrochlore lattice would then be responsible for
the quantum spin ice phenomenology. Somewhat different
phenomenology has also been discussed in which J,; is less
dominant [23].

While the general phase behavior for an anisotropic
exchange Hamiltonian of the form which describes Yb,Ti,O;
in zero magnetic field has exotic quantum spin liquid and
Coulomb ferromagnetic mean field ground states present
within it [24,25], the mean field ground state predicted on the
basis of Yb,Ti,O7’s spin Hamiltonian is a simple ferromagnet
with a mean field phase transition of Tyr ~ 3 K [12]. A
broad “hump” in Yb,Ti,O7’s experimentally determined heat
capacity (Cp) is observed at ~2 K, roughly co-incident
with the calculated Tyr, however there are no indications of
order observed above a sharp Cp anomaly which occurs near
Tc ~ 0.26 K in stoichiometric powders of Yb,Ti,O7 [11,26].
Taking the sharp Cp anomaly at face value for an indication of
the ferromagnetic phase transition predicted by mean field
theory, this indicates that Typ is suppressed by a factor
of ~12 by quantum fluctuations, geometrical frustration, or
both. However, there are strong indications that Yb,Ti,O7’s
zero field phase below 7¢ ~ 0.26 K is far removed from
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a conventional ferromagnet. To date there are experimental
studies which support a relatively simple ferromagnetic ground
state [6,8] but also studies which show extensive diffuse
neutron scattering covering all of reciprocal space [10], no
changes in the spin relaxation observed when cooling below
the sharp Cp anomaly in uSR studies from stoichiometric
samples [27], and no evidence for the conventional spin waves
that are expected as the normal modes of the magnetically-
ordered state in any sample [13,14,23].

An interesting feature of Yb,Ti,O7’s exotic zero magnetic
field ground state is its sensitivity to weak disorder [28,29]. The
sharp Cp anomaly observed at T ~ 0.26 K in stoichiometric
powder samples is observed to be broader and to occur at
lower temperatures in all single crystal samples measured to
date [29]. The Cp anomalies can occur as low as ~0.15 K
in single crystals grown from floating zone image furnace
techniques, may not obviously occur at any temperature, or
may appear as multiple peaks at lower temperatures.

In the interest of understanding the microscopic structure
and defects responsible for the differences between powder
samples grown by solid state synthesis and single crystals
grown from the melt by floating zone techniques, neutron
diffraction studies were carried out on both powder and
crushed single crystal (CSC) samples that were known to
display different Cp behavior at low temperature [28]. The
conclusions were that, while the powder sample was stoichio-
metric Yb,Ti;O7, the CSC was characterized as exhibiting
weak “stuffing” wherein a small proportion of excess Yb**
resides on the Ti** site, and the composition of the crushed
single crystal was Yb,,,Tir_O7;, with x = 0.046. Note
that this defect level is close to the limit of detectability by
conventional diffraction techniques. This study was greatly
aided by the fact that Ti displays a negative coherent neutron
scattering length, hence there is significant neutron contrast
for Yb, which has a positive coherent neutron scattering
length, occupying the Ti site. In and of itself, sensitivity
of the ground state to such weak disorder is a remarkable
result, as conventional three-dimensional ordered states are
not sensitive to disorder at such a low level. For example, the
phase transition to noncollinear W, antiferromagnetic order
in Er,Ti,O7 is not sample dependent and has been studied as
a function of magnetic dilution and shown to be consistent
with conventional three-dimensional percolation theory [30].
A recent study of the Yb** crystal field excitations in Yb, Ti, O
suggests that the anisotropy of Yb*" in defective environments
is Ising-like, rather than XY-like in stoichiometric Yb,Ti,O7,
and this may be related to the effectiveness of disorder at this
low ~1% level [21].

It is therefore important to fully characterize powder
samples of Yb,Ti,O7 which are known to be stoichiometric
and to display sharp Cp anomalies at T¢ = 0.26 K, that is to
use this as a benchmark for understanding the zero field ground
state of pristine Yb,Ti»O5. In this paper, we report elastic
and inelastic neutron scattering results from the same two
powder samples previously studied by neutron diffraction [28]
and which are known to be stoichiometric Yb,Ti,O7 and the
CSC with composition Yby,Ti;—O7_, with x = 0.046. In
addition, we report a comparison between the spin dynamics
measured on a stoichiometric powder of Yb,Ti,O7, the CSC
powder, a single crystal of Yb,Ti,O; grown by the floating

zone technique, and a powder sample of Yb,Ti,O;’s sister
pyrochlore magnet, Yb,Sn,O;. We show that stoichiometric
Yb,Ti,O; displays resolution-limited magnetic Bragg scat-
tering at low temperatures, however these persist to a much
higher temperature scale than 7. = 0.26 K. Nonetheless,
looking only at the low temperature Bragg intensities, we
refine a static magnetic structure which is best described as
an icelike splayed ferromagnet with an ordered moment of
0.90(9) pp. The spin dynamics at the lowest temperatures in
stoichiometric Yb,Ti,O7 in zero field are indeed far removed
from conventional spin waves. They are gapless on an energy
scale <0.09 meV at all wave vectors and characterized by a
continuum of scattering with a bandwidth of ~1 meV. Vestiges
of very overdamped ferromagnetic spin waves can be seen in
the inelastic scattering, which itself is temperature independent
below TMF ~ 3 K.

II. EXPERIMENTAL DETAILS

The powder samples employed in this study were the same
samples previously studied by Ross ef al. [28]. 10 grams of
stoichiometric Yb,Ti;O7 and eight grams of the CSC powder,
Yboy Tir_ 074, with x = 0.046, were separately loaded in
aluminum sample cans with copper lids under 10 atms of
helium exchange gas. This method of loading powder samples
is known to provide good thermal contact to the cold finger
of the dilution refrigerator and maintains thermal conductivity
below 1 K by enabling enough superfluid helium to coat the
powder grains [31]. The 4 gram single crystal of Yb,Ti,O
(produced in a floating zone image furnace following similar
procedures to those used to grow other single crystal titanate
pyrochlores) was mounted on an aluminum holder.

Elastic neutron scattering measurements were carried out
on the SPINS triple axis instrument at the NIST Center for
Neutron Research. SPINS used pyrolytic graphite as both
monochromator and analyzer, and 80’ collimators before and
after the sample, producing a 5.0 meV elastically scattered
beam with an energy resolution of 0.25 meV. Cooled beryllium
filters placed before and after the sample helped to eliminate
higher harmonic contamination. The sample was first cooled
to T = 8 K where scans of the (111), (002), (220), (113), and
(222) Bragg peaks were collected. Afterwards, the sample was
cooled down to 100 mK and sat at this temperature for two
hours before collecting measurements at the same Bragg posi-
tions as above. Finally, the sample was warmed up to 700 mK
where another scan of the same Bragg peaks was also collected.

Inelastic neutron scattering measurements were also per-
formed on both the stoichiometric powder as well as the
CSC, stuffed powder using the time-of-flight disk chopper
spectrometer (DCS) at NIST [32]. For these measurements,
monochromatic incident neutrons of a wavelength of 5 A
were employed, giving an energy resolution at the elastic
position of 0.09 meV. Empty can measurements have been
used as a background for these data. Inelastic neutron
scattering measurements on the single crystal of Yb,Ti,O
were performed using the cold neutron chopper spectrometer
(CNCS) [33] at the Spallation Neutron Source (SNS) at Oak
Ridge National Laboratory. For this time-of-flight experiment,
the single crystal was mounted in a dilution refrigerator and
aligned with the [HHL] plane in the horizontal plane. An
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incident neutron energy of 3.3 meV was employed which gave
an energy resolution of 0.1 meV at the elastic position. Sample
rotation methods were employed wherein the single crystal
sample was rotated 360° about the vertical direction in 1°
steps. The background is approximated using a measurement
done under the same conditions but without the sample.
Magnetic and structural refinement were performed using
SARAh Refine [34] and FullProf [35].

III. RESULTS AND DISCUSSION

A. Elastic neutron scattering and magnetic
structure determination

Figure 1 shows elastic neutron scattering data taken on the
stoichiometric powder sample of Yb,Ti»O7 using SPINS. No
magnetic Bragg peaks were observed at nuclear-disallowed
positions upon cooling below 7, and consequently we focused
our attention on nuclear-allowed Bragg peaks typical of 0 = 0
magnetic structures. Figures 1(a) and 1(b) show the (111)
Bragg peak at three temperatures: 7 = 0.1 K (below 7¢), T =
0.7 K (above T¢), and T = 8 K, which is above both the Tyr
calculated for Yb,Ti,O7 on the basis of its microscopic spin
Hamiltonian, as well as above the higher temperature “hump”
in its Cp near ~2 K. Figure 1(c) shows the corresponding
elastic scattering at the (113) Bragg position at 7 = 0.1 K and
T = 8 K. Elastic scattering at both wave vectors is dominated
by nuclear contributions, but a weak temperature dependent
magnetic contribution is identified as can be seen in Figs. 1(b)
and 1(d) which show T'=0.1 K-T =0.7K,and T = 0.7 K-
T = 8 K data sets for (111) and a T = 0.1-8 K data set for
(113), respectively. Similar elastic scattering measurements
were also carried out at the (220) Bragg position. The magnetic
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FIG. 1. The temperature dependence of the (111) and (113) Bragg
peaks. Panels (a) and (c) show the elastically scattered neutron
intensity as a function of the momentum transfer | Q| around the
(111) and (113) Bragg peaks respectively. Panels (b) and (d) shows the
subtraction between the different | Ql cuts at different temperatures. A
clear, | Ql—resolution—limited increase of the elastic scattering at these
two Bragg peaks is observed and is representative of the data used to
model the magnetic structure of stoichiometric Yb,Ti,O;. Error bars
represent one standard deviation.

intensities extracted from these differences are listed in Table I,
where we see that for all of the (111), (113), and (222) Bragg
positions, the increase in scattering, relative to 7 =8 K,
is 3.2(4)%, 3.3(5)%, and 3.6(6)%, respectively. Relative to
T = 0.7 K, the magnetic intensity at T = 0.1 K is increased
by only ~1.3% at the (111) Bragg position. We also note
that the differences in the elastic scattering have the same Q
line shape as the original Bragg scattering, implying that the
corresponding magnetic order is long range, with a correlation
length exceeding 80 A.

Ignoring for the time being the fact that the magnetic order
parameter does not go to zero above T¢ = 0.26 K, we can
nonetheless refine a magnetic structure based on the relative
intensities of the differences in Bragg scattering between
T = 0.1 K and 8 K. This difference is plotted as a function
of |Q] in Fig. 2(a), along with the best fit to a model for a
canted or splayed ferromagnet of the form depicted in the inset
of Fig. 2(b). This generalized structure has the Yb moments
along a [100] direction, but also allows for a canting angle
6 which can be either towards (+) or away from (—) the
local [111] direction, that is the direction pointing into or
out of the tetrahedron. A collinear [100] ferromagnet would
correspond to a canting angle of zero, while the ordered spin
ice ground state, in which all moments point directly into
or out of the tetrahedra, would correspond to 6 = 54.7°. A
negative canting angle gives an XY splayed ferromagnet. The
best fit, shown as the solid line in Fig. 2(a), corresponds to
a splayed icelike ferromagnetic ground state with a positive
canting angle of 14 &+ 5° and an ordered moment (relative to
8 K) of 0.90(9) up. The saturated moment determined by
DC magnetization is 1.75 wp, which compared to the order
moment we obtained gives a spin polarization of 51%. Note
that, as shown in Fig. 1(b), most of the decrease in the Bragg
scattering on raising the temperature occurs above 0.7 K, more
than a factor of two above T¢ = 0.26 K. Our refinements of
these magnetic structures are summarized in Table I, where
we have calculated the expected increases in Bragg scattering
at each of (111), (113), and (222) for two different Q =0
magnetic structures. The splayed XY ferromagnet, with a
negative canting angle, is known to describe Yb,Ti,O;’s sister
pyrochlore magnet Yb,Sn,O; (6 ~ —10°) [36], while the
splayed spin ice structure has been reported in some studies
of single crystal Yb,Ti;O; but with a smaller splay angle
(0 ~ 1°) [6,8]. Figure 2(b) shows how the goodness-of-fit
parameter (x2) varies as a function of splay angle for this
model of splayed or canted ferromagnets.

Figure 3 shows the temperature dependence of the (111)
Bragg intensity from the stoichiometric powder sample of
Yb,Ti»O7, relative to T = 0.7 K. This data set was collected
while warming from 100 mK to 700 mK with a warming rate of
1 mK/min. For reference, we overplotted the elastic scattering
perviously measured near the (111) position in single crystal
Yb,Ti,O7 (note: both curves are scaled to their intensities at
100 mK, after subtracting their intensities at 700 mK). It is
clear that these temperature dependencies mirror each other.
We also included Cp as measured on a powder sample of
Yb,Ti,O7 with T¢c = 0.26 K. One can see that these magnetic
intensities do not resemble a conventional order parameter
with T¢ = 0.26 K. The elastic intensities are approximately
constant up to ~0.35 K and then begin to decrease.
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TABLE I. A Comparison of the excess intensity in the measured Bragg peaks with model calculations for possible ferromagnetic ground
states. The percent excess elastic intensity for the (111), the (113), and the (222) Bragg peaks are compared with those calculated for a (100)
collinear ferromagnet and a splayed ice ferromagnet [Fig. 2(b)]. The best agreement between the observed excess intensity and such a model
for canted ferromagnets is achieved with the splayed ice ferromagnet and a splay angle of 14 4 5°.The magnetic moment size at the Yb** site,
based on the increase in Bragg intensity relative to 8 K, is also given for the proposed ordered states.

% increase (111) % increase (113) % increase (222) Moment size Canting angle (0) x>
Measured 3.2(4) 3.3(5) 3.6(6)
Collinear FM 3.2 4.5 5.6 1.1 up 0° 1.09
Splayed Ice FM 3.2 3.1 4.2 0.90(9) 5 14° £ 5° 0.99
B. Inelastic neutron scattering and gapless spin stoichiometric Yb,Ti,O; powder sample and the CSC lightly
excitations in the Yb,Ti,O; ground state stuffed powder with composition Yb;, Ti;—,O74, x = 0.046

Inelastic neutron scattering measurements were carried out using the DCS direct geometry chopper spectrometer at NIST.
on our three Yb, Ti,O; samples (stoichiometric powder, lightly ~ The resulting S(|Q|, E) for these two samples at 7' = 0.1 K
stuffed CSC powder, and single crystal) using time-of-flight ~ are shown in Figs. 4(a) and 4(b). The corresponding [HHL]

neutron spectrometers. Measurements were carried out on the ~ Plane-averaged data set (approximating a powder average) for
single crystal Yb,Ti;O; at T = 0.1 K is shown in Fig. 4(c).

The inelastic spectral weight shown in Fig. 4 is known to be

(@ 1500 magnetic in origin from its previously determined field depen-
7 dence and from its temperature dependence to be discussed
E 100mK - 8K shortly. We see that S(|Q|,E) in stoichiometric Yb,Ti>O;
S 1000 | w=0.9009)us at T =0.1 K is largely characterized by a continuum of
é 0 = 14(5)° scattering below an upper band edge of ~1 meV, and it is
S =0 S0A ;i gapless on an energy scale <0.09 meV at all wave vectors
x ¢ > measured. The inelastic scattering has some weak structure to
2 it, resembling overdamped ferromagnetic spin waves which
2 f’*}“ ; disperse as hw ~ Q2 and whose intensity peaks at small Q.
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FIG. 2. Intensity of elastic magnetic scattering vs Q and the
corresponding fit to the splayed ice ferromagnet. (a) the best fit FIG. 3. The temperature dependence of the elastic scattered
of the model for a splayed ice ferromagnet to the difference of intensity at |Q| = (111). The scattered elastic neutron intensity,
elastic neutron scattering intensity at 100 mK and 8 K (i.e., the relative to 7 = 700 mK at |Q| = (111), shows similar temperature
magnetic elastic scattering) is shown. The model employed is a dependence for both a previously measured single crystal (data
splayed ferromagnet (a Q = 0 structure with a net moment along the taken from Ross et al. [14]) and for the stoichiometric powder
cubic axes) on the pyrochlore lattice, with splay angle of & = 14(5)° sample of Yb,Ti,O; (this paper). With increasing temperature, the
and an ordered moment of 0.90(9) wp. Note: the error bars are not elastic magnetic scattering begins to fall around 7 = 0.35 K and
shown in this figure for clarity, but are taken into account as weights decreases approximately linearly above this temperature. The specific
in the least squared fitting of the model. (b) The goodness-of-fit heat anomaly 7¢ ~ 0.26 K for a representative powder sample of
parameter x? as a function of splay angle is shown. The inset to (b) Yb,Ti,O; (data taken from Ross et al. [28]) is shown for reference
shows an illustration of the best fit magnetic structure model on a pair and reveals the relative insensitivity of the temperature dependence
of tetrahedra. of the elastic scattering to the specific heat anomaly.
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FIG. 4. S(| Ql,E ) as measured for stoichiometric and weakly
stuffed Yb,Ti,O; with comparison to Yb,Sn,O5. (a) and (b) show
S(| QI,E ) measured on the stoichiometric Yb,Ti,O; powder and the
lightly stuffed CSC powder of Yb,Ti, Oy, with x = 0.046, re-
spectively, both at 7 = 0.1 K. (c) shows the corresponding S(| QI,E )
measurement on single crystal Yb,Ti,O, also at 7 = 0.1 K. Panel
(d) shows S(| é |, E) measured on powder Yb,Sn,0; at T = 0.1 K, by
Dun et al. [37]. All four data sets have had an empty can background
data set subtracted fror_r} them enmq have had intensities scaled such
that the scattering at |Q] = 1A and E = 0.5 meV saturates the
color scale.

This continuum spin excitation spectrum is very different from
that expected for spin waves within the ferromagnetically
ordered state predicted by mean field theory on the basis of
the anisotropic exchange Hamiltonian determined previously
from the high field, polarized state. Figure 5 shows the powder
average of this theoretical spin wave spectrum broadened by
the instrumental resolution, and one clearly expects sharp and
dispersing excitations. The predicted spin wave spectrum is
gapped at all wave vectors, with a minimum gap of ~0.25 meV
at Q = 0. Such a gap would be easily observed with our
inelastic measurements using DCS.

While the spin excitation spectrum in stoichiometric
Yb,Ti,O7 is exotic, and quite distinct from the expectations
of anisotropic spin wave theory, comparison to the measured
spectrum in lightly stuffed CSC Yb,,,Ti—O74, with x =
0.046, in Fig. 4(b), and to single crystal Yb,Ti,O7, in
Fig. 4(c) which is also likely lightly stuffed, shows that is not
particularly sensitive to weak disorder. The upper band edge
of the continuum slightly softens in the lightly stuffed CSC
sample and single crystal, and the vestiges of the overdamped
ferromagnetic spin waves are not as clear compared with the
stoichiometric Yb,Ti, O in Fig. 4(a). However, the continuum
nature of the magnetic scattering and its lack of a gap at any
wave vector are common to all three samples.

These features are also common to S(|Q|, E') measured on
DCS under ~ identical conditions on a powder sample of
Yb,Sn, 07 by Dun and co-workers shown in Fig. 4(d). These

1 15
Q] (A1)

FIG. 5. Energy vs |Q| slice of the mean-field calculation of
S(\QLE} for Yb,Ti,0;. S(|Q|,E) has been computed using an
anisotropic spin 1/2 exchange Hamiltonian with the exchange pa-
rameters determined by Ross et al. [12]. This calculation successfully
accounts for the spin wave spectrum in the high magnetic field,
polarized state at all wave vectors, but does not resemble the inelastic
neutron scattering seen in Fig. 4. In particular the measured inelastic
magnetic scattering is gapless at all wave vectors, while the calculated
S(| Ql,E), shown here, possesses a minimum gap of ~0.25 meV.

measurements on Yb,Sn,O; were previously published [37],
albeit using a high temperature subtraction, as opposed to the
empty can subtraction we employ here. Yb,Sn,O; cannot be
grown as a single crystal due to the volatility of the SnO,
starting materials, which also likely implies some level of
defects in its powders. .

Energy cuts through the S(|Q|,E) data sets for stoi-
chiometric powder Yb,Ti,O7 and lightly stuffed CSC with
approximate composition Yby,, Ti;—,O74, and x = 0.046 are
shown in Fig. 6. While differences between the four data sets

of Fig. 4 can be seen at Q < 0.4 /&71, this low-Q region
corresponds to the edge of the neutron detector bank closest to
the incident beam and is thus the part of the data set that is most
sensitive to the precise details of the background subtraction.
This low- Q region of scattering is thus avoided in the following
quantitative analysis shown in the energy scans of Fig. 6. These
energy scans employ different Q integrations, going from
smaller Q to larger Q in Figs. 6(a)-6(d) for Yb,Ti,O7 and
Figs. 6(e)-6(h) for YbyTi;_O7,4, and x = 0.046. Consis-
tent with the detailed S(| Q |, E) maps, we see that pronounced
inelastic shoulders are observed at intermediate Q’s, as seen in
Figs. 6(b) and 6(c), and these are the vestiges of the ferromag-
netic spin waves discussed earlier. Well defined ferromagnetic
spin waves would show inelastic peaks which would disperse
as E ~ Q%. As seen in Figs. 6(f) and 6(g), the shoulders are
considerably more rounded in the lightly stuffed CSC sample,
indicating that the vestiges of these overdamped excitations
are even further overdamped in the presence of weak disorder.

The energy cuts through S(|Q|,E) in Fig. 6, also shows
the temperature evolution of this inelastic scattering from
T =0.1 K, well below Tc = 0.26 K, to T = 8 K, above Ty
and the “hump” in Cp near 2 K. This temperature dependence
is very similar for both the stoichiometric Yb,Ti;O7 and the
lightly stuffed CSC powder sample, so we focus our discussion
on the stoichiometric Yb,Ti,O;7 energy cuts of S(|Q|,E)
shown in the top panels of Fig. 6. It is worth noting that
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FIG. 6. Energy cuts of S(| Q\ E) for the stoichiometric powder sample of Yb,Ti;O; and the CSC Yby,, Tip—,O74, with x = 0.046. Top
panels: These four different panels show cuts through S(| Q\ E) of Yb2T1207, taken from Fig. 4(a), for different ranges of \Ql and at different
temperatures. Four different integrations in | Q| going from smaller | Q| in (a) to larger | Q\ in (d) have been applied, as indicated in the individual
panels. No differences in the scattering are observed from 7' = 2.5 K down to 7' = 0.1 K. Bottom panels: Same data and |Q\ integrated cuts
as in (a)—(d) but for Yb,,Ti;_,O7,, with x = 0.046 taken from Fig. 4(b).

the temperature evolution of S(| Q |, E) on the negative energy
side shows clear evolution of the scattering from 7 = 0.8 to
T = 0.3 K, implying that the stoichiometric Yb,Ti,O; was
equilibrated down to at least 0.3 K. While not easily visible in
Fig. 6, there is a continued decrease in the inelastic scattering
near —0.1 meV from 7' = 0.3 K to 0.1 K, strongly suggesting
that the system equilibrated at all temperatures measured.
The most striking feature of the temperature dependence of
S(| Q|,E ) in Yb,Ti,O7 is that there is none for temperatures
less than ~2.5 K. That is, the gapless, continuum form of
S(|Q|,E) in stoichiometric Yb,Ti;O7 is maintained through
its large Cp anomaly at T¢ = 0.26 K, up to 10 times this
temperature. Changes in S(| Ql,E ) only appear in the temper-
ature range from 2.5 K to 8 K, consistent with a temperature
evolution on the scale of the calculated T\yg ~ 3 K, or the high
temperature “hump” observed in T¢ near 2 K. Very similar
temperature dependence of S(| Q |, E)is observed for the lightly
stuffed CSC sample, as shown in the bottom panels of Fig. 6.

IV. CONCLUSIONS

New neutron scattering measurements on a stoichiometric
powder sample of Yb,Ti,O7 reveal low temperature magnetic
Bragg peaks, overlapping with nuclear-allowed Bragg peaks.
This elastic scattering is interpreted in terms of a long range

ordered, splayed spin ice static structure with a correlation
length exceeding 80 A and an ordered moment, relative to
8 K, of 0.90(9) up. However, the temperature dependence
of the elastic Bragg scattering does not correlate with the
Tc = 0.26 K expected for such powder samples. Rather, this
elastic scattering begins to dissipate above ~350 mK and
shows continued decrease above 700 mK.

The zero field magnetic inelastic spectrum of stoichiometric
Yb,Ti,O7 is exotic. It shows a gapless, continuum form, at
T = 0.1 K, well below T¢ = 0.26 K, with an upper band edge
of ~1 meV. No spin gap is observed at any wave vector to
an upper limit of 0.09 meV, in contrast to the expectations
of anisotropic spin wave theory within the ferromagnetically
ordered state predicted from the mean field model using
the spin Hamiltonian derived from high field spin wave
measurements. The continuum inelastic spectrum shows some
weak structure, with vestiges of overdamped ferromagnetic
spin waves present at small Q. The inelastic magnetic spectrum
in stoichiometric Yb,Ti,O; shows little or no temperature
dependence up to temperatures greater than 2.5 K, much
larger than T¢, and on the order of Typ ~ 3 K, and the
temperature characterizing the high temperature “hump” in
Cp near 2 K. The form of the magnetic inelastic scattering, its
continuum nature and temperature dependence, is only slightly
influenced by weak stuffing, as is known to characterize
the nonstoichiometric CSC powder sample and single crystal
samples that were also measured.
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2.3 Preface to Publication III: Effect of hydrostatic pressure on
the magnetic ground state of Yb,Ti,O-.

In the third and final paper of this chapter, we investigated the response of the magnetic ground
state of YboTioO7 to the application of hydrostatic pressure. Using neutron diffraction and
muon spectroscopy techniques, we show that YbsTisO7 undergoes a quantum phase transition
from a spin liquid state at ambient pressure to a ferromagnetic state under the application of
small hydrostatic pressure. As opposed to the result in ambient pressure presented in publication
II, the intensity of the ferromagnetic Bragg peaks develops coincident with the sharp specific
anomaly. The magnetic structure refined in this work is also a splayed ferromagnet, but with a
angle of only 1°. The discovery of magnetic order in YbsTisO7 under hydrostatic pressure is
important because it demonstrates that disorder can act as a source of local pressure, which

disrupts the fragile magnetic ground state of YboTisO7.
For this study, I performed the neutron diffraction experiment under pressure and refined the
magnetic structure of YbeTioO7. 1 also participated in the writing of the manuscript and the

response to the referee reports. The contributions of each author are summarized below.

Author Contributions:

e FExperimental Concept: E. Kermarrec, B.D. Gaulin

e Sample Preparation: K.A. Ross, H.A. Dabkowska

e Neutron Scattering Fxperiments: J. Gaudet, E. Kermarrec, K. Fristch, C. Ritters, B.D.
Gaulin

o 1SR Experiment: E. Kermarrec, R. Khasanov, Z. Guguchia, B.D. Gaulin

e Data Analysis: E. Kermarrec, J. Gaudet, B.D. Gaulin

e Manuscript: E. Kermarrec, J. Gaudet, B.D. Gaulin
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Ground state selection under pressure
in the gquantum pyrochlore magnet Yb,Ti,O-
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A quantum spin liquid is a state of matter characterized by quantum entanglement and the
absence of any broken symmetry. In condensed matter, the frustrated rare-earth pyrochlore
magnets Ho,Ti,O; and Dy,Ti,O, so-called spin ices, exhibit a classical spin liquid state with
fractionalized thermal excitations (magnetic monopoles). Evidence for a quantum spin ice,
in which the magnetic monopoles become long range entangled and an emergent quantum
electrodynamics arises, seems within reach. The magnetic properties of the quantum spin ice
candidate Yb,Ti,O5 have eluded a global understanding and even the presence or absence of
static magnetic order at low temperatures is controversial. Here we show that sensitivity to
pressure is the missing key to the low temperature behaviour of Yb,Ti,O;. By combining
neutron diffraction and muon spin relaxation on a stoichiometric sample under pressure, we
evidence a magnetic transition from a disordered, non-magnetic, ground state to a splayed
ferromagnetic ground state.
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he pyrochlore lattice, comprised of corner-sharing

tetrahedra, is the archetype of magnetic frustration in

three dimensions! (Fig. 1). Since its early study by
Anderson in 1956 (ref. 2), frustrated spin Hamiltonians on the
pyrochlore lattice have provided a seemingly inexhaustible source
for the study of fundamental physics>*. In particular, spin liquid
ground states have been predicted for such a lattice decorated
with Heisenberg™® or XXZ’ spins. More recently, pyrochlore
magnets have been put forward as realistic vehicles for the
realization of a quantum spin ice state, using the generic S=1
nearest-neighbour  anisotropic  exchange Hamiltonian®'*.
Yb,Ti,O; is a promising quantum spin ice candidate as it
possesses both an (effective) S=1 spin, thanks to the well isolated
crystal field Kramers doublet ground state appropriate to Yb3 11,
and strong quantum fluctuations brought by anisotropic
exchange interactions and an XY g-tensor!?. Several studies
have focused on the nature of the ground state in Yb,T1,0, yet a
consensus has been elusive to date!>~!8, Early neutron scattering
experiments ruled out the presence of conventional static order
down to 90 mK in a polycrystalline sample!>, whereas other sin%le
crystal studies concluded the ground state was ferromagnetic!16,
The results of local probes are even more puzzling. Muon spin
relaxation (USR) measurements evidenced the presence of true
static moments on the muon timescale, through the observation
of both a drop of asymmetry and a decoupling of the muon spins
in longitudinal applied fields'8, along with a drastic slowing down
of the fluctuation rate below T, for certain samplesl3. In contrast,
PSR studies by D’Ortenzio et al!” found a non-magnetic,
fluctuating ground state, in both stoichiometric polycrystalline
and single crystal samples, despite the presence of pronounced
specific heat anomalies at T.=265mK and T.=185mK,

respectivelg. It is clear that local defects, either oxygen
vacancies!” or excess magnetic ions?® (referred to as stuffing),
vary significantly between polycrystalline powders and

single crystals, and are likely responsible for such sample
dependencies.

Here, by applying hydrostatic pressure to well-characterized
Yb, ., (Ti, — Oy 4 5 samples, with x =0 and x = 0.046 (ref. 20), we
observe a magnetic transition in the stoichiometric, x=0 sample
from a disordered ground state into a splayed ferromagnetic
ground state. This result sheds light on the origin of the sample
dependence in the ground state selection for Yb,Ti,O; and is
consistent with the recent theoretical proposal that Yb,Ti,O, lies
close to a phase boundary in the generic quantum spin ice

Hamiltonian phase diagram?!.

Figure 1 | Pyrochlore structure of Yb, , ,Ti, ,0;, s Excess Yb3+ ion can
occupy a Ti** site and create a local defect (referred to as ‘stuffing’).

(a) Representation of the ideal pyrochlore structure of Yb,Ti,O, with Yb in
blue, Ti in yellow and O in red. Yb and Ti form corner-sharing tetrahedra
lattices. (b) Schematic representation of the structurally distorted environment
of a defect.

Results

Muon spin relaxation. pSR measurements under hydrostatic
pressures as high as 25kbar, and at temperatures as low as
0.245K, were performed on Yb,, ,Ti, ,O; s samples, with
x=0 and x=0.046, at the GPD beamline of PSI. The muons
are implanted inside the bulk of the material, and act as local
magnetic probes. The signal coming from the muons that stop
inside the pressure cell was measured separately and subtracted
(see Supplementary Figs 1 and 2) from the overall signal.

Figure 2a shows the temperature dependence of the PSR signal
for the stoichiometric, x=0 sample in zero field, R,(¢), as a
function of time ¢ and under an applied pressure P=19.7 kbar.
Well above T.=0.265K, at T>0.97 K, the majority of the Yb>
magnetic moments are paramagnetic and in a fast fluctuating
regime, and display single-exponential relaxation. For T<0.5K,
we observe the development of a small magnetic fraction f of the
Yb3* moments, which grows nonlinearly as the temperature
decreases. The absence of oscillations at short time is indicative of
a highly disordered magnetic state. The zero-field relaxation is
well described by a Gaussian distribution of static internal fields
with standard deviation A (see Supplementary Note 1), and the
following phenomenological function:

2 1

sz(t):f<5e‘“‘z/2+ ge‘“) +(A=fle ™ (1)

In a purely static scenario, the second term (1/3-tail) should be
constant. Here, a fluctuating component is nonetheless observed
and we modelled this using a relaxation rate A. The third term
accounts for the paramagnetic component, and assumes the same
relaxation rate /, for simplicity. The unconventional shape of the
zero-field longitudinal relaxation was discussed in detail in
refs 13,22. In contrast, the evolution of the relaxation in
temperature of the x=0 sample under zero applied pressure,
shown in Fig. 2b, shows little or no magnetic fraction (f~6%) at
any temperature above our base T=0.245K, in agreement with
D’Ortenzio et al.!” previously reported pSR studies. Using
equation (1) we extract the magnetic fraction for each pressure
and temperature, and collect the results in Fig. 2c. The
development of the magnetic fraction with temperature is
clearly pressure dependent, and turns on strongly at low
temperatures, below T.=0.265K, for our minimum pressure of
1.2 kbar. For each pressure, one can define a critical temperature
T, such that for T< T, 50% of the magnetic moments are frozen.
The corresponding P — T phase diagram is shown in Fig. 3.
Clearly, the phase transition extrapolated from finite pressure
measurements to zero pressure agrees well with the sharp C,
anomaly at T.=0.265K, appropriate to the x=0 sample.
However the zero-pressure state for the x=0 sample at
0.245K, below T, is disordered, indicating that the ground
state of the stoichiometric, x=0 sample, is a spin liquid.

We now turn to the x = 0.046 sample. The zero-field relaxation
at T=0.245K under zero and an applied pressure P=24.1 kbar
are shown in Fig. 2d. Strikingly, no frozen magnetic fraction is
observed upon the application of a pressure as high as P=24.1
kbar. Instead, we observe an increase of the relaxation for this
x=0.046 sample, demonstrating its sensitivity to pressure. The
temperature dependence of the relaxation is reported in Fig. 2e,f.
One can speculate that a transition to a fully ordered state, as it is
observed for the x =0 sample, would require higher pressures or
lower temperatures, consistent with the lower T. = 0.185K of the
x=0.046 sample.

USR studies on other samples have reported a drastic slowing
down of spin fluctuations!?, or static order!8, under zero applied
pressure for temperatures below 0.25 K. In the light of our results,
even relatively low (applied or chemical) pressure can destroy the

43



Ph.D. Thesis - J. Gaudet

McMaster University - Physics

and Astronomy

a b c
1.0 X=0 ! 1.0 ! ! ! ! 1.0 =0 ]
P =19.7 kbar 0.9 J
0.8 J
08 - P (kbar)
s 07 m25 B
0.6 § 06} : 12; 1
© 050t M-8\ 067 B
o
0.4 5 041 el
< .
s 03f B0 ]
© 086K L ]
0.2 © 055K 02
@ 037K 0.1
@ 0.245K I —
0.0 n n 1 1 0.0 1 1 1 il L
0 1 2 3 4 5 024 03 0.4 05 06 07 08091
t(us) T(K)
d e f
T T T T T T 0.8 T T T T T T
1.0 1.0 x=0.046
x=0.046 -
P =24.1 kbar 07 x=0.046 .
0.8 T=0.245 K 0.8 915K o6k A P=0 i
: Z =g r?akrbar © 055K - - P=24.1 kbar
=24. © 044K | o i
- 0.6 06 o tax = 0.5 Pressure cell
w 2 04} m
=
< o4f 04 <
. 03 B
0.2 0.2 02 T
oo °
0.0} o ot e e ]
0.0 (1]
L L L L L L L d 0.0 L L L L L L
0 1 2 3 4 5 0 1 2 3 4 5 0.2 0.4 0.6 0.8 1.0 1.2 1.4
t(us) t(us) T (K)

Figure 2 | Temperature evolution of the uSR relaxation in Yb, . ,Ti, ,07 . ; under pressure. (a-c) Refer to the x=0 and (d-f) refer to the x=0.046
sample. (@) The drastic increase of relaxation observed upon decreasing temperature in the x =0 sample indicates a spin freezing under an applied
pressure P=19.7 kbar, which is absent under zero pressure (b) and for the x=0.046 sample (d). (¢) The temperature evolution of the magnetic fraction is
reported for various pressures. The black horizontal dashed line represents a volume magnetic fraction of 50%, used as a criterion to define T.. (ef) For the
x=0.046 sample, only a moderate increase of the spin dynamics is observed under applied pressure. The error bars of the pSR relaxation data are of
statistical origin and correspond to the square root of the total number of detected positrons resulting from muon decays. Error bars of the relaxation rate 4
represent standard deviation of the fit parameters. Error bars of the magnetic fraction represent standard deviation of the fit parameters, with a minimal

value of 0.05 corresponding to the typical error on the total asymmetry for

T(K)

Figure 3 | Pressure-temperature phase diagram of Yb, . ,Ti, ,07. 5
The vertical axis displays the pressure P in logarithmic scale and the
horizontal axis the temperature T. Empty black circles define the transition
line between the collective paramagnetic (PM, orange) and the splayed
ferromagnetic (SFM, blue) regions relative to the x=0 sample. The
transition temperature is defined such that for T<T. 50% of the magnetic
moments are frozen (see Fig. 2¢). Error bars allow T to be defined between
40 and 60% of the magnetic fraction. The green region highlights the
presence of a disordered, non-magnetic phase (QSL) found at P= 0. Black
thick line is a guide to the eye. Dashed purple line is the hypothetical
transition line for x = 0.046.

USR under pressure.

disordered spin liquid state and induce magnetic order. A low
level of defects in the different samples is a natural explanation to
the contradictory uSR results. Such disorder, at the ~2% level,
is difficult to characterize, but it is largely absent in polycrystalline
samples, synthesized at lower temperatures by solid state
methods.

Neutron diffraction. Armed with the knowledge of the P— T
phase diagram in Fig. 3, we sought to determine the nature
of the pressure-induced magnetic order in Yb, . ,Ti, ,O;s
samples, with x=0, by performing neutron diffraction on the
stoichiometric powder sample at the D20 high-flux diffractometer
of the ILL. The detection of small magnetic moments under
pressure using neutron diffraction is challenging due to the
significant background signal of the pressure cell itself. Figure 4a
shows the neutron diffraction data for the maximum hydrostatic
pressure of the cell, P=11(2) kbar, and temperatures from 400 to
100mK, from which a background measured at 800 mK was
subtracted. We clearly observe the development of magnetic
Bragg intensities at the (111), (311), (222) and (004) positions
upon cooling below 400mK. This is firm evidence for the
existence of long-range magnetic order in Yb, . ,Ti, 0745
samples, with x=0, under an applied pressure P=11(2)kbar.
The refinement of the neutron diffraction data gives us the
temperature dependence of the ordered moment, shown in
Fig. 4b. The contrast with previous experiments under zero
pressure is striking. First, the saturated moment u=0.33(5) i is
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Figure 4 | Neutron diffraction measurements of Yb,Ti,O; under applied pressure. (a) Diffraction data sets from 400 to 100 mK after the 800 mK data
set has been subtracted. Error bars are not shown for clarity. (b) Ordered moment versus temperature determined by neutron diffraction for P=11(2) kbar
(blue, left axis) and magnetic fraction determined by uSR for P=12.2 kbar (orange, right axis). Error bars of the ordered moment represent s.d. of the
refinement. Schematic spin structure of the ice-like splayed ferromagnet with 0 =14° for P=0 (¢) and 0 = 5° for P=11kbar (d), where 0 is the splay angle
between the [001] direction and the magnetic moment, tilted towards the local [111] directions of the tetrahedron.

much smaller than that s~ 1 ug reported previously for different
Yb,Ti,O, samplesl6, although similar to the ordered moment in
the I's ordered state of Yb,Ge,O (ref. 23). Second, the ordered
moment vanishes cleanly above T.~0.4K, with no anomalous
magnetic Bragg intensity well above T. (refs 24,25). The
previously reported order parameter at P=0 of our x=0
polycrystalline sample is anomalous®%; it shows no change
across T. and only falls off at much higher temperatures.
Consistency with our P=0 pSR results on the same sample
requires that this Bragg-like scattering is dynamic on slow time
scales. That notwithstanding, the magnetic structure previously
refined on the basis of a very high temperature (~8K)
background subtraction gave a splayed ice-like ferromagnetic
structure?, with the moments on a tetrahedron lying mainly in
the [100] direction with a positive splay angle 0 =14(5)°, such
that the moments tilt towards the local [111] direction (Fig. 4c).
The components perpendicular to the local [111] axis obey the
2-in/2-out ice rule on a single tetrahedron. A different type of
splayed ferromagnet, with the perpendicular components
satisfying the all-in/all-out structure, has also been reported
recently’®, in addition to a nearly collinear ferromagnet
(6~0°)18, for other samples. The magnetic structure associated
with the true Bragg scattering we refine here in the stoichiometric
x=0 sample under P=11(2)kbar is also a splayed ice-like
structure, but with a much reduced splay angle 0 =5(4)°, such
that it is close to a collinear [100] ferromagnet (Fig. 4d).

Discussion

These results bring a fresh perspective on the long standing
debate about the presence or absence of static magnetic order in
the quantum pyrochlore magnet Yb, . ,Ti,_,O; s The acute
sensitivity to local (through the Yb®T stuffing) or applied
pressure is surprising. However, a corollary of our new P— T
phase diagram is that non-stoichiometric samples with non-zero
chemical pressure can easily display an ambient applied pressure
phase transition to a splayed ferromagnetic state at T.. Yet, this
interpretation remains challenged by the fact that our x=0.046
sample does not show evidence for magnetic order at ambient
pressure, and by previous reported observations of a magnetic
transition in golsycrystalline, likely x~0, sample even under
zero pressure!>®, This may indicate that the non-magnetic
low-temperature region of the phase diagram is extremely

narrow, existing only for a certain range of x, whose absolute
values are still to be determined. This would actually be
reminiscent of the recent findings on the Tb,. . Ti 0745
pyrochlore magnet, which has been shown to display an ordered
phase that is extremely sensitive to disorder, appearing only for
0<x<0.01 (refs 27-29).

Furthermore, the present work illustrates the relevance of
applying hydrostatic pressure to tune the magnetic properties of
frustrated pyrochlore compounds, a path that was followed by
pioneering work on the other spin liquid candidate Tb,Ti,0;
(ref. 30). In case of Yb,Ti,O;, we found that the pressure tunes
the delicate balance between the anisotropic exchanges of the

quantum spin ice Hamiltonian, and selects a splayed
ferromagnetic ground state away from the degenerate
antiferromagnetic ground states manifold. This scenario

confirms recent theoretical proposals that Yb,Ti,0; lies close to
phase boundaries derived from the generic Se¢r=1 quantum spin
ice Hamiltonian?!, and provides the missing key to understand its
exotic magnetic properties. Particularly appealing is the
prediction that accidental degeneracies in the vicinity of these
phase boundaries can lead to the emergence of a quantum spin
liquid®!. This would offer a natural explanation for a non-
magnetic, disordered state under zero pressure in stoichiometric
Yb,Ti,O; and recent observations of a continuum of gapless
quantum excitations®432 at low temperatures.

Methods

Sample preparation. The Yb, . ,Ti, O ; samples with x=0 and x=0.046
were prepared at the Brockhouse Institute for Materials Research, McMaster
University. The x=0 powder sample was obtained through conventional
solid-state reaction between pressed powders of Yb,O; and TiO, sintered at
1,200 °C in air. The x = 0.046 powder sample was obtained by crushing a single
crystal grown by the floating zone method in 4atm of O, with a growth rate of
5mmh L. More details on the details of the synthesis and the characterization can
be found in ref. 25.

Muon spin relaxation. 1SR measurements were carried out at the GPD
instrument of the Paul Scherrer Institut, Switzerland. About 1g of each powder
sample was mixed with ~3 mm? of a pressure medium (Daphne 7373 oil) and
placed inside the sample channel of a double-wall pressure cell. Two different cells
were used, labelled as (1) and (2) (see Supplementary Note 1), and are described in
more details in ref. 33. The muon momentum was adjusted in order to obtain an
optimal fraction of the muons stopping in the sample, with optimal values found at
P=106 and P=107 MeV ¢~ L. The relaxation of both cells were measured without
any sample down to 0.245 K. The applied pressure was determined by measuring
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the superconducting transition temperature of a small piece of pure indium
inserted in the sample channel>.

Neutron diffraction. The neutron diffraction experiment was conducted

at the D20 beamline, a high intensity two axis diffractometer, at the Institut
Laue-Langevin, using a neutron wavelength 1 =2.4 A. A mass of 1.5 g of Yb,Ti,O;
powder sample and a small amount of NaCl powder, which serves as a

pressure calibration, were both mounted in a high pressure clamp cell and inserted
in a *He-*He dilution fridge. Fluorinert was used as a pressure transmitter.

A minimum of 12h of data was collected at each temperature. The diffraction
pattern obtained for T=800mK is shown in Supplementary Fig. 3. Structural
refinements for both NaCl and Yb,Ti,0; and magnetic refinements for Yb,Ti,O;
have been performed using the Fullprof program suite3.

Data availability. The data sets generated during and/or analysed during the
current study are available from the corresponding author on reasonable request.
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Supplementary Note 1 background subtraction for SR measurements

The relaxation of both cells was measured without any sample from 2 K down to 0.245 K. The
relaxation of each cell (R..) was fitted separately and subsequently subtracted from the whole
signal (pressure cell + sample) in order to extract the relaxation due to the sample only (Rsample)-

The total signal in zero field R,¢(t) is fitted to the following general function:

Atotsz(t) = Atot [fcelchell(t) + (]- - fcell)Rsample(t)} (1)

The total asymmetry Ay, is determined by a weak transverse-field measurement above the mag-
netic transition. At low temperature, the polarization relative to the sample can be easily dis-
tinguished from the pressure cell signal due to the difference of relaxation, and we estimate
feen = 0.545, a typical value for experiments using such double-wall cells. This fraction was
then held fixed for all subsequent fits. We detail below the measurements of the relaxation of each

pressure cell, Ree (t).

Supplementary Fig. 1a) shows the relaxation obtained for the pressure cell (1) only, at 2 K

and 0.245 K. These relaxations could be well fitted to a dynamical Kubo-Toyabe (DKT) function:

R ()= (1 - B)DKT(v,0,T,t) + B )

cell

with v = 0 (zero-field), o the width of the Gaussian distribution, I' the hopping rate and the back-
ground value B = 0.035. o and I are found to smoothly evolve from 2 K (¢ = 0.361(2) pus™*,
' =0.20(2) us™1) t0 0.245 K (¢ = 0.500(4) us™!, T' = 0.63(3) us~') and we thus used inter-

polated values for the subtraction at intermediate measured temperatures assuming an exponential
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variation with temperature. Supplementary Fig. 1b) shows a typical measurement with the loaded
pressure cell at P = 19.7 kbar, i.e. with muons stopping inside the pressure cell and the sample
and Supplementary Fig. 1c¢) shows the result of the subtraction at 0.245 K fitted to the following

phenomenological function:

with f the volume magnetic fraction, A the Gaussian width of the static field distribution, and A
the paramagnetic relaxation rate used for both the 1/3-tail and the paramagnetic component, for
simplicity. The departure from the traditional static or dynamic Gaussian Kubo-Toyabe function

was already observed and studied in details in Supplementary Ref.>™.

Supplementary Fig. 2a) shows the relaxation obtained for the pressure cell (2) only, at 1.8 K

and 0.245 K. These relaxations could be well fitted to a single exponential form:

R (1) = e (4)

cell

with ). the exponential relaxation rate. A. was found to smoothly evolve from 1.8 K (\. =
0.077 us™1) t0 0.245 K (A, = 0.134 pus~!) and we thus used interpolated values for the subtraction
at intermediate measured temperatures assuming an exponential variation with temperature. Sup-
plementary Fig. 2b) shows a typical measurement with the loaded pressure cell at P = 25 kbar, i.e.
with muons stopping inside the pressure cell and the sample and Supplementary Fig. 2c¢) shows
the result of the subtraction at 0.245 K fitted to the phenomenological function (equation (3) in

Supplementary Note 1).
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0.30

A

Al

Supplementary figure 1: Background subtraction for the pressure cell (1). A(t) = Aot Rae(t)
is the measured asymmetry as a function of time ¢. a) Relaxation of the pressure cell (1) only
[feen = 1], measured at 0.245 K (orange) and 2 K (dark cyan). Lines are fits to the equation (2) in
Supplementary Note 1. b) Relaxation measured above (1.5 K) and below (0.245 K) the magnetic
transition under an applied pressure P = 19.7 kbar for a loaded pressure cell | f.on = 0.545]. Lines
are fit to to the equations (1), (2) and (3) in Supplementary Note 1. c¢) Relaxation relative to the
sample only after subtraction of the pressure cell signal, measured at 0.245 K. Line is a fit to the
equation (3) in Supplementary Note 1. Inset: Zoom at short times. The error bars of the uSR
relaxation data are of statistical origin and correspond to the square root of the total number of

detected positrons resulting from muon decays.
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Supplementary figure 2: Background subtraction for the pressure cell (2). A(t) = Ao Ry(t)
is the measured asymmetry as a function of time ¢. a) Relaxation of the pressure cell (2) only
[feen = 1], measured at 0.245 K (orange) and 1.8 K (dark cyan). Lines are fits to the equation
(4) in Supplementary Note 1. b) Relaxation measured above (0.86 K, blue) and below (0.245
K, red) the magnetic transition under an applied pressure P = 25 kbar for a loaded pressure cell
[feen = 0.545]. Lines are fit to the equations (1),(4) and (3) in Supplementary Note 1. ¢) Relaxation
relative to the sample only after subtraction of the pressure cell signal, measured at 0.245 K. Line
1s a fit to the equation (3) in Supplementary Note 1. Inset: Zoom at short times. The error bars
of the uSR relaxation data are of statistical origin and correspond to the square root of the total

number of detected positrons resulting from muon decays.
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Supplementary Note 2 neutron diffraction

A typical diffraction pattern obtained for 7' = 0.800 K is shown in Supplementary Fig. 3 for
which the assignment of some of the structural Bragg peaks of Yb,TioO; and the NaCl are indi-
cated. Contributions to the scattering coming from the cryostat as well as the pressure cell create
a substantial background, especially in the region of () going from 1.25 A=! to 1.75 A~%, and this
region is thus excluded from all refinements. The resulting lattice parameter for NaCl is 5.54 A.
Using a calibration table for the lattice parameter of NaCl as a function of the applied pressure?,
we deduced the pressure in the cell to reach 11+£2 kbar. The structural refinement of Yb,Ti,O7 at
T = 0.800 K was assumed to be of nuclear origin only and is consistent with a slightly smaller lat-
tice parameter as well as a lower axial distortion of the eight oxygens surrounding the Yb** atoms
than at ambient pressure. However, the large value of our uncertainty precludes any quantitative

analysis.

In addition to 7" = 0.800 K, the diffraction pattern of Yb,Ti;O7 has also been collected
for T' =0.100, 0.200, 0.250, 0.300 and 0.400 K. Fig. 4a) of the main text shows the resulting
magnetic diffraction pattern at low temperature where the 0.800 K data set has been subtracted as
a background. For 7" =0.100 K, we observed a clean subtraction of the background signal but an
excess of scattering is seen at the (111), (113), (222) and (004) Bragg peaks position of Yb,Ti5O7.
This purely magnetic scattering was refined using a fixed scale factor which had been determined
by the purely nuclear refinement of the paramagnetic 800 mK dataset. As every magnetic Bragg

peak is located on a nuclear allowed position of Yb,TioO7, we assumed a £ =0 magnetic structure.
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Supplementary figure 3: Structural refinement of the neutron diffraction pattern. Diffraction
pattern measured at 7' = 0.800 K (red points) and structural refinement for both the Yb,Ti; Oy
and the NaCl phases (blue line). The region of @ from 1.125 A=! to 1.75 A~ is polluted from
spurious contributions coming from the cryostat and the pressure cell, and thus excluded from the
refinement. The refined value of the lattice parameter of NaCl is used to determine the applied

pressure of 1142 kbar.
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The possible irreducible representation for the 16d site of the F'd3m pyrochlore lattice are I's, I's,
I'z and I'g. The I'g representation manifold gives the best agreement with our data and the resulting
magnetic moment is 0.33(5) up at 7' = 0.100 K. The refined spin structure consists of all spins
pointing almost fully along the [100] direction but slightly tilted towards the [111] local direction
by 5 £ 4°. Finally, the same refinement has been performed for all other measured temperatures
and a decrease of the resulting magnetic moment is observed up to 0.400 K for which no extra

scattering is observed (Fig. 4b) of the main text).
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Chapter

Fragile Magnetism in EroTioO7

The second portion of this thesis addresses the ground-state selection of ErsTioO7 under various
perturbations such as magnetic dilution, magnetic field and chemical pressure. EraTisO7 is an
XY pyrochlore that orders below 1.2 K into a non-linear, non-coplanar 1, antiferromagnetic
state, which belongs to the I's representation manifold (see Fig.1.3 in section 1.1) [41,70]. To
investigate the 19 ground state selection in EryTisO7, Savary et al. [42] fitted a spin Hamiltonian
for this compound using inelastic neutron scattering data. The resulting spin Hamiltonian for
ErsTisO7 has a I's ground state, but the 19 and the 13 states are degenerate at the mean-field
level. However, it was found that the spin wave excitations from the 1o state cost less energy
than the ones created from the 3 state. Hence, it was concluded that EryTisOr7’s 1o ground
state is selected to minimize the total free energy by maximizing the fluctuation entropy. Thus,
EryTioO7 was proposed as a definitive example of a magnetic system where the ground-state
selection occurs via an order-by-disorder mechanism [41-43].

The key ingredients for order-by-disorder in EraTioO7 are the high symmetry of the pyrochlore
lattice and the stabilization of a well-isolated CEF doublet with local XY anisotropy. In ErsTisO7,
the first two excited CEF states are separated from its ground state by 6.3 and 7.3 meV [6,41].
Therefore, one would expect that the CEF ground state doublet could be accurately treated as
well-isolated for temperatures much below 60 K. However, it was shown that the ground state
selection of ErsTiasO7 might still be influenced by the proximity of these low lying CEF excited
states [91-93]. Although thermal excitations between crystal fields levels do indeed become
negligible at low temperature, higher order perturbation theory reveals that virtual crystal field
transitions are still allowed due to multipolar interactions. These virtual crystal field processes

also promote the 1, state over the 13 state in EraTiaO7 [92,93]. Thus, it is not clear if the
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order-by-disorder mechanism of EroTisO7 is dominant in its ground state selection: virtual
crystal field transitions, an energetic selection mechanism, can also open a gap between o and

13 state. Hence, the importance of order-by-disorder effects in EryTisO7 remains an open question.

Recently, theoretical works have sough to uncover the real nature of the ground-state selection
mechanism in ErTisO7 by studying the stability of the 1y state towards different perturbations
such as magnetic dilution [94,95] and chemical pressure [49]. The experimental works presented in
this chapter address these theoretical predictions and confirm that the magnetic ground state of
ErsTiaO7 is indeed fragile towards these perturbations. The following publications are presented

in this chapter:

Publication IV: “Magnetic dilution and domain selection in the XY pyrochlore anti-
ferromagnet EryTipo O7”, Jonathan Gaudet, Alannah M. Hallas, Dalini D. Maharaj, Con-
nor R.C. Buhariwalla, Edwin Kermarrec, Nicholas P. Butch, Timothy J. S. Munsie, Hanna
A. Dabkowska, Graeme M. Luke, and Bruce D. Gaulin. Physical Review B 94, 060407(R)
(2016) [4].

Publication V: “Experimental evidence for field-induced emergent clock anisotropies in
the XY pyrochlore ErsTis O7”, Jonathan Gaudet, Alannah M. Hallas, Jacque Thibault,
Nicholas P. Butch, Hanna A. Dabkowska, and Bruce D. Gaulin. Physical Review B 95,
054407 (2017) [5].

Publication VI: “Effect of Chemical Pressure on the Single-lon Properties of the Erbium
Pyrochlores”, Jonathan Gaudet, Alannah M. Hallas, Alexander I. Kolesnikov, and Bruce D.
Gaulin. Physical Review B 97, 024415 (2018) [6]
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3.1 Preface to Publication I'V: Tuning the ground state of Er,;Ti; O~

with magnetic dilution.

This study was prompted by two theoretical works that studied the effect of magnetic dilution
in XY pyrochlores. Both of these studies predicted that if order-by-disorder is the primary
mechanism responsible for ErsTisO7’s 19 ground state, then removing a small fraction of the
magnetic moments (~ 10%) should induce a transition to the 13 state [94,95]. To investigate
these theoretical predictions, we grew three single crystals of Erg_, Y, TisO7 with z = 0 (pure),
0.2 (10%-Y) and 0.4 (20%-Y) where the magnetic ion Er3" is substituted by a non-magnetic
ion, Y3*. We performed sophisticated elastic and inelastic neutron scattering experiments on
these three single crystals. We discovered that dilution from pure ErsTisO7 up to 10%-Y leaves
the 19 ground state unaffected. However, the 20%-Y sample undergoes a phase transition to a
frozen mosaic of 1and 13 states. Our results confirm the predicted fragility of the ¥y state in
EryTisO7 towards dilution, but the exact magnetic structure found in our study is different than
theoretically predicted. This indicates that while Y-substitution does indeed lead to magnetic

dilution, it may also introduce non-trivial disorder absent from the theoretical works.

For this paper, I grew the three single crystals of Ero_, Y, TioO7 using the optical floating
zone technique. I conducted the inelastic neutron scattering experiments and analyzed the
resulting data. Finally, I wrote the manuscript and the response to the referee reports. The

contributions of each author are summarized below.

Author Contributions:

o FExperimental Concept: J. Gaudet, B.D. Gaulin

e Sample Preparation: J. Gaudet, C.R.C. Buhariwalla, H.A. Dabkowska

o Susceptibility Measurements: T.J. Munsie, A.M. Hallas, G.M. Luke

e Neutron Scattering Fxperiments: J. Gaudet, D.D. Maharaj, N.P. Butch, B.D. Gaulin
e Data Analysis: J. Gaudet, A.M. Hallas, B.D. Gaulin

e Manuscript: J. Gaudet, A.M. Hallas, B.D. Gaulin
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Magnetic dilution and domain selection in the XY pyrochlore antiferromagnet Er,Ti, 0,

J. Gaudet,' A. M. Hallas,! D. D. Maharaj,l C.R. C. Buhariwalla,! E. Kermarrec,' N. P. Butch, T. J. S. Munsie,
H. A. Dabkowska,? G. M. Luke,"* and B. D. Gaulin"3*
' Department of Physics and Astronomy, McMaster University, Hamilton, Ontario L8S 4M1, Canada
2NIST Centre for Neutron Research, Gaithersburg, Maryland, USA
3Brockhouse Institute for Materials Research, Hamilton, Ontario LSS 4M1, Canada
4Canadian Institute for Advanced Research, 180 Dundas Street West, Toronto, Ontario M5G 1Z8, Canada
(Received 23 March 2016; revised manuscript received 23 July 2016; published 15 August 2016)

Below Ty = 1.1 K, the XY pyrochlore Er,Ti,O7 orders into a k = 0 noncollinear, antiferromagnetic structure
referred to as the ¥, state. The magnetic order in Er,Ti,O7 is known to obey conventional three-dimensional
(3D) percolation in the presence of magnetic dilution, and in that sense is robust to disorder. Recently, however,
two theoretical studies have predicted that the ¥, structure should be unstable to the formation of a related 3
magnetic structure in the presence of magnetic vacancies. To investigate these theories, we have carried out
systematic elastic and inelastic neutron scattering studies of three single crystals of Er,_, Y, Ti,O7; with x =0
(pure), 0.2 (10% Y) and 0.4 (20% Y), where magnetic Er’" is substituted by nonmagnetic Y>*. We find that
the ¥, ground state of pure Er,Ti,O; is significantly affected by magnetic dilution. The characteristic domain
selection associated with the v, state, and the corresponding energy gap separating v, from v3, vanish for Y3+
substitutions between 10% Y and 20% Y, far removed from the three-dimensional percolation threshold of ~60%
Y. The resulting ground state for Er,Ti,O; with magnetic dilutions from 20% Y up to the percolation threshold
is naturally interpreted as a frozen mosaic of v, and ¥; domains.

DOI: 10.1103/PhysRevB.94.060407

The network of corner-sharing tetrahedra that make up
the pyrochlore lattice is one of the canonical architectures
for geometrical frustration in three dimensions [1]. In the
pyrochlore magnets with chemical composition A, B,07, each
of the A3* and B** sublattices independently form such a
network and can be decorated by many ions. The rare-earth
titanate family, R,Ti,O7, which features a single magnetic R3*
site and nonmagnetic Ti** on the B site, has been of specific
interest. This family displays a great variety of exotic magnetic
ground states, including classical [2-4] and quantum spin ice
[5-8], as well as spin liquid states [9—11]. Such exotic states
arise from different combinations of magnetic anisotropies
with differing exchange and dipolar interactions, depending
on the nature of the R3* magnetic ion.

Much current interest is focused on the XY antiferro-
magnetic pyrochlore Er,Ti;O7, which displays an antiferro-
magnetic Curie-Weiss susceptibility with Ocy = —22 K [12].
Crystal field effects on Er’t in this environment give rise
to a g tensor with XY anisotropy [13-15]. In contrast to
the exotic ground states displayed by other members of the
R, Ti, O family, Er, Ti;O7 has a rather conventional k = 0, I's
antiferromagnetic ground state below Ty = 1.1 K [12,16-19].
I's is made up of two basis vectors, referred to as ¥, and ¥r3, and
sophisticated magnetic crystallography was used to identify
the ordered structure in Er, Ti;O7 as v, [16]. The microscopic
spin Hamiltonian for Er,Ti,O; was determined through mea-
surements of the spin wave dispersions within its field polar-
ized state [20,21]. This work, among others [12,22,23], has
provided an explanation for the selection of i, within the I's
manifold in terms of a quantum order-by-disorder mechanism.
The order-by-disorder scenario has been further strengthened
by works showing that thermal fluctuations also select ¥,
over Y3 [24-27]. A spin wave gap of 0.053 £ 0.006 meV has
been successfully measured in Er,Ti;O7, consistent with the
order-by-disorder mechanism [28]. Recently, there has been
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a proposal that the selection of the v, ordered state could
also occur via higher multipolar interactions, originating from
virtual crystal field transitions [21,29].

The phase transition to the ¥, antiferromagnetic ordered
state in Er,Ti;O7 is unusual among the R,Ti,O; family by
virtue of how conventional it is. In contrast to Yb,Ti,O;
[30-32] and Tb,Ti,O7 [33,34], there appears to be no sample
dependence to its low-temperature phase diagram. Also,
systematic studies of magnetic dilution at the rare-earth
site in Er,Ti;O; are consistent with three dimensional (3D)
percolation theory [35]. It was therefore surprising that two
recent, independent theoretical works predicted that, upon
magnetic dilution, the ¥, ground state selection in Er,Ti,O;
should be unstable to the selection of its 3 partner within the
I's manifold [36,37].

Such a possible v, to ¥; phase transition upon magnetic
dilution in Er, Ti»O7 has yet to be explored experimentally and
is the topic of this paper. The phase transition between v, and
Y3 in Er,TipO7 is predicted to occur near a critical dilution
of ~7% [36,37]. As Y3* is nonmagnetic and comparable
in size to Er’*, it is an ideal ion to employ for magnetic
dilution studies. Hence, we have grown single-crystal samples
of Er,_, Y, Ti,O; with x =0 (pure), 0.2 (10% Y) and 0.4
(20% Y) to investigate a possible change in the magnetic
ground state. We performed time-of-flight inelastic neutron
scattering measurements on these three single crystals at
various temperatures and magnetic fields. Our results show
that the signature for v, long-range magnetic order disappears
upon dilution. Instead, we observe a softening of the zero-field,
low-energy excitations at the (220) ordering wave vector,
consistent with a closing of the spin gap. At a relatively
high level of magnetic dilution, on the order of 20% Y, the
system cannot globally select the i, state over vr3, and we
suggest that it forms a frozen mosaic of both v, and 3
domains.
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TABLE I. Summary of the dc susceptibility measurements
performed on each of the Er,_, Y, Ti,O; samples with 0%, 10%, and
20% yttrium. The full data are shown in the Supplemental Material.

Tn(K) Ocw(K) fesi/Er*
Er,Ti,0,(0% Y) 1.1(1) —18.0(2) 9.555(4) up
Er;6Y04Ti,07(20% Y) 0.74(8) —17.7(3) 8.523(6) s

The three Er,_,Y,Ti,O; samples were characterized by
dc magnetic susceptibility, and these results are summarized
in Table I. In each case, the transition to the ordered phase is
marked by a cusp and a bifurcation of the field-cooled and zero-
field-cooled susceptibilities, as shown in the Supplemental
Material [38]. Both the Néel temperature and the paramagnetic
moment per formula unit systematically decrease as a function
of the magnetic dilution. The Curie-Weiss temperature (Ocw)
does not vary appreciably in these three materials, ranging
from —17.2(3) K to —18.0(2) K.

We performed time-of-flight elastic and inelastic neutron
scattering on these three single crystals using the Disc Chopper
Spectrometer at the NIST Center for Neutron Research [39].
Measurements were performed in a dilution refrigerator in both
zero magnetic field and with an applied magnetic field along
the [1,—1,0] direction, perpendicular to the (HHL) scattering
plane. For each of the three samples, magnetic Bragg peaks
form below their respective Néel transitions (see Table I).
The relative intensities of the magnetic Bragg reflections in
the 10% Y and 20% Y crystals are unchanged from pure
Er,Ti,O. That is to say, all three order into the I's irreducible
representation, which is dominated by an intense magnetic
Bragg reflection at (220). In large magnetic fields, all three
enter a field-polarized state, characterized by an intense (111)
magnetic Bragg reflection and the disappearance of the (220)
magnetic reflection [40,41].

The I's irreducible representation is composed of two
basis vectors, ¥, and 3, which are indistinguishable in an
unpolarized elastic neutron scattering experiment. However,
the distinction between v, and 3 ground-state selection can
be resolved by considering the magnetic field dependence
of the (220) magnetic Bragg peak. Both ¥, and 3 display
six distinct domains that are degenerate in zero field. This

degeneracy is lifted by the application of a small magnetic
field along the [1,—1,0] direction [20,42,43]. For v, the two
domains selected in a magnetic field are the ones that maximize
the (220) magnetic Bragg peak, resulting in a twofold increase
of its intensity. Domain selection in a [1-10] field for the 3
state is less clear. Two scenarios are proposed; one selecting
two domains which reduce the intensity of (220) [20,42] while
in the other scenario, four domains are selected that result
in a factor of 1.5 increase for (220) [43,44]. We note these
domain effects occur in small [1,—1,0] fields, significantly
below the onset of the field-polarized state. The effects of the
canting angle on the (220) Bragg peak intensity have been well
characterized for Er,Ti,O7 [40,41,45] and little effect is seen
on its intensity between 0.1 and 1 T. Hence, we used a field
of 0.5 T to investigate domain effects, which is sufficiently
large to overcome pinning of domains by disorder in a small
field.

We first consider the elastic scattering from the three
crystals at the (220) Bragg position in zero field, 0.5 T,
and 3 T, as shown in Fig. 1. The intensities have been
normalized using the Bragg intensity at H = 3T, which
corresponds to the polarized state where the scattered intensity
at (220) is purely structural. As the field is increased to
0.5 T, we observe a marked increase in the peak intensity
for the pure sample as well as for the 10% Y—-doped sample,
but not for the 20% Y-diluted crystal. More striking is
the evolution of the shape of the (220) Bragg peak with
magnetic dilution. In zero field, the undoped sample exhibits a
resolution-limited Bragg peak with a small amount of diffuse
scattering extending out along [HHO] [Fig. 1(a)]. Upon dilu-
tion, the relative contribution of the resolution-limited Bragg
scattering weakens with a corresponding increase in the diffuse
scattering, such that the line shape of the 20% Y sample is
dominated by a Lorentzian form in both zero field and at 0.5 T
[Fig. 1(c)].

To determine the origin of the diffuse scattering around
(220), we look to the full inelastic neutron spectra in Fig. 2.
These data are shown along three reciprocal space directions
for each of the three samples in four different magnetic fields
applied along the [1,—1,0] direction. In zero field (top row of
Fig. 2), the spin waves of the three samples are qualitatively
similar, consisting of one flat branch near 0.4 meV and
quasi-Goldstone modes which soften at (111) and (220). A
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FIG. 1. Magnetic Bragg peak intensity for Q = (220) as a function of field for the pure, 10% Y and 20% Y diluted samples of Er,_, Y, Ti,O;.

The elastic scattering was isolated by integrating from —0.2 to 0.2 in the [00L] direction and from —0.1 to 0.1 meV in energy transfer. The
insets show the integrated intensity of the long-range ordered component of the scattering for each of the three samples. Examples of the fits
used to obtain these intensities are shown in Fig. 1 of the Supplemental Material [38]. The dashed line in the inset of (b) indicates the expected
behavior for the 10% Y sample at 1.75 T.
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FIG. 2. Spin wave spectra along three different directions in the HHL plane: [HHO], [22L], and [HHH], all at 7 = 0.1 K. The spectra are
shown for each of the three samples in zero magnetic field and with magnetic fields of 0.5, 1, and 3 T applied along the [1-10] direction. The
contour plots along the [HHO], [22L], and [HHH] directions are obtained by integrating the 3D data set, S(Q, E), over —0.2 < [00L] < 0.2,

1.8 < [HHO] < 2.2 and 0.2 < [HH-2H] < 0.2, respectively.

previous high-resolution inelastic neutron scattering study of
the pure sample determined that the quasi-Goldstone modes
are gapped by 0.053 + 0.006 meV [28]. As the energy
resolution associated with the present inelastic measurements
is 0.09 meV, elastic cuts of the form shown in Fig. 1 necessarily
integrate over some of the spectral weight of these quasi-
Goldstone modes. Thus, for the pure sample, this low-energy
inelastic scattering is the origin of the diffuse scattering
observed in our cuts over (220) in Fig. 1. However for the 10%
Y and especially the 20% Y samples, our data suggest that the
spin gap is reduced from 0.053 meV, allowing for additional
quasielastic and elastic magnetic scattering, characteristic of a
frozen mosaic of i, and {3 domains.

In order to understand the contributions to the scattering in
the cuts of Fig. 1, we fit each elastic data set to the sum of a
Gaussian and a Lorentzian line shape, quantifying the mag-
netic long-range order (LRO) and the dynamic, quasielastic, or
frozen spin contributions, respectively. An example of such a
fit for each sample is shown in the Supplemental Material
[38]. The resulting fits show that the relative contribution
of the diffuse, Lorentzian line shape grows as a function of
doping and accounts for ~75% of the Q-integrated scattering
near (220) in the 20% Y sample at 7 = 0.1 K and zero field.
We therefore suggest that with increasing magnetic dilution,
x, the spin excitations near (220) in Er,_,Y,Ti;O; soften
to lower energies and freeze. This is likely the result of a
collapsing spin gap, a direct measure of the selection of v,
over 3.

We can now isolate the LRO component of the elastic
scattering and study its field dependence at 7 =0.1 K.
Once again, we use the fits to the scattering around (220),
wherein a resolution-limited Gaussian line shape represents
the LRO and a broadened Lorentzian represents the dynamic,
quasielastic, and frozen spin response captured by our finite
energy resolution. The LRO integrated intensity at (220) is
shown as a function of a [1,—1,0] magnetic field for each
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sample in the insets of Fig. 1. Comparing the LRO intensity
at zero field and 0.5 T, we observe a twofold increase for both
the pure and 10% Y samples, while the LRO is unchanged for
the 20% Y sample. This indicates, via the domain selection
scenario described above, that the pure and 10% Y samples
order into 1, but the 20% Y sample does not. Furthermore,
these results are inconsistent with the detailed theoretical
predictions that low levels (~7%) of magnetic dilution should
induce a transition from v, to ¥3 [36,37].

A striking feature of Fig. 1, is the almost complete absence
of diffuse scattering around (220) at H = 0.5 T for both
the pure and 10% Y samples, but not the 20% Y sample.
Examination of the detailed spin wave spectra in Fig. 2 shows
that a 0.5 T field gaps the quasi-Goldstone mode at (220) in the
pure and 10% Y samples (second row of Fig. 2). Meanwhile,
quasielastic scattering persists around (220) in the 20% Y
sample to fields greater than 1 T. To quantify this effect, we
integrated a small portion of reciprocal space around (220)
and plotted the energy dependence of this scattering in zero
field and 0.5 T for all three samples (Fig. 3). It is clear that the
quasielastic scattering from the quasi-Goldstone modes in the
pure and 10% Y samples are gapped by ~0.3 meVina 0.5 T
field. However, for the 20% Y sample, the zero-field excitations
soften and the application of a 0.5 T magnetic field makes
little difference to the low-energy spectral weight near (220).
Both of these observations are consistent with the absence
of a spin-wave gap and the associated domain selection in a
magnetic field in the 20% Y sample.

We propose the schematic phase diagram shown in
Fig. 4 to describe the magnetic state in magnetically diluted
Er,_, Y, Ti;O;. The phase transition and v, ground-state
selection are already well established in the pure material
[12,16], along with the concomitant opening of a 0.053 &+
0.006 meV spin wave gap at Ty = 1.1 K [28]. Heat-capacity
measurements as a function of magnetic dilution are consistent
with conventional 3D percolation theory [46], and a percola-
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FIG. 3. Inelastic intensity as a function of energy at the (220)
Bragg position for the pure, 10% Y and 20% Y diluted samples
of Er,_, Y, Ti,O7. These plots are obtained by integrating the 3D
data sets S(Q,E) atT = 0.1 Kover 1.6 < [HHO] < 2.4 and —0.5 <
[00L] < 0.5.

tion threshold near 60% Y has also been established [35]. The
present measurements on magnetically diluted single-crystal
samples shows that ¢, domain selection is observed at low
temperatures for the 10% Y sample but not for the 20%
Y sample. This strongly suggests the presence of a phase
boundary that mirrors the collapse of the spin gap as a
function of dilution, indicated by the dashed line in Fig. 4(a).
Weak dilution to the left of the dashed line produces a stable
set of ¥, domains [Fig. 4(b)], at least above our minimum
T = 0.1 K. However, to the right of the dashed line, the spin
gap collapses and there is no mechanism for selection of v,
over ¥3. A ground state characterized by a linear combination
of Y and 3 forming the full U(1) manifold is consistent
with our data. However, in light of the theoretical study of
Refs. [36,37], it is then natural to think of the diluted system
forming a frozen mosaic of ¥, and 3 domains, with the 3
domains [Fig. 4(c)] pinned by locally high concentrations of
the quenched vacancies [Fig. 4(d)]. It is interesting to note that
a similar mixed v, and 3 state is also observed in NaCaCo, F;
but believed to originate from bond disorder [47].

We find that the v, ordered state in Er,Ti,O; displays
remarkable fragility induced by the presence of magnetic
vacancies. Measurements as a function of temperature in our

(b) <111> (c) <111>

paramagnetic é@ <>
W2 U]

W
(U]

W2 @

@A
FIG. 4. (a) The schematic temperature-dilution phase diagram
for Er,_,Y,Ti,O;. A dilution between 10% Y and 20% Y marks
a crossover from a pure v, state into a frozen mosaic of v, and
Y3 domains. The six discrete domains allowed by (b) v, and (c)

Y3 within the XY plane. (d) Schematic illustration of the state at
moderate dilution showing the mosaic of ¥, and 3 domains.

\ 4

~60%

Y Concentration

most magnetically dilute sample, 20% Y provide no evidence
for an additional phase transition between Ty = 0.74(8) K
and our base temperature of 0.1 K, as shown in Fig. 3 of
the Supplemental Material [38]. Nonetheless, we do identify
a change in phase behavior between v, and a ground state
characterized by no selection of v, over ¥, likely a frozen
mosaic of the two, all at dilution concentrations far below the
3D percolation threshold. Clearly, the preceding theoretical
work correctly identified the sensitivity of the ¥, ground-state
selection to the presence of this form of quenched disorder,
if not the detailed manifestation of the disorder on the phase
behavior. As such, we hope our characterization of the spin
statics and dynamics in single-crystal Er,_,Y,Ti,O7, and
low-temperature phase behavior as a function of dilution, will
motivate a complete understanding of these exotic, and fragile,
ordered states.
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FIG. 1. Magnetic susceptibility data obtained for

Ero—.Y,TisO7 with =0 (pure), 0.2 (10%-Y) and 0.4 (20%-
Y). Powder samples from crushed single crystals used in the
neutron scattering measurements were employed. For each
sample, both the zero field cooled (ZFC - closed symbols)
and the field cooled (FC - open symbols) susceptibility are
shown. The inset shows the Curie-Weiss fits performed for
each sample.

MAGNETIC SUSCEPTIBILITY

Single crystals of Era_,Y,TixO7 with 2 = 0 (pure),
0.2 (10%-Y) and 0.4 (20%-Y) were grown at McMaster
University using a two-mirror floating zone image furnace.
The growth procedure closely resembled the one used in
Ref. [1-3]. The single crystal of ErsTioO7 used for this
study is the same as the one studied by previous neutron
scattering work [4-6]. The susceptibility measurements
were performed using a Quantum Design MPMS magne-
tometer equipped with a *He insert and the results are
shown in Fig. 1.

Magnetic susceptibility measurements were performed
on a small portion of the crushed single crystal of undoped
EryTisO7 and on crushed single crystal of the 10%-Y and
20 %-Y samples. The dc susceptibility was measured on
warming using both a field cooled and a zero field cooled
protocol with an external field of 0.01 T. In each case,
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the transition to long range magnetic order is marked
by a cusp in the susceptibility as well as a bifurcation of
the field cooled and zero field cooled susceptibilities. As
the cusp and the bifurcation in the susceptibility do not
occur concomitantly, we define Ty as the cusp maxima,
and the difference between the two as the error bar. The
undoped ErsTisO7 orders at Ty = 1.1(1) K, consistent
with previous studies [7]. The effect of diluting magnetic
Er3* with non-magnetic Y3¥ is to suppress the magnetic
ordering transition to lower temperature. The 10%-Y and
20%-Y samples have Néel temperatures of Ty = 1.04(5) K
and Ty = 0.74(8) K, respectively. This suppression of
Ty is consistent with previous studies of yttrium-dilution
in EI‘QTiQO7 [1]

At high temperatures, Curie-Weiss behavior is observed
in both undoped and yttrium-doped EryTioO7. Curie-
Weiss fits were performed for each sample between 50 K
and 300 K, and the results of these fits are summarized in
Table I of the main manuscript. The Curie-Weiss tempera-
ture (fcw) does not change appreciably in these three ma-
terials, ranging from —17.2(3) K to —18.0(2) K. The para-
magnetic moment extracted from the high-temperature
Curie-Weiss fits, 9.555(4)up for Er3* as well as prior bulk
magnetization studies [8]. However, the paramagnetic
moment per Er3T systematically decreases with yttrium
doping, likely a consequence of differences in the high
energy crystal electric field schemes in these three materi-
als. We note, however, that our inelastic scattering study
revealed no low-lying crystal electric field levels in either
the 10%-Y or 20%-Y samples up to 3 meV.

LONG RANGE ORDERED AND DIFFUSE
CONTRIBUTIONS TO THE (220) BRAGG PEAK
IN Erg_g;YxTi207

To extract the long-range order as well as the dynamic,
quasi-elastic and frozen contributions to the (220) mag-
netic Bragg peak, we performed an integration of the
neutron scattering data set of —0.2 to 0.2 in the [00L]
direction and —0.1 to 0.1 meV in energy transfer. The
results of such integration for the three single crystals are
shown in Fig. 2 for T' = 0.1 K and zero applied field. Each
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FIG. 2. Typical fits of the (220) magnetic Bragg peak performed in this work for Ers_,Y,TioO7 with z = 0 (pure), 0.2 (10%-Y)
and 0.4 (20%-Y)) at T = 0.1 K in zero field. The yellow areas represent the elastic, resolution-limited (Gaussian) magnetic
contribution to the scattering and the blue area represents the dynamic, quasi-elastic or frozen (Lorentzian) contributions to
the scattering. The red area shows the structural scattering obtained via a fit of the 3T data set. The black lines shows the
resulting fit which are obtained by the addition of the three curves (blue,yellow and red).

Bragg peak has been fit to a Gaussian function to account
for the long-range order (blue shaded region in Fig. 2)
and a Lorentzian function for the dynamic, quasi-elastic
and frozen contributions to the scattering (yellow shaded
region in Fig. 2). The width of the Gaussian function
was fixed by the width of a strictly nuclear reflection in
the 3T data set. An additional Gaussian contribution
to the scattering was accounted for by the 3T data set
itself, representing the nuclear contribution (red shaded
region in Fig. 2) and kept fix for the low field data sets.
Finally, the width of the Lorentzian function was allowed
to refine freely. The results for all samples show that the
relative contribution of the Lorentzian scattering over the
Gaussian (long-range order) contributions is strongly en-
hanced as a function of doping. As discussed in the main
manuscript, this indicates that upon dilution, the spins
do not order in the discrete states belonging to 1y but
instead freeze into a mosaic of ¥ and 13 domains, whose
characteristic size is approximated by the inverse of the
Q-width of the Lorentzian component to the scattering,
which gives 35 &= 7 A.

TEMPERATURE DEPENDENCE OF THE (220)
BRAGG PEAK FOR 20%-Y Er;Ti>Or.

The temperature dependence of the (220) magnetic
Bragg peak in Ery_,Y,TiO7 with 2 = 0.4 (20%-Y)
has also been explored to investigate a possible phase
transition between ¥y and 13 states at temperatures be-
tween the base temperature of our neutron experiment
(T = 0.1 K) and the Néel temperature (T" = 0.74(8) K)
of this sample. Fig. 3 shows elastic cuts around the (220)
Bragg position obtained by an integration of —0.2 to 0.2 in
the [00L] direction and —0.1 to 0.1 meV in energy transfer.
The same procedure followed in the previous section was
again employed to fit the (220) magnetic Bragg peak at
every temperature collected in our neutron experiment in
zero applied field. In this figure, the structural contribu-
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FIG. 3. Elastic cut showing the (220) magnetic Bragg peak for
varying temperature in Erz_;Y,;TiO7 with z=0.4 (20%-Y)
in zero applied field. The black line represents the resulting
fit for the 7' = 0.1 K data set. The inset panel shows the
temperature dependence of the Gaussian, long range ordered,
and Lorentzian contributions to the (220) scattering, where
the dashed line marks the Néel transition temperature, Tn =
0.74(8) K.

tion of the long-range order scattering at (220) has been
removed using intensity obtained from the paramagnetic,
T = 2 K data set. The temperature dependence of the
Lorentzian and the long-range order scattering are shown
in the inset of Fig. 3. The long-range order contribution
shows typical order parameter behavior, correlated with
Tn and no anomaly is observed below that temperature.
In contrast, the Lorentzian scattering has little tempera-
ture dependence but is enhanced near T, consistent with
critical scattering near a continuous phase transition.
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3.2 Preface to Publication V: Emergent Zeeman clock anisotropies

in EI‘QTi207.

Putting aside the issue of the exact ground state selection mechanism, in this work we took
advantage of the fact the EroTisO7 is a rare example of a discrete Zg symmetry breaking. The
1o ground state of EraTisO7 is composed of six equally distributed domains that are related to
one another by a 60° rotation of the spins within the XY plane. While the Zg discrete symmetry
breaking, found in the case of Ising anisotropy, is relatively ubiquitous, higher order discrete
symmetry breaking systems are scarce. However, theoretically, the behavior of a Zg symmetry
breaking system is predicted to be rich under the application of a magnetic field along various high
symmetry directions, giving rise to a multitude of domain reorientations and redistributions [96].
The full manifold of field-induced states has a 12-fold symmetry that can be mapped onto a
conventional analog clock. The effective Zeeman terms were found to be well described using such
clock terms. We performed inelastic neutron scattering studies on EryTioO7 with a magnetic
field applied along the [001], [110], and [111] high symmetry crystallographic directions. In a
[001] field a transition from 2 to 13 is both predicted and observed. Meanwhile for a [110] field,
only a domain redistribution is expected, and indeed observed. However, in striking contrast
to the good agreement found for [100] and [110], our experimental results in a [111] field do
not conform with the theoretical predictions. This discrepancy may arise due to the presence
of an out-of-plane Zeeman coupling, absent from the theoretical model. Finally, a quantitative
analysis of the [001] domain transition in ErsTiyO7 is consistent with order-by-disorder being

the dominant ground state selection mechanism.
In this paper, I conceived and performed the inelastic neutron scattering experiments. I also
analyzed the data and wrote the manuscript as well as the response to the referee reports. The

contributions of each author are summarized below.

Author Contributions:

Experimental Concept: J. Gaudet, B.D. Gaulin

Sample Preparation: J. Thibault, H.A. Dabkowska

Neutron Scattering Fxperiment: J. Gaudet, A.M. Hallas, N.P. Butch, B.D. Gaulin
Data Analysis: J. Gaudet, A.M. Hallas, B.D. Gaulin

e Manuscript: J. Gaudet, A.M. Hallas, B.D. Gaulin
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The XY pyrochlore antiferromagnet Er,Ti,O; exhibits a rare case of Z, discrete symmetry breaking in its y,
magnetic ground state. Despite being well-studied theoretically, systems with high discrete symmetry breakings
are uncommon in nature. Thus, Er,Ti,O; provides an experimental playground for the study of broken Z,
symmetry, for n > 2. A recent theoretical work examined the effect of a magnetic field on a pyrochlore lattice
with broken Z¢ symmetry and applied it to Er, Ti, O;. This study predicted multiple domain transitions depending
on the crystallographic orientation of the magnetic field, inducing rich and controllable magnetothermodynamic
behavior. In this work, we present neutron scattering measurements on Er,Ti,O; with a magnetic field applied
along the [001] and [111] directions and provide experimental observation of these exotic domain transitions.
In a [001] field, we observe a v, to Y5 transition at a critical field of 0.18 = 0.05 T. We are thus able to extend
the concept of the spin-flop transition, which has long been observed in Ising systems, to higher discrete Z,
symmetries. In a [111] field, we observe a series of domain-based phase transitions for fields of 0.15 +0.03 T
and 0.40 £ 0.03 T. We show that these field-induced transitions are consistent with the emergence of twofold,
threefold, and possibly sixfold Zeeman terms. Considering all the possible ¥, and 3 domains, these Zeeman
terms can be mapped onto an analog clock—exemplifying a literal clock anisotropy. Lastly, our quantitative
analysis of the [001] domain transition in Er,Ti,O7 is consistent with order-by-disorder as the dominant ground

McMaster University - Physics and Astronomy

state selection mechanism.

DOI: 10.1103/PhysRevB.95.054407

I. INTRODUCTION

The pyrochlore lattice is a face centered cubic structure
with a basis of corner-sharing tetrahedra. In the case of the
pyrochlore Er;Ti;O7, the spins residing on this network of
tetrahedra are known to have a k = 0, I's magnetic structure,
for which all the spins lie in the plane perpendicular to the
local (111) axis [1]. A representation of this I's structure
is shown in Fig. 1(a) with its associated basis vectors v
and ¥3. The linear combination of these two basis vectors
can generate any spin orientation spanning the local XY
plane, which is the entire U(1) manifold. An appropriate
model Hamiltonian that includes anisotropic exchange and
dipolar interactions, with experimentally determined exchange
parameters for Er, Ti;O7, has its energy minimized by the U(1)
manifold, which is degenerate at the mean field level [2,3].
However, in the real material, this degeneracy is lifted when the
Er** moments order antiferromagnetically into a pure v, state
below Ty = 1.2 K [4]. The mechanism responsible for this
degeneracy breaking in Er,Ti, O has attracted much attention,
as it could be the first demonstration of ground state selection
via order-by-disorder [5,6]. Indeed, it is widely believed
that instead of ordering via energetic selection, thermal and
quantum fluctuations drive this system to an entropically
favorable magnetically ordered state [1-3,7-9]. This scenario
is not yet definitive, however, as a competing theory has been
proposed that might explain the ground-state selection via
energetic selection [10-12]. Regardless, Er, Ti,O7 remains the

"gaudej@mcmaster.ca

most promising candidate for ground state selection via the
order-by-disorder mechanism.

Another interesting aspect of the phase transition in
Er,Ti, O is that it represents arare case of higher order discrete
symmetry breaking. Indeed, time inversion and rotational
symmetry allow six distinct spin orientations within the v,
state, i.e., a Zg symmetry breaking. The Ising model, with Z,
symmetry breaking, is known to capture the salient physics
of many magnetic materials and a wealth of other physical
systems [13,14]. Although many theoretical models for sys-
tems with higher Z, symmetry breaking have been proposed,
there are in fact few experimental realizations [15,16]. Thus,
Er, Ti,O; provides a rare and possibly unique opportunity to
investigate the properties of such discrete symmetry breaking.
Recently, Maryasin et al. [17] developed a theory for the
effect of a magnetic field on the properties of a Z pyrochlore
magnet and predicted rich and exotic domain effects to occur
in Er,Ti;O7 due to the emergence of twofold, threefold, and
sixfold anisotropic Zeeman terms. The degeneracy as well as
the local XY angle of the states minimized by each of these
Zeeman terms can be mapped out in analogy to a conventional
clock, where the twelve hours of the clock are represented by
the six ¥, and the six 13 states [Figs. 1(b) and 1(c)].

In this paper, we use time-of-flight neutron scattering on
Er,Ti,O; with a magnetic field applied along high symmetry
cubic directions to provide experimental evidence of these
predicted domain effects. We find a host of low field domain
selections and reorientations, which henceforth we will col-
lectively refer to as “domain transitions,” not to be confused
with a change of representation manifold [U(1) or I's], which
would be a thermodynamic phase transition. Indeed, we find
that for a field applied along the [001] direction, Er,Ti,O7
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FIG. 1. (a) The k = 0, I's magnetic structure on the pyrochlore
(Fd3m) lattice, which is constructed by the ¥, (red) and v/ (blue)
basis vectors. Within the local XY plane, six specific spin orientations
are allowed by (b) ¥, and six interleaving angles are allowed by (c)
3. The ensemble of the full ¥, and 3 states mimic a literal clock
and can be used to represent the different anisotropic Zeeman terms
via the selection of different hours (angles) on the clock.

exhibits a clear ¥, to s transition at a critical field of
0.18 £0.05 T. This domain transition can be seen as the
Z, generalization of the spin-flop transition that occurs in
Ising Z, systems. Our neutron scattering results also indicate
possible domain transitions at 0.15 £ 0.03 Tand 0.40 £ 0.03 T
in a [111] magnetic field. We provide a complete description
of the domains transitions that occur in Er,Ti,O; and show
that our observations are consistent with the predicted emer-
gent Zeeman twofold, threefold, and possibly sixfold clock
terms.

II. EXPERIMENTAL DETAILS

A large single crystal of Er,Ti,O7 was grown in a floating
zone image furnace in 3 atm. of air and with a growth
rate of 7 mm h~!. This method of crystal growth is well
established for the rare earth titanate pyrochlores [18-20].
This crystal was cut into two 2-3 gram segments, which were
respectively aligned in the (H,K,0) and the (K+H,K-H, -2K)
scattering planes using x-ray Laue diffraction. Time-of-flight
neutron scattering measurements were performed using the
Disc Chopper Spectrometer (DCS) at the NIST Center for
Neutron Research [21]. An incident wavelength of 5 A was
employed, giving a maximum energy transfer of ~ 2 meV
and an energy resolution of 0.09 meV. All uncertainties
correspond to one standard deviation. A magnetic field was
applied perpendicular to the scattering plane. Thus, for the
sample aligned in the (H,K,0) scattering plane, the field is
applied along the [001] direction. For the sample aligned
in the (K+H,K-H, -2K) scattering plane, the field is applied
along the [111] direction. For both alignments, the (220)
or (2-20) Bragg peak was observed only within the central
bank of our detectors providing a 2° upper limit on the
possible misalignment of our magnetic field. Scans with a
total sample rotation of 35° with 0.25° steps were performed,
centered on the (220) or (2-20) Bragg peak [these positions are
symmetrically equivalent and will henceforth be referred to as
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FIG. 2. The elastic scattering of Er,Ti,O; above and below the
Neel ordering transition for crystals aligned in the (a,b) (H,H,L)
plane, (c,d) (H,K,0) plane, and (e,f) (K+H,K-H, -2K) plane. At high
temperature, the intensity of the (220) Bragg peak is purely structural,
while at low temperature a magnetic Bragg peak also forms on the
(220) position. Each of these data sets has been integrated in energy
from —0.1 to 0.1 meV, which is approximately the resolution of
elastic scattering in this experiment. Within the magnetically ordered
state, this integration picks up a component of the magnetic inelastic
scattering, giving the appearance of a significantly broadened peak.
The dashed white lines indicate the areas of integration described in
the text.

(220)]. Lastly, for completeness, we also present previously
published measurements of Er,Ti,O; aligned in the (H,H,L)
scattering plane, with a magnetic field applied along the
[1-10] direction. This earlier experiment was performed on
the same spectrometer (DCS at NIST) but with a different
single crystal; the full experimental details can be found in
Ref. [22].

Typical elastic scattering maps of Er,Ti,O; for each of
the three sample orientations above (7' = 8 K or 2 K) and
below (7' = 60 mK or 30 mK) the Neel ordering transition
are shown in Fig. 2. At high temperature, we observe a
resolution limited Bragg peak that is purely structural in origin.
At low temperature, passing into the magnetically ordered
state, additional magnetic Bragg and diffuse scattering can be
observed at the (220) position for all sample orientations. In
the subsequent analysis, elastic cuts have been extracted for
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FIG. 3. Representative selection of elastic cuts over the (220)
Bragg peak in varying magnetic field strength, for fields applied
along (a) the [1-10] direction, (c) the [001] direction, and (e) the
[111] direction. The solid lines in these panels are the fits to the Bragg
peak, which were used to extract the integrated intensity. The resultant
field dependence of the magnetic elastic intensity at (220) with the
field applied along the (b) [1-10], (d) [001], and (f) [111] direction,
revealing multiple low field domain transitions in Er,Ti,O;. The
red curves in these panels correspond to the theoretically predicted
domain transitions [17]. Note that the (2-20) Bragg position is
symmetrically equivalent to (220), as it is referred to in the main
text.

each data set with varying magnetic field, as indicated by the
white dashed lines in Figs. 2(a), 2(c), and 2(e). Those cuts have
been obtained by integrating the respective data sets in energy
from —0.1 to 0.1 meV with an additional integration (i) from
—0.3 to 0.3 in the [0,0,L] direction for the [1-10] sample,
(i1) from 1.8 to 2.2 in the [HOO] direction for the [001]
sample, and (iii) from 0.8 to 1.2 in the [H’,0,-H’] direction
for the [111] sample [Figs. 3(a), 3(c) and 3(e)]. The inelastic
spectra, which are shown for each field direction in Fig. 4,
are extracted by using the same directional integrations, but
without the integration in energy. Integrations of the total
inelastic signal about (220) are presented in Fig. 5, where the
area of integration corresponds to the white dashed boxes in
Figs. 2(b), 2(d), and 2(f). Those spectra are obtained using the
same directional integrations as above, but with an additional
integration (i) from 1.7 to 2.3 in [H,H,0] for the [1-10]
sample, (ii) from 1.8 to 2.2 in [0KO] for the [001] sample, and
(iii) from 0.8 to 1.2 in [K’,-2K’, K'] for the [111] sample.
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III. RESULTS
A. Magnetic field dependence of the elastic scattering at (220)

Neutron scattering spectra of Er,Ti,O; were collected at
very low temperature, below 100 mK, with a magnetic field
ranging from O T to 3 T applied along three crystallographic
directions: [1-10], [001], and [111]. As can be seen by
comparing the high temperature data sets [Figs. 2(a), 2(c),
and 2(e)] with the low temperature data sets [Figs. 2(b), 2(d),
and 2(f)], there is considerable magnetic diffuse scattering at
low temperature for all field directions. This diffuse scattering
is far broader than a resolution limited Bragg peak typical of
long range order. The origin of this diffuse scattering is an
intense quasi-Goldstone mode, which softens towards (220)
[2,11,22]. The quasi-Goldstone-mode excitations have been
previously measured in detail and are known to be gapped
by 0.053 + 0.006 meV [11,23]. As the energy resolution of
this experiment is 0.09 meV, we inevitably integrate over a
portion of this low energy inelastic scattering when extracting
the elastic component. Thus, the diffuse scattering observed in
Figs. 2(b), 2(d), and 2(f) originates from a partial integration
of the quasi-Goldstone-mode magnetic excitations.

To investigate the field dependence of the elastic scattering,
we performed integrations along the (220) Bragg peak for each
data set at low temperature, with varying field strength and
direction. A representative selection of these elastic scattering
cuts are shown in Figs. 3(a), 3(c) and 3(e). At low temperature,
there is a significant increase in the intensity of the resolution-
limited Bragg scattering, due to the long range magnetic order,
and also, a diffuse contribution originating from the inelastic
scattering as discussed above. These two contributions to
the scattering at the magnetic Bragg position necessitate a
two component fit [24]. These fits were performed with a
Gaussian function, to account for the resolution limited elastic
Bragg scattering, and a Lorentzian function, which captures
the inelastic contribution to the scattering. The Q width of the
elastic Gaussian peak was fixed to the value determined from
fitting the high temperature data set, for which the scattering at
(220) is purely structural. The width of the Lorentzian function
was allowed to freely vary. A sloping background was also
used to account for the instrumental background. The solid
lines seen in Figs. 3(a), 3(c), and 3(e) are examples of typical
fits obtained from following this procedure, giving excellent
agreement with the measured data. The resulting integrated
intensity for the elastic (Gaussian) component as a function of
the [1-10], [001], and [111] applied magnetic field are shown in
Figs. 3(b), 3(d), and 3(f), respectively. The field dependence
of the Lorentzian part of the scattering is presented in the
Appendix for all field directions.

The elastic scattering dependence of the (220) magnetic
Bragg peak in a [1-10] field is shown in Fig. 3(b). At low
field, we observe an abrupt doubling of the intensity at (220).
Above 0.5 T, the elastic scattering smoothly diminishes as
a function of field and reaches zero intensity by 1.5 T. This
smooth diminution of the (220) elastic scattering at high field
corresponds to the transition towards the field polarized state
[17,22,25-27]. For the [001] field direction, the magnetic
elastic intensity at (220) falls off precipitously under the
application of a small field [Fig. 3(d)]. Indeed, the elastic
magnetic scattering at (220) reaches zero intensity in a field
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FIG. 4. Magnetic field dependence of the inelastic neutron scattering spectrum of Er,Ti;O7 centered on the (220) Bragg position. These
energy spectra are plotted along (a) the [H,H,0] direction for a [1-10] field, (b) the [2,K,0] direction for a [001] field, and (c) the [1+K’,-2K",K'-1]
direction for a [111] field. For the [1-10] field orientation, there is an immediate diminution of the quasi Goldstone-mode excitations at 0.5 T.
For the [001] field orientation, the quasi-Goldstone mode excitations at (220) are intensified by the application of a field upto 1 T. Ina [111]
field, the quasi-Goldstone mode excitations have their intensity continuously decreased for fields ranging from 0.15 to 1 T. Above 1.5 T, the
response of the spin wave spectra is due to the transition towards the field polarized state for all field orientations.

as small as 0.2 T. As the field is further increased, up to
3 T, the intensity remains zero. Finally, for the [111] field,
the elastic scattering at (220) is unaffected up to 0.15 T
[Fig. 3(f)]. Between 0.15 T and 0.4 T, the elastic scattering
abruptly increases, reaching an intensity that is 1.75 times
larger than the zero field value. The intensity then remains
constant from 0.4 T to 1 T. Above 1 T, the intensity decreases,
ultimately reaching zero intensity for fields larger than 1.5 T.
This decrease of the elastic scattering at (220) above 1.5 T, as
before, is concomitant with the phase transition towards the
field polarized state [25,26].

B. Magnetic field dependence of the inelastic scattering at (220)

Now, turning our attention to the inelastic scattering, we
can first look at Fig. 4, which shows the spin wave spectra
of Er,TioO7 as a function of [1-10], [001], and [111] field.
Integrations as a function of energy centered on the (220)
Bragg peak for each field direction are also shown in Fig. 5.
The spin wave spectra at 0 T is dominated by low energy quasi-
Goldstone-mode excitations centered on (220). These low
energy excitations have a linear dispersion and are maximally
intense approaching the (220) Bragg position. Accordingly,
in the O T energy cuts of Fig. 5, the integration over the
quasi-Goldstone-mode excitations produces the first inelastic
feature, centered just below 0.2 meV. At slightly higher energy,
0.35 meV, we also observe weaker flat modes. The structure of
the spin wave spectra in an applied field are further analyzed
in, first, the low field regime and second, in the high field
regime crossing into the field polarized state. The critical field

of the transition to the field polarized state depends on the
field orientation and is known, from bulk measurements, to be
1.5-1.7 T [25,26].

The application of a small [1-10] field results in a complete
diminishment of the low energy scattering at 0.5 T, indicating
the removal of the quasi-Goldstone-mode excitations at (220)
[Figs. 4(a) and 5(a)]. However, the opposite scenario is
observed upon the application of a weak [001] field. Indeed, an
immediate increase in the scattering of the quasi-Goldstone-
mode excitations is observed. This enhancement of the
scattering can be seen by comparing the O T and 0.5 T data
sets in Figs. 4(b) and 5(b). For the [111] field direction, the
quasi-Goldstone-mode excitations show no field dependence
up to 0.15 T [Figs. 4(c) and 5(c)]. Above 0.15 T, we observe
a suppression of the quasi-Goldstone-modes excitations, but
without their complete removal, as in the case of a [1-10]
field. In fact, while continuously decreasing up to 1 T,
the intensity of these excitations remains finite in a [111]
field.

Lastly, we can examine the changes in the spin wave spectra
upon transitioning into the field polarized state, which is known
to occur at 1.5-1.7 T [25,26]. The evolution of the spin wave
spectra when passing into the field polarized state gives similar
behavior for [1-10] and [111] fields. Figures 4(a) and 4(c)
show that the spectral weight for these two field orientations
softens towards the elastic line in a 1.5 T field. Upon further
increasing the magnetic field to 3 T, this quasielastic scattering
moves to higher energies and forms weakly-dispersing spin
wave modes. A qualitatively different behavior is observed in
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FIG. 5. The inelastic intensity centered on (220) as a function of energy for varying (a) [1-10] magnetic fields, (b) [001] magnetic fields,
and (c) [111] magnetic fields. In a [1-10] field, the low energy scattering is completely suppressed upon the application of a 0.5 T field. In a
[001] field, the inelastic intensity at low energies strongly increases for fields as small as 0.1 T. Further increasing the field shifts the spectral
weight to higher energies. In a [111] field, the inelastic spectra is unaffected by fields up to 0.15 T. At larger [111] fields, the intensity at low
energies continuously decreases. The integrations performed in Q are given in the experimental methods section.

the case of a [001] field. Approaching the polarized state for a
[001] field, coherent low energy excitations are still observed,
but with an increasing spin wave gap at (220). In Fig. 5(b), the
opening of the spin wave gap is demonstrated by the shifting of
the low energy feature upwards in energy. Upon the application
of a [001] field greater than 1.5 T, the dispersion of the low
energy quasi-Goldstone-mode excitations smoothly evolves to
a nondispersive mode, as seen at 3 T.

IV. DISCUSSION

The magnetic ground state of Er,Ti;O7 in zero magnetic
field is well established and corresponds to an equiprobable
distribution of the six ¥, domains within I's [4]. The
elastic neutron scattering profile of this magnetic structure
is characterized, in part, by an intense (220) magnetic Bragg
peak [1,10,22]. Once a weak magnetic field is applied along
any direction, the degeneracy of the six v, domains is lifted.
However, it is important to re-emphasize that this does not
correspond to a thermodynamic phase transition or a change of
representation manifold. Rather, the spins remain constrained
to the U(1) plane (I's manifold), as has been previously
shown by heat capacity [22,26], magnetization [25], and
neutron scattering [22,27]. Depending on the field orientation,
this degeneracy breaking results in an increase or decrease
of the (220) Bragg peak intensity due to domain effects.
To understand these intensity changes, it is important to
understand that the scattered intensity at (220) follows an I
cos?(0) relationship, where 6 is the local XY angle (Fig. 6).
As neutron scattering is only sensitive to the component of the
magnetization perpendicular to the direction of the scattering
vector, a variation in the scattered intensity is observed due to
the different orientations of the moments in each domain. Thus,
by using the results of the calculation in Fig. 6 and the fact that
the magnetic state at O T is well known (six ¥, states), it is
possible to deduce the distribution of the domains that occurs
in a magnetic field by measuring the relative change of the
(220) elastic intensity.
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A. Domain selection in a [1-10] magnetic field

Before discussing the [001] and [111] field evolution of
the (220) Bragg peak, we briefly review the well-established
domain effects for a field applied along the [1-10] direction.
For this field orientation, an increase of the scattering at (220)
is observed for fields above 0.1 T [Fig. 3(b)] [1,22]. The origin
of this intensity gain is well understood: The application of
a [1-10] field on Er,Ti,O7 in its v, magnetic ground state
induces a twofold clock term that favors the ¥, states with XY
angles of 0 and 7 [2,17]. These two angles are highlighted
by the dashed black circles in Fig. 6(a) and are the ones that
maximize the scattered intensity of the (220) magnetic Bragg
peak. These two angles give a factor two intensity increase to
(220) from the average value for the six zero field v, states.
These two domains selected by the Zeeman-clock term for a
[1-10] field are also selected by the sixfold anisotropic term at
0 T. No further domain transitions are observed or predicted
at low field. Beyond that, at high field, a continuous transition
towards the field polarized state is observed at 1.5 T which
is indicated by the smooth diminution of the (220) intensity
[Fig. 3(b)]. This diminution of the (220) intensity occurs due
to canting effects that become non-negligible approaching the
field polarized state. This canting effect introduces a nonzero
spin component away from the XY local plane. Several studies
have modeled this behavior [10,22,27], but we reproduced via
the red line in Fig. 3(b) the results using the method found
in Maryasin et al. [17], which captures well the experimental
data.

B. Domain selection and reorientation in a [001] magnetic field

As was the case for a [1-10] field, it has been predicted
that in a [001] field, the Zeeman coupling will give rise to a
twofold clock term [17]. The states that are selected in a [001]
field are rotated by 7 /2 with respect to the states favored by
a [1-10] field. Thus, the Zeeman energy is fully minimized by
the 5 states with XY local angles of 77 /2 and 37 /2. However,
at very low fields, where the Zeeman energy is much smaller
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FIG. 6. The scattered intensity at the (220) Bragg position in
Er,Ti,O7 as a function of the angle, 6, in the XY local plane. The
red dots represent the six v, domains and the blue dots represent
the six 13 domains. In (a) the two ¥, domains circled in black are
the ones selected when a magnetic field of order 0.1 T is applied
along the [1-10] direction. In (b) the four domains circled in black are
the four v, states immediately selected in a [001] field. These states
then cant towards the two 3 states indicated by the black squares,
which are selected by a 0.18 £ 0.05 T [001] magnetic field. In (c) the
three v, domains circled in black are the ones selected for magnetic
fields up to 0.15 T applied along the [111] direction. At higher fields,
these domains are predicted to split by an angle, 6, as indicated by the
arrows. Our measurement in a [111] field measured the (2-20) Bragg
peak, which is symmetrically equivalent to (220).

than the sixfold ¥, clock term that dominates at O T, it is not
possible to select these two 3 domains. Instead, the system
compromises by selecting the nearest ¥, domains, those with
XY local angles of 27 /6, 47 /6, 87 /6, and 107 /6 [see black
dashed circles in Fig. 6(b)]. Compared to 0 T, this new domain
distribution should decrease the (220) intensity by a factor of
two. Experimentally, referring back to Fig. 3(d), we do indeed
observe a clear decrease of the scattering at low field.

The application of a field along [001] is inherently more
interesting than a [1-10] field, as no y» state can fully
minimize the Zeeman energy. Thus, there is competition
between the emergent twofold Zeeman term and the 0 T
sixfold clock term. At higher fields, as the Zeeman energy
begins to overwhelm the O T sixfold clock term, there will
be a continuous rotation of the spins towards a pure ¥3 state
made up of /2 and 37 /2 domains, where the (220) intensity
should decrease to zero. In our experiment, the intensity of
(220) continuously and drastically decreases to reach zero
intensity by 0.2 T [Fig. 3(b)]. We associate this dramatic
intensity loss with the above-described ¥, to 3 transition,
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which is an XY spin-flop transition. As opposed to the v,
state, all the spins within the 3 states point perpendicular to
the [001] direction [see Fig. 1(a)]. This result generalizes the
well known concept of spin-flop transitions seen in the Ising
system (Z,) to systems with discrete symmetry breaking Z,
withn > 2.

The domain transition in a [001] field also opens an
interesting line of inquiry, as the critical field for the
to i3 transition occurs when the Zeeman energy equals the
energy of the 0 T sixfold clock term. Thus, we are able to
provide an independent measurement of the O T sixfold clock
term in Er,Ti,O;, which is of course relevant to the zero
field ground state selection, be it order-by-disorder and/or
energetic selection involving virtual crystal field processes.
Using analytical equations from Ref. [17], which account for
the field dependence of the XY local angle upon the application
of a [001] field, it is possible to model the decrease of the
elastic scattering, the result of which is shown by the red
line in Fig. 3(d). This fit is optimized as a function of the
critical field, and the value we obtained is 0.18 & 0.05 T.
Calculations using only the quantum order-by-disorder term
have predicted a critical field of 0.2 T [17], which is in
excellent agreement with our experimental value. Naively,
such a result can be interpreted as the v, selection in Er, Ti, O
being largely dominated by order-by-disorder effects, with
virtual crystal-field excitations contributing relatively little
to the v, selection. However, the critical field for the
to Y3 spin-flop transition can only be indirectly modeled,
introducing a degree of uncertainty. Further analysis, perhaps
via numerical methods, may allow a more accurate comparison
between the strength of the O T order-by-disorder sixfold clock
term and the experimental data. Nonetheless, in principle, our
measurement of the 0 T sixfold clock term should provide
important information that would allow the ground state
selection in Er, Ti;O7 to be definitively understood.

C. Domain selection and reorientation in a [111] magnetic field

The Zeeman coupling for a field along the [111] direction
is predicted to induce a combination of threefold and sixfold
clock terms and, hence, the domain behavior of Er,Ti»O5 in a
[111] field is expected to be rich [17]. The threefold clock term
selects the 1, states with angles corresponding to /3 and 7.
However, the sixfold clock term is not the same as the one that
selects the O T 1, states. Instead, this [111] sixfold Zeeman
clock term selects states which are rotated with respect to both
the ¥, and 3 states. This term then competes with both the
threefold Zeeman clock term and also against the 0 T sixfold
clock term that favors the v, states.

At low field, it is predicted that the domain selection
behavior should be dominated by the combination of both
the threefold Zeeman clock term and the O T sixfold clock
term. First, at very low fields, the three domains with an
angle of +x/3 and 7 should be selected [see black circles
in Fig. 6(c)], which would result in no change in the (220)
intensity. Experimentally, we refer back to our measurement
shown in Fig. 3(f), which shows that the elastic scattering
is constant up to 0.15 T. This is then consistent with the
theoretical prediction that the three indicated v, states are
selected for small [111] fields. Moreover, our data is in good
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agreement with the theoretical prediction that a weak [111]
field induces an emergent threefold clock term.

Upon further increasing the [111] field, it is predicted that
Er,Ti, O; should experience two additional domain transitions
prior to entering its classical field polarized state. The origin
of these transitions is the emergent sixfold Zeeman clock
term. The first of these transitions is theoretically predicted to
occur at H.y = 0.16 T and results in the formation of six new
domains. These six new domains are related to the previously
selected £7/3 and w domains, but with a splitting angle of
+6 [see black arrows in Fig. 6(c)]. This splitting angle 6 is
predicted to have the same value for all domains and should
increase as a function of the applied field. At still higher fields,
H.;, = 0.4 T, a second transition decreases the splitting angle
back to zero, returning the system to a state with £z /3 and &
domains. These transitions would be difficult to verify using
unpolarized neutron scattering, as the domain splitting by an
angle 6 would have zero net effect on the intensity of (220).
Thus, for a [111] field, the (220) Bragg peak is predicted to
have no changes to its intensity up until the transition to the
field polarized state. The predicted (220) behavior calculated
by Maryasin et al. [17] is indicated by the red line in Fig. 3(f),
and it is apparent that our experimental observations are not
fully consistent with the predicted scenario, as the intensity
of (220) is observed to substantially vary above 0.15 + 0.03
T. We note, however, the predicted critical fields for these
transitions, H,; = 0.16 T and H, = 0.4 T do appear to be
meaningful in Er,Ti;O7: The first, H.;, corresponds with the
observed increase in elastic intensity at (220) by a factor of
1.75 and the second, H,, corresponds quite well with the field
at which the intensity flattens, 0.4 £0.03 T.

To account for the observed intensity gain of (220) above
0.15 T, we propose a scenario of nonequiprobable domain
distribution or inequivalent splitting angles [Fig. 6(c)]. Such
scenarios would explain the increase in the elastic scattering
at (220) but would require an additional Zeeman clock term
that would favor the 7 domain over the 7 /3 domains. In the
theoretical work of Maryasin et al., no such term is predicted
for a perfectly aligned sample [17]. One possible origin of such
a Zeeman clock term is a slight misalignment of the field along
the [111] direction. While we can place an upper bound of 2°
on the error in our alignment, it is worth noting that very small
misalignments in a [111] field are known to be enhanced by
demagnetization effects in spin ice [28]. However, in contrast
to the spin ice case, Er,TiO7 is an antiferromagnet where
such demagnetization effects are naively expected to be far less
important. Another possible origin of additional Zeeman terms
is out-of-plane coupling, which wasn’t included in the model
of Maryasin et al.. Thus, the precise domain distributions and
orientations occurring for fields between 0.15 and 0.4 T in a
[111] field remain an open question at present.

D. Effect of domain selection on the quasi-Goldstone-mode
excitations

Finally, it is interesting to comment on the low field
behavior of the quasi-Goldstone-mode excitations centered on
(220). In a small [1-10] field, as we discussed in Sec. III B., the
quasi-Goldstone-mode excitations disappear at this particular
ordering wave vector. This is best observed by comparing the
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inelastic spectra of O T and 0.5 T in Fig. 4(a) and Fig. 5(a).
The disappearance of the quasi-Goldstone-mode excitations
is concomitant with the increase of the elastic scattering at
(220) [Fig. 3(b)]. The exact opposite behavior is observed
for a field along the [001] direction, where we observe that
the quasi Goldstone-mode excitations increase for small fields
[Fig. 4(b) and Fig. 5(b)], while the elastic scattering [Fig. 3(d)]
decreases for the same field range. Thus, there is a clear
tradeoff between the intensities of the elastic scattering and
the quasi-Goldstone-mode scattering at the (220) magnetic
Bragg peak while transitioning into states with different XY
local angles. To understand this observation, we suggest that
the intensity of the quasi-Goldstone mode at (220) goes like
I o sin?(#). This can be understood by first pointing out that
for magnetic neutron scattering, it is the component of the
moment perpendicular to Q that couples to the neutron [i.e., in
this case perpendicular to (220)]. The domains for which the
(220) elastic scattering is maximized have their spin directions
maximally perpendicular to the (220) direction, and vice versa.
However, for low fields, the spins remain constrained to lie
within the local XY plane. Thus, in the case of a [1-10] field,
where the spins are maximally perpendicular to the scattering
vector, the quasi-Goldstone-mode excitations must necessarily
have their intensity reduced, as the spins will become more
parallel to O and will become less visible to neutron scattering.
The opposite is true for a [001] field, where the spins are
maximally parallel to the scattering vector and must excite
into a more perpendicular orientation. The effects of a field
on the scattered intensity of the quasi-Goldstone mode are
thus, another direct signature of the domain effects. Moreover,
the field dependence of the inelastic and elastic scattering in
Er,Ti, O are consistent with each other.

V. CONCLUSIONS

We have performed comprehensive time-of-flight neutron
scattering measurements on single crystals of Er,Ti;O; with
a magnetic field applied along the [001] and [111] directions.
For fields smaller than 1 T, the field induced effects can
be attributed to domain selection. The zero field state of
Er,;Ti,O; assumes the v, antiferromagnetic structure, which
is composed of six equally probable domains. For small fields
applied along the [001] direction, we observe a dramatic
decrease of the (220) magnetic Bragg peak intensity, which
agrees very well with the predicted transition from the six
Y, domains to two 13 domains. For the [111] field direction,
we observe that the elastic scattering at (220) is independent
of field for low fields, consistent with an emergent threefold
Zeeman clock term. Further increasing the field results in
a large enhancement of the (220) Bragg peak intensity,
inconsistent with the predicted domain selection scenario and
hinting at an even richer phase behavior. Lastly, our experiment
provides a measure of the zero field sixfold clock term strength,
0.18 £ 0.05 T. This result should prove useful in establishing
a complete understanding of the mechanism of ground state
selection in Er, Ti O7.

The work presented here experimentally confirms the
rich and exotic magnetothermodynamic behavior predicted
to exist in the XY pyrochlore antiferromagnet Er,TiO7, or
any other pyrochlore magnet ordering into the I's manifold.
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We demonstrate that, depending on the field direction, a
combination of two-, three-, and possibly sixfold Zeeman
clock terms emerge and compete with the sixfold clock
term present in zero field. We anticipate this work will help
determine the ground state selection and field effects in other
topical I's pyrochlores, such as NaCaCo,F; [29], Er,Ge, 07
[30], and Yb,Ge,O7 [30,31].

Note added in proof. A related experimental study of
Er, Ti;O7 recently appeared as a preprint [32].

ACKNOWLEDGMENTS

We thank M. Zhitomirsky and R. Moessner for very useful
discussions and for providing us the theoretical curves of the
field dependence of the (220) Bragg peak intensity shown
in Figs. 3(d) and 3(f). We also wish to thank Yegor Vekhov
for his technical support with the dilution fridge used in
the neutron experiment. The neutron scattering data were
reduced and analyzed using DAVE software package [33].
The NIST Center for Neutron Research is supported in part
by the National Science Foundation under Agreement No.
DMR-094472. Work at McMaster University was supported
by the Natural Sciences and Engineering Research Council
(NSERC) of Canada. J.G. and A.M.H. gratefully acknowledge
support from NSERC’s Canada Graduate Scholarships.

APPENDIX: FIELD EFFECTS ON THE LORENTZIAN
CONTRIBUTION OF THE (220) MAGNETIC BRAGG PEAK

As discussed in the paper, elastic cuts of the (220) magnetic
Bragg peak have been carefully modeled with a two component
fit for all field strengths and orientations. An example of one
such fit is shown in Fig. 7(a) for the [111] sample at O T. The
Gaussian component of the scattering originates from the nu-
clear and magnetic long-range order, and its field dependence
is thoroughly discussed in the paper. The second component
of the scattering at (220) is captured by a Lorentzian function
and accounts for the inelastic part of the scattering due to the
partial integration over the quasi-Goldstone-mode excitations.
The Lorentzian contribution of the scattering is somewhat
interesting as it provides information on the very low energy
inelastic field dependence. The field evolution of the integrated
intensity of the Lorentzian component is shown for all field
directions in Figs. 7(b)-7(d).

For the [1-10] field direction, the Lorentzian part of the
scattering reaches zero intensity for a field of 0.5 T [Fig. 7(b)].
This decrease of scattering is consistent with the complete
removal of the quasi-Goldstone-mode excitations [Fig. 4(a)].
The Lorentzian contribution of the scattering maintains zero
intensity up to 1.5 T, at which point a clear and abrupt increase
is observed. This originates from the softening of the spin wave
excitations towards the elastic line [Fig. 4(a) and Fig. 5(a)] and,
thus, are picked up by our integration over the elastic channel.
Above 1.5 T, no Lorentzian contribution of the scattering is
observed in a [1-10] field.

For the [001] field direction, the Lorentzian contribution
increases dramatically at 0.1 T, due to the enhancement
of the scattering from the quasi-Goldstone-mode excitations
[Fig. 7(c)]. Indeed, as seen in Fig. 4(b) and Fig. 5(b), the
quasi-Goldstone-mode excitations are clearly enhanced upon
application of fields up to 0.5 T. Referring once again to
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FIG. 7. (a) A typical fit of the scattering at the (220) Bragg peak
position using both a Gaussian function and a Lorentzian function,
to capture the elastic and inelastic contributions to the scattering,
respectively. The field dependence of the Lorentzian contribution of
the scattering for a (b) [1-10] magnetic field, (c) [001] magnetic field,
and (d) [111] magnetic field. The field dependence of the Lorentzian
contribution tracks the intensity of the low energy quasi-Goldstone-
mode excitations.

Fig. 7(c), we can see that above 0.1 T, the inelastic (Lorentzian)
contribution steadily decreases, reaching zero intensity for
fields above 0.75 T. This effect can also be explained by
examining the energy cuts of Fig. 5(b). Comparing the data
sets between 0.1 T and 1 T, we see that the inelastic intensity
shifts to progressively higher energies with increasing field. As
we are integrating over our elastic resolution in Fig. 7(c), from
—0.1 to 0.1 meV, this integration picks up less of the inelastic
contribution at higher fields as the intensity moves out of our
elastic window. This shifting of the inelastic intensity to higher
energies signals that the spin wave gap of the quasi-Goldstone
mode is growing from 0.1 T up to 1 T. Above 1 T, the
Lorentzian part of the scattering completely disappears as
the (220) magnetic Bragg peak has zero intensity in the field
polarized state.

Lastly, we turn our attention to the field evolution of the
Lorentzian component in a [111] field which is shown in
Fig. 7(d). Similar to the low field dependence of the elastic
scattering [Fig. 3(f)], we observe that the inelastic intensity is
flatup to 0.15 T. Above 0.15 T, the intensity falls off abruptly up
to 1 T. This decrease of scattering is consistent with the reduced
intensity of the quasi-Goldstone-mode excitations [Fig. 4(c)
and Fig. 5(c)]. As was the case for the [1-10] field, for 1.5 T,
we observe a large enhancement of the Lorentzian intensity.
This originates from the softening of the spin wave excitations
towards the elastic line. This feature is best observed by
looking at the 1.5 T energy slice shown in Fig. 4(c). Above
1.5 T, the spin wave excitations are pushed to higher energy,
and the Lorentzian contribution of the scattering remains at
Zero intensity.
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3.3 Preface to Publication VI: Effect of chemical pressure on

the single-ion properties of Er,Ti,O-.

In the final paper of this thesis, we turn our attention to the effect of chemical pressure on the
single-ion properties of EroTisO7. As briefly mentioned in Section 1.1, XY pyrochlores are known
to live in a rich phase space where four ordered states are predicted to compete and influence each
other. This phase diagram of XY pyrochlores has been explored via chemical pressure, which
consists of replacing the non-magnetic B-site cations by smaller or larger non-magnetic ions.
For the erbium pyrochlores, in addition to EraTisOr, it is possible to synthesize polycrystalline
samples of EraGesO7, EraSnsO7 and ErgPtoO7 [10]. ErgGes Oy is known to order into a I's
phase [68] and has been argued to belongs to the 13 state as opposed to the 1y state found in
EryTieO7 [70]. For EraSnsO7 and ErgPt2O7, it was found that both materials order into the
I'7 phase [9,65]. The multiple ordered states found in the erbium family of pyrochlores is thus
consistent with the rich phase diagram shown in Fig.1.3 [49]. In this paper, we investigated the
evolution of the single-ion properties of EroTioO7 upon replacing Ti** by Sn*, Pt and Ge?T.
This allows us to quantify the key ingredients that stabilize the different ordered states found
in this family. We found that all four members have XY local anisotropy, but with significant
variation in its magnitude. Curiously, the magnitude of the XY local anisotropy correlates
strongly with their ordered states. Indeed, ErsTisO7 and ErsGesO7 have weak XY anisotropy
(£~ < 4) and both order into the I's manifold, while EraSnsO7 and EraPtoO7 have strong XY

9
anisotropy (%l > 25) and both order into the I'; manifold.

In this paper, I designed and performed the inelastic neutron scattering experiments. I
analyzed and modeled the data using the same Matlab code as in Publication I. I also wrote the
manuscript as well as the response to the referee reports. The contributions of each author are

summarized below.

Author Contributions:

Ezxperimental Concept: J. Gaudet, A.M. Hallas, B.D. Gaulin

Sample Preparation: A.M. Hallas

Neutron Scattering Fxperiment: J. Gaudet, A.M. Hallas, A.I. Kolesnikov, B.D. Gaulin
Data Analysis: J. Gaudet, A.M. Hallas, B.D. Gaulin

e Manuscript: J. Gaudet, A.M. Hallas, B.D. Gaulin
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We have carried out a systematic study of the crystal electric field excitations in the family of cubic
pyrochlores Er, B,O; with B = Ge, Ti, Pt, and Sn, using neutron spectroscopy. All members of this family
are magnetic insulators based on 4 f'! Er** and nonmagnetic B**. At sufficiently low temperatures, long-range
antiferromagnetic order is observed in each of these Er, B,O; pyrochlores. The different ionic sizes associated
with different nonmagnetic B** cations correspond to positive or negative chemical pressure, depending on the
relative contraction or expansion of the crystal lattice, which gives rise to different local environments at the Er**
site. Our results show that the g-tensor components are XY -like for all four members of the Er, B,0O; series.
However, the XY anisotropy is much stronger for Er,Pt,0; and Er,Sn,07 (g, /g, > 25) than for Er,Ge,0; and
Er,Ti,O7 (g1/8. < 4). The variation in the nature of the XY anisotropy in these systems correlates strongly with
their ground states as Er,Ge, 07 and Er, Ti,O; order into I's magnetic structures, whereas Er,Pt,0; and Er,Sn, 0,

order in the I'; Palmer-Chalker structure.

DOI: 10.1103/PhysRevB.97.024415

I. INTRODUCTION

The cubic pyrochlore lattice is adopted by many magnetic
materials with chemical composition A;B,07. This lattice
is prone to magnetic frustration due to its architecture that
consists of two interpenetrating networks of corner-sharing
tetrahedra on which both the A3+ and the B** ions indepen-
dently reside [1]. A peculiar attribute of the pyrochlore lattice
is that the Ising axis and XY plane both are defined explicitly
in a local, rather than global, coordinate frame. Ising spins
on the pyrochlore lattice are constrained to point along the
axis that connects the vertex of the tetrahedra to its center,
termed the local (111) direction. Correspondingly, spins with
XY anisotropy are constrained to lie in the plane perpendicular
to the local (111) direction. Among the rare-earth pyrochlores,
XY anisotropy is obtained when the A sublattice is occupied
by either Er** or Yb**.

XY pyrochlores have the potential to exhibit a range of
exotic magnetic phenomena [2]. Theoretical studies have
shown that XY pyrochlores can stabilize various spin liquid
states including the much sought-after quantum spin ice state.
The quantum spin ice state is a U(1) quantum spin liquid
with magnetic excitations that can be mapped onto diffusive
magnetic monopoles, such as in a classical spin ice but with
emergent electric monopoles and photon excitations [3]. It
has been proposed that quantum spin ice physics may lie at
the origin of the continuum of low-energy spin excitations
observed in Yb,Ti,O7 [4]. Another interesting aspect of XY
pyrochlore magnetism is the observation that order by disorder

“Present address: Rice Center for Quantum Materials, Houston, TX
77005-1827, USA.

can affect their ground-state (g.s.) selection. Order by disorder
is the phenomenology whereby a particular magnetic structure
is selected due to its propensity to fluctuate, an entropic
selection rather than a conventional energetic selection [5,6].
Order by disorder is known to favor the magnetic ground state
observed in Er,Ti;O; [7-11] but appears to act in conjunc-
tion with an energetic selection mechanism that originates
from virtual crystal field processes [12—14]. The effect of
quenched disorder on the magnetism of XY pyrochlores has
also been of significant interest and in many cases is found
to have a profound impact on the low-temperature magnetism
[15-21].

Underpinning the remarkable physics of the XY py-
rochlores is the highly anisotropic nature of their exchange
interactions. Classical calculations using an anisotropic ex-
change Hamiltonian have shown that several different ordered
magnetic ground states exist within a narrow subspace of
exchange parameters that are relevant to known X Y pyrochlore
magnets. This has led to theoretical proposals that competition
between phases could account for many of their observed mag-
netic properties [22,23]. Experimentally, evidence for phase
competition indeed is found within the Er, B,O; family of
XY pyrochlores. Both Er,Ti;O; and Er,Ge,0O5 order into the
k = 0 I's manifold at 7y = 1.2 and 1.4 K, respectively [7,24]
but in a pure y, state for the former [25] and likely a pure
Y3 state for the latter [24]. Meanwhile, both Er,Pt,O; and
Er,Sn, 07 order into the kK = 0 'y manifold with significantly
lower ordering temperatures at 7y = 0.3 and 0.1 K, respec-
tively [26,27]. This state, the so-called Palmer-Chalker state,
is stabilized for XY dipolar magnets with weak and isotropic
exchange interactions [28]. The experimentally determined
anisotropic exchange couplings for these two I'; magnets place
them in close proximity to the classical phase boundary with I's
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[26,27,29]. The magnetic structures observed within the family
of erbium pyrochlores where only the nonmagnetic B-site ion
is varied are all ones that exist in the computed anisotropic
exchange phase diagram [23]. It is therefore interesting to
uncover the microscopic origin of the changing magnetic
ground states across this family that results from changing the
nonmagnetic B-site cation. To carry out such a detailed study,
a key starting point is the precise determination of the spin
anisotropy that originates from single-ion physics.

In this paper, we study the single-ion properties
of the four erbium pyrochlores within this family
Er,Ge, 07, Er,Ti, 07, Er,Pt,07, and Er,Sn,O;. We measure
their crystal electric field excitations using neutron
spectroscopic techniques. The analysis of these measurements
allows us to determine the full crystal electric field (CEF)
Hamiltonian for each member of this family. We find that the
Er** moments in all four members possess X Y -like anisotropy,
but the strength of this anisotropy varies significantly across
the family. We then show that the degree of XY anisotropy
of the Er’* moments correlates strongly with the precise
magnetic ground state that is selected.

II. CRYSTAL FIELD CALCULATION

The magnetism in the Er, B,O7 pyrochlores originates from
the Er’* ions that possess a [Xe]4 f!! electronic configuration.
Using Hund’s rules, the total angular momentum of the spin-
orbit ground state is J = % with L =6 and § = % This
spin-orbit ground state is 2J + 1 = 16-fold degenerate in the
absence of the crystal electric field. The neighboring ions,
primarily the O?~ that surround the Er** ions, generate the
CEF, which acts on an energy scale of approximately 100
meV. Note that for Er’* the first-excited spin-orbit manifold
is separated from the spin-orbit ground state by AJ =~ 2.5 eV
[30]. Thus, for the Er** pyrochlores, we need not consider the
higher-J multiplets in our CEF analysis. This is in contrast
to systems with Ce®t or Pr’t, where AJ is an order of
magnitude smaller and the inclusion of higher-order multiplets
is necessary to obtaining an accurate description of their CEF
schemes [31].

The form of the CEF Hamiltonian depends on the point-
group symmetry at the Er’* site, which has twofold and
threefold rotation axes as well as an inversion symmetry with
respect to the local (111) axis. These symmetry operations
result in a D3, point-group symmetry. Using the Steven’s
operator formalism, the CEF Hamiltonian for the D3, point-
group symmetry can be written as follows [32—35]:

Hcer = AZOlJ(V >02 + A} aBir 0
+ AR (rH O] + AQy, (r
+A6VJ< )0()+A6)’J(

)02
% 0. )]
The O are Steven’s operators that are written in terms
of J;, J_, and J, operators [36]. The «,, B;, and y, are
reduced matrix elements that have been calculated previously
in Ref. [36]. The values for (r") are listed in Ref. [37] and
consist of the expected value of the nth power of distance
between a nucleus and the 4 f-electron shell. The 16 states
of the spin-orbit ground state are split by the CEF into eight
doublets, and these are protected from further degeneracy
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breaking by Kramers theorem. The CEF energy eigenvalues
and eigenfunctions associated with these eight doublets are
controlled by the crystal field parameters A}’, and these can be
probed directly with inelastic neutron spectroscopy. The partial
differential cross section for magnetic neutron scattering can
be written as follows [38]:

d*c ki,
=C~F
daar — O3 Fraensaelho),

where Q is the scattered solid angle, E’ is the final neutron

)]

energy, is the ratio of the scattered and incident momentum
of the neutron C isaconstant, and F(|Q|) is the magnetic form
factor. The scattering function S(] Q|,%w) for a CEF transition
is given by

i —BE

Jo
S10Lfe >—ZZ 1G] |_ﬂE
J

L(AE + hw), (3)

where @ = x,y,z and L(AE + liw) = L(E; — E; + hw) is a
Lorentzian function that ensures energy conservation as the
neutron induces transitions between the CEF levels i — i/,
which possess a finite-energy width or lifetime.

In order to determine the CEF parameters A]', we start
with a particular set of A} and diagonalize the CEF Hamil-
tonian to obtain a set of initial energy eigenvalues and
eigenfunctions. In this paper, we used the A}’ obtained for
Er,TioO; from Ref. [39] as our starting CEF parameters.
A least-squares refinement of the A)' values then is per-
formed to minimize the difference between the calculated
and the observed CEF spectra. This refinement considers
both the energies of the transitions as well as their relative
intensities.

III. EXPERIMENTAL DETAILS

The four erbium pyrochlore magnets were all studied in
powder form. Large 10-g samples of both Er,Ti,O; and
Er,Sn,O; were prepared via conventional solid-state synthesis
[40]. Er,Ge,0; and Er,Pt,0; were prepared using a belt-
type high-pressure apparatus, yielding 2.8- and 1.1-g samples,
respectively. The details of the high-pressure synthetic method
employed are given in Ref. [41] for Er,Ge,O7 and in Ref. [42]
for Er,Pt,O7.

Powder neutron diffraction was carried out on each of the
four samples using the time-of-flight diffractometer POWGEN
at the Spallation Neutron Source at Oak Ridge National
Laboratory [43]. The samples were sealed in vanadium cans in
the presence of a helium atmosphere and were each measured
for 1 h at 10 K. These measurements were performed with a
median wavelength of A = 1.066 A. This configuration allows

for momentum transfers between 1.2 /‘(1 < Q<228 ﬁ‘:l
Rietveld refinements of the data were carried out using the
FULLPROF [44] software suite.

The inelastic neutron-scattering measurements were per-
formed using the direct geometry time-of-flight chopper
spectrometer SEQUOIA at the Spallation Neutron Source
[45]. Each sample was measured at two temperatures
(5 and 100K) and three incident neutron energies (25, 90,
and 150 meV). For all incident neutron energies, the fine
Fermi chopper was used to achieve the maximum energy
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FIG. 1. Rietveld refinements of the time-of-flight neutron
powder-diffraction patterns for each of the erbium pyrochlore magnets
Er, B,0O;, B = (a) Ge, (b) Ti, (c) Pt, and (d) Sn. The data sets were
collected at 10 K using Bank 2 of the POWGEN diffractometer
(hcenter = 1.066 A). The data were refined against the Fd3m space
group, and the goodness-of-fit parameters for each sample are given
in Table I. The insets show an expanded view of a high- Q region from

216 A"

resolution, corresponding to 1-2% of the neutron’s initial
energy E;. The resultant energy resolution at the elastic line
is AE =0.45meV for E; =25 meV, AE = 1.5 meV for

E; =90 meV, and AE = 2.8 meV for E; = 150 meV. The
energy resolution improves as a function of energy transfer
and at 80% E; reaches a value that is approximately one-
third of the elastic resolution. The samples were packed in
aluminum cans in annular geometry and sealed with indium
in the presence of a helium atmosphere. An identical empty
can also was measured, and this served as a background
where all the data presented have had the empty can data set
subtracted from them. The inelastic neutron-scattering data
were reduced using MANTID [46] and were analyzed using
DAVE [47].

IV. RESULTS AND ANALYSIS

A. Structural refinement by powder neutron diffraction

In order to characterize the structural properties of each of
the four erbium pyrochlore magnets, we performed time-of-
flight powder neutron diffraction. The data were analyzed by
Rietveld refinement using the Fd3m space group as shown in
Fig. 1. The fitted parameters resulting from these refinements
are summarized in Table 1. The largest structural differences
going across this series arise from the substitution of the
nonmagnetic B site. Indeed the cubic lattice parameter a is
observed to vary linearly with the ionic radius of the B-
site cation. Thus, Er,Ge,O7, which has the smallest B-site
cation, has a lattice parameter of a = 9.87(5) 1&, whereas
Er,Sn, 07 with the largest B site has a lattice parameter of
a = 10.30(1) A. Across the whole series, the lattice parameter
varies by 4%. It is interesting to note that the two middle
members, Er, Ti,O7 and Er, Pt, O7, have the most similar B-site
radii and correspondingly, the most similar lattice parameters,
varying by only 0.7%. Er,Pt,O7, however, is a unique member
of this family due to the fact that platinum, unlike the other
nonmagnetic B-site ions, does not have a closed electron shell
configuration. Platinum in its 44 oxidation state has a [Xe]5d°
electron configuration, which is nonmagnetic due to the filled
Iy, levels and sizable gap to the empty e, levels.

In the cubic pyrochlore structure, erbium sits at the 16d
Wyckoff position and is surrounded by a distorted cube of
oxygen anions. This distortion acts along the local (111)
direction, compressing the cube along the body diagonal. Thus,
there are two equivalent Er-O1 bonds and six equivalent Er-O2
bonds. The degree of this distortion is characterized by the
O1 x coordinate, which is the only adjustable parameter in
the pyrochlore structure. An oxygen environment taking up a
perfect cube would have x = 0.375, and the distortion grows

TABLEI. Summary of fitted structural parameters for the erbium pyrochlore magnets as determined by Rietveld refinement of their powder
neutron-diffraction patterns measured at 10 K. The variance in the cubic lattice parameter a is controlled largely by the radius of the B-site
cation. The only adjustable atomic coordinate within the pyrochlore (Fd3m) structure is the x position of the apical oxygens (O1). The four
entries of the final columns give the goodness-of-fit parameters for the Rietveld refinements, which are shown in Fig. 1.

B (A) a (A) Ol x Er-01 (A)  Er-02 (A) E-92 (%) R, (%) R,, (%) Rexp (%) x2
Er,Ge,0; 0.67 9.87(5)  0.327 2442 2.136 0.875 5.4 4.0 1.6 6.5
Er,Ti,O; 0.745 10.05(3)  0.330 2.463 2.176 0.883 7.7 6.8 1.7 15.8
Er,Pt,0; 0.765 10.13(2)  0.340 2416 2.193 0.908 46 2.8 1.6 3.0
Er,Sn,0; 0.83 10.30(1)  0.338 2.470 2.230 0.903 8.0 72 1.9 14.6
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FIG. 2. Inelastic neutron-scattering measurements with an incident energy of E; = 25 meV for the Er, B,O; pyrochlores, B = (a) and (e)
Ge, (b) and (f) Ti, (c) and (g) Pt, and (d) and (h) Sn. The top row shows the spectra at a base temperature (2 or 5 K) for each sample. In each case,
three ground-state crystal electric field excitations are identified at the positions indicated by the arrows. The bottom row shows the spectra at
100 K, which is high enough to thermally populate transitions from the first and second-excited-state levels. The excited-state transitions at 100
K are indicated by the arrows. An empty can measurement has been subtracted from all data sets.

with the deviation from this value. The distortion from an B. Determination of the crystal field Hamiltonian
ideal cubic environment can alternatively be parametrized by with inelastic neutron scattering

the ratio of the Er-O1 and Er-O2 bond lengths as tabulated
in Table I. The most distorted erbium oxygen environment
occurs in Er,Ge, 07, and the least distorted environment occurs
in Er,Pt,O;. Aside from Er,Pt,O;, this distortion scales
linearly with lattice parameter. Lastly, it is worth mentioning
that the erbium oxygen bond distances are generally the
shortest in Er,Ge,O7 ((Er-O) = 2.21 10\) and the largest in

The CEF spectra of the four erbium pyrochlore magnets
were measured with inelastic neutron scattering. Data sets
employing incident energies of 25 and 150 meV were collected
at T =2 or 5 K for all samples and are shown in the upper
panels of Figs. 2 and 3. As CEF excitations are single-
ion properties, they largely lack dispersion and decrease in
intensity as a function of momentum transfer (| Q|) following

ErSn, 07 ((Er-O) = 2.29 A). the magnetic form factor of Er’*. From these criteria, it is
1.0
(a) Er2Ge207, (b) ErzTi2O7 (c) Er2Pt207
. o T=5K 08 _
= s
£ 06 3
3 <
5 s
g .
& £
0.2
M4 ) A WA [ ‘ L. ¢ | s \ SAL & v [ 00
(e) Er2Gez07 (f) ErzTi207 (9) Er:Pt07 10
T=100 K T=100 K T=100 K o8
< s , 5 s
2 <
g 04
& £
0.2
0.0

QA QA QA QA

FIG. 3. Inelastic neutron-scattering measurements with an incident energy of E; = 150 meV for the Er, B,O; pyrochlores, B = (a) and (e)
Ge, (b) and (f) Ti, (c) and (g) Pt, and (d) and (h) Sn. The top row shows the spectra at a base temperature (2 or 5 K) for each sample. In each
case, four higher-energy ground-state crystal electric field excitations are identified at the positions indicated by the arrows in addition to the
transition at ~20 meV, which also was seen in the E; = 25-meV data set. The bottom row shows the spectra at 100 K, which is high enough to
thermally populate transitions from the first- and second-excited-state levels. The excited-state transitions at 100 K are indicated by the arrows.
An empty can measurement has been subtracted from all data sets.
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FIG. 4. (a) The |Q| dependence of the 15.7-meV CEF excitation
of Er,Ti,O; is well captured by the single-ion magnetic form factor
of Er**. The same |é| dependence is observed for all the CEF
excitations resolved in this paper. (b) The neutron-scattering intensity
as a function of energy transfer for Er,Ti, O, revealing the presence
of three CEF excitations over the energy range shown. An example
of a fit to the CEF spectra is shown. The fit captures the integrated
intensity for all three CEF excitations and was used to optimize the
CEF Hamiltonian. (c) The \Q| dependence associated with the Er**
magnetic form factor can also be seen by performing energy cuts of
the data with integrations over different | Ql ranges.

clear that the E; = 25-meV data sets at base temperatures in
Figs.2(a)-2(d) each show three CEF excitations as indicated by
the black arrows. For example, Er,Ti;O; has CEF excitations
at 6.3, 7.3, and 15.7 meV. An example of the | Q| dependence
of the CEF scattering is shown in Fig. 4(a) for the 15.7-meV
excitation in Er,Ti,O; where the solid line corresponds to
the magnetic form factor of Er’*. All other CEF transitions
observed in this paper follow a similar |Q| dependence. As
will be discussed later, it is interesting to note that the lack of
dispersion of the low-energy CEF excitations is not complete.
Weak dispersion in the lowest-energy levels develops at low
temperatures as a consequence of exchange coupling between
the Er** moments.

For each of the erbium pyrochlores studied in this paper,
the energy of the first CEF excitation is ~6 meV above
the ground state. As these measurements were performed at
T =2 or 5 K, this first-excited state cannot be significantly
thermally populated, and thus all observed CEF excitations
necessarily originate from the CEF ground state. As previously
discussed, the lowest-energy manifold for Er** with J = 15/2
is composed of eight doublets, one of which is the ground
state. Thus, to resolve the full CEF manifold requires the
identification of a total of seven transitions. Turning our
attention to the base temperature E; = 150-meV data sets
shown in Figs. 3(a)-3(d), three additional CEF transitions
clearly are observed for all samples as indicated by the black
arrows. For example, Er,Ti;O7 has CEF transitions at 61.0,
66.3, and 87.2 meV. From our analysis thus far, we can account
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FIG. 5. Comparison between the experimentally resolved CEF
energy schemes of the four erbium pyrochlore magnets and those
calculated using the CEF Hamiltonians given in Table II. The
calculated CEF spectra for Er,Ti,O; [39,48] and Er,Sn,O; [29]
derived from previous studies also are compared to our experimental
data and are given by the gray dashed lines where asterisks mark the
levels that were fit.

for three CEF levels below 20 meV and three additional CEF
levels between 50 and 100 meV.

As seven transitions are required to fully determine the
energy scheme of the CEF manifold, there is a final CEF
excitation that is not immediately resolved in the E; = 25-
and E; = 150-meV data sets. However, inelastic neutron-
scattering spectra collected with an incident energy of 90 meV
allow us to resolve the missing CEF level. For Er,Ti,O7, the
level centered near 61.0 meV as shown in Fig. 4(b) is, in fact,
two closely spaced CEF transitions that were unresolvable
using higher incident energy with corresponding lower-energy
resolution. Figure 4(c) shows the decreasing intensity of these
two peaks as a function of momentum transfer, confirming that
both features are magnetic in origin and, thus, CEF excitations.
The corresponding CEF level in each of the Er pyrochlore mag-
nets is split by a similar amount. With this final CEF transition
now accounted for, the entire CEF manifold is known and is
presented in Fig. 5 for the four samples probed in this paper.

Our experimentally deduced CEF scheme can be compared
to the CEF Hamiltonians previously derived for Er,Ti,O7
[39,48] and Er;Sn,O7 [29]. Using the parametrization from
these previous works we have computed the CEF energy
schemes, which also are presented by the dashed gray lines
in Fig. 5. By comparing with our new results, it is clear that
the previous CEF Hamiltonians do not reproduce well the
high-energy CEF levels. Thus, a new refinement of the CEF
Hamiltonians was performed for Er,Ti;O; and Er,Sn,07 as
well as for Er,Ge, 07 and Er,Pt,O; for which no previous
CEF Hamiltonian has been derived. In this paper, it is now
possible to rigorously constrain the CEF Hamiltonian because
the full spin-orbit ground-state manifold has been determined
experimentally. This is in contrast to previous works that
only considered the low-energy excited states. To execute the
fitting procedure, integrations of the scattered intensity as a
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TABLE II. The refined CEF parameters A}’ obtained for all four
erbium pyrochlore magnets studied in this paper.

(All in meV) A AY A3 AY A} Al

Er,Ge, 07 39.3 36.2 275 1.23 —19.10 26.6
Er,Ti, O, 37.5 335 282 1.25 —17.15 21.6
Er,Pt,0; 49.0 312 262 1.10 —19.15 24.6
Er,Sn, 0, 50.8 284 266 1.10 —17.15 20.9

function of energy transfer between Q = 2.3 and 2.8 10%71

for the E; = 25-meV data set and Q = 3.6 to 4.6 Aq for
the E; = 150-meV data set have been extracted from the
base temperature contour maps of Figs. 2 and 3. The energy
of each CEF level was determined by fitting the transition
with a Lorentzian function for which the area represents the
relative scattered intensity of the particular CEF transition. The
relative intensities of the CEF transitions measured with 25,
90, and 150 meV were normalized to each other using the
third-excited CEF state which appeared in all data sets (for
example, the CEF at 20.2 meV for Er,Ge,0O5). In this manner,
the CEF Hamiltonian was constrained using the energies of
all transitions and their relative scattered intensities, giving a
total of 13 constraints for each of the four erbium pyrochlore
magnets studied.

Using the extracted experimental constraints, the CEF
Hamiltonian was first diagonalized using the CEF parameters
of Bertin et al. derived for Er,Ti,O7 [39]. A broad scan
of the CEF parameters around this particular solution was
performed to minimize the x? value between the calculated
and the experimental CEF schemes, which considers both the
energies of the transitions as well as their relative intensities.
Very good agreement was obtained for all samples using the
appropriate CEF parameters presented in Table II. The results

of this optimization procedure are presented in Table I1I where
the computed energies and intensities are compared to the ex-
perimental values. The resulting x 2 of our calculation is equal
to 1.3, 2.6, 2.3, and 3.2 for Er,Ge,07, Er,Ti,O7, Er,Pt,0,
and Er,Sn, 07, respectively. To better appreciate the results of
the fitting procedure, the entire neutron-scattering spectra were
computed between 0 and 120 meV using the CEF parameters
of Table II with the addition of a sloping background to
account for the phonon contribution. The resulting theoretical
calculation is compared to the data in Fig. 6 for the four
erbium pyrochlore samples. Excellent agreement between the
calculated and the measured scattering spectra is observed with
no significant differences, validating the goodness of the fits.

To further scrutinize the quality of our CEF Hamiltonian
parameters, inelastic neutron-scattering spectra were collected
at a temperature of 100 K using both E; =25 and E; =
150 meV, which is shown in the bottom panels of Figs. 2
and 3. The increase in temperature from 5 to 100 K produces
new CEF excitations that originate from the increasing thermal
population of the first- and second-excited CEF states. The new
(relative to low-temperature) low-energy CEF excitations are
indicated by the black arrows in the bottom panels of Fig. 2. For
example, new transitions are observed at 1.1, 8.4, and 9.5 meV
in Er, Ti;O7 at 100 K. These originate from transitions between
the first- and the second-excited CEF states, the first- and the
third-excited CEF states, and the second- and the third-excited
CEF states. For the 100 K high-energy spectra shown in Fig. 3,
multiple new CEF excitations are observed between 40 and
100 meV. These also correspond to transitions from the first-
and second-excited CEF states to higher-energy CEF states.
The prominent new CEF transitions are indicated by black
arrows in the bottom panels of Fig. 3.

Using Eq. (2), we can compute the predicted inelastic-
scattering spectra at 100 K using the CEF parameters derived
from our base temperature fits, given in Table II. The resulting

TABLE III. Tables giving the experimental and calculated values of the seven CEF excited-state energies as well as the relative scattered
intensities. The relative scattered intensity has been normalized by the intensity of the transition between the CEF ground state and the

first-excited state.

ErzG€207 ErzTi207
Eexp (meV) Ecalc (meV) Iexp (a~u~) Icalc (a~u~) Eexp (meV) Ecalc (meV) Iexp (a.u.) Icalc (a.u.)
1 6.6(1) 6.5 1 1 1 6.3(1) 6.4 1 1
2 9.3(1) 9.1 0.65(5) 0.57 2 7.3(1) 7.3 0.75(5) 0.88
3 20.2(1) 20.3 0.20(3) 0.24 3 15.7(1) 15.7 0.20(5) 0.3
4 69.2(3) 69.2 0.04(3) 0.04 4 60.2(3) 60.6 0.04(2) 0.07
5 71.13) 70.8 0.04(3) 0.04 5 62.3(3) 62.0 0.04(2) 0.05
6 75.8(3) 75.6 0.10(2) 0.14 6 66.3(3) 65.9 0.09(2) 0.13
7 95.3(4) 95.3 0.015(5) 0.03 7 87.2(4) 86.7 0.01(1) 0.04
Erth207 EI'2SII207
Eexp (meV) Ecalc (meV) Iexp (a~u~) Icalc (a~u~) Eexp (meV) Ecalc (IIlCV) Iexp (a‘u~) Icalc (a-u~)
1 5.5(1) 5.7 1 1 1 5.0 5.0 1 1
2 9.5(1) 9.1 0.29(5) 0.33 2 7.4(1) 73 0.36(5) 0.43
3 21.2(1) 21.3 0.21(5) 0.28 3 17.3(1) 17.5 0.24(5) 0.3
4 64.1(3) 63.7 0.04(2) 0.03 4 55.9(3) 55.8 0.04(2) 0.04
5 65.6(3) 65.1 0.06(2) 0.06 5 57.9(3) 57.5 0.06(2) 0.07
6 68.8(3) 69.5 0.12(2) 0.16 6 66.8(3) 61.2 0.10(2) 0.2
7 88.7(4) 88.7 0.01(1) 0.02 7 81.8(4) 81.1 0.02(1) 0.02
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FIG. 6. Inelastic neutron spectra for (a) Er,Ge, 07, (b) Er,Ti, 07, (c) Er,Pt, 07, and (d) Er, Sn, O; showing the scattering intensity as a function
of energy transfer at base temperature [(i) E; = 25 meV and (ii) E; = 150 meV] and 100 K [(iii) E; = 25 meV and (iv) E; = 150 meV]. These
data sets are extrated from the contour maps of Figs. 2 and 3 with the indicated integration in momentum transfer \él. The calculated CEF
spectra, using the CEF Hamiltonian parameters shown in Table II, are plotted by the blue (7 = 2 and 5 K) and red (T = 100 K) lines.

calculations can be compared with the experimental data by
performing cuts in energy integrated over the same range in
| Q| as previously performed on the base temperature data sets.
A sloping background has been added to the calculation to
account for the increased phonon contribution. The comparison
between the theoretical curves and the experimental data
at 100 K are shown in Fig. 6 for all four samples. The
computed spectra are entirely consistent with the experimental
data, demonstrating that our CEF Hamiltonian fits are well
constrained and further validating the quality of the fit. Note
that by comparing the 2- and 100-K experimental spectra,
slight negative energy shifts of the CEF transitions originating
from the CEF ground state are observed upon raising the
temperature. Such softening of the CEF excitations also has
been observed in other rare-earth pyrochlore systems [49],

83

and this is due to lattice expansion that occurs on raising the
temperature, which in turn reduces the strength of the electric
field at the Er®* position.

As briefly alluded to earlier, our neutron-scattering results
reveal that the lowest-energy CEF excitations in the erbium
pyrochlores do not have a perfectly flat dispersion. To illustrate
this effect, an enhanced view on the lowest-energy CEF exci-
tations of Er,Ti,O; measured with E; = 25 meV is shown in
Fig. 7(a). This reveals weak dispersion for the CEF excitation at
6.25 meV and possibly for the CEF excitation at 7.3 meV. When
the temperature is increased to 7' = 100 K, this dispersion
disappears as shown in Fig. 7(b). To quantify the dispersion, we
performed integrations along different | Q| values with a width

of 0.1 10\71. For every integration, we determined the positions
of the low-energy CEF excitations by fitting their line shapes
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FIG. 7. An enhanced view of the lowest-energy crystal electric
field levels in Er,Ti,O7 at (a) 5 K and (b) 100 K, revealing weak
dispersion. (c¢) The maximum fitted intensity of these two CEF
excitations as a function of |Q| at both 5 and 100 K.

to a Gaussian function. The fitted centers of the Gaussian are
plotted as a function of | Q| in Fig. 7(c) for both 5 and 100 K. At
5K, the 6.25-meV CEF excitation has a minimum in energy at

|Q| ~1.1A 1, which corresponds to the range of |Q| where
the (111) magnetic Bragg peak develops below 7y = 1.2 K in
Er,Ti»O7. The bandwidth of the dispersion of the 6.25-meV
CEF excitation is 0.10(5) meV at 5 K and perhaps slightly less
for the CEF excitation near 7.3 meV. Weak dispersion also is
observed for the first- and second-excited CEF levels of the
three other erbium pyrochlores probed in this paper. The shape
of the dispersion as well as its suppression at high temperatures
are similar throughout the family. The origin of this weak
dispersion is likely exchange interactions that lead to enhanced
intersite correlations at low temperatures. Similar effects are
observed in terbium pyrochlores for which the lowest-lying
CEF excitations, located near 1 meV, display intense dispersion
relative to their mean energy [50,51].

V. DISCUSSION

With their CEF Hamiltonians in hand, it is interesting to
analyze the evolution of the single-ion properties going across
the erbium pyrochlore series. The composition of the CEF
ground-state doublet and the associated g-tensor components
for each of the Er, B,O; materials are shown in Table IV.
Across the family, the compositions of the ground-state dou-

blets are qualitatively similar and consist of a mixture of
L=1+£8) £ D 0£H1F3).1F ). In each case, the
ground-state doublet has local XY-like anisotropy because
the g tensor perpendicular to the local (111) (g, ) is larger
than the parallel (g;) component. However, the strength of
the local XY anisotropy is an order of magnitude smaller for
Er,Ge, 07 and Er, Ti, O5 than it is for Er,Pt,O;7 and Er,Sn, 0.
This result suggests that the change in the g-tensor anisotropy
going across the family could underly the stabilization of
different magnetically ordered states. Indeed, both Er,Ge,O
and Er,Ti,O7 order into the X = 0 I's manifold [24,25] and
possess relatively weak XY anisotropy. In contrast, both
Er,Pt;07 and Er,Sn,O; order into the k = 0 I'; manifold
[26,27] and possess strong XY anisotropy.

To examine such a hypothesis, we can refer to the
anisotropic exchange phase diagram of Ref. [52], where the
four exchange couplings are labeled J,;, Ji, Jii, and J ..
The classical phase boundary between the I's and the I'; states
occurs at a critical ratio of Jf—: = 2. Above this value, the
predicted ground state is I'7, and below this value, the predicted
ground state is I's [52]. Interestingly, both Jy and Ji are
proportional to g3 [29], and thus, the ratio of jf—j should
not, strictly speaking, depend on the g-tensor anisotropy. This
would then suggest that the transition in the magnetic ground
state across the erbium pyrochlore family is driven by changes
in the details of the orbital overlap and not the single-ion
properties. Related to this point, it is interesting to note that the
oxygen environment derived from our powder neutron analysis
reveals a more cubic environment for Er,Pt;O7 and Er,Sn, 07
as compared to Er,Ge,O7 and Er; TiO7. This may indicate a
more isotropic exchange interaction for the two former materi-
als, consistent with recent estimates of their exchange param-
eters [26,27,29]. Nonetheless, the two members of the erbium
pyrochlore family that order into the Palmer-Chalker state also
show extreme XY anisotropy, very small g,, suppressed Ty,
and a more cubic local environment around the Er** site as
compared with the two members that order into I's states.

This study of the erbium pyrochlores has resolved all
possible CEF excitations within the lowest-energy J multiplet,
an analysis that has not been achieved for any other titanate py-
rochlore besides Yb,Ti,O7 [49], which has only three excited
levels. Furthermore, as Er> T is a Kramers ion, the assi gnment of
each CEF level as a doublet is unambiguous, in contrast to non-
Kramers Tb,Ti,O; and Ho,Ti, O5. It is therefore informative
to use a scaling argument to approximate the CEF schemes
for other pyrochlore magnets based on our comprehensive
results. As the titanates are the best studied family of insulating

TABLE IV. The composition of the CEF ground-state doublet for the four erbium pyrochlore magnets studied in this paper. The calculated
components of the g tensor perpendicular (g, ) and parallel (g.) to the local (111) axis also are shown along with their ratio g, /g, and the
calculated moment (i4qer). The experimentally determined magnetic g.s. and its associated magnetic moment (/4o4) Obtained via powder neutron

diffraction also are given for each erbium pyrochlore.

[£13/2) [£7/2) |£1/2) |F5/2) |F11/2) & & 81/8 lheet (B) Mo (mp) Ty (K)  gs.
EnGe0;  0.395 0338 —0.521 —0.176  0.653  7.0(6) 2.1(4) 33 3.6 3.23(6) 14 Ts[24]
EnTi,0; 0389 0257 —0.491 —0.082 0732  63(5) 3905 16 3.7 3.25(9) 1.2 Ts[25]
ErPL,0; 0381 0439  —0.563 —0.280 0516  7.7(6) 030(7) 28 39 3.42) 03 T;[26]
ErSm0; 0541 0244  —0578 —0413 0379  7.6(7) 0.14(5) 54 3.8 3.1 0.1  TI7[27]
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Experimental
Predicted

Tb,Ti,0,

FIG. 8. Calculated CEF schemes for the rare-earth titanates
A,Ti,O; (A = Tb, Dy, Ho, and Yb) obtained using scaling arguments
from our fitted parameters for Er,Ti,O;. The calculated levels are
indicated by the dashed lines where, for Tb,Ti,O7 and Ho, Ti, O, the
singlet levels are denoted by a lighter dashed line. The experimentally
determined CEF energies, reproduced from Refs. [49,54,55], are
given by the solid lines.

rare-earth pyrochlores, we have focused on approximating
the CEF schemes for A,Ti,O; (A =Tb, Dy, Ho, and Yb)
starting from the parameters obtained for Er,Ti;O;. The
scaling argument that connects the CEF parameters A}}(R)
between different rare-earth-based pyrochlores is given by the
following [32]:

an+] (R)

A:zn(R/) = a’”"(R/)

A (R), C))
where the cubic lattice parameters a(R) have been taken from
Ref. [53]. The resulting CEF Hamiltonian approximation is
given in Fig. 8 where it is compared with the measured
schemes from Refs. [49,54,55]. The CEF schemes obtained
from this procedure have good qualitative agreement with
the experimental data but are quantitatively inaccurate, which
should not be surprising for several reasons. First, this analysis
assumes that the oxygen environment surrounding each rare-
earth ion has the same O1 x parameter and that the oxygen
cage simply scales with the lattice parameter. However, it is
known that the distortion of the oxygen cage depends on the
A-siteion [56], which directly impacts the CEF energy scheme.
Second, the shielding factor, which influences the overall scale
of the CEF splitting, also depends on the A-site ion. This
second point explains most of the discrepancy between our
calculation and the experimental data. The correct form of the
CEF scheme is observed for all the calculated spectra, but the
overall energy range is either too high (for A = Tb, Dy, and
Ho) or too low (for A = Yb). In the cases where the scaling
is too large, the cation in question lies to the left of erbium on
the periodic table, and the opposite is true when the scaling
is too small. The best agreement is obtained for Ho,Ti, O
where Er and Ho are next-door neighbors in the periodic table.
These observations suggest that the shielding factor decreases
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on going from smaller (heavier) to bigger (lighter) rare-earth
ions.

Even if a quantitative discrepancy exists between the real
and the calculated CEF schemes, the scaling procedure can still
be useful in terms of providing a starting point for analyzing the
CEF scheme of any pyrochlore oxide. For example, it has been
observed that the low-energy CEF scheme for Tb,Ti,O7 con-
sists of four distinct magnetic excitations at approximatively 1,
10, 14, and 16 meV [55,57,58]. However, no CEF Hamiltonian
has been able to capture such a CEF energy scheme while
remaining consistent with the high-energy levels. Rather, one
excited CEF doublet at 1 meV and two excited CEF singlets
at 10 and 16 meV have been refined [55,58]. To resolve this
issue, it has been proposed that spin-phonon coupling is the
origin of the extra inelastic feature observed at 14 meV [55].
Our CEF approximation for Tb,Ti,O7, based on the scaling
arguments above, also reveals only one excited CEF doublet at
4 meV and two excited CEF singlets at 12 and 20 meV. Thus,
our scaling calculation further validates the spin-phonon origin
of the enigmatic fourth excitation observed below 20 meV in
Tb, Ti, O;.

VI. CONCLUSION

We have carried out inelastic neutron-scattering measure-
ments on four members of the erbium pyrochlore family:
Er, B,O7 (B = Ge, Ti, Pt, and Sn). These measurements allow
us to identify the entire set of CEF excitations belonging to the
lowest-energy J multiplet for all four compounds. On the basis
of these measurements, a CEF Hamiltonian was refined. These
results give local XY -like anisotropy for the g tensors of all
four erbium pyrochlore magnets. However, large differences
in the degree of XY anisotropy were observed with Er,Ge, 07
and Er,Ti,O; displaying relatively more isotropic g tensors as
compared to Er,Pt,O; and Er,Sn, 07, which display extreme
XY anisotropy with very low values of g,. This variation in the
relative XY anisotropy correlates strongly with the magnetic
ground-state selection as Er,Ti,O7 and Er,Ge,O7 order into
the I's antiferromagnetic structures, where asEr,Pt,O; and
Er,Sn, 07 order into the I'; Palmer-Chalker structures. Finally,
our paper represents a very detailed analysis of the single-ion
properties of these erbium pyrochlores, a key ingredient for
a detailed characterization of their spin Hamiltonians, and
crucial for a clear understanding of the exotic magnetism
observed in the XY pyrochlore magnets.
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Chapter

Conclusions and Future Directions

This thesis is a study of the effect of various perturbations on the magnetism of the XY py-
rochlores YbsTisO7 and ErsTiasO7. In Chapter 2, we focused on the magnetic ground state
properties of YboTisO7. Publication I contains a characterization of the single-ion properties
of YbeTizsO7, which was achieved by measuring the CEF excitations with inelastic neutron
scattering. Local XY anisotropy has been refined for the CEF ground state of YbyTisO7 with
a dominant |J = 7/2,mj = +1/2) contribution, which favors quantum fluctuations. Publica-
tion II revealed that the magnetic ground state of our polycrystalline sample of YbyTisO7 has
ferromagnetic Bragg peaks whose intensities correlate with the broad anomaly in its specific
heat and are insensitive to its sharp specific heat anomaly at 265 mK. At low temperature, the
low energy inelastic neutron scattering spectra of YbyTisO7 consists of a continuum of gapless
spin excitations, which also develop concomitantly with the broad specific heat anomaly. Finally,
Publication IIT used neutron diffraction and pSR. spectroscopy techniques to probe the magnetic
ground state of YboTisO7 under hydrostatic pressure. A quantum phase transition from a spin
liquid state at ambient pressure to a long-range ferromagnetic state at 11 kbar has been observed

highlighting the fragility of its magnetic state.

In Chapter 3, we investigated the magnetic ground state properties of EroTioO7 when per-
turbed by dilution of spins, applied magnetic field, and chemical pressure. In Publication IV,
we demonstrated that the 1o ground state of ErsTisO7 is unstable towards magnetic dilution.
Indeed, a mosaic of 19 and 13 states is stabilized in a 20%-Y diluted ErsTioO7. Such a mosaic
of 9 and 13 states was not predicted by theory where both bond randomness and site dilution

were predicted to stabilize a pure 13 state [94,95]. However, recently, new theoretical work has
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shown that a mosaic of ¥9 and 13 is obtained when the effect of random transverse fields due to
bond randomness and site dilution are properly taken into account [97]. These random transverse
fields have been shown to destabilize long-range order and hence, explain our observation in
Publication IV. Publication V focused on the domain reorientations and redistributions occurring
in EroTisO7 under a magnetic field applied along the high symmetry crystallographic directions.
As it was theoretically predicted, the Zeeman coupling arising in a small applied field can be
well described using a conventional clock, where the 12 hours are represented by the 12 1o-1)3
states. Finally, Publication VI focuses on the single-ion properties of EroTisO7 and its chemical
pressure analogs. We found that the magnetic ground states of the erbium pyrochlores correlate
well with the strength of their local spin anisotropy where weak XY anisotropy leads to a I's

phase and strong XY anisotropy leads to a I'y phase.

In conclusion, the results presented in this thesis unambiguously reveal that the magnetic
ground states of XY pyrochlores are fragile. This fragility in the magnetism of XY pyrochlores
is naturally explained by the intrinsic multiphase competition existing in rare earth XY py-
rochlores [48,49]. From the results presented in this thesis, we conclude that the spin liquid
state of YboTisO7 is driven by phase competition between a ferromagnetic I'g phase and an
antiferromagnetic I's phase. However, the exact nature of the quantum excitations arising from
this state is still unknown and represents an interesting puzzle for future theoretical works.
Finally, multiphase competition also promotes order-by-disorder effects [48,49]. From the results
obtained in Chapter 3, it is tempting to conclude that order-by-disorder drives the magnetism in
the erbium pyrochlores, but a direct proof of this phenomenology is still missing. As proposed in
a recent theoretical work, an experiment that could provide unambiguous evidence for order-by-

disorder is the characterization of EryTisO7’s spin dynamics in a pulsed magnetic field. [98].
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