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Abstract

The frustrated pyrochlore magnet Yb2Ti2O7 provides the exciting possibility

of the realization of a "quantum spin ice", where unlike classical counterparts

such as Dy2Ti2O7 and Ho2Ti2O7, magnetic moments do not freeze out at

low temperature [Gardner 2004]. A physical example of a quantum spin ice

could lead to observation of exotic magnetic phases and fractional quantum

excitations.

In this study, we demonstrate through zero �eld (ZF) and transverse �eld

(TF) µSR measurements in combination with speci�c heat measurements that

the ground state of Yb2Ti2O7 contains neither static magnetism nor long range

magnetic order. The results presented here have been submitted to Physical

Review Letters [R.M. D'Ortenzio 2013]. Our observations are in contrast to

the ferromagnetic ground state observed in several neutron scattering experi-

ments [L.-J. Chang 2012, Y. Yasui 2003]. The magnetic Yb3+ ions remain in

the fast �uctuating dynamic regime down to 16 mK. Our experiments do not

observe a �rst order-like drop in Yb3+ �uctuation rate seen by previous µSR

and Mössbauer measurements [J.A. Hodges 2002, J.A. Hodges 2004]. Our ZF

µSR measurements demonstrate that the magnetic state does not change sig-

ni�cantly across the phase transition as viewed in the speci�c heat for both

single and polycrystalline Yb2Ti2O7. We propose that this transition is de-

scribed by some other nonmagnetic order parameter that is unknown, and

therefore enters a "hidden order" phase at low temperature.

These experiments were performed on single crystal samples grown via the

optical �oating zone method. Our single crystal exhibits a broad thermody-

namic phase transition or cross over viewed in the speci�c heat at T∼185 mK,
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and polycrystalline ceramic has a sharp �rst order like transition peaking at

T∼265 mK. Surprisingly, µSR results show that the low temperature mag-

netism is very similar for both of these samples despite the extreme di�erences

in the speci�c heat. This suggests that sample dependence that e�ects the

thermodynamic transition as viewed in speci�c heat measurements may not

a�ect the low temperature magnetic state.

Our TF µSR measurements show that the thermodynamic transition ap-

proximately corresponds with a distinct deviation from paramagnetic behavior

in the Yb3+ spin susceptibility.

Although the microscopic Hamiltonian for Yb2Ti2O7 is generally well

understood due to a combination of neutron scattering measurements and

theoretical work to reproduce thermodynamic properties [Applegate 2012,

Hayre 2013, K.A. Ross 2011] our measurements do not support the predic-

tion of ordered magnetism at low temperature. In addition, our speci�c heat

measurements of the Schottky anomaly in an applied magnetic �eld qualita-

tively agree with calculations made in [Applegate 2012].
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Chapter 1

Introduction - Overview of

Yb2Ti2O7
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Magnetism plays an essential role in our modern industrialized society,

with applications ranging from digital data storage to Magnetic Resonance

Imaging. An understanding of magnetic systems can not only impact our

society directly through technology, but also better our understanding of the

physical laws that govern nature. Possibly the simplest magnetic system to

visualize is a ferromagnetic material, where it is energetically preferable for

electronic magnetic moments to align parallel to each other, adding up to a

net magnetic moment. An active area of research in condensed matter physics

is the study of magnetically frustrated systems. In a geometrically frustrated

magnetic system, the geometry of the crystal lattice prevents the magnetic

interactions between neighboring spins from being satis�ed and reaching the
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global energy minimum, which can result in a wide range of exotic magnetic

phases, such as the "spin ice" phase discussed below.

1.1 Magnetic Frustration

Frustration generally arises in systems with competing interactions that can-

not all be simultaneously energetically minimized [Thompson 1999]. Magnetic

frustration can arise through at least two scenarios, the �rst of which occurs

when the geometry of a crystal lattice in combination with the nature of

the magnetic interactions prevents neighboring spins from reaching their en-

ergetically preferable orientations. The second involves competing magnetic

interactions, such as multiple orientation-dependent J values results in com-

petition between interactions such that each magnetic moment cannot reach

its preferred energy minimum. For example, a two dimensional square lat-

tice with magnetic ions on each corner could have ferromagnetic interactions

J < 0 along the perimeter for adjacent ions, and antiferromagnet interactions

J > 0 between diagonal ions. These two exchange parameters, denoted J1 and

J2, determine how "frustrated" the interactions are on the 2D square lattice.

A square lattice with maximum frustration will have |J1| = |J2|, and has the

possibility of remaining disordered down to absolute zero T = 0 K [Ross 2012].

A simple example of how geometric frustration can arise with idealized

Ising-like antiferromagnet interactions on a two dimensional triangular lattice

is illustrated in Fig. 1.1 (a). This simple system can be described by the

Hamiltonian in Eq. 1.1, where J is the interaction strength, j, k are the lat-

tice sites in two dimensions (2D), and Sj, Sk are the Ising spin orientations,

pointing up or down (±1). Magnetic frustration is more common on lattices

2



M.Sc. Thesis - R. D'Ortenzio; McMaster University - Physics & Astronomy

Figure 1.1: Three types of crystal lattice that can show geometric magnetic
frustration. The triangular lattice (a), the Kagome lattice (b) and the py-
rochlore lattice (c) all have triangular geometry [Kittel 2005, Thompson 1999].

with triangular motifs, such as those illustrated in Fig. 1.1.

H = J
∑

<j,k>

Sj · Sk (1.1)

Experimentally, an indication of novel magnetic behavior or magnetic frus-

tration is seen as a large Ramirez frustration ratio [C. Lacroix 2011], such

that ΘCW/TC >> 1, where ΘCW is the Curie-Weiss temperature extracted

from the inverse magnetic susceptibility in the paramagnetic regime, and TC

is a critical temperature of a phase transition, if one exists. For example, the

frustrated pyrochlore Y2Mo2O7, there is a phase transition at TC ≈22 K,

and a Curie-Weiss temperature of |ΘCW| ≈ 200 K (from dc-magnetization

measurements) giving a Ramirez ratio of ΘCW/TC ≈ 9 [C. Lacroix 2011].

An example of how geometric magnetic frustration can lead to interest-

ing quantum mechanical phenomena is in ZnCu3(OH)6Cl2, also known as

Herbertsmithite. This material possesses a 2D kagome lattice, as shown in

Fig. 1.1 (b) made up of magnetic Cu2+ ions. A neutron study by Han et

al. [T-H Han 2012] on single crystals of Herbertsmithite was able to observe

3
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fractional quantum magnetic excitations, which are observed in momentum

space as continuous excitations. Classically, spin waves are seen as distinct

surfaces in momentum space when viewed by neutron scattering. The authors

were able to apply a quantum spin liquid model to accurately reproduce their

experimental data. This is just one instance of how magnetic frustration can

lead to exotic magnetic phases and excitations.

1.2 Rare Earth Pyrochlores

Rare earth titanates, of the form R2Ti2O7, where R is a trivalent magnetic

rare earth ion (Ho, Er, Dy, Tb, Yb etc) and the Ti is nonmagnetic, provide

an excellent environment in which to study magnetic frustration. In the cubic

pyrochlore structure with space group Fd3m, the magnetic rare earth ions

form a corner sharing tetrahedral lattice (Fig. 1.3) leading to frustrated mag-

netic interactions. The titanates have been a subject of interest of late, as the

geometric frustration can lead to a wide range of interesting magnetic phases

and phenomenologies [J.S. Gardner 2010].

For example, the rare earth titanate Ho2Ti2O7 is well established as a clas-

sical "spin ice" material. Ho2Ti2O7 has Ising-like magnetic interactions that

point towards or away from the corner-sharing tetrahedra center (local [111]

direction). This forms a degenerate low temperature ground state, where two

spins of each tetrahedra point towards the center, and two away. The mag-

netic structure of Ho2Ti2O7 was measured by �rst determining the crystal-�eld

parameters of Ho3+ using neutron time-of-�ight measurements. The splitting

of the ground state J multiplet imposes the restriction on the orientation of

the Ho3+ spins such that it almost an ideal Ising system, separated from the

4
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�rst excited state with a large energy barrier (20.4 meV) [S. Rosenkranz 2000].

This �two in, two out� ground state is analogous to that formed by hydrogen

bonds in the tetrahedral water ice structure, hence the name �spin ice�. This

degenerate ground state is experimentally observed through a deviation of the

entropy from the expected value of R ln(2), derived from integrating C(T )/T ,

shown in Fig. 1.2 [A.P. Ramirez 2011]. It has been proposed that Dy2Ti2O7

may exhibit magnetic monopole−like quasiparticle excitations, when an en-

ergy barrier is overcome to �ip one spin of the two in, two out ground state,

creating net �monopole charges� in neighboring tetrahedra. These magnetic

charges can then travel independently through the lattice at �nite energy

cost [C. Castelnovo 2008].

More recent careful studies on the speci�c heat of the spin ice Dy2Ti2O7

by Pomaranski et al. [D. Pomaranski 2013] ensured their sample was in good

thermal equilibrium, and observed an upturn in the speci�c heat at low tem-

perature. This previously unobserved contribution results in a deviation from

the expected value of the missing Pauling entropy 1
3
ln(2) [A.P. Ramirez 2011]

when C(T )/T is integrated. This measurement has caused doubt that

Dy2Ti2O7 exempli�es the spin ice model. It is possible that this upturn

is a phase transition into an ordered magnetic state, theoretically proposed

as the Melko-den Hertog-Gingras (MDG) phase obtained using a loop algo-

rithm [Melko 2001].

The pyrochlore lattice is a non-Bravais lattice, and can be constructed

with a face centered cubic (FCC) lattice with a four atom basis, forming

the tetrahedra triangular motifs. The pyrochlore lattice Rp
i is the sum of

the FCC lattice vectors Rfcc
i and the four atom basis forming the tetrahedra

5
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Figure 1.2: (a) is the spe-
ci�c heat (C(T )) divided by
temperature of the classical
spin ice Dy2Ti2O7 in H=0
T and H=0.5 T. The inset
of (a) shows inverse magnetic
susceptibility to determine
the Curie−Weiss temperature
(ΘCW). Temperature de-
pendence of the entropy of
Dy2Ti2O7 found by integrat-
ing C(T )/T . The miss-
ing entropy, approximately
1
3
ln(2), comes from the degen-

eracy of the spin ice ground
state [A.P. Ramirez 2011].

structure Rt
i .

Rp
i = Rfcc

i + Rt
i (1.2)

The tetrahedra basis vectors Rt
i are described below [Thompson 1999]. The

nearest neighbors are separated by distance
√

2rc/4 [Gardner 2004] where rc

is the cubic lattice constant, 10.029 ± 0.1 Å for our Yb2Ti2O7 samples. This

tetrahedra basis has a high propensity towards producing frustrated magnetic

systems, depending on the nature of the magnetic interactions.

r1 = rc
4

(0, 0, 0)

r2 = rc
4

(1, 1, 0)

r3 = rc
4

(1, 0, 1)

r4 = rc
4

(0, 1, 1)

Rt
i = ar1 + br2 + cr3 + dr4

6
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Where a, b, c and d are real integers.

The atomic positions in the Wycko� notation for pyrochlores in general

are as follows:

Atom Wycko� Position Point Symmetry Minimal Coordinates

A 16d 3̄m (D3d) 1
2
, 1
2
, 1
2

B 16c 3̄m (D3d) 0, 0, 0

O 48f mm (C2ν) x, 1
8
, 1
8

O' 8b 4̄3m (Td) 3
8
, 3
8
, 3
8

For Yb2Ti2O7, x ≈ 0.33 [J.S. Gardner 2010].

1.3 Ytterbium Titanate - Yb2Ti2O7

The rare earth pyrochlore Yb2Ti2O7 does not have an Ising-like mag-

netic anisotropy, such that spins point towards or away from the center

of the corner sharing tehtradra in the pyrochlore structure as in classical

"spin ice" frustrated pyrochlores Ho2Ti2O7 and Dy2Ti2O7 [K.A. Ross 2009,

J.S. Gardner 2010]. The magnetic Yb3+ ions have an electronic con�guration

of 4f 13, with a good quantum number of J = 7/2 due to a large contribu-

tion from orbital angular momentum [Thompson 1999]. The paramagnetic

moment is therefore µ = gj
√
J(J + 1)µB ≈ 4.54 µB. This corresponds with

experimental measurements of µ ≈ 4 µB It has a Curie−Weiss temperature of

ΘCW = 0.4 ± 0.1 K, indicating weak ferromagnetic interactions (see Chap-

ter. 4).

Studies of the crystal �eld interactions through neutron time-of-�ight scat-

tering show that Yb3+ ions have planar XY-like magnetism, suggesting that

7
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the continuous rotational degree of freedom possessed by the spins would pre-

vent magnetic frustration [S. Rosenkranz 2000, Siddharthan 1999]. Because

there is an odd number of valence electrons, the Yb3+ is a Kramers ion. There-

fore, the crystal �eld must have an even number of levels. The valence shell

of an isolated Yb3+ ion has a 2F7/2 electronic con�guration which is split into

four Kramers doublets [Thompson 1999]. There is a large energy gap between

the lowest excited state and the ground state Kramers doublet of ∼ 650 ± 40

K [Cao 2009, Hodges 2001].

Despite continuous rotational degrees of freedom given by the XY-like

magnetic interactions, Yb2Ti2O7 does not show low temperature freezing out

of spins with a degenerate ground state. Instead, previous µSR measure-

ments (Muon Spin Rotation/Relaxation/Resonance − see Chapter 5 for an

introduction to µSR) only give evidence of a dynamic ground state with a

non−zero spin �uctuation rate down to 30 mK, and no magnetic ordered

ground state [J.A. Hodges 2002, J.A. Hodges 2004].

Yb2Ti2O7 has a thermodynamic transition at approximately

265 mK (for stoichiometric polycrystalline samples), �rst viewed in

Ref. [H.W.J. Blote 1969] via the temperature dependence of the speci�c

heat. Surprisingly, there is controversy if this phase transition gives way to

a long range magnetic ordered state at low temperature. There is evidence

for both an ordered ferromagnetic ground state, and a dynamic ground

state where spins are �uctuating quickly with only short range magnetic

correlations (see Section 1.4 for further discussion). The phase transition

corresponds approximately to the temperature of the drop in the Yb3+

�uctuation rate as measured by previous µSR and Mössbauer absorption

spectra [J.A. Hodges 2002, J.A. Hodges 2004], which decreases by 4 orders

8
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Yb+3

O-2
Yb+3

O-2

Figure 1.3: The corner sharing tetrahedra of Yb2Ti2O7, with the nonmagnetic
Ti4+ ions removed for clarity. There are two distinct oxygen sites (assuming no
symmetry breaking external �eld is applied), six equivalent O2− (represented
in blue) ions surrounding the central Yb3+ ion (represented in red), and one
in the center of each tetrahedra.

of magnitude in a �rst order manner, with the spins remaining dynamic.

It has been suggested [Maestro 2004] that at low temperatures quantum

�uctuations that cause the ground state of Yb2Ti2O7 to remain dynamic.

In combination with geometric magnetic frustration, the possibility of the

realization of an exotic magnetic quantum spin liquid state makes Yb2Ti2O7

an important system to study.

1.4 Previous work on Yb2Ti2O7

Yb2Ti2O7 and other frustrated pyrochlores have received much attention re-

cently, so this overview will focus only on studies relevant to results presented

in subsequent chapters. The �rst reported measurement of Yb2Ti2O7 were of

the magnetic susceptibility between T=2 and 1400 K, performed by Townsend

et al. in 1968 [Townsend 1968]. Polycrystalline Yb2Ti2O7 was then charac-

9
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(a) original C(T )
(b) ac-susceptibility

Figure 1.4: Original speci�c heat and ac-susceptibility measurements of poly-
crystalline Yb2Ti2O7 by [H.W.J. Blote 1969]. The dash−dotted line in (a)
represents a prediction based on entropy S = Rln(2). The solid line in
(b) represents a �t to the inverse magnetic susceptibility above 2 K giving
ΘCW = 0.4± 0.1 K.

terized by Blote et al. [H.W.J. Blote 1969] shown in Fig. 1.4, using low tem-

perature speci�c heat and ac-magnetic susceptibility measurements. Blote et

al measured a Curie-Weiss temperature of ΘCW ≈ 0.4 K, suggesting weak

ferromagnetic interactions. This value is consistent with those obtained for

our samples, shown in Chapter. 4. Speci�c heat measurements revealed a

sharp peak at ∼200 mK, indicating a �rst order phase transition. In addi-

tion, a broad Schottky anomaly was observed between approximately 1 and

5 K. Blote et al. integrated the speci�c heat divided by the temperature

C(T )/T and note the result is less than the expected Rln(2), which was later

recognized as a sign of magnetic frustration [A.P. Ramirez 2011].

Years later in 2004, low temperature Mössbauer and µSR measurements

were conducted by Bonville et al. [P. Bonville 2004], con�rming a �rst order

like transition at ∼240 mK. The Mössbauer measurements show a �ve line

10
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magnetic hyper�ne �eld up to ∼220 mK, before the hyper�ne �eld is sud-

denly washed out by a single broad line. The narrow range of temperatures

across which this distinct change occurs is characteristic of a �rst order transi-

tion. However, the Mössbauer experiments could not reveal the nature of the

magnetic ground state nor if long range magnetic order exists. Their ZF µSR

asymmetry spectra show the development of a fast relaxing component below

the transition temperature. Above the transition temperature, the asymme-

try spectra decay with a single weakly temperature dependent exponential

timescale. Above the transition in the paramagnetic phase, Bonville et al as-

sume that the Yb3+ ions are in the fast �uctuating "extreme−narrowing" limit

and thus can extract the Yb3+ ion �uctuation rate from the decay timescale

λ such that λ = 2∆2
p/ν where ν is the Yb3+ ion �uctuation rate and ∆p is the

root mean square of the deviation of the distribution of dipolar couplings at

the muon's stopping site inside the Yb2Ti2O7. Below the transition, the au-

thors extract the �uctuation frequency from the muon depolarization spectra

by applying a Kubo-Toyabe decay function (see Chapter 5 for Kubo-Toyabe

theory). From this, the authors report a drop in the spin �uctuation rate of

approximately 4 orders of magnitude at the transition temperature, shown on

the right side of Fig.1.5. Despite this drop, spins remain dynamic down to

∼ 30 mK, with no evidence of long range magnetic order or static magnetic

�elds.

Neutron scattering experiments have introduced controversy over the na-

ture of the magnetic ground state of Yb2Ti2O7. Initial neutron studies by

Yasui et al. [Y. Yasui 2003] observed a magnetic component develop on sev-

eral di�erent nuclear Bragg peaks below the transition temperature T ∼ 210

mK, showing evidence of collinear ferromagnetic order. They also note the

11
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Figure 1.5: Left side �gure: The �rst ZF µSR measurements performed on
Yb2Ti2O7 by Bonville et al. [P. Bonville 2004], showing the muon polarization
time spectra. Below the thermodynamic transition at T∼240 mK, a fast
relaxing component develops. The right side �gure shows the �uctuation
frequency viewed by both Mössbauer and µSR which drops by approximately
4 orders of magnitude at T∼240 mK.

long timescale (approximately 2 hours at low temperatures) for Yb2Ti2O7 to

reach thermal equilibrium. However, Gardner et al. [J.S. Gardner 2004] using

polarized neutrons and neutron spin echo techniques con�rmed that ferromag-

netic interactions dominate, but observed no frozen ordered magnetic phase

below the phase transition at approximately 240 mK. Instead, they observed

a dynamic ground state where Yb3+ spins continue to �uctuate. Bonville et

al. [P. Bonville 2004] were the �rst to view rods of scattering along the [111]

directions in momentum space below T = 4 K, interpreted as short range 2D

magnetic correlations.

Chang et al. [L.-J. Chang 2012] provide evidence of a �rst order transi-

tion to a ferromagnetic ground state. Chang et al.'s polarized neutron study

shows the di�use rods of scattering along the [111] directions in momentum

space form magnetic Bragg peaks below T ∼ 210 mK. In addition, tempera-

ture hysteresis of the amplitude of a [111] magnetic Bragg peak was observed

below the transition, an indication of a ferromagnetic state or a �rst order

12
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Figure 1.6: Magnetic phase
diagram of Yb2Ti2O7

deduced by Ross et
al. [K.A. Ross 2009], showing
2D and 3D magnetic correla-
tions, and the �eld induced
long range magnetic order
(LRO) regime.

transition. The authors observe pinch-point features in the magnetic scatter-

ing in momentum space, indicative of a large magnetic correlation length (in

real space). However, Chang et al. [L.-J. Chang 2012] do not report obser-

vation of magnetic spin waves, which would give more conclusive evidence of

ferromagnetic order.

Ross et al. [K.A. Ross 2009] deduced the phase diagram shown in Fig. 1.6

for Yb2Ti2O7 using neutron scattering and dc-susceptibility measurements.

The study observed a �eld induced ferromagnetic ordered state through spin

waves for applied �eld H > 0.5 T parallel to the [11̄0] crystallographic direc-

tion at low temperature. Cooling down past the transition temperature (T ∼

240 mK for Ross et al.'s sample), the rods of scattering along [111] directions

build up intensity at the nuclear Bragg peaks, interpreted as a crossover from

2D to 3D magnetic correlations. These correlations remain short range, and

the low temperature magnetic state remains dynamic down to ∼30 mK.

A further study by Ross et al. [K.A. Ross 2011] impressively extract a full

set of Hamiltonian parameters from the neutron data in the �eld induced long

range ordered state data from [K.A. Ross 2009]. The theoretical Hamiltonian

13
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assumes nearest neighbor exchange coupling, justi�ed by the highly localized

f -electrons of the Yb3+ ions. Exchange interactions result from the overlap of

quantum mechanical electron wave functions, rather than the interaction of

magnetic �elds created by electronic dipole moments. The exchange interac-

tion may be direct, or via "super-exchange" mediated by some intermediate

ion, such as an O2− ion.

The resulting components of the exchange interaction tensor demonstrates

that Yb2Ti2O7 does not have classical spin ice-like magnetism (as in Ho2Ti2O7

or Dy2Ti2O7) with large anisotropy only along the local [111] directions,

rather signi�cant components of the exchange interactions are in the local

XY plane. Although the magnetism is not completely XY-like as previously

reported, [Siddharthan 1999] because the largest component of the exchange

matrix is along the local [111] direction. Ross et al. suggest that due to

strong �uctuations, Yb2Ti2O7 may be a "quantum spin liquid" such that

quantum mechanical �uctuations dominate and prevent magnetic ordering

down to absolute zero temperature. A quantum spin liquid could exhibit

fractional S = 1/2 magnetic quantum excitations, distinct from classical spin

waves.

Applegate et al. [Applegate 2012] and Hayre et al. [Hayre 2013] were

able to use the exchange parameters determined in [K.A. Ross 2011] to com-

pute thermodynamic properties: entropy S(T ), speci�c heat C(T ) and mag-

netization M(T,H). The experimental magnetization data M(T,H) pre-

sented in [Hayre 2013] was taken from the same Yb2Ti2O7 crystal that dc-

magnetization, speci�c heat and µSR measurements were performed on in

this study. Applicable to the in-�eld speci�c heat measurements presented

in Chapter 3, Applegate et al. focus on the Schottky anomaly that occurs

14
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1 K ≤ T ≤ 10 K. They attribute the sharp peak viewed in the speci�c heat

to a �rst order transition to an ordered ferrimagnetic ground state, and the

Schottky anomaly as a crossover from the paramagnetic regime to a quantum

spin ice phase as temperature is decreased. Thus, the authors propose a unique

combination of quantum dynamics and an ordered magnetic ground state are

represented as the two features in the low temperature speci�c heat. In this

study, we will compare the theoretical data presented in [Applegate 2012] to

speci�c heat measurements taken of single crystal Yb2Ti2O7 above 2 K in

an applied �eld up to H = 9 T. Moreover, we will address their claim of a

ferrimagnetic ground state through ZF µSR measurements. It is important to

note that this exchange Hamiltonian model uses the J parameters extracted

from neutron studies [K.A. Ross 2011] in the induced order regime (as shown

in Fig 1.6). Therefore, the authors note this model fails and does not repro-

duce neutron data at low applied �elds, for H < 0.5 T , below the long range

order regime. However, it qualitatively reproduces thermodynamic quantities

S(T ) and C(T ) in zero applied �eld above T = 1 K.

The reader may notice the range of temperatures reported on the ther-

modynamic phase transition as viewed in the speci�c heat, from T∼ 200

mK [H.W.J. Blote 1969] to T∼265 mK for samples used in this study and by

Ross et al. [K.A. Ross 2012]. The sharpness and temperature of this transi-

tion varies signi�cantly between studies, and it has been proposed by Ross et

al. [K.A. Ross 2012] that the low temperature magnetic state is sensitive to

sample preparation conditions. The authors propose a "stu�ed pyrochlore"

model, where magnetic Yb3+ ions substitute on the nonmagnetic Ti4+ sub-

lattice, a�ecting the low temperature magnetism through local lattice de-

formations and random exchange bonds. The stoichiometry of this stu�ed
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compound is described by Eq. 1.3 below.

Y b2(Ti2−xY bx)O7−x/2 (1.3)

In the above equation, x is the degree of stu�ng. In Ross et al.'s sample,

x=0.046(4). This o�-stoichiometry leads to variation in the cubic unit cell

length a, which Ross et al. measured using Rietveld powder neutron di�rac-

tion measurements, comparing polycrystalline rods that are theoretically stoi-

chiometric (x=0), and crushed up single crystal after growth using the optical

�oating zone method. Measuring the lattice constant a could give a mea-

sure of the level of stu�ng in a speci�c sample. The authors suggest this

o�-stoichiometry could explain the range of reports on the low temperature

magnetic state of Yb2Ti2O7.

In some prepared single crystals grown in an optical �oating zone furnace,

there is a color gradient along the length of the crystal. There may be oxygen

defects beyond those described by the stu�ed model [K.A. Ross 2012] that

change some oxidation states (possibly the d orbitals of the Ti ions) that

result in a color change. An example of a single crystal of Yb2Ti2O7 that

shows a darkening along its length is shown in Fig. 1.7. Crystal growth is

discussed in Chapter 3.
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Figure 1.7: A single crystal of Yb2Ti2O7 we grew in an optical �oating zone
furnace at McMaster University. This sample was grown in 6 Atm of O 2. This
crystal shows a color gradient possibly indicating O2− defects.
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Muon Spin Rotation, Resonance

and Relaxation (µSR)
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Muon Spin Rotation/Relaxation/Resonance (µSR) is an extremely sensi-

tive (∼0.1 G) local probe of magnetic �elds. µSR is a tool used to probe the

local magnetic environment surrounding the implanted muon. Fundamentally,

the underlying principle of µSR is to measure the time evolution of a muon's

spin polarization inside of a material. From this polarization function, infor-

mation about the magnetic, electronic and chemical properties of the material

can be extracted. For example, information about the superconducting pen-

etration depth, superconducting vortex lattice, magnetic ordering and local

spin susceptibility are just a few of the many applications of µSR in condensed

matter physics [J.E. Sonier 2001].

Muons can produced by colliding protons (approximately 500 MeV at TRI-
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UMF) into a target usually made of a material with a low atomic Z number,

such as carbon or beryllium. At TRIUMF, H− ions are accelerated in a cy-

clotron, then stripped of electrons which extracts them producing a proton

beamline. Upon leaving the cyclotron accelerator, protons then collide with

a neutron or proton in the target and produce pions (π+, π+ or π0) which

weak decay with lifetime τ ≈ 26 ns to muons. The possible pion production

reactions are shown in below.

p+ n⇒ p+ n+ π0

p+ n⇒ p+ n+ π+

p+ n⇒ p+ p+ π−

p+ p⇒ p+ n+ π+

p+ p⇒ p+ p+ π0

p+ p⇒ d+ p+ π+

For most µSR experiments, such as those we have performed at TRIUMF,

only positive muons are used, as negative muons risk being captured by a

positively charged nucleus due to the electrostatic attraction [S.L. Lee 1988].

Usually, only muons that are produced from pions near the surface of the

proton target are used for most µSR measurements. These pions are assumed

to be e�ectively at rest. When they decay producing a positive muon and a

neutrino (νµ) as shown below, the muon is 100% spin polarized because of

conservation of angular momentum.

π− ⇒ µ− + νµ

π+ ⇒ µ+ + νµ

This is a consequence of the pion having spin 0, and neutrinos only being

left handed. The generated muon then has a momentum of 29.79 MeV/c
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and an energy of 4.119 MeV. An illustration of this process is shown be-

low in Fig. 2.1 [Rovers 2001, J.E. Sonier 2001]. Positive muons (µ+) de-

cay into positrons (e+) and neutrinos, with a lifetime of τµ = 2.19724(7)

µs [S.L. Lee 1988].

µ+ → e+ + νe + νµ

Emitted positrons from the decay of positive muons have an angular probabil-

ity distribution described by Eq. 2.1, where θ describes the angle between the

muon's polarization direction at the time of decay, and the emitted positron's

momentum vector. This parity violation is a consequence of there only be-

ing left handed neutrinos. The constant a depends on the emitted positron

energy, and increases monotonically to a maximum value of a = 1 at an en-

ergy of 52.83 MeV [S.L. Lee 1988]. Notice that the probability W (θ) is at a

maximum when θ = 0.

W (θ) = 1 + a cos(θ) (2.1)

When the muon is implanted into an environment that has a static local mag-

netic �eld, the muon's spin will precess at a frequency ωµ = γµ|B| where B

is the internal local magnetic �eld of the sample and γµ = 135.538817(12)

Hz/T is the muon gyromagnetic ratio. An important key that makes µSR

a powerful probe of magnetic environments is the precession frequency is in-

dependent of the angle between the magnetic �eld vector and the muon's

spin [S.L. Lee 1988]. Therefore, the magnitude of the local magnetic �eld is

re�ected by the precession frequency of the muon.
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Figure 2.1: Left image: Parity violation of weak decay of a surface pion into
a muon and a muonic neutrino, illustrating conservation of linear momen-
tum. Right image: positron decay angular direction probability with a given
muon polarization at the time of decay. There is a higher probability the
positron to have it's momentum vector parallel to the muon' polarization.
Taken from [J.E. Sonier 2001].

2.1 Zero Field (ZF) µSR

There are several di�erent experimental geometries in which µSR measure-

ments can be performed, each giving unique information about the internal

magnetic environment of a sample in question. Possibly the simplest exam-

ple, Zero Field (ZF) µSR implants 100% spin polarized muons into the sample

with no externally applied �eld. A diagram of the setup for a basic ZF µSR

experiment is shown in Fig. 2.2.

With no external applied magnetic �eld, muons implanted into the sample

will only precess if they sit in an environment with a nonzero net magnetic

�eld. For example, a ferromagnetic material below the Curie temperature,

could have a net internal magnetic �eld at the muon implantation site, re-

sulting in precession (Fig. A.1a). If this sample is then warmed up into the

paramagnetic regime, the ferromagnetic order will be destroyed by thermal

�uctuations (Fig. A.1b). At the location of muon implantation, the magnetic

�eld will average to zero, and the muon will not precess.
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Figure 2.2: Schematic for a zero �eld (ZF) µSR experiment. A single muon
enters the sample area with its polarization antiparallel to the beam direction
(or muon momentum vector), and passes through a muon counter that begins
a timer. The muon then enters the sample and precesses at a frequency
dependent on the local internal �eld, until it decays into a positron and a
neutrino. Due to the weak interaction, the positron's momentum vector has a
higher probability to point parallel to the original muon's polarization at the
time of decay (Eq. 2.1). The emitted positron is then detected at either the
forward (F) or backward (B) position detector. The positron detector turns
the timer o�, and a time spectra histogram is built for each detector, from
which the time dependence of the muon polarization can be extracted.

ZF µSR is a very sensitive probe of static magnetic �elds. An advantage

of µSR over complementary techniques such as polarized neutron scattering

measurements is that the sample does not need to be a single crystal to de-

termine the magnetic state, as µSR is not a momentum resolved technique.

Often, when a new sample is produced, one of the �rst experiments employed

to investigate its magnetism is µSR, before techniques are developed to grow

large single crystals for other experiments.
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Figure 2.3: A qualitative representation of the muon's polarization function,
investigating a magnetically ordered sample. The solid black line represents
the muon's decay ∝ e−tλ with lifetime λ ≈ 2.197 µs [S.L. Lee 1988]. Su-
perimposed on the exponential muon decay are the positron counts for the
forward F and backward B detectors (explained further in Fig. 2.2), giving a
sinusoidally oscillating signal which are out of phase by 180o. This oscillating
signal can be used to extract information about the properties of the system
at the muon's site. To remove the contribution from the exponential muon
decay, the asymmetry de�ned as (F −B)/(F +B) in Eq. 2.4 is plotted in the
graph's inset. [S.L. Lee 1988]

Figure 2.4: The left �gure shows the muon polarization time evolution for the
ferromagnetic material UCoGe below the Curie temperature (TCW ≈3 K). A
precession of the muon polarization is observed. The �gure on the right shows
UCoGe in the paramagnetic regime. There is no net internal magnetic �eld
at the muon's site, therefore no muon precession is observed, just a relaxation
of the muon polarization. [A. de Visser 2009]
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Figure 2.5: Schematic showing θ as de�ned in Eq 2.8 (di�erent than Eq. 2.1),
showing the vector relationship of the muon's spin direction, shown to point
in the z direction, and the local magnetic �eld Hloc. [Luke 2013].

The time evolution of the total positron counts at the forward F (t) and

backward counter B(t) can be described by Eq. 2.2 and 2.3 respectively.

F (t) = NF e
−t
τµ (1 + AFGz(t)) + bF (2.2)

B(t) = NBe
−t
τµ (1− ABGz(t)) + bB (2.3)

Where in the equation above, the exponential factor e
−t
τµ is the decay of

the muon via the weak interaction, A is the intrinsic maximum asymmetry

of the counter which is dependent on the properties of the detector, bF and

bB are the time independent backgrounds that are subtracted by measuring

counts before any muons arrive (before the clock starts in Fig. 2.3), and Gz(t)

is the muon polarization function which is de�ned in Eq. 2.9, containing all

of the physical information we wish to extract.

To isolate the average muon polarization function Gz(t) we can de�ne the
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asymmetry A(t) as:

A(t) ≡ F (t)−B(t)

F (t) +B(t)
=

(1− α) + (1 + αβ)ABGz(t)

(1 + α) + (1− αβ)ABGz(t)
(2.4)

Where:

α ≡ NF

NB

(2.5)

β ≡ AF
AB

(2.6)

If the detectors have identical geometries, then NF = NB and AF = AB

and α = β = 1, and Eq. 2.4 becomes Eq. 2.7, and we can extract the muon

polarization function. In practice, AF 6= AB and NF 6= NB. This small

di�erence in positron detector properties can be corrected for during data

analysis which includes α , β de�ned in Eq. 2.5 2.6, which take this di�erence

into account. The correction factor α is dependent on experimental conditions

such as applied magnetic �eld, and therefore must be included as a parameter

when asymmetry spectra are �t. β is less sensitive to changes and can be

approximated as β = 1 for many experiments [Luke 1988]. For all experiments

that we conducted in this study, we assume β = 1. A representation of an

ideal asymmetry spectra is shown in Fig. 2.3.

A(t) ≡ F (t)−B(t)

F (t) +B(t)
∝ Gz(t) (2.7)

The spin polarization σz(B, t) of a muon with its initial polarization vector

along the z direction, with a time independent magnetic �eld B tilted by angle

θ is given by Eq. 2.8, and shown schematically in Fig. 2.5.
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σz(B, t) = cos2(θ) + sin2(θ) cos(γµ|B|t) =
|Bz|2
|B|2 +

|Bx|2 + |By|2
B2

cos(γµ|B|t)

(2.8)

When a muon is implanted in a sample, it may experience a spatially

dependent �eld distribution. This �eld distribution is described by the mag-

netic �eld density P (B(x, y, z)). Taking this into account, we arrive at Eq. 2.9,

where Gz(t) is the average spin polarization such that Gz(t) = 〈σz〉 projected

along one direction:

Gz(t) =

∫
P (B(x, y, z))σzdB(x, y, z) (2.9)

In calculating the polarization function, the assumption P (B) =

P(Bx)P(By)P(Bz) may be made , so that Eq. 2.9 becomes Eq. 2.10:

Gz(t) =

∫ ∫ ∫
P (Bx)P (By)P (Bz)σzdBxdBydBz (2.10)

For a polycrystalline sample with a static internal magnetic �eld, it can be

assumed that 〈Bx〉 = 〈By〉 = 〈Bz〉, and therefore P (B) becomes scalar P (B),

and Eq. 2.9 can be integrated over spherical coordinates to become Eq. 2.11:

Gz(t) =
1

3
+

2

3

∫
P (B) cos(γµ|B|t)dB (2.11)

The time independent component, 1
3
for an isotropic �eld distribution, is

a good indication that static �elds exist in a sample. The time dependent

component with the 2
3
prefactor will depend on the nature of the internal

isotropic �eld distribution P (B) and |B|. If static �elds exist in a sample

that has some non−isotropic �eld distribution, for example a frozen (static
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moments) ferromagnet, the time independent prefactor in Eq. 2.11 will vary

from 0 to 1 depending on the the internal �eld's orientation with respect to the

initial muon polarization. If the muon's polarization happens to be parallel

to the magnetic moment in a frozen ferromagnet, then there may be no time

dependence of Gz(t)

If a system has randomly oriented local �elds, such as in a frozen

spin glass system with dense moments, or randomly oriented nuclear dipole

�elds [S.L. Lee 1988] the �eld distribution at the muon's location is often well

described by the Gaussian function in Eq. 2.12 [S.L. Lee 1988]:

P (Hi) =
γµ

2π∆
e−

γµ
2Hi

2

2∆2 , i = x, y, z (2.12)

Where ∆ is described by Eq. 2.13:

∆ = γ2µ
〈
H2
i

〉
, i = x, y, z (2.13)

Substituting Eq. 2.12 into Eq. 2.9 and integrating, we arrive at the famous

Kubo−Toyabe polarization function, �rst derived in 1966 [Kubo 1967]:

Gz(t) =
1

3
+

2

3
(1−∆2t2)e−

∆2t2

2 (2.14)

A further example is a system with a sinusoidal �eld distribution, incom-

mensurate with the crystal lattice such that the spacial �eld distribution is

de�ned by B(~R) = Bmax sin(~k · ~R) where ~k is a reciprocal lattice vector. The

probability distribution as a function of �eld is then given by:

P (|B|) ∝ Bmax√
B2
max − |B|2

(2.15)
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Combining this with Eq. 2.10, we get the muon polarization function in zero

external applied �eld:

Gz(t) =
1

3
+

2

3
Jo(γµBmaxt) (2.16)

Where Jo is the zero order Bessel function. If the �eld distribution is not

sharply de�ned, (for example due to a contribution from nuclear dipole �elds),

the amplitude Gz(t) will be further dampened [S.L. Lee 1988]. Working back-

wards from the experimentally observed muon polarization Gz(t) the internal

�eld distribution or magnetic phase can be determined.

2.2 Transverse Field (TF) µSR

When a �eld is applied perpendicular to the initial muon's polarization (trans-

verse �eld), the muon will precess even if the local �eld in the sample is zero.

The total local �eld experienced by the muon Btot is the vector sum of the

internal �eld due to the sample's magnetism Bloc and the external applied

�eld Bext such that Btot = Bloc + Bext. The application of a dc external

�eld Bext allows measurement of the magnetic spin susceptibility. This µSR

con�guration is also commonly used to measure the penetration depth in su-

perconductors. With this external �eld, the counts registered at a positron

detector F (t) or B(t), as described in Eq. 2.2 and 2.3 will be modulated by

an oscillating component at frequency ωT = γµ|Btot|:

B(t) = NBe
− t
τµ (1 + AGx(t) cos(γµ|Btot|t+ φ) (2.17)
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Where B(t) is the counts at a generalized positron detector, shown in Fig. 2.6.

In the high �eld limit, the local �eld Bloc direction will almost be parallel to

Bext. The asymmetry spectra is then given by:

A(t) ∝ cos(ωT t)Gx(t) (2.18)

TF µSR is used to characterize the local spin susceptibility in a magnetic

system. If there are multiple muon stopping sites with unique magnetic envi-

ronments within a sample, this will be re�ected in the TF asymmetry spectra

as several superimposed decaying sinusoidal functions with unique frequen-

cies. A Fourier transform of the TF asymmetry spectra can help resolve these

frequencies for data analysis. A more comprehensive survey of the theoretical

background of TF measurements can be found in [Riseman 1993].

2.3 Longitudinal Field (LF) µSR

Application of a magnetic �eld parallel to the initial muon polarization is

known as a longitudinal �eld (LF). This corresponds to a �eld along the z as

described in Fig. 2.5. This �eld will help align a component of the internal

local �eld along this direction. As the magnitude of the �eld is increased, a

non-relaxing component of the asymmetry spectra will develop. This is known

as "decoupling". For a static internal �eld of randomly oriented moments that

can be described by the Gaussian Eq. 2.12 with a LF BL applied, Eq. 2.14

becomes:
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Figure 2.6: Schematic geometry for a transverse �eld (TF) µSR experiment.
As in other µSR geometries, a single muon enters the sample area, and an
electronic clock is started by its detection. The muon's polarization may be
electrostatically titled perpendicular to its momentum vector, refereed to as
"spin rotated mode", or may have its polarization antiparallel to its momen-
tum vector, such as shown in this schematic (as in ZF). For both cases, the
magnetic �eld is applied perpendicular to the muon polarization, giving muon
precession. The muon hits a positron detector which stops a clock, and a time
spectra histogram is built [J.E. Sonier 2001].

Gz(t, BL) = 1−
(

2∆2

ω2
L

)
(1− e∆2t2

2 cos(ωLt)) +

(
2∆4

ω3
L

)∫ t

0

e
∆2t2

2 sin(ωLτ)dτ

(2.19)

Using this, one can use LF measurements to estimate the value of ∆. A

more detailed discussion of LF theory can be found in [S.L. Lee 1988].
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2.4 µSR in Mangetic Systems with Dynamic

Fields

The previous sections in this chapter focus on systems that have static mag-

netic �eld distributions. In practice, this assumption may not be valid. Ther-

mal energy at �nite temperature, or quantum mechanical �uctuations can

cause magnetic moments to �uctuate. In addition, the muon may di�use

through a magnetic system, "hopping" from site to site such that the local

magnetic �eld it experiences becomes time dependent. Both of these situ-

ations can be treated as equivalent. With a time dependent internal �eld

distribution, the muon polarization function can be described as:

Gz(t) = <
{

exp

[
i

∫ t

0

γµBloc(t′)dt′)

]}
(2.20)

Where <
{
A
}
represents the real component of the statistical average of

A [Yaouanc 2011]. The assumption may be made that Bloc(t) = Bloc+δBloc(t).

Also, if the external applied �eld is large enough (Bext � Bloc) the muon

Knight shift due to the internal �eld can be ignored to �rst order approxima-

tion. Applying these assumptions, Eq. 2.20 becomes:

Gz(t) = <
{

exp

[
i

∫ t

0

γµδBloc(t′)dt′)

]}
cos(γµBextt) (2.21)

If Bloc(t) follows a Gaussian process, then the following simpli�cation is

valid:
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exp

[
i

∫ t

0

γµδBloc(t′)dt′)

]
= exp

[
−
∫ t

0

dt′
∫ t

o

γ2µδBlocδBloc(t′ − t′′)dt′′
]

(2.22)

Considering only a special type stochastic processes known as Markovian

processes where the "hopping probability" of muons within the system does

not depend on time, the following property can be applied:

Bloc(t0)Bloc(t0 + t) = B2
loc exp(−ν|t|) (2.23)

In the above equation, ν refers to the correlation frequency of Bloc, and the

overbar represents the weighted average of the corresponding term according

to the spacial �eld distribution of Bloc. This relation is known as the Doob

theorem [Yaouanc 2011]. Applying this to Eq. 2.22 and simplifying, we get

the following relationship:

Gz(t) = exp

[
−γ

2
µ∆2

ν2

∫ t

0

(t− τ) exp(−ντ)dτ

]
cos(γµBextt) (2.24)

Where:

∆2 ≡ B2
loc (2.25)

The two asymptotic limits of Eq. 2.24 are relevant to the TF and ZF

measurements on Yb2Ti2O7 presented in this study in Chapter 5. In the high

�eld limit where the �uctuation rate of spins is very low νt � 1, such that

the �eld distribution is static, we arrive at the equation (Eq. 5.1) used to �t

our TF �eld measurements in this study:
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Gz(t) = exp

(
−γ

2
µ∆2t2

2

)
cos(γµBextt) (2.26)

In the opposite fast �uctuating limit (νt� 1), also known as the "motional

narrowing" limit, Eq. 2.24 becomes:

Gz(t) = exp(−λt) cos(γµBextt) (2.27)

Where:

λ ≡ γ2µ∆2

ν
(2.28)

In zero external �eld Bext = 0,

Gz(t) = exp(−λt) (2.29)

Therefore in a system in which spins are completely dynamic and in the

narrowing limit νt� 1 with no static domains, the muon asymmetry spectra

can be described as a simple exponential decay. The relaxation rate λ is

proportional to the timescale of the local magnetic �eld �uctuations τ = 1/ν.

This is the form used to �t ZF asymmetry spectra in this study, detailed in

Chapter 5.
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3.1 Optical Floating Zone Crystal Growth of

Yb2Ti2O7

We grew high quality single crystals of mass ≈ 10 g of Yb2Ti2O7 using the

NEC optical �oating zone furnace at McMaster University. All crystals in this
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report that were used for experiments were grown in 2 Atm of O2, at a rate

of approximately 5 mm/hour. In order to grow single crystals of Yb2Ti2O7,

sintered polycrystalline rods must �rst be prepared.

3.1.1 Polycrystalline Rod Preparation

To produce polycrystalline rods of Yb2Ti2O7, high purity (>99.99%) powder

of Yb2O3 and TiO2 was preannealled at 400 oC in air for 12 hours to evaporate

any aqueous solution. We then mixed Yb2O3 and TiO2 in stoichiometric

amounts, as described in Eq. 3.1 − 3.4. The materials were combined with

mortar and pestle. The mixture was then placed in a ball mill with zirconium

pellets at 400 rpm for 3 �ve minute intervals with 20 minute breaks in between

(to allow heat dissipation) to ensure isotropic mixing. The equations below

show the stoichiometry calculations to determine the ratio of Yb2O3 to TiO2

needed to produce Yb2Ti2O7.

Y b2O3 + 2TiO2 → Y b2Ti2O7 (3.1)

(
1 mol Y b2Ti2O7

553.81 g
mol

)(
394.08 g

mol

Y b2O3

)
= 0.712

g Y b2O3

g Y b2Ti2O7

(3.2)

(
1 mol Y b2Ti2O7

553.81 g
mol

)(
2 mol T iO2

1 mol Y b2Ti2O7

)(
79.867 g

mol

Y b2O3

)
= 0.288

g T iO2

g Y b2Ti2O7

(3.3)

Combining the above:

1 g Y b2O3 per 0.404 g T iO2 (3.4)

Eq. 3.4 says for every 1 g of Yb2O3, ∼ 0.404 g of TiO2 is required for a

stoichiometric mixture of Yb2Ti2O7. The Yb2O3 − TiO2 mixture was then
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Figure 3.1: Phase diagram of the
Yb2O3 − TiO2 system. There are two
congruently melting phases, Yb2Ti2O7

and Yb2TiO5 at 2050 oC and 2080 oC,
respectively [Queyroux 1965].

hand packed into a cleaned long rubber tube of diameter ∼ 1 cm, evacuated

and hydrostatically pressed at 60 MPa for 15 minutes. For Eq. 3.1 to proceed

to the right and form Yb2Ti2O7, it must be reacted at high temperature. The

pressed Yb2O3 − TiO2 mixture was again sintered in air at 1200 oC for 24

hours, with a heating and cooling rate of approximately 100 oC/hour. To

con�rm that the phase of the rod is indeed Yb2Ti2O7 and not the possible

competing phase Yb2TiO5 [Queyroux 1965], powder X−Ray di�raction was

performed. For details of X−Ray Di�raction techniques, see Section 3.4. The

rod was weighed before and after the anneal, to determine if any signi�cant

mass loss occurred. For Yb2Ti2O7, prepared rods were ∼60% of the theoretical

density of the �nal grown single crystal.
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(a) Yb2Ti2O7 growing

(b) Schematic

Figure 3.2: (a) shows Yb2Ti2O7 in the process of being grown using the optical
�oating zone furnace at McMaster University. This sample was grown in a
6 Atm O2 environment, at a rate of ≈ 5 mm/hour. (b) shows a schematic
of an optical �oating zone furnace. The elliptical mirrors focus light from
the halogen bulbs, creating the molten zone. As the polycrystalline feed rod
passes through the molten zone, a single crystal is formed.

3.1.2 Crystal Growth

Once the polycrystalline rod was prepared, we mounted it to the top rotating

holder in an optical �oating zone furnace. On the bottom rotating rod, a base

or "seed" of a similar material was mounted, usually another polycrystalline

rod of Yb2Ti2O7. For the �rst crystal growth of Yb2Ti2O7 in 2 Atm of O2,

a Ho2Ti2O7 ceramic was successfully used as a base. The base is where the

grown single crystal sits. For our Yb2Ti2O7, no premelt scan at a high speed

was done. The premelt scan is usually done to increase the density of the

polycrystalline rod, for experimental ease during the single crystal growth.

The rods are sealed in a quartz tube chamber, purged and pressurized to 2

Atm of O2.

The halogen lamps which provide the heat to melt the Yb2Ti2O7 ceramic

are focused on the rod tip, and increased at approximately 1% of the max lamp
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power (2000 W in the NEC at McMaster University) per minute until the rod

melts at ∼70% power, or 2050 oC for Yb2Ti2O7 (Shown in Fig. 3.1). The

rod and seed are then moved in conjunction downwards (not necessarily at

the same rate, as the polycrystalline rod will have a smaller density than the

forming single crystal) while rotating in opposite directions to ensure good

mixing and a thermal equilibrium for heat dissipation. For Yb2Ti2O7 the

single crystal was formed at ∼ 5 mm/hour, and the polycrystalline rod may

move downwards at 7−8 mm/hour depending on its �nal density.

It is interesting to note that the Yb2Ti2O7 molten zone has a lower viscosity

compared to other pyrochlores, such as Dy2Ti2O7. This means establishing a

stable molten zone was more di�cult, as more frequent adjustments needed to

be made to the temperature during the duration of the growth to compensate

for the changing thermodynamics of the cooling pro�le. The initial power

requirement to melt the polycrystalline rod may be too hot to establish a

stable zone during the crystal growth. In our experience in the NEC furnace

at McMaster University, a stable zone required approximately 2% less total

power then that required to initially melt the rod. Therefore, once a molten

zone was established, the power was gradually decreased 2% over a 10 minute

interval.

3.2 Speci�c Heat Measurements

In this study, we present two sets of speci�c heat data on Yb2Ti2O7. The low

temperature speci�c heat measurements were performed at the University

of Waterloo in a dilution refrigerator, in zero applied magnetic �eld. These

measurements compare the thermodynamic transition between polycrystalline
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and single crystals grown using the optical �oating zone method. The high

temperature speci�c heat T > 2 K was performed at McMaster University in

applied magnetic �elds up to H=9 T to observe the �eld dependence of the

Schottky anomaly.

The speci�c heat or heat capacity of a material is the amount of energy

required to raise the temperature by a unit amount, de�ned as:

C =
dQ

dT
(3.5)

Where dQ is the applied heat, and dT is the resultant change in tempera-

ture of the material. Speci�c heat may be used to determine the temperature

dependence of the entropy of a system when integrated from T = 0 K:

S(T )− S(T0) =

∫ T

T0

C(T )

T
dT (3.6)

An important use of speci�c heat measurements is to observe phase tran-

sitions. In condensed matter physics, a wide range of phenomena are repre-

sented in the speci�c heat temperature dependence, such as structural and

magnetic phase transitions. Generally, a system will assume the state that

best minimizes its free energy F :

F = E − TS (3.7)

Where E is the enthalpy of a system, and S is the entropy. At low tem-

perature, the enthalpy term dominates. In a water system, the enthalpy is

negative in the ice state due to binding forces between water molecules. At

high temperatures, the entropy term dominates, so water enters a gas phase

maximizing entropy in order to minimize F .
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3.2.1 Speci�c heat above 2 K

For experiments we conducted at McMaster University (T > 2 K) in an ap-

plied magnetic �eld, measurements were done in an Oxford Instruments Ex-

aLab. A �at surface of the sample is adhered to a sapphire chip using Apiezon

N grease. The sapphire chip contains the heating element and the resistive

thermometer. A smooth �at smooth surface is preferred as to ensure good

thermal contact. The sample is weakly linked with low thermal resistance to

the supporting copper reservoir using thin wires with low thermal conductiv-

ity. When the sample is in thermal equilibrium with the reservoir, a set unit

of heat is applied via an external power source to the sample and sapphire

chip, that causes an increase of temperature of a known amount. The time

evolution of the sample's temperature is then measured as it reaches thermal

equilibrium. The speci�c heat contributions due to the sapphire chip and

supporting equipment must be taken into account. The temperature of the

copper reservoir is controlled by a gaseous helium bath. The temperature will

exponentially decay according to Newton's cooling law:

dT

dt
∝ −(TS − TR) (3.8)

Where TS is the sample temperature and TR is the reservoir temperature.

The solution is described by a simple exponential decay:

∆T (t) = To + A(1− e− t
τ ) (3.9)

Where To is the temperature before the heat pulse is applied, and the

proportionality constant A depends on the input heat pulse power and the

dimensions of the sample [Kittel 2005, Woods 2000]. This constant is usually
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experimentally determined. The speci�c heat C(T ) can then be extracted

from the the decay constant τ(T ) = RTHC(T ) where RTH is the e�ective ther-

mal resistance of the sample, experimentally determined by RTH = ∆T/∆P .

∆T is the net change in temperature of the sample, and ∆P is the power

supplied in the heat pulse. The speci�c heat of the glue (Apiezon N at Mc-

Master University) and addendum must also be experimentally measured and

numerally subtracted. The magnetic �eld is applied parallel to the sample

plane in contact with the thermal reservoir using a superconducting magnet

that can reach H = 9 T [Woods 2000].

3.2.2 Speci�c heat below 2 K

To characterize the transition viewed at ∼265 mK (for the polycrystal sam-

ple - Fig. 4.4) speci�c heat measurements were performed at University of

Waterloo by David Pomaranski and Jan Kycia. In order to reach this low

temperature regime, a dilution refrigerator must be used. To cool below the

limit of approximately 1.8 K provided by pumping on a conventional Helium-4

cryostat, the extra cooling power to reach the mK scale is provided by the

enthalpy of mixing Helium-4/Helium-3.

Besides the more sophisticated cryogenics, the principles of the speci�c

heat measurement are similar to those used in measurements performed above

2 K, described in the previous section. The sample is allowed to reach thermal

equilibrium, and a heat pulse is applied and the thermal relaxation observed

according to Eq. 3.9. This relaxation method represents the speci�c heat quan-

titatively, but is limited by long timescales τ at very low temperatures. There

may be several di�erent time constants, viewed as superimposed exponential

decays associated with the experimental apparatus that must be accounted
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for. Generally, the time constant increases as temperature is lowered. For

Yb2Ti2O7, it can reach hours [Y. Yasui 2003] at very low temperatures, such

that a single measurement of the speci�c heat at one temperature via the re-

laxation method will be on the order of days. Measurements were performed

in a similar fashion to those presented in [Quilliam 2007], however a slightly

di�erent technique was used, known as the "sweep" technique. The basic

principle of the sweep method is the sample is heated to a higher temperature

using a thermal link with known thermal conductivity. The sample is then

allowed to cool to base temperature, and the speci�c heat is proportional to

the rate of cooling. This method represents the data qualitatively, such that

the magnitude can then be calibrated using conventional relaxation method

data points.

3.3 Superconducting Quantum Interference De-

vice (SQUID)

Superconducting Quantum Interference Devices (SQUID) allow extremely

sensitive measurements of magnetic �elds, with sensitivity as low as 5× 10−18

T [Kittel 2005]. There are two common variants, the direct current (DC),

and radio frequency (RF) SQUID. Experiments in this report were conducted

using an RF SQUID measuring the DC magnetization.

An RF SQUID magnetometer consists of a superconducting ring with one

Josephson Junction, coupled with an Inductor Capacitor (LC) circuit. A

Josephson Junction is a non-superconducting material (usually an insulator)

sandwiched between two superconductors, forming a weak link.

The superconducting ring with the Josephson Junction exploits the prin-
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ciple of magnetic �ux quantization. From quantum mechanics, �ux through

a superconducting loop must be quantized into integer units of: Φ = h/2e.

The superconducting ring broken by the Josephson Junction is the SQUID

component of the magnetometer. The phenomena that allows sensitive mea-

surements of the dc-magnetic susceptibility is called the Josephson e�ect,

where the quantum mechanical tunneling of electron pairs across the non-

superconductor (or insulator) weak occurs. The RF SQUID magnetometer is

based on the AC Josephson e�ect [Kittel 2005]. The AC Josephson e�ect pro-

duces an AC current when a �xed DC voltage is incident across the Josephson

Junction.

If we consider an insulator sandwiched between two superconductors, it

will have some probability P for an electron pair to tunnel across the barrier.

P ∼ e−2γ, γ =
1

~

∫

x

√
2m(V (x)− E)dx (3.10)

This equation tells us the tunneling probability decreases exponentially

with the energy barrier height V (x), and the thickness of the barrier x. The

wave function of electrons inside each superconducting section to the left and

right of the insulator is denoted ψ1 and ψ2 respectively. For the AC Josephson

e�ect, a DC voltage is applied across the gap. Applying Schroedinger Equation

gives:

i~
dψ1

dt
= ~tψ2 − eV ψ1 (3.11)

i~
dψ2

dt
= ~tψ1 − eV ψ2 (3.12)
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Assuming that the tunneling probability is the same in both directions

across the barrier. The exact form of ψ1and ψ2 is not known, all that is

important is that the wave functions are proportional to the probability am-

plitude for electron pairs. For this purpose, the following form for the wave

function can be used:

ψw =
√
nwe

iφw ⇒ w = 1, 2 (3.13)

Where n1and n2 are the density of electron pairs in each superconducting

section, and φ is the phase of each respective wave function. Substituting this

in this waveform into the di�erential Schroedinger form above yields:

dn1

dt
= 2T

√
n1n2sinδ ⇒ δ ≡ φ1 − φ2 (3.14)

Making the assumption that n1 ≈ n2, such that the number of pairs that

tunnel is small compared to the overall pair density in the superconductor,

we get the following relationship for δ, the phase di�erence between the wave

functions in the two superconducting regions:

δ(t) = δ(0)− 2eV

~
t (3.15)

The Josephson current J(t) is proportional to the rate that electron pairs

cross the insulating barrier. Combining the two above equations yields the

form of the AC Josephson current.

J(t) ∝ dn1

dt
= 2T

√
n1n2sin

[
δ(o)− 2eV

~
t

]
(3.16)

Therefore, with a �xed DC voltage V applied across the Josephson Junc-
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tion, an AC current will arise with frequency 2eV/~ [Kittel 2005]. This time

dependent current arises from the change in phase δ between the wave function

in each superconducting section.

The magnetic �ux through the SQUID ring is related to the phase of the

wave function by:

δ =
2e

~c
Φ (3.17)

Therefore, a change in the magnetic �ux Φ through the ring will result in

a measurable change in the current through the junction. The changes in

current due to magnetic �ux is then ampli�ed and measured. A SQUID ring

alone can detect changes in magnetic �elds without any extra electronics,

but in practice, some type of �ux transformer circuit is used. The most

basic �ux transformer circuit contains two inducting coils, both cooled to a

superconducting state. The coil that measures the second component of the

RF SQUID magnetometer is the LC circuit, sometimes referred to as the

"tank" circuit. The LC circuit has a speci�c frequency at which maximum

power is used, known as the resonant frequency. The resonant frequency

depends on the inductance and capacitance of the circuit, and is chosen to be

around 20-30 MHz for an RF SQUID. This means a shift in the AC current

frequency through the Josephson junction can be detected through a change

in power dissipation of the tank circuit.

At McMaster University, the Quantum Design squid uses a Reciprocating

Sample Oscillator (RSO). The sample oscillates through four pick up coils

oriented such that the outer coils are wound in the opposite direction as the

inner coils. This arrangement acts as a second order gradiometer and takes

into account of stray magnetic �elds and external applied �elds. To center the
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sample in the coils, an induced voltage vs position graph is measured. When

a magnetic sample is moved through the coils, an AC current is induced with

the frequency of the sample's oscillation. A lock in ampli�er and SQUID

loop are then used to accurately determine the magnetic moment of the sam-

ple. The SQUID magnetometer was used to perform magnetic susceptibility

measurements χ of Yb2Ti2O7.

3.4 X-Ray Di�raction

X-Ray di�raction (XRD) techniques provide a powerful tool to characterize

the quality, crystal structure, number of grains (for a crystal sample), stoi-

chiometry and phase of a sample. XRD may also be used to probe the physics

of materials, such as inelastic techniques to determine electronic band struc-

tures. To determine the crystal axis orientation, Laue X-Ray di�raction is

used. For di�raction to occur, the di�erence between the incident x-ray wave

vector ki and re�ected wave vector kf in momentum space must be equal to

a reciprocal lattice vector G of the sample, satisfying Eq. 3.18.

kf − ki = G (3.18)

If a1, a2, a3 are components of the lattice vectors of a crystal, and g1,g2,g3

are components of the reciprocal lattice vector G, taking the scalar product

of a1, a2, a3 and the above equations, along with ai · gj = 2πδi,j we get the

Laue equations ??.

ai(kf − ki) = 2πgw,w = 1,2,3 (3.19)
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A re�ection of x-rays kf − ki must satisfy all 3 equations above, which

requires a single incident wavelength. A monochromatic x-ray source will

only produce di�raction peaks at a detector when Eq. 3.18 is satis�ed. When

a "white" x-ray source that produces a continuous range of wavelengths is

used. the above equation will be satis�ed. This is the basic principle of Laue

x-ray di�raction. An illustration of this is shown in Fig. 3.3.

Figure 3.3: Visualization of Laue di�raction works using the Ewald Construc-
tion. The black points represent the reciprocal lattice in k space. In �gure
a) a monochromatic source is used, so kf − ki is satis�ed only if a reciprocal
lattice point lies directly on the surface of the gray Ewald sphere. In �gure
b) the incident wave vector ranges from ko to k1 so that all reciprocal lat-
tice points that lie in the volume contained by these two spheres will meet
the Bragg condition. These points are represented by all of the points lying
within the gray section.

If the incoming x-ray is parallel to a high symmetry direction in the crystal,

the Laue di�raction pattern will have a corresponding symmetry. For example,

if ki is along a [100] direction in a simple cubic crystal, the resulting Laue

pattern recorded on the detector will have a four fold symmetry [Kittel 2005].

Another form of XRD used in this study to determine the phase and

quality of samples is powder X-Ray di�raction. The sample is crushed into

a polycrystalline powder. A single wavelength of incident X-Rays is used,

and the 2Θ angle is varied. As the sample was ground into a powder, the

48



M.Sc. Thesis - R. D'Ortenzio; McMaster University - Physics & Astronomy

di�raction pattern is averaged over all crystallographic directions. This is

equivalent to projecting the 3D reciprocal space into one dimension. Point

like Bragg peaks are averaged over all angles, such that they are smeared into

rings of di�raction. Details and results of XRD experiments are presented in

Chapter 4.
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4.1 Veri�cation of Phase through Powder XRD

To verify the grown single crystal via the optical �oating zone method is

indeed Yb2Ti2O7 and not a competing phase such as Yb2TiO5, as shown

in [Queyroux 1965], we performed powder X-Ray di�raction (XRD) using the

Debye-Scherrer method on the PANalytical XPert Powder Di�ractometer at

McMaster University. Powder samples or crushed single crystals were ad-

hered to the rotating sample disk using a mixture of an organic solvent and

petroleum jelly. A small amount of ground Si provided a reference di�raction

peak. Unlike Laue X-Ray di�raction described in Chapter 3, powder XRD
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Figure 4.1: XRD spectra of polycrystalline Yb2Ti2O7 (before crystal growth),
con�rming the phase to be Yb2Ti2O7. Rietveld re�nement of the data gives
a lattice constant of 10.029±0.001 Å.

uses a single incident wavelength, and varies the 2Θ angle. Since the sample

was ground into a powder, the di�raction pattern is averaged over all crystal-

lographic directions. This is equivalent to projecting the 3D reciprocal space

into one dimension. The distinct points of a Laue di�raction pattern will be

averaged into "rings" of di�raction.

The experimentally obtained XRD pattern shown in Fig. 4.1 was compared

to a theoretically obtained spectra using the Wycko� numbers and an initial

estimate of the lattice constant a given in Chapter 1 [J.S. Gardner 2010]. The

lattice constant and an estimate of the stoichiometry can be determined by

a Rietveld re�nement of the amplitude and spacing of the Bragg di�raction

pattern. The sample grown using the optical �oating zone was veri�ed to be

52



M.Sc. Thesis - R. D'Ortenzio; McMaster University - Physics & Astronomy

Yb2Ti2O7, with a lattice constant of a = 10.029± 0.001 Å.

4.2 dc-magnetization Results

We performed measurements of the dc magnetic susceptibility of both poly-

crystalline and several orientations of Yb2Ti2O7 in a SQUID magnetometer

(introduced in Chapter. 3). The Quantum Design SQUID at McMaster Uni-

versity contains a conventional Helium-4 cryostat with a base temperature

of ∼ 1.8 K, therefore Yb2Ti2O7 was in the paramagnetic regime for all mea-

surements. A magnetic �eld up to H = 5 T was applied to the [100], [110]

and [111] crystallographic directions, several of which are shown in Fig. 4.2.

As expected from the cubic structure of Yb2Ti2O7 and the magnetic degrees

of freedom in the exchange tensor [K.A. Ross 2009], there is little magnetic

anisotropy between the di�erent measured directions. The small anisotropy

observed is more pronounced at lower applied �elds (displayed in the inset of

Fig. 4.2), but may due to a misalignment of the magnetic �eld (the orientation

of the crystal has uncertainty ± 2o), or possibly uncertainty in the applied

�eld due to trapped �ux in the superconducting magnet. Also it is important

to note that no demagnetization correction was applied to the data to take

into account the shape of the sample. For our results shown in Fig. 4.2, we

cut the sample such that all three crystallographic directions measured were

in the sample plane, such that the sample just had to be rotated in between

measurements. This also ensures the demagnetization correction would be

similar.

The data exhibits typical Curie behavior for a paramagnetic material,

monotonically decreasing as ∝ (T − ΘCW )−1 (where ΘCW is the Curie-Weiss
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temperature) over the measured temperature range 1.8K ≤ T ≤ 20K.
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Figure 4.2: Magnetic susceptibility of single crystal Yb2Ti2O7 along [100] and
[110] directions in applied �eld up to H=5 T. As expected due to the cubic
nature of the pyrochlore lattice, there is very small anisotropy between the
crystallographic directions, which may be an artifact of the data. Inset: a
zoom in of the magnetic susceptibility at H = 0.2 T to emphasize the small
magnetic anisotropy.

4.2.1 Determining the Curie-Weiss Temperature

The Curie-Weiss law describes the temperature dependence of a ferromagnetic

or antiferromagnetic material's magnetic susceptibility in the paramagnetic

regime using a mean �eld approximation. The Curie-Weiss law is described

as:

χ(T ) =
A

T − ΘCW

(4.1)
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Where A is known as the Curie Constant given by A =
µ2
B

3kB
Ng2J(J + 1)

where N is the number of mangetic moments, kB is the Boltzmann's constant

(1.3806×10−23 J/K), g is the Landé g-factor and J is the angular momentum

quantum number.

For a ferromagnetic material in the mean �eld approximation, ΘCW = TC

is known as the Curie temperature and TC > 0. For an antiferromagnetic ma-

terial, the critical temperature is refereed to as the Néel temperature, where

ΘCW = TN and TC < 0 in the mean �eld approximation. The magni-

tude of the temperature is proportional to the strength of the the magnetic

interactions [Kittel 2005].

From Eq. 4.1, a plot of χ(T )−1 will yield a linear relationship, of which

the horizontal intercept gives ΘCW . A plot of χ(T )−1 vs T of single crystal

Yb2Ti2O7 with a magnetic �eld of H = 50 mT applied parallel to a [111]

direction is shown in Fig: 4.3. H = 50 mT was chosen to compare to TF µSR

measurements, presented later in Chapter. 5.

Fig. 4.3 shows the mostly linear behavior of χ(T )−1 down to approxi-

mately 2 K. Three separate linear �ts were performed over the data using

di�erent temperature ranges to illistrate the variation in the resulting ΘCW .

This temperature dependence suggests there are competing interactions as

the transition observed in the speci�c heat T∼185 mK for this single crystal

(Fig. 4.4). The temperature dependence of TC will be revisited in Chap-

ter. 5 with a comparison to µSR results. Overall, the magnetic susceptibil-

ity agrees with previous measurements �rst performed in [H.W.J. Blote 1969]

with TC = 0.4± 0.1K when �t using the low temperature data.
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Figure 4.3: Temperature dependence of the inverse magnetic susceptibility
of single crystal Yb2Ti2O7 aligned such that the applied �eld H=500 G is
parallel to a [111] crystallographic direction, as measured in the SQUID at
McMaster University. This is the same sample that was used for all µSR
experiments. Linear �ts are done on di�erent temperature ranges to show
that the Curie−Weiss temperature is not constant. The inset displays the
magnetic moment temperature dependence.

4.3 Speci�c Heat Results

Here the speci�c heat measurements are presented in two sets, the low tem-

perature measurements of both polycrystalline and single crystal Yb 2Ti2O7

in zero applied magnetic �eld, measured at the University of Waterloo from

30 mK < T < 400 mK. The second sets presents the evolution of the Schot-

tky anomaly in an applied magnetic �eld up to H = 9 T performed at Mc-

Master University at temperatures 2K < T < 20K. The speci�c heat above

30 K is largely dominated by a phonon contribution, and was not measured.
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4.3.1 Zero Field Speci�c Heat 30 mK < T < 400 mK

Fig. 4.4 presents the low temperature speci�c heat data of two Yb2Ti2O7

samples, the single crystal shown in blue, and the polycrystalline sample in

red, plotted on a semilogarithmic scale. The thermodynamic transition has

very di�erent behavior before and after growth using the optical �oating zone

method. The polycrystalline sample has a sharp transition at T ∼ 265 mK,

where the single crystal's transition is broadened and pushed down to peak

at T ∼ 185 mK, with an overall amplitude approximately 25 times less.
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Figure 4.4: The low temperature speci�c heat measurements of polycrystalline
(red) and single crystal (blue) Yb2Ti2O7, performed at the University of Wa-
terloo using a combination of the relaxation method (described above) and
the sweep method. For comparison, digitized versions of speci�c heat results
of samples used in studies by Chang et al. [L.-J. Chang 2012] (black trian-
gles) and Dalmas de Réotier et al. (green diamonds) are included. Taken
from [R.M. D'Ortenzio 2013].

Included in Fig. 4.4 are digitized data taken from measurements
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by Dalmas de Réotier et al. [P. Dalmas de Réotier 2006] and Chang et

al. [L.-J. Chang 2012] for comparison. Is it evident from the range of transi-

tion temperatures, that samples prepared in this study are extreme cases of

sample variation in Yb2Ti2O7. With respect to the stu�ed pyrochlore model

put forward by Ross et al. [K.A. Ross 2012] we would expect the polycrys-

talline ceramic which exhibits a sharp transition at T ∼ 265 mK, similar to

Ross's sample, to be close to ideal stoichiometry (x≈0 in Eq. 1.3). On the

other hand, our single crystal would exhibit a large degree of stu�ng, proba-

bly ∼0.046(4), as the single crystal samples used in [K.A. Ross 2012] show a

similar transition temperature (T ∼ 185 mK) in the speci�c heat. Ross et al.

predicts that di�erent degrees of lattice defects in samples will strongly e�ect

the magnetic ground state. Therefore by comparing these two extreme cases

of sample dependence in Yb2Ti2O7, a direct connection can be made between

the low temperature magnetism and speci�c heat measurements. The reader

will see that our ZF µSR results presented in Chapter 5 indicate both samples

have strikingly similar dynamic low temperature behavior with no long range

magnetic order.

4.3.2 In Field Speci�c Heat 2 K < T < 20 K

To observe the evolution of the Schottky anomaly in an applied �eld, speci�c

heat measurements were taken up to H = 9 T parallel to a [110] crystallo-

graphic direction at temperatures 2 K < T < 40 K. The results are presented

in Fig. 4.5. As the applied �eld was increased, the peak temperature of the

Schottky anomaly monotonically increased, and the amplitude decreased with

respect to the background phonon T3 contribution. In addition, the anomaly

width increases with applied �eld. Independent of applied �eld, we would

58



M.Sc. Thesis - R. D'Ortenzio; McMaster University - Physics & Astronomy

4 6 8 1 0 1 2 1 4 1 6 1 8 2 0
0 . 0 0 0

0 . 0 0 4

0 . 0 0 8

0 . 0 1 2

0 . 0 1 6

0 . 0 2 0

 

 

 9  T
 7  T
 5  T
 3  T
 1  T
 0 . 5  T
 0  T

Cg
 (J

/K*
g)

T  ( K )

Y b 2 T i 2 O 7  8 . 5 1  m g  C g  v s  T  | |  < 1 1 0 >

(a) Speci�c heat in applied �eld

5 1 0 1 5 2 0 2 5

5 . 0 x 1 0 - 3

1 . 0 x 1 0 - 2

1 . 5 x 1 0 - 2

2 . 0 x 1 0 - 2

2 . 5 x 1 0 - 2

 

 

Cg
 (J

/K*
g)

T  ( K )

 H  =  9  T  | | 1 1 0
 H  =  9  T  | | 0 0 1

(b) Speci�c heat at H = 9 T parallel

to [110] and [100]

Figure 4.5: (a) shows the speci�c heat measurements of single crystal
Yb2Ti2O7 up to H=9 T, with the �eld parallel to a [110] crystallographic
direction. (b) shows a comparison of speci�c heat data taken with the �eld H
= 9 T applied parallel to the [110] and [100] directions.

extrapolate that the speci�c heat converges to a common temperature depen-

dence at approximately 30 - 40 K for all measurements. Fig. 4.6 shows our

measurements taken to at least 30 K, showing this is the approximate tem-

perature range when the data becomes independent of applied �eld. Like the

dc magnetic susceptibility measurements, the in-�eld speci�c heat has little

directional anisotropy. Fig. 4.5 (b) compares speci�c heat data taken with the

�eld H = 9 T applied parallel to the [110] and [100] directions. Within the

noise of the data, there is no signi�cant di�erence. This is true in all applied

�elds employed.

To clearly illistrate the �eld dependence of the Schottky anomaly, we show

a contour plot of the data in Fig. 4.5 in Fig. 4.7. The "warmer" colors represent

higher speci�c heat. Generally, the peak of the Schottky anomaly increases

in temperature as applied �eld was increased.

In order to compare this data to the theoretically calculated speci�c heat
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Figure 4.7: A contour plot of speci�c heat in an applied �eld.
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by Applegate et al. [Applegate 2012], the phonon contribution must be re-

moved, as Applegate et al. only consider the magnetic �eld dependent contri-

bution to the speci�c heat. Generally, at temperatures much lower than the

Debye temperature, the free electronic Fermi contribution to the speci�c heat

is linearly proportional to temperature, and the phonon contribution depends

on the temperature cubed:

C(T ) = γT + βT 3,
C(T )

T
= γ + βT 2 (4.2)

Where γ and β are sample dependent constants. For an insulating material,

the free electron contribution should γ = 0. Therefore a plot of C(T )/T vs

T 2 can be �t with a linear function, where the slope gives the magnitude

of the phonon contribution β. No Debye temperature for Yb2Ti2O7 could

be found in published literature, however we would expect it to be similar

to the nonmagnetic pyrochlore Y2Ti2O7, which has a Debye temperature of

ΘD = 970 K [M.B. Johnson 2009]. These plots with a linear �t of the high

temperature data is given in Fig. 4.8. The extracted β and γ parameters are

plotted as a function of applied �eld in Fig. 4.9. The phonon contribution

should be independent of the applied �eld, which is not true for our speci�c

heat measurements. Measurements taken at H= 0.5 T, 3 T and 5 T have a

β value of β ≈ 1.3 ± 0.2 J/gK4, and are only slightly �eld dependent when

uncertainties are considered (plotted in Fig. 4.9). However, the H = 1 T

run has a very di�erent measured β value of β ≈ 2.97 ± 0.04 J/gK4. We

believe that this is because this measurement was not taken to high enough

temperature, such that it is not in the T3 regime. The linear �t for H = 1
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T was performed between 12K ≤ T ≤ 20K where the other measurements

were �t 20K ≤ T ≤ 30K. In addition, the γ value for H = 1 T is notably

di�erent than the other applied �elds. In Figure 4.9 the �eld dependence of

the β and γ parameters are plotted, showing the large change for the H = 1 T

measurement.

Theoretically, because Yb2Ti2O7 is an insulator, the free electron Fermi

contribution to the speci�c heat should be zero. The nonzero intercepts of

linear �ts shown in Fig. 4.8 suggest that there is an unknown contribution to

the speci�c heat that has linear temperature dependence. This contribution

is due to some unknown magnetic excitation.

Figure 4.10 directly compares the theoretical speci�c heat presented

in [Applegate 2012] with our experimental data. For H = 5 T and H = 1

T, the data is in general qualitative agreement down to the lowest tempera-

tures measured. Although in Fig. 4.8 shows good agreement to the linear �ts,

(shown as red lines) for some measurements (particularly H = 3 T and H = 0.5

T between 10K ≤ T ≤ 20K) the speci�c heat dips below this red line. This

means that this contribution to the speci�c heat is not only due to phonons,

but also contains an additional part from some type of �eld dependent mag-

netic excitations. This is why when both components γ and β are subtracted

from our measurements and compared to Applegate et al.'s [Applegate 2012]

calculations as shown in Figure 4.10, our resulting data becomes negative for

H = 3 T and H = 0.5 T.

An alternative method to compare our speci�c heat measurements with

calculations by Applegate et al. [Applegate 2012] is to subtract the entire

H = 0 T measurement. Applegate et al. only consider the �eld dependent

component of the Schottky anomaly, so this method promises a good compari-
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Figure 4.10: Comparison of theoretical data taken from Applegate et
al. [Applegate 2012] and experimental data taken at McMaster University,
with the T3 phonon contribution subtracted.

son by guaranteeing removal all other components. The results of this analysis

are shown in Figure 4.11. This technique shows good qualitative agreement

for all applied �elds across the temperature range of the Schottky anomaly.

It is di�cult to draw conclusions from the temperature evolution of the

Schottky anomaly and its implications to the theory proposed by Applegate

et al. [Applegate 2012]. Their calculations using the numerical linked-cluster

method (NLC) attribute the Schottky anomaly to a crossover from the para-

magnetic phase to a temperature region dominated by quantum mechanical

�uctuations. The authors note they were only focusing on calculating the high
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from [Applegate 2012] with our measurements with the H = 0 T data nu-
merically subtracted.

temperature (away from the sharp transition at T ∼ 265 mK) thermodynamic

properties, and draw the conclusion that the ground state of Yb2Ti2O7 should

show full ferrimagnetic order. Their calculations represent the �eld dependent

part of our speci�c heat measurements qualitatively well. The authors admit

their model fails (their calculated data becomes negative and unphysical) be-

low the Schottky anomaly, however they still propose their model implies an

ordered magnetic ground state. This brings the claim of the Schottky anomaly

is a consequence of the crossover from the paramagnetic regime to a phase

dominated by quantum mechanical �uctuations, or even a quantum spin ice,

into question. In this study, there are some uncertainties related to the T 3

phonon contribution subtraction, as well as the unknown linear contribution

(γ 6= 0) to the speci�c heat. However this is not enough to account for

the large di�erences shown in Fig. 4.10. In Chapter 5, we will follow up on
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Applegate et al.'s [Applegate 2012] model and investigate the low tempera-

ture magnetism with ZF and TF µSR and determine if there is any type of

magnetic long range order.
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The following chapter discusses the ZF and TF µSR measurements on both

single crystal and polycrystalline Yb2Ti2O7. Much of these results form the

basis of a paper titled "Unconventional Magnetic Ground State in Yb2Ti2O7"

submitted to Physical Review Letters [R.M. D'Ortenzio 2013]. Our results

give conclusive proof that the ground state of Yb2Ti2O7 is dynamic with no

long range magnetic order, contrasting the ordered ground state observed in

several other studies [Y. Yasui 2003, L.-J. Chang 2012]. This dynamic ground

state makes Yb2Ti2O7 a possible experimental realization of a quantum spin

liquid. In addition, the temperature independence of ZF asymmetry spec-

tra as the thermodynamic phase transitions viewed in the speci�c heat are

transversed (Fig. 4.4) suggests these phase transitions are not described by

magnetic order parameters, rather some unknown "hidden order" mechanism.
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5.1 Zero Field µSR

A summary of ZF µSR measurements performed on polycrystalline and single

crystal Yb2Ti2O7 is shown in Fig. 5.1. Each sample was left to sit at base

temperature (T∼16 mK) for several hours before experiments were conducted,

in order to ensure thermal equilibrium with the Ag sample holder has been

reached. This was done to take into account the long thermal relaxation

time as viewed by neutron scattering [Y. Yasui 2003] at low temperatures.

Muons entered the samples 100% spin polarized, and the time evolution of the

average muon depolarization was measured. We found that the asymmetry

spectra were una�ected by an applied longitudinal �eld (LF) up to at least

H = 20 G. Calibration using the asymmetry spectra taken at the transverse

positron counters veri�ed that the max applied LF is H < 5 G, therefore no

precise zeroing procedure was necessary. This small longitudinal �eld serves to

decouple any relaxation contribution to the asymmetry due to static nuclear

moments in the Ag sample holder or cryostat equipment [Dunsiger 2011].

It is clear from the spectra in Fig. 5.1 (b) and (c) that neither sample

has an oscillating or non-relaxing component down to T ∼ 16 mK. The muon

polarization function completely depolarize to zero asymmetry such that they

can be �t with a simple exponential decay with no constant o�set. This indi-

cates that the �elds are completely dynamic, with no static component. There

is no evidence of any magnetic long range order in either samples measured

down to T = 16 mK.

This result is in contrast to the evidence presented through neutron

scattering measurements by Chang et al. [L.-J. Chang 2012] and Yasui et

al. [Y. Yasui 2003], who observe a full �rst order transition to a ferromag-

68



M.Sc. Thesis - R. D'Ortenzio; McMaster University - Physics & Astronomy

0 1 2 3 4 5 6 7 8 90 . 0

0 . 1

0 . 2

0 . 3
0 . 0

0 . 1

0 . 2

0 . 3

1 2 3

0 . 1 2

0 . 1 6

0 . 2 0

0 . 2 4

 1  K
 1 6  m K

 

 

 

As
ym

me
try

P o l y c r y s t a l

 1  K
 1 6  m K

 

 

 

As
ym

me
try

T i m e  ( µs )

S i n g l e  C r y s t a l

( c )

( b )
 S i n g l e  C r y s t a l
 P o l y c r y s t a l

Re
lax

ati
on

 Ra
te 

(µs
-1 )

T e m p e r a t u r e  ( K )

( a )

Figure 5.1: Left image: the temperature dependence of the relaxation of the
muon polarization in ZF. Both polycrystalline and single crystal Yb2Ti2O7

show little change. The right images show the asymmetry spectra at 16
mK and 1 K, below and above the magnetic transition at ∼265 mK for
both polycrystalline and single crystal, to emphasize the similarities. Taken
from [R.M. D'Ortenzio 2013].

netic long range ordered ground state. Chang et al suggest that other

experiments do not see long range magnetic order because they are us-

ing non-stoichiometric samples of Yb2Ti2O7, which also results in varia-

tions in speci�c heat data. However, our polycrystalline sample exhibits

a very sharp �rst order like transition at high temperature (T∼265 mK),

and no sign of ferromagnetism down to 16 mK. Our measurement is con-

sistent with several other experimental studies of the low temperature mag-

netism of Yb2Ti2O7 [K.A. Ross 2009, Gardner 2004]. In addition, these re-

sults do not support the ordered ferrimagnetic ground state proposed by Ap-
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plegate et al. [Applegate 2012] used to calculate the thermodynamic prop-

erties of Yb2Ti2O7. Surprisingly, our ZF µSR results are very di�erent from

those presented by Hodges et al. [J.A. Hodges 2002, J.A. Hodges 2004]. We

do not see the development of a second shorter timescale below the ther-

modynamic transition. This indicates that the �uctuation rate of Yb3+ ions

does not signi�cantly drop in a discontinuous manner for either of our mea-

sured samples. It is di�cult to reconcile these di�erences, however it is pos-

sible that the di�erences viewed in speci�c heat between our sample and

those used in [J.A. Hodges 2002, J.A. Hodges 2004] (shown as the green data

points in Fig. 4.4 ) are connected with the low temperature magnetic state of

Yb2Ti2O7. [K.A. Ross 2012]. In addition, there are other sample dependen-

cies beyond those described by the stu�ed pyrochlore model [K.A. Ross 2012],

such as oxygen de�ciencies that cause color gradients along the length of grown

single crystals (Fig. 1.7).

Fig 5.1 shows asymmetry spectra both above and below the �rst order

transition at T= 16 mK and T = 1 K, and both are well described by a sim-

ple exponential decay, with similar decay rates. The striking lack of di�erence

between the two asymmetry spectra suggests this thermodynamic transition is

not magnetic at all, as the ZF measurements would be sensitive to any changes

in the magnetic state. The possibility that the muon's initial polarization is

parallel to the internal magnetic �eld of the sample, resulting in no oscillations

in the asymmetry spectra can be eliminated due to the cubic nature of the

crystal structure. If there was a magnetic anisotropy such that the internal

magnetic �eld at the muon location pointed along a [111] crystallographic

direction, the symmetry of the crystal lattice with four equivalent [111] direc-

tions would break the internal magnetic �elds into a domain structure, giving
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a muon precession signal in all but one domain. In the polycrystal sample,

the local magnetic �elds will be averaged over all crystallographic directions,

also eliminating the possibility that the entire magnetic �eld is parallel to the

initial muon polarization.

Another possible explanation is that the samples are not in thermal equi-

librium with the Ag cryostat �nger, and the samples are still above the tem-

perature of the thermodynamic transition. Our TF µSR measurements pre-

clude this possibility, as the we observe a change in the muon Knight shift at

the thermodynamic transition temperature, showing that muons are sensitive

to the magnetic environment in Yb2Ti2O7. This is discussed further in the

subsequent section on TF µSR.

5.2 Transverse Field µSR

TF µSR measurements were performed with an applied �eld of H = 50 mT

applied perpendicular to the initial muon polarization, and parallel to the

muon beam direction. For the single crystal sample, the �eld was applied par-

allel to a [111] crystallographic direction. The geometry of this measurement

is shown in Fig. 2.18. The measurements were not taken in any way to take

into account the magnetic history. We chose a small applied magnetic �eld of

H = 50 mT to not enter the magnetic induced LRO state shown in Fig. 1.6

which occurs above H ∼ 0.5 T at 30 mK when the �eld is applied parallel to

[110] [K.A. Ross 2009]. We completed this experiment under the assumption

that this critical �eld is similar for the [111] direction, justi�ed by the lack of

magnetic anisotropy viewed in our dc magnetic susceptibility measurements.

The results of the TF measurements are presented on the left side of
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Figure 5.2: The image on the left:TF=50 mT µSR measurements of (a) poly-
crystalline and (b) single crystal Yb2Ti2O7. The single crystal is aligned such
that a <111> direction is parallel to the muon momentum (beam direction),
but perpendicular to the incident muon's polarization. The temperature inde-
pendent signal represented by grey points comes from the Ag sample holder.
The black lines added are Curie−Weiss �ts with a common Θµ

cw
= − 1.3±0.5

K. The inset of both (a) and (b) show the asymmetry time spectra in black,
with the �t functions in red. The image on the right: The Fourier transform
of the TF asymmetry spectra at T = 50 mK for both samples. There are three
distinct lines (frequencies) for the polycrystal sample, and four distinct lines
for the single crystal sample, justifying the �t presented in Eq. 5.1. Taken
from [R.M. D'Ortenzio 2013].
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Fig. 5.2 for both single crystal and polycrystalline samples. The insets of

the left image in Fig. 5.2 (a) and (b) show an example of a an asymmetry

spectra at T = 50 mK in black, with the corresponding �t superimposed in

red, showing good agreement. The asymmetry spectra were �t with Eq. 5.1:

A(t) =
n∑

i=1

Aie
−σ2

i t
2

cos(ωit+ ϕ) (5.1)

The entire data set was �t globally for each sample, with the total asymmetry

and amplitude of each precession frequency's contribution held constant for

all temperatures. In our �tting, the asymmetry spectra was best described

by a sum of sinusoidal precession with a Gaussian relaxation envelope with

timescale σi which was allowed to vary with temperature. In addition, the

overall phase (approximately 90 ± 5o for all runs) could vary in between

temperatures.

To determine the number of frequencies in each sample, a Fourier trans-

form of each asymmetry spectra at T = 50 mK was performed, shown in

the right hand side of Fig. 5.2, where the precession frequencies were most

resolved. From this, the single crystal sample shows four distinct muon pre-

cession frequencies n = 4, and the polycrystalline sample shows three n = 3

that could be resolved. It is possible there be more precession frequencies that

could not be resolved at H = 50 mT, however the number of frequencies chosen

in Eq. 5.1 gave very good agreement with raw asymmetry spectra. Applying

a larger magnetic �eld, and collecting more muons to improve statistics could

show any unresolved precession frequencies, but risks inducing a LRO state.

There is a sharp peak in the real Fourier power at approximately 7 MHz for

both samples. This peak's amplitude and position is largely independent of
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temperature, and therefore attributed to muons landing in the Ag cryostat

sample holder. This frequency signal provides a useful reference to measure

the muon Knight shifts of the actual Yb2Ti2O7 signals. On the left hand side

of Fig. 5.2, this temperature independent muon precession is shown by the

grey points.

The remaining muon precession frequencies are interpreted as unique mag-

netic environments for the implanted muons. The single crystal sample has

an additional precession frequency when compared to the polycrystal sample.

Our proposed explanation is that when all crystallographic directions are av-

eraged, two of the the unique magnetic environments become equivalent. This

is consistent with the data in Fig. 5.2, as an average of the two lines shown

in the blue and green data for the single crystal (b) will approximately repro-

duce the positions of the line shown by the blue data in the polycrystalline

data (a). The positively charged muons have a high probability to sit near

the O2− ions, due to electrostatic interaction. There are two unique oxygen

sites in Yb2Ti2O7, as shown in Fig. 1.3. There are six oxygens staggered up

and down surrounding the central Yb3+ ion connecting the two tetrahedral,

and an additional oxygen site sitting in the middle of each tetrahedra. One

possibility is when a magnetic �eld is applied parallel to the [111] direction,

the six surrounding oxygens are split into two unique magnetic environments

for the muons. As the oxygens are staggered three above and three below

a plane through the central Yb3+ ion normal to the global [111] direction,

this explanation seems plausible. This leaves the remaining muon site to sit

near the oxygen in the center of the corner sharing tetrahedra. When the

crystal is in powder form, the direction of the applied �eld does not matter

as all crystallographic directions are equally represented. The signals viewed
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in the Fourier transform (Fig. 5.2) for the polycrystalline sample span the

full range of possible signals if the magnetic �eld was applied along a speci�c

crystallographic direction.

It is a common trend for frustrated magnetic pyrochlores to exhibit largely

temperature independent ZF/LF muon polarization functions [Uemura 1994,

P.A. McClarty 2011, Dunsiger 2011, Quemerais 2012]. A recent proposal

explaining the temperature independence of the relaxation at low tem-

perature in the closely related rare earth pyrochlore classical spic ice

Dy2Ti2O7 [Quemerais 2012], originating from the quantum di�usion of muons

is eliminated by our TF µSR results shown in Fig. 5.2. This mechanism in-

volves the quantum mechanical tunneling of muons to di�erent magnetic envi-

ronments in the low temperature spin ice state. This results in a temperature

independent relaxation, and an averaging of the local magnetic �eld seen my

implanted muons such that their would be only one precession frequency. This

model is based upon the assumption that electronic spins are static on the

timescale of the muons, which does not apply to Yb2Ti2O7 as our ZF µSR

measurements show a completely dynamic low temperature state. The possi-

bility of quantum di�usion of muons [Quemerais 2012] is unlikely here, as the

lines as viewed in the Fourier transform (Fig. 5.2 right side) of the asymmetry

spectra would be broadened by muons tunneling to di�erent locations such

that they could not be resolved. The only possibility is muons selectively

tunneling to equivalent magnetic environments, which would leave the muon

precession frequencies intact.

The arrows in Fig. 5.2 represent the onset temperature of the thermo-

dynamic transition measured in our speci�c heat measurements (Fig. 4.4).

There is a distinct change in the temperature dependence of the frequencies
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corresponding approximately to these temperatures. This change is more pro-

nounced in the polycrystalline sample, which also has the sharper transition in

the speci�c heat. As TF measurements characterize the magnetic spin suscep-

tibility, the frequency shifts (described in Eq. 5.2) above the thermodynamic

transition temperature in the paramagnetic regime (above T = 300 mK for

both samples) were �t to a Curie-Weiss function as it represents the data

well and provides a physical interpretation. Superimposed on the muon fre-

quency temperature dependence are Curie-Weiss like �ts, described by Eq. 4.1

in black. These �ts were taken with respect to the reference Ag sample holder

frequency, where Θµ
CW is the empirical Curie-Weiss temperature:

∣∣∣∣
fAg − fy
fAg

∣∣∣∣ ∝ (T − Θµ
CW )−1 (5.2)

Where fAg is the muon precession frequency in the sample holder, assumed

to be temperature independent, and fy is the muon precession frequencies

in Yb2Ti2O7. The �ts were done such that each muon Knight shift had a

common Θµ
CW temperature (allowed to vary for the two samples) where we

obtained common value of Θµ
CW = − 1.3 ± 0.5 independently. This

is considerably below the value calculated from dc magnetic susceptibility

measured in a SQUID above 2K, ΘCW = 0.4 ± 0.1 K. We have established a

temperature dependence of the Curie-Weiss temperature in Chapter. 4. The

negative Curie-Weiss temperature suggests that there may be some competing

antiferromagnetic interactions is interesting to note. We do not expect that

the magnetic susceptibility would have the same behavior below ΘCW = 0.4±

0.1K measured in a SQUID. These �ts show there is a distinct deviation from
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Curie-Weiss behavior at the temperature of the onset of the transition seen in

the speci�c heat. Plotted in Fig. 5.3 are the residuals of the �ts, highlighting

these deviations. The transition is larger and more �rst order-like for the

polycrystalline sample, consistent with the more prominent transition seen in

C(T ) (Fig. 4.4).
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Figure 5.3: Temperature dependence of the di�erence between parameterized
Curie-Weiss �ts on the muon Knight shifts (shown in Fig. 5.2) for both single
crystal and polycrystalline Yb2Ti2O7 samples. There is a distinct deviation
from Curie−Weiss behavior, more pronounced in the polycrystalline sample,
at the approximate temperature of the phase transitions that are observed in
the speci�c heat (TC ≈ 265 mK for the polycrystal, and TC ≈ 185 mK for
the single crystal). Error bars are included, but smaller than the data points.
Error is on the order of 1%.

Our TF µSR measurements are important for several reasons. These re-

sults eliminate the possibility that the ZF µSR measurements were taken out

of thermal equilibrium, as the TF measurements which were largely taken

in quick succession (less than an hour between runs) are clearly sensitive to

the thermodynamic transition viewed by the speci�c heat. This supports the

conclusion of a dynamic magnetic ground state as observed from our ZF µSR
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results. In addition, these results show the thermodynamic transition in the

speci�c heat corresponds to a change in the Yb3+ ion spin susceptibility or

hyper�ne coupling of the electronic moments to the muon.

The temperature dependence of the muon relaxation TF (σ in Eq. 5.1) is

presented in the Appendix A of this report.

5.3 Comparison to Tb2Sn2O7

It is interesting to compare our µSR results to those presented

in [Dalmas de Réotier 2006] on Tb2Sn2O7, which is another geometrically

frustrated material on a pyrochlore lattice. Powder neutron di�raction mea-

surements of Tb2Sn2O7 show a magnetic ordered state below T=0.87 K, also

associated with a peak in the temperature dependence of the speci�c heat.

Magnetic susceptibility measurements of Tb2Sn2O7 reveal strong antiferro-

magnetic interactions ΘCW = −12K rather than the weak ferromagnetic in-

teractions in Yb2Ti2O7. The transition at lower than expected temperature

T=0.87 K with respect to the strength of the magnetic interactions is a good

indication that Tb2Sn2O7 exhibits magnetic frustration. The ordered mag-

netism as viewed by neutron scattering would lead one to expect to see an

oscillatory component in the ZF µSR measurements below 0.87 K, but no such

signal is observed. They report similar ZF µSR spectra to those presented

in this study, �t with a stretched exponential function where the asymme-

try spectra A(t) is described by A(T ) ∝ e−(λt)
α
where α is the stretching

parameter. At low temperatures, the reported relaxation rate becomes al-

most temperature independent. However, the nature of the ground state of

Tb2Sn2O7 and whether it truly displays long range magnetic order is not fully
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established [Dalmas de Réotier 2006, Bert 2006, Giblin 2008]. It seems that

Tb2Sn2O7 su�ers from similar sample dependence issues that could a�ect the

low temperature magnetism issues as many other frustrated pyrochlores. It

seems it is a common problem for frustrated magnetic pyrochlores to exhibit

sample dependence that a�ects the magnetic ground state.
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In this study, I performed detailed measurements on the low temperature

behavior of Yb2Ti2O7 using speci�c heat, ZF and TF µSR measurements. In

order to investigate the important issue of sample dependence and its e�ects

on the magnetic ground state of Yb2Ti2O7, measurements were conducted on

both a polycrystalline sample with assumed perfect stoichiometry, and a single

crystal grown via the optical �oating zone method that has a high degree of

o� stoichiometry stu�ng as described in [K.A. Ross 2012].

The initial component of this study involves the growth and characteri-

zation of Yb2Ti2O7. Polycrystalline rods were prepared and grown using the

optical �oating zone method, and the single grain component of the grown

crystals were aligned by Laue X-Ray di�raction and cut along appropriate

crystallographic direction with a diamond saw. We veri�ed the phase and

determined the lattice constant a to be a = 10.029± 0.001 Å for all samples

by powder X-Ray di�raction.

To characterize the bulk magnetism of both single and polycrystalline sam-

ples, I measured the dc magnetic susceptibility in a Superconducting Quantum

Interference Device (SQUID). The Curie-Weiss temperature was seen to be
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temperature dependent, but generally con�rmed to agree with previous stud-

ies [H.W.J. Blote 1969] Θcw = 0.4± 0.1 K when �t in the temperature range

2 K ≤ T ≤ 10 K, giving overall weak ferromagnetic interactions of approxi-

mate strength TC×kB ∼ 34 µeV. Magnetic susceptibility was measured along

the [100] and [110] crystallographic directions, and no signi�cant magnetic

anisotropy was observed up to an applied �eld of H = 5 T.

A phase transition was observed for both samples through speci�c heat

measurements below 2 K done at the University of Waterloo by D. Pomaranski

and J. Kycia. For the polycrystalline sample, the transition is sharp and �rst

order like, peaking at approximately T∼265 mK. This lead the experimenters

to approximate the polycrystalline sample as stoichiometric balanced, such

that x ≈ 0 in the stu�ed pyrochlore model described by Eq. 1.3. The single

crystal sample has a much broader transition approximately 25 times weaker,

peaking at T∼185 mK. This sample is expected to have a high degree of

stu�ng (x 6= 0) [K.A. Ross 2012]. These two samples illustrate extreme cases

of sample dependence in Yb2Ti2O7 as re�ected in the speci�c heat.

Speci�c heat measurements above 2K in an applied �eld up to H = 9 T per-

formed at McMaster University in an Oxford ExaLab reveal the evolution of

the Schottky anomaly, which occurs between 2 K < T < 10 K. As the ap-

plied magnetic �eld increases, the peak temperature and FWHM increase, and

the amplitude with respect to the T3 phonon contribution decreases. To com-

pare to the theoretical data presented by Applegate et al. [Applegate 2012],

experimental data was plotted as C(T )/T vs T 2 to remove the phonon contri-

bution. There is a linear contribution to the speci�c heat, re�ected through

non-zero γ values for C(T ) = γT + βT 3 �ts. This contribution cannot be a

free electron fermi contribution, as Yb2Ti2O7 is an insulator. There is good
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agreement below ∼10 K in all applied �elds, however there is an unaccounted

for component in the speci�c heat viewed by our experimental data after the

phonon contribution is removed, beyond the uncertainties of the numerical

subtraction process. The theoretical data represents the observed evolution

of the the speci�c heat in the vicinity of the Schottky anomaly in an applied

�eld well, but fails at lower and higher temperatures. This brings Applegate

et al.'s model of a ferrimagnetic ground state where the Schottky anomaly is

due to a crossover from paramagnetism to a quantum mechanical dominated

regime into question.

To investigate the magnetic ground state of Yb2Ti2O7 and investigate the

link of sample dependence with the low temperature magnetism, TF and ZF

µSR measurements were performed. The ZF asymmetry spectra for all sam-

ples could be described by a simple exponential decay to zero. This indicates

that the magnetic moments of Yb3+ ions are completely dynamic, with no

static frozen �elds and no long range magnetic order down to 16 mK. Sur-

prisingly, there is little temperature dependence of the relaxation timescale as

the thermodynamic transition is crossed for both measured samples, suggest-

ing there is no signi�cant change in the magnetism. Therefore, the change

in entropy that causes the phase transition viewed in the speci�c heat must

be described by some other nonmagnetic unknown "hidden order" parameter.

In addition, it is important to note how similar the ZF asymmetry spectra

are for the samples measured. Despite the extreme variations in the transi-

tion viewed in the speci�c heat, the magnetic state we observed is almost the

same. Therefore our ZF results suggest that although there is variation in

the speci�c heat in Yb2Ti2O7, the low temperature magnetism may not be

a�ected.
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Our TF µSR measurements demonstrate that our measurements are indeed

sensitive to the thermodynamic phase transition, as characterized by a distinct

change in the local spin susceptibility. This change is seen as a deviation

from ∝ (ΘCW − T )−1 Curie-Weiss behavior at temperatures corresponding

approximately to the onset of the phase transition. There are three unique

precession frequencies in the single crystal sample, and two distinct signals in

the polycrystalline sample that can be resolved at an applied �eld of H = 50

mT.

Our µSR do not reproduce the �rst order like drop in �uctuation

rate observed by Hodges et al. [J.A. Hodges 2002, J.A. Hodges 2004], which

could be due to sample variation in Yb2Ti2O7. We observe no or-

dered magnetic ground state reported by some neutron scattering measure-

ments [L.-J. Chang 2012, Y. Yasui 2003] and theoretically proposed in several

studies, such as: [Applegate 2012, Hayre 2013].

Our ZF µSR data gives evidence that the magnetic state shows little tem-

perature dependence when the thermodynamic transition viewed in the spe-

ci�c heat is crossed. The change in entropy that causes this transition in the

speci�c heat must be provided by some other order parameter, likely non-

magnetic. As in the heavy fermion compound URu2Si2, which undergoes a

thermodynamic transition at ∼17.5 K as viewed by the speci�c heat of which

the order parameter is unknown [Mydosh 2011], we propose that Yb2Ti2O7

undergoes a "hidden order" phase transition to a dynamic magnetic ground

state. Despite the extreme variation of the speci�c heat between our two

samples measured, their magnetic low temperature behavior is surprisingly

similar. This also supports the hypothesis that this transition is not magnetic

in nature.
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6.1 Prospective Future Work

With regards to further µSR measurements, to fully determine the nature

of the magnetic ground state in Yb2Ti2O7 and what types of magnetic en-

vironments exist within the crystal lattice more µSR measurements need to

be conducted. TF µSR measurements with the magnetic �eld applied along

di�erent crystallographic directions would elucidate the muon's stopping lo-

cations and give deeper insight into the magnetic properties of Yb2Ti2O7.

Applying a �eld larger than the H = 50 mT used in this study, and collecting

more muons to improve the asymmetry spectra's statistics could help resolve

any hidden precession frequencies. It would also be an interesting experiment

to apply a large TF > 0.5 T �eld to investigate the induced LRO state, as

shown in Fig. 1.6. An experiment that would give more insight into the role

of sample dependence on the magnetic state would be to investigate the tran-

sition to LRO with both stu�ed and stoichiometric samples, and compare the

magnetic properties. µSR could provide an excellent tool that could be used

to verify and provide detail to Fig. 1.6.

To solve the stu�ng problem for crystals grown via the optical �oating zone

technique and to compensate for the presumably evaporating TiO2, it would

be interesting to attempt a growth where the polycrystalline rod has been

formed with extra TiO2. Some attempts at this have already been performed

at McMaster University. In addition, the e�ects of using di�erent pressures or

di�erent atmospheres (such as Ar) on the magnetic ground state and speci�c

heat are relatively poorly understood.
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Appendix A

TF relaxation Temperature

Dependence and LF measurements

A.1 TF = 500 G µSR relaxation

Fig. A.1 shows the temperature dependence of σ from Eq. A.1 for single crys-

tal and polycrystalline Yb2Ti2O7. Each independent magnetic environment

(corresponding to a unique muon precession frequency) was �t such to al-

low a unique relaxation timescale. The �at, mostly temperature independent

relaxations are due to muons landing in the Ag sample holder.

A(t) =
n∑

i=1

Aie
−σ2

i t
2

cos(ωit+ ϕ) (A.1)

The relaxation rate for muons landing in Yb2Ti2O7 show temperature

dependence, but no distinct change at the temperature corresponding to the

transition observed in the speci�c heat.

A.2 LF µSR measurements

In the paramagnetic phase of a material, such that the magnetic moments are

�uctuating, the muon relaxation rate T1 with an applied LF BL is given by

the following equation [G.M. Luke 1997]:



M.Sc. Thesis - R. D'Ortenzio; McMaster University - Physics & Astronomy

0 1 2 3
0 . 0

0 . 5

1 . 0

1 . 5

2 . 0

2 . 5

 
Re

lax
ati

on
 (µ

s-1 )

T e m p e r a t u r e  ( K )

S i n g l e  c r y s t a l  Y b 2 T i 2 O 7  T F  =  5 0 0  G

(a) Single crystal relaxation

0 . 0 0 . 5 1 . 0 1 . 5 2 . 0 2 . 5 3 . 0
0

1

2

3

4

5

6
 

 

Re
lax

ati
on

 (µ
s-1 )

T e m p e r a t u r e  ( K )

P o l y c r y s t a l l i n e  Y b 2 T i 2 O 7  T F  =  5 0 0  G

(b) Polycrystal relaxation

Figure A.1: The temperature dependence of the Gaussian envelope σ de-
scribed in Eq. A.1 for single crystal (a) and polycrystalline samples (b).

1

T1
=
γ2µB

2
instν

ν2 + ω2
L

⇒ ν � γµBinst (A.2)

Where BL = ωL
γµ
, ν is the �uctuation rate of the electronic magnetic mo-

ments, and Binst is the magnitude of the instantaneous magnetic �eld experi-

enced my the muon. When this model was applied to the �eld dependence of

the relaxation rate in our LF measurements, the extracted Binst was too small,

on the order of ∼1 Gauss, where a much bigger internal �eld on the order of

0.2 T (for other similar frustrated pyrochlores [Dalmas de Réotier 2006]) was

expected. One possibility of why this �t does not give realistic results is that

the system is not fully paramagnetic at T = 1 K, but in some regime domi-

nated by quantum �uctuations as proposed by [Applegate 2012], displayed in

the speci�c heat as a Schottky anomaly.
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We report low temperature specific heat and muon spin relaxation/rotation (µSR) measurements
on both polycrystalline and single crystal samples of the pyrochlore magnet Yb2Ti2O7. This system
is believed to possess a spin Hamiltonian supporting a Quantum Spin Ice (QSI) ground state and
to display sample variation in its low temperature heat capacity. Our two samples exhibit extremes
of this sample variation, yet our µSR measurements indicate a similar disordered low temperature
state down to 16 mK in both. We report little temperature dependence to the spin relaxation and
no evidence for ferromagnetic order, in contrast to recent reports by Chang et al. (Nat. Comm. 3,
992 (2012)). Transverse field (TF) µSR measurements show changes in the temperature dependence
of the muon Knight shift which coincide with heat capacity anomalies. We are therefore led to
propose that Yb2Ti2O7 enters a hidden order ground state below Tc ∼ 265 mK where the nature
of the ordered state is unknown but distinct from simple long range order.

Rare earth titanates of the form R2Ti2O7 (R is a triva-
lent magnetic rare earth ion and the Ti is non−magnetic)
provide an excellent vehicle for the study of geometric
magnetic frustration. The R sites within the cubic py-
rochlore structure, with space group Fd3m, reside on a
network of corner sharing tetrahedra, with a high propen-
sity towards frustrated magnetic interactions leading to a
wide range of exotic low temperature magnetic states [1].
For example, classical spin ice materials have been theo-
retically proposed to exhibit monopole-like quasiparticle
excitations [2].

Spin ices such as Dy2Ti2O7 have been extensively stud-
ied and are relatively well understood [1]. Recently, a new
direction that has received much interest is that of “quan-
tum spin ice”, where quantum fluctuations may elevate
the classical spin liquid state of spin ice to a full blown
quantum spin liquid. A possible candidate for a quantum
spin ice is Yb2Ti2O7, which does not exhibit the gradual
spin freezing and residual low-temperature entropy of a
classical spin ice [3]. However, the nature of its ground
state is currently under much debate, with some recent
experiments reporting a ferromagnetic low temperature
state [4, 5], while others show a dynamic ground state
with no long range order [6–9]. Despite this, the micro-
scopic Hamiltonian for Yb2Ti2O7 appears well described
by a pseudospin−1/2 quantum spin ice model [3, 10, 11].

Previous zero field (ZF) µSR [6, 12] performed on poly-
crystalline Yb2Ti2O7 showed no evidence of long range

magnetic order below the sharp specific heat transition
at ∼240 mK, rather they reported a Yb3+ spin fluc-
tuation rate drop of approximately 4 orders of magni-
tude [13]. Mössbauer absorption spectra by the same
group also indicated a first order magnetic transition,
but could not give information about the microscopic
nature of the ground state. Neutron scattering experi-
ments show evidence for both an ordered ferromagnetic
ground state [4, 5], and a dynamic magnetic ground
state, with only short range (3D) spin correlations [7, 9].
Ross et al. [7, 9] report rods of magnetic scattering
along the 〈111〉 directions, characteristic of short range
two−dimensional (2D) correlations above 400 mK. Below
400 mK, the rods begin to coalesce and build up inten-
sity near the Q = (1, 1, 1) Bragg peak, interpreted [10] as
a cross-over to short range three-dimensional (3D) mag-
netic correlations, but clearly lacking long range order.
Inelastic neutron scattering at 30 mK in these same stud-
ies shows only diffuse quasielastic scattering, and no ev-
idence of sharp spin waves, again consistent with a dy-
namic disordered ground state. In contrast with Ref. [7],
Chang’s polarized neutron scattering results [4] show
suppression of the 〈111〉 scattering rods into full magnetic
Bragg peaks in a first order manner below T∼210 mK.

Recent evidence suggests that, like other geometrically
frustrated magnets such as Tb2Ti2O7 [14], Yb2Ti2O7’s
ground state may be sensitive to small amounts of
quenched disorder and non-stoichiometry at the ∼1%
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level, with several reports of sample variation of the
strong heat capacity anomaly near ∼260 mK and be-
low [7, 15, 16]. Variation of the heat capacity is observed
between samples, both poly− and single−crystalline, and
the largest heat capacity anomaly appearing at the high-
est temperature could be taken as a figure of merit for
the sample quality. To date, this anomaly is seen to be
sharpest in polycrystalline samples that were prepared
by the method outlined in Ref. [15].

Neutron diffraction studies [15] have shown that a sin-
gle crystal of Yb2Ti2O7 grown using the optical float-
ing zone technique is weakly “stuffed”, with stoichiome-
try Yb2(Ti2−xYbx)O7−x/2 where x ∼0.046, or 2.3% ex-
tra Yb3+ ions reside on the nonmagnetic Ti4+ sublat-
tice. Meanwhile, polycrystalline samples prepared by the
method in Ref. [15] are not stuffed (x=0). These defects
are proposed [15] to contribute to the variation in mag-
netic ground state properties, and therefore the variation
in the heat capacity observed in different samples.

In this letter, we study two samples of Yb2Ti2O7 with
very different low temperature heat capacities, shown in
Fig. 1. One is a polycrystalline sample with a sharp, large
heat capacity anomaly at relatively high Tc∼265 mK,
while the other is a single crystal sample which displays
a broad anomaly at Tc∼185 mK, with a peak amplitude
20 times smaller than that of the polycrystalline sample.
For comparison, we also show the specific heat measure-
ments reported by Chang et al. for the single crystal
used in their neutron study [4], Dalmas de Réotier et al.’s
polycrystalline sample used in a previous µSR study [6]
and Ross et al.’s polycrystal used in Ref. [7]. Based on
our specific heat data, we would expect our single crystal
to have a relatively high degree of stuffing as the spe-
cific heat peak is pushed down to ∼185 mK. Our poly-
crystalline sample shows a sharp temperature peak, from
which we infer that it should be closer to balanced stoi-
chiometry (x ≈0). Remarkably, the µSR measurements
we report show little difference between the two samples
at low temperatures, and both the single crystal and our
high quality polycrystalline sample are shown to remain
disordered and dynamic to the lowest temperatures mea-
sured.

We prepared polycrystalline pellets of Yb2Ti2O7 by
mixing stoichiometric quantities of Yb2O3 and TiO2,
isotropically pressing at 60 MPa then sintering at 1200 ◦C
for 24 hours. We then grew single crystal Yb2Ti2O7

from some of the polycrystalline material using the op-
tical floating zone crystal growth method in 2 ATM of
O2 as described in [17]. SQUID measurements of the dc-
magnetization above 2 K confirm Curie-Weiss behavior
with overall weak ferromagnetic interactions, Θcw=0.4
K, similar to values reported by previous studies [18, 19].

Weak longitudinal field (LF) µSR spectra are shown for
T=1 K and 16 mK in Fig. 2 for both single crystal and
polycrystalline samples. Calibration spectra using trans-
verse counters show that the applied field is H≤0.5 mT.
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FIG. 1. Low T specific heat measurements of Yb2Ti2O7 on
a semi−logarithmic scale. The red and blue curves represent
samples used for this work. Our polycrystalline sample ex-
hibits a sharp transition at ∼265 mK, and our single crystal
shows a broad peak at ∼185 mK. The black data is taken
from Chang et al.’s [4] single crystal, and the green is the
sample [13] used for Hodges et al.’s µSR measurements. The
orange points are taken from Ross et al [7].
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FIG. 2. A comparison of the weak LF (less than 0.5 mT)
data for polycrystalline and single crystal Yb2Ti2O7. Asym-
metry spectra (shown in (b) and (c)) were fit with a single
exponential decay with a globally fixed asymmetry for all T .
Plot (a) shows the temperature dependence of the relaxation
rate.

We confirmed that the longitudinal relaxation rate did
not vary with the size of the weak applied field (up to
at least ∼2 mT) indicating that the small field does not
affect the dynamics of the Yb3+ moments, although it
does serve to decouple any static nuclear dipole relax-
ation from any stray muons landing in the cryostat tails
or sample holder [20].

We find that the entire muon polarization signal re-
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laxes with a simple exponential decay and a weak relax-
ation rate that is only slightly temperature dependent,
as shown in Fig. 2. No oscillatory component or rapid
relaxation that would be observed from an ordered state
is present down to 16 mK for either sample. The random
orientations of crystallites in the polycrystal and the cu-
bic symmetry giving three equivalent 〈111〉 directions in
the single crystal preclude the possibility of a static local
field soley along the initial muon polarization direction
(where muon precession would not be observed) [21]. In
marked contrast to the results presented in [6], we ob-
serve no fast relaxing component for either of our sam-
ples at any temperature, including below the transitions
observed in the specific heat. This behavior allows us to
conclude that the Yb3+ spins are in the fast fluctuating
(narrowing) regime, with an absence of long range mag-
netic order or even static internal magnetic fields such
as would be present in a spin glass system at low tem-
perature. The relaxation rate does increase somewhat
with decreasing temperature, indicating a gradual slow-
ing down of Yb3+ spin fluctuations; however they remain
rapidly fluctuating down to 16 mK.

To further characterize the Yb3+ spin system, we per-
formed transverse field (TF) µSR measurements to probe
the local spin susceptibility, applying H=50 mT perpen-
dicular to the initial muon spin polarization, which was
rotated 90◦ relative to the LF measurements. For the
single crystal Yb2Ti2O7, the field was applied parallel
to [111] . H=50 mT is small enough not to induce a
magnetically ordered state along [110], and likely also
[111] [7, 9]. Fig. 3 shows Fourier transforms of time
spectra measured at T=50 mK, which exhibit a number
of resolved lines for each sample. The positively charged
muon’s site in materials is determined by electrostatic in-
teractions, with muons in Yb2Ti2O7 most likely to reside
near O2− ions [20]. There are two crystallographically
inequivalent O2− ions in the pyrochlore structure, both
of which could provide muon sites. The application of
an external magnetic field along a specific (in this case
a [111]) axis makes several crystallographically equiva-
lent sites magnetically inequivalent and can therefore in-
crease the multiplicity of muon precession frequencies.
The splitting of each line from the frequency correspond-
ing to the applied field reflects the local (anisotropic)
susceptibility of that particular muon site. The poly-
crystalline sample exhibits fewer lines, though they are
broader in frequency as a result of the powder averag-
ing of the anisotropic shifts of different crystallographic
sites. After examining the Fourier transforms we chose
to fit the time spectra to Eq. 1 with n = 3 (polycrystal)
and n = 4 (single crystal), fixing the amplitudes of the
individual components at all temperatures for each sam-
ple to values obtained from simultaneous global fits over
a range of temperatures. Typical fits are shown in the
insets of Fig. 4 (a) and (b) for the polycrystal and single
crystal samples respectively.

A(t) =
n∑

i=1

Aie
−σ2

i t
2

cos(ωit+ ϕ) (1)
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FIG. 3. Fourier Transform of µSR asymmetry spectra in a
transverse field of 50 mT at T=50 mK. The single crystal
Yb2Ti2O7 shows 4 resolvable frequencies (red) and the poly-
crystalline Yb2Ti2O7 shows three (black). This motivates
n = 4 for the single crystal and n = 3 in the polycrystalline
Yb2Ti2O7 for Eq. (1). The sharp signal at approximately 7
MHz for both samples reflects the precession of the muons in
the Ag cryostat tails.

We show the results of this analysis for the frequen-
cies of each component in Fig. 4. The highest frequency
component (labeled in grey) for each sample exhibits
no temperature dependence. We ascribe this signal to
muons landing in the silver sample holder which pro-
vides a useful reference signal for determining the muon
Knight shift. The frequencies originating in the sam-
ples all show a strong temperature dependence as shown
in Fig 4. We parametrized the Knight shifts of these
signals referenced to the silver signal by fitting them to
a Curie-Weiss temperature dependence in the temper-
ature range 400 mK < T < 3.5 K. We used a com-
mon “Curie-Weiss temperature” (Tµcw) for each signal
which was allowed to vary between samples. The result-
ing frequencies obtained from these fits of the Knight
shifts are indicated by the black solid lines in Fig. 4.;
for both samples Tµcw = −1.3 ± 0.5 K, which is con-
siderably below the value (Θcw=+0.4 K) we obtain at
higher temperatures (above 2 K) in dc-magnetization.
For both samples we see a strong deviation from this
parametrized Curie−Weiss behavior below the tempera-
ture corresponding to the onset of the specific heat phase
transition, indicated by arrows in Fig. 4. This devia-
tion indicates that there is a marked change in the muon
Knight shift (which reflects the local spin susceptibility
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and Yb3+-muon hyperfine coupling) onsetting at about
the thermodynamic phase transition and that this occurs
in both samples.
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FIG. 4. The Yb3+ spin susceptibility characterized by TF=
50 mT µSR measurements of (a) polycrystalline and (b) sin-
gle crystal Yb2Ti2O7. For the single crystal Yb2Ti2O7 the
initial muon polarization points perpendicular to the TF field
which was applied parallel to [111]. There are two distinct
muon signals from the polycrystalline sample, and three from
the single crystal sample. The arrows show the approximate
temperature of the onset of the transition observed in the spe-
cific heat. The solid black lines represent Curie−Weiss fits,
as described in the text. The insets show asymmetry spectra
(black) and fit to Eq.1 (red).

The similarities of our data between the polycrystalline
and single crystal samples is surprising considering their
very different specific heat signatures indicating a wide
range of stuffing [15]. It is also surprising that we see no
evidence for the dramatic first-order-like change in the
spin fluctuation rate that was previously reported [6].
This difference is apparent in the raw data and is evi-

dence of a sample dependence between those studied by
Hodges et al. and this work which must go beyond the
differences in stuffing between our polycrystal and single
crystal samples. Our results suggest that from a local
microscopic point of view, the magnetic ground state is
to a large extent insensitive to to some aspects of sample
variation, and that a sharp specific heat transition does
not signify magnetic order.

Our weak LF measurements, shown in Fig. 2 exhibit
a weakly temperature dependent spin fluctuation rate to
the lowest temperatures studied. Many frustrated py-
rochlore systems exhibit a substantial, largely tempera-
ture independent LF/ZF relaxation [20, 22, 23] which al-
though often seen in frustrated or low-dimensional mag-
netic systems have not yet been explained [20]. A recent
proposed explanation for these apparent persistent spin
dynamics in terms of quantum diffusion of muons sug-
gested for Dy2Ti2O7 [24] is untenable here (and likely in
that case as well as we would expect similar muon diffu-
sion behaviour in the two systems). If muons were mo-
bile in Yb2Ti2O7, then they would move between differ-
ent possible magnetically inequivalent sites which would
broaden all of the individual TF lines in Fig. 3 into one,
which clearly does not occur. Furthermore, we can ex-
clude a “muon impurity” effect in which the presence of
the muon would locally destroy the magnetic behaviour,
since our TF-µSR measurements are clearly sensitive to
the transition which strongly affects the muon Knight
shift.

Yb2Ti2O7 exhibits a clear phase transition evidenced
by specific heat measurements, however the ground state
is not magnetically ordered. This leaves the nature of the
low temperature state unresolved, although we do know
that it involves a change of the local spin susceptibil-
ity and/or hyperfine coupling. This behavior recalls that
of the moderate heavy fermion system URu2Si2 which
has thermodynamic phase transition at 17.5 K to a so-
called “hidden-order” state [25] without magnetic order,
whose order parameter remained unknown for more than
20 years of detailed study. In the case of URu2Si2, re-
cent studies [26–28] indicate the phase transition orig-
inates from a change in the hybridization between the
localized electronic states associated with the uranium
atoms and the conduction band, as it enters the heavy
fermion state. While such a mechanism could not oc-
cur in insulating Yb2Ti2O7, we are still left with a ther-
modynamic phase transition with an unidentified order
parameter. Numerous exotic ground states have been
proposed [29] for spin-1/2 pyrochlore systems including
quantum spin liquid (QSL) and Coulomb ferromagnet in
addition to antiferromagnetic and ferromagnetic order.
Another possibility which could be considered is a va-
lence bond solid (VBS). Of these states, the QSL and
VBS would have no static magnetic moments consistent,
with our results. However, it is unclear whether or how
the known Hamiltonian for Yb2Ti2O7 could give rise to
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either of these states. Which of these phases or perhaps
other more exotic states is realized in Yb2Ti2O7 remains
to be seen.
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