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We studied structural and magnetic ordering in Yb2TiO5 using synchrotron X-ray diffraction,
neutron diffraction/total scattering, ac/dc susceptibility, and inelastic neutron scattering. Diffrac-
tion measurements reveal an average disordered fluorite structure with additional diffuse scattering
features, which are caused by structural short range orthorhombic order, as evidenced by the neu-
tron pair distribution function measurements. The ac susceptibility measurements show a broad
peak at Tf ≈ 0.35 K that displays Arrhenius behavior with an activation energy of 2.51(5) meV.
Zero-field neutron scattering measurements show broad magnetic diffuse scattering in the elastic
channel with an antiferromagnetic type gapless excitation extending to 1.5 meV. A polarized state
with partial spin order is induced with an applied magnetic field which opens a gapped excitation
that increases monotonically with field strength.

I. INTRODUCTION

As a result of its geometrical frustration, materi-
als possessing the pyrochlore structure (general formula
A2B2O7) have come under intense interest due to their
complex ground states and exotic excitations1. For
example, the pyrochlore spin-ices (e.g., Dy2Ti2O7 and
Ho2Ti2O7) have caught the eye of the scientific com-
munity due to their zero-point entropy that is strikingly
similar to that of cubic water-ice and emergent quasipar-
ticles that behave as magnetic monopoles2–6. However,
the spin-ice state in these materials is largely classical
in nature and much focus has shifted to materials with
strong quantum fluctuations. Cations with an effective
spin 1/2, such as Yb3+, have been a hot topic of late.
Early studies on Yb2Ti2O7, demonstrated that although
magnetic moments undergo a first order transition into
a long-range ordered state at Tc = 0.24 K, a fraction
of the spin moment remains fluctuating even down to
50 mK7. Later, several studied have utilized the spin-
wave excitations measurements under magnetic fields to
extract the exchange parameters of Yb2Ti2O7. The re-
sults indicated either a ”quantum spin-ice” scenario with
the strongest Ising-type interaction Jzz

8, or a proximity
to an XY antiferromagnet with the strongest “transverse
exchange Jz±

9. It is proposed that the ground state of
Yb2Ti2O7 is on the border between ordered ferro- and an-
tiferromagnetic states and have suggested that this com-
petition is the root of the quantum spin fluctuations in
Yb2Ti2O7 rather than spin-ice physics9–12.

The largest discrepancy among studies on Yb2Ti2O7

involves short range order vs. long range order.
Specific-heat13, Mössbauer spectroscopy7, and muon spin
relaxation7 measurements all show a distinct transi-
tion at Tc ≈ 0.24 K. While many studies find no evi-

dence of long range magnetic order associated with this
specific-heat anomaly7,14–16, several neutron diffraction
experiments have revealed signatures of long range or-
der in the form of weak magnetic Bragg peaks17–21.
In studies where no long range magnetic Bragg peaks
were observed, the application of even modest mag-
netic fields (µ0H = 0.5 T) induces a transition to long
range magnetic order with gapped, dispersive spin wave
excitations8,14. Controlled studies varying the synthesis
technique show that the specific heat anomaly can be
significantly broadened by introducing weak amounts of
disorder (as little as 1 %) into the crystal structure22–25.
This sensitivity to disorder is one potential explanation
for the controversy around the ground state of Yb2Ti2O7.

Strategies for controlling the amount of disorder within
a pyrochlore-like sample include partially replacing mag-
netic A-site cations with nonmagnetic cations (diluted
or “dirty” pyrochlore)26–30 or replacing nonmagnetic B-
site cations with additional magnetic cations (“stuffed”
pyrochlore)31,32. The stuffing procedure specifically (of-
ten written as A3+

2+xB4+
2−xO2−

7−x/2, summarized in Fig. 1)

has three effects: (i) additional spins are placed into the
lattice, creating more magnetic interactions; (ii) at low
stuffing levels, the additional A-site cations partially oc-
cupy B-sites; and (iii) at high stuffing levels, depend-
ing on the composition, the pyrochlore (Fd3m) can de-
grade into the fully disordered “defect fluorite” structure
(Fm3m, Fig. 1b). This refers to a face-centered cu-
bic unit cell (CaF2-type) in which the two cations are
randomly arranged on a single crystallographic site (4a)
and oxygen atoms and charge compensating vacancies are
randomly arranged on a second crystallographic site (8c).
For convenience, the end-member of a titanate stuffing
series’ can be written as A2TiO5.

Speaking only on rare-earth compositions, the defect
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FIG. 1. (color online) Summary of the effect of stuffing additional rare-earth cations (which replace Ti cations) into the
pyrochlore structure (a). Blue spheres denote rare-earth (RE) cations, cyan spheres denote Ti cations and red spheres denote
oxygen anions. The red polyhedra represent tetrahedra comprised of magnetic, RE cations. For a ”fully stuffed” pyrochlore
(A2TiO5 stoichiometry), when the RE cations are smaller than Dy, the ”defect fluorite” structure forms in which the RE and
Ti atoms share occupancy of a single site (b). An orthorhombic structure forms at equilibrium with no site mixing when the
RE cation is Dysprosium or larger (c).

fluorite structure forms at equilibrium when the A-site
cation is smaller than Dy (although larger cations may
still form this polymorph through quenching of a high
temperature phase). Although the cations are randomly
arranged over long length scales, neutron diffraction ex-
periments have shown pronounced diffuse scattering in
the cubic phases and it has been proposed that these
materials display local pyrochlore ordering33,34. Previ-
ous studies have shown that all defect fluorite A2TiO5

compositions show antiferromagnetic interactions even in
those whose parent pyrochlore is normally ferromagnetic
(e.g., Ho2Ti2O7, Dy2Ti2O7, Yb2Ti2O7)32. For rare-
earth cations larger than Ho, an orthorhombic structure
forms (Pnma) at equilibrium in which there are three
distinct cation sites, and no mixed occupancy between
cations (Fig. 1c). The pyrochlore, defect fluorite, and
orthorhombic, “215”-type structures all belong to the
broader family of fluorite derivative structures but signif-
icantly differ with respect to the arrangement of magnetic
atoms. Specifically, all three structure-types contain net-
works of rare-earth tetrahedra. Unlike the pyrochlore,
which is comprised of corner-sharing tetrahedra, the de-
fect fluorite and orthorhombic “215”-type variants con-
tain edge sharing tetrahedra. The orthorhombic variant
is significantly more complex, with interwoven coplanar,
triangular lattice-like layers (see blue lines in Fig. 1c), the
endpoints of which form the caps of the tetrahedral net-
work. Given the stoichiometric relation of the “215”-type
and defect fluorite polymorphs, it is not presently clear
if the defect fluorite polymorphs may actually possess lo-
cal ordering that significantly differs from the pyrochlore
thereby altering their magnetic properties.

In this paper, we present experimental results charac-
terizing such structural disorder and magnetic properties
on cubic Yb2TiO5, which we hope will serve as a bench-

mark for highly disordered Yb2Ti2O7.

II. METHODS

A. Sample Synthesis

Stoichiometric ratios of Yb2O3 and TiO2 were mixed in
a mortar and pestle in an acetone slurry and cold pressed
into a rod using a hydraulic press. The sample rod was
heated in a box furnace to 1400 ◦C and subsequently
heated in an infrared image furnace with a pulling rate
of 30 mm/h under 3 atmosphere oxygen pressure. The
resultant polycrystalline sample was ground into a fine
powder and checked for purity using a laboratory x-ray
powder diffractometer.

B. Structural Characterization

1. X-ray Diffraction

X-ray diffraction (XRD) measurements were per-
formed at the Advanced Photon Source at the 6-ID-D
beamline. Samples were measured in transmission mode,
with the sample held in flat plate Cu holders using 100
keV X-rays at room temperature. Rietveld refinement
was performed using the Fullprof software35. The back-
ground from an empty sample holder was subtracted
and the remaining diffuse background was fit with a 4-
coefficient polynomial function.
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2. Neutron Total Scattering

Neutron total scattering experiments were performed
at the Nanoscale Ordered Materials Diffractometer (NO-
MAD) beamline at the Spallation Neutron Source at Oak
Ridge National Laboratory36. Polycrystalline Yb2TiO5

powder was loaded into 3 mm diameter quartz capillaries
to a height of approximately 1 cm. Samples were exposed
to the neutron beam at room temperature for one hour.
An identical empty capillary was also measured for one
hour for background subtraction.

The total scattering structure function S(Q) − 1 was
obtained by normalizing scattering intensity from the
sample to that of a vanadium standard. The reduced
pair distribution function (PDF) was calculated using the
Fourier transform of S(Q)− 1:

G(r) =
2

π

∫ Qmax

Qmin

Q[S(Q)− 1]sin(Qr)dQ, (1)

where Q is the scattering vector which is defined as Q =
4π/λsin(θ) in which λ and θ are the neutron wavelength
and scattering angle, respectively. A value of 0.1 Å−1 and
31.4 Å−1 was used for Qmin and Qmax respectively in
the Fourier transform. To exclude the effects of artificial
ripples on data analysis, S(Q) − 1 was multiplied by a
Lorch function37 prior to the transformation. PDF data
was refined using PDFgui software38.

C. Magnetic Characterization

All dc susceptibility and magnetization measurements
were taken using a commercial superconducting quan-
tum interference device (SQUID) magnetometer. The ac
susceptibility measurements were taken at the National
High Magnetic Field Laboratory at Florida State Univer-
sity using the conventional mutual inductance technique
at frequencies from 40 to 1000 Hz.

Inelastic neutron scattering measurements were per-
formed at the time-of-flight disk chopper spectrometer
(DCS) at NIST center for neutron research39. Monochro-
matic neutrons with a wavelength of 5 Å were used to
measure magnetic excitations while 1.8 Å neutrons were
used to investigate magnetic Bragg reflections in the elas-
tic band. Around 5 g of powder sample was loaded into a
copper can and was cooled down to the lowest measure-
ment temperature of 60 mK with a dilution refrigerator.
Scattering data from an empty copper can measured at
4 K was used to do the background subtraction. The
data processing were performed using the DAVE soft-
ware package40.

III. RESULTS

A. Structural Characterization

1. Average Structure

The Bragg reflections in the X-ray diffraction (XRD)
pattern for Yb2TiO5 can be indexed using Fm3m sym-
metry, which is characteristic of the cubic, defect fluorite
structure (Fig. 2, prominent Bragg reflections are la-
beled). Rietveld refinement of the diffraction pattern us-
ing this model reproduces the measured data reasonably
well with a goodness-of-fit parameter (Rwp) of 12.7. This
model is characteristic of the average (long-range) struc-
ture in which Yb and Ti atoms share mixed occupancy
of a single site (4a) and an oxygen vacancy randomly
occupies 1

6 of anion sites (8c). The unit cell parameter

a was determined to be 5.0944(5) Å, which agrees well
with previous studies41. Despite a reasonable fit to the
data, there is noticeable diffuse scattering in the XRD
pattern that cannot be reproduced with a defect fluo-
rite model and is suggestive of local ordering of another
phase. This diffuse scattering is dramatically increased
in the neutron diffraction (ND) pattern suggesting that
a significant portion of the local ordering is restricted to
the oxygen sublattice. The position of the diffuse peaks
in the diffraction patterns is in the area that one would
expect to see superstructure peaks from the pyrochlore
structure. For this reason, it was previously believed
that these materials exhibit local, nanomeric pockets of
pyrochlore-type ordering and only appear disordered over
longer length scales33,34,41,42. This is not the case, how-
ever, for disordered Yb2TiO5 as we show in Section III
A.2.

2. Local Structure

Recent studies utilizing methods to probe the lo-
cal structure (i.e. neutron total scattering and Ra-
man spectroscopy) have found that many related ma-
terials with long range defect fluorite ordering pos-
sess local orthorhombic ordering rather than pyrochlore
ordering43–45. We performed pair distribution function
(PDF) analysis from neutron total scattering data to
test these different proposals as to the origin of the dif-
fuse scattering in Yb2TiO5. While the cubic, defect
fluorite structure (Fm3m space group) accurately rep-
resents the average structure, small-box refinement of
the neutron PDF shows that this model is not valid lo-
cally (Fig. 3a, top). While the entire r-range is mod-
eled poorly, it is particularly evident by examining the
nearest neighbor coordination shells, especially Ti-O. Ti-
tanium and oxygen have contrasting neutron scattering
lengths (-3.438 and 5.803 fm, respectively), which cre-
ates negative peaks in the PDF. While higher r Ti-O
correlations convolute with positive correlations (such as
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FIG. 2. (color online) X-ray and neutron diffraction pattern
of Yb2TiO5 measured at room temperature (red and black
lines respectively). Diffuse scattering is evident in both mea-
surements but is much more pronounced in the neutron mea-
surements. The average structure is consistent with the defect
fluorite structure as evidenced by Rietveld refinement of the
X-ray diffraction pattern (Rwp = 12.7, inset).

Yb-O), the nearest neighbor Ti-O correlation is easily
observable as the negative peak at ≈ 1.9 Å. This corre-
lation is cancelled out in the disordered fluorite model,
in which Ti and Yb are crystallographically equivalent,
indicating the two cations are, in fact, locally distinct.
The shoulder at ≈ 2.75 Å related to O-O coordination
is also under-predicted with the defect fluorite model in-
dicating that the oxygen sublattice is significantly more
ordered. These discrepancies should not be surprising
given the magnitude of the diffuse scattering in recipro-
cal space (Fig. 2). As mentioned previously, it has been
proposed that many defect fluorite materials possess lo-
cal pyrochlore order (Fd3m space group), however, this
structure also fails to model the PDF representing the lo-
cal structure (Fig. 3a, middle). In this model, Yb2TiO5

is often referred to as a “stuffed pyrochlore” and is more
informatively written as Yb2(Ti1.33,Yb0.67)O6.67. Here,
excess Yb3+ ions have been “stuffed” into the A2B2O7

pyrochlore structure thereby altering the stoichiometry.
It has been proposed that these additional Yb3+ ions
replace Ti4+ in octahedral sites. The A-site (distorted
cubic coordination) therefore remains fully occupied by
Yb3+ ions while the B-site (octahedral coordination) is
occupied by ≈ 1

3 Yb3+ and 2
3 Ti4+. This structure also

fails to model the nearest neighbor Ti-O peak as well as
many other higher-r peaks.

As mentioned previously, Ln2TiO5 with lanthanides
larger than Ho form an orthorhombic structure (Pnma
symmetry) and it is this structure that accurately mod-
els the neutron PDF for cubic Yb2TiO5 (Fig. 3a, bot-
tom). The entire r-range that was included in the refine-
ment (1 − 10 Å), including the nearest neighbor Ti-O

FIG. 3. (color online) (a) Neutron pair distribution func-
tion (PDF) of Yb2TiO5 measured at room temperature (open
symbols) refined with various structural models (solid black
line). The defect fluorite (Fm3m, blue triangles) and de-
fect pyrochlore (Fd3m, red circles) models fit the data very
poorly (Rwp = 0.477 and 0.306, respectively). The or-
thorhombic symmetry, characteristic of A2TiO5 stoichiome-
try with smaller A-site cations, reproduces the data well (Rwp

= 0.111). (b) Goodness-of-fit parameter Rwp obtained from
’boxcar’ refinement using the defect fluorite structure in which
the fit range in incrementally shifted to higher r-values. The
fit range was always 9 Å. The minimum r-value used for the
fit range is shown on the x-axis. The fit is poor at low r-values
but improves at higher r-values, eventually saturating above
rmin ≈ 15 Å.

peak as well as the O-O coordination, which were not
captured with the cubic polymorphs, is modeled accu-
rately. In this structure, Yb atoms fully occupy two dis-
tinct 4c sites that are 7-coordinated with oxygen, while Ti
atoms occupy an additional 4c site that is 5-coordinated
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with oxygen. This coexistence between orthorhombic
and cubic polymorphs at different length scales is directly
analogous to the weberite-type and fluorite relation de-
scribed in Refs. [44] & [45]. The Pnma space group ob-
served here is a non-isomorphic subgroup of the weberite-
type symmetry that is present locally in disordered flu-
orite materials with A2B2O7 and A3BO7 stoichiometry
(Ccmm or C2221). It is likely that orthorhombic local
order in cubic, defect fluorite materials is more general
behavior rather than an isolated phenomenon.

The magnitude and narrow width of the diffuse scat-
tering in the diffraction patterns suggests that the cor-
relation length of the local orthorhombic phase is quite
large. To test the extent of the local order, the defect flu-
orite phase was refined at multiple r-ranges (i.e., “box-
car” fitting). As shown in (Fig. 3b), the Rwp parameter
initially decreases as the fit-range is increased. The Rwp

increases between 7.5 Å and 10 Å, however, before de-
creasing again at higher r. The Rwp value saturates at ≈
0.125 beyond Rmin = 15 Å. This Rwp value is compara-
ble to the value obtained from refining the low-r region
with the orthorhombic structure. The general decrease
in Rwp as the fit range is expanded is expected as atom-
atom correlations become more average in nature rather
than local. The saturation of the goodness-of-fit beyond
15 Å indicates that the structure is homogenous in this
regime and can be completely described with defect fluo-
rite ordering. This suggests that the local orthorhombic
order is contained within local regions of less than 15 Å.
This compares very favorably to neutron diffraction re-
sults from Lau et al.34, which estimated the size of the
locally ordered domains in Yb2TiO5 to be approximately
20 Å using the widths of the diffuse peaks. It is unclear
whether the increase in Rwp between 7.5 and 10 Å has a
physical origin or is an artifact from refinement. Multi-
ple attempts were made to try to not reproduce this in-
crease (e.g., varying the width of the fit-range, changing
the order of the boxcar refinement, etc.) but they were
unsuccessful. It could possibly indicate a “period” of
structural modulations but we believe that this increase
is more likely due to the Fm3m and Pnma models being
more similar in this range.

B. Magnetic Characterization

1. dc and ac Susceptibility

The dc susceptibility measurements show no evidence
of a magnetic transition in our sample down to 2 K (Fig.
4). The Curie-Weiss law reproduces the measured sus-
ceptibility well from 2 − 20 K indicating paramagnetic
behavior. The Curie-Weiss temperature, θCW , obtained
from the fit was −3.18(3) K, which suggests antiferro-
magnetic interactions. The effective magnetic moment,
µeff for each Yb3+ ion was evaluated to be 3.116(9) µB

using the Curie constant from the fit. These values are in
agreement with a previous study by Lau et al.32 in which

FIG. 4. (color online) Inverse dc susceptibility, χdc, (open
black circles) as a function of temperature for Yb2TiO5.The
Curie-Weiss law fits the data well (dashed red line) resulting
in a Curie-Weiss temperature, θCW , of -3.18(3) K. The effec-
tive magnetic moment was evaluated to be 3.145(2) µB using
the Curie constant from the fit. Magnetization measurements
saturate below the moment of free Yb3+ (inset).

θCW and µeff were found to be −4.1(2) K and 3.71(5) µB

respectively over the same fit range. The magnetization
curve is not fully saturated at 6 T (Fig. 4 inset), around
1.6 - 1.7 µB , which is far below the expected moment
for free Yb3+ ions (4.54 µB), suggesting that spins are
highly anisotropic. Similar saturation was observed by
Lau et al. for cubic Yb2TiO5

32 and this is also consis-
tent with a previous magnetization study by Bramwell et
al.46 on Yb2Ti2O7 pyrochlore. It suggests that Yb2TiO5

acts as an effective spin-1/2 system with well isolated
higher crystal-electric-field (CEF) levels similar to that
of Yb2Ti2O7, whose CEF ground state wavefunctions
contain major Jz = +/-1/2 components.47. Although
not directly probed in the current study, this consis-
tency is interesting considering the local structure of
Yb2TiO5 is analogous to the average structure of or-
thorhombic A2TiO5 rather than the pyrochlore. It was
previously shown that magnetization measurements of
Dy2TiO5 saturated at a significantly higher moment than
its cubic Dy2Ti2O7 counterpart48. This was explained
by the differing magnetic sublattices in the two com-
positions; Dy3+ ions occupy a single site in Dy2Ti2O7

whereas they occupy two crystallographically distinct
sites in Dy2TiO5, one of which does not have strong uni-
axial symmetry. Based on the saturation in magnetiza-
tion measurements, along with powder neutron diffrac-
tion measurements, it was suggested that the two Dy
atoms have Ising and Heisenberg-like spins, respectively.
In contrast our magnetization measurements of Yb2TiO5

in the current study do not suggest such a phenomenon
as both spins appear anisotropic.

The real part of the ac susceptibility measured at 40
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Hz shows a broad peak centered at 0.33 K [Fig. 5a]. This
peak is frequency dependent and shifts to higher temper-
ature with increasing frequency indicative of a relaxation
process that is possibly related to a spin freezing/glassy
transition. This behavior is quantitatively similar to that
of Yb2Ti2O7, where a weak frequency dependent χ′ac is
observed49,50. However, the imaginary part of the ac
susceptibility shows much stronger frequency dependence
than that of Yb2Ti2O7. The frequency response of χ′′ac in
the present study displays Arrhenius dependence ((Fig.
5a (inset)) with an activation energy of 2.51(5) meV
(29.1(6) K). This activation energy is somewhat large
but still reasonable and actually agrees very well with
a previous study on powder Ho2Ti2O7 and Ho2Sn2O7

spin-ices (27.5 K and 19.6 K respectively) over the same
temperature regime51. This agreement is actually quite
surprising given the differences in local structure, mag-
netic moment, and anisotropy between the Ho-containing
pyrochlores and Yb2TiO5 in the present study. How-
ever, it should also be noted that a detailed study on
single-crystalline Ho2Ti2O7 with careful corrections for
demagnetization produced a smaller activation energy
(10.7 K)52. Measurements under an applied magnetic
field have the opposite effect (Fig. 5b) and shift the
transition to lower temperatures (inset). This is distinct
from spin-ice and would normally be suggestive of a sim-
ple spin glass, however, inelastic neutron scattering data
reveal more complex behavior (discussed below).

2. Inelastic Neutron Scattering

A zone of high intensity is readily apparent in the in-
elastic neutron scattering data (λ = 5 Å) from |Q| ≈
0.6−1.4 Å−1 at 5 K that is not separated from the elas-
tic scattering band (Fig. 6a). This intensity increases
when the temperature is lowered to 60 mK (Fig. 6b), in-
dicating that it is magnetic in origin. There is again no
visible separation between this excitation and the elastic
scattering band suggesting a gapless excitation. Under
an applied field of 2 T, a slight separation is visible that
increases as the field is increased (Fig. 6c−d). At 4T
there is a clear energy gap.

The Q-dependence of the excitation was obtained by
integrating the data of the elastic band (−0.05 ≤ E ≤
0.05 meV) of the inelastic neutron scattering data (λ =
5 Å) was performed to investigate the magnetic transi-
tion observed from ac susceptibility data (Fig. 7). A
difference curve between the diffraction patterns taken
at 60 mK and 5 K shows no evidence of magnetic Bragg
peaks but instead a very broad, diffuse feature indicating
short range magnetic order rather than long range (Fig.
7a). This is most apparent at low |Q| in which negative
intensities of the difference curve are found, due to the
subtraction of the paramagnetic scattering at 5 K. Data
taken with 1.8 Å neutrons also show no evidence of zero-
field magnetic Bragg peaks (not shown). This indicates
that, unlike Yb2Ti2O7 and Yb2Sn2O7, the peak observed
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FIG. 5. (color online) (a) Frequency dependence of the real
(χ′, solid lines) and imaginary (χ′′, dashed lines) part of ac
susceptibility (left and right axes respectively) as a function of
temperature for Yb2TiO5. The peak in χ′ shifts to higher T
with Arrhenius dependence as frequency is increased (inset).
The activation energy extracted from the fit to the Arrhe-
nius equation is 2.51(5) meV (dashed black line). (b) Field
dependence of the real (χ′, solid lines) and imaginary (χ′′,
dashed lines) part of ac susceptibility (left and right axes re-
spectively) as a function of temperature for Yb2TiO5. The
peak in χ′ shifts to lower T as the applied field is increased
(inset).

in the ac susceptibility data arises from a spin-glass type
transition rather than long range order. This should not
necessarily be surprising, as Yb2Ti2O7 is already sensi-
tive to very small amounts of structural disorder and the
cations in Yb2TiO5 are completely disordered over long
length scales. The structural heterogeneity with local
orthorhombic and long-range cubic order further compli-
cates mechanisms for a transition to long range order.

A Q-resolved Bragg peak forms at |Q| ≈ 2.1 Å−1 un-
der the presence of a 2 T magnetic field that continues
growing in intensity up to 4 T (only 4T data is shown
in Fig. 7b). This corresponds to the (111) peak of the
average, defect-fluorite structure. Likewise, when using
1.8 Å neutrons, we observe an increase in the intensity of
the (200) Bragg peak as well (inset). This is analogous
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FIG. 6. (color online) Contour maps of the powder averaged inelastic neutron scattering spectrum of Yb2TiO5 (λ = 5 Å).
Panel (a) shows the zero-field spectrum at 5K while panels (b)−(d) show spectra at 60 mK under various field strengths. A
gapless excitation centered at |Q| ≈ 1 Å−1 is evident at 60 mK under zero field [panel (b)]. An energy gap forms under applied
magnetic field (panels (c)−(d)).

to what was observed by Dun et al.53 on antiferromag-
netic Yb2Ge2O7 pyrochlore under an applied magnetic
field. It was determined that above a critical applied
field, Hc, Yb2Ge2O7 enters a spin polarized state, where
the observed neutron diffraction pattern can be fitted
with a splayed ferromagnetic model. Interestingly, in the
present study, there is also a change in the diffuse scat-
tering which becomes more localized in the area of the
(111) peak (denoted by an arrow in Fig. 6). This dif-
fuse scattering, which remains present even under a 4
T magnetic field, indicates the coexistence of short and
long range magnetic order and a strong tendency of spin
disorder in Yb2TiO5. The magnetic Bragg peaks indi-
cate k = 0 order in which the component of the spin
moment along the direction of the field display ferromag-
netic order (spin polarized), while the component that is
orthogonal to the field is only short range ordered. This
behavior is likely rooted in the differing average and local
structural order.

The Q-dependence of the excitation band was obtained
by integrating the inelastic signals from E = 0.2−1.5 meV
(Fig. 8a). There are two zones of high intensity centered
at |Q| ≈ 0 and |Q| ≈ 1 Å. This suggests both ferro-
magnetic and antiferromagnetic components of spin-spin
correlations which could arise from anisotropic exchange
interactions similar to Yb2Ti2O7

8. The energy depen-
dence of the |Q| ≈ 1 Å−1 signal is obtained by integrating
from 0.5 Å−1 to 1.5 Å−1 of the spectrum in Fig. 8b. As
the magnetic field is increased, the spectral weight does
not explicitly shift to higher energy as would be expected
for a spin-wave excitation under magnetic fields. Rather,
the spectral weight at low energy decreases while it is un-
affected at high energies, which is again suggestive of a
local excitation. This is in sharp contrast to the spin wave
excitations of Yb2Ti2O7 under high fields where the spec-
trum shifts to higher energies with increasing fields, due
to the Zeeman term8. Furthermore, this excitation is not
coming from thermal fluctuations, as it gets stronger with
decreasing temperature and there is no intensity on the
energy gain (negative energy) side at 60 mK. Given that
there is no long range magnetic correlations (and only
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FIG. 7. (color online) The elastic neutron scattering data by
integrating within −0.05 ≤ E ≤ 0.05 meV (λ = 5 Å). There
is little difference in the data from 5 K to 60 mK under zero
applied field (black squares) indicating the lack of long range
magnetic order. The intensity of the (111) and (200) Bragg
peaks (inset) increase under applied magnetic field in-
dicating a transformation to a spin-polarized, long-
range magnetic ordered state (red squares). There is
an additional diffuse peak that emerges around |Q| ≈
2 Å indicating that short range order is still present
in the presence of a 4 T field. Error bars represent
one standard deviation determined assuming Poisson
statistics.

partial long range structural correlations), this excitation
is almost certainly of local character (e.g., a monopole-
like single spin flip in spin-ice) rather than a long range
collective mode (e.g., spin wave).

IV. DISCUSSION

Given the large amount of disorder present in
Yb2TiO5, one might expect that the lack of long range
magnetic order and the presence of frequency dependence
in ac susceptibility data points to a traditional spin glass
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FIG. 8. (color online) (a) Q-dependence of inelastic neu-
tron scattering spectra (Fig. 6) from integrating within E =
0.2−1.5 meV. The high intensity position of the excitation
does not change as a function temperature or applied field.
(b) Energy-dependence of inelastic neutron scattering data in
Fig. 6 from integrating 0.5−1.5 Å−1.

system. The large inelastic over elastic spectrum weight
ratio can also be explained by a spin glass where 2/3 of
the spectrum weight should lie in the inelastic channel
even all the spins remain static, given the effective spin-
1/2 nature of Yb3+54. However, there are several features
in the data that suggest otherwise. First, we note that
the apparent disorder in Yb2TiO5 primarily pertains to
long length scales; the local structure remains ordered
with a correlation length up to 15 Å. While 15 Å is still
considered quite ”local” from a structural context, this
ordered domain is quite significant for magnetic interac-
tions and spin correlations. Second, due the random na-
ture of the frozen state of spin-glasses, they often do not
display simple thermally activated (Arrhenius) frequency
dependence that we’ve shown to exist here. Analogous
to structural glasses, spin-glasses often display a cooper-
ative, dynamic liquid-glass transition (i.e. Vogel-Fulcher)
in which attempts at fitting Arrhenius behavior result in
unphysical parameters4,55.

Finally, it is noteworthy that the gapless excitation in
Yb2TiO5 is somewhat unexpected for a traditional spin

glass. Spectral weight in traditional spin glasses is typ-
ically well separated from the elastic band from, for ex-
ample, crystal-field excitations.56–58. The signal at zero
field in the present study, however, is qualitatively similar
to previous studies on Yb-based pyrochlores, Yb2Ti2O7,
Yb2Sn2O7, and Yb2Ge2O7

14,18,59,60. In all cases, a low-
temperature, gapless excitation was observed under zero-
field with a pocket of high intensity centered at |Q| ≈ 1
Å−1. Therefore, it is possible, even with local-structural
disorder presented in Yb2TiO5, the system remains a
quantum magnet with continuum behavior. It should be
noted, however, that the inelastic spectra are not identi-
cal between the 227 and 215 variants. In particular, the
spectral weight is most intense at |Q| = 1 for Yb2TiO5 in
the present study, whereas it is more evenly distributed
between |Q| = 0 and |Q| = 1 for Yb2Ti2O7

14.
Actually, materials with significant disorder effects

(e.g., site-mixing, bond randomness) have been largely
omitted previously for studying their ground states since
disorder is thought to suppress long-range quantum en-
tanglement. It is becoming more clear, however, that the
effect of disorder on frustrated magnetism is more com-
plicated that previously thought. For example, it is pro-
posed that the quantum spin liquid-like behavior in the
triangular lattice antiferromagnet YbMgGaO4 is possi-
bly related to cation site-mixing (albeit between nonmag-
netic Mg2+ and Ga3+ cations) which cause local distor-
tions to YbO6 octahedra61–63. Another example is found
in the recently studied Yb-based tripod kagome lattice
compounds where severe site-disorder in Zn2Yb3Sb3O14

fully destroyed the long-rang order in Mg2Yb3Sb3O14

and introduce some intriguing quantum behaviors in the
susceptibility and specific heat64. The Yb2TiO5 studied
here provide another example where disorder effect in
spin-1/2 system might play an important role enhancing
quantum fluctuations, with the advantages that the local
disorder is better understood. Thus a more comprehen-
sive understanding of disorder is needed to illustrate its
effect on quantum magnets.

V. CONCLUSIONS

In summary, the structural and magnetic properties of
fully stuffed Yb2Ti2O7 pyrochlore (Yb2TiO5) have been
investigated using a combination of neutron total scatter-
ing, magnetic susceptibility and inelastic neutron scat-
tering. Yb2TiO5 is a complex system in which differing
local and long-range interactions play a role in magnetic
properties. PDF refinement revealed that stuffing the
pyrochlore structure with excess Yb3+ ions transforms
the local crystal structure to more closely resemble or-
thorhombic Ln2TiO5 polymorphs, despite the average
structure remaining cubic. Under zero-field, Yb2TiO5

remains in a disordered state with antiferromagnetic in-
teractions. Low-temperature ac susceptibility measure-
ments show evidence of a short range magnetic transition
between 0.3 and 0.35 K that varies with frequency and
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displays Arrhenius dependence. A gapless spin excita-
tion is evident at low temperatures which gives way to
a gapped excitation under modest magnetic fields. This
gapped excitation corresponds to the onset of a partially
spin polarized state in which there is a coexistence be-
tween short- and long-range magnetic correlations.
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