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235U + n   
!
!
!

daughter nuclei +  
2-3 n + gammas

 neutrons: 
!

no charge 
s=1/2   

massive: mc2~1 GeV





Development of Neutron Science Facilities 



Bragg’s Law: nλ = 2d sin(θ) 



T > Tc T < Tc

Ferro Antiferro



Neutrons have mass  
so higher energy means faster – lower energy means slower 

We can measure a neutron’s energy, wavelength by measuring its speed 

v (km/sec) = 3.96 / λ (A) 

•  4 A neutrons move at ~ 1 km/sec 
•  DCS: 4 m from sample to detector 
•  It takes 4 msec for elastically  
   scattered 4 A neutrons to travel 4 m 

•   msec timing of neutrons is easy 
•   δ E / E ~ 1-3 % - very good ! 
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Recent work has highlighted remarkable effects of classical thermal fluctuations in the dipolar spin ice

compounds, such as ‘‘artificial magnetostatics,’’ manifesting as Coulombic power-law spin correlations

and particles behaving as diffusive ‘‘magnetic monopoles.’’ In this paper, we address quantum spin ice,

giving a unifying framework for the study of magnetism of a large class of magnetic compounds with the

pyrochlore structure, and, in particular, discuss Yb2Ti2O7, and extract its full set of Hamiltonian

parameters from high-field inelastic neutron scattering experiments. We show that fluctuations in

Yb2Ti2O7 are strong, and that the Hamiltonian may support a Coulombic ‘‘quantum spin liquid’’ ground

state in low magnetic fields and host an unusual quantum critical point at larger fields. This appears

consistent with puzzling features seen in prior experiments on Yb2Ti2O7. Thus, Yb2Ti2O7 is the first

quantum spin liquid candidate for which the Hamiltonian is quantitatively known.

DOI: 10.1103/PhysRevX.1.021002 Subject Areas: Magnetism, Strongly Correlated Materials

Rare-earth pyrochlores display a diverse set of fascinat-
ing physical phenomena [1]. One of the most interesting
aspects of these materials from the point of view of funda-
mental physics is the strong frustration experienced by
coupled magnetic moments on this lattice. The best
explored materials exhibiting this frustration are the ‘‘spin
ice’’ compounds, Ho2Ti2O7, Dy2Ti2O7, in which the mo-
ments can be regarded as classical spins with a strong easy-
axis (Ising) anisotropy [2,3]. The frustration of these mo-
ments results in a remarkable classical spin liquid regime
displaying Coulombic correlations and emergent ‘‘mag-
netic monopole’’ excitations that have now been studied
extensively in theory and experiment [4–6].

Strong quantum effects are absent in the spin ice com-
pounds, but can be significant in other rare-earth pyro-
chlores. In particular, in many materials the low-energy
spin dynamics may be reduced to that of an effective spin
S ¼ 1=2 moment, with the strongest possible quantum
effects expected. In this case symmetry considerations
reduce the exchange constant phase space of the nearest-
neighbor exchange Hamiltonian to a maximum of three
dimensionless parameters [7]. The compounds Yb2Ti2O7,
Er2Ti2O7, Pr2Sn2O7 [1] (and possibly Tb2Ti2O7 [8]) are of
this type, and it has recently been argued that the spins in
Yb2Ti2O7 and Er2Ti2O7 are controlled by exchange cou-
pling rather than by the long-range dipolar interactions

which dominate in spin ice [9,10]. This makes these ma-
terials beautiful examples of highly frustrated and strongly
quantum magnets on the pyrochlore lattice. They are also
nearly ideal subjects for detailed experimental investiga-
tion, existing as they do in large high-purity single crystals,
and with large magnetic moments amenable to neutron
scattering studies. Yb2Ti2O7 is particularly appealing
because its lowest Kramers doublet is extremely well
separated from the first excited one [11], and a very large
single-crystal neutron scattering data set is available, al-
lowing us to determine the full Hamiltonian quantitatively,
as we will show. Although we specialize to Yb2Ti2O7 in
the present article, the theoretical considerations and pa-
rameter determination method described here will very
generally apply to all pyrochlore materials where exchange
interactions dominate, and whose dynamics can be
described by that of a single doublet.
Theoretical studies have pointed to the likelihood of

unusual ground states of quantum antiferromagnets on
the pyrochlore lattice [12,13]. Most exciting is the possi-
bility of a quantum spin liquid (QSL) state, which avoids
magnetic ordering and freezing even at absolute zero tem-
perature, and whose elementary excitations carry fractional
quantum numbers and are decidedly different from spin
waves [14]. Although one neutron study [15] supported
ferromagnetic order in Yb2Ti2O7, intriguingly, the major-
ity of neutron scattering measurements have reported a
lack of magnetic ordering and the absence of spin waves
at low fields in this material [16–18]. In a recent study,
sharp spin waves emerged when a magnetic field of 0.5 Tor
larger was applied, suggesting that the system transitioned
into a conventional state [18]. The possible identification
of the low-field state with a quantum spin liquid is
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R2Ti2O7 “Rare earth titanates”
R3+

Differences in Anisotropy is very important!

Single Ion Anisotropy Interactions Ground state

Ho, Dy Ising FM spin ice

Tb Ising AFM spin liquid

Gd Heisenberg AFM partial order

Er XY AFM “order by disorder”

Yb XY FM “quantum spin ice”

Real Pyrochlores: playgrounds for frustration

Ising XY Heisenberg



Neutron Diffraction:
R2Ti2O7



the non-magnetic sublattice, even when these substitutions are non-magnetic

in nature.
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Figure 5.2: a) Powder neutron di↵raction patterns at T=15K, obtained from a
crushed single crystal and sintered powder. The backgrounds, which were fit to
4th order polynomials, have been subtracted to compare peak heights. Relative
increases in S(Q) are evident at the (222), (440) and (622) positions for the
crushed crystal. These Bragg peaks are shown in more detail in b). There
is an overall shift of the peak centers due to di↵erences in lattice parameters,
discussed in the text. c) The raw data at T=15K without a background
subtraction, focusing on the di↵use background. The crushed crystal exhibits
increased di↵use scattering.

The structure of several stu↵ed rare earth titanates has been studied in

detail by Lau et al,28,29 who found that for lightly stu↵ed compounds, one ob-

serves on average a pyrochlore structure. At higher levels of stu�ng (x = 0.3)

for small RE ions such as Yb3+, one observes a transition to defect fluo-

rite structure with short range correlated pyrochlore superstructure.28 The

lattice spacing of the cubic unit cell increases linearly with stu�ng level,

and has been characterized for several stu↵ed rare earth titanates including

Yb2(Ti2�x

Yb
x

)O7�x/2.28 We have drawn on this previous work to identify sig-

144

2

vestigates the cause of this sample dependence in the sin-
gle crystals, though a powder neutron di↵raction study
of a sintered powder found exact stoichiometry to within
their experimental error of 2%.12 We can assume that the
sample dependence of the magnetic properties is the re-
sult of structural defects of some type which are so far
uncharacterized in the single crystals, and are therefore
uncontrolled.

More recently, the same issue of sample depen-
dence has arisen in Yb2Ti2O7, but with much more
dramatic consequences. Yb2Ti2O7 has long been an
enigma when it comes to its magnetic ground state,
which has been variously, and incompatibly, described
as being long-range ordered in a collinear ferromag-
netic (FM) state,13,14 having non-collinear long range
FM fluctuations,15 or having short-range correlated
fluctuations.16–18 The specific heat of Yb2Ti2O7 is par-
ticularly revealing. Some samples show sharp anomalies,
with the sharpest and highest temperature anomaly ob-
served so far being at 265mK in a powder sample pre-
pared at McMaster University.18 Other powder samples
show slightly broader anomalies at lower temperatures;
250mK,19 240mK20 and 214mK.21 The single crystal
samples grown by the OFZ method in several laborato-
ries are even more variable, showing very broad humps
instead of sharp anomalies ,14,18,20 and in some cases
show a mixture of both broad humps and sharp peaks.18
The loss of the extremely sharp specific heat anomaly,
which signals a magnetic phase transition, likely means
that some of the samples do not reach the ground state
that would occur in a nominally “perfect” sample.

A neutron scattering study of single crystal Yb2Ti2O7

in the presence of a high magnetic field applied
along the [110] direction has revealed sharp spin-wave
excitations,17 which have been accurately modeled using
an anisotropic exchange Hamiltonian.22 The extracted
parameters revealed spin-ice type exchange, i.e. FM ex-
change between the local h111i components of the spins
at the Yb3+ sites, in addition to significant quantum fluc-
tuations. Thus, Yb2Ti2O7 can be thought of as a “quan-
tum spin ice” material, an analog to the classical spin ice
state found in Ho2Ti2O7 and Dy2Ti2O7

23 but with quan-
tum dynamics allowing tunnelling between the many al-
lowed spin ice ground states.22,24–26 The precise loca-
tion of Yb2Ti2O7 on the four-exchange-parameter phase
diagram of the S=1/2 anisotropic exchange model for
the pyrochlore lattice is still unknown, but it appears to
be close to the predicted Coulombic Quantum Spin Liq-
uid (QSL) phase that is expected to remain disordered
and support exotic emergent excitations such as mag-
netic monopoles.27 Another likely possibility is a simple
FM ordered phase which is nearby in the phase diagram.
This proximity to the phase boundary may mean that
small perturbations to the exchange parameters, even
locally, could induce a significant change in its ground
state.

The body of work on Yb2Ti2O7 contains the following
information on the sample dependence and the nature of
the ground state:

• Powder samples tend to have a single specific
heat anomaly, variable in both sharpness and tem-
perature, reported to occur between 214mK and
265mK.18–21

• Single crystal samples tend to have broad humps
in the specific heat.18,20

• A powder sample with a fairly sharp specific heat
anomaly at T=250mK19 shows a first-order drop
in spin flucutation frequency, but remains dynamic
below this transition and does not show signs for
long-range order.16

• A single crystal sample with both a broad hump in
the specific heat at 200mK and a sharp anomaly
at 265mK shows a dynamic, short-range three-
dimensionally correlated ground state that emerges
from a short range two-dimensionally correlated
state above T=400mK.18

• One crystal has been reported to have a sin-
gle, somewhat-sharp specific heat anomaly at
240mK. This crystal shows some signs of a sim-
ple collinear FM ground state that emerges from
a two-dimensionally correlated state that exists
above the transition temperature.13,14

Yb3+ (16d)

Ti4+ (16c)

Yb3+ (16c)

FIG. 1: The pyrochlore lattice, showing only cation posi-
tions. The stu↵ed pyrochlores include some RE cations (mag-
netic Yb3+) on the transition metal (non-magnetic Ti4+) site.
Here, this extra rare earth is shown in yellow. This introduces
extra near-neighbor exchange at some RE sites.

Because the single crystal samples show variable,
broad, and lower temperature specific heat features, one
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Dipole field due to  
Spin of the electron(s)

Dipole field due to orbital currents

Dipole moment of the neutron interacts with the 
magnetic field generated by the electron 

µn = - γ µN σ#

γ = 1.913       nuclear magneton = e ħ/2mn    Pauli spin operator!
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Magnetic neutron scattering cross section:

Magnetic form factor

Polarization factor: 
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Neutron diffraction study of conventional magnetic order

CsCoBr3

critical diffuse scatteringElastic Bragg scattering
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Spin Waves as elementary excitations in ordered magnets
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Magnetic scattering  
at small Q

Phonon scattering  
at large Q

La2-xBaxCuO4
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R3+
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Ho, Dy Ising FM spin ice

Tb Ising AFM spin liquid

Gd Heisenberg AFM partial order

Er XY AFM “order by disorder”
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Spin Ice Physics

freedom of choice for each tetrahedron leads to a 
macroscopic degeneracy: NO Long Range Order

Pyrochlore



[1-10] Magnetic field should decompose pyrochlore lattice into 
polarized α chains (red chains) and  

decoupled qausi-1D β chains (blue chains). 



Spin Ice Ground State in Ho2Ti2O7 

T. Fennell et al.,  
Science, 326 (5951): 415-417 (2009)

incident neutron polarization, the SF and NSF
cross sections yield information on Syy(Q) and
Szz(Q), respectively. We used a single crystal of
Ho2Ti2O7 to map diffuse scattering in the h, h, l
plane. Previous unpolarized experiments (20, 22)
have measured the sum of the SF and NSF
scattering, but in this orientation only the SF
scattering would be expected to contain pinch
points (26).

Our results (Fig. 2A) show that at temperature
(T) = 1.7 K there are pinch points in the SF cross
section at the Brillouin zone centres (0, 0, 2),
(1, 1, 1), and (2, 2, 2) (Fig. 2A) but not in the
NSF channel (Fig. 2B). The total scattering (SF +
NSF) reveals the pinch points only very weakly
(Fig. 2C) because the NSF component dominates
near the zone center. This is explicitly illustrated
with cuts across the zone center showing that the
strong peak at the pinch point in the SF channel is
only weakly visible in the total (Fig. 3B). The
total scattering (Figs. 2C and 3B) can be com-
pared with the previous observations and calcu-
lations (20, 22), in which no pinch points were
detected. The use of polarized neutrons extracts
the pinch-point scattering from the total scattering,
and the previous difficulty in resolving the pinch
point is clearly explained.

The projective equivalence of the dipolar and
near-neighbor spin ice models (10) suggests that
above a temperature scale set by the r−5 cor-
rections, the scattering from Ho2Ti2O7 should

become equivalent to that of the near-neighbor
model. T = 1.7 K should be sufficient to test
this prediction because it is close to the temper-
ature of the peak in the electronic heat capacity
that arises from the spin ice correlations [1.9 K
(20)]. In our simulations of the near-neighbor
spin ice model (Fig. 2, D to F), the experimen-
tal SF scattering (Fig. 2A) appears to be very
well described by the near-neighbor model,
whereas the NSF scattering is not reproduced by
the theory. However, we have discovered that
S(Q)experiment/S(Q)theory is approximately the same
function f (Q) for both channels. Thus, because
the theoretical NSF scattering function is approx-
imately constant, we find f ðQÞ ≈ SðQÞexperiment

NSF .
This function may be described as reaching a
maximum at the zone boundary and a finite
minimum in the zone center. Using the above
estimate of f (Q), the comparison of the quan-
tity SðQÞexperiment

SF =f ðQÞ with SðQÞtheorySF is con-
siderably more successful. Differences are less
than 5% throughout most of the scattering
map (26).

Cuts through the pinch point at (0, 0, 2)
at 1.7 K (Fig. 3, A and B) show that it has the
form of a low sharp saddle in the intensity. In
order to better resolve the line shape of the pinch
point, we performed an analogous polarized
neutron experiment on a higher-resolution spec-
trometer. To compare with theory, we used an
approximation to an analytic expression (13, 27).

In the vicinity of the (0, 0, 2) pinch point, this
becomes

Syyðqh, qk,qlÞº
q2l−2 þ x−2ice

q2l−2 þ q2h þ q2k þ x−2ice
ð1Þ

Here, xice is a correlation length for the ice rules
that removes the singularity at the pinch point
(27). The high-resolution data of Fig. 3C can be
described by this form, with a correlation length
xice ≈ 182 T 65 Å, representing a correlation vol-
ume of about 14,000 spin tetrahedra. The corre-
lation length has a temperature variation that is
consistent with an essential singularity ~exp(B/T),
with B = 1.7 T 0.1 K (Fig. 4C).

The scattering in the NSF channel is con-
centrated around Brillouin zone boundaries, as

Fig. 2. Diffuse scattering maps from spin ice, Ho2Ti2O7. Experiment [(A) to (C)] versus theory [(D) to
(F)]. (A) Experimental SF scattering at T = 1.7 K with pinch points at (0, 0, 2), (1, 1, 1), (2, 2, 2), and so
on. (B) The NSF scattering. (C) The sum, as would be observed in an unpolarized experiment (20, 22).
(D) The SF scattering obtained from Monte Carlo simulations of the near-neighbor model, scaled to
match the experimental data. (E) The calculated NSF scattering. (F) The total scattering of the near-
neighbor spin ice model.
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Fig. 3. Line shape of the pinch point. (A) Radial
scan on D7 through the pinch point at (0, 0, 2)
[s′ is the neutron scattering cross section; see (26)
for its precise definition]. (B) The corresponding
transverse scan. The lines are Lorentzian fits. (C)
Higher-resolution data, in which the line is a
resolution-corrected fit to the pinch point form Eq.
1 (the resolution width of the spectrometer is indi-
cated as the central Gaussian). (D) SF scattering at
increasing temperatures (the lines are Lorentzians
on a background proportional to the Ho3+ form
factor).
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canonical spin glass. Earlier µSR measurements revealed
a slowing down of spin fluctuation upon cooling below
5 K, consistent with a freezing process, although the
time dependence of the polarization clearly lacks the 1

3
Kubo-Toyabe tail characteristic of static order, expected
for canonical spin glasses such as CuMn.59 Below 5 K,
the spin dynamics remains largely dynamic in nature as
shown by the large spin-lattice relaxation rate and the
field dependence of the relaxation. We also note that
L’hotel et al.

37 report a distinction between the glassy
behavior observed in Tb2Ti2O7 and canonical spin glass
behavior based on the frequency dependence of their ac-
susceptibility data.

Based on the temperature and field dependence of the�
1
2 ,

1
2 ,

1
2

�
elastic scattering, we can construct an H-T

phase diagram for Tb2Ti2O7 in [1-10] field, shown in Fig-
ure 5, including the high-field and high-temperature re-
gions determined by Rule et al.’s work.44 Note that both
temperature and field axes are on a logarithmic scale.
It is striking that our inelastic neutron scattering mea-
surements and the ac-susceptibility work of Yin et al.

40

bound the same low T , low H phase in the phase dia-
gram. Thus, we believe they pertain to the same mi-
croscopic origin, and demark the same frozen antiferro-
magnetic spin ice state deduced from the elastic neutron
scattering pattern.36

FIG. 5. H-T phase diagram for Tb
2

Ti
2

O
7

in [1-10] field ex-
tracted from neutron scattering measurements in the low field
and low temperature region presented in this work and from
high field and higher temperature measurements by Rule et
al.44 The magnetic phase transitions measured by Yin et al.40

from ac-susceptibility with fields along [111] are also shown.

Higher energy resolution neutron scattering measure-
ments with E

i

= 1.28 meV were performed to investigate
the temperature and Q-dependence of the low-lying spin
excitations in Tb2Ti2O7 in zero magnetic field. Figure
6(b) shows a plot of intensity vs energy transfer obtained
by integrating over the two ( 12 ,

1
2 ,

1
2 ) positions in recipro-

cal space shown as the black squares in the left scatter-

FIG. 6. High-resolution inelastic neutron scattering data of
Tb

2

Ti
2

O
7

in zero field. Panel (b) shows intensity vs energy
transfer around the ( 1

2

, 1
2

, 3
2

) and (- 1
2

,- 1
2

, 3
2

)positions, as a func-
tion of temperature. Note the logarithmic intensity scale. The
Q-integration range (H= [±0.3,±0.7], L = [1.2, 1.8] r.l.u.)
is shown by the black squares in the scattering map on the
left in panel (a). The inset to panel (b) shows the inten-
sity vs energy transfer for the averaged ( 1

2

, 1
2

, 1
2

) (on-peak)
positions compared to other averaged (o↵-peak) positions at
T = 80 mK. The shaded areas, bounded by phenomenologi-
cal fits to a Gaussian (elastic line) and Lorentzian (inelastic)
lineshape for each of the on-peak and o↵-peak spectra, show
a downwards shift of spectral weight by ⇠ 0.015 meV at the
( 1
2

, 1
2

, 1
2

) positions (grey color) compared to the o↵-peak (ma-
genta) positions.

ing map of Figure 6(a). Data is shown for three di↵erent
temperatures, in the ground state (T = 80 mK), near
the spin glass-like transition (T = 275 mK) and well
above the transition (T = 600 mK). As the temperature
is lowered through the transition at 275 mK, spectral
weight is transferred from the low-energy inelastic chan-
nel into the resolution-limited elastic channel (-0.02 meV
< E <0.02 meV), opening up a gap of ⇠ 0.06�0.08 meV.
The low-lying spin excitation spectrum above the gap ex-
tends ⇠0.2meV. This collapse of the magnetic spectral
weight over much of the magnetic Brillouin zone into the
elastic channel is a clear signature of spin freezing be-
havior, as observed in spin glasses such as, for example,
Y2Mo2O7.60

µSR measurements15,54 in zero field have consistently
reported persistent dynamics in the spin lattice relax-
ation rate down to very low temperatures in Tb2Ti2O7,
which may suggest that either the elastic scattering itself

3

terloo. The crystal used for neutron scattering measure-
ments was cut and sectioned into a 33.8 mg mass with
dimension 2.6 x 2.6 x 1.3 mm3 and this smaller single
crystal was used in the heat capacity study. The relax-
ation method was employed with a thermal weak link
of manganin wire, with conductance 5.0 x 10�7 J/K/s at
0.80 K. The resulting time constant was greater than 600
seconds at the highest temperature measured. The av-
erage step size for the relaxation measurement was 3.5%
of the nominal temperature, with a minimum equilibra-
tion time window of five times the thermal relaxation
constant.

III. MAGNETIC FIELD DEPENDENCE

Figure 1 shows a series of elastic scattering maps in
the (H,H,L) plane for di↵erent magnetic fields applied
along [1-10 ] in panels (a) through (e). Here, elastic
scattering integrates over -0.1 meV < E < 0.1 meV
in energy. Figure 1(f) shows a cut of this elastic scat-
tering, along the [111] high-symmetry direction covering
the (�0.5,�0.5, 1.5), (0.5, 0.5, 2.5) as well as the (0, 0, 2)
and (1, 1, 3) Bragg positions, as indicated by the yellow
dashed line in Fig. 1(e). As the applied magnetic field
is increased to 0.05 T, the previously observed strong
di↵use scattering at the

�
1
2 ,

1
2 ,

1
2

�
positions in zero field

(panel (a)) gets suppressed substantially (panel (b)) and
is much reduced by 0.075 T (panel (c)).

Simultaneous to the suppression of the
�
1
2 ,

1
2 ,

1
2

�
dif-

fuse scattering intensity in fields up to 0.075 T, we ob-
serve a strong build-up in magnetic elastic intensity at
the structurally forbidden (0, 0, 2) Bragg peak. As the
field is increased further (panels (d) and (e)), most of
the remaining di↵use scattering condenses into the Bragg
position at (0, 0, 2). The intensity scale is linear for Fig.
1(a)-(e). In contrast, the cut along the [111] direction
through (0, 0, 2) in Fig. 1(f) is plotted on a logarithmic
intensity scale. Note that the highest applied field here,
0.2 T, is still far below the critical [1-10 ] field ⇠ 2 T,
above which Tb2Ti2O7 is found in a field-induced anti-
ferromagnetic long-range ordered state, characterized by
the appearance of resolution-limited spin waves and a
strong (1, 1, 2) magnetic Bragg peak.44

A further feature in the elastic scattering maps are
weak rods of scattering along both the h00Li and
h111i directions that can be identified as evidence for
significant anisotropic exchange in Tb2Ti2O7.34 Rods
of magnetic scattering have been identified in other
rare-earth titanate pyrochlores, such as Yb2Ti2O7,48

where anisotropic exchange is well established.12,49,50

Anisotropic exchange in Tb2Ti2O7 has recently been in-
vestigated in papers by Bonville et al.24 and by Curnoe,51

the latter of which related an e↵ective S = 1/2 spin
Hamiltonian to di↵use magnetic neutron scattering. Re-
cent work by Bonville et al.,52 invoking a dynamic Jahn-
Teller e↵ect coupling based on observations of magne-
toelastic excitations coupling the crystal field excitations
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FIG. 1. Elastic neutron scattering data within the (H,H,L)
plane of Tb

2

Ti
2

O
7

at T = 80 mK for di↵erent values of ap-
plied magnetic field (H k [ 1-10 ]). The energy is integrated
from -0.1 meV < E < 0.1 meV. Panels (a) through (e) show
the evolution of the elastic scattering for an applied magnetic
field of 0, 0.05, 0.075, 0.1 and 0.2 T, respectively. Panel (f)
shows the magnetic field dependence of the elastic scattering
along the [111] direction cutting through the (0, 0, 2) Bragg
position as indicated by the yellow arrow in panel (e). The�
1

2

, 1

2

, 1

2

�
peaks vanish around µ

0

H ⇠ 0.075 T. All data have
an empty can background subtracted. The error bars are
±1�.

with acoustic phonon modes,30,31, can also successfully
model the di↵use rods of scattering. However, such a sce-
nario is not compatible with static magnetic correlations
nor with quasi-elastic scattering at very low temperature.
One can integrate up the elastic scattering data in a

relatively small region around the
�
1
2 ,

1
2 ,

1
2

�
or (0, 0, 2) po-

sitions in reciprocal space, and look at its explicit [1-10 ]
magnetic field dependence. This is what is shown in Fig.
2, with relatively small integration ranges of ±0.2 r.l.u.
in [H,H,H], and ±0.15 r.l.u. perpendicular to [H,H,H]
for

�
1
2 ,

1
2 ,

1
2

�
, and ±0.1 r.l.u. in [H,H,H] and ±0.15 r.l.u.

perpendicular to [H,H,H] for (0, 0, 2). We identify the
inflection point in the field dependence of

�
1
2 ,

1
2 ,

1
2

�
near

µ0H ⇠ 0.075 T, as well as the leveling o↵ of the (0, 0, 2)
elastic intensity for fields beyond 0.075 T with the T ⇠ 0
phase boundary to the frozen, antiferromagnetic spin ice
state in Tb2Ti2O7. The inset to Fig. 2 shows a color map
of the di↵use elastic scattering around the (0,0,2) posi-
tion. This color map is made of a series of scans along
[H,H,2], integrating over L= [1.9, 2.1] r.l.u.. The resolu-
tion limited weak scattering at (0,0,2) in zero magnetic
field has been fit and removed from the scattered inten-
sity shown in this inset. As evident from this map and
consistent with the integrated elastic intensity shown in
Fig. 2, strong di↵use scattering at the

�
1
2 ,

1
2 ,

1
2

�
positions

is present below µ0H = 0.075 T, and this extends across
these [H,H,2] scans, that is to (0.5,0.5,2) and (-0.5,-0.5,2).

Tb2Ti2O7



6

FIG. 6. High-resolution neutron scattering data of Tb2Ti2O7

in zero field. Panel (a) shows a plot of intensity vs en-
ergy transfer of the ( 12 ,

1
2 ,

1
2 ) peak intensity averaged over two

peaks as a function of temperature. Note the logarithmic
intensity scale. The Q-integration range (H= [±0.3,±0.7],
L = [1.2, 1.8] r.l.u.) is shown in the inset by the two black
squares. Panel (b) shows the intensity vs energy transfer
plot for the averaged ( 12 ,

1
2 ,

1
2 ) (on-peak) positions compared

to other averaged (o↵-peak) positions at a temperature of 80
mK. The integration ranges for the averaging and extraction
of the energy dependence is depicted in the inset by the black
and magenta squares.

gap is not complete.
Weak Q-dependence is observed to the inelastic mag-

netic spectral weight at low temperatures, as shown in
Fig. 6(b). This plot compares intensity vs energy trans-
fer over small regions of reciprocal space centered on
Q=

�
1
2 ,

1
2 ,

1
2

�
wave vectors, and positions in reciprocal

space far-removed from
�
1
2 ,

1
2 ,

1
2

�
positions (referred to in

Fig. 6(b) as “on-peak” and “o↵-peak” positions, which
are shown in the black and magenta boxes, respectively,
in the inset to Fig. 6(b)). The low-energy inelastic scat-
tering appears to be gapped over the entire Brillouin

zone, the spectral weight extends ⇠ 0.03 meV lower in
energy at the Q=

�
1
2 ,

1
2 ,

1
2

�
frozen spin ice zone center as

compared with Q-positions in the middle of the zone.
While Tb2Ti2O7 in H = 0 does not display conventional
long-range order at any temperature and therefore does
not display well defined spin wave excitations, this obser-
vation is consistent with a dispersion of a sort in the spin
excitations, softening at the Q=

�
1
2 ,

1
2 ,

1
2

�
frozen spin ice

zone center.
Taken together, our new neutron scattering data is

fully consistent with a spin glass transition near Tg ⇠ 275
mK in H = 0. The spin glass state is based on an an-
tiferromagnetic spin ice state, with a low temperature
isotropic correlation length of ⇠ 8 Å, as previously re-
ported. The collapse of the low energy magnetic spectral
weight across the magnetic zone into short-range ordered
elastic scattering at Q=

�
1
2 ,

1
2 ,

1
2

�
wave vectors is a nec-

essary component to this picture, informing on the mag-
netism in the frequency or time domain. It is also incon-
sistent with the singlet ground state scenario proposed
theoretically for Tb2Ti2O7 at low temperatures, as the
inelastic magnetic intensity which forms the gap is trans-
ferred to elastic magnetic scattering, as opposed to being
transferred above the gap leaving a nonmagnetic ground
state and an absence of elastic magnetic scattering. The
magnetic spin glass ground state based on antiferromag-
netic spin ice is also consistent with ac-susceptibility mea-
surements which also show canonical signatures for spin
glass ground states in a variety of Tb2Ti2O7 samples,
both in polycrystalline and single crystal form. While
there is some sample variation observed in the precise
temperature at which a signature for a spin glass ground
state is seen in Tb2Ti2O7, all samples reported to date
have shown such a signature in the approximate temper-
ature range of 150-275 mK, consistent with the neutron
scattering measurements we present.

V. SPECIFIC HEAT

Significant sample variability has, however, been re-
ported in anomalies, and the lack thereof, in the low
temperature heat capacity measured on di↵erent sam-
ples of Tb2Ti2O7. We note that sample variability in
the position and sharpness of heat capacity anomalies at
low temperature in Yb2Ti2O7 have also been reported,49

and these have been ascribed to the relative role of weak
“stu�ng” (excess Yb ions substituting on the Ti sublat-
tice at the ⇠ 2% level). In particular, Taniguchi and
co-workers studied a family of polycrystalline samples of
the form Tb2+x

T2�x

O7 for very small non-stoichiomtery,
|x| < 0.005.34 They report very significant variability
in both the temperature at which the heat capacity
anomaly is observed, as well as in the amplitude of the
anomaly. These anomalies in CP are typically observed
in the 400 mK to 500 mK regime in zero field, and these
results present two important questions for our study.
First, does our neutron scattering single crystal sample

Field  
Cooled State

Zero-Field  
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