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We have investigated the spin dynamics of Th2Ti2O7 as a function of magnetic field applied along
the [111] axis using ac susceptibilty and muon-spin relaxation measurements. We find a significant
increase in the imaginary part of the magnetic susceptibility at low fields at our lowest investigated
temperature and an increased muon-spin relaxation rate in the same field range persisting to higher
temperature. Comparing the data from the two techniques we identify three field regions where the
dynamic properties of Th2Ti2O7 appear to be evolving in different ways with crossovers between

the regions at B1 = 15 and Bz ~ 60 mT.

PACS numbers: 76.75.+i, 75.40.Gb, 75.50.Ee

Frustration in magnetism can arise because of
geometrically-induced competition between interactions,
preventing local magnetic moments from ordering down
to temperatures well below the energy scale of those in-
teractions. If magnetic fluctuations persist to the low-
est experimentally accessible temperatures without the
development of a static order parameter, the low tem-
perature magnetic state can be described as a coop-
erative paramagnet or spin liquid. Such systems pro-
vide considerable opportunities for experimental tests of
theoretical approaches to exotic collective phenomena.!
In this context the pyrochlore magnet TboTiaO7 has
proved an intriguing conundrum since no magnetic or-
dering is observed down to the lowest measured temper-
ature, ~ 15 mK, far below the Curie-Weiss temperature,
Ocw = —19 K,2 and on this basis it has been identified
as a potential three-dimensional spin liquid.!””

Two alternate theoretical proposals have recently been
suggested to account for the lack of observed magnetic
ordering in ThyTisO7: the first considers a Jahn-Teller-
like distortion and a two-singlet system coupled by ex-
change,® whilst the second has proposed that quantum
fluctuations of the Th3* magnetic moments can renor-
malize the low-energy effective Hamiltonian of the sys-
tem from an unfrustrated (111) Ising antiferromagnet
to a frustrated (111) Ising ferromagnet.® The quantum
fluctuation theory is of interest as it suggests ThoTisO7
is a quantum analog of the classical spin ice systems
Dy3TizO7 and HoyTipO7,'%11 a quantum spin ice state.
Indeed the same degenerate ground state is present in
both water ice and spin ice, and theoretical work has
demonstrated that quantum mechanical tunnelling be-
tween different spin- or charge-ice configurations can lead
to a resolution of this issue.'? The magnetic Coulomb
phase has been shown to exist in classical dipolar spin
ice as a magnetic analogy of electrostatics'® and quan-
tum spin ice should display a magnetic analog of quan-
tum electrodynamics.'* Experimental evidence for quan-

tum spin liquid states that are the quantum mechanical
analogs of spin ice have recently been found in the py-
rochlore materials YbsTisO7'%16 and in ProSnyO7,1718
whereas for ThyTisO7 there have only been theoretical
predictions of such phenomena.®?3

Recent experimental work has attempted to dis-
tinguish between the two theoretical predictions for
ThyTisO7 with evidence presented for'®2° and against?!
the proposed singlet ground state.® In addition other
work has suggested the existence of quantum spin fluc-
tuations at low temperatures.?? Another way to distin-
guish between the theoretical models for the origin of the
low temperature fluctuations is to explicitly test one of
their predictions. Importantly, when the quantum spin
ice model? is applied to ThyTip O~ it is predicted that for
small fields applied along the [111] crystal axis a similar
evolution between magnetic states to that in the thor-
oughly investigated partial magnetization plateaux?* 27
in Dy5TisO7 and HooTioO7 will be observed, albeit with
a far smaller characteristic field scale, < 0.1 T. At the
lowest temperatures, < 0.1 K, a partial magnetization
plateau should be evident?? in this field region. While
the underlying magnetic states should persist to slightly
higher temperatures the small bandwidth of the energy
levels results in the predicted plateau being smeared by
around 0.1 K. The energy scales for TheTiaO7 are sig-
nificantly reduced due to the effect of the quantum fluc-
tuations. If the effective exchange constant is above the
critical value then the system will instead show all-in-
all-out magnetism. Since we completed our experimen-
tal work three studies have searched for the predicted
plateau using bulk magnetic measurements without find-
ing exact agreement with the theoretical predictions.?® 3¢
It is known that perturbations drive TbyTisO7 into a
magnetically ordered phase, this has been demonstrated
by applying magnetic fields?' 3° and pressure®6. Struc-
tural fluctuations are also observed in zero magnetic
field,3” with phase transitions observed in fields larger
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FIG. 1: (Color online) ac susceptibility data with the field
applied || [111]: (a) Real part x’, (b) Imaginary part x”. The
data are offset for clarity. (Inset) Theoretical magnetization
curves predicted by the quantum spin ice model of Ref. 23 for
J =0.167 K.

than 25 T38 and the presence of a tetragonal lattice dis-
tortion is also seen.?® However, most work has focussed
on magnetic fields far larger than those relevant to find-
ing the predicted plateau.

Here we report an experimental investigation of the
spin dynamics of ThyTisO7 using ac susceptibility and
muon spin relaxation (uSR) experiments with a mag-
netic field applied along the [111] axis in both cases. The
former technique provides information on the quasistatic
bulk magnetism whereas the latter probes the local dy-
namic magnetic correlations within a time window of
1072 — 107% s. We are able to identify three field re-
gions where the dynamic behavior behaves differently as
the field applied along the [111] axis is changed.

All our experiments were performed on single crystals
of ThoTisO7 grown via the floating zone method. Ini-
tial characterization of the sample with a SQUID mag-
netometer revealed a Curie Weiss constant of —17 K, in
close agreement with the published literature,2 and all
crystals were aligned along the [111] axis using the back
scattering x-ray Laue technique. The ac susceptibility
measurements were performed using a custom made coil
set, thermally anchored to the mixing chamber of an Ox-
ford Instruments dilution refrigerator through immersion
in liquid *He. For our SR measurements*® we performed
experiments at the pulsed ISIS muon source (MuSR spec-
trometer) and the continuous PSI source [Low Temper-
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FIG. 2: (Color online) Longitudinal field uSR data at 50 mK
as a function of applied field along the [111] axis. The solid
lines are the fits to the data described in the text.

ature Fridge (LTF) spectrometer], ensuring both long
and short time resolution. The magnetic field was par-
allel to the initial muon spin polarization [longitudinal
field (LF)] in the ISIS measurements (0.05 < T' < 10K)
and with the initial muon spin polarization partially ro-
tated [LF and transverse field (TF)] for measurements
(0.025 < T < 0.9K) using the LTF spectrometer. In both
cases a crystal mosaic was used allowing a total coverage
of 2.5 cm? at ISIS and 1.0 cm? at PSI and attached to a
silver backing plate using a thin layer of GE varnish. The
silver plate gives a background signal that can easily be
identified and subtracted from the asymmetry data. The
measured parameter is the time-dependent muon decay
asymmetry, A(t), recorded in positron detectors on op-
posite sides of the sample, which provides a measure of
the spin polarization of the muon ensemble as a function
of time.

The ac susceptibility data are shown in Figure 1 (a) for
the real part x’ and (b) for the imaginary part x”. The
data recorded at 100 and 125 mK are equivalent within
error (125 mK data not shown) but there is a clear sepa-
ration between these data and those recorded at 68 mK
in both components of the susceptibility. In x’ the sepa-
ration is clear below ~ 200 mT and grows towards zero
field. Other measurements of the ac susceptibility have
indicated a bifurcation with applied field at low tempera-
ture and a frequency dependence consistent with our re-
sults.”28:3041 OQur data are also in reasonable agreement
with other measurements of dM/dH by Legl et al.?® and
X’ by Yin et al.?0 at these temperatures, though the latter
study found a subsequent change in the field dependence
of ¥’ cooling to 16 mK, accompanied by exceptionally
long magnetic relaxation times. The temperature depen-
dence is more pronounced in x”, where at 68 mK the
susceptibility rises to a peak at 15 mT but at > 100 mK
it falls monotonically. The difference between x” at these
two temperatures is up to a factor of two and their val-



ues are distinct up to ~ 100 — 300 mT depending on the
measurement frequency. We have plotted the theoretical
magnetization curves?® in the inset to Fig. 1 and return
to comparing these data with the theoretical predictions
below, since our measurement temperature is too high to
test the predicted partial magnetization plateau directly.

As a local probe of spin fluctuations pSR is an ideal
tool to look for systematic changes in TbhoTisO7. The
1SR data recorded in longitudinal field are shown in
Fig. 2 and can all be described by an exponential re-
laxation:

A, (t) = Arlxei)\t + Abg; (1)

where A is the muon spin relaxation rate. The values
of Anx and Apg vary according to the cryostat used
(0.025 K LTF instrument, 0.05 - 0.725 K Oxford In-
struments Kelvinox, 1.5 and 2 K Oxford Instruments
Variox, and 5 and 10 K closed-cycle refrigerator) due
to differing beam spot sizes, scattering in cryostat win-
dows, and the momentum degradation of muons passing
through different thickness of cryostat walls before hit-
ting the detectors. A,x varies significantly with field be-
low 0.725 K but is close to field independent at higher
temperature [Fig. 2 (b)]. The field dependence of Ay,
shown in Fig. 2 (¢), and decoupling in small longitudi-
nal applied field of the weak background relaxation, are
both consistent with the expected behaviour of the silver
sample holder. The behavior of the fitted parameters is
consistent between the measurements at pulsed and con-
tinuous muon sources. Equation 1 describes the data over
the entire field range demonstrating that the fluctuations
remain dynamic on the timescale probed by muons, and
the results we report are quantitatively consistent with
those in Ref. 20 at the same fields and temperatures, al-
though the fit of our data is not improved by fitting a
stretched exponential over the field range we have stud-
ied.*3

For the T' < 2 K longitudinal field data, three regions
can be identified in the field dependent relaxation rates
shown in Fig. 3 (a). At small fields up to B; = 15 mT,
A increases to a peak, then falls steeply to a kink at
By ~ 60 mT, followed by a more gradual fall between 60
and 250 mT. The data recorded for T' < 0.725 K lie over
one another so only the 50 mK data are plotted for clar-
ity. The low-temperature, low-field increase in A up to
Bj resembles the behavior seen** in ThySn20- where the
increase has a gradient of 0.11 MHz/mT although in our
data the increase is rather smaller: 0.035(5) MHz/mT.
From other measurements it is clear that the ground
states are distinct, but such an increase could result
from a field-induced increase in the density of low en-
ergy excitations as suggested** for ThySnyO7 or, more
prosaically, a steep change in the local magnetization at
low fields that increases the distribution of local fields
probed by the muon. For comparison, we plot the trend
A(Brr) < B™! previously found for polycrystalline data
at 100 mK*” as a solid line in Fig. 3 (a). This is similar to
the behaviour seen in our data above ~ 70 mT, showing
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FIG. 3: (Color online) (a) Relaxation rate A measured as a
function of longitudinal magnetic field applied along the [111]
axis. The solid line represents the trend for a polycrystalline
sample at 0.1 K reported in Ref. 47. The dashed and dotted
lines represent fits described in the text. (b) and (c¢) The
relaxing asymmetry and background asymmetry.

that the peak and kink observed below 2 K are due to
the orientation of the sample.

The magnetic fluctuations in TbyTisO7 have previ-
ously been shown to be fast compared with the range
of timescales probed by muons,?%64® that is to say that
the system is paramagnetic on the muon timescale. As
a starting point in describing the field-dependent expo-
nential relaxation rate A, we relate it to the distribution
width of magnetic fields at the muon stopping site A, the
fluctuation time 7, and the applied longitudinal field By g
by the sum of Redfield’s equation,*® which is generally
appropriate for exponential muon spin relaxation, and a
field-independent relaxation rate Ag,

2A2 \ )
14—7232 2 T )
Our data appear to tend to a field-independent value
Ao above 0.25 T, which is consistent with the behavior
seen in that field range in Ref. 46 and, while adding Ao
alters the values of A and 7 extracted from the data, this
equation allows us to describe the whole measured field



range consistently for T > 5 K. For T' < 2 K this function
cannot describe the data over the whole field range with
constant values of A and 7. This suggests that either A
and 7 depend on the applied field or an alternative model
is needed for the muon spin relaxation mechanism.

The effectiveness of equation 2 is contingent on their
being a single correlation time relevant in the field range
under investigation. A more complicated distribution of
correlation times would lead to a more complicated field
dependence, although the relaxation rate would not be
expected to increase as a function of field, as is observed
in our low-temperature data up to B;. This problem was
noted previously** for the increase in A at small fields ob-
served in ThoSnyO7. Such an increase, within the Red-
field picture, requires A and/or 7 to vary with field, or
the presence of other relaxation mechanisms. Above the
peak, By, a distribution of fields and /or timescales, which
commonly occurs in frustrated magnets, might give rise
to the two stages apparent in the field dependence either
side of By. A broad distribution of fields or timescales
generally gives rise to a stretched exponential relaxation
exp[—(At)?] with 1/3 < B < 1, with 8 decreasing as
the distributions broaden. This is not consistent with
our data for which 3 = 1, nor other published data?’
where 8 was slightly larger than 1. Therefore our results
constrain the widths of the field and correlation time dis-
tributions to be relatively narrow, and if this is to apply
over the whole measured field range then a more com-
plicated relaxation mechanism than is captured in eq. 2
must depolarize the muon spin.

Another potential relaxation mechanism appropriate
to fluctuating localized magnetic moments*® relates the
muon relaxation rate A to the imaginary part of the dy-
namic susceptibility x”(q,w) as: A x qu(q)X”(q,w),
where A(q) is the coupling between the muon spin and
the spins of the sample. The relevant frequency in these
longitudinal field measurements varies with the applied
field as w = v,B. We know x”(w — 0) from our ac
susceptibility measurements shown in Fig. 1(b) and so
begin our comparison with the observed A values there.
In the 68 mK data x” rises to a peak at Bj coincident
with that in A for T' < 2 K, whereas at 100 mK " falls
monotonically with field, as A does for T > 5 K. There
are therefore similarities in the field dependences, but the
temperature scale is quite distinct. The relevant frequen-
cies for the two probes are around kHz for ac susceptibil-
ity and GHz for uSR and so a difference in x” (T, w, B) at
these disparate frequencies is required. A simple possibil-
ity is thermal fluctuations of the low-temperature state
leaving the frequency range of ac susceptibility by around
100 mK but remaining within the uSR frequency range to
around 2 K. Alternatively x” may depend strongly on w
for the range of muon Larmor frequencies corresponding
to 0 < B < 60 mT.

The Redfield model would also break down if the
field distribution changed within the region investigated.
Systems with metamagnetic transitions would lead to
such a breakdown and if the other conditions for ap-

plying the Redfield equation are satisfied then A could
follow the simple phenomenological form of equation 2
between transitions if the arrangement of spins is consis-
tent within the region. By way of example, equation 2
was found to apply in the partial magnetization plateau
phase of CagCos0g where the magnetization plateau is
known from a broad range of techniques.*?

Using equation 2, we can test predictions for the field
dependence of A and 7. The simplest assumption is that
neither depends on field, which effectively describes both
the 5 and 10 K data. Below 5 K this model does not
work over the whole field range. However, it is effective
between the peak (B;) and kink (Bs) shown in Fig. 3, and
also above By with different parameters. Fitting (with
Ao = 0) leads to A = 12.0(2) mT and 7 = 12.8(6) ns
at 50 mK between B; and Bs, the fit for 50 mK being
shown as the dashed line in Figure 3. Above Bs, the
same fitting approach gives A = 17.7(1) mT and 7 =
4(1) ns. Including the A\g values estimated using the fits
to the data above Bs (Ag ~ 0.5 MHz) reduces the value
of A by around 15 % and increases 7 by around 10 %.
Independent of this, the quality of the fits are poorer for
the 1.5 and 2 K data, which is consistent with thermal
fluctuations breaking up the low temperature state.

This phenomenological change of the field dependence
of the relaxation can be clearly seen if the data is plotted
as A~' vs B2, since the Redfield equation is linear in
these parameters. Fig. 4 shows the field dependence of
the inverse relaxation rate as a function of temperature.
It is clear that eq. 2 is valid over two distinct regions:
from the peak By = 15 mT to the kink Bs ~ 60 mT and
above the kink By. B also matches the peak seen in our
measurements of x” but we do not see a sharply defined
feature at Bs in the ac susceptibility or any features in A
in the field region where x'(H) flattens.

This leads to the question of what causes this non-
monotonic field dependence of A\. It could come from
complicated distribution of relaxation times, although
this would suggest the raw data should take a stretched,
rather than simple exponential form. We cannot exclude
such a possibility but were unable to develop a simple
model that could consistently describe both the field de-
pendence above B; and the observed form of the raw
data. If we compare the field dependence of A to that of
X" then we see strong similarities in the features in A be-
low 2 K to those in ¥ at 68 mK, and in A above 5K and
x"" at 100 mK. The disparity between the temperatures
where these features occur could follow simply from the
effect of thermal fluctuations measured on the different
timescales of the two probes. If the relaxation mechanism
is relatively conventional and there is one (dominant)
correlation time, as suggested by the simple exponen-
tial form of the raw data, then the features in the data
may be associated with changes occurring in the mag-
netic correlations within the sample, as could separately
follow from the similarities in the field dependences of x”
and A. We use eq. 2 to provide a starting point for inter-
preting the data. This would imply three regions in the



+25mK+0

o 50 mK + 0.0

e 200 mK +0.1
500 mK + 0.2

©15K+0.2

450K-05 \
100K -15 ]

¢ 20K+0.2

U\ (MH2)*

0 2000 4000 6000 8000 10000
2,2 2
poH™ (mT)

FIG. 4: (Color online) Field dependence of the inverse relax-
ation rate at different temperatures. The fitted lines are eq. 2
for different field ranges. The data are offset for clarity and
the higher field fits extend to the maximum measured field.

field dependence: the first up to By where A increases (or
7 decreases) with field sufficiently quickly for the numer-
ator of eq. 2 to increase faster than the denominator, and
then two regions where A and 7 take separately constant
values, or their field dependences counteract.

The only theoretical suggestion advanced for features
in this field range comes from the quantum spin ice model
proposed by Molavian and Gingras??, with crossovers be-
tween spin arrangements on individual tetrahedra occur-
ring at B* =~ 16 mT and B. =~ 82 mT, depending on
the effective exchange constant within the model. The
energy scheme for these arrangements was argued to be
relevant below a temperature of order 1 K, where the
spin correlations have developed up to the size of a single
tetrahedron,3® 7 but the associated partial magnetiza-
tion plateau predicted in the same work would only be ob-
served well below 0.1 K, perhaps even below 0.02 K, be-
cause of the small bandwidth of the lowest lying states.?3
This model has been tested down to 43 mK using bulk
magnetization measurements and no evidence for a par-
tial magnetization plateau was found.?®2? Our measure-
ments of ¥/ and those of Yin et al.3° are in reasonable

qualitative agreement with the dM/dH curves of Legl et
al.?® in this temperature range and Legl et al. argued
that ThyTiaO7 has an all-in/all-out ground state at low
temperature. The field-dependent properties of such a
state do not give rise to any features in the range where
features occur in the uSR or x” data. A very recent ac
susceptibility study3° found a further change in x’(B) be-
tween 50 and 16 mK and it may be necessary to extend
the bulk magnetization measurements to a similarly low
temperature to provide a firm conclusion on this matter.
Other descriptions of ThyTisO7 in terms of a Jahn-Teller
distortion have not made predictions for its response to
small [111] magnetic fields and it would be interesting
to know whether any features could be predicted com-
patible with the recent results in this area. In general,
models of ThyTisO7 have not offered predictions for mul-
tiple timescales, nor for multiple field distributions, but
the future development of more detailed models may offer
another framework for describing our results.

In conclusion, we have presented low-temperature ac
susceptibility and SR data on ThoTiaO7 for fields ap-
plied along the [111] crystal axis. At low fields the uSR
relaxation rate \ rises to a peak at By = 15 mT, after
which it falls steeply to a kink around By ~ 60 mT and
then more gradually to higher fields. This field depen-
dence is not evident in polycrystalline samples and by
making a simple assumption as to its origin we can esti-
mate the timescale of fluctuations to be 7 ~ 10 ns. The
temperature dependence of these features is very weak
below 0.725 K and then they disappear smoothly up to
5 K, similar to the saturation of A below 1 K observed
in previous measurements in constant magnetic fields.2°
Our measurements of ' below 100 mK do not show sharp
features coincident with those in the puSR data, but x”
shows a peak at B; at 68 mK which has disappeared
at 100 mK. These differences strongly suggest that the
response of ThyTisO7 depends on the lengthscale and
timescale being probed. To develop a broader under-
standing of this field-dependent behavior, bridging the
gap in timescales we report here with higher frequency
ac susceptibility measurements at very low temperatures
and neutron scattering measurements, since the fluctua-
tions affecting the muon relaxation would be quasistatic
on their timescale, would complete this picture and pro-
vide a further constraint on future theoretical models of
ThseTisO7.
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