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Geometrically frustrated magnets have
been actively studied in recent years
[1]. These include classical and quan-
tum spin systems on two-dimensional tri-
angle [2] and kagome [3] lattices, and three-
dimensional pyrochlore-lattice systems [4].
For classical systems, prototypes of which
are the trianglar-lattice antiferromagnet [2]
and the spin ice [5], many investigations
have been performed for a few decades us-
ing a number of theoretical and experimen-
tal techniques [1]. Possibilities of quan-
tum spin liquid (QSL) states in frustrated
magnets, which date back to the theoret-
ical proposal of the RVB state [6], are re-
cently under hot debate. Highly-entangled
many-body wave functions without mag-
netic long-range order (LRO), anticipated
in QSL states, provide theoretically chal-
lenging problems [7]. Experimentally, find-
ing out real QSL substances, e.g. [8], and
investigating QSL states using available
techniques, e.g. [9], have been attracting
much interest. However, to date, nobody
has found clear evidence of a QSL state, de-
spite many trial experiments performed in
the past decade [7,9].

A non-Kramers pyrochlore system
Tb,Ti,O7 (TTO) has attracted much atten-
tion since an interesting report of absence
of magnetic LRO down to 0.1 K [10], which
could be interpreted that TTO is a QSL
candidate or quantum spin ice (QSI) [11].
On the other hand, a phase transition at
Tc ~ 0.5 K detected by a specific heat peak
suggesting a hidden LRO [12], seemed to
contradict with the QSL interpretation. We
resolved this contradiction by showing that
ground states of TTO are highly sensitive
to off-stoichiometry, i.e., x (and/or y) of
Tby 4 TizxO74y [13], and that there are
two ground states: an electric quadrupole

ordered (QO) state (x > x. ~ —0.0025) and
the putative QSL state (x < x.) [14] (Fig. 1
inset).

We now think that the QO state pro-
posed in Ref. [14] or its variant likely ac-
count for the hidden LRO of TTO. On
the other hand, the long-standing ques-
tion of “what is the putative QSL state
of TTO?” or even a simpler question of
“is it really a QSL state?” are still diffi-
cult problems for present-day experimen-
tal techniques, which are not well opti-
mized for studying QSL states. For ex-
ample, in Fig. 1 we show inelastic neu-
tron scattering (INS) spectra of TTO sam-
ples carried out at 0.1 K on IN5 and AMAT-
ERAS, which are normally known as good-
energy-resolution spectrometers [16]. The
energy spectrum of the QSL powder sam-
ple with x = —0.005 shown in Fig. 1 looks
as though there are both elastic and inelas-
tic scattering contributions. However, if
this sample is in a QSL state at 0.1 K, this
elastic scattering should be (at least partly)
inelastic scattering with a very small en-
ergy scale [17,18].

Recently we proposed to perform INS ex-
periments on x = —0.005 (QSL) and 0.005
(QO) powder samples using the extremely
good energy-resolution (AE ~ 1 ueV) spec-
trometers IN16B and HFBS, which have not
commonly been used for studies of QSL
states. Thereby, we have a good chance
to observe that the seemingly elastic scat-
tering shown in Fig. 1 is (partly) inelastic
scattering, which consequently proves that
the putative QSL TTO sample is definitely
in a QSL state at T = 0. In addition, by
simply comparing quasi-elastic spectra of
the QSL and QO samples, distinct differ-
ence due to the two ground states can be
we observed. We performed an ILL-DDT
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experiment (2018 May) of the QSL sample
using IN16B, which shows interesting ex-
perimental data. However an NCNR-QAP
experiment (2018 Aug.) of the QO sample
using HFBS was not successful owing to
large instrumental background. Now we
are waiting for another experiment of the
QO sample using DNA (J-PARC) to answer
the questions.
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Fig.1 Energy spectra S(Q,E) averaged in a wide Q-range taken using crystal samples
(x=-0.007, 0.000, 0.003) and powder samples (x = -0.005, 0.005) [16]. Inset shows
the x-T phase diagram of Ref. [15].

Fig. 1.



