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Abstract )

In the last 5 years, the exotic behavior of heavy element
(f-electron) systems has been studied intensively by
means of NMR and pSR. Particularly, exotic behaviors
related with the spin-orbit coupling and orbital degeneracy
are investigated.

Here two topics: 1) multipole-fluctuation mediated
superconductivity in Pr-based compounds [1,2] and 2)
hidden order in URu,Si, [3,4] are chosen among them.
In addition to the topics presented here, the following
are the main results of our research in the last 5 years:
the glassy ordered state of AmO,[5]; the coexistence of
unconventional superconductivity and antiferromagnetic
ordering under high pressure in CePt,In,[6]; new quantum
critical phenomena in YbRh,Si,[7]; and the hydrogen
impurity state in BaTiO; as clarified by uSR[8].

Topic 1 Multipole-fluctuation mediated
superconductivity in Pr-based compounds

1. Introduction )

Heavy element systems possess multipolar degrees
of freedom originating from the strong spin-orbit
coupling of f-electrons. Recently, a novel mechanism of
superconductivity (SC), mediated by the fluctuations of
a higher order multipole, has been discussed for a series
of Pr 1-2-20 compounds. In this study, by using pSR and
NMR techniques complementarily, we have explored
their SC mechanism from a microscopic point of view.

Although the Bardeen-Cooper-Schrieffer (BCS) theory
of superconductivity was initially established based on the
electron-phonon interaction, a simple generalization of the
BCS theory shows immediately that SC can also appear
via other electronic fluctuations that provide an attractive
interaction between quasiparticles. Because of the higher
energies of such fluctuations, one can expect higher SC
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Fig.1 The temperature dependence of (1/T;); in
PrTi,Al,o and PrV,Al,,
Here, we have extracted the f-electron component. The

solids lines are obtained from non-magnetic crystal electric
field models [1].
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transition temperatures than those given by the phonon-
induced mechanism. Nowadays indeed, the magnetic
fluctuation mediated SC is the most promising candidate
mechanism for high-7, copper oxides and certain heavy
fermion superconductors.

In general, “magnetic fluctuations” means magnetic-
dipole fluctuations. The magnetic dipole is well known as
the origin of magnetism in ordinary magnets. During the
last decade, however, it has been gradually recognized that
the effect of higher order multipoles is not negligible, in
particular, for heavy element materials. In these materials,
the higher order multipoles often govern the electronic
properties at low temperatures. Octupole order in NpO,
highlights the importance of higher order multipoles as a
textbook example. The recent discovery of heavy fermion
SC in Pr1-2-20 systems has stimulated a renewed interest
in the novel superconducting mechanism mediated by
multipole fluctuations.

2. Results )

We have performed NMR and pSR experiments
on Pr1-2-20 compounds in an effort to elucidate the
SC mechanism. Both NMR and pSR are microscopic
techniques, which can probe static and dynamical
electronic properties of materials. The application of
these two techniques to the same material allows us to
investigate the magnetic fluctuation properties over a wide
range of frequencies.

Figure 1 shows the temperature dependences of the
NMR longitudinal relaxation rate (1/7) for PrTi,Al,,
and PrV,AlL, [1]. 1/T, decreases rapidly with decreasing
temperature in both materials, revealing strong
suppression of dipole fluctuations at low temperatures
where the SC transition appears. The NMR data also
suggest the development of quadrupole (or octupole)
fluctuations just above a quadrupole ordering temperature
in PrTi,Al, [1].

The origin of residual magnetic fluctuations at low
temperatures was elucidated by uSR spectroscopy
at dilution refrigerator temperatures. Figure 2 shows
the muon spin relaxation rate (1/T),) in PrTi,Al,, at
0.1 K as a function of applied magnetic field [2]. The
characteristic frequency of magnetic fluctuations at 0.1
K was estimated to be about 6 MHz from a fit of 1/T, to
the Redfield model. This frequency is too low for electron
spin fluctuations in a paramagnetic state, while it is too
high for nuclear spin fluctuations. The intermediate-
frequency magnetic fluctuations observed in PrTi,Al,,
can be ascribed to hyperfine-enhanced nuclear magnetism
of '*'Pr, which is a phenomenon where '*'Pr nuclear
magnetism is effectively enhanced with the assistance of
hyperfine-induced f-electron spins. The enhanced nuclear
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Fig.2 The muon spin relaxation rate (1/T;,) in PrTiAl,,

at 0.1 K as a function of applied magnetic field
The solid curve represents the best fit to the Redfield
model [2].
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Fig.3 A schematic temperature-pressure phase diagram
near the quadrupole quantum critical point expected in
the Pr1-2-20 system

magnetism is known to arise only in crystalline-electric-
field ground states without magnetic dipolar degrees of
freedom. Therefore, magnetic dipoles are concluded to
be inactive in the SC state of PrTi,Al,. Accordingly, our
results of NMR and pSR measurements strongly suggest
that fluctuations of higher-order multipoles play an
important role in the SC of the Pr1-2-20 systems.

3. Importance of the result and its impact )

The absence of dipole fluctuations at low temperatures,
confirmed from our NMR and puSR experiments, has
strongly suggested that the SC pairing in the Pr1-2-20
compounds is mediated, not by dipole fluctuations, but
by the fluctuations of some other higher order multipoles.
Very recently, a strong enhancement of the SC transition
temperature under high pressures has been reported for
PrTi,Al,. This finding implies that the pairing interaction
of the SC state in the Pr1-2-20 compounds is mediated
by quadrupole fluctuations induced near the quadrupole
quantum critical point, since the suppression of quadrupole
order has also been observed at similar pressures (Fig. 3).
Clearly, we need a deeper understanding of multipolar
physics to gain further insight into the exotic electronic
states of heavy element systems.

4. Perspective )

We are now preparing for further microscopic studies
under high pressure.
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Fig.4 Angular dependence of the Si NMR linewidth in
URu,Si,
A sharp minimum appears at 45 degree in the HO state [3].
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Topic 2 Hidden order in URu,Si,

1. Introduction y

As a target material to investigate the interplay between
5f electron spins/orbitals and conduction electrons, we
have chosen the heavy-fermion superconductor URu,Si,.
In this material, the so-called “hidden-order” (HO)
state, which emerges below a zero field phase transition
at T, = 17.5 K, has posed a long-standing mystery,
particularly because of the mysterious nature of its order
parameter. It has been evidenced that the HO state is “not
a simple antiferromagnet” but is multipolar order. In the
past quarter of a century, numerous experimental and
theoretical programs have been undertaken to pin down
what symmetry is broken in the HO state.

URu,Si, crystallizes in the tetragonal ThCr,Si,-
type structure. Very recently, the four-fold rotational
symmetry of this structure was suggested to be broken
mesoscopically in the c-plane to form two-fold symmetry
within the HO phase [9]. This finding was a significant
advance to solve the HO state, but posed an important
question about domain effects.

2. Results )

We have successfully addressed the broken symmetry
by means of very accurate NMR linewidth measurements
[3]. A single crystal sample has been prepared with the
*’Si isotope enriched to 53%, greatly improving the
NMR sensitivity. This made it possible for the first time
to resolve a domain-independent in-plane magnetic
anisotropy. The NMR spectra were measured as a function
of an applied field H rotated precisely in the (001) (basal)
plane using a two-axis rotating goniometerstage. As
shown in Fig. 4, the angular dependence of the linewidth
executes a sharp cusp characteristically at 8=45° only in
the HO state. Our analysis of this angular dependence has
revealed that the two-fold anisotropy is surely nonzero
in a large crystal, but much smaller than previously
estimated from magnetic susceptibility measurements on
a tiny single crystal [9].

Another interesting aspect of the HO state in URu,Si, is
that it is bounded by magnetic states in the phase diagram.
It is also very important for understanding the nature of
the HO state to determine what state will appear if the
HO state is suppressed by pressure or magnetic field. For
example, hydrostatic pressure of about 1 GPa is known
to transform the HO state into a simple antiferromagnetic
(AFM) phase with propagation vector Q, = (100) and
magnetic moment of 0.4 /U [10]. Two well-split NMR
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Fig.5 (a) 2°Si-NMR spectrum in the PM and Il phases, (b)
T-H phase diagram for URu,Si,, and (c) Schematic spin
arrangements in the Il phase [4]

lines are observed in this commensurate (C-) AFM phase,
confirming this propagation wave vector, whereas only a
single NMR line is seen in the HO phase [11].

Another very effective tuning parameter for this
compound is magnetic field. The HO phase can be
monotonically suppressed to 7,—0 at a critical magnetic
field H~35.6 T, above which new phases labeled II,
III, and V appear, as shown in Fig. 5(b) [12]. This phase
diagram was determined mainly by resistivity and Hall
effect measurements. Recent thermal expansion and
magnetostriction experiments also confirmed the phase
boundaries between HO-II, II-111, and IlI-paramagnetic
(PM) phases above 2 K [13]. Shubnikov-de Haas (SdH)
experiments revealed an anomaly in the Hall resistivity at
H*~22 T within the HO phase, which is accompanied by
the emergence of a new Fermi surface above H* [14]. On
the other hand, pulsed field magnetization measurements
are not sensitive to this anomaly at H* and the lowest
temperature data suggest that the system undergoes a first-
order metamagnetic phase transition at about 35 T [15].

Despite intense experimental efforts, microscopic
investigations of URu,Si, are lacking at high magnetic
fields because of the inherent experimental complexity.
In order to unveil the intriguing magnetic anomaly at
H* and the nature of the novel phases emerging in the
high field limit, we have performed ultra high magnetic
field ’Si NMR experiments using a fully *’Si-enriched
URu,Si, single crystal, internationally teaming up with
Los Alamos National Laboratory (LANL) and National
High Magnetic Field Laboratory (NHMFL) in the USA
[4]. In addition, the interpretation of the experimental
results has been confirmed by electronic band calculations
by The Center for Computational Science & e-Systems
(CCSE) at JAEA. 1t is worth briefly mentioning a few
striking NMR results: at the low T, *’Si NMR shift
(K) anomaly around H* and the critical increase of K
towards H, ~ 35.6 T. Both results are evidently related to
crucial changes in the Fermi surface of URu,Si,. Another
remarkable result is the first observation of the ’Si NMR
spectrum in the high-field paramagnetic (PM) phase at 40
T as well as the complex ’Si NMR spectrum in magnetic
phase II displayed in Fig. 5(a). This spectral shape can
be understood in terms of an incommensurate (IC-)
AFM (more exactly ferrimagnetic) ordering of Ising-type
localized spin arrays with propagation vector Q,=(2/3,0,0),
as illustrated in Fig. 5(c). It is remarkable that the in-
plane fourfold symmetry is spontaneously broken to form
an orthorhombic phase under a non symmetry-breaking
field along the c-axis. The ordered moment of ~ 0.6 /U
in phase II is estimated by considering the hyperfine
coupling constant A, = 3.4 kOe/p; obtained in the PM
and HO phases. Our high field NMR results provide the
first microscopic evidence of the change in the magnetic
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susceptibility around the anomaly observed at H*~ 22 T
which, in turn, could not be unveiled by previous transport
measurements. Furthermore, based on our NMR data, the
transition between the HO and the novel field-induced
phase at H, ~ 35.6 T is found to be of first order. The U
localized moments with Ising-type character suddenly
emerge in the orthorhombic AFM phase II from the non-
magnetic itinerant HO state. This behavior may find some
connection with a recent proposed theoretical model of
rank-5 multipolar ordering [16].

3. Importance of this result and its impact )

The observed spontaneous breaking of the in-plane
four-fold symmetry in the HO and the high field AFM
II phases may be closely related. Our results may give
significant evidence toward identifying the hidden-order
in URu,Si,. Although it is not yet completely identified,
we can expect definite results for the order parameter in
the near future.

4. Perspectives )

Next we are going to study the superconducting state of
URu,Si,. This is considered to be unconventional, but still
needs to be confirmed.
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