
Ⅲ-2. Atomic & Solid State Physics (Muon)

- 217 -

RIKEN Accel. Prog. Rep. 49 (2016)

µSR study on the Kondo semiconductor (CexLa1−x)Ru2Al10

N. Adam,∗1,∗2 H. Tanida,∗1,∗3 M. Sera,∗3 T. Nishioka,∗4 and I. Watanabe∗1,∗2

The Kondo semiconductors CeT2Al10 (T = Fe, Ru,
and Os) have been attracting much attention because
of their unusual antiferromagnetic (AFM) ordering at
T0 ∼ 30 K for T = Ru and Os .1,2) Below T0, the
AFM moment (mAF) is parallel to the orthorhombic c
axis3,4) although the easy magnetization axis is the a
axis with a large magnetic anisotropy, χa � χc � χb.
By substituting magnetic Ce (4f1) with nonmagnetic
La (4f0), a further unusual ordered state is realized;
the direction of mAF is switched from the c to b axis,
although the b axis is the magnetic hardest axis.5)

Nonetheless, T0 is not significantly reduced, and the
Kondo semiconducting behavior is maintained by the
substitution. On further reducing the Ce concentra-
tion, T0 decreases smoothly and disappears at a criti-
cal Ce concentration of x ∼ 0.45. This indicates that
the interaction of the transition is long-ranged, like the
RKKY interaction. However, the transition tempera-
ture, T0 ∼ 30 K, is too high for an usual magnetic tran-
sition because (1) the TN of isomorphous GdT2Al10,
which is expected to show the highest ordering tem-
perature in a series of RT2Al10 systems, is only 16−18
K, and (2) the distance between the nearest Ce sites
is greater than 5 Å. These imply that magnetic inter-
actions are not key parameters for the transition, but
there could be an unknown parameter related to the
c− f hybridization effect.

Previously, we examined the microscopic magnetism
of CeRu2Al10 and the related Rh−doped one by means
of µSR in RAL,6) together with numerical calculations
by using the density functional theory.7) By substitut-
ing Ru with Rh which possesses an extra 4d electron
compared to Ru, electronic properties are drastically
changed, and mAF ‖ a is realized instead of mAF ‖ c.8)

From our results, we have concluded that (1) the crit-
ical Rh concentration is less than 3%; (2) there are
two muon stopping sites, which is supported by the
DFT calculation; (3) internal fields, Hint (HLarge and
HSmall), are very sensitive to spin structure; and (4)
transferred hyperfine field could be essential for their
non-mean field like behavior.

In order to examine the microscopic magnetism in
(CexLa1−x)Ru2Al10, we performed zero-field µSR us-
ing randomly mounted small single crystals. Figure 1
shows the preliminary results of the temperature de-
pendence of Hint in (Ce0.9La0.1)Ru2Al10. The data
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Fig. 1. Preliminary results of the temperature dependence

of the internal magnetic fields in (Ce0.9La0.1)Ru2Al10.

The data for x = 1 are also shown for comparison.6)

Dotted curves are guides to the eyes.

for x = 1 are also shown for comparison.6) For x = 1,
HLarge exhibits the usual mean-field behavior, whereas
HSmall shows non-mean-field behavior. For x = 0.9, a
similar behavior is obtained in HLarge. On the other
hand, HSmall exhibits a behavior significantly different
from that of HSmall for x = 1. Thus, HLarge is robust,
while HSmall is strongly affected by the substitution.
Considering the mean-field behavior of HLarge, the de-
velopment of mAF should be regarded a mean-field
type. Thus, the non-mean field behavior of HSmall for
x = 0.9 could also be related to the hyperfine anomaly.
It should be noted that the temperature dependence
of HSmall for x = 0.9 is very similar to that of HLarge

in the Rh-doped CeRu2Al10, aside from a large differ-
ence in magnitude.6) This could be a key to identify
the muon sites and the origin of the hyperfine anomaly.
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Disappearing of the Ir-ordered state in the Pyrochlore iridates

(Nd,Ca)2Ir2O7 studied by µSR
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Pyrochore iridates, R2Ir2O7 (R-227, R = Y and
rare-earth element), are an ideal platform to study the
interplay between electron correlation (U ) and spin-
orbit coupling (SOC ) in which the electron correla-
tion (U ) can be systematically tuned by changing the
ionic radius of R-ion (r).1) Among pyrochlore systems,
these compounds have the widest structure stability2)

and experimentally have revealed systematic metal-
insulator transition (MIT) and systematic variation of
properties with R.3) The MIT temperature, TMI, de-
creases monotonically as the ionic radius of R3+ in-
creases, and its boundary lies between R = Nd and
Pr.3) Accordingly the study on a change in the magnet-
ically ordered state in Nd2Ir2O7 and its doped-systems
is important to discuss an intrinsic critical behavior of
the electronic state in R2Ir2O7.
In this study, we report the effect of Ca substi-

tution on the magnetic ordered state of Ir4+ spins
in Nd2Ir2O7 investigated by muon-spin relaxation.
Nd2Ir2O7 shows metallic behavior at high tempera-
ture and undergoes MIT at temperatures around 33
K,3) and the magnetic order in this material also seem
to occur simultaneously at TMI without any lattice dis-
tortion.4) In our previous µSR results on Nd2Ir2O7,

5)

we observed the coherent magnetically ordered state
of Ir4+ spins just below TMI and confirmed that Nd3+

moments mainly grew below 15 K as observed in the
neutron diffraction.6)

As observed in the electrical resistivity and the DC
magnetization measurements, in which the TMI and
magnetic transition (TM) decrease by increasing Ca
doping, we expected the Ca substitution to dramat-
ically suppress the magnetic order of Ir4+ spins in
(Nd1−xCax)2Ir2O7. Figure 1 shows the zero-field (ZF)
time spectrum of (Nd1−xCax)2Ir2O7 at a temperature
of 1.5 K. The spontaneous muon spin precession is
still observed in the sample with 3 % of Ca-doped,
and it becomes less well-defined at a higher Ca substi-
tution. A heavily damped muon-spin precession with
fast damping rate is the characteristic in the time spec-
trum at a high Ca concentration. A phenomenological
function of

A(t) = A1e
−λ1t +A2e

−λ2t +A3cos(γµHint + ϕ)e−λ3t

(1)
is used to fit the time spectra. λ1 and λ2 are the slow
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and fast relaxation rates, respectively, while λ3 is the
damping rate of muon-spin precession. Hint and ϕ are
the internal field at the muon site and the initial phase
of muon precession, respectively.

Fig. 1. Zero-field time spectrum of (Nd1−xCax)2Ir2O7 in

the early time region at a temperature of 1.5 K. The

solid lines are fits to Eq. 1.

A spontaneous muon spin precession was observed
in the sample with 3 % of Ca concentration at a tem-
perature below 12.5 K, which is lower than the TMI

of this sample. At higher Ca concentrations, x = 0.07
and 0.10, no static ordering was observed at tempera-
ture below 1.5 K. Although the TMI of these samples is
estimated to be approximately 10 K and 5 K, respec-
tively. This indicates that the carrier doping would
strongly suppress the magnetic ordering rather than
the changes in the electrical transport properties.
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