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Magnetism and superconductivity in underdoped region of T*-type
La1−x/2Eu1−x/2SrxCuO4−yFy

M. Takahama,∗1,∗2 T. Taniguchi,∗1 D. P. Sari,∗3,∗4 I. Watanabe,∗3 and M. Fujita∗1

In the study of high-transition-temperature cuprates,
the doping evolution of magnetism and its relationship
with superconductivity are important issues. It had
been considered that the superconductivity is induced
by carrier doping into Mott insulators.1) However, the
appearance of superconductivity in RE2CuO4 (RE =
rare earth) without effective carrier doping (undoped
superconductivity) was clarified by improving mate-
rial synthesis and annealing techniques.2,3) After the
discovery of undoped superconductivity, the broad su-
perconducting (SC) phase was reported.4)

Recently, we succeeded in synthesizing T*-type
structured La1−x/2Eu1−x/2SrxCuO4 (LESCO) in
which the oxygen coordination around a copper ion
is five and reported the magnetic and SC proper-
ties as functions of Sr concentration.5,6) Our muon
spin rotation/relaxation (µSR) measurement of LE-
SCO revealed the presence of a spin-glass state and
the absence of static magnetism in the as-sintered
non-SC and high-pressure oxidated SC samples, re-
spectively. Therefore, the short-range magnetic or-
der disappears with the emergence of superconduc-
tivity, suggesting competition between the two states.
However, as it is challenging to synthesize a single-
phase sample of LESCO with a smaller x, the elec-
tronic state of the underdoped (UD) region of T*-
type cuprates has not been investigated. Thus, we
newly synthesized La1−x/2Eu1−x/2SrxCuO4−yFy (LE-
SCOF), in which the hole concentration can be re-
duced by increasing y while keeping the single-phase
T*-type structure. The evidence of low carrier den-
sity in both as-sintered and oxidation-annealed LE-
SCO was reported by x-ray absorption spectroscopy
measurement,6) and LESCO with x≲ 0.23 corresponds
to UD La2−xSrxCuO4. Therefore, LESCOF with x =
0.18 is expected to be located in a more UD region.
The magnetism in UD LESCOF was studied by µSR
measurements at RIKEN-RAL.

Figure 1(a) shows the temperature dependence of
the zero-field µSR time spectra of as-sintered LESCOF
with x = 0.18 and y = 0.14. Exponential-type spec-
tra are observed below ∼80 K, and muon spin preces-
sion was observed at the lowest temperature of 5.1 K.
The appearance of precession suggests the emergence
of long-range magnetic order. Furthermore, the tem-
perature at which the spectra change from Gaussian-
type to exponential is higher than that in the pristine
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Fig. 1. Zero-field µSR time spectra of (a) as-sintered and
(b) oxidation-annealed La1−x/2Eu1−x/2SrxCuO4−yFy

with x = 0.18 and y = 0.14.

LESCOF with x = 0.18,4) indicating the development
of static magnetism upon underdoping. On the other
hand, the oxidation-annealed SC sample shows no ev-
idence of magnetic order down to 2 K (Fig. 1(b)).

Two characteristic features of magnetism were clar-
ified in the present study. Firstly, a long-range mag-
netic ordered state exists in the lightly doped sample
of as-sintered T*-type LESCOF. Combined with pre-
viously reported results,4) the short-range spin-glass
state is replaced by the long-range state upon under-
doping, as is the case with other cuprates. Secondly,
such an ordered state disappears with annealing in
connection with the emergence of superconductivity.
Therefore, our results suggest that strong Cu-spin cor-
relations cause the superconductivity in T*-type LE-
SCO, and that the spin fluctuations play an essen-
tial role in the mechanism of superconductivity in the
lightly hole-doped region.
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Spin dynamics in Pyrochlore Nd2Mo2O7
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Nd2Mo2O7 is metallic and exhibits a ferromagnetic
transition at a Curie temperature Tc = 93 K. In contrast
with other Nd-pyrochlore systems, such as Nd2Sn2O7

and Nd2Zr2O7, where the magnetic moments are local-
ized, Nd2Mo2O7 possesses delocalized electrons, which
may host novel phenomena associated with the interac-
tion between the localized moments Nd3+ and the itin-
erant moment Mo4+. Particularly, Nd2Mo2O7 exhibits
unusual spin chirality,1,2) and possesses a two-in-two-out
(AIAO) spin ice spin configuration on Nd3+. Unlike the
AIAO magnetic order of Ir4+ in Nd2Ir2O7, the XY type
order of Ru4+ in Nd2Ru2O7, and Mo4+ in Nd2Mo2O7 or-
ders along the 001 direction. In Nd2Mo2O7, the anoma-
lies appearing at 93 K in both the magnetic and heat ca-
pacity is attributed to the Mo4+ ordering temperature,
whereas the ordering of Nd3+ becomes significant below
30 K.3) Therefore, it is interesting to study the spin dy-
namics in the delocalized electron system of Nd2Mo2O7

and compare them to those of other Nd-pyrochlores by
µSR technique. Moreover, applied fields in Nd2Mo2O7

may change the ground state of Nd3+.3) µSR experi-
ments were carried out at ARGUS spectroscopy, RIKEN-
RAL, between the temperature ranges of 5–300 K to ob-
tain the information below and above the magnetic tran-
sition temperatures of 30 and 93 K. Figure 1(a) shows
the zero-field mSR relaxation spectra at 7.5, 35, 95,
and 160 K and the fitted curves using the function of
A1 exp(−λ1t) +A2 exp(−λ2t) +A3. The plots of the fit-
ted parameters are shown in Fig. 1(b). The initial drop
of the muon relaxation below 95 K indicates the mag-
netic order of the compound, which can also be confirmed
by the increasing of the relaxation rate λ1 in Fig. 1(b).

Fig. 1. (a) zero-field µSR relaxation spectra at 7.5, 35,
95, and 160 K and fitted curves using the function of
A1 exp(−λ1t)+A2 exp(−λ2t)+A3; (b) plots of the fitted
parameters.
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Fig. 2. Temperature-dependence of the asymmetry spectra
of muon relaxation signal between 5 and 300 K in the
applied field of 4000 G. The spectra can be separated into
three different temperature intervals of 30 K and 93 K,
the transition temperatures of Nd3+ and Mo4+ ordering
temperatures, respectively.

The initial drop made it impossible to determine the
magnetic volume fraction of the AIAO spin structure.
However, the transition at 30 K cannot be picked up
clearly by muon relaxation. The asymmetry of the slow
relaxation parameter exhibits a magnetic anomaly. Lon-
gitudinal fields were applied up to 4000 G to evaluate
the decoupling of muons on the sites. An applied con-
stant of 4000 G in the temperature-dependent scans was
also utilized in the experiments. The transitions at 30
and 93 K can be clarified in the measurements as shown
in Fig. 2, in which the relaxations of the spectra are
separated to three groups in three different temperature
ranges. Proper models have to be proposed to fit these
curves and higher fields are necessary to decouple the
muon relaxations for further study on this compound.

At 5 K, the significant differences of the asymmetry
and muon relaxation have been observed before and af-
ter an applied field (not shown in the figure). Similar
behaviour does not appear at a higher temperature of
85 K. This hysteresis at 5 K indicates ferromagnetic
components at low temperature. In our experiments,
this hysteresis even happens in a small applied field of
100 G. The magnetic structure of Nd2Mo2O7, had been
reported as a spin chirality “umbrella” structure,4) which
is consistent with the observation made in the µSR spec-
tra at low temperatures. This phase occurs below the
Nd3+ ordering temperature only, and does not exist be-
low the Mo4+ ordering temperature between 93 K and
30 K. However, muon precession was not observed in the
experiments. We are working on a proper model to fit
the spectra below 30 K.
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