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Despite its unique structural features, the magnetism of single-layered cuprate with five oxy-
gen coordination (T*-type structure) has not been investigated thus far. Here, we report
the results of muon spin relaxation and magnetic susceptibility measurements to elucidate the
magnetism of T*-type Laj_,/2BEu;_5/25r,CuOs (LESCO) via magnetic Fe- and non-magnetic
Zn-substitution. We clarified the inducement of the spin-glass (SG)-like magnetically ordered
state in Laj_,/oBEu;_;/95r:CuyFe;—yO4 with x = 0.24 + y, and the non-magnetic state in
Laj_g/2Eu1_4/25r:CuyZny Oy with z = 0.24 after the suppression of superconductivity for y
> 0.025. The SG state lies below ~7 K in a wide Sr concentration range between 0.19 and 0.34 in
5% Fe-substituted LESCO. The short-range SG state is consistent with that originating from the
Ruderman-Kittel-Kasuya-Yosida interaction in a metallic state. Thus, the results provide the first
evidence for Fermi liquid (FL) state in the pristine T*-type LESCO. Taking into account the results
of an oxygen K-edge X-ray absorption spectroscopy measurement [J. Phys. Soc. Jpn. 89, 075002
(2020)] reporting the actual hole concentrations in LESCO, our results demonstrate the existence of
the FL state in a lower hole-concentration region, compared to that in T-type Las_,Sr,CuO4. The
emergence of the FL state in a lower hole-concentration region is possibly associated with a smaller
charge transfer gap energy in the parent material with five oxygen coordination.

PACS numbers: 74.25.Ha, 74.62.Bf, 74.72.-h, 76.75.4+1

I. INTRODUCTION

A recent study on superconductivity in the RE5CuQOy
(RE = rare earth) family has reported a variety of ground
states due to different oxygen coordination around
Cu?t™2 Tt is well known that T-type LayCuO4 with
six coordination is a Mott insulator that exhibits super-
conductivity with hole doping. T’-type RE2;CuQ4 with
four planar coordination has also been considered to be
the parent Mott insulator of electron-doped supercon-
ductors® ¥, However, Yamamoto et al. reported the
emergence of superconductivity in a thin film of T"-type
RE,Cu04%¥ leading to the study of the actual ground
state in RFE;CuQy4 with different coordinations . A
theoretical study demonstrated a decrease in the electron
correlation strength with increasing distance between the
apical oxygen and the CuO, plane, supporting the metal-
lic nature in T'-type cuprates'?. In real materials, par-
tially existing apical oxygen atoms in the as-sintered (AS)
T’-type compounds are considered to inhibit supercon-
ductivity, owing to the introduction of a random elec-
tronic potential on the CuOy plane**12, Thus, a reduc-
tion annealing procedure is necessary for the complete
removal of excess oxygen to induce superconductivitytt.

In another structural isomer of RF,CuQO4 with five
coordination (T*-type structure), superconductivity ap-
pears with hole doping and post annealing! ™8, T*_type
cuprates have an intermediate crystal structure between
the T and T’-type cuprates, which contains a CuQOjs pyra-

mid in the unit cell. Although studies on the physi-
cal properties of T*-type cuprates is limited, Kojima et
al. reported weak magnetism in T*-type LayCuQO412,
which is qualitatively similar to that in superconducting
(SC) T'-type RE,CuO412 21 Thus, T*-type cuprates are
a notable system for studying the relationship between
physical properties and oxygen coordination. However,
owing limited availability of high-quality samples2243,
T*-type cuprates have not been studied thoroughly.

Recently, we reported a magnetic and SC phase di-
agram of T*-type La;_,/oEu;_,/,Sr,CuOy4 (LESCO)
with = ranging from 0.14 to 0.26 by muon spin relax-
ation (uSR), magnetic susceptibility, and electrical re-
sistivity measurements?#22.  All the AS and oxidation
annealed (OA) samples in this x range exhibit magnetic
order and superconductivity, respectively. Therefore, the
ground state varied drastically, and the metallic nature
was markedly enhanced by annealing??. Furthermore,
from the phase diagram against the actual hole con-
centration (p) estimated by O K-edge X-ray absorption
spectroscopy, we clarified the increase in the SC transi-
tion temperature (7, (onset)) with decreasing p for 0.09
< p < 0.17%5, This result is different from the phase di-
agram of Las_,Sr,CuO4 (LSCO), where the optimum p
is ~0.16%7. SC states with higher 7T, are achieved in the
lightly doped region with p < 0.09, similar to the SC
phase diagram of hole-doped T'-type Laj g—,Eug.2(Sr,
Ca),CuOH=829 Thus, it is important to clarify the
electronic state of LESCO in superconducting T’-type



REQCUO4.

Electronic states in pristine cuprates have been stud-
ied intensively through impurity substitution effects on
magnetic correlations®®Y In LESCO, nonmagnetic Zn
(Zn?*, S = 0) substitution effectively enhances the mag-
netic order in the pristine sample with p < 0.14, and
induces weak static magnetism, even for p > 0.143134,
In addition, the substitution of magnetic impurity Fe
(Fe3T, S = 5/2) strongly stabilizes the magnetic order
over the entire SC phase®*™=7. Tt is worth noting that
the magnetic properties stabilized in the underdoped
(UD) and overdoped (OD) regions are different. Long-
range and short-range magnetic orders are realized in the
UD and OD regions, respectively, of Fe-substituted LE-
SCO (Fe-LESCO)*™58, Furthermore, a complementary
study with angle-resolved photoemission and neutron
scattering measurements revealed that the spin-density-
wave order in OD Fe-substituted LSCO (Fe-LSCO) orig-
inates from the Fermi surface inherent in pristine LSCO.
In contrast, the localized spins form a one-dimensional
stripe-like domain in UD LSCO22. From these results,
a doping-induced cross-over of the electronic state from
the strongly correlated electronic state to the Fermi lig-
uid (FL) state has been discussed®>*3,

Following previous works3U#0  we investigated the
magnetism in Fe-substituted LESCO (Fe-LESCO) and
Zn-substituted LESCO (Zn-LESCO) by pSR and mag-
netic susceptibility measurements. This paper is orga-
nized as follows. We showed the experimental procedures
and the sample characterizations in Sect. 2 and Sect. 3A,
respectively. The results of magnetization and pSR mea-
surements are presented in Sect. 3B, and the interpre-
tations are described in Sect. 3C. Our results elucidate
the electronic state in superconducting T*-type cuprates.
To the best of our knowledge, this is the first study on
the element substitution effect on magnetism in T*-type
cuprates.

II. SAMPLE PREPARATION AND
EXPERIMENTAL DETAILS

Polycrystals of Laj_,/2Euy_; /281, Cui_y(Zn, Fe),Oy4
with 0.14 < z < 0.34 and 0.025 < y < 0.10 were
prepared by an ordinary solid-state reaction method
from pre-fired powders of Las O3, EusOz, SrCO3, Fes O3,
Zn0, and CuO. As in Fe-LSCO, we introduced an
additional Sr?T ion to compensate for the reduction
of p, by substituting Fe?* into the Cu?* site. The
value of additionally doped Sr is given by 224
Since the actual p in LESCO is smaller than z, p in
Lal,(g;er)/QEul,(ery)/QSI‘xCul_yFeyO4 may shift to the
lower doping side with increasing y. However, this sit-
uation does not defeat the purpose of investigating the
electronic state. The mixture of powders was pressed into
pellets, and sintered at 1050 °C in air with intermittent
grinding, then annealed in oxygen gas at 40 MPa at 500
°C for 80 h to obtain OA samples. All samples used in the
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FIG. 1: (Color online) XRD pattern and in-plane lat-
tice constant of (a), (¢) Fe and (b), (d) Zn-substituted
La;_g/2Eu;_4/251:Cui—y Oy with z = y +0.24 and x = 0.24,
respectively.

present study were OA samples. Magnetic susceptibility
measurements were carried out under a magnetic field of
500 Oe, using a SC quantum interference device mag-
netometer (Quantum Design MPMS) to investigate the
magnetism in Fe-LESCO and Zn-LESCO. In addition, to
visualize the evidence of superconductivity in lightly Fe-
substituted LESCO, the shielding and Meissner signals
were measured under a field of 10 Oe.

We performed zero-field (ZF) puSR measurements us-
ing a pulsed positive muon beam on the S1 spectrom-
eters in the Materials and Life Science Experimental
Facility (MLF) in J-PARC, Japan, and a spectrometer
(CHRONUS) at Port 4 in the RIKEN-RAL Muon Facil-
ity (RAL) in the Rutherford Appleton Laboratory, UK.
All the Zn-LESCO, and a part of the Fe-LESCO with
x = 0,24 and y = 0.05 were measured at MLF. uSR is
a powerful probe for the study of local magnetism, even
in samples that are available only in powder form. The
asymmetry parameter A(t) (uSR time spectrum) given
by [F(t) - oB(¢)]/[F(t) + aB(¢)], where F(t) and B(¢)
are the total muon events at time ¢ of the forward and
backward counters located in the beamline, respectively,
was measured. We denote the A(t) normalized by the
initial asymmetry A(t = 0) after correcting the counting
efficiencies as a.

III. RESULTS AND DISCUSSION
A. Characterization of samples

Since there are no studies regarding the element sub-
stitution of Cu sites in T*-type cuprates, we first exam-



Lal—x/QEul -x/Zercul—yMyO4

() [~ @mOO00000000gRO000
(a) M =Fe y=0.006 o
x=024+y £} :
251 oL el y=0

=
=]
g
3
g D ——
8.4 |
k . _ FC ZFC
S T l®M=Zn  TTEC
N
Le x=024 ° yZ00s | ]
= w0 ® A y=005
3 ° y=0.075
7.6 [~ o TRy ]
%% .‘.06‘000‘.‘0000“‘r
® 6 6 o
72 Mgooocoeaego:o‘ by

©o0o0o0oo00

0 5 10 15 20 25 30
X

FIG. 2: (Color online) (a) Fe- and (b) Zn con-
centration dependence of magnetic susceptibility mea-
sured after zero-field and field-cooling processes for
Lai_z/2Eu_5/25r:Cui—y My Oy with z = 0.14+4-y and 0.24+4y
for Fe substitution, and z = 0.14 and 0.24 for Zn substitution.

ined the structural aspect of the samples. Figures [1| (a)
and (b) show the x-ray powder diffraction patterns of Fe-
LESCO with z = 0.14 4+ y and 0.24 + y, and Zn-LESCO
with z = 0.14 and 0.24, respectively, for 0 < y < 0.10. Fe
substitution tends to induce the litter amount of the T”-
type phase as the secondary phase, and the sample with
y > 0.075 contains ~5% T’-type phase. All the samples
of Zn-LESCO were confirmed to be a single phase of T*-
type cuprates. We evaluated the in-plane lattice constant
(a) by Rietveld analysis of the diffraction pattern. The
results are plotted in Figs. [1] (¢) and (d) as a function of
y. The elongation (shrinkage) of the a-axis with increas-
ing y in Fe-LESCO (Zn-LESCO) is caused by replacing
Cu?t with Fe?™ (Zn?") having a larger (smaller) ionic
radius than that of Cu?t. Accordingly, the linear varia-
tion of the lattice constant suggests that the substitution
has been almost achieved, although the impurity phase
tends to appear in Fe-LESCO with increasing y.

B. Fe and Zn-concentration dependence of
magnetism in La; ./, ;Eu;_,/»Sr,Cu1-,M,O4

1. Magnetic susceptibility measurements

First, we examined the effects of Fe- and Zn sub-
stitution on the magnetism in LESCO with =z = 0.24
(p ~0.16, T, = 11.9 K). Figs. [2 (a) and (b) respectively
show the temperature dependence of the magnetic sus-
ceptibility x(T) for Fe-LESCO with z = 0.24 4+ y, and
Zn-LESCO with = = 0.24 for y = 0.006, 0.012, 0.025,
0.050, 0.075 and 0.10. In Fe-LESCO, x(T) measured
after zero-field-cooling (ZFC) and field-cooling (FC) pro-
cesses (x(T)zrc and x(T)rc, respectively) exhibits dis-
tinct behavior at low temperatures, suggesting the ap-
pearance of spin-glass(SG)-like magnetic state by Fe-
substitution. The Ti, where the X(T)zrc exhibits a local
maximum slightly increases, and the cusp in x(T)zrc
for y = 0.025 turns into a broad peak for y > 0.05. The
broadening of the cusp suggests the enhancement of mag-
netic defects for larger y. In Zn-LESCO, a paramagnetic
behavior exhibiting an increase in x(T) upon cooling was
observed. Therefore, the magnetic ground state of Fe-
LESCO and Zn-LESCO are different. The inset of Fig.
(a) indicates x(T)zrc for Fe-LESCO with, z = 0.24 +
y and y = 0 and 0.006. The result for the pristine LE-
SCO (y = 0) is taken from Ref. 25l Superconductivity
is suppressed by the substitution of small amounts of Fe,
following the emergence of the SG state.

2. SR measurements

Here, we present the results of the uSR experiments.
Figure [3] shows the pSR time spectra for Fe-LESCO
with (z, y) = (a) (0.265, 0.025), (b) (0.29, 0.050), and
Zn-LESCO with (z, y) = (c¢) (0.24, 0.025) and (d)
(0.24, 0.050). In Fe-LESCO, the Gaussian-shaped spec-
tra transformed into an exponential-shaped spectra upon
decreasing the temperature, followed by the appearance
of the fast depolarization component or oscillation com-
ponent at low temperatures. A negligible temperature
dependence of the Gaussian-shaped depolarization be-
low ~60 K has been reported for the pristine OA LE-
SCO with 0.14 < z < 0.24%2.  This thermal evolu-
tion of the spectra in Fe-LESCO means the inducement
of the magnetic state by Fe-substitution. By contrast,
Gaussian-shaped spectra remain at ~3 K in Zn-LESCO,
even with y = 0.05, indicating the absence of magnetic
order. Thus, as suggested by the susceptibility measure-
ments, the magnetic and non-magnetic ground states are
realized by respective Fe and Zn substitution into LE-
SCO with z = 0.24.

To evaluate the magnetic volume fraction (Vy,), inter-
nal magnetic field at the muon stopping site (Biyt), and
magnetic ordering temperature, we analyzed the uSR
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FIG. 3: (Color online) pSR  time spectra for
Laj_z 0Bu;_g oSt Cui_y M, Oy with (M, =z, y) = (a)
(Fe, 0.265, 0.025), (b) (Fe, 0.29, 0.05), (c) (Zn, 0.24, 0.025),
(d) (Zn, 0.24, 0.05), and (e) (Zn, 0.14, 0.025).

time spectra using the following functions.

A(t) = Age M™IG(A 1) + Aje™™M! + Age 2" cos (v, Bintt),
(1)

where

G(At) = % + 2(1 — A2)em A (2)
The first term of Eq. [I] is the non-magnetic component
exhibiting slow relaxation due to nuclear dipole fields
randomly oriented at the muon site. The second and
third terms represent the fast depolarization component
due to slowly fluctuating electron spins and the magnet-
ically ordered component, respectively. Here, Ay, A,
and A, are the initial asymmetry at ¢ = 0 correspond-
ing to the fraction of the respective components, and
Ap+ A1+ Ay were fixed to 1 throughout the analysis. Ag,
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FIG. 4: (Color online) The temperature dependence of
(a) initial asymmetry Ao, (b) relaxation rate Ao, and
(c) internal field Bin: estimated from the pSR spectra in
La;_z/2Eu;_5/251:Cui—yFeyO4. Ao for y = 0 is obtained
from the data in Ref. The inset shows the pSR time
spectra at 3—4 K for y = 0.025, 0.05, and 0.10. The spectra
are shifted upward for a clear comparison.

A1, and A are the relaxation rates of non-magnetic, fast
depolarization, and magnetically ordered components,
respectively. v, and Biy indicate the gyromagnetic ratio
of u™ (2rx13.55 kHz/G) and the average value of the in-
ternal magnetic field at the muon stoping site. Here, we
assume a single muon stopping site, since the above equa-
tions can well reproduce the observed spectra. G(A,t) is
the Kubo-Toyabe function, and A represents the multi-
plication of the magnetic field distribution (full width at
half maximum) and p*.

Figures[dfa) and (b) show the temperature dependence
of Ay and Ag respectively for Fe-LESCO, with z = 0.24
+ y and y = 0, 0.025, 0.050, and 0.10. The inset of Fig.
(b) shows Bip for y = 0.025. The results for pristine
LESCO with x = 0.24 were adopted from Ref. Upon
cooling, A for all the Fe-doped samples starts to decrease
at 10 — 15 K. With further cooling, Ag is reduced to
~1/3, corresponding to the value for the full magnetic
volume fraction. Since the amount of doped Fe is 10%
at most, the bulk magnetic order is not caused solely by
Fe3 spins, which are diluted on the CuO, planes.

The temperature for the maximum g (7},) is compa-
rable to the temperature at which Ay reaches an almost
constant value, and the weak oscillation component ap-
pears upon cooling. Therefore, the freezing of the spins
gradually occurs at lower temperatures. The increase in
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FIG. 5: (Color online) The Fe concentration de-
pendencies of Tc(green circle and triangles), T (purple
circles), Tsg(light blue circles), and Ti(pink circles) for
Lai_5/2Eu;_5/25r:Cui—yFey Oy with 2 = 0.24 4 y. T, and
T, are defined as the temperatures at which the temperature
dependence of the relaxation rate for the non-magnetic com-
ponent of the uSR time spectra and zero-field-cooled magnetic
susceptibility respectively show the maximum. T¢ (T%) is eval-
uated from the results in the inset of Fig. [a) (Fig. [#a)).
The green triangles means that Tt is less than 2K. The dashed
line represents Tsg for overdoped Lagz_;Sr, Cuy—yFe,O4 with
x = 0.20 + y taken from Ref. [39

Bing below Ty, indicates the development of the moment
size of the Cu spins in the ordered phase, although Vi,
is almost 100 %. However, the significant damping of
the spectra suggests a rather short-range magnetic order
with a broad distribution of the internal magnetic fields
at the muon stopping sites, even at low temperatures.
The same trend was obtained for the y = 0.050 and 0.10
samples.

3. Magnetic state in LESCO with x = 0.24 (p ~ 0.16)

Fig. summarizes the y-dependence of Tt, T}, and T,
for La;_,/oEuy_; /951, Cuy—yFe, Oy with z = 0.24 + y.
Ty, for T-type Fe-LSCO with = = 0.20 + y is shown by
a dashed line as a referenceé®?. The onset temperature
for the development of V;, upon cooling (7%) estimated
from Fig. a) is also plotted. Ty, is slightly higher than
Ty at each concentrations, and both T}, and Ty, increase
weakly with increasing y. T is approximately double of
Tw. This difference in the characteristic temperatures
can be attributed to the experimental proves with differ-
ent time windows to observe SG transition@#oid2a2iadl

Here, we discuss the origin of the magnetic properties

and electron states of LESCO by comparing them with
T-type copper oxide. The results for Fe-LESCO are sim-
ilar to those observed for OD Fe-LSCO in the following
aspects: the emergence of bulk magnetic order by a par-
tial Fe substitution, fast depolarization in the low tem-
perature uSR spectra, and increase in T}, with increasing
y. These characteristics are consistent with the presence
of polarized itinerant spins in the SG state due to the
Ruderman-Kittel-Kasuya-Yosida (RKKY) interaction in
a metallic state, as indicated by the OD Fe-LSCQ3%:32
and OD Fe-substituted Bi1_75Pb0_35Sr1,900u04+540=44.
This implies that the randomly distributed magnetic mo-
ments on the CuOs planes cause fast depolarization in
the uSR time spectra, and Ty, tends to increase with
an increase in the number of Fe ions, whose moments
interact via itinerant carriers. Contrary to this, the
strong damping of the SR time spectra is different from
the observation of a clear oscillation component for UD
Fe-LSCO2%82 in which long-range magnetic and charge
stripe orders coexist41/45,

As discussed in Refs. 35l and [39] better nesting condi-
tions in OD samples enhance the spin polarization of the
doped holes and stability of the magnetic order due to the
RKKY interaction. In this context, the lower T}, in T*-
type Fe-LESCO than that in T-type Fe-LSCO with com-
parable p and 398739 gugoests weaker RKKY interac-
tion and nesting conditions in Fe-LESCO. The negligible
Zn substitution effect on the static magnetism is similar
to the results for OD Zn-LESCO, but different from the
enhancement of the magnetic order by Zn-substitution
seen in UD LSCO3133, Therefore, as is the case for the
OD region of T-type LSCO, the itinerant spin nature is
dominant in the present Fe-LESCO, and FL is most likely
the ground state in the pristine T*-type LESCO with p
~ 0.16.

C. Sr-concentration dependence of the magnetic
state in La;_,,sEu;_,/2Sr,Cu;_y(Fe, Zn), 0,4

1. Magnetic susceptibility and pSR measurements

Next, we examined the x-dependence of the magneti-
zation for 5 % Fe-substituted LESCO with 0.19 < z <
0.34 to investigate the extent to which the plausible FL
state extends against . As seen in Fig. [6] all the samples
exhibit hysteresis in x(T), indicating the inducement of
the SG state by Fe substitution in a wide x range. Thus,
Tss is almost constant against x in the range between
0.19 and 0.34, as seen in the inset of Fig. [ In contrast,
in 5% Fe-LSCO, T, increases rapidly from ~10 K for
r = 0.18 to ~18 K for x = 0.24, and saturates above
z = 0.24%). The rapid change in Ty, seems to be asso-
ciated with the cross-over of the ground state from the
strongly correlated electronic state to the FL state3239,

The constant value of Ty, in LESCO suggests the exis-
tence of the same electronic state, namely, the FL state
in a broad x range. We note that evidence of successive



magnetic transitions from the SG state followed by the
spin-stripe ordered state upon cooling was reported for
optimally doped and OD Fe-LESCO#%39,  That is, the
X(T)zrc and the temperature dependence of Aj deter-
mined by pSR exhibits two local maxima and two peaks,
respectively 2239, However, in the present Fe-LESCO, no
such behavior was observed for all the samples down to
~2 K, which is consistent with the absence of a striped
ordered state.

To further confirm the absence of a strongly correlated
electronic state in T*-type LESCO with lower p, we mea-
sured the 2.5% Zn-substitution effect on the magnetism
in LESCO with z = 0.14 (p ~ 0.09, T, = 24.5 K) by
additional uSR experiments. In LSCO, a small amount
of Zn substitution enhances the stripe order in p < 0.14,
but induces only weakly static magnetism in the FL state
of the OD region®1"33, Therefore, if a strongly correlated
electronic state is present in the lower p region, the en-
hancement of static magnetism could be observed by Zn
substitution. Fig. [3| (e) shows the thermal evolution of
the observed pSR time spectra. The results are approxi-
mately identical to those of the temperature dependence
for x = 0.24 (p ~ 0.16) and y = 0.025. The Gaussian-
shaped spectra did not change with temperature, indi-
cating the absence of static magnetism. Weak thermal
evolution of the pSR time spectra with the remaining
Gaussian-shaped depolarization was also observed in Zn-
LESCO with = 0.14 and y = 0.05 and 0.10 (not shown
here).

2. Relevance to T- and T’ -type cuprates

In the present study, we obtained no evidence of cross-
over of the electronic state against doping and successive
magnetic order with decreasing temperature. Consider-
ing the above observations, we conclude that the SG-
like state is most likely originated by RKKY interaction,
and the FL state is realized in the present T*-type LE-
SCO with > 0.14. Even when a stripe ordered phase
exists, it would emerge in a more lightly doped region
of the LESCO. Since the actual p value of 0.09 is re-
ported for pristine LESCO with z = 0.142%, it can be
concluded that the FL state is formed in the lower p
region, contrary to that in T-type LESCO. The forma-
tion of the FL state with lower p can be attributed to
the smaller size of the charge-transfer gap (Acr) in the
parent T*-type RECuQOy. From the optical conductivity
measurements on various types of Cu-O single-layer net-
works, Tokura and co-workers clarified the smaller Act
for RE,CuQ,4 with lower oxygen coordination®. Car-
rier doping into the system with smaller Acr could in-
duce the metallic state at lower p, because the charge
transfer gap collapses easily with filling the in-gap state.
Such a trend is reported for T'-type RE,CuQ 14648 yig
Ce-substitution. The onset electron concentration for
the emergence of superconductivity in RFE5Ce,CuQOy is
lower in the system with a smaller Acr in the parent
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FIG. 6: (Color online) Temperature dependence of
the magnetic susceptibility (x(T)) measured after FC
and ZFC processes in a magnetic field of 500 Oe for
Laj_;/0Eu;_g /251, Cui_yFe,O4 (LSCFO) with z = 0.19.
0.34 and y = 0.05. x(7T) are shifted for clear visualiza-
tion. Arrows represent Ty, where ZFC x(T) is the max-
imum. The dashed line in the inset represents Ty, for
Las_.Sr.Cug.g5Feq.0504 taken from Ref. [39

compound. It is worth mentioning that Ce-free T'-type
Laj gEug.2CuQy, which has a large in-plane lattice con-
stant (4.00 A), exhibits superconductivity after adequate
oxygen reduction annealing!. From the negative linear
relation between Act and the in-plane lattice constant,
Laj gEug.2CuQy4 is expected to have the smallest Acr
among the T'-type RE,Cu0,/#4. Furthermore, the in-
crease in T, with lowering p in T*-type LESCO is simi-
lar to the p-dependence of T, in the hole-doped T'-type
Laj.g_.FEug.o(Sr, Ca),CuOH2829  This similarity sug-
gests that the doping evolution of the electronic state in
LESCO with five oxygen coordination is comparable to
that in Laj g_,Eug.2(Sr, Ca),CuO,4 with four coordina-
tion, than that in LSCO with six coordination. Thus, our
results suggest the importance of research on the lightly
doped T*-type cuprate for a unified understanding of the
ground state in RE3CuQy, and the mechanism of super-
conductivity from the viewpoint of Cu coordination.



IV. SUMMARY

We have investigated the magnetism in Fe- and Zn-
substituted T*-type LESCO by uSR and magnetic sus-
ceptibility measurements for the first time to clarify the
ground state in pristine LESCO. SG-like field-dependent
behavior was observed in the temperature dependence
of the magnetic susceptibility x(T). Using uSR measure-
ments, we confirmed the existence of bulk magnetic or-
der in all Fe-LESCO samples, and a slight increase in
the magnetic ordering temperature with Fe substitution.
These results are quantitatively similar to the observa-
tion in OD T-type Fe-LSCO, for which the RKKY in-
teraction was discussed as the origin of the magnetic or-
der. Contrary to this, in Zn-LESCO, the paramagnetic
behavior in x(T) with no magnetic order was observed.
All of these element substitution effects are consistent
with those found in the OD LSCO3™2 syggesting that
the FL ground state is realized in pristine OD LESCO
from a lower p upon doping, compared to that in T-type
LSCO. The existence of the FL state in the lower p region
is possibly associated with the smaller size of the charge
transfer gap in the T*-type LESCO than in the T-type
LSCO, owing to the lower number of oxygen coordina-

tions. Our result suggests that the local crystal structure
around the CuOs plane has a strong influence on the size
of the charge transfer gap and plays a vital role in the
mechanism of superconductivity in T*-type LESCO.
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