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We performed muon spin rotation/relaxation measurements to investigate the magnetic behavior
of T'-type EuaCuO4 (ECO), which is the parent compound of electron-doped cuprate supercon-
ductors, and the effects of oxygen-reduction annealing on its magnetism. In as-sintered (AS) ECO,
we clarified the development of magnetic correlations upon cooling below Tn1 (= 265 K) as well as
the coexistence of a dominant fluctuating spin state and partially ordered spin state in the temper-
ature range between ~150 K and Tni. Upon further cooling, uniform long-range magnetic order
was observed below T2 = 110 K, which is close to the ordering temperature of 115 K in T'-type
LasCuO4 (LCO) [Phys. Rev. B 82, 180508(R) (2010)]. For oxygen-reduction-annealed ECO, a
similar ordering sequence with the same Tn2 was observed but without the partially ordered spin
state. Therefore, the fluctuating spin state over a wide temperature range and a T2 less than the
Néel temperature (In2 ~ In1) in T-type LCO are common features of the T’-type parent RoCuQO4
(RCO, R: rare-earth ion). The origin of the partially ordered spin state in AS ECO is discussed
from the viewpoint of chemical defect. Furthermore, we discuss the roles of electron doping and

repairing defect in the observed effect of annealing on the magnetism of T"-type RCO.

I. INTRODUCTION

The discovery of superconductivity in 7"-type RoCuQy
(RCO, R: rare-earth) without Ce substitution stimu-
lated research on the ground state of host materials
in terms of the oxygen coordination around Cul?. It
is well known that high-temperature-synthesized stan-
dard samples of T’-type RCO with square planar coor-
dination exhibits Néel order at ~250 K2, similar to the
case of T-type LagCuO4 (LCO) with six-oxygen coordi-
nation®. However, Hord and et al. reported through
muon spin rotation/relaxation (uSR) measurements a
lower ordering temperature in non-superconducting 7”-
type LCOY, which is synthesized using a soft chemical
method. Spin correlations start to develop upon cooling
below Tni1 ~ 200 K, and a long-range magnetic order
emerges at Tno = 115 K, showing a successive order-
ing sequence. It is considered that the lower Txo is due
to enhanced two-dimensionality and related to the real
ground state, namely, the metallic state of the ideal T"-
type RCO, which is suggested by previous theoretical
studies® 10,

Subsequently, through ©SR measurements, Kojima et
al. 2 reported the absence of long-range magnetic order
in thin films of superconducting (SC) T’-type RCO. The
reason for the distinct ground states in different sam-
ples is understood in terms of chemical defect??:13: De-
fects in a sample induce magnetic order due to strong
electron correlations, but no such defects yield the real
ground state of T’-type RCO. Furthermore, it is consid-

ered that both as-prepared powder samples and thin films
contain defects such as excess oxygen at the apical posi-
tions*#12 and copper-ion deficiency2®. For thin films, the
defects can be effectively removed through annealing be-
cause of their large surface-to-volume ratio. In contrast,
the complete removal of defects from an entire sample is
difficult for bulk compoundst®1?. In this context, in the
low-temperature-synthesized LCO, partial defect induces
magnetic order with a lower Tn2. The ordered phase van-
ishes when the complete removal of the defects realizes
a uniform electrostatic potential on the CuQOs plane. To
support the above scenario, a suppression of magnetic
order accompanied by the appearance of superconduc-
tivity was reported by annealing the low-temperature-
synthesized T’-type La; sEug 2CuO4 (LECO) 812 How-
ever, many experiments, including recent X-ray absorp-
tion fine-structure measurements, have indicated elec-
tron doping as an alternative aspect of annealing treat-
ment2? 23, Therefore, the common magnetism in 7"-type
RCO and the effect of annealing on the physical proper-
ties are fundamental issues in the research on supercon-
ductivity in T’-type cuprates.

To address these issues, a comprehensive investigation
of high-temperature-synthesized non-SC bulk samples of
T’-type RCO is necessary, but the precise thermal evo-
lution of magnetism and the effect of annealing on mag-
netism have not yet been studied for the host compounds.
Hence, we performed pSR measurements on as-sintered
(AS) and annealed (AN) T’-type EusCuO4 (ECO). Ow-
ing to the absence of a rare-earth magnetic moment in
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ECO2425, we can extract the inherent magnetism of the
CuO; plane in the T’-type parent cuprates. We found
that both AS and AN ECO have the same magnetic evo-
lution as T’-type LCO. Thus, the sequential ordering pro-
cess with a lower T2 is a common feature of magnetism
in T'-type RoCuQy4. In addition, in the AS sample, we
found the coexistence of a fluctuating spin state and par-
tially ordered spin state in the temperature range of ~150
K (> Tn1) to Tne2. The partially ordered state disappears
with annealing, indicating that the coexistence of the two
states originates from defects existing in AS ECO.

The remainder of this paper is organized as follows.
Section II describes the sample preparation and experi-
mental details. Section III presents the results of zero-
field (ZF) and longitudinal-field (LF) zSR measurements.
Section IV discusses the common features of the ordering
sequence and the effect of annealing on the magnetism of
T’-type RCO. Finally, Sec. V summarizes this paper.

II. EXPERIMENTAL DETAILS

We prepared polycrystalline samples of ECO by us-
ing a standard solid-state reaction method. A pre-fired
powder was pressed into pellets and sintered in air at
1050°C. We estimated the amounts of removed oxygen
(6) to be = 0.02 with an accuracy of 0.001 based on the
weight loss of the samples through the reduction anneal-
ing process. Furthermore, we confirmed the phase purity
of the samples by x-ray powder diffraction measurements
and determined the lattice constants from the diffraction
pattern. The evaluated lattice constants with I4/mmm
crystal symmetry are summarized in Table[ll None of our
samples showed superconductivity, even after the anneal-
ing procedure.

ZF and LF pSR measurements were performed at
the Materials and Life Science Facility (MLF) at J-
PARC, Japan and at the RIKEN-RAL Muon Facility of
the Rutherford Appleton Laboratory (RAL), UK using
single-pulsed positive surface muon beams. The sam-
ples were cooled to 10 K using an open-cycle *He-flow
cryostat. The puSR time spectrum, i.e., the time evo-
lution of the asymmetry of positron events, is given by
A(t) = [F(t) — aB(t)]/[F(t) + aB(t)], where F(t) and
B(t) are histograms of the positron event at the detec-
tors positioned upstream and downstream of the sample,
respectively, along the muon momentum direction. Fur-
ther, « is a calibration factor for the efficiency and solid
angle of the detectors. We evaluated « from an oscilla-

TABLE I. Lattice constants and characterized magnetic or-

dering temperatures Tni and T2 for as-sintered (AS) and
annealed (AN) EuzCuOy.

a(A)y ¢ (A) Tni (K) Tz (K)

EusCuO4 AS 3.9049(1) 11.9121(3) 265(10) 110(10)

AN 3.9047(1) 11.9126(3) 250(10) 110(10)

tion spectrum under a weak transverse magnetic field at
approximately 300 K and calibrated the spectra for each
sample. The obtained pSR time spectra were analyzed
using the WiMDA program?2S.

Following previous studies?’:28 | we define Tx1 (Tnz) as
the temperature at which the ZF uSR spectra changes
from Gaussian-type decay to exponential-type decay (the
temperature at which the bulk oscillation component ap-

pears) upon cooling. Table [l summarizes Ty and Ta.

IIT. RESULTS
A. Zero-field uSR measurements

Figure [[[a) shows the time spectra of ZF uSR for AS
ECO at representative temperatures. A Gaussian-type
slow decay due to the nuclear dipole fields is observed at
275 K. Upon cooling to 264 K, an exponential-type spec-
trum appears, indicating a slowdown of electron spin fluc-
tuations. With further cooling, the spectra show faster
decay at 235 K and, subsequently, another phase of slower
decay at 164 K. This trend is not a typical ordering se-
quence; that is, the spin fluctuations slow down monoton-
ically toward the freezing temperature. Furthermore, in
the spectra at 164 K and 235 K, an oscillation component
with a small amplitude is superimposed on the dominant
exponential-type decay. Therefore, a partially ordered
spin state coexists with a fluctuating spin state and/or
spin-glass-like state at these temperatures. The small os-
cillation component disappears at 126 K, resulting in a
simple exponential-type decay spectrum. A well-defined
oscillation spectrum appears at even lower temperatures.
Thus, the true magnetic order occurs at a much lower
temperature than the previously reported temperature
of 265 K22, and the ordering temperature is comparable
to the T2 of 110 K for T'-type LCOY. Here, we empha-
size that the existence of the small oscillation component
and the detailed thermal evolution of magnetism on the
CuO; plane were revealed by the high-quality data with
fine temperature steps.

Figure [[b) shows the ZF uSR spectra of AN ECO.
Similar to the results for AS ECO, exponential-type de-
polarization appears at Tx1 = 250 K upon cooling (see
the spectra at 200, 171, and 132 K). The spectrum at 171
K shows a slower time decay than that at 200 K. It trans-
forms into a faster decay spectrum again at 132 K, fol-
lowing which oscillation spectra appear below Tx2 = 110
K. Thus, the sequential development of magnetism with a
low Tno is the same in AS and AN ECO. One of the quali-
tative differences between the spectra of AS and AN ECO
is the small oscillation component around 200 K, which is
absent in the AS ECO spectra. Another difference is the
considerably weaker depolarization in AN ECO around
this temperature. These results indicate that the mag-
netism at higher temperatures is varied considerably by
annealing.

For quantitative evaluation of the thermal evolution
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FIG. 1. Time spectra of zero-field uSR for (a) as-sintered and
(b) annealed EuaCuQOy4. Solid curves indicate the results of
least-squares fitting based on Eq. ([@)-@). All the data were
acquired at MLF.

of magnetism, we analyzed the time spectra using the
following functions:

A(t) = Ao{ froe™ P01 fo e 1t cos(wit + 1)
+(1 - fse - fosc)e_ASt} + Apg (T > TN2)7

A(t) = AO{foscGT(t) + (1 - fosc)e_kst} + Apa
(T < Tno),

where
Gr(t) = rie Mt cos(wit 4 ¢1) + (1 — rp)e a2t (3)

The first (third) and second terms in Eq. [ represent
the fast (slow) decay and the small oscillation compo-
nents, respectively. Similarly, the first and second terms
in Eq. Rlrepresent the oscillation and decay components,
respectively. Ag is the initial asymmetry at ¢ = 0, and
Apg is the time-independent background. Both Ay and
Apg were fixed throughout the analysis. fse (fosc) is the
fraction of the stretched exponential (oscillation) compo-
nent. A\ and [ are the relaxation rate and power of the
stretched exponential component, respectively. A\q1 and
Ad2 are the damping rates of the oscillations, and 7 is
the ratio of the damping components. w; and ¢; are the
frequency and phase of the oscillation, respectively.

As shown in Fig. B(a), AS and AN ECO exhibit sim-
ilar temperature dependencies of A, i.e., with cooling,
Ase increases sharply at Ty, maintains a constant value
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FIG. 2. Temperature dependencies of (a) the depolarization
rate of the stretched exponential term Ase, (b) the asymmetry
fraction of the oscillation component fosc, and (c) the oscil-
lation frequency w; for as-sintered and annealed EuzCuOy.
The spectra, acquired at MLF and RAL, were analyzed using
Eq. (@)@ to obtain the parameters.

until ~150 K, and increases further below this temper-
ature. However, there are apparent differences between
the two samples; in AS ECO, the magnetism around Ty
develops in a rather broader temperature range, and the
magnitude of A\se below Ty1 is much smaller. These re-
sults indicate the enhancement of spin fluctuations by an-
nealing. Upon cooling, the small oscillation component
in AS ECO disappears with a reduction in fyg, as shown
in Fig. BIb). This disappearance proceeds concomitantly
with the development of Ay toward T2, suggesting an in-
terrelation between the partially ordered and fluctuating
spin states. In both AS and AN ECO, bulk long-range
order is observed below Tns of 110 K, which is compara-
ble to Ty for T'-type LCOT. Therefore, the static order
with a low Tno is a robust feature of T’-type RCO. Fur-
thermore, w; does not exist for 110 K S T < 150 K owing
to the disappearance of the small oscillation component.
The extrapolation of wy; at 150 K < T < Tnp toward
lower temperatures does not seem to connect smoothly
with the values of wy below Tx2. This discontinuity and
the disappearance of the small oscillation component im-
mediately above T2 suggest that the partial order at
high temperatures is not a direct precursor of the static
magnetic order below Txs.
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FIG. 3. Field dependencies of pSR time spectra in longitu-
dinal magnetic fields for as-sintered EusCuO4 at (a) 187 and
(b) 138 K. All the data for EupCuOy4 were acquired at MLF.

B. Longitudinal-field ©SR measurements

As mentioned in Section [ITAl we found an anomalous
ordering sequence above Tx2 in AS ECO. Therefore, we
performed LF ;SR measurements to obtain further infor-
mation on the spin states above Tnz. Figures Bla) and
(b) show the field dependencies of the uSR spectra for AS
ECO at 187 and 138 K, respectively. At 187 K, where the
small oscillation component was observed, the spectra in
the longer time region exhibited a parallel upward shift
under the magnetic fields. This shift can be observed in
the decoupling process of the interaction between muon
spins and spontaneous local magnetic fields at the muon
sites, providing the magnitude of the spontaneous mag-
netic fields. In AS ECO at 187 K, an external field of 20
mT is sufficient to shift the overall spectra over the entire
time range, suggesting that the static magnetic fields at
the muon sites are less than 20 mT in magnitude. There-
fore, the partially and weakly ordered spin state exists at
187 K. At 138 K, where the small oscillation component
was absent, the spectra slightly changed with an exter-
nal field of 50 mT, and relaxation remained at 395 mT,
as shown in Fig. B((b). These results indicate that a dy-
namical nature indeed develops at a lower temperature of
138 K. This anomalous behavior is discussed in relation
to the inhomogeneous spin state in Sec. [V.Cl

IV. DISCUSSION
A. Common feature of magnetism

The present SR measurements demonstrate that a
uniform static magnetic order exists only below Tna (=
110 K) and a fluctuating spin state exists for Tno < 7' <
Tn1in AS and AN ECO. These results are consistent with
previous SR studies for 7’-type LCO2T and contradic-
tory to the absence of a fluctuating state with a higher
Néel temperature (T2 ~ T = 325 K) in T-type LCOS.
Therefore, the sequential ordering process with a lower
Tno is a common feature of magnetism of T’-type RCO.
The variation of the magnetic order in the parent RCO
with different structures most likely originates from dif-
ferences in oxygen coordination. The spin direction can
be perturbed by the contribution of the Cu 3ds3,2_,2 or-
bital to the spin correlations, causing the magnetic order
to be more stabilized in T-type RCO having apical oxy-
gen atoms.

The fact that AS T'-type ECO (a = 3.9049 A) and
LCO (a = 4.0102 A7) with different lattice constants a
have similar magnetic behaviors is in contrast to the vari-
ation of SC properties in AN RCO depending on the lat-
tice constant a. In T'-type Ry_,Ce,CuO4 with a larger
a, the critical Ce concentration for the appearance of the
SC phase is smaller2®:3234 and the optimal SC transi-
tion temperature is higher32:3%. Thus, the appearance
of non-doped superconductivity is not directly related to
the lower Tys.

We note that the neutron diffraction measurements of
T'-type RCO showed magnetic Bragg peaks below ap-
proximately Tx1 but no evidence of an anomaly around
Tn222. The different ordering temperatures determined
using the pSR and neutron diffraction measurements
originate from the different time scales to observe the
spin dynamics, which are typically ~107% s to ~107 ! s
and ~107% s to ~10~1* s, respectively. Therefore, a fluc-
tuating spin state with a time scale of ~10~* to ~10~*
s would be realized for Tno < T < Tni. (See Fig. Bl)

B. Effect of annealing on long-range magnetic
order

The negligible annealing effect on Tx2 in T’-type ECO
appears to be different from the annealing-induced sup-
pression of AFM order reported for T'-type LECO. As
mentioned in the Introduction, reduction annealing plays
two roles: electron doping?? and the removal of chemical
defect*4 18, Because the ¢ values for the present ECO
and LECO samples are comparable?®36:37  the overall
structural change due to annealing is expected to be the
same for both samples.

Recent x-ray absorption near-edge structure measure-
ments revealed a Mott insulating state in both AS LECO
and NCO but a significant increase of electron density
due to annealing (nax) in LECO (0.4 electrons per Cu),
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FIG. 4. Normalized time spectra of zero-field puSR for as-
sintered Eus_,Ce;CuO4 with x = 0, 0.07, 0.10, and 0.14
measured at approximately 180 K. All the data were acquired
at MLF. The arrows indicate the small oscillation component.
The solid lines indicate the best-fitting results based on Eq.

@.

which is much larger than that in NCO (0.05 electrons
per Cu)23. On this basis, a distinct electron-doping pro-
cess was proposed: the self-doping of electrons and holes
associated with the collapse of the charge-transfer gap
for the former with a smaller gap size (Act) and electron
doping into the upper Hubbard band for the latter with a
larger Act. According to this scenario, the present ECO
sample, which has a relatively large Act3832, follows the
nan = 20 relation??, as is the case for NCO. Therefore,
the distinct effects of annealing on the long-range mag-
netic order in ECO and LECO can be interpreted as
due to different induced carrier densities. The suppres-
sion of the ordered state in LECO is attributed to the
generated charges with a large nan value, while the neg-
ligible variation in Tn2 and the small reduction of wy in
ECO are likely to have originated from electron doping
with a low nan value (= 26 ~0.04 electrons per Cu).

C. Partially ordered spin state

Next, we discuss the partially ordered spin state in AS
ECO. Because this state disappears with annealing, its
origin is argued from the viewpoint of the annealing ef-
fect. To exclude the possibility of electron doping aspect
of annealing treatment, we performed additional ZF SR
measurements on AS Euy_,Ce,CuO4 (ECCO) with z =
0.07, 0.10, and 0.14. If the short-range magnetic order is
related to the doping level, the small rotation component
should vanish in AS ECCO with = > 0.04, the electron
density in which is greater than that in AN ECO. Figure
[ shows normalized time spectra at ~180 K. As indi-
cated by arrows, the small oscillation component can be
observed on the dominant exponential-type decay com-
ponent for z < 0.10. Therefore, in contrast to long-range
magnetic order, which is varied by the electron-doping
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FIG. 5. Schematics of the spin states on the CuO2 plane in
the as-sintered sample for (a) higher temperatures in 150K <
T < Tni, (b) lower temperatures in 150K < T' < T, and (c)
Tne < T < 150 K. The open circles represent the chemical de-
fect that can function as pinning centers of spin fluctuations.
The figures show the case with ~3% defect. The right column
shows the corresponding position dependence of the frequency
of spin fluctuations along the red line. The typical time scales
of neutron scattering and muon spin rotation/relaxation mea-
surements are indicated by color bars in the top figure.

effects of the annealing process, the partial order for 150
< T < Ty1 is an intrinsic property of AS compounds in-
dependent of the doping level. Note that in z = 0.14,
no evidence of oscillation was detected at 181 K, because
this temperature is higher than Ty .

To understand the origin of the partial order, the ap-
pearance of oscillation immediately below Tyi is note-
worthy because it indicates a close connection between
the partially ordered state and the dominant fluctuating
spin state. In the slowly fluctuating spin state, chemical
defect could become pinning centers for the fluctuating
spins and induce local magnetic orderl?. The structural
feature in AS samples containing chemical defects is qual-
itatively consistent with the appearance of the small os-
cillation component below Ty1. Reduction annealing can
remove such defects!? 16, resulting in the suppression of
local magnetism and the enhancement of the dynamical



spin nature. In AN ECO, the non-monotonic evolution
of the muon spin relaxation suggests that a tiny amount
of defects remains.

Finally, we discuss the disappearance of the small oscil-
lation component and the anomalous enhancement in the
dynamical spin nature of AS ECO for Tne < T < 150 K
with cooling. When the correlation length of the pristine
fluctuating spin state develops toward static order, the
partially and weakly ordered region contributes to the
dominant state owing to the increase of magnetic energy.
Consequently, the partial order could disappear imme-
diately above Tx2, where the correlation length of the
fluctuating state diverges2?4%4l  Based on the present
results, this thermal evolution of the magnetic behav-
ior is schematically drawn in Fig. The figure depicts
the case in which ~3% of pinning centers (open circle)
exists on the CuO; plane. At high temperatures below
TN1, static order is locally induced around the pinning
center owing to the slowing down of spin fluctuations in
the time scale of the SR measurement. The ordered
region shrinks upon cooling and vanishes immediately
above Txz. The figures in the right column show the cor-
responding position dependence of the frequency of spin
fluctuations along the red line near the pinning centers.
All these states are observed as static order in the neu-
tron scattering measurements.

V. SUMMARY

We have performed ZF and LF SR measurements on
T'-type ECO to study the common features of magnetism

in the parent compounds of electron-doped superconduc-
tors with the T’-structure. The effects of reduction an-
nealing on the magnetism were also investigated. We
clarified the development of spin correlations below a Tx1
of 265 K and the formation of true static magnetic or-
der in both AS and AN ECO below a Tn2 of 110 K.
Tno is comparable to the ordering temperature in 77-
type LCO and much lower than that in T-type LCO.
Thus, the sequential ordering process and low Ty are
common features of magnetism in non-superconducting
T'-type RCO. Furthermore, we found in AS ECO the
coexistence of a dominant fluctuating spin state and par-
tially ordered spin state for ~150 K < T" < Tny. The
partially ordered spin state is absent in AN ECO, indi-
cating that this state originates from chemical defect in
the AS sample.
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