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Abstract: The addition of Ni impurities can reveal the correlation between crystal structure changes
and magnetic properties and superconductivity. In this study, electron-doped cuprates with an
addition of the Eu1.84Ce0.16Cu1−yNiyO4+α−δ (ECCNO) Ni impurity, with y = 0.005, 0.01, 0.02, 0.03,
and 0.05 in the over-doped regime, was prepared using the solid-state reaction method. The XRD
results showed that ECCNO has a T’ crystal structure, and lattice parameter c increases when param-
eters a and b decrease, which causes the distance between the charge reservoir and the conducting
layer to become greater, thus affecting magnetic properties. From the superconducting quantum
interference device’s measurement, it was observed that the magnetic properties of all samples with
Ni impurities show a paramagnetic phase, indicating that the effect of Ni impurities could suppress
the superconducting phase. It was observed that the Curie constant and the effective magnetic
moment tended to decrease for y ≤ 0.02 and began to increase when y > 0.02. This behavior indicated
that the effect of the Ni impurity weakened the dynamical Cu spin–spin correlation, which might be
related to stripe correlations.

Keywords: Cu spin–spin correlation; effective magnetic moment; electron-doped cuprates;
Ni impurity effect

1. Introduction

The potential of high-Tc superconductor cuprates has stood out among all supercon-
ductors due to their exotic physical properties and possible applications. All high-Tc super-
conductor cuprates have the parent compounds of high-Tc cuprates in common, and they
are antiferromagnetic (AF). Studies on the mechanism of high-Tc superconductor cuprates
have been carried out [1–8]. Nonetheless, these studies have not obtained comprehensive
results [9,10]. One way to understand the mechanism of superconductors is to substitute
the Cu site with magnetic and non-magnetic impurities in high-Tc superconductor cuprate
materials. Hole-doped cuprate studies have been carried out to investigate the intrinsic
properties of the material and the effect of impurities on superconductivity [2,3,6,7,11,12].
On the other hand, electron-doped cuprate studies have also succeeded in investigating
the effects of magnetic and non-magnetic impurities on superconductivity [4,5]. Supercon-
ductor compounds (Nd, Pr, Sm, andEu)2−xCexCuO4 are formed when single-layer CuO2
materials containing two atoms of rare earth elements, such as Nd, Pr, Sm, or Eu, are doped
with Ce4+ atoms. Since Eu3+ (4f6) does not provide a magnetic moment in its ground state,
the effect of impurities on superconductivity can be comprehensively studied [9]. When
Eu3+ is replaced by Ce4+, an additional electron is added to the CuO2 plane, leading to the
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formation of the Eu2−xCexCuO4 (ECCO) system [1,4,5]. Moreover, due to the difficulty of
controlling oxygen concentrations in materials, fewer research studies have been carried
out on the impact of impurities on superconductivity in electron-doped cuprates [9,13–15].

The study of the effect of magnetic impurities has caught the attention of researchers
interested in evaluating the mechanism of superconductors. Magnetic and non-magnetic
impurities can indicate the stripe-pinning model in a hole-doped system. Magnetic and non-
magnetic (Ni and Zn) impurity studies on superconductor cuprates showed that these impu-
rities can suppress superconductivity due to weakened Cu spin correlations [1–4,7]. These
results are very different compared with iron-based pnictide superconductors, for which
their superconductivity is induced by Ni doping [16]. Hole-doped cuprate (La2−xSrxCuO4)
studies have revealed that magnetic impurities like Ni reduce superconductivity more
significantly than non-magnetic impurities like Zn [7]. According to nuclear magnetic
resonance measurements, Ni scatters holes weakly, whereas Zn conducts them strongly. It
was discovered that as Ni impurity increased, the depolarization data of the muon spin in
µSR time spectra showed faster, indicating the development of Cu spin correlations. The
decrease in µe f f caused by Ni results in a transition to the under-doped regime, which
leads to the formation of Cu spin correlations [7,8,17]. In the CuO2 planes, Ni has a minor
effect on magnetic and electronic states [1].

On the other hand, recent studies on the non-magnetic impurity (Zn) effect on ECCO
superconductors showed that Zn suppresses superconductivity and decreases magnetic
parameters that could be correlated with stripe-pinning phenomena [4]. Since Eu3+ has no
magnetic moments, it can be expected that by using ECCO, the effect of Ni impurities on the
stripe-pinning model can be observable. Studying the impact of Ni impurities on structural
and magnetic properties is necessary as a starting point in order to determine whether the
effect of Ni impurities on ECCNO materials can reveal information about the stripe-pinning
model. The latest research study reported the presence of magnetic Ni impurities in electron-
doped cuprate materials in a heavily under-doped regime with x = 0.09 and 0.10, which
showed that Ni could suppressed superconductivity with y = 0.01 [1]. In other studies
of the Ni impurity effect on Eu2−xCexCuO4, possible stripe correlation phenomena at an
optimum-doped regime at x = 0.15 were observed [17]. However, in the over-doped regime,
detailed information on structural and magnetic properties has not been comprehensively
studied. When Ni replaces Cu in electron-doped superconducting cuprates, changes in
structural and magnetic moments can be implemented as indicators.

To obtain further details, an investigation into the effect of Ni impurities in the over-
doped regime with a higher content of y is necessary. We have chosen x = 0.16 to strengthen
the possibilities of stripe correlations that have been discovered at x = 0.15 [17]. Here,
we reported the effects of Ni additions of 0.005, 0.01, 0.02, 0.03, and 0.05 on the magnetic
characteristics of the Eu1.84Ce0.16Cu1−yNiyO4+α−δ system within the range of an over-
doped regime in order to study the structural and magnetic properties of ECCO and the
possible existence of stripe correlations in this system.

2. Materials and Methods

All samples of electron-doped cuprate Eu1.84Ce0.16Cu1−yNiyO4+α−δ with y = 0.005,
0.01, 0.02, 0.03, and 0.05 were synthesized using the solid-state reaction method. The
starting precursors were Eu2O3, CeO2 (Wako Pure Chemical Industries, Ltd., Osaka, Japan,
99.9% purity), NiO (Wako Pure Chemical Industries, Ltd., Osaka, Japan, 99.9% purity), and
CuO (Wako Pure Chemical Industries, Ltd., Osaka, Japan, 99.9% purity). All precursors
were stoichiometrically combined and pre-fired for 20 h at a temperature of 900 ◦C. The
samples were reground and compacted, forming 10 mm diameter pellets before being
sintered for 16 h at a temperature of 1000 ◦C. After the second sintering step was completed,
as-grown samples were annealed in an argon gas flow at temperatures of 900 ◦C for 10 h
to reduce excess oxygen content (α). The reduced oxygen content (δ) with a range from
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0.041 to 0.095 [1,4,5] was determined using the mass ratio before and after the annealing
process and by using Equation (1):

δ =

(
1− m2

m1

)
Mr(ECCNO))

Ar(O))
(1)

where m1 is the mass of the sample before the annealing process, m2 is the mass of the sam-
ple after the annealing process, Mr(ECCNO)) is the relative molar mass of
Eu1.84Ce0.16Cu1−yNiyO4+α−δ, and Ar(O)) is the relative atomic mass of oxygen.

Energy dispersive X-ray fluorescence (EDXRF) measurements using the ARL Quant’X
EDXRF Analyzer on samples with the smallest Ni concentrations were carried out to
determine sample composition. X-ray diffractometry (XRD) measurements were carried
out at room temperature using PANalytical X’Pert Pro with a Cu-Kα radiation source to
check the quality of samples and to determine the lattice parameter and bond length. The
Rietveld refinement of the XRD patterns was performed in order to analyze the crystal
structure, lattice parameters, and bond length. A magnetic properties measurement system
(MPMS) with a superconducting quantum interference device (SQUID Quantum Design
MPMS XL, San Diego, CA, USA) was used to measure magnetic properties, and these
measurements were successfully carried out at different temperatures ranging from 2 K
to 30 K in field-cooled (FC) conditions with applied fields at 5 Oe and 500 Oe to study
magnetic properties. SQUID measurements were conducted at The Physical and Chemical
Research Institute (RIKEN), Wako, Japan.

3. Results and Discussions

Results from EDXRF measurements were used to determine the material’s composition.
The weight percentage of Eu, Ce, Cu, and Ni exhibits compositions of 61.76%, 5.19%,
17.06%, and 0.058%, respectively. It can be argued that the sample exhibits the correct
composition because these results are in close agreement with the results of the composition
obtained from calculations, with errors in the calculation of no greater than 15.8%. The XRD
results were matched with the used database, which is based on ICSD No. 98-007-1188 [18].
The sample has a tetragonal T’ crystal structure (a = b 6= c) and planar CuO2, which
is reflected by the major peaks at Miller indices (013) and (110) with space group of
I4/mmm according to the structural parameter analysis from the XRD characterization
using the Rietveld refinement shown in Figure 1. All peaks have goodness-of-fit (GoF)
range values of 1.403–1.467, which denote a good fit between the data and fitting models.
Eu1.84Ce0.16Cu1−yNiyO4+α−δ is shown in its crystalline state using various axial views
in Figure 2.

Table 1 displays the results of the Rietveld refinement parameters and the bond length.
Analyses of lattice parameters a, b, and c showed that when there was an increase in lattice
parameters a and b, there was a decrease in lattice parameter c, as shown in Figure 3a. This
illustrates the pattern of compensation that occurs between lattices a, b, and c. The changes
in lattice parameters a, b, and c when y < 0.02 indicated significant changes with respect to
the distance between the conducting layer and the charge reservoir of the superconductor,
which causes changes in the charge transfer. A similar phenomenon is also observed for the
Eu-O bond length; at a concentration of y = 0.02, it was observed that when Eu-O(1) bond
length decreases, Eu-O(2) bond length increases, as observed in Figure 3b. Thus, there is
an increase–decrease compensation pattern between lattices a, b, and c with respect to the
Eu-O bond length, particularly at a concentration of y = 0.02. Figure 3c,d show that there is
no significant change that occurs when the concentration of the Ni impurity is applied to
the Cu-O bond length and volume. This could be attributed to the fact that the size of the
Ni2+ ionic radius is not substantially different from the Cu2+ ionic radius.
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Figure 1. XRD pattern of Eu1.84Ce0.16Cu1−yNiyO4+α−δ with 𝑦  = (a) 0.005, (b) 0.01, (c) 0.02, (d) 0.03, and 
(e) 0.05. 

  

 
Figure 2. Visualization of the crystal structure from the viewpoint of the (a) 𝑎 axis, (b) 𝑏 axis, and 
(c) 𝑐 axis. 
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Figure 1. XRD pattern of Eu1.84Ce0.16Cu1−yNiyO4+α−δ with y = (a) 0.005, (b) 0.01, (c) 0.02, (d) 0.03,
and (e) 0.05.
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Figure 2. Visualization of the crystal structure from the viewpoint of the (a) a axis, (b) b axis,
and (c) c axis.
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Figure 3. The dependence of Ni concentrations relative to (a) lattice parameters a, b (orange), and
c (blue); (b) Eu-O(1) and Eu-O(2) bond-length parameters; (c) Cu-O bond length and (d) volume.

Table 1. Lattice parameters and bond length of Eu1.84Ce0.16Cu1−yNiyO4+α−δ.

Ce (x) Ni (y)
Lattice Parameter (Å)

Volume (Å3)
Bond Length (Å)

a=b c Eu-O(1) Eu-O(2) Cu-O

0.16

0.005 3.9063 (2) 11.8508 (9) 180.834 (36) 2.291 (1) 2.633 (1) 1.953 (1)
0.01 3.9063 (2) 11.8644 (9) 181.034 (36) 2.291 (1) 2.634 (1) 1.953 (1)
0.02 3.9067 (2) 11.8554 (8) 180.940 (32) 2.285 (1) 2.641 (1) 1.953 (1)
0.03 3.9063 (2) 11.8603 (9) 180.984 (36) 2.291 (1) 2.634 (1) 1.953 (1)
0.05 3.9067 (2) 11.8665 (10) 181.052 (40) 2.291 (1) 2.634 (1) 1.953 (1)

In many respects, the development of a magnetic moment as a result of impurity
concentrations is a significant topic. It impacts how the CuO2 layer responds to local
changes and how an impurity’s electronic state reacts to the CuO2 environment. The CuO2
layer’s electronic state is disturbed because of the substitution of Ni2+ (3d8) (S = 1, L = 3,
J = 4, gJ = 5

4 ), which has a calculated effective magnetic moment of 5.59 m/µB, at the Cu2+

(3d9) (S = 1
2 , L = 2, J = 5

2 , gJ = 6
5 ) site, which has a calculated effective magnetic moment of

3.54 m/µB. As a result, understanding the role of the CuO2 layer could be determined by
disturbing the CuO2 environment.

Figure 4 shows the temperature dependence of magnetic susceptibility for
Eu1.84Ce0.16Cu1−yNiyO4+α−δ. For the sample with y = 0, the onset critical temperature (Tc)
was obtained at a temperature of around 9 K, so it can be said that the pure sample has su-
perconductive characteristics. Meanwhile, samples with Ni impurities show paramagnetic
characteristics, as indicated by a positive value of magnetic susceptibility in both given ap-
plied fields of 5 Oe and 500 Oe. This indicates that the addition of Ni concentrations of 0.005
can eliminate the superconducting phase of samples. The concentration of Ni impurities
on the sample substitutes Cu on the CuO2 layer, thus eliminating superconductivity.



Crystals 2023, 13, 1066 6 of 9

Crystals 2023, 13, x FOR PEER REVIEW 6 of 9 
 

 

(3d9) (S = ଵଶ, L = 2, J = ହଶ, 𝑔௃ = ଺ହ) site, which has a calculated effective magnetic moment of 
3.54 m/𝜇஻. As a result, understanding the role of the CuO2 layer could be determined by 
disturbing the CuO2 environment. 

Figure 4 shows the temperature dependence of magnetic susceptibility for 
Eu1.84Ce0.16Cu1−yNiyO4+α−δ. For the sample with 𝑦 = 0, the onset critical temperature (Tc) was 
obtained at a temperature of around 9 K, so it can be said that the pure sample has super-
conductive characteristics. Meanwhile, samples with Ni impurities show paramagnetic 
characteristics, as indicated by a positive value of magnetic susceptibility in both given 
applied fields of 5 Oe and 500 Oe. This indicates that the addition of Ni concentrations of 
0.005 can eliminate the superconducting phase of samples. The concentration of Ni impu-
rities on the sample substitutes Cu on the CuO2 layer, thus eliminating superconductivity. 

  
Figure 4. Magnetic susceptibility versus temperatures for Eu1.84Ce0.16Cu1−yNiyO4+α−δ with y = 0, 0.005, 
0.01, 0.02, 0.03, and 0.05 and (a) 𝐻 = 5 Oe and (b) 𝐻 = 500 Oe. 

Based on the obtained data, a very small concentration of Ni impurities can eliminate 
the superconductivity phase. These data also strengthen the results of previous studies 
[1], thus indicating that the Eu2−xCexCuO4 system has magnetic properties that are sensi-
tive to the addition of Ni magnetic impurities. Compared with another system such as 
La2−xSrxCuO4, the effect of magnetic Ni impurities eliminates superconductivity at 𝑦  = 
0.05 [19]. The vanishing superconductivity at 𝑦 = 0.005 in the Eu2−xCexCuO4 system sug-
gests that the substitution of Ni for Cu reduced the magnetization value and the spin–spin 
correlation in the system, which can lead to the elimination of the superconducting phase. 

The Curie constant and effective magnetic moment (𝜇௘௙௙) can be obtained by using 𝜒 = 𝐶𝑇  (2)

𝜇௘௙௙ = ට3𝑘஻𝐶 𝑁஺𝜇஻ଶ⁄ = 2.828 √𝐶  (3)

Curie constant 𝐶 is obtained by using linear regression based on Equation (2) rela-
tive to the temperature dependence of the inverse magnetic susceptibility 1/χ(T) curve, 
where the gradient describes the value of Curie constant 𝐶. After the value of the Curie 
constant is obtained, it can be used to calculate the value of the effective magnetic moment 
by using Equation (3) in its normal state. 

The Curie constant and the effective magnetic moment for all samples are shown in Fig-
ure 5a,b, respectively. Curie constant values fall within the range of 5.39–36.49 
emu·.Oe/mol, and effective magnetic moment values fall within the range of 0.557–1.708 𝜇஻ 𝑓. 𝑢⁄ . It was observed that the concentration values tended to decrease until 𝑦 < 0.02 
and then tended to increase at 𝑦 > 0.02. At a concentration of 𝑦 = 0.02, there is a minimum 
value with respect to the Curie constant and the effective magnetic moment. As a result, 
the pivot point (𝑦  = 0.02) in the sample illustrates the change from magnetic disorder to 
magnetic order in the sample. This change in the effective magnetic momentʹs value is 

0 10 20 30
-1

0

1

2[×10-3]
 y = 0
 y = 0.005
 y = 0.01
 y = 0.02
 y = 0.03
 y = 0.05

Temperature (K)

χ 
(e

m
u/

m
ol

.O
e)

Eu1.84Ce0.16Cu1-yNiyO4+α−δ

H = 5 Oe

(a)

0 10 20 30
-1

0

1

2[×10-2]
 y = 0.005
 y = 0.01
 y = 0.02
 y = 0.03
 y = 0.05

H = 500 Oe

(b)

Temperature (K)

χ 
(e

m
u/

m
ol

.O
e)

Eu1.84Ce0.16Cu1-yNiyO4+α−δ

Figure 4. Magnetic susceptibility versus temperatures for Eu1.84Ce0.16Cu1−yNiyO4+α−δ with y = 0,
0.005, 0.01, 0.02, 0.03, and 0.05 and (a) H = 5 Oe and (b) H = 500 Oe.

Based on the obtained data, a very small concentration of Ni impurities can elim-
inate the superconductivity phase. These data also strengthen the results of previous
studies [1], thus indicating that the Eu2−xCexCuO4 system has magnetic properties that
are sensitive to the addition of Ni magnetic impurities. Compared with another system
such as La2−xSrxCuO4, the effect of magnetic Ni impurities eliminates superconductivity at
y = 0.05 [19]. The vanishing superconductivity at y = 0.005 in the Eu2−xCexCuO4 system sug-
gests that the substitution of Ni for Cu reduced the magnetization value and the spin–spin
correlation in the system, which can lead to the elimination of the superconducting phase.

The Curie constant and effective magnetic moment (µe f f ) can be obtained by using

χ =
C
T

(2)

µe f f =
√

3kBC/NAµ2
B = 2.828

√
C (3)

Curie constant C is obtained by using linear regression based on Equation (2) relative
to the temperature dependence of the inverse magnetic susceptibility 1/χ(T) curve, where
the gradient describes the value of Curie constant C. After the value of the Curie constant
is obtained, it can be used to calculate the value of the effective magnetic moment by using
Equation (3) in its normal state.

The Curie constant and the effective magnetic moment for all samples are shown in
Figure 5a,b, respectively. Curie constant values fall within the range of 5.39–36.49 emu·.Oe/mol,
and effective magnetic moment values fall within the range of 0.557–1.708 µB/ f .u. It was
observed that the concentration values tended to decrease until y < 0.02 and then tended to
increase at y > 0.02. At a concentration of y = 0.02, there is a minimum value with respect to
the Curie constant and the effective magnetic moment. As a result, the pivot point (y = 0.02)
in the sample illustrates the change from magnetic disorder to magnetic order in the sample.
This change in the effective magnetic moment’s value is different from the LSCO study with Ni
impurities [20], which remained relatively constant at a value of 0.6 µB, and this is related to the
spin state, namely the low-spin state; thus, it could be that the influence of Ni is not only related
to the state of the spin but also other phenomena. The value of the sample’s effective magnetic
moment should increase with the addition of Ni impurities, as observed in the calculated value
of the effective magnetic moment where Ni2+ is greater than Cu2+. The value of the effective
magnetic moment, however, has a tendency to decrease from a range of y = 0.005 to 0.02.
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Figure 5. Ni concentration dependencies for the (a) Curie constant and (b) the effective magnetic
moment at H = 500 Oe.

A decrease in the effective magnetic moment is described as an increase in magnetic
disordering in the sample, and an increase in the effective magnetic moment is described
as an increase in magnetic ordering in the sample. This indicates that a magnetic order
appears when given the Ni concentration reaches a value of y > 0.02. The decrease in
magnetic properties could be due to the pinning of the dynamical stripe correlation of the
spin and charge by Ni2+ such that it can weaken the spin–spin correlation of Cu atoms
and suppress superconductivity [17]. This number is consistent with the investigation of
the effects of Ni on ECCO using µSR measurements, where at concentrations of y < 0.02,
muon-spin depolarization quickens, which shows a significant weakening of the Cu-spin
fluctuation [8,17]. The increase in magnetic properties can be indicated by the fact that
the limit value for Ni concentrations to weaken the spin correlation of Cu atoms for
Eu2−xCexCuO4 cuprates is y = 0.02. When y > 0.02, the limit value restores the initial
properties of Ni, which then becomes a magnetic impurity that can add to the magnetic
value, thus increasing the value of the magnetic parameters in the material. Therefore, based
on the changes in the value of the effective magnetic moment by Ni magnetic impurities,
in the over-doped region of the Eu2−xCexCuO4 material, there is an indication of the
stripe phenomenon, thus strengthening the possibility of the existence of the stripe model
in electron-doped cuprates. Further research using advanced measurement techniques
(for example, µSR measurements) is necessary to confirm stripe-pinning phenomena in
electron-doped cuprates.

4. Conclusions

The electron-doped cuprates of Eu1.84Ce0.16Cu1−yNiyO4+α−δ with y = 0.005, 0.01, 0.02,
0.03, and 0.05 were successfully synthesized to investigate the effect of Ni impurities on
the magnetic properties of over-doped regimes in electron-doped systems. Based on XRD
measurements, it was observed that lattice parameter c increases when parameters a and b
decrease and vice versa, which causes the distance between the charge reservoir and the
conducting layer to become greater. Accordingly, superconductivity does not appear due to
the charge carrier transfer difficulty. Based on the SQUID measurement, all samples with Ni
impurities have paramagnetic characteristics indicated by a positive magnetic susceptibility
value. Superconductivity vanished in all samples, suggesting that the addition of Ni
impurities could eliminate the superconducting phase in Eu2−xCexCuO4 cuprates. There
is a transition between magnetic disorder and magnetic order properties at a pivot point
of y = 0.02. The behavior of decreasing magnetic parameters could be correlated with the
dynamical stripe correlation, which results in stripe-pinning phenomena, strengthening
the possibility of the stripe model in electron-doped cuprates. Further research is necessary
to confirm stripe-pinning phenomena in electron-doped cuprates.
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