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 

1. INTRODUCTION 
 

Fe-based superconductors have attracted great interest 

because of a high superconducting transition temperature in 

spite of including a ferromagnetic element of Fe [1]. 

Recently, a new Fe-based compound, so called Fe-123, is 

discovered, which shows not a superconducting but an 

insulating behavior [2-6]. A possibility of superconductivity 

in BaFe2Se3 was suggested by doping or application of 

pressure because they may decrease the band gap of 

BaFe2Se3 [3, 7]. Very recently a pressure-induced 

superconductivity has been reported in BaFe2S3 under high 

pressure of ~ 10 GPa [8, 9]. However, superconductivity 

in MFe2Se3 (M = K, Ba, and Cs) is still not revealed by 

doping or application of pressure [3, 10]. 

Considering the suppression of the insulating band gap 

by Co doping [3], we have focused on the electron doping 

in BaFe2Se3. Because Ni has one more electron than Co, 

Ni substitution into the Fe site may reduce the band gap 

more effectively than Co doping. In this study, we have 

synthesized Ba(Fe1-xNix)2Se3 single crystals, x = 0, 0.05 

and 0.10, and their electrical resistivity and magnetic 

properties are investigated. 

 

 

2. EXPERMENT 

 

Ba(Fe1-xNix)2Se3 (x = 0, 0.05, and 0.10) single crystals 

were fabricated by a Te flux method [2], where Ba piece 

(99.2%, Alfa Aesar), Fe powder (99.9%, Alfa Aesar), Ni 

powder (99.9%, Alfa Aesar), Se shot (5N, Alfa Aesar), 

and Te lump (5N, Alfa Aesar) were used for each element. 

All elements were inserted into the alumina crucible 

together with the nominal composition ratio of Ba : Fe : 

Ni : Se : Te = 1 : 2(1−x) : 2x : 3 : 18 in a glove box under 

Ar environment, and then the crucible was sealed inside a 

quartz tube under vacuum ~ 10
-3 

Torr. Next, the quartz 

ampoule was heated at 800
o
C for 12 hours, and then 

temperature was decreased to 550
o
C with a rate of 5

o
C/h 

in a box furnace. Finally, the ampoule was centrifuged at 

2,000 rpm. Fig. 1 describes the schematic diagram for the 

growth process, and the inset shows the picture of 

fabricated Ba(Fe1-xNix)2Se3 crystal which is in a needle 

 

 
 

Fig. 1. Temperature profile for the synthesis of Ba(Fe1-

xNix)2Se3 single crystals. Inset shows a fabricated crystal 

in a needle shape, where the b-axis is the preferred growth 

direction. 
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Abstract 

 

We report the synthesis of Ni-doped BaFe2Se3 single crystals by using a flux method. X-ray diffraction (XRD) of Ba(Fe1-

xNix)2Se3 shows a gradual peak shift with an increase in the nominal Ni-doping rate, x = 0, 0.05, and 0.10, due to a decrease in 

unit-cell volume. All samples show a spin glass transition, and temperature dependence of magnetic susceptibility shows a 

negligible change in the spin-glass transition temperature (Tg) with Ni concentration x. The temperature dependence of electrical 

resistivity for BaFe2Se3 shows an insulating behavior, and the resistivity value at 295 K and the activation energy (Ea) obtained 

from the Arrhenius plot decrease with increasing x. These results suggest that the Ni doping can be effectively worked as a 

dopant for electron charge carriers, but is less efficient in controlling the magnetic property, such as spin glass transition, in the 

BaFe2Se3 compound. 
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Fig. 2. (a) PXRD patterns of BaFe2Se3 single crystals. The 

measured PXRD data is indicated by a red line, and a 

black line is a fitted line. The blue line is the difference 

between the red line and black line. The green lines in the 

upper and lower position are the peak positions of 

BaFe2Se3 and Te, respectively. Insets of Fig. 2(a) show 

the crystal structure of BaFe2Se3. The orange, blue, and 

navy balls are Ba, Fe, and Se atoms, respectively. The Fe-

Se chains along the b-axis are expressed by dark brown 

color in the right inset. (b) and (c) show the SEM images 

of surface morphologies for the BaFe2Se3 and 10% Ni-

doped BaFe2Se3 single crystals, showing the very smooth 

surface as presented in the inset of Fig. 1. 

 

shape with a typical length of ~3 mm. 

The crystal phase and surface morphology were 

checked by using a powder X-ray diffraction (PXRD, 

Rigaku) and a scanning electron microscopy (SEM), 

respectively. Lattice parameters and unit-cell volume 

were calculated by using a FullProf program. The 

electrical resistivity was measured by using a closed cycle 

refrigerator (CCR) with a standard 4-probe method. The 

magnetic property was investigated by using a magnetic 

property measurement system (MPMS 5 T, Quantum 

Design). 

 

3. RESULTS AND DISCUSSION 
 

Figure 2(a) shows powder X-ray diffraction (PXRD) 

patterns of a θ ‒ 2θ scan for the BaFe2Se3 compound. 

The inset is the crystal structure of BaFe2Se3, which is 

drawn by considering the Wyckoff position mentioned in 

reference [2]. The χ
2
 value is 1.92 in PXRD data, 

indicating that our analysis is reasonable because the best 

χ
2 
value is close to “1”. We calculated lattice parameters 

and unit-cell volume (V) from the PXRD data, and they 

are a0 = 11.7879 Å , b0 = 5.4822 Å , c0 = 9.1815 Å ,  and 

 
 

Fig. 3 (a) The PXRD patterns for Ba(Fe1-xNix)2Se3 with x 

= 0, 0.05, and 0.10. The intensity is normalized by that at 

the main peak (≒29.6
o
). The systematic peak shift is 

observed by Ni doping, as shown in inset of Fig. 3(a). (b) 

and (c) Calculated lattice parameters and unit-cell volume 

(V) from the PXRD patterns for Ba(Fe1-xNix)2Se3 and 

Ba(Fe1-xCox)2Se3, respectively. The data for the Ba(Fe1-

xCox)2Se3is adopted from the reference [3] for comparison. 

 

V0 = 593.329 Å
3
. The unit cell consists of a ladder 

structure along the Fe site to the b-axis, as described in 

the left inset of Fig. 2(a). Fe-Se chains are marked in the 

right inset of Fig. 2(a). Surface images for the synthesized 

Ba(Fe1-xNix)2Se3 single crystals for x = 0 and 0.10 are 

presented in Figs. 2(b) and (c), respectively, showing the 

very smooth surface morphologies as presented in the 

inset of Fig. 1. 

The PXRD patterns for the Ba(Fe1-xNix)2Se3 are 

presented in Fig. 3(a), and relative changes of lattice 

parameters and unit-cell volume (V) by a Ni doping are 

shown in Fig. 3(b). The inset of Fig. 3(a) highlights the 

PXRD patterns of a θ ‒ 2θ scan around main peaks 

(~29.6
o
), where the intensity is normalized by that at the 

main peak, and a clear peak shift was observed by Ni 

doping. Lattice parameters and unit-cell volume for the 

Ba(Fe1-xCox)2Se3 are adopted from the reference [3], as 

shown in Fig. 3(c), for the comparison with our results. 

The largest change in lattice parameter was shown along 

the a-axis, which mainly contributes to the change in unit-

cell volume (V/V0). On the other hand, the other lattice 

parameters along the b- and c-axis were slightly reduced. 
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Fig. 4. Zero-field cooled (open symbols) and field cooled 

(closed symbols) data for Ba(Fe1-xNix)2Se3 single crystals 

for (a) H//b and (b) Hb, measured at 5 kOe. The 

irreversible point of ZFC and FC is indicated by arrows in 

(b), which are related to the spin-glass transition. (c) 

Enlarged view near the spin-glass transition temperature 

(Tg). Tg’s for Ni concentration x = 0, 0.05, and 0.10, are 

assigned as the peak in χ in ZFC data. The dashed lines 

are guides for the eye. 

 

These results are similar to the Co doping, where the 

lattice parameters b and c are rarely changed in the 

Ba(Fe1-xCox)2Se3 [3]. The unit-cell volume is gradually 

decreased with an increase of the Ni doping rate, as is the 

case for Co doping. 

Figures 4 (a) and (b) show the temperature dependence 

of magnetic susceptibility (χ) for the Ba(Fe1-xNix)2Se3 

single crystals at 5 kOe applied parallel (H//b) and 

perpendicular (Hb) to b-axis, respectively, which were 

measured by using a magnetic property measurement 

system (MPMS). A large gap between zero-field-cooled 

(ZFC) and field-cooled (FC) data for Hb compared to 

H//b indicates that the perpendicular direction to b-axis is 

an easy axis where a spin glass state is formed [3]. The 

irreversible line between ZFC and FC data, which is 

marked by arrows in Fig. 4(b), has been ascribed to the 

spin glass transition in reference [2]. The temperature 

dependence of χ and the value of χ for x = 0 and 0.05 is 

very similar, whereas a noticeable change in χ is 

developed for x = 0.10. This unexpected result appears 

regardless of the direction of applied magnetic field.  

 
 

Fig. 5. Temperature dependence of resistivity (ρb) for 

Ba(Fe1-xNix)2Se3. Inset shows the Arrhenius plot, 

, where the activation energy (Ea) 

corresponds to the band gap and kB is Boltzmann’s 

constant. The Ea decreases with increasing Ni doping x. 

 

More study is needed to understand the origin of this 

peculiar behavior at higher Ni concentration. The change 

in the spin-glass transition temperature (Tg) with the Ni 

doping rate (x) is shown in Fig. 4(c). The y-axis is 

presented using different colors of black, red, and blue for 

x = 0, 0.05, and 0.10, respectively. Tg for different Ni 

concentration, which is assigned as a peak temperature in 

χ, is marked by the dashed line with different colors. A 

slight change in Tg indicates that Ni doping hardly affects 

the magnetic property of BaFe2Se3. Appearance of spin 

glass transition in BaFe2Se3 compounds has been believed 

to be related to the Fe deficiency arising from different 

synthesis techniques [2, 5, 6]. 

Figure 5 shows the temperature dependence of 

electrical resistivity (ρb) of Ba(Fe1-xNix)2Se3 for electrical 

current applied along the crystalline b-axis. The resistivity 

at 295 K decreases with increasing Ni doping 

concentration (x): ρb = 0.18, 0.16, and 0.11 Ω∙cm for x = 0, 

0.05, and 0.10, respectively. These results indicate that Ni 

doping could provide more electrons to BaFe2Se3 and 

reduce the insulating band gap. Reduction in the 

resistivity is also observed in the Co-doped BaFe2Se3 

because this compound is in proximity to the boundary of 

metal-insulator transition [3]. 

Activation energy (Ea) for Ni-doped BaFe2Se3 

compounds was evaluated by using the Arrhenius plot, 

ln()  Ea/2kBT. Inset to Fig. 5 shows the least-squares-fit 

of the logarithmic temperature dependence of the b-axis 

electrical resistivity, where the range of the fitting starts 

from the highest measured temperature, i.e., 295 K. The 

activation energy (Ea) obtained from the analysis is 0.320, 

0.243, and 0.164 eV for x = 0, 0.05, and 0.10, respectively. 

Taken together with the decrease in the resistivity at room 

temperature, the suppression of the activation energy with 

Ni concentration underscores that Ni substitution for Fe 

provides additional charge carriers. 
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Fig. 6. Ni-doping level (x) dependence of unit-cell 

volume change (V/V0), spin glass transition temperature 

(Tg), and activation energy (Ea). All the characteristic 

parameters show the same tendency and decrease with 

increasing x. 

 

Experimental results for the change in unit-cell volume 

(V/V0), Tg, and Ea as a function of Ni-doping rate (x) are 

presented in Fig. 6. The volume change V/V0 vs x is  

mainly come from the change in the lattice parameter a, 

where similar results were also observed in the Co doping 

case. High pressure up to 8 GPa did not introduce 

superconductivity in the Co-doped BaFe2Se3 [3]. In the S-

based BaFe2S3 compound, however, a pressure-induced 

superconductivity is observed for pressures above 10 GPa, 

where the largest relative change in the lattice parameter 

occurs along the b-axis (b/b0) [8]. The anisotropic 

compression ratio in this compound indicates that the 

control of lattice parameter b may be a key parameter to 

induce superconductivity in the Fe-123 family. 

The spin-glass transition temperature (Tg) is not 

sensitive to the Ni doping, while the activation energy 

(Ea) is largely suppressed by the Ni doping, as shown in 

Fig. 6. These results indicate that the Ni doping has more 

influence on the electrical property than the magnetic 

property of BaFe2Se3. In BaFe2S3, the insulating behavior 

at ambient pressure is gradually suppressed with 

increasing pressure and superconductivity is induced near 

10 GPa, where electrical resistivity shows a metallic 

behavior [8, 9]. The correlation between superconductivity 

and an insulator-metal transition in BaFe2S3 suggests that 

the Ni-doped Ba(Fe1-xNix)2Se3 may become 

superconducting by applying sufficient pressure or 

chemical substitution to induce the insulator-metal 

transition. More work is in progress to confirm this 

conjecture. 

 

 

4. CONCLUSION 
 

In conclusions, we have successfully synthesized Ni-

doped BaFe2Se3 single crystals by a Te flux method. 

Powder X-ray diffraction showed the clear shrinkage of 

unit-cell volume due to the decrease in the lattice 

parameter a by the Ni substitution into the Fe site. The 

spin glass transition was clearly observed in the zero-field 

cooled and field cooled data for all samples used in this 

study, Ba(Fe1-xNix)2Se3 (x = 0, 0.05, and 0.10). The 

activation energy (Ea) corresponding to the band gap was 

estimated from the Arrhenius plot, which is remarkably 

decreased with an increase of Ni doping level (x) in 

comparison with the spin-glass transition temperature (Tg). 

We predict that superconductivity may be induced at the 

critical Ni doping level (x = 0.20), where an insulator-

metal transition occurs, i.e., Ea = 0 eV. 
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