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Divergency of SDW and structure transition in Fe;_,Ni,Seq g, superconductors
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The effect of the Ni-substitution on the superconductivity of a-FeSeq g, system has been investigated. It is
found that the superconductivity of a-FeSeq g, can be quickly suppressed when a small quantity of Fe is
substituted by Ni element. The resistivity and moment of the sample at normal state increase with
increasing Ni-substitution content. Moreover, it is found that the Ni-substitution does not change the
structure transition temperature, but increases the spin density wave (SDW) order temperature. It is sug-
gested that the quick suppression of superconductivity of o-FeSegg, caused by the Ni-substitution is
related to the increase of SDW order temperature. Therefore, Fe atom plays a key role for the appearance
of the superconductivity in FeSe system.

© 20009 Elsevier B.V. All rights reserved.

1. Introduction

In the past, it was considered to be difficult for the occurrence of
superconductivity in iron-based compounds, because of the mag-
netism of Fe. The recent discovery of the Fe-based high tempera-
ture superconductors has attracted a world-wide attention [1-5].
It is the first system where Fe plays the key role for superconduc-
tivity. Many following study works have focused on the searching
for the new superconductors in other Fe-based compounds. Very
recently, the binary iron-selenium system, which has a similar
but simpler layered structure than the quaternary arsenide, was
found to be superconducting with Tc ~ 8 K [6]. For o-FeSe, crystals
grown by flux method, it is found that its T is about 10 K, which is
little higher than that of polycrystals [7]. The finding of iron-sele-
nium superconductor has opened a new route for the study of Fe-
based superconductors and the search for new superconductors.
Subsequent work revealed that a huge enhancement of supercon-
ducting transition temperature T¢ was observed under high pres-
sure. And the onset temperature was as high as 27 K at 1.4 GPa
[8,9]. The tetragonal FeTe compound with an analogous structure
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to a-FeSe does not show superconducting transition and occurs a
structural phase transition from tetragonal to orthorhombic
around 80 K [10,11]. In FeSe;_,Te, system, superconducting phase
is suppressed when the sample composition approaches the end
member FeTeyg,, which exhibits an incommensurate antiferro-
magnetic order. Superconductivity in this class of Fe-based com-
pounds is associated with magnetic fluctuations [12,13].
However, the superconductivity has been observed in S-substi-
tuted FeTe compounds with Tc ~ 8 K [14]. FeSe systems including
o-FeSe with PbO-structure, p-phase with NiAs-structure, ferro-
magnetic hexagonal Fe;Seg and monoclinic FesSe; were widely
studied in the past [15-17]. The tetragonal phase PbO-type a-FeSe
has a Fe based planar sublattice equivalent to layered iron-based
oxypnictides, which has a layered crystal structure belonging to
the P4/nmm space group. The crystal of a-FeSe is composed of a
stack of edge-sharing FeSe,-tetrahedra layer by layer [6]. An
enhancement of Tc was observed with the substitution of S or Te
for Se. And the structural and electronic properties of FeSe which
is substituted at Fe site have been studied [18]. The effect of the
stoichiometry variation of Fe in Fe,.;Se system has also been stud-
ied, in which the superconductivity of Fe;.;Se system reveals an
extreme sensitivity to the stoichiometry of Fe [19]. The density
functional calculation indicates that doped FeSe is not a conven-
tional electron-phone superconductor, which is similar to the
Fe-As superconducting system. And both FeSe and FeTe show
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spin-density wave (SDW) ground states, while FeS is closed to
instability [20]. In order to understand further the importance of
the Fe atom, and the relation of the SDW and structural transition
in the binary iron-selenium system, in this work, we have system-
ically studied the structural, electronic transport and magnetic
properties of Ni-substituted Fe;_,Ni,Seg g, polycrystals.

2. Experimental

Fe;_xNi,Seq s> polycrystalline samples with x=0.
0.01, 0.02,0.03,0.04 were prepared using a solid state reaction
method. High purity powder of selenium (99.99%), iron (99.9%)
and nickel (99.8%) with appropriate stoichiometry were mixed
and ground with an agate mortar and pestle in a vacuum glove
box. Then the ground powders were sealed into different quartz
tube and heated at 700 °C for 24 h. After furnace cooling to room
temperature, the slight melted samples were reground and pressed
into small pellets. The pellets were all sealed into quartz tube and
sintered again at 700 °C for 24 h, and finally annealed at 400 °C for
36 h.

The crystal structure of the samples was determined by X-ray
diffraction pattern (XRD) using a Philips X’ pert PRO X-ray diffrac-
tometer with Cu K, radiation at room temperature. The resistivity
of the sample was measured by the standard four-probe method
using a Quantum Design Physical Property Measurement System
(PPMS) (1.8 K< T <400K, 0 T <H <9T). Magnetization measure-
ments as a function of temperature were performed in a Quantum
Design Superconducting Quantum Interference Device (SQUID)
system (1.8 K<T<400K,0T<H<5T).

3. Results and discussion

Fig. 1 shows the X-ray diffraction (XRD) patterns of
Fe,_xNi,Segg> (x=0,0.01,0.02,0.03 and 0.04) samples. All the
samples trace amount of possible impurity phases including iron
oxide and selenium. B-phase FeSe has also been observed, and
the peaks of B-phase have been suppressed with increase of
Ni-substitution content. It is suggested that the Ni-doping helps
to synthesize PbO-type a-FeSe phase. We indexed all peaks with
a tetragonal lattice P4/nmm (Fe/Ni, 2a (0.75,0.25,0); Se 2b
(0.25,0.25,0.265)) by standard Rietveld method. And the fitting
result of Fegg7Nigo3Seqg> has been shown in Fig. 2 as an example.
The lattice constants of a(A), c(A) and unit cell volume V(A?) ob-
tained from fitting results have been shown in Fig. 3. It reveals that
the lattice constants a, ¢ and unit cell volume V have a decreased
trend with increasing Ni-substitution content corresponding to
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Fig. 1. X-ray diffraction patterns of Fe; ,Ni,Seps, (x=0,0.01,0.02,0.03,0.04).
Asterisks indicate the impurity phases and B indicate hexagonal phase.
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Fig. 2. X-ray diffraction pattern of Fegg;Nigg3Seps,. Crosses indicate the experi-
mental data and the calculated data is the continuous line overlapping them. The
lowest curve shows the difference between experimental and calculated patterns.
The vertical bars indicate the expected reflection positions. Asterisks indicate the
impurity phases and B indicate hexagonal phase.
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Fig. 3. Ni-substitution dependence of lattice constants (a) a, (b) ¢ and unit cell
volume (c) V.

the smaller ionic radii of Ni?* (0.55 A) than Fe?* (0.64 A). This is
not completely agreement with the results reported in Ref. [15],
in which a increased with Ni-substitution.

Fig. 4 shows the temperature dependence of resistivity for
Fe,_xNi,Seg g, at zero magnetic field. The inset shows the magnifi-
cation plot of resistivity in low temperature region of FeSeq g,. The
onset temperature T¢™* and zero resistance transition temperature
Tco of FeSeg g, are 11.33 K and 4.33 K, respectively. Fig. 4 indicates
that Ni-substitution quickly suppresses the superconductivity of
the sample. Only a small Ni-substitution content of x = 0.01, the
Tco of the sample is below 2 K. As x =0.04, no superconducting
transition is observed over 2 K. In fact, it is very surprise that the
superconductivity of the sample can be suppressed by Ni-substitu-
tion from the viewpoint of pressure effect. Previously, the phenom-
enon of the superconductivity enhancement of o-FeSe, has been
observed [8,9]. For our Ni-substituted samples, the structure fitting
results indicates that the lattice parameters a, c and unit cell V de-
crease with Ni-substitution content, implying the introduction of a
positive chemical pressure. That is to say, the chemical pressure is
not always favorable for superconductivity of FeSe system,
although T has been improved by S-substitution [18]. From
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Fig. 4. Temperature dependence of resistivity for a-Fe;_xNi,Seps, at zero magnetic
field. The inset shows the magnification plot of resistivity in low temperature
region of a-FeSeg g5.

Fig. 4, it is found that all Fe;_,Ni,Segs, samples exhibit metallic
behavior and the resistivity at normal state increase with increas-
ing Ni-substitution content. Furthermore, a broad bump at
Tspw ~ 150 K for no Ni-substitution sample is observed and shifts
to high temperature with increasing Ni-substitution content. This
kind of bump of resistivity curve in the normal state is also ob-
served in Fe-based oxypnictide La(O;_xFy)FeAs, in which the bump
is attributed to the SDW order. From optical measurements and
theoretical calculations, it has been argued that LaOFeAs has an
antiferromagnetic SDW instability below 150 K and the appear-
ance of superconductivity is suggested to arise from the suppres-
sion of this SDW order [21,22]. Recently, the density functional
calculation indicates that FeSe has a SDW ground state [20]. There-
fore, it is suggested that the bump observed in the curve of temper-
ature dependence of resistivity in the normal state may also
originate from SDW order. The SDW order temperature Tspw has
been defined by differentiating from the temperature dependence
of resistivity as shown in Fig. 5. It is noticed that Tspw increases
with the Ni-substitution content as shown in Fig. 6. We consider
that the enhancement of the SDW order caused by Ni-substitution
should be the intrinsic reason for the suppression of
superconductivity.

Fig. 7 shows the temperature dependence of magnetic suscepti-
bility for Fe;_,Ni,Seps, measured in a 10 Oe magnetic field. The
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Fig. 5. Temperature dependence of dp/dT for o-Fe; (Ni,Segs, at zero magnetic
field.
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Fig. 6. Ni-substitution dependence of Tspw and T for a-Fe;_4Ni,Seo.go.

zero field cooling (ZFC) and field cooling (FC) susceptibility are al-
most temperature independent above a magnetic abnormality at
about T', which indicates that these samples are Pauli paramagnet
over T'. The abnormality of susceptibility, especially pronounced in
FC measurement, has been attributed to the structural transition
from the tetragonal (P4/nmm) to triclinic (P — 1) symmetry [6].
The transitional temperature T" of all Fe;_,Ni,Seg g» samples almost
do not depend on the Ni-substitution content and the results have
been shown in Fig. 6. In other words, Ni-substitution does not
influence the structural transition temperature of a-FeSe system.
Impurity in Fe;_,Ni,Segg, samples may becomes another reason
which leads to the abnormality of susceptibility. Higher quality
samples are needed in order to study the intrinsic mechanism.
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Fig. 7. Temperature dependence of magnetic susceptibility y(T) for o-Fe; Ni,Seq s>
measured at 10 Oe.
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4. Conclusions

In summary, Ni-substituted Fe;_,Ni,Seggs, polycrystalline sam-
ples have been synthesized. The transport and magnetic properties
of the sample have been investigated. It is found that the supercon-
ductivity of the sample is very sensitive to the Ni-substitution and
is quickly suppressed. It is suggested that the enhancement of the
SDW order caused by Ni-substitution may be the intrinsic reason
for the suppression of superconductivity, though a positive chem-
ical pressure is introduced by Ni-substitution. Moreover, Ni-substi-
tution does not change the structural transition temperature. The
result reveals that Fe plays a crucial role for superconductivity in
this binary iron-selenium alloy.
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