Chemistry of
Metals and Alloys

Chem. Met. Alloy8 (2010) 63-68

Ivan Franko National University of Lviv
www.chemetal-journal.org

Crystal chemistry, superconductivity and magnetism in iron

chalcogenides

E. GIANNINI**, R. VIENNOIS!, R.CERNY?, M. HANFLAND?

! Département de Physique de la Matiére Condenséiegtsité de Genéve,
24 Quai Ernest-Ansermet, CH-1211 Geneva, Switadrla

2 Laboratoire de Crystallographie, Université de Geag

24 Quai Ernest-Ansermet, CH-1211 Geneva, Switadrla

® European Synchrotron Radiation Facility (ESRF),

6 Rue Jules Horowitz, BP 220, F-38043 GrenobleekeBrance
* Corresponding author: Tel. +41-22-3796076; fax +22-3793502; e-mail: enrico.giannini@unige.ch

Received July 2, 2010; accepted October 29, 20&0tadle on-line February 15, 2011

The structural ssimplicity of FeCh (Ch = S, Se, Te), in which the conducting layers are not separated by any
third-atom layers, offers the best tool for investigating the nature of superconductivity and magnetism in
Fe-based compounds. Either the pressure or the chemical composition distort the FeCh, tetrahedron and
tune the electronic properties. When partially substituting Se for Te in the antiferromagnetic Fey.4Te, the
excess of Feisreduced and superconductivity appears over a wide range of compositions. Both the Fe excess
and the Se substitution affect the structure and must be kept under control for tuning the structure
deformation and the electronic properties. The excess of Fe stretches the FeCh, tetrahedron, thus inducing
spin and charge localization. Below a critical Fe-Ch distance, the antiferromagnetism is weakened and
super conductivity occurs, mediated by spin fluctuations asin the similar families of Fe-based oxy-pnictides.
Uniaxial rather than hydrostatic pressure has a strong effect on the magnetic and super conducting properties

of FeCh.

Fe-based superconductors/ Fe chalcogenides/ M agnetism and super conductivity

Introduction

superconductivity in FeSe is dramatically dependent
on pressure, rising up i = 37 K at 9 GP483], FeTe

The most simple system, among the various families does not exhibit any superconducting transitioneund
of the recently discovered Fe-based superconducting pressures up to 19 GP&. The end-compounds of the

pnictides and chalcogenidgd], is that of binary
Fe-chalcogenides B (Ch=S, Se, Te)2-4]. These
chalcogenides crystallize in the PbO-type strugture
which the Fe atoms are in a planar square lattick a
tetrahedrally coordinated to four chalcogen atoms,
thus forming layers of corner sharingGte tetrahedra
[5-7]. These layers are identical to those of Feifss

all families of superconducting ferro-pnictidesg§&]

and references therein), and therefore all the new [12,13],

solid solution Fe(Te,Se) are substantially différen
from each other. The antiferromagnetic (AFM) ground
state of the parent non-superconducting FeTe
compound is theoretically predicted10] and
experimentally confirmedl11] to be different from
that of the Fe-pnictide LaOFeAs. However, both the
doped superconducting compounds, Fe(Te,Se) and
La(O,F)FeAs, exhibit similar spin resonance matnx)

thus suggesting a common origin for

Fe-based superconductors have in common the samesuperconductivity in iron chalcogenides and pnédid

structural core. However, superconducting
Fe-chalcogenides and Fe-pnictides exhibit
different behaviors upon chemical doping, as wsll a

A large éfort has been devoted worldwide in the last

rather two years to these new puzzling materials, and the

experimental literature has recently been revietmwed

under pressure, and more accurate investigations on Johnstorj14].

the structural details are needed to understanddmw
structural peculiarities drive their physical projes.
Superconductivity occurs upon either aliovalent or
isovalent doping, as well as upon applying pressure
and crystal chemistry seems to be more importart th
charge carrier doping in these materials. Evenghou
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In the present article, we will focus on the solid
solution Fe.,Te;,Sg and will discuss the effect of
the chemical composition on its structure and pafsi
properties. Based on our recent studies on single
crystals of various compositions of k& e,.,Sg, we
provide the evidence that the excess of x¥and
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Table 1 Parameters of the structure refinement for singfstals of Fe,Te;-,S§,.

Nominal composition FeTe Fed&Se, | FeTe:Ses FeoleysSe, | FaoleySes
y [refined atomic fraction of Se] 0 0.21(4) 0.27(4 0.22(4) 0.32(3)
X [refined excess of Fe] 0.087(3) 0.049(9 0.0b3(9 0.035(6) 0.013(9)
Space group P4/nmm
a[A] 3.826(1) | 3.815(2) 3.807(3) 3.806(3) 3.803(2)
c[A] 6.273(3) | 6.187(4) 6.153(7) 6.187(6) 6.136(3)
V[AY 91.81(5) | 90.02(9) 89.2(1) 89.6(1) 88.73(8)
z 2
Wavelength [A] 0.71073 (Mo K)
Rint 0.028 0.057 0.107 0.049 0.039
Re 0.017 0.064 0.068 0.064 0.043
Rue’ 0.031 0.156 0.159 0.169 0.098

the amount of Se doping cooperate in determining
the properties of these materials and both haugeto

crystallize in the same tetragonal PbO-type strectu
(thep-phase). Both are off-stoichiometric, but whereas

taken under control. As a consequence, the magnetic the off-stoichiometry in Fe$s is preferably ascribed

and superconducting phase diagram of.fe;,Sg
has to be drawn in 3D, rather than in 2D \s. Se
fraction y) as commonly done. The excess of Fe in
Fe.xTeSeg has a direct influence on the Fe-to-Te
plane distance, which in turn determines the magnet
ground state at high temperature and can induce
superconductivity at low temperatures, below dazit
Fe-to-Te plane distance, equal to 1.72 A. Prelinyina
high pressure diffraction studies are presentededs
and show that uniaxial pressure, rather than
hydrostatic, is likely to provoke the structurabolges
that favor superconductivity in undoped, k&e.

1. Structural studies

Single crystals of ReTe,,Sg have been grown
starting from two different Fe:(Te,Se) ratios, Add
0.9:1, and Se doping ranging frop= 0 toy = 0.45.
The details of the sample processing and crystal
growth are reported elsewhef&5]. Polycrystalline
FeSe., was also prepared by solid state reaction, for
comparison. Particular care was taken during the
sample preparation in order to avoid any precijpitat

of magnetic iron and iron oxides. Crystals witharo
very low composition gradient Ay<0.04, as
measured by Energy Dispersive X-ray spectroscopy
(EDX)) were selected and used for this study. Small
crystals (of the order of 0.1x0.1x0.01 Mmof
selected compositions (séable ) were cleaved and
used for single crystal X-ray diffraction (XRD) at
room temperature in a Stoe IPDS Il diffractometer,
with Mo Ko radiation,2 = 0.71073 A. The structure
refinement was carried out by the least-squares
method based orF[f values using the SHELX-L
program [16]. FeTe and FeSe are isomorphic and
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to Se-deficiency17,18] in Fg.,Te excess Fe atoms
occupy an additional site in the Fe-Te plah@-21].

The structure model was confirmed to be of theSBu
structure type, in the space groBg/nmm according

to which an additional site in the Te-plane can
accommodate the Fe atoms (1-10%). The XRD data
acquisition and structure refinement parameters are
summarized inTable 1 A complete summary of the
crystallographic ~ parameters including  atomic
coordinates, displacement parameters, and refinemen
details, is reported ifiL5]. Being the atomic fraction

of Se quite small in some cases, the atomic posidfo

Se was constrained to that of Te, contrary to wieet
done by other authof&2].

Both the lattice parametera and c decrease
linearly with increasing Se doping in the Te-rich
region, as shown iffig. 1. The decrease of theaxis
length causes vertical shrinking of the FgTe
tetrahedron, with a consequent reduction of the
vertical distanceh of the Fel atom to the Te-plane
(see inset ofFig. 1), and a weak tendency of the
tetrahedral angles to approach the ideal value
(109.47°). The relationship between both Se doping
and Fe excess and thevertical distance is shown in
Fig. 2 In order to better show the mutual effect of
both composition parameters on the structure,
increasingk and decreasingare plotted versus. The
first striking evidence coming out fromable 1and
Fig. 2 is that the excess of Fe and the fraction of Se
are influencing each other. When starting from &eo
nominal contents (FEh= 1:1 and 0.9:1) at a fixed Se
fraction, or from three Se nominal fractions<0, 0.2
and 0.3) at a fixed nominal Fe content, we obtained
different refined compositions of the final samplks
particular, the Fe excess decreases when the Se
content increases. The decrease of the distarasea
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Fig. 1 Lattice parameters (red rhombs)¢ (blue squares), and cell volume (green circles) fmction of the
Se fractiony in Fe.Te,Sg. Full symbols: single crystal X-ray diffraction;pen symbols: powder
diffraction from ground crystals; rhombs (trianglegfer to high (low) nominal Fe content. The end
compound FeSsg, does not follow the linear trend. The crystal stuve ofp-Fe,..Te is shown in the inset, in
which the FeTgtetrahedron and the distarttérom Fel to the next Te layer are shown.
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Fig. 2 The refined Fe excessg, (right axis) and
Se content y, left axis) are plottedvs. the
vertical distanceh. Full symbols refer to Fe-
rich starting composition FEh= 1:1, open
symbols to Fe-poor starting composition
FeCh= 0.9:1. The reduction of the starting Fe
content favors a larger extent of Se
substitutions and a larger reduction of the
distanceh. The dashed line is a guide for the
eye.

function of the Se content is found to be more
pronounced in samples with a lower Fe nominal
content (open symbols iRig. 2), corresponding to a
lower excess of Fe obtained from structure
refinements (se@able ). The distancén depends on
both x andy in an opposite way. This dependence is

clearly seen irig. 2, in which the plots of increasing
y and decreasing versush show that both follow a
similar linear trend.

2. Magnetic studies

The magnetic and superconducting behavior of the
Fe..«Te;,Se crystal was studied by means of DC
magnetic susceptibility in a commercial SQUID
magnetometery(T) measurements were performed at
high field (1 T) and low field (0.2 mT) for studgn
the magnetic and superconducting transition,
respectively. The undoped parent compoung,fFe
exhibits a Curie-Weiss-like behavior at high
temperature and a sharp decrease of the suscigyptibil
atT = 67 K corresponding to the structural (tetragonal
to monoclinic) and magnetic (paramagnetic to AFM)
transition, as previously observed and discussed by
several authord3,11,19,23] The antiferromagnetic
order observed in kgTe takes place with ar( 0)
propagation vector that is the diagonal directibthe

Fe square sublattidé 1]. This magnetic ground state
of the parent compound is different from that dfest
Fe-based superconductors, namely “122” and “1111"
pnictides, in which the propagation vector is dieelc
along @, =) [10,24] The magnetostructural transition
temperature is found to reduce when Se substifates
Te, and vanish abovg= 0.4 in crystals with the
higher Fe nominal compositiofl5]. The Curie-
Weiss-like behavior is maintained over the rang8ef
substitutions and is evidence of localized magnetic
moments, but the #(T) vs. T trend deviates more and
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more from linearity upon Se substitutiofd$]. In this
series of samples, a broad bulk superconducting
transition is only observed in samples with nominal
composition FeTgSe s, according to[20], even if
evidence of surface superconductivity is found at
lower Se content in transport measuremgziis.

When crystals are grown starting from a lower Fe
content in the nominal composition, the magnetic
behavior is found to change drastically. The magnet
susceptibility becomes weakly dependent, or even
independent, on temperature and exhibits a Pdali-li
behavior that is evidence of itinerant magnetic
moments. On the other hand, bulk superconductivity
is observed aty>0.1. Sharp superconducting
transitions (~1 K) are measured in these crystggp
aTemax= 14 Kin FgoT ey 5556 45 Fig. 3compares the
magnetic susceptibility of two crystals with therea
nominal Se content and two different Fe contergs (s
Table 1 for refined compositions). This shows
unambiguously that the excess of Fe plays a major
role in tuning not only the structural parametess,
discussed in the previous section, but also the
magnetic and superconducting properties.

3. Phase diagram

The magnetic and superconducting behavior of these
materials as a function of the chemical compositon
commonly summarized in a 2-dimensional phase
diagram in which eitherTy (AFM order) or T
(superconductivity) are plotteeersusthe nominal Se
fractiony. In most cases, the reported phase diagrams
present an intermediate region, at the transitromf

the AFM ground state to the superconducting one, in
which signatures of both ground states are provined
several experimental techniqy@é-28]. Based on the
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Fig. 3 Magnetic susceptibility (atgd = 1 T) of
two crystals with the same nominal Se content
y = 0.3 but two different nominal Fe contents,
FeCh= 0.9:1 and 1:1. The magnetic behavior
changes from Curie-like to Pauli-like
paramagnetism upon reducing the excess of Fe.
Moreover, bulk superconductivity occurs when
the Fe content is reduced, as shown in the inset
(transition measured atid = 0.2 mT).
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Fig. 4 AF and SC transition temperatures as a
function of both the distance between Fel and
the next Te-plane, and the tetrahedral angle. In
the right hatched part, the material is
antiferromagnetic Ty given by full symbols).

In the left part, at loweh distances and smaller
angles, superconductivity occurs. (given by
open symbols).

data presented in the previous sections, the key fo
driving the ground state from magnetic to
superconducting in Fe-chalcogenides is likely to be
the local symmetry around the Fe atoms in the squar
sublattice, rather than doping. For this reason, we
draw a phase diagram in which the transition
temperatures measured in our crystals (eithesr T,)

are plotted as a function of the distartteThis is
shown inFig. 4[15].

At a given distanch = 1.72 A the system switches
from an AFM ground stateh(> 1.72 A) to a SC one
(h< 1.72 A). This experimental observation is in
excellent agreement with theoretical predictionsella
on Density Functional Theory calculatiof®9]. In
that theoretical work, Moon and Choi found that the
stability of the various magnetic states in FeJSs
depends orh, and computed the total energy of the
magnetic state as a function bf They predicted a
crossover from one magnetic ground state to another
to occur arounch= 1.72 A, the value at which we
measured the transition from the AFM to the SC
ground state. The magnetic state predicted to be th
most stable ah> 1.72 A is a £, 0) double-stripe
magnetic pattern, as observed in neutron diffractio
experiments[11]. At h< 1.72A, the most stable
magnetic order is found to be a, (t) single-stripe
magnetic pattern, as also found in other Fe-based
superconducting pnictidgég4].

According to our structural and magnetic study,
such a crossover is driven by a structural modifice
induced by both a reduction of the Fe excess and an
increase of the Se content. This closes the qumestio
about the apparent inconsistency between the Fermi
Surface nesting scenario[30], common to

Chem. Met. Alloy8 (2010)
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superconducting pnictides and chalcogenides, aad th
local moment interactions responsible for the pacul
magnetic state of fgTe. The experimental evidences
reported here, and the agreement with the theatfetic
predictions, reconcile Fe chalcogenides with Fe
pnictides and confirm the possible common origin fo
superconducting pairing in these materials.

The importance of the chalcogen heighas the
parameter that drives the ground state in thesersgs
was already recognized by other authdil].
However, tuning this parameter in Fe chalcogenides
results from changing two composition parameters,
instead of only one, and the correct representaifon
the phase diagram is therefore in 3 dimensions,

growing superconducting EgTe thin films under
tensile strain, which causes an in-plane extenaith
out-of-plane contraction of the lattice, thus mikiigy
a uniaxial pressure.

The isothermal compressibility

Kt =—(1/V)(0VIoP)

was calculated from the refinement of the high-
pressure XRD patterns and the result is shown in
Fig. 5 (red curve, right axis). The compressibility is
found to decrease as a function of pressure fro20~0
to ~0.1010"° Pa’in the range 0-10 GPa.

y (Se at. fraction)

. : 0 0.2 04 0.6 0.8 1.0 -
T(x)y), as reported in[15]. Local chemical 165 : : : % 1025 &
inhomogeneities as well as a not well defined exces ' r fick % % WK Yetede Yk 2
of Fe can widen and ill define the transition fréine . ! =
AFM to SC state. 1.601 =
10.20 &
k) - @
® 1.55] 2
4. High pressure studies g £
at room temperature: 10.15 &
- 1.50{ % c/aratio at HP — =
As a final comment on the effect of structural —— claratio in Se-doped samples £
modifications on physical properties of Fe —— Isothermal Compressibility ] 2
chalcogenides and pnictides, let's now consider the 1'450 2 4 6 8 100'10 2
effect of pressure. Pressure is found to haveangtr Pressure [GPa]
effect on magnetism and superconductivity in these
materials (see the reviewgl,14] and references Fig.5 Effect of hydrostatic mechanical

therein), and particularly in FeSg in which T, rises
from 8 K to 37 K under 9 GF&]. However, undoped
Fe.xTe does not exhibit any superconducting signal
under pressures up to 19 GPR& In order to elucidate
the reason for such a difference between FeSe and
FeTe, we have performed high-energy X-ray
diffraction studies on pulverized crystals of, kgTe
under hydrostatic pressure up to 12 GPa, and
compared the pressure effects to those of Se
substitutions. High-pressure XRD experiments were
performed at the ID09 beamline of the European
Synchrotron Radiation Facility using monochromatic
radiation ¢ = 0.414385 A) and diamond anvil cells
with helium as pressure transmitting medium. The
reduction of the lattice parameteris found to be
larger than upon Se substitutiona~ 3.59 A at
P= 10 GPa,a~ 3.80A at Se fractiory= 0.5),
whereas the effect of mechanical and chemical
pressure on the-axis is comparable. The difference
between the effect of the chemical pressure artdotha
hydrostatic mechanical pressure is showfim 5 in
which thec/a ratio of the lattice parameters is plotted
as a function of pressure (lowsraxis) and the Se
fractiony (upperx-axis).

A stronger uniaxial pressure is exerted by the Se
substitutions, whereas under hydrostatic presswee t
unit cell is shrunk more isotropically. This diféarce
could explain why pressure is not able to induce
superconductivity in the undoped ;E@&e. However,
uniaxial pressure can act favorably for the
superconductivity to occur. This is confirmed b th
recent discovery of Haet al. [32], who succeeded in

Chem. Met. Alloy8 (2010)

pressure (red stars) and internal chemical
pressure (blue squares and dashed guide line)
on the lattice parameters of jpg;Te. The blue
symbols correspond to the same samples
reported in Fig.1L The isothermal
compressibility is measured at room
temperature and plotted as a function of
pressure (red curve).

5. Conclusions

We have reported a systematic study of structural,
magnetic and superconducting properties of the
Te-rich solid solution Fe.Te;.,Sg based on single
crystalline samples in which both the excess ofkFe
and the Se fractioly are kept under control. Both
composition parameters are found to influence the
crystal structure and tune the vertical distanganfr
the chalcogen atom to the next Fe-plane. The long-
range commensurate anti-ferromagnetic (AFM)
ground state is found to switch to the supercondgct
(SC) one at a given value of that distarfte, 1.72 A,

in good agreement with DFT calculation. The phase
diagram of the Fe(Te,Se) system is more properly
represented in 3 dimensions. High-pressure XRD has
provided evidence that a strong uniaxial pressure
effect is needed for softening the AFM order and
favoring the SC state to take place. The isothermal
compressibility of undoped Igs-Te is extracted from
these measurements (at rodinand is of the order of
0.210%° Pa".
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