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Intermetallic compounds have been investigated over sev-
eral decades for their interesting structural and physical
properties, including magnetism and superconductivity.
Among these, metal pnictides and chalcogenides of transi-
tion metals show diversity of bonding ranging from appreci-
able covalency to metal–metal bonds, which makes these
compounds highly complex. ZrCuSiAs and ThCr2Si2 are of
interest, because they provide an opportunity to design inter-
esting intermetallics with tetrahedral layers exhibiting quasi-
two-dimensional behavior. However, these metal pnictides
and chalcogenides were not well known for their supercon-

Introduction

Intermetallic compounds are known to exhibit several
interesting properties like magnetism, superconductivity,
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ducting properties. The recent discovery of superconductiv-
ity at 26 K in a ZrCuSiAs-related structure (LaO/FFeAs) cre-
ated huge excitement in the field of metal pnictide and chal-
cogenide superconductors. The role of the FeX4 tetrahedra is
significant for superconductivity. Distortion of the tetrahedra
lowers the superconducting transition temperature (Tc) in
these Fe-based superconductors. This article discusses the
structural aspects of various new (2008–2011) families of Fe-
based superconductors containing FeX4 tetrahedra (X = As
and Se) that act as charge carrier layers in these supercon-
ductors.

hydrogen absorption, nuclear applications and shape mem-
ory.[1] Ternary transition metal phosphides with the general
formula MM�P (M and M� = transition metals) crystalliz-
ing in Fe2P-type hexagonal structures are known in the lit-
erature.[2–5] Some of them show superconducting properties
with maximum Tc values of 13 K for ZrRuP.[6] In 2008, the
discovery of superconductivity at 26 K[7] in an arsenide
(LaO/FFeAs) with ZrCuSiAs structure created huge excite-
ment in the scientific community, and several new super-
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conductors with tetrahedral layers were discovered after
this breakthrough. This review is focused on the structural
aspects of recently discovered pnictide and chalcogenide
superconductors with FeX4 (X = As and Se) layers. These
compounds are related to the PbFCl, ZrCuSiAs, and
ThCr2Si2 structure types. We discuss the relation of the
structures of newly discovered pnictide and chalcogenide
superconductors and the role of the transition-metal-cen-
tered tetrahedra in enabling superconductivity.

LnOFeAs (Ln = lanthanide)

LnOFeAs (Ln = lanthanide) compounds were discovered
by Jeitschko’s group in 2000.[8] These compounds crystallize
in the tetragonal ZrCuSiAs-type structure (space group: P4/
nmm), which is a filled variant of the PbFCl (Matlockite)
structure.[9]

A large number of inorganic compounds, which have a
crystal structure similar to that of PbFCl, are known.
PbFCl crystallizes in a primitive tetragonal structure (space
group: P4/nmm), as shown in Figure 1. The structure of
PbFCl could be understood as a cubic, close-packed-type
structure of Pb atoms where Cl atoms occupy all the octa-
hedral voids and F atoms occupy one-half of the tetrahe-
dral voids in alternate layers. Pb and Cl atoms are present
at the 2c crystallographic site [(0, 0.5, z), ZPb = 0.2 and ZCl

= 0.65], while F atoms occupy the 2a crystallographic site
(0, 0, 0).[10] The structure of PbFCl (AFX) can also be
understood as parallel 011 layers of similar atoms, and the
sequence of the layers is F-Pb-2Cl-Pb-F. The F atoms are
connected with four Pb atoms in tetrahedral fashion. These
FPb4/4 tetrahedra are distorted and connected to each other
in edge-sharing fashion. The Pb–F–Pb angles, which are
above and below the F plane are designated as α, while the
remaining four Pb–F–Pb angles are designated as β (Fig-
ure 2).

Figure 1. Crystal structure of PbFCl (space group: P4/nmm).

Angles α (109.67°) are slightly larger, and angles β
(109.37°) are smaller than the ideal tetrahedral angle
(109.5°)[11] in the structure of PbFCl (AFX). It should be
noted that the α and β angles are related to each other. An
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Figure 2. FPb4 tetrahedra in the PbFCl structure (space group:
P4/nmm).

increase in the size of X in an AFX-type structure induces
a change in the structure from three-dimensional to lay-
ered.[12] For layered AFX structures, the interaction be-
tween XX layers is of the van der Waals type.[12] Half of the
tetrahedral voids in this PbFCl (AFX) structure are vacant,
which opens the possibility to derive new structures. The
ZrCuSiAs structure (Figure 3) is obtained by filling the vac-
ant halves of the tetrahedral voids (2b crystallographic
sites) in the PbFCl structure.[9] Numerous compounds
(more than 150) have a ZrCuSiAs-type structure, including
the newly discovered LnOFeAs superconductors. The struc-
ture of LnOFeAs consists of alternate tetrahedral layers of
Ln–O and Fe–As stacked along the c direction.

Figure 3. Crystal structure of ZrCuSiAs (space group:
P4/nmm).

Both lanthanide and arsenic atoms occupy the 2c crystal-
lographic site, while oxygen and iron atoms occupy the 2a
and 2b crystallographic sites, respectively.[8] The Ln atoms
(site symmetry: 4mm) form distorted square antiprisms with
four arsenic and four oxygen atoms. The iron (site sym-
metry; 4̄m2) and oxygen atoms (site symmetry: 4̄m2) are
tetrahedrally connected to four arsenic and four lanthanum
atoms, respectively.[8] The [ZrSi] and [CuAs] tetrahedra in
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ZrCuSiAs are elongated in the c direction with respect to
LnOFeAs. Hence the Zr atoms in the [ZrSi] layer are close
to the As atoms in the [CuAs] layer (2.8 Å), as shown in
Figure 3. Also the [Ln–O] layers in LnOFeAs have ionic
character, whereas the [ZrSi] layer in ZrCuSiAs shows
strongly covalent character, which leads to the development
of a polyanionic Si network (Figure 4).[9]

Figure 4. Si–Si network in ZrCuSiAs (space group: P4/nmm).

Si atoms are arranged in square planar fashion in ZrCu-
SiAs, as shown in Figure 4. The Si–Si distance in ZrCuSiAs
is 2.598 Å. The Si–Si bonding and the interaction between
the As and Zr atoms in ZrCuSiAs results in a three-dimen-
sional covalent bonding network, while LnOFeAs com-
pounds show two-dimensional character.[9]

The bonding between La and O in the [La–O] layer is
ionic, whereas that in FeAs has predominantly covalent na-
ture. Thus, the chemical formula of LaOFeAs may be ex-
pressed as [LaO]+[FeAs]–. The [Ln–O] layer acts as a charge
reservoir, and the [Fe–As] layer acts as the conducting layer
in LnOFeAs (Figure 5).[17] The charge carriers are confined
in the two-dimensional [FeAs] layer. The distortion of
FeAs4 and CuAs4 tetrahedra in LnOFeAs and ZrCuSiAs,
respectively, results in two types of As–M–As (M = Fe or
Cu) bond angle (discussed earlier). The α and β As–Fe/Cu–
As angles in ZrCuSiAs and LaOFeAs are given in Table 1.
The CuAs4/4 tetrahedra in ZrCuSiAs are more distorted as
compared to FeAs4/4 tetrahedra in LaOFeAs (Table 1). The
deviations from the ideal tetrahedral angle in ZrCuSiAs (β –
α = 23.89°) and LaOFeAs (α – β = 6.08°) are much larger
relative to those of FPb4/4 tetrahedra in PbFCl (α – β =
0.3°). The thickness of the FeAs layer (or CuAs in

Figure 5. Crystal structure of LaOFeAs (space group: P4/nmm).

www.eurjic.org © 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2011, 3868–38763870

ZrCuSiAs) depends on the bond angle α. If α is large, then
the FeAs layer is thinner. Therefore, the CuAs layer in
ZrCuSiAs is much thicker than the FeAs layer in LaOFeAs.

Table 1. Structural details of PbFCl, ZrCuSiAs, ThCr2Si2, and re-
lated compounds.

Composition Lattice parameters X–M–X angles
a [Å] c [Å] α [°] β [°]

ZrCuSiAs*[9] 3.6736 9.5712 93.89 117.78
(X = As, M = Cu)

LaOFeAs*[8] 4.0353 8.7409 113.55 107.47
(X = As, M = Fe)

PbFCl*[11] 4.1060 7.2300 109.67 109.37
(X = F, M = Pb)

NaFeAs*[13] 3.9494 7.0396 108.27 110.07
(X = As, M = Fe)

β-Fe1.01Se*[14] 3.7727 5.5260 103.98 112.29
(X = Se, M = Fe)

ThCr2Si2†[15] 4.0410 10.5870 112.72 107.87
(X = Si, M = Cr)

BaFe2As2
†[16] 3.9625 13.0168 111.06 108.68

(X = As, M = Fe)
*space group: P4/nmm; †space group: I4/mmm

This has implications on the band structure and the elec-
tronic properties of these compounds. LnOFeAs com-
pounds show structural transition from tetragonal to ortho-
rhombic (space group: Cmma) at low temperatures (ca. 150
to 160 K).[18–20] Structural distortion from tetragonal (space
group: P4/nmm) to orthorhombic symmetry (space group:
Cmma) takes place below approximately 158[19] and
153 K[20] for CeOFeAs and PrOFeAs, respectively. Elec-
tronic calculations on LaOFeAs show that the energy bands
near the Fermi level (EF) originate from two-dimensional
metallic sheets of Fe2+ ions.[21] There are 12 bands between
–5.5 eV (relative to EF) and –2.1 eV for LaOFeAs. These
bands originate from O 2p and As 4p states; the As 4p
contribution and As-derived bands are hybridized with the
Fe 3d states. The extent of hybridization between Fe and
As in LaOFeAs is comparable to that in oxides.[21] The
bands near EF are sensitive to the height of As from the Fe
plane, which is controlled by the As–Fe–As bond angle.[21]

In the low-temperature orthorhombic LnOFeAs structure,
the FeAs4/4 tetrahedra are more distorted as compared to
those in the tetragonal form of LnOFeAs. There are three
types of As–Fe–As angles in the orthorhombic structure of
LnOFeAs[19–20] (Figure 6).

Figure 6. FeAs4 tetrahedra in tetragonal CeOFeAs (space
group:P4/nmm) (left) and orthorhombic CeOFeAs (space group:
Cmma) (right).[19]
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The α As–Fe–As angle (112.4°) in tetragonal CeOFeAs
slightly decreases (112.17°) in the orthorhombic struc-
ture.[19] The β angle (108.03°), with a multiplicity of four in
the tetragonal CeOFeAs structure, splits into two types of
As–Fe–As angles (108.36° and 107.92°), each with a multi-
plicity of two.[19] The undoped LnOFeAs compounds are
antiferromagnetic semimetallic in nature.[7] Introduction of
holes or electrons through chemical substitution suppresses
the antiferromagnetism and structural transition in these
compounds with the evolution of superconductivity.[22–25]

The doping of electrons through aliovalent substitution of
O2– by F– in LnOFeAs induces superconductivity.[7,26,27]

The substitution of O2– by F– leads to addition of electrons,
which is confirmed by Hall and thermopower studies. The
superconducting transition temperature (Tc) increases on
isovalent substitution of smaller and heavier lanthanides in
F-doped LnOFeAs (Figure 7), which reduces the lattice pa-
rameters (a and c) and corresponds to exerting a chemical
pressure that changes the band structure and Tc of these
compounds.[22,23,25–31] The maximum Tc achieved so far in
these oxypnictides is 55 K[29] in the Sm(O/F)FeAs super-
conductor.

Figure 7. Variation of superconducting transition temperature (Tc)
with lanthanide in Ln(O/F)FeAs. The values of Tc are taken from
ref.[7] for La, ref.[26] for Ce, ref.[28] for Pr, ref.[23] for Nd, ref.[29] for
Sm, ref.[30] for Gd, ref.[31] for Tb, ref.[31] for Dy.

Theoretical calculations by Jishi et al.[32] indicate that the
charge transferred from the [Ln–O] layer to the [Fe–As]
layer mainly resides on the As atoms. The substitution of
oxygen by fluorine in LnOFeAs results in a transfer of elec-
trons from the [Ln–O] layer to the [Fe–As] layer,[32] which
strengthens the ionic bonding between the lanthanide and
O/F atoms.[32] The enhancement in Tc from 26 to 43 K on
application of pressure in LaO0.9F0.1FeAs indicates that the
superconductivity in these pnictides is unconventional.[17]

The application of pressure on LaO0.9F0.1FeAs leads to a
systematic decrease in the lattice parameter c, which brings
the [La-(O/F)] and [Fe–As] layers closer to each other, re-
sulting in enhanced charge transfer from the [Ln–(O/F)]
layer to the [Fe–As] layer.[25–32] The Fe–Fe distances in these
LnOFeAs superconductors also play an important role in
controlling the superconducting transition temperature
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(Tc). Qureshi et al.[33] have reported neutron diffraction
studies on F-doped La(O/F)FeAs superconductors, which
show that the Tc increases with decreasing Fe–Fe distance.
Zhao et al.[19] also reported enhancement in Tc with de-
crease in Fe–Fe distance, which is directly related to the
lattice parameter a [d(Fe–Fe) = a/√2].

Introduction of holes in LnOFeAs through substitution
of Sr2+ at the lanthanide site also results in superconductiv-
ity with a maximum Tc of 25 K in (La/Sr)OFeAs.[34] Super-
conductivity in LnOFeAs can also be induced by doping of
electrons directly in the FeAs layer by substitution of cobalt
at the iron site,[35–37] with a maximum Tc of 15 K in SmO-
Fe0.9Co0.1As.[37] The structural parameters along with the
electron (or hole) concentration seem to be important in
determining Tc. Tc in these pnictides is also dependent on
the α and β angles in the FeAs4 tetrahedra, and the ideal
tetrahedral angle (109.5°)[19,38] leads to high Tc. This sug-
gests that the FeAs4 tetrahedra in these pnictides are very
important for the superconducting properties.

AFe2As2 (A = Ca, Sr, Ba)

A large number of compounds with the general formula
AB2X2 (A = lanthanide, alkaline earth, alkali metal; B =
transition metal or main group element and X = element
of group 14 or 15 and occasionally of group 13), which
adopt the tetragonal ThCr2Si2-type structure (space group:
I4/mmm), are known.

The tetragonal ThCr2Si2-type structure consists of tetra-
hedral layers of CrSi4/4 separated by Th layers.[15] As in the
ZrCuSiAs-type structure, the CrSi4/4 tetrahedral units are
edge-shared to form layers.[15] There are two tetrahedral
CrSi4/4 layers per unit cell, and these tetrahedra are dis-
torted, which gives rise to two types of Si–Cr–Si angle, sim-
ilar to those discussed earlier (α, β) (Figure 2). The α Si–
Cr–Si angle (112.72°) is larger than the β angle (107.87°) in
the ThCr2Si2 structure, which is opposite to the trend ob-
served for the As–Cu–As angle in ZrCuSiAs, where the α
As–Cu–As angle (93.89°) is smaller than the β As–Cu–As
angle (117.78°). The coordination around Th is eightfold
with silicon atoms at the corners of a flattened cube. The
Cr–Si bonds are strongly covalent in nature, while the
longer Th–Si bonds indicate ionic interaction between Th
and Si.[15] Recently discovered FeAs-based AFe2As2 (A =
alkaline earth metal) superconductors adopt the ThCr2Si2-
type structure. These AFe2As2 compounds consist of inter-
spersed [Fe2As2]2– layers and A2+ cationic layers[39] (Fig-
ure 8). The A layer acts as charge reservoir and FeAs layer
acts as charge carrier. Each Fe atom is bonded to four As
atoms in tetrahedral fashion, and A atoms are connected
with eight As atoms, resulting in square prism geometry
(Figure 9).

In this structure, A, Fe, and As atoms are present at the
2a, 4d, and 4e sites, respectively. AFe2As2 compounds also
have two types of As–Fe–As bond angles designated as α
and β. Angle α increases as the size of alkaline earth metal
increases, while angle β decreases with increasing ionic ra-
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Figure 8. Crystal structure of BaFe2As2 (space group: I4/mmm).

Figure 9. Ba and As connectivity in BaFe2As2 (space group: I4/
mmm).

dius of the A metal ion in AFe2As2.[40–42] The α As–Fe–As
angle is slightly smaller (111.06°) in BaFe2As2 as compared
to the Si–Cr–Si angle (112.72°) in ThCr2Si2, which has a
smaller β value than that of BaFe2As2. Similar to LnOFeAs,
these AFe2As2 compounds also exhibit structural transition
at low temperatures. Variable-temperature neutron diffrac-
tion studies on BaFe2As2

[43] show a structural phase transi-
tion from a tetragonal (space group: I4/mmm) to an ortho-
rhombic (space group: Fmmm) structure at approximately
142 K.[43] In the low-temperature orthorhombic structure
of BaFe2As2, Fe forms distorted tetrahedra that give rise to
three types of As–Fe–As bonds, each with a multiplicity of
two. The structural transition in BaFe2As2 from tetragonal
to orthorhombic leads to an increase in α, while β splits
into two types, each with a multiplicity of two (108.80° and
108.15°). Iron atoms are arranged in a distorted square
planar fashion in the orthorhombic AFe2As2 structure. Be-
low the structural transition temperature (Ts), antiferro-
magnetic ordering of Fe moments takes place along the
longer a axis. The magnetic moment of Fe in BaFe2As2 was
found to be 0.87 μB per Fe atom[43] at 15 K, which is quite
high as compared to that observed in LaOFeAs (0.36 μB

per Fe atom).[18] The most striking difference between LnO-
FeAs and AFe2As2 compounds is that in the latter, the mag-
netic and structural transitions take place at the same tem-
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perature,[43] while in the LnOFeAs compounds, the struc-
tural transition takes place first, followed by ordering of
iron magnetic moments[18–20] at much lower temperatures.
The magnetic moments of iron are arranged in antiparallel
fashion along the orthorhombic a and c axes, while they
are parallel along the b axis. A large correlation length (�
300 Å) indicates that the magnetic structure in BaFe2As2

has three-dimensional character and there is long-range
antiferromagnetic ordering of Fe spins, despite the large
interlayer distance between the neighboring Fe–As pla-
nes.[43] The Fermi surface and electronic structure of
BaFe2As2 were calculated by Nekrasov et al.[44] within the
local density approximation (LDA) with the linearized muf-
fin-tin orbital (LMTO) method. The density of states
(DOS) for BaFe2As2 was found to be flat, which supports
the two-dimensional nature of this compound. The value of
DOS for BaFe2As2 is similar to that of LaOFeAs at the
Fermi level. The Fe 3d band width is larger (by 0.3 eV) for
BaFe2As2 relative to that of LaOFeAs. The shorter Fe–As
bonds in BaFe2As2 indicate a stronger Fe(3d)–As(4p) hy-
bridization as compared to that in LaOFeAs.[44] The bands
near the Fermi level are mainly contributed by Fe 3d orbit-
als.[44] The structural transition and antiferromagnetism as-
sociated with AFe2As2 compounds can be suppressed by
doping of holes, similar to electron doping, in LnOFeAs,
with evolution of superconductivity. Holes can be doped in
AFe2As2 by replacing A2+ ions by K+ ions; the resulting
compounds show superconductivity with a maximum Tc of
38 K[40] in Ba0.6K0.4Fe2As2 (Table 2). Similar to LnOFeAs,
superconductivity can also be introduced by direct doping
of electrons in the FeAs layer through substitution of Co
ions at the Fe site, with a maximum Tc of 22 K[45] in Ba(Fe/
Co)2As2 (Table 2).

Table 2. Lattice parameters (a and c) and superconducting transi-
tion temperatures (Tc) of compounds of the type AFe2As2 (A =
Ca, Ba, Sr, and Eu) (space group: I4/mmm).

Composition Lattice parameters Tc

a [Å] c [Å] [K]

Ca0.5Na0.5Fe2As2
[42] 3.829 11.862 20

Ba0.6K0.4Fe2As2
[40] 3.917 13.297 38

Eu0.5K0.5Fe2As2
[41] 3.867 13.091 32

Eu0.7Na0.3Fe2As2
[46] 3.898 12.262 34.7

Ba(Fe0.9Co0.1)2As2
[45] 3.964 12.980 22

Sr(Fe0.9Co0.1)2As2
[47] 3.928 12.303 20

The application of pressure on these AFe2As2 com-
pounds also induces superconductivity by suppressing the
structural transition and antiferromagnetism. Neutron dif-
fraction studies on single crystals of CaFe2As2 under high
pressure reveal a transition from a tetragonal to a collapsed
tetragonal structure.[48] These results show that supercon-
ductivity in these compounds is unconventional.[49] Super-
conductivity in AFe2As2-type compounds could also be in-
duced by doping of electrons through substitution of tri-
valent lanthanide ions in place of divalent alkaline earth
metals.[50,51] A maximum Tc of 47 K was observed in
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Ca1–xPrxFe2As2.[50] These lanthanide doped CaFe2As2 su-
perconductors have higher transition temperatures as com-
pared to their hole-doped analogues. The substitution of
Pr3+ in CaFe2As2 results in a transition to a collapsed te-
tragonal (CT) structure along with doping of electrons.[51]

The reduced lattice parameter c of lanthanide-doped Ce-
Fe2As2 could be playing an important role in enhancing the
Tc as compared to hole-doped AFe2As2 superconductors.
Similar to LnOFeAs superconductors, the maximum Tc in
the AFe2As2 system was observed when the FeAs4 tetrahe-
dra were nearly ideal (tetrahedral angle: 109.5°).[38]

AFeAs (A = Li and Na)

The crystal structure for NaFeAs is shown in Figure 10.
The AFeAs (A = Li and Na) compounds crystallize in the
tetragonal anti-Cu2Sb-type structure (space group P4/
nmm), which is isotypic with the PbFCl structure.[11] The
PbFCl (AFX) structure is made up of a sequence of fluorite
slabs [Pb2F2] separated by double Cl layers, as discussed
earlier. In the anti-Cu2Sb structure, the A atoms shift from
the F sheet towards the X sheets, which results in square-
pyramidal [A2X2] slabs. In the Cu2Sb structure, half of the
copper atoms are connected with four Sb atoms in a tetra-
hedral fashion.[52] Similar to the PbFCl, ZrCuSiAs, and
ThCr2Si2 structures, the CuSb4/4 tetrahedra are edge-shar-
ing and distorted, which gives rise to α and β Sb–Cu–Sb
angles. The α Sb–Cu–Sb angle (95.05°) in Cu2Sb is much
smaller than α angles in the PbFCl, ZrCuSiAs, and
ThCr2Si2 structures, while the β Sb–Cu–Sb angle (117.13°)
is similar to the β As–Cu–As angle in ZrCuSiAs com-
pounds.[52] In the AFeAs structure, Fe atoms occupy the
2a crystallographic site, while A and As atoms occupy 2c
crystallographic sites. Its structure consists of layers of
FeAs4/4 tetrahedra in which Fe and As are arranged in anti-
PbO-type layers (Figure 10).

Figure 10. Crystal structure of NaFeAs (space group: P4/nmm).

α-PbO crystallizes in a tetragonal structure (space group:
P4/nmm) consisting of edge-sharing tetrahedral layers of
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PbO4/4 (distorted tetrahedral). The α O–Pb–O angles
(118.17°), which are above and below the Pb plane, are
larger than the β angles (105.30°).[53] The Fe–As tetrahedral
layers in AFeAs are separated by a layer of A atoms, which
are coordinated with As atoms (Figure 10). Edge-sharing
FeAs4/4 tetrahedra are distorted, which results in two types
of As–Fe–As bond angles with multiplicities of two (α) and
four (β), similar to the tetrahedra discussed earlier. The α
angle (108.27°) in NaFeAs is smaller than the β angle
(110.07°); this is opposite in trend to that observed in the
PbO structure.[13,53] Variable-temperature neutron and X-ray
diffraction studies of AFeAs show that these compounds
do not undergo any structural transition at low tempera-
ture, and there is no evidence of antiferromagnetic ordering
of iron spins. However, the theoretical calculations [local
density approximation (LDA)] suggest that the Fermi sur-
faces and magnetic ordering in AFeAs are similar to those
in LnOFeAs and AFe2As2. Transport and heat capacity
studies by Chen et al.[54] on single crystals of Na1–xFeAs
showed the presence of two anomalies at 52 and 41 K,
which were assigned to structural and antiferromagnetic
phase transitions, respectively. Muon-spin rotation (μSR)
studies by Parker et al.[13] confirmed the antiferromagnetic
ordering of Fe in NaFeAs. However, their studies do not
show any evidence of structural transition. Li et al.[55] re-
ported neutron scattering studies on single and polycrystal-
line samples of Na1–xFeAs. Their studies reveal a transition
from tetragonal (space group: P4/nmm) to orthorhombic
structure (Cmma) near 50 K, which confirms the experi-
mental observation of the structural transition at 52 K by
Chen et al.[54] Thermal triple-axis spectroscopy on single
crystals of Na1–xFeAs confirms the presence of an antifer-
romagnetic phase transition near 40 K.[54] Na1–xFeAs also
forms a collinear in-plane antiferromagnetic spin structure
similar to LnOFeAs and AFe2As2. The ordered magnetic
moment of Fe was found to be 0.09 μB for NaFeAs, which
is much smaller than those for undoped LnOFeAs and
AFe2As2.[50] Nekrasov et al.[56] calculated the electronic
structure of LiFeAs by the local density approximation
(LDA) with the linearized muffin-tin orbital (LMTO)
method.[56] Energy bands near the Fermi level originate
from Fe 3d states (–2.5 to +2.5 eV), and As 4p states are
lower in energy (–2.5 down to –6.0 eV) than iron states. The
bandwidth of Fe 3d states in LiFeAs is larger, which results
in lowering of the energy of As 4p states in LiFeAs as com-
pared to LaOFeAs and BaFe2As2. The total value of DOS
on the Fermi level (3.86 state/eV/cell) is slightly less than
those for LaOFeAs (4.01 state/eV/cell) and BaFe2As2

(4.22 state/eV/cell).[56] Initial studies show that AFeAs
compounds do not require doping of holes or electrons
to induce superconductivity.[13,57,58] However some
reports argue that there is some A ion deficiency, which
results in hole doping in these AFeAs superconduct-
ors.[59]

The smaller value of the density of states on the Fermi
level for LiFeAs may also be responsible for lower values
of Tc (Table 3) in this superconducting compound, as com-
pared to other iron-based pnictide superconductors.[56]
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Table 3. Lattice parameters (a and c) and superconducting transi-
tion temperature (Tc) of AFeAs (A = alkali metals).

Composition Lattice parameters Tc

a [Å] c [Å] [K]

LiFeAs[57] 3.776 6.357 16
NaFeAs[13] 3.949 7.039 9

β-FeS/Se/Te

β-FeS/Se/Te compounds crystallize in the tetragonal
PbO-type structure (space group: P4/nmm), while α-FeSe
crystallizes in the hexagonal NiAs-type structure, which is
slightly iron-deficient (Fe1–xSe). Fe atoms in β-FeSe are tet-
rahedrally connected to Se, and the FeSe4 tetrahedra are
distorted[60] similar to those in LnOFeAs, AFe2As2, and
AFeAs, which gives rise to two types of Se–Fe–Se bond
angle (α and β) (Figure 11). For Fe1.01Se, the α Se–Fe–Se
angle (103.98°) is smaller than the β angle (112.29°), which
is opposite to the trend observed in the PbO structure. The
interaction between the Se atoms of two adjacent FeSe lay-
ers is stronger as compared to the interaction between inter-
layers of oxygen atoms in the PbO structure.

Figure 11. Crystal structure of β-FeSe (space group: P4/nmm).

Hsu et al.[60] discovered the superconductivity in the
FeSe system, and they attributed the superconductivity to
selenium deficiency (FeSe0.82, Tc = 8 K). Contrary to this
first report of superconductivity in selenium-deficient
FeSe0.82, McQueen et al.[14] showed that the superconduct-
ing FeSe is much closer to the stoichiometric FeSe (not Se-
deficient) and slightly iron-rich. Variable-temperature struc-
tural studies by McQueen et al.[14] show that Fe1.01Se un-
dergoes a transition from tetragonal (space group: P4/nmm)
to orthorhombic structure (space group: Cmma) below
90 K.[14] In the low-temperature orthorhombic structure,
the FeSe tetrahedra are more distorted as compared to
those in the tetragonal structure, which gives rise to three
types of Se–Fe–Se bond angles each with a multiplicity of
two. The Se–Fe–Se angles that are above and below the Fe–
Fe planes (104.28°) are smaller than other Se–Fe–Se angles.
Enhancement in Tc from 8 K to 37 K[61] in FeSe on applica-
tion of pressure suggests unconventional superconductivity
in these iron chalcogenide superconductors.

www.eurjic.org © 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2011, 3868–38763874

Comparison of Structural Parameters

In all the Fe-based compounds discussed here, LnOFeAs,
AFe2As2, AFeAs, and FeSe, the distorted, edge-sharing
FeX4/4 (X = As and Se) tetrahedra are omnipresent. For
AFe2As2 compounds, two Fe–As layers are present in one
unit cell, while other LnOFeAs, AFeAs, and FeSe com-
pounds have one FeX (X = As, Se) unit per unit cell. The
lattice parameter a of LnOFeAs, AFeAs, and AFe2As2 com-
pounds are similar, but the lattice parameter c is quite dif-
ferent among these three FeAs-based families mainly be-
cause of the change from the primitive to the body-centered
tetragonal cell. The lattice parameter c (13.0168 Å for
BaFe2As2

[16]) is largest in AFe2As2, while AFeAs com-
pounds have the shortest lattice parameter c (6.3567 Å in
LiFeAs[59]) among all these Fe-based superconducting fami-
lies. For LnOFeAs compounds, the lattice parameter c de-
creases on substitution of smaller lanthanides at the La
site.[22–24] Similar decreases in the lattice parameter c were
also observed on substitution of smaller alkaline earth
metals at the A site in AFe2As2,[40–42] but in the AFe2As2

system, this decrease in the lattice parameter c (Δc) on in-
troducing smaller ions at the A site is more pronounced as
compared to that in the LnOFeAs system. The reduction in
the lattice parameter c of the LaOFeAs and AFe2As2 sys-
tems is due to interaction between two As atoms, and in
LnOFeAs only intralayer As–As interaction exists while in
AFe2As2 both inter- and intralayer As–As interaction exists.
The Fe–As distance is largest in LnOFeAs compounds
among the three families (LnOFeAs, AFeAs, and AFe2As2),
while the Fe–As distances in AFeAs and AFe2As2 com-
pounds are similar.[13,40–42] Likewise, Fe–Fe bond lengths
are longer in LnOFeAs compounds as compared to those
in AFeAs and AFe2As2 compounds. The As–Fe–As bond
angles are very important in these compounds, as the maxi-
mum superconducting transition temperature was achieved
when the α As–Fe–As angle is close to the ideal tetrahedral
angle (109.5°).[19,38] Also the extent of Fe–Fe bonding (Fe–
Fe distance) is an important parameter for determination
of superconducting properties; high Tc values in these Fe-
based superconductors are obtained when the Fe–Fe dis-
tances are shorter.[33]

Conclusions

The occurrence of tetrahedral layers in several polar in-
termetallics, chalcogenides, and pnictides is frequently ob-
served. We have discussed several structural aspects of the
recent Fe-based pnictides and chalcogenides (LnOFeAs,
AFeAs, AFe2As2, and FeSe) and compared them with the
well-known PbFCl, ZrCuSiAs, and ThCr2Si2 structures. All
these Fe-based pnictides and chalcogenides contain dis-
torted, edge-sharing FeX4 (X = As and Se) tetrahedra. Dis-
tortion of FeX4 (X = As and Se) tetrahedra gives rise to
two types of X–Fe–X angle (α and β), which are observed
at room temperature in all the above pnictides and chalcog-
enides. At low temperature, the tetragonal LnOFeAs,
AFe2As2, and β-FeSe compounds exhibit structural transi-
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tion and antiferromagnetism. The structural transition in
LnOFeAs, AFe2As2, and β-FeSe results in further distor-
tion of the FeX4 tetrahedra [three types of X–Fe–X angle
(α, β1, β2)]. The doping of electrons/holes in LnOFeAs and
AFe2As2 compounds suppresses structural transition and
antiferromagnetism with evolution of superconductivity.
The X–Fe–X angles have a strong bearing on superconduc-
tivity, as the maximum Tc is observed when the angles are
close to the ideal tetrahedral angle (109.5°).
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