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The effects of spin structures on the Fermi surface topologies of BaFe;As, were calculated using the first-
principles approach. Here, we considered the nonmagnetic, Checkerboard, Stripe, and SDW (spin-density-
wave) structures as well as a tetragonal structure labeled as STR17. By comparing the calculated results
with the published angle-resolved photoemission spectroscopy from the literature, we propose that most
of the experimentally observed Fermi surfaces of BaFe,As, are the thermal mixture of those of the SDW,
STR17, and Stripe structures.

© 2010 Elsevier Ltd. All rights reserved.

Itis commonly believed that the newly discovered iron arsenide
superconductors [ 1] are possibly magnetically mediated [2]. How-
ever, being different from the cuprates where the parent com-
pound is a Mott insulator, the parent compounds of the arsenide
superconductors show a metallic behavior with a magnetically or-
dered state [3]. Hence, understanding the impact of magnetic or-
dering on the shapes of Fermi surface (FS), which is an abstract
surface in momentum space separating the occupied from unoc-
cupied states, may provide a way to investigate the mechanism
of superconductivity in these materials. In this respect, BaFe,As,
is one of the most investigated parent compounds [3-8]. In par-
ticular, Singh [8] first reported the density functional calcula-
tion of the FS for BaFe,As, assuming the nonmagnetic state and
using the high temperature experimental tetragonal lattice pa-
rameters within the local density approximation (LDA) for the
exchange-correlation potential; Ma et al. [6], using the experimen-
tal tetragonal crystal lattice parameters, calculated the FSs of the
nonmagnetic state, the square antiferromagnetic Néel state (re-
ferred to as Checkerboard in this work), and the collinear anti-
ferromagnetic state (referred to as spin-density-wave (SDW) state
in this work) for BaFe,As, under the generalized gradient ap-
proximation (GGA) of Perdew-Burke-Ernzerhof [9] for the ex-
change-correlation potential; Shimojima et al. [7], reported the
measured FSs for BaFe,As, below and above the Néel temperature
and compared them with those obtained from LDA calculations us-
ing the experimental lattice constant.
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In this work, we have made a more systematic first-principles
study that details how magnetism affects the Fermi surface topol-
ogy as a function of the spin structure. Unique from the previous
work, which employed the experimental geometries, the present
calculations use the theoretically fully optimized geometries. We
report the calculated Fermi surface pockets for four spin struc-
tures and one nonmagnetic structure of the iron-based supercon-
ductor parent compound BaFe;As;. Fig. 1(a)-(e) illustrate the spin
alignments of Fe atoms for the ordered (SDW) [6,10], STR17, Stripe
[11,12], Checkerboard [6,11,12], and nonmagnetic (NM) [8] struc-
tures, respectively. Note that the structures plotted in Fig. 1(a)-(e)
contain 2, 1, 2, 4, and 4 primitive unit cells, respectively. The spin
structures of the Checkerboard, Stripe, and SDW are already known
in the literature listed above.

We note that STR17 is a new magnetic structure proposed in
this work, which is a superstructure achieved by rotating one of the
two layers of Fe spins of the Stripe structure by 90°. When the spin
symmetry is considered, its primitive unit cell contains 4 formula
units. STR17 is unique due to its tetragonal symmetry (after the
symmetry breaking due to the Fe spin configuration is neglected):
a commonly observed symmetry for most of the iron arsenide
superconductors [1,13-15]. STR17 could be a good candidate of
an intermediate phase with broken symmetry (spuriously by spin
distribution)—an important concept in understanding supercon-
ductivity [16].

The first-principles calculations are performed by employing
the projector-augmented wave (PAW) method [17,18] within
the generalized gradient approximation (GGA) of Perdew-Burke-
Ernzerhof (PBE) [9] implemented in the VASP package [17,18]. A
plane wave cutoff of 348.2 eV is used. Cell shape, cell volume,
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Fig. 1. (Color online). The magnetic structures of BaFe,As, calculated in the current work: (a) SDW; (b) STR17; (c) Stripe; (d) Checkerboard; and (e) NM. Big golden spheres:
Ba; Small grey spheres: As; Red spheres with arrows pointing left: Fe with spin up; Cyan spheres with arrows pointing right: Fe with spin down. Fe atoms are shown as

white spheres for NM.

and atomic positions are all fully relaxed to find the equilibrium
geometries for calculating the Fermi surfaces of the five structures.

Taking the total energy of the NM structure as the reference, the
calculated total energies in the unit of the 20-atom supercell are
—516.18, —497.29, —489.97, —122.65, and 0 meV, for the SDW,
STR17, Stripe, Checkerboard, and NM structures, respectively. It
therefore proves that the SDW structure is indeed the ground
state, in agreement with experiments [19,20]. Note that the total
energy for STR17 is lower, by —7.32 meV, than that of the Stripe,
which is a prototype of many recent theoretical models [8,12,21].
Furthermore, the NM and Checkerboard structures are very high
in energy when being compared with the Stripe, STR17, and SDW
structures.

We now focus on the topologies of the FSs of BaFe;As;. Figs. 2
and 3 show the calculated FSs for the tetragonal structures and
the orthorhombic structures, respectively. The 3D isosurfaces are
plotted in Fig. 2(a) for NM, Fig. 2(b) for Checkerboard, Fig. 2(c)
for STR17, Fig. 3(a) for Stripe, and Fig. 3(b) for SDW; the cuts at
highly concentrated Fermi pockets are plotted in Fig. 2(d) for NM,
Fig. 2(e), for Checkerboard, Fig. 2(f) for STR17, Fig. 3(b) for Stripe,
and Fig. 3(d) for SDW; and top views of the isosurfaces are plotted
in Fig. 2(g) for NM, Fig. 2(h) for Checkerboard, Fig. 2(i) for STR17,
Fig. 3(e) for Stripe, and Fig. 3(f) for SDW.

Very recently, several experimental works based on angle-
resolved photoemission spectroscopy (ARPES) were published in
the literature. Kondo et al. [4] reported the measured FSs for pure
BaFe,As; at 20 K and 150 K. Liu et al. [5] reported the measured
FSs for undoped and doped BaFe;As; at 20 K, confirming the re-
sults of Kondo et al. that the X-pocket Fermi surface of the undoped
samples resemble four flower petals. Yang et al. [22] reported
the measured FSs for undoped BaFe,As, in the paramagnetic
state (tetragonal phase). In the above-mentioned three works, the
experimental data were expressed in terms of the tetragonal sym-
metry, although the crystal structure of pure BaFe,As, at 20 Kis or-
thorhombic. The most elaborate experiment was from Shimojima
et al. [7] who demonstrated that above Ty (Néel temperature), the
observed FS showed a nearly circular shape with four-fold symme-
try while below Ty, the FS obtained drastically split into a pair of
relatively large FSs and a pair of small FSs (thus resulting in signif-
icantly modified FSs with two-fold symmetry).

From Fig. 2, it is seen that only the NM and Checkerboard
structures consist of a double sheet hole-pocket (cyan area around
the Z point in Fig. 2(d) for NM and small cyan area around the Z
point in Fig. 2(e) for Checkerboard) and a double sheet electron-
pocket (yellow area around the X point in Fig. 2(d) and (e))
although the majority of the Fermi pockets are single hole-packets
(blue area just outside the double hole-pocket area in Fig. 2(d) and
(e)) and single electron-pockets (red area just outside the double
electron-pocket area in Fig. 2(d) and (e)).

For the NM structures, our calculated Fermi surfaces are iden-
tical to those calculated in previous works [8,12,21]. Specifically,
the I" (the symbol G is used to represent I" in Figs. 2 and 3) points
are two circle-like hole-pockets which are evolved and enlarged
into round-corner squares at the Z point and around the X point
are two ellipse-like electron-pockets. Interestingly, the measured
FSs at the X point for the cobalt doped Ba(Feg gg5C09.114)2AS, by Liu
etal.[5] (see Fig. 1(b) and (e) in the work published by Liu et al. [5])
are precisely reproduced by the present calculations for the NM
and Checkerboard structures. However, we note that the NM and
Checkerboard structures are much higher in energy compared to
the Stripe, STR17, and SDW structures. Therefore, we advocate that,
below the SDW ordering temperatures of 80-150 K [23-27], the
NM and Checkerboard structures should be excluded from explain-
ing the low temperature properties of undoped BaFe,As; due to
their high energies.

The SDW, STR17, and Stripe structures are stripe-based. Our
calculations show that they consist of single sheet hole-pockets
(small blue area between the I" and Z points in Fig. 2(f) for STR17,
blue area around the I" point in Fig. 3(c) for Stripe, and small blue
between the I" and Z points in Fig. 3(d) for SDW) and single sheet
electron-pockets (large red area just outside the single electron-
pocket area in Fig. 2(f), red area around the Z point in Fig. 3(c),
and red area around the Z point in Fig. 3(d)). The FSs of the STR17
structure (Fig. 2(c), (f) and (i)) are characterized by the circular
electron-pocket with a square hole in the center in the k, = 0 cut,
the flower-like electron-pocket with four petals in the k, = cut,
and the small hole-pocket between the I" and Z points. The FSs
of the Stripe structure (Fig. 3(a), (c) and (e)) are characterized by
a similar distorted flower-like electron-pocket along Z-T together
with relatively small hole-pockets along Z-I". The FSs of the SDW
structure (Fig. 3(b), (d) and (f)) contain two-fold electron-pockets
along the Z-T direction together with rather small hole-pockets
along Z-I'". The calculated FSs for the Stripe structure and the SDW
structure in Fig. 3 are greatly supported by the recent measurement
by Shimojima et al. [7], as is demonstrated by the agreement
between the calculation and the experiment concerning the shapes
of the FSs near the Z points (compare Fig. 3 of this work with the
measured data shown in Fig. 1(d) and (f) in the work published by
Shimojima et al. [7]).

The calculated FSs for the STR17 structure shown in Fig. 2(c),
(f) and (i) are especially interesting. Since the energy of the
STR17 structure is even lower than that of Stripe, it could be
substantially thermally populated even below Ty. Moreover, for
BaFe;,As;, we must realize that the experimentally observed high
temperature tetragonal phase is paramagnetic. It is important to
distinguish the paramagnetic and nonmagnetic phases [28]. In the
paramagnetic phase, Fe atoms still possess local spin moments
although completely disordered, while in the nonmagnetic phase
there are no local spin moments at Fe sites. It could be assumed,
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Fig. 2. (Color online). The calculated Fermi surfaces of tetragonal BaFe,As,. Isosurfaces: (a) NM; (b) Checkerboard; and (c) STR17. Cuts: (d) NM; (e) Checkerboard; and
(f) STR17. Top views of isosurfaces: (g) NM; (h) Checkerboard; (i) STR17. The cyan, blue, red, and yellow colors have been used to mark the double sheet hole-pocket, single

sheet hole-pocket, single sheet electron-pocket, and double sheet electron-pocket, respectively. The symbols G, Z, X, and M mark the high symmetry points in reciprocal
space.

Fig. 3. (Color online). The calculated Fermi surfaces of orthorhombic BaFe,As,: Isosurfaces (a) Stripe and (b) SDW. Cuts: (c) Stripe and (d) SDW. Top views of isosurfaces:
(e) Stripe and (f) SDW. The cyan, blue, red, and yellow colors have been used to mark the double sheet hole-pocket, single sheet hole-pocket, single sheet electron-pocket,

and double sheet electron-pocket, respectively. The symbols G, Z, Y, and T mark the high symmetry points in reciprocal space.

therefore, that the STR17 structure can be substantially thermally
populated above Ty. Indeed, the FSs as shown in Fig. 2(c), (f) and
(i) of the STR17 structure show a trace of the four flower petals
observed by Kondo et al. [4] (see Fig. 2(c1) and (c2) in the work
published by Kondo et al. [4]) and by Liu et al. [5] (see Fig. 1(a) and
(c) in the work published by Liu et al. [5]) and the circular shape
with four-fold symmetry observed by Shimojima et al. [7] (see Fig.
1(d) and (e) in the work published by Shimojima et al. [7]) for the
high temperature phase.

Since the total energies (in the unit of the 20-atom supercell,
i.e,, 4 formula units) of the STR17 and Stripe structures are
just 18.89 and 26.21 meV higher, respectively, than that of the
ground state SDW structure, the STR17 and Stripe structures
should be substantially thermally occupied at around the BaFe;As,
SDW transition temperature in the range 80-150 K [23-27].
Therefore, we propose that most of the experimentally observed
FSs of BaFe,As; [4,5,21,22] (these experimental results are usually
expressed in the form of tetragonal symmetry regardless of
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temperature) are the thermal mixture of those of the SDW, STR17,
and Stripe structures.

In summary, the effects of different spin structures on Fermi
surface topologies of the iron-based superconductor parent com-
pound BaFe,As, have been calculated using the first-principles
method. We have considered four magnetic structures: the ob-
served low temperature ordered spin-density-wave (SDW) struc-
ture, the Checkerboard structure, the Stripe structure, and a 4
formula unit superstructure named STR17 proposed in the current
work, together with the nonmagnetic structure. Since the calcu-
lated total energies of the STR17 and Stripe structures are rather
close to that of the SDW structure, we propose that the experimen-
tally observed Fermi surfaces of BaFe,As; are the thermal mixture
of those of the SDW, STR17, and Stripe structures at the BaFe,As,
SDW transition temperature around 80-150 K [23-27].
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