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On the experimental side, BaFe,As, without doping has been made superconducting by applying appropriate
pressure (2—-6 GPa). Here, we use a full-potential linearized augmented plane-wave method within the density-
functional theory to investigate the effect of pressure on its crystal structure, magnetic order, and electronic
structure. Our calculations show that the striped antiferromagnetic order observed in experiment is stable
against pressure up to 13 GPa. Calculated antiferromagnetic lattice parameters are in good agreements with
experimental data, while calculations with nonmagnetic state underestimate Fe-As bond length and c-axis
lattice constant. The effects of pressure on crystal structure and electronic structure are investigated for both the
antiferromagnetic state and the nonmagnetic one. We find that the compressibility of the antiferromagnetic
state is quite isotropic up to about 6.4 GPa. With increasing pressure, the FeAs, tetrahedra are hardly distorted.
We observe a transition of Fermi-surface topology in the striped antiferromagnetic state when the compression
of volume is beyond 8% (or pressure 6 GPa), which corresponds to a large change in c¢/a ratio. These
first-principles results should be useful to understand the antiferromagnetism and electronic states in the

FeAs-based materials and may have some useful implications to the superconductivity.
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I. INTRODUCTION

The discovery of high-temperature superconductivity in
iron-pnictide materials' has attracted widespread interest in
elucidating the superconductivity mechanism and searching
for new high-7,. materials.>* The highest critical temperature
(T,) observed in the RFeAsO series compounds (R
=La-Gd) is up to 55 K with electron doping.>® Recently,
superconductivity was discovered in the AFe,As, materials
(A=Ca,Ba,Sr) which have similar FeAs layers. It has been
reported that the transition temperature can be as high as 38
K for (K,Ba)Fe,As, and (K, Sr)Fe,As,.”® All of these com-
pounds show an antiferromagnetic (AF) order and a struc-
tural transition with similar ordering temperatures.” Although
the superconductivity mechanism is not yet known up to
now, the phonon-mediated pairing seems to be ruled out.'”
The fact that antiferromagnetic spin fluctuations coexist with
superconductivity indicates that the nature of superconduc-
tivity should be complex and unconventional in the FeAs-
based compounds,>*!! like that of the cuprate high-7.. super-
conductors.

Stoichiometric BaFe,As, is not a superconductor but an
antiferromagnet.'>!3 Superconductivity can be achieved by
either electron or hole doping. In hole-doped superconduct-
ing (K,Ba)Fe,As,, T.=38 K has been obtained by replacing
40% Ba with K,” so that BaFe,As, is a typical parent com-
pound of the high-temperature iron arsenide superconduct-
ors. In addition, recent experiments confirmed that BaFe,As,
without doping becomes superconducting under high
pressure.'* The pressure inducing superconductivity was also
observed in the same group compounds SrFe,As, (Ref. 14)
and CaFe,As,.!3 It is very interesting to investigate the prop-
erties of AFe,As, materials under high pressure.

In this paper we use full-potential linearized augmented
plane-wave (FLAPW) method based on the density-
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functional theory (DFT) to investigate pressure effect on the
crystal structure, magnetism, and electronic structure of
BaFe,As,. The reason why we concentrate on BaFe,As, to
investigate the pressure effect is that its superconductivity, in
a wide pressure range (between 2 and 6 GPa) and the highest
T, up to 28 K, is more robust than that of the Sr and Ca
compounds.'* At first, we analyze the effects of different
magnetic orders on the equilibrium lattice parameters and
corresponding electronic structures. Our calculation indicates
that the striped antiferromagnetic state is the ground state; its
calculated crystal structure and lattice constants are consis-
tent with experimental data. With increasing pressure, there
is a topological transition of Fermi surfaces in the striped
antiferromagnetic state approximately at 6 GPa. This Fermi-
surface transition is possibly related to the structural transi-
tion and consistent with the loss of superconductivity at the
pressure. These full-potential DFT results should be helpful
to understand the pressure-induced properties of BaFe,As,.!!

The remaining part of this paper is organized as follows.
In Sec. II, we describe our computational method and param-
eters. In Sec. III, we analyze the crystal structure, magnetic
orders, and electronic structures under ambient pressure. In
Sec. IV, we present pressure-driven changes in the crystal
structure, magnetic order, and electronic structures. In Sec.
V, we compare our calculated results with known experimen-
tal results. Finally, we give our conclusion in Sec. VL.

II. COMPUTATIONAL METHOD

The present calculations are performed by using an ab
initio all-electron FLAPW method based on the density-
functional theory, as implemented in WIEN2K code.'® Both
local-density approximation (LDA) (Ref. 17) and general-
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ized gradient approximation (GGA) (Ref. 18) are used in our
calculations. The atomic sphere radii of 2.4, 2.0, and 1.9 a.u.
are used for Ba, Fe, and As, respectively. The self-consistent
calculations are considered to be converged only when the
integrated charge difference between input and output charge
densities is less than 0.0001. The internal parameter z,,, de-
scribing the As position, is relaxed until the force per atom is
smaller than 1mRy/a.u. We use 500 k points for Brillouin-
zone (BZ) integrations in the antiferromagnetic calculations
and at least 1500 k points in the nonmagnetic calculation.

BaFe,As, has ThCr,Si,-type body-centered tetragonal
structure (I4/mmm) with lattice parameters a=3.9625 A
and b=13.0168 A at room temperature. The FeAs layers are
stacked, so that the As atoms face each other and the Ba
atoms sit in the resulting eightfold coordinated square pris-
matic sites between them. At 140 K, it undergoes a structural
phase transition from tetragonal to orthorhombic structure
(Fmmm) with lattice constants a=5.6146 A, b=5.5742 A,
and ¢=12.9453 A (at 20 K) accompanied by a magnetic
phase transition from a Pauli paramagnetism to an antiferro-
magnetic order. Neutron-scattering experiments have shown
that the magnetic moments are aligned ferromagnetically
along the b axis but antiferromagnetically along the a and ¢
axes,'>!? the named striped antiferromagnetic order state
(AF1). We also calculated checkerboard antiferromagnetic
order state (AF2), in which magnetic moment of nearest-
neighbor Fe is antiferromagnetically ordered while magnetic
moment of next-nearest neighbor is ferromagnetically or-
dered. In all the calculations, we keep b/a ratio in term of
the experimental value because we have found that changing
b/a has tiny influence on the total energy and electronic
structure.

II1. ANALYSIS OF AMBIENT-PRESSURE PROPERTIES

As a starting point, we took the experimental lattice pa-
rameters of tetragonal paramagnetic state and the striped an-
tiferromagnetic state of BaFe,As, and relaxed the internal
coordinate of As by DFT calculation with GGA. For non-
magnetic state, we found that relaxed internal parameter of
Zas=0.3448 is much lower than the experimental value of
75s=0.3545, while for the striped antiferromagnetic order,
we arranged the direction of iron magnetic moment in terms
of experimental observation'” and got a value of zjq
=0.3515, which is in better agreement with experimental
data of z,,=0.3538.! Other antiferromagnetic settings with
optimized lattice parameters cause smaller z,¢ value, but bet-
ter than nonmagnetic result. The calculated magnetic mo-
ment of iron inside muffin-tin sphere is 1.86up, which is
almost twice larger than the value of 0.8uz measured by
neutron-scattering experiment.!”

It turns out that the band character of BaFe,As, is similar
to that of LaFeAsO,'" except that La f and O p states are
missing in BaFe,As, compound. The band splitting of d3,2_,
states is also significantly weaker in BaFe,As, than in
LaFeAsO, which indicates that interlayer bonding through
the Ba layer of BaFe,As, is weaker than the LaO layers of
LaFeAsO. Since there have been many reports on the elec-
tronic structures,?'2* we show only the bands near Fermi
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FIG. 1. Band structure (top two panels) and Fermi-surface sec-
tions (the other four panels) of BaFe,As, of experimental lattice
constant with experimental As coordinates z,, (left column, labeled
as exp. str) and with ab initio optimized value (right column, la-
beled as opt. str). The middle panels show the Fermi-surface sec-
tions extended to the second Brillouin zone in the k, direction for
the k,=0 plane and the bottom panels show those for the k,=m/c
plane.

level to manifest the key parts. The band structure and Fermi
surfaces of tetragonal phase are illustrated in Fig. 1 for both
experimental and optimized structures.

Fermi surfaces of both experimental and optimized struc-
tures have a doubly degenerated electron pocket centered at
the M point. These sheets have a dominant d,,d,, character
and only a little component of d,, character. Around I' point,
there is significant difference. For optimized structure, Fermi
surfaces comprise a doubly degenerated cylindrical hole
pocket centered at the I' point, mainly consisting of d,,,
character and little mixture of d,2_» and dj2_;, while for
experimental structure, another new cylindrical hole sheet,
mainly d,, character, is inserted to the two hole sheets. Those
sheets have more two-dimensional character. Compared to
the observation of angle-resolved photoemission spectros-
copy (ARPES) experiment,?® the calculated results using the
experimental lattice parameters are in better agreement with
ARPES data. Furthermore, in comparison with other calcu-
lated results,?!2* we would find that whether d,, bands cross
Fermi level or not is sensitive to z,, which is similar to the
results discussed in LaFeAsO system.!'!?3

Furthermore, it is found that the bandwidth of the d,,
bands changes little, but they shift downward by about 0.2
eV in comparison to the d,,,, bands. This fact indicates that
the tiny change in As position has a significant effect on the
crystal splitting between d,, and d,,,, orbital bands. Since
there is direct d,, coupling between the two Fe atoms, the d,,
bands are not sensitive to the change in the z,, position and
are more likely affected by the Fe-Fe distance. While d,,,
orbital is likely coupled with As p orbital states (mainly p,
and p,), the d,,. bands have stronger k,_ dispersion than the
d,, bands and the corresponding Fermi surfaces have more
three-dimensional (3D) character, which change more dis-
tinctively as the Fe-As bond length is shortened. The discrep-
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FIG. 2. (Color online) Band structures and Fermi surfaces of the
striped antiferromagnetic state with experimental lattice. Here, we
use an orthogonal lattice and show Fermi surfaces on a conven-
tional orthogonal BZ. The choice of BZ does not influence our main
discussions and results, but it is better as a guide for the eyes.

ancy of Fe-As bond length between ab initio calculations and
experimental data, which is induced by the magnetism, is a
common feature of superconducting iron-pnictide family.
This is because the iron-pnictide materials is in proximity to
a quantum critical point, which results in strong spin
fluctuations.'!

In Fig. 2, we show the band structures and Fermi surfaces
of the striped antiferromagnetic state with experimental lat-
tice constants. In Fig. 3, we show the total density of states
(DOS) and the partial DOS of Fe 3d and As 4p states in
different boxes. The bands from ~—6 to —2 eV are mainly
from As p states. The Fe d bands range from -2 to +3 eV,
being above As p states. Around —3 eV, there is significant
hybridization between the Fe d states and As p states. The
band character around the Fermi level is dominated by d
orbital. Due to the striped antiferromagnetic order, a
pseudogap is opened near the Fermi level around I'" point. In
Fig. 2, we could find that the shape of Fermi surfaces is not
regular due to the complex d-band dispersion around the
Fermi level induced by antiferromagnetic interaction. There
are holelike Fermi surfaces around Z point (yellow or gray),
two slender electronlike Fermi surfaces parallel to I'-Z line
located at k, direction, and two irregular electronlike Fermi
surfaces located at I'-Y1 line (pink or gray) which are sepa-
rated and confined in one quarter of BZ. They are mainly of
dy, dy;, and d, characters, with some mixing of d,>_» and
d;,2_y characters.

Compared to the quasi-two-dimensional Fermi surfaces of
the striped antiferromagnetic LaOFeAs,* the Fermi surfaces
of BaFe,As, have distinct three-dimensional topology. The
effect of the orthorhombic lattice distortion on the electronic
band structure as well as the Fe moments is very weak. The
interlayer spin interaction is antiferromagnetic because our
total-energy calculations show that the ferromagnetic order
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FIG. 3. (Color online) Top panel: total DOS for the striped
antiferromagnetic state. Bottom panel: spin-resolved Fe 3d DOS,
showing majority [dash (blue) line] and minority [dash-dot (red)
line] and the As 4p DOS [gray (green) solid line].

state is higher by about 2.6 meV in total energy per Fe atom.
The interlayer spin coupling constant is estimated to be J
=0.8 meV. The most stable striped antiferromagnetic order
state with a magnetic moment of 1.86u is 124 meV energy
lower per Fe atom than the nonmagnetic state, while the
checkerboard antiferromagnetic order state with a magnetic
moment of 1.63up is only 54 meV energy lower. By map-
ping to a simple Heisenberg model only including the first
and second neighbor exchange couplings, we could estimate
the coupling constants J;,=28.2 meV, J;,=27.3 meV, and
J>=17.4 meV. The tiny difference between the coupling
constants J;, (along the a axis) and J;, (along the b axis)
indicates that exchange coupling of BaFe,As, is not so an-
isotropic.

IV. EFFECT OF PRESSURE ON CRYSTAL STRUCTURE,
MAGNETIC ORDER, AND ELECTRONIC
STRUCTURE

Now we investigate the effect of pressure on the crystal
structure and electronic structure of BaFe,As,. We compress
crystal volume up to 18%, corresponding to pressure of 18
GPa (about 180 kbar). We relax the internal parameters z,
and c¢/a ratio (keeping b/a ratio of orthorhombic structure in
terms of the experimental value) of all structures at intervals
of 2% volume compression. We subsequently fit the E-V
curves to a Birch-Murnagham equation of state to obtain the
equilibrium volume V|, and the bulk modulus B for each
system. The magnetic moment decreases with increasing
pressure, which results in possible small change in b/a, but
this change hardly influences other structural parameters
such as z,, and the electronic structure. Therefore, it is rea-
sonable to keep b/a in our magnetic calculations.

The theoretical lattice constants and internal parameters
obtained by the complete optimization are listed in Table I.
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TABLE I. Calculated equilibrium lattice constant (in unit of A)
with internal parameter (z,,) of BaFe,As, obtained from the fully
optimized nonmagnetic (NM) and striped antiferromagnetic (AF1)
calculations.

Expt. (NM) Expt. (AF1) Calc. (NM) Calc. (AF1)

Space group  [4/mmm Fmmm 14/ mmm Fmmm
a (A) 3.9625 5.6146 3.9591 5.6378
b (A) 5.5742 5.5931
c (A) 13.0168 12.9453 12.6210 12.9624
Zas 0.3545 0.3538 0.3448 0.3512
d(As-Fe) (A) 2403 2.392 23330 2.3789

As expected, nonmagnetic calculations underestimate c/a ra-
tio because As atom is more close to Fe layers. We could find
that nonmagnetic calculation roughly predict the in-plane
Fe-Fe bonding correctly, but shorten out-of-plane Fe-As
bond length; therefore, As atom is closer to iron layer, result-
ing in a small z,.. The calculated lattice parameters of the
striped antiferromagnetic state are in better agreement with
experimental data. Furthermore, the striped antiferromag-
netic calculation could also describe out-of-plane Ba-As and
As-As bonds better.

In Fig. 4, we show the dependence of structural param-
eters on the compression of volume for both nonmagnetic
and striped antiferromagnetic states. The total energy, pres-
sure, the bond length, bond angle, and the magnetic moment
of iron are illustrated as functions of the compression of
volume. The calculations indicate that the striped antiferro-
magnetic state is the ground state as long as the pressure is
less than 15 GPa, about 16% compression of volume, then
the spin polarization disappears. It is found that ferromag-
netic state is unstable under a large range of pressure. The
checkerboard antiferromagnetic order is always higher in to-
tal energy due to the smaller calculated magnetic moment,
which results in smaller magnetic exchange energy. It also
could not give reasonable lattice parameters, for example, to
predict smaller c/a ratio and z,,. As the volume is com-
pressed by 8%, the corresponding magnetic moment of the
checkerboard antiferromagnetic order state decreases from
1.6up to 0.5up. After having tried several other antiferro-
magnetic configurations, we find that the striped antiferro-
magnetic state is the most stable due to its largest magnetic
moment. Some of the other configurations even could not
converge to magnetic solutions.

The high-pressure experiment indicates that superconduc-
tivity appears at about 2.5 GPa, then T, reaches a maximum
near 3.5 GPa and disappears above 5.6 GPa.'* As shown in
Fig. 4(b), the compression of volume could be estimated to
cover such a range of pressure. In terms of the antiferromag-
netic results, as volume is compressed from 2% to 8%, the
pressure range relevant to superconducting dome is covered
completely, while in the nonmagnetic calculation, the vol-
ume needs to be compressed more from 4% to 10%.

It is clear that Fe-As bond length is enhanced significantly
than Fe-Fe after considering the spin polarization. Hence, As
atom goes away from Fe layer giving a larger z,,. With a
10% compression of volume, the magnetic moment of iron
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FIG. 4. Calculated values of (a) total energy, (b) pressure, (c)
c¢/a ratio, (d) As-Fe-As angle, (e) zs (f) Fe-As bond length, (g)
As-As bond length, (h) Ba-As bond length, (i) Fe-Fe bond length,
and (j) magnetic moment of iron as functions of volume (Vj, is the
experimental volume of the antiferromagnetic state per formula
unit, which is about 0.2% smaller than the experimental value of
nonmagnetic state). Filled symbols indicate the striped antiferro-
magnetic results and open symbols indicate nonmagnetic ones. For
the As-As distance and As-Fe-As angle, due to the orthorhombic
distortion, antiferromagnetic state has three values while nonmag-
netic state has only two.

deceases from 1.8up to 1.2up, which reduces the discrep-
ancy of Fe-As bond length between nonmagnetic and anti-
ferromagnetic states. In contrast to tendency of iron-related
bonding, Ba-As bond length becomes shorter after consider-
ing the spin polarization. In the striped antiferromagnetic
state, chemical bonding becomes more rigid against pres-
sure; therefore, c/a ratio changes less than nonmagnetic
state. As a result, the compressibility is less anisotropic.
Although the Fe-Fe bond length and Fe-As bond length
decrease significantly with the increase in pressure, the As-
Fe-As bond angles & change slightly. Under 10% compres-
sion of volume, three As-Fe-As angles of antiferromagnetic
lattice are found to be 107.6°, 108.3°, and 112.5°, which
roughly changed by 1° compared to the ambient condition.
The former two values correspond to the As-Fe-As angles
whose two As atoms are separated by the iron plane and the
latter one represents two As atoms on the same side. Due to
the stronger Fe-As bonding in the antiferromagnetic state,
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FIG. 5. (Color online) Band structures (left column) and Fermi
surfaces (right column) of the striped antiferromagnetic state with
2%, 4%, 6%, 8%, and 10% (from top to bottom) compressions of
volume. 4%, 6%, 8%, and 10% correspond to pressures 1.7, 3.1,
4.7, 6.4, and 8.3 GPa, respectively.

the FeAs, tetrahedra get more elongated along the ¢ axis, so
that FeAs, tetrahedra in the antiferromagnetic state are dis-
torted less than that in nonmagnetic state, but it is still far
away from the ideal structure.

In Fig. 5 we show the band structures and Fermi surfaces
with 2%, 4%, 6%, 8%, and 10% compression of volume. We
can find that the Fermi surfaces expand significantly due to
the expansion of bandwidth by pressure. As the volume is
compressed to 4%, corresponding to 3.1 GPa pressure, where
superconductivity has been observed, the Fermi surfaces ly-
ing on antinodal directions of I'-Y1 line expand and cross
I’-M line to invade neighbor quarters of BZ. Thus, when
pressure increases to 2.5 GPa, where the superconductivity
takes place, the main change in Fermi surfaces of the striped
antiferromagnetic state is to expand in BZ. Furthermore, as
the volume is compressed over 8%, the Fermi surfaces cen-
tered on Z point cross I' point to form a connected cylindri-
cal tube. The topological change in Fermi surfaces should
respond to the slope change in c¢/a ratio about 8% compres-
sion of volume (see Fig. 4). It is notable that the supercon-
ductivity disappears as pressure is higher than 6 GPa, which
is roughly the same with the place where the Fermi-surface
topological transition occurs.

PHYSICAL REVIEW B 79, 115128 (2009)

However, it is necessary to point out that the shape of the
Fermi surfaces is dependent on the magnetic moment which
is sensitive to the exchange-correlation potential (LSDA or
GGA) and the Fe-As bond length, and thus different calcu-
lations give quite different Fermi surfaces. Especially, the
closed Fermi surfaces in the I'-Y line, which are mainly d,,
character, seem not to be a common feature of the iron-based
superconducting family. The cylinder tubes (see Fig. 5),
which are mainly d,,, character and show two-dimensional
behavior under pressure, are the common features of the
iron-based superconducting family. Although the topological
transition is observed under the pressure, such a transition is
sensitively dependent on the amplitude of magnetic moment.
As shown in Fig. 4, the two-dimensional cylinder tube in the
I'-Z line appears when the moment is about 1.3up in the
GGA calculation. Considering that the experimentally ob-
served magnetic moment is only about 0.8up, the cylinder-
tube Fermi surfaces of the striped antiferromagnetic state
should appear at smaller pressure, because the current elec-
tronic structure calculations always overestimate the mag-
netic moment but describe the structural parameter very well.
It should give some clues for the relationship between mag-
netism and superconductivity, as discussed previously for
LaFeAsO system.*

Finally, we investigate pressure effect on the band struc-
tures of the nonmagnetic state. As discussed above, the
Fe-As bond length is always underestimated in the optimized
structure of nonmagnetic state under pressure. Consequently
d,, bands are below Fermi level at I" point (see Fig. 1) and
only shift downward a little with increasing pressure, while
d,. . bands shift downward significantly under pressure,
which cross Fermi level as compression of volume is over
8%, corresponding to a pressure value of 4.7 GPa in non-
magnetic calculations. Such a crossover will lead to a Fermi-
surface topological transition of the holelike cylinder tube
closed at I' point. However, it should be mentioned that the
nonmagnetic results might not be true, because ARPES ex-
periments always indicate that the holelike Fermi surfaces
around I" connect with larger gap in the iron-pnictide mate-
rials  family, =~ which  should be important to
superconductivity.”>?® Thus the topological transition in-
duced by pressure predicted by nonmagnetic calculation
would not coincide with the fact that 7. reaches maximum
nearby such a pressure.

It has been observed that the superconducting states co-
exist with the striped magnetic state,’® but at present we
cannot say that the mechanism of the superconductivity is
based on the magnetism. It is just believed that the supercon-
ductivity in the Fe-based materials is unlikely mediated by
phonons, but likely originated from some magnetic or spin
fluctuations. Our calculated results indicate that the GGA
calculations yield reasonable lattice constants and z,¢ only
when we consider the magnetism. This implies that the mag-
netic effect is essential in these materials. Since the d,,,
bands around Fermi level are determined by the Fe-As anti-
bonding, as the distance of Fe-As increases, the k. -related
hoppings are weakened and the bands become narrow. The
large experimental z,, parameter leads to typical two-
dimensional properties. In current ab initio electron-phonon
calculations, the optimized structure of nonmagnetic state is
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used, which results in the underestimation of the Fe-As bond
length and more three-dimensional character of Fermi sur-
faces that would influence properties of phonon and electron-
phonon interaction. Such a magnetism-related effect might
have substantial influence on the electron-phonon coupling.
A calculation including the magnetic effect is highly ex-
pected to investigate how much the magnetic background
influences the electron-phonon interaction to reveal the pos-
sibility that phonon might play some important roles on the
superconductivity. On the other hand, LDA calculations yield
smaller magnetic moment and underestimates the z,, param-
eter. The corresponding Fermi surfaces are substantially dif-
ferent from that of ARPES experiments.”’ If the supercon-
ductivity is not directly dependent on the static moment, but
determined by the lattice parameters and spin fluctuations,
the changing of the moment value does not affect the super-
conductivity.

V. COMPARISON WITH EXPERIMENTAL RESULTS
INVOLVED

The main implication of pressure effect on the crystal
structure of BaFe,As, is to shorten the Fe-Fe bond length
and the Fe-As bond length, but to maintain As-Fe-As bond
angles simultaneously. We could compare the pressure effect
on crystal structure with the doping effect in
(Ba,_,K,)Fe,As,.” With the doping of K into BaFe,As,, T.
goes up and reaches a maximum of 38 K at x=0.4. The
impressive change is that As-Fe-As angle & becomes the
ideal tetrahedral angle of 109.5° as x=0.4. Under pressure,
the FeAs, tetrahedra are hard to be changed and still far
away from the ideal structure. It seems to imply that super-
conductivity could not be improved simply by hydrostatic
pressure in BaFe,As,.

In the iron-pnictide superconducting family, the crystal
structure, magnetism, and superconductivity play complex
game. It has been reported that a structural transition of the
c-axis collapse occurs in CaFe,As, (Refs. 27 and 28) under
pressure. Such a structural phase transition happens nearby
the upper boundary of superconducting dome. In the striped
antiferromagnetic calculations of BaFe,As,, we find a col-
lapse of the ¢ axis as the compression of volume is above
8%, which should be relevant to the topological transition of
Fermi surfaces. As the topological transition of Fermi sur-
faces influence the magnetic moment of iron slightly, the
related c/a collapse should not be relative to a magnetic
transition. In fact, we observe a magnetic collapse accompa-
nied by a sudden softness of c¢/a ratio as lattice volume is
compressed over 16%, corresponding to near 15 GPa pres-
sure. It is far away from the known superconducting dome
(2—6 GPa) up to date. We have performed LSDA calculations
to examine the influence of overestimated magnetic moment
by GGA. We found that the LSDA calculated magnetic mo-
ment is about 0.35up smaller than GGA, and the magnetic
collapse happens at about 14% compression of volume, cor-
responding to pressure about 13 GPa. These results are con-
sistent with recent experimental report that a suppression of
magnetic order by pressure is observed as pressure is above
about 13 GPa.?
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Now, we attempt to consider the implication of the striped
antiferromagnetic and nonmagnetic calculations for para-
magnetic state. It has been found experimentally that super-
conductivity coexists with static magnetic order under pres-
sure for BaFe,As,,? so that a strong magnetic background is
essential to superconductivity in these families. First of all,
in order to describe chemical bonding more accurately, the
magnetic effect should be considered. Since ferromagnetism
is not stable under a large range of pressure, only antiferro-
magnetic calculations is possible. As the optimized internal
parameter z,, of the striped antiferromagnetic state is in good
agreement with experiments, it might be reasonable to use
these parameters to describe the crystal structures and elec-
tronic structures in paramagnetic state than those nonmag-
netic results. It coincides with the fact that no significant
structural transformation is observed as system goes from
antiferromagnetic state to superconducting state or paramag-
netic state, except the compression of b/a orthorhombic tran-
sition induced by the antiferromagnetic interaction. If the
optimized lattice parameters obtained from the striped anti-
ferromagnetic calculations are adopted, it turns out that d,
d,,, and d,, bands always cross Fermi level except for shift-
ing downward a little under pressure. For such a treatment of
paramagnetic state, we found that the energy splitting be-
tween d,, . and d,, bands decreases from 0.06 to 0.04 eV at
I" point as volume is compressed 6%, which indicates that
the d,, bands are determined by direct Fe-Fe d,, interaction
while the d,,. bands are mainly determined by
Fed, ,.—As px/y'interactions. Nevertheless, the band shapes
are maintained under pressure, and the Fermi surfaces are
quite similar to those calculations with experimental lattice
parameters (see Fermi surfaces in left column in Fig. 1),
except the sheets around I' point expand more. Thus the
Fermi surfaces are robust against the pressure; no topological
transition is found as the lattice volume compressed up to at
least 10%. The impressive features is very different from
those nonmagnetic calculations.

It should be reminded that the band structures near Fermi
level, as well as Fermi surfaces, are sensitive to Fe-As bond
length and As-Fe-As angle, which highly depend on the de-
tails of the spin polarization. Our calculations indicate that
the shape of bands and Fermi surfaces are almost decided by
the value of large-range magnetic moment. Therefore, if the
pressure induces a high-spin-polarized state transform to a
low-spin state (even nonmagnetic state), not only d,, bands
shift down to cross Fermi level, but also d,_ . bands cross
Fermi level. This would certainly influence the coupling be-
tween different Fermi surfaces, then strongly influence the
electronic properties. It would be very interesting to examine
the detail of magnetism under pressure by experiment fur-
thermore.

VI. CONCLUSION

In summary, we have employed an accurate all-electronic
full-potential linearized augmented plane-wave method
within the density-functional theory to investigate the effect
of pressure on the crystal structure and electronic properties
of BaFe,As,. The calculated lattice parameters of the striped
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antiferromagnetic state is in good agreement with experi-
ment, while nonmagnetic state calculation underestimates the
¢ axis and Fe-As bond lengths and yields a smaller z,,. We
find that the ¢ axis is compressed more easily than the a axis
in nonmagnetic calculation, while the antiferromagnetic state
calculation leads to a nearly isotropic compressibility with
pressure up to 6 GPa. With increasing pressure, the FeAs,
tetrahedra change little. For the striped antiferromagnetic
state, we find that the Fermi surfaces get closer and closer to
the I' point in the =z directions when pressure increases
from 2 to 6 GPa, corresponding to the pressure region where
superconductivity occurs. We observe a Fermi-surface topo-
logical transition around I" point as the pressure is beyond 6
GPa. The transition should correspond to a small c-axis col-
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lapse. A magnetic collapse inducing the softening of the ¢
axis is found when pressure reaches 13 GPa. These first-
principles results should be useful to understand the antifer-
romagnetism and electronic states in the FeAs-based materi-
als and may have some useful implications to the
superconductivity.

ACKNOWLEDGMENTS

This work was supported by Nature Science Foundation
of China (Grants No. 10704024, No. 10774180, and No.
10874232), by Shanghai Rising-Star Program (Grant No.
08QA14026), and by the Chinese Academy of Sciences
(Grant No. KICX2.YW.W09-5).

Y. Kamihara, T. Watanabe, M. Hirano, and H. Hosono, J. Am.
Chem. Soc. 130, 3296 (2008).

21. 1. Mazin, D. J. Singh, M. D. Johannes, and M. H. Du, Phys.
Rev. Lett. 101, 057003 (2008).

3D. I. Singh and M. H. Du, Phys. Rev. Lett. 100, 237003 (2008).

47.P. Yin, S. Lebegue, M. J. Han, B. P. Neal, S. Y. Savrasov, and
W. E. Pickett, Phys. Rev. Lett. 101, 047001 (2008).

3Z. A. Ren, W. Lu, J. Yang, W. Yi, X. L. Shen, Z. C. Li, G. C.
Che, X. L. Dong, L. L. Sun, F. Zhou, and Z. X. Zhao, Chin.
Phys. Lett. 25, 2215 (2008).

6C. Wang, L. Li, S. Chi, Z. Zhu, Z. Ren, Y. Li, Y. Wang, X. Lin,
Y. Luo, S. Jiang, X. Xu, G. Cao, and Z. Xu, EPL 83, 67006
(2008).

7M. Rotter, M. Tegel, and D. Johrendt, Phys. Rev. Lett. 101,
107006 (2008).

8M. Rotter, M. Pangerl, M. Tegel, and D. Johrendt, Angew.
Chem., Int. Ed. 47, 7949 (2008).

9C. de la Cruz, Q. Huang, J. W. Lynn, J. Li, W. Ratcliff II, J. L.
Zaretsky, H. A. Mook, G. F. Chen, J. L. Luo, N. L. Wang, and P.
Dai, Nature (London) 453, 899 (2008).

10, Boeri, O. V. Dolgov, and A. A. Golubov, Phys. Rev. Lett.
101, 026403 (2008).

7. 1. Mazin, M. D. Johannes, L. Boeri, K. Koepernik, and D. J.
Singh, Phys. Rev. B 78, 085104 (2008).

I2M. Rotter, M. Tegel, D. Johrendt, 1. Schellenberg, W. Hermes,
and R. Pottgen, Phys. Rev. B 78, 020503(R) (2008).

13Q, Huang, Y. Qiu, Wei Bao, M. A. Green, J. W. Lynn, Y. C.
Gasparovic, T. Wu, G. Wu, and X. H. Chen, Phys. Rev. Lett.
101, 257003 (2008).

14p L. Alireza, J. Gillett, Y. T. Chris Ko, S. E. Sebastian, and G. G.
Lonzarich, J. Phys.: Condens. Matter 21, 012208 (2008).

ISM. S. Torikachvili, S. L. Budko, N. Ni, and P. C. Canfield, Phys.
Rev. Lett. 101, 057006 (2008).

16p Blaha, K. Schwarz, G. K. H. Madsen, D. Kvasnicka, and J.
Luitz, WIEN2k: An Augmented Plane Wave+Local Orbitals
Program for Calculating Crystal Properties (Technical Univer-
sity Wien Press, Wien, Austria, 2001).

17]. P. Perdew and Y. Wang, Phys. Rev. B 45, 13244 (1992).

18] P. Perdew, K. Burke, and M. Ernzerhof, Phys. Rev. Lett. 77,
3865 (1996).

19, Su, P. Link, A. Schneidewind, T. Wolf, Y. Xiao, R. Mittal, M.
Rotter, D. Johrendt, T. Brueckel, and M. Loewenhaupt, Phys.
Rev. B 79, 064504 (2009).

2L, X. Yang, H. W. Ou, J. F. Zhao, Y. Zhang, D. W. Shen, B.
Zhou, J. Wei, F. Chen, M. Xu, C. He, X. F. Wang, T. Wu, G. Wu,
Y. Chen, X. H. Chen, Z. D. Wang, and D. L. Feng,
arXiv:0806.2627 (unpublished).

2IE. Ma, Z. Y. Lu, and T. Xiang, arXiv:0806.3526 (unpublished).

22G. Xu, H. Zhang, X. Dai, and Z. Fang, EPL 84, 67015 (2008).

23D. J. Singh, Phys. Rev. B 78, 094511 (2008).

241. A. Nekrasov, Z. V. Pchelkina, and M. V. Sadovskii, JETP Lett.
88, 144 (2008).

BH. Ding, P. Richard, K. Nakayama, T. Sugawara, T. Arakane, Y.
Sekiba, A. Takayama, S. Souma, T. Sato, T. Takahashi, Z. Wang,
X. Dai, Z. Fang, G. F. Chen, J. L. Luo, and N. L. Wang, EPL 83,
47001 (2008).

201, Zhao, H. Liu, W. Zhang, J. Meng, X. Jia, G. Liu, X. Dong, G.
F. Chen, J. L. Luo, N. L. Wang, G. Wang, Y. Zhou, Y. Zhu, X.
Wang, Z. X. Zhao, Z. Y. Xu, C. T. Chen, and X. J. Zhou, Chin.
Phys. Lett. 25, 4402 (2008).

27 A. Kreyssig, M. A. Green, Y. Lee, G. D. Samolyuk, P. Zajdel, J.
W. Lynn, S. L. Bud’ko, M. S. Torikachvili, N. Ni, S. Nandi, J. B.
Ledo, S. J. Poulton, D. N. Argyriou, B. N. Harmon, R. J. Mc-
Queeney, P. C. Canfield, and A. I. Goldman, Phys. Rev. B 78,
184517 (2008).

28T, Yildirim, Phys. Rev. Lett. 101, 057010 (2008).

2°H. Fukazawa, N. Takeshita, T. Yamazaki, K. Kondo, K.
Hirayama, Y. Kohori, K. Miyazawa, H. Kito, H. Eisaki, and A.
Iyo, J. Phys. Soc. Jpn. 77, 105004 (2008).

30T Goko, A. A. Aczel, E. Baggio-Saitovitch, S. L. Bud’ko, P. C.
Canfield, J. P. Carlo, G. F. Chen, P. C. Dai, A. C. Hamann, W. Z.
Hu, H. Kageyama, G. M. Luke, J. L. Luo, B. Nachumi, N. Ni,
D. Reznik, D. R. Sanchez-Candela, A. T. Savici, K. J. Sikes, N.
L. Wang, C. R. Wiebe, T. J. Williams, T. Yamamoto, W. Yu, and
Y. J. Uemura, arXiv:0808.1425 (unpublished).

115128-7



