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From the first-principles calculations, we have studied the electronic and magnetic structures of LaFeAsO. It
is found that a large magnetic moment of ~2.6up is located around each Fe ion, embedded in the environment
of itinerant electrons. In the ground state, these local Fe moments are in collinearly antiferromagnetic order,
resulting from the interplay between the strong nearest- and next-nearest-neighbor superexchange antiferro-
magnetic interactions bridged by As atoms. The structure transition observed by the neutron scattering is
shown to be magnetically driven. Our study suggests that the antiferromagnetic fluctuation plays an important
role in Fe-based superconductors. This sheds light on the understanding of the pairing mechanism in these

materials.
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I. INTRODUCTION

Recently an iron-based material LaFeAsO was reported to
show superconductivity with a transition temperature 7,
~26 K by partial substitution of O with F atoms.! Soon
after, other families of Fe-As oxyarsenides with La replaced
by Sm,” Ce,? Pr,* and other rare-earth elements were found to
be superconducting with 7, of more than 50 K. Like cu-
prates, these iron arsenides have a layered structure. The su-
perconducting pairing is believed to happen in the iron-based
FeAs layers. The high transition temperature and the prelimi-
nary band-structure calculation suggest that the superconduc-
tivity in these Fe-arsenide superconductors is not mediated
by electron-phonon interaction. It is commonly believed that
the understanding of electronic structures of the parent com-
pound LaFeAsO is the key to determine the underlying
mechanism to make it superconducting upon doping.

The early band-structure calculations suggested that the
pure LaFeAsO compound is a nonmagnetic metal, similar to
LaFePO,’ but with strong ferromagnetic or antiferromagnetic
instability.®-® Later, it was found that the antiferromagneti-
cally ordered state®'® has a lower energy than the nonmag-
netic one, probably due to the Fermi-surface nesting.” How-
ever, the band-structure calculations on magnetic properties
of LaFeAsO fall into controversy.!! Dong et al.'> showed
that the antiferromagnetic state should form a collinear-
striped structure by breaking the rotational symmetry. This
collinear-ordered antiferromagnetic state was observed by
the neutron-scattering experiments.'> Furthermore, the
neutron-scattering measurement found that there is a struc-
ture transition with a monoclinic lattice distortion at
~150 K and the collinear order is formed about 15-20 K
below this transition temperature. Without this distortion, the
square-antiferromagnetic order induced purely by the Fermi-
surface nesting is expected to be more stable since there are
two orthogonal but equivalent nesting directions (7, 7r) and
(7r,—77), which can lower the energy of the ground state by
keeping its rotational symmetry.’

The neutron-scattering observation raises the question on
the microscopic mechanisms underlying the structural tran-
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sition and antiferromagnetic transition and the relationship
between these two transitions. In this paper, we report the
theoretical result on the electronic and magnetic structures of
the ground state of LaFeAsO obtained from the thorough
first-principles electronic structure calculations; similar cal-
culations were partly reported in Refs. 14 and 15. We find
that a large magnetic moment of ~2.6up is formed around
each Fe ion and there are strong nearest- and next-nearest-
neighbor superexchange antiferromagnetic interactions be-
tween these Fe local moments bridged by As atoms.
LaFeAsO is metallic since there are itinerant electrons coex-
isting with Fe local moments. We calculate the nearest- and
next-nearest-neighbor superexchange coupling constants and
find that they have almost the same amplitude within error of
calculation. Their competition affects strongly the electronic
structure of LaFeAsO, giving rise to a small monoclinic lat-
tice distortion and a collinear antiferromagnetic ordering of
Fe moments, in agreement with the neutron-scattering mea-
surement.

II. COMPUTATIONAL APPROACH

In our calculations the plane-wave basis method was
used.'® We adopted the local (spin) density approximation
and the generalized gradient approximation of Perdew et
al.'? for the exchange-correlation potentials. The ultrasoft
pseudopotentials'® were used to model the electron-ion inter-
actions. After the full convergence test, the kinetic-energy
cutoff and the charge-density cutoff of the plane-wave basis
were chosen to be 600 and 4800 eV, respectively. The Gauss-
ian broadening technique was used and a mesh of 16X 16
X 8 k points was sampled for the Brillouin-zone integration.
LaFeAsO has a tetragonal layered structure with P4/nmm
symmetry. A crystal unit cell consists of eight atoms with
alternating FeAs and LaO layers along the ¢ axis. In the
calculation, the internal atomic coordinates within the cell
were determined by the energy minimization. It was found
that the calculated optimized lattice parameters in the anti-
ferromagnetic phase [a=b=4.035(5) A, ¢=8.740 A] are
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FIG. 1. (Color online) Schematic top view of the FeAs layer in
LaFeAsO. The small dashed square is an a X a unit cell while the
large dashed square is a y2a X y2a unit cell. The collinear-ordered
Fe spins in the ground state are shown by arrows.
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larger by about 0.8% than the corresponding parameters in
the nonmagnetic phase (a=b=4.004 A, ¢=8.591 A).

II1. RESULTS AND ANALYSIS

The previous band-structure calculations®'? used an a

X a X ¢ crystal unit cell as the working cell, in which two Fe,
As, La, and O atoms were included. To explore the magnetic
structure, in particular the collinear antiferromagnetic state of
LaFeAsO, we use a y2a X y2a X ¢ unit cell (Fig. 1). In order
to determine the values of the nearest- and next-nearest-
neighbor coupling constants of spin-spin interaction, J; and
J, (see Fig. 1), we have evaluated the minimal energies of
four different magnetic states of Fe ions with imposed con-
straints if not stable. These four states have nonmagnetic,
ferromagnetic, square-antiferromagnetic, and collinear anti-
ferromagnetic orders. If the energy of the nonmagnetic state
of LaFeAsO is set to zero, we find that the energies of the
ferromagnetic, square-antiferromagnetic, and collinear anti-
ferromagnetic  states are 0.0905, -0.010875, and
—0.214 75 eV/Fe, respectively. Thus the ground state is a
collinear-ordered antiferromagnetic state, in agreement with
the experimental observation.!'?

The magnetic moment around each Fe atom is found to be
about (2.2-2.6) up, varying weakly in the above three mag-
netically ordered states. This suggests that the spin of Fe ions
is between 1 and 3/2. The magnetic moment obtained from
the neutron-scattering model is about six times smaller than
this result. This is probably because the long-range corre-
lated effect, especially the strong competition between dif-
ferent antiferromagnetic states, has not been fully included in
the present density-functional theory calculations.

To quantify the antiferromagnetic interactions in this ma-
terial, we assume that these energy differences are predomi-
nantly contributed from the interactions between the Fe spins
which can be modeled by the following frustrated Heisen-
berg model with the nearest- and next-nearest-neighbor cou-
plings J, and J,:

H=0,28;-S;+J, > S;-S;, (1)

(ij) i
whereas (ij) and ({ij)) denote the summation over the
nearest- and next-nearest neighbors, respectively. From the
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FIG. 2. (Color online) Charge-density distribution (e/bohr?) of
LaFeAsO (a) in the (001) plane crossing Fe-Fe atoms and (b) in the
(110) plane crossing Fe-As-Fe atoms.

calculated energy data, we find that J, ~0.0498 eV/S? and
J,~0.0510 eV/S?. If the spin of each Fe ion S=1, then J,
~0.0498 eV and J,~0.0510 eV. (The detailed calculation
is given in the Appendix.)

The above result indicates that there are competing anti-
ferromagnetic interactions between the Fe spins. In particu-
lar, the antiferromagnetic coupling between two next-
nearest-neighboring Fe spins is very strong. This will
frustrate the spin Néel structure and give rise to a collinear-
ordered antiferromagnetic ground state.

To explore the origin of these antiferromagnetic interac-
tions, we have calculated the charge distribution around Fe
and As ions. The result [see Figs. 2(a) and 2(b)] shows that
there is almost no charge distribution between two diagonal
Fe atoms but there is a strong bonding between Fe and As
ions. This indicates that the antiferromagnetic coupling J, is
induced by the superexchange bridged by As ions. This su-
perexchange is antiferromagnetic because the intermediated
state associated with the hopping bridged by As ions is a spin
singlet.

The charge distribution between two nearest Fe ions is
finite. Thus there is a direct exchange interaction between
two neighboring Fe spins. Since there is a strong Hund’s
coupling between the spins of 3d electrons within each Fe
ion, the direct exchange interaction is found to be ferromag-
netic when the distance of two Fe atoms is between 2.4 and
2.85 A. However, the overall magnetic coupling J; between
the two nearest Fe spins in LaFeAsO is antiferromagnetic.
Thus J; is also dominated by the superexchange interaction
bridged by As 4p orbitals.

In the collinear antiferromagnetic phase, we find that a
small structural relaxation, for which the lattice is slightly
expanded along the spin-antiparallel ordering direction (y
axis in Fig. 1) and slightly shrunk along the spin-parallel
ordering direction (x axis in Fig. 1), can further lower the
ground-state energy. This changes the angle between two
principal axes in the ab plane, vy, from 90° to 90.47°. The
corresponding energy gain is 7 meV. However, we find that
this small lattice distortion affects weakly the band structure
and the Fe moments.

Here we emphasize that our calculations show that the
driving force upon this structural distortion is nothing but the
magnetic interaction. More specifically, it is the superex-
change interaction J, that breaks the rotational symmetry
leading to both the structural distortion and the Fe-spin col-
linearly antiferromagnetic ordering. In reality the structure
transition will take place when the antiferromagnetic spin-
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FIG. 3. (Color online) Total and orbital-resolved partial densi-
ties of states per f.u. (spin-up part) of LaFeAsO in the collinear
antiferromagnetic state. The Fermi energy is set to zero.

fluctuation energy is higher than the thermal fluctuation en-
ergy, while the collinear antiferromagnetic phase transition
will then take place when the spin-correlation energy further
surpasses the quantum fluctuation energy. This explains why
the monoclinic lattice distortion happens at about 150 K
prior to the Fe-spin collinearly antiferromagnetic order ap-
pearing at about 134 K.!3

In our calculations the parallel and antiparallel alignments
of the Fe spins between two neighboring FeAs layers bridged
by oxygen atoms are essentially degenerate. Thus the
neutron-observed antiparallel alignment between the neigh-
boring FeAs layers'? is likely to be due to the entropy.

Figure 3 shows the total and projected densities of states
of LaFeAsO in the collinear antiferromagnetic phase. In
comparison with the nonmagnetic phase, we find that most
of the states around the Fermi level are gapped by the col-
linear antiferromagnetic order. This suppresses the total car-
rier density by more than 2 orders of magnitude. The strong
suppression is consistent with the Hall-coefficient measure-
ment which shows that the absolute value of the Hall coef-
ficient is enhanced by more than 150 times in the antiferro-
magnetic phase at 4 K versus the nonmagnetic phase above
150 K. Furthermore, we find that the density of states at the
Fermi level is also suppressed in comparison with the non-
magnetic state.” However, it is not suppressed as strongly as
the total carrier density. The corresponding electronic
specific-heat coefficients are 0.65 (collinear antiferromag-
netic state) and 4.28 mJ/(K? mol) (nonmagnetic state). This
is also consistent with the specific-heat measurement.

We have also calculated the band structure of LaFeAsO
with 5% F doping or 5% Sr doping by taking the virtual-
crystal approximation in the collinear antiferromagnetic
phase. We find that the overall band structure is hardly
changed by 5% electron or hole doping. The Fe moment is
also unchanged. Only the Fermi energy moves up or down
with electron or hole doping. However, as shown in Fig. 5
the Fermi surface changes dramatically.

By projecting the density of states onto the five 3d orbit-
als of Fe (Fig. 4), we find that the five up-spin orbitals are
almost completely filled and the five down-spin orbitals are
only partially filled. However, the down-spin electrons are
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FIG. 4. (Color online) Total and projected densities of states at
the five Fe 3d orbitals around one Fe atom. The Fermi energy is set
to zero.

nearly uniformly distributed in these five 3d orbitals. This
indicates that the crystal-field splitting imposed by As atoms
is relatively small and the Fe 3d orbitals hybridize strongly
with each other. As Hund’s rule coupling is strong, this
would lead to a large magnetic moment formed around each
Fe atom, as found in our calculations. The frustration be-
tween the J; and J, terms will suppress strongly the antifer-
romagnetic ordering at the two Fe sublattices, each con-
nected only by the J, terms. This, together with the quantum
fluctuation, will reduce strongly the average magnetic mo-
ment around each Fe measured by experiments.

Figure 5 shows the electronic band structure and the
Fermi surfaces in the collinear antiferromagnetic state. Un-
like in the nonmagnetic state, there are now only three
Fermi-surface sheets in the undoped case, one small hole
cylinder along I'Z and two small electron pockets formed

between I' and )_(, crossing the Fermi level. From the vol-
umes enclosed by these Fermi surfaces, we find that the hole
carrier density is about 1.64 X 10'°/cm? and the electron car-
rier density is about 0.94 X 10'°/cm?. Both decrease by more
than 2 orders of magnitude in comparison to the nonmag-
netic or square-antiferromagnetic states.” Upon F (Sr) dop-
ing, the electron (hole) Fermi-surface sheets expand while
the hole (electron) Fermi-surface sheets shrink. With 5% F
(Sr) doping, the whole Fermi surface becomes electron
(hole)-like and the corresponding electron (hole) carrier den-
sity is 6.31X10%°/cm® (7.01 X 10%*/cm?), increasing by
about 25 times compared with total carrier density in the
undoped case.

IV. DISCUSSION IN CONNECTION WITH
SUPERCONDUCTIVITY

The above discussion shows that there are strong nearest-
and next-nearest-neighbor superexchange interactions in
LaFeAsO. The interplay between these antiferromagnetic in-
teractions can affect strongly the magnetic structure of the
ground state. Upon doping, the antiferromagnetic ordering
will be suppressed. However, we believe that the remanent
antiferromagnetic fluctuation will survive, similar to cuprate
superconductors. Thus the effective low-energy model for

224517-3



MA, LU, AND XIANG

Q
—

7y

Energy (eV)
o
o

-0.5F 2
I~ -
-1.0b— N
-1.5 P~ -
J N
-2.0 =
M X T Tz
b) i
zZ
AXLL ]
Fi_-::__ %

FIG. 5. (Color online) (a) The electronic band structure of
LaFeAsO in the collinear-ordered antiferromagnetic state with the
in-plane angle y=90.47° (see Fig. 1 for the definition of 7). The
Fermi energy is set to zero. Ej. and E}. correspond to 5% F-doping
and 5% Sr-doping cases, respectively. (b) The Brillouin zone. (c)
The Fermi surface of the undoped compound, one holelike cylinder
along T'Z and two electronlike pockets between I" and X. I'X cor-
responds to the parallel-aligned moment line and T'X corresponds to
the antiparallel-aligned moment line. (d) The Fermi surface of the
5% F-doped compound. (¢) The Fermi surface of the 5% Sr-doped
compound.

describing these Fe-based superconductors, whether it is a
single-band or multiband Hamiltonian, should include the
frustrated Heisenberg terms defined by Eq. (1).

In the Fe-based superconductors, the magnetic fluctuation,
induced by either the antiferromagnetic superexchange inter-
actions or the on-site Hund’s rule coupling, can be respon-
sible for the superconducting pairing. The former interaction
favors a spin singlet pairing, while the latter favors a spin
triplet pairing. However, the superconductivity induced by
Hund’s rule coupling would generally involve the interband
pairing, which is limited by the available phase space if the
total momentum of Cooper pair is zero. This would suggest
that the spin triplet pairing is not energetically favorable in a
system with strong antiferromagnetic fluctuations. Moreover,
from the study of high-7,. cuprate superconductivity, we
know that the strong next-nearest-neighbor antiferromagnetic
interaction favors an extended s-wave or d,,-wave pairing.
Therefore, we believe that the leading pairing instability will
be in spin singlet channel if the superconductivity is driven
by the antiferromagnetic fluctuation. However, the compet-
ing nearest-neighbor antiferromagnetic interaction may intro-
duce a small other component with different symmetries, for
example, a d,2_2>-wave gap, to the pairing function. Thus the
resulting gap parameter will generally be a superposition of
two components with different symmetries, for example, an
extended s plus d,2_,» pairing state.

The above analysis suggests that there are some similari-
ties between pnictide and cuprate superconductors. Here we
would also like to further address that the difference between
them is that the undoped cuprate is an antiferromagnetic
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Mott insulator while the undoped LaFeAsO is an antiferro-
magnetic semimetal. In particular, in undoped LaFeAsO
there already coexist both local magnetic moments and itin-
erant electrons. This is similar as in the doped cuprate super-
conductors. In cuprate superconductors, the low-energy
physics can be effectively described by the #-J model, in
which the coupling between local spins is the antiferromag-
netic interaction and the doped holes or electrons can hop on
the lattice. Similarly, one would expect that the low-energy
physics of doped LaFeAsO can be effectively described by a
multiband model with strong antiferromagnetic interactions.

V. CONCLUSION

In conclusion, we have presented the first-principles cal-
culations of the electronic structure of LaFeAsO. We find
that there are strong antiferromagnetic nearest- and next-
nearest-neighbor superexchange interactions between Fe lo-
cal moments bridged by As 4p orbitals. The next-nearest-
neighbor antiferromagnetic coupling is comparable to the
nearest-neighbor one. This gives rise to the collinear antifer-
romagnetic ordering of Fe spins in the ground state, in agree-
ment with the measurement data of neutron scattering. The
existence of strong antiferromagnetic fluctuations in Fe-
based superconductors bears a strong analogy to high-T',. cu-
prates. This suggests that the superconductivity in these two
different kinds of high-7,. materials may have a common
origin.

Note added. Recently, we learned of the works of Si and
Abrahams'® and of Ishibashi et al.?° In the former, it is con-
jectured that there is antiferromagnetic interaction between
the next-nearest-neighbor Fe-Fe atoms but ferromagnetic in-
teraction between the nearest-neighbor Fe-Fe atoms. The lat-
ter reports the similar band structures on LaFeAsO but does
not explore the mechanism underlying the magnetic struc-
tures and properties.
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APPENDIX: DETERMINATION OF J; AND J, IN
FRUSTRATED HEISENBERG MODEL

To determine the value of J;, one needs to first evaluate
the energy of a pair of the nearest Fe-Fe moments in parallel
(Er;) and antiparallel (E, ;) alignments with respect to a
nonmagnetic reference state. Then from their difference, one
can determine the value of J; by the following formula:

Ji=(Ep = Es )/(25%), (A1)

where S is the spin of each Fe ion. It should be emphasized
that E; is not necessary to be equal to —E,; since the
energy of the reference state may not be located exactly at
the middle of the energy between the ferromagnetic and an-
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FIG. 6. (Color online) The three magnetic configurations,
namely, ferromagnetic (Epy;), square-antiferromagnetic (E,p), and
collinear antiferromagnetic (E,,) configurations and the magnetic
bond energies Ep; and E4; between the nearest Fe-Fe moments
and Ef; and E, , between the next-nearest Fe-Fe moments.

tiferromagnetic states. This energy lineup between the non-
magnetic and any other magnetic state needs self-consistent
total-energy calculations to determine that is what we have
done. Thus Ep; and E,; should be determined indepen-
dently. Similarly, J, can be determined from the difference
between the energy of a pair of next-nearest Fe-Fe moments
in the parallel (Er,) and antiparallel (E,,) alignments,

Jy=(Epy— Ez)/(25%). (A2)

To determine the values of Ep | —E, | and Ep,—E4,, we
have calculated the total energies of the ferromagnetic (Egy),
square-antiferromagnetic (E,p), and collinear antiferromag-
netic (E,,) states. The spin configurations of these three
states are shown in Fig. 6. The corresponding energy differ-
ences with respect to the nonmagnetic state (Eyy) are
0.0905, —0.108 75, and —0.214 75 eV/Fe. If these energy
differences result mainly from the exchange interactions be-
tween the nearest- and next-nearest Fe moments, then we
obtain the following equations:

EFM _ENM = ZEF,I + ZEF,Z = 0.0905 eV,
EAF - ENM = 2EA,1 + 2EF,2 =—0.108 75 eV,

EC()l _ENM:EF,I +EA,] +2EA,2=_ 0.214 75 eV.

From them, we further find that
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FIG. 7. (Color online) Variations in J; and J, with Egy—Enw.
The dashed line denotes our calculated value.

EF,] - EA,I = 0.0996 eV,

EF,Z - EA,Z =0.1028 eV.
Thus the values of J; and J, are

J;=0.0498 eV/S?, (A3)

J,=0.0501 eV/S>. (A4)

The energy of the current ferromagnetic state is less ac-
curately determined since this state is not a stable state. The
error in Epy—Eyy will give rise to the error in J; and J,.
Figure 7 shows how J; and J, change with Egy— Exy- As we
see, we find that J,>J,/2 even when we assume that the
deviation of Epy—Eny from our calculated value is as big as
0.1 eV. Thus we believe that the collinear antiferromagnetic
order observed in LaFeAsO is indeed due to the competition
of superexchange interactions.

The above estimation indicates that J; is close to J, within
the error of calculation for LaFeAsO. In this parameter
range, as shown in Ref. 21 with the spin-wave approxima-
tion, the J; superexchange interaction term will compete
strongly with the J, term. This results in a strong reduction in
the magnetic moment of Fe, which would naturally explain
why the observed magnetic moment (~0.36up) is signifi-
cantly smaller than that obtained from the density-functional
calculations for LaFeAsO.
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