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We study the changes in the Fermi surface with electron doping in the LaFeAsO;_,F, superconductors with
density-functional supercell calculations using the linearized augmented plane-wave method. The supercell
calculations with explicit F substitution are compared with those obtained from the virtual-crystal approxima-
tion (VCA) and from a simple rigid-band shift. We find significant differences between the supercell results and
those obtained from the rigid-band shift with electron doping, although quite remarkably the supercell results
are in good agreement with the VCA where the nuclear charges of the O atoms are slightly increased to mimic
the addition of the extra electrons. With electron doping, the two cylindrical hole pockets along I'-Z shrink in
size, and the third hole pocket around Z disappears for an electron-doping concentration in excess of about
7%—-8%, while the two elliptical electron cylinders along M-A expand in size. The spin-orbit coupling does not
affect the Fermi surface much except a somewhat reduction in the size of the third hole pocket in the undoped
case. We find that with the addition of the electrons the antiferromagnetic state becomes energetically less
stable as compared to the nonmagnetic state, indicating that the electron doping may provide an extra degree

of stability to the formation of the superconducting ground state.
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I. INTRODUCTION

There has been an intense interest to understand the su-
perconductivity of the recently discovered LaFeAsO.'~!” Ex-
periments have found values of the Curie temperature as
large as 26 K for electron doping of LaFeAsO,_F,, 0.04
=x=0.12."? Similar values of the Curie temperature are
found for hole doping of La with Sr but not with Ca.!?
Neutron-scattering’® and optical measurements* find an anti-
ferromagnetic (AFM) ground state which has been confirmed
by previous electronic structure calculations.>™'* The nature
of the superconductivity has not been understood, although
evidence suggests its unconventional character.?!0-13-15.17.20

The understanding of the normal-state electronic structure
is important and serves as the foundation for understanding
the superconductivity. One important question is what hap-
pens to the electronic structure when the extra electrons are
added to the system via the fluorine dopants. A number of
band-structure studies have been performed to date to ad-
dress these questions; however, most of them use either the
simple rigid-band picture of shifting the Fermi energy in the
band structure of the undoped system or the virtual-crystal
approximation (VCA).*~!7 While these methods are expected
to describe the rough picture, the actual positions of the dop-
ants could make significant differences to the band structure
as compared to the rigid-band shift or to the VCA band struc-
ture, which is well known from the work on other
systems.?!?? In this work, we investigate the band structure
using full supercell calculations and study the changes in the
Fermi surface and the energetics with electron doping, with
the fluorine substitution of the oxygen sites.

II. METHOD OF CALCULATION

LaFeAsO forms in the P4/nmm structure’® with
(Fe’*As®7), layers lying between (La**0?7), layers, with
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each of the atoms forming a square sublattice. Half of the As
atoms belonging to the FeAs layer occur above the center of
the Fe squares and the other half below it in an alternating
pattern. They belong to a class of materials®>* formed by one
layer of a rare-earth atom with oxygen and another layer with
a late transition metal with a pnictogen atom. Each Fe atom,
lying at the middle of a layer as seen in Fig. 1, is coordinated
with four As atoms in distorted tetrahedral bonds above and
below; O also lies in a distorted tetrahedron of La atoms. The
doping of La (with Sr) or O (with F) is not in the magnetic
FeAs layer but changes the magnetic properties nonetheless.

FIG. 1. (Color online) Crystal structure for LaFeAsO.
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Experimental lattice parameters of a=4.035 A and ¢
=8.739 A were used. The internal parameters were relaxed
by total-energy minimization, the results of which agreed
with the values reported in the literature,® viz., 71,=0.142
and z,,=0.633. Recent calculations?> have shown that the Fe
partial density of states (DOS) and magnetic moment are
sensitive to z,, but there should be much less of an effect on
the nonmagnetic calculations which we will show.

Electronic structure calculations were performed using the
linearized augmented plane-wave (LAPW) method as imple-
mented in the WIEN2K (Ref. 26) program. The unit cell con-
tains 2 f.u. and for studying the effects of the dopants we
used two supercells: a 16-atom supercell (4 f.u.) formed by
doubling the cell in the x or y direction and a 32-atom su-
percell (8 f.u.) formed by doubling the cell in the xy plane in
each direction. These two supercells correspond, respec-
tively, to 25% and 12.5% F dopings when one O atom is
replaced by F. Calculations were also performed with the
VCA (Ref. 27) in the standard unit cell. These two methods
were used to understand the effects of F doping on the O
sites. In the VCA the nuclear and the electron charges of the
O atoms are increased continuously to approximate the ad-
ditional electrons introduced by the F dopants. For example,
a 5% concentration of F would change the nuclear and elec-
tronic charges of the O atoms from 8.0 to 8.05. Since super-
conductivity is expected to arise in the nonmagnetic (NM)
state, we have focused on the electronic structure in the NM
state.

III. RESULTS
A. Virtual-crystal approximation versus rigid-band shifts

In order to understand the effect of electron doping, we
first discuss the results for the density of states obtained from
the supercell calculation of F-doped LaFeAsO. The DOS for
LaFeAsO given in Fig. 2(a) shows La f and d states lying
above the Fermi energy (Ej), while the O p and As p states
occur below it. The O s and As s states lie well below out-
side the range of the figure. The Fe d states hybridize with
the As p states, although the size of the As sphere in the
LAPW method leaves much of the As p character outside the
spheres, reducing its weight in the plot. This leaves the pri-
mary character of the bands observed in the calculated DOS
near Er as Fe d. Strong Fe-Fe interactions cause the Fe d
states not to split apart into 1,, and e, states. The positions of
these states agree very well with those reported for the un-
doped LaFeAsO (Refs. 5-7, 12, 16, and 18) and LaFePO.?*
A full supercell calculation with 25% F replacing O, shown
in Fig. 2(b), finds that the F p levels lie far below E and act
only to add electrons to the system, appearing to cause a
rigid shift of the bands. As mentioned by previous authors,
although the total number of carriers increases, the electron
doping shifts Er to a lower DOS, making it hard to under-
stand how the superconducting state can arise. However,
while the DOS has a minimum at Ej, there is no evidence
that the system is close to a metal-insulator transition.?

From the calculated DOS (Fig. 2), it might appear that the
band structure for LaFeAsO is relatively unaffected by F
doping, so that a rigid-band shift of Er to accommodate the
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FIG. 2. (Color online) Density of states with or without fluorine
doping calculated using the supercell LAPW method, indicating
that the F states occur away from Ep.

added electrons might be good enough to describe the states
at the Fermi energy. We find that while the overall shapes of
the bands are about the same, there are enough differences in
the states near Er to produce significant differences in the
Fermi surface for the doped case. The band structure has
been plotted in Fig. 3(a) for the 32-atom supercell with one F
atom on an O site and a calculation without F doping but
with the bands rigidly shifted. In comparing the two cases,
we have aligned the bands so that the energies of the deep
oxygen core levels (O 1s and 2s) remain the same in view of
the fact that the deep core levels are very narrow in energy
and they are not affected by the F substitution. Comparing
the two sets of bands, the bands with F doping are sometimes
above the shifted bands and sometimes below, so a better
agreement is not possible simply by shifting the bands fur-
ther. An important difference is the increased splitting of
bands halfway between I' and M at Ep. Previous
calculations® have predicted that a rigid shift would lead to
no separation between these two bands at E, but the super-
cell calculations show that these two bands remain apart.
Turning now to the Fermi surface, in the original Bril-
louin zone of the standard unit cell, the Fermi surface con-
sists of two hole sheets around I" and two electron sheets
around M. All sheets now occur around the I" point of the
supercell Brillouin zone since the original M point gets
folded to I'. Most of the Fermi sheets in the full calculation
have larger radii than that predicted from a rigid shift as the
bands move further away from I' as seen from Fig. 3(b).
Thus the rigid-band shift does not describe very well the
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FIG. 3. (Color online) (a) Band structure for the 32-atom NM LaFeAsO unit cell shown for one F atom replacing O (LagFegAsgO4F) in
gray (violet) and for the undoped material (LagFegAsgOg) with rigid shift in black and (b) the corresponding Fermi surfaces given on the
I"-X-M plane. The symmetry points are for the supercell Brillouin zone, which has the same symmetry points as in the original unit cell but

with half the magnitudes for the k, and k, components.

changes in the Fermi surface due to the doping.

Our calculations of a rigid shift of the bands show signifi-
cant changes in the Fermi surface compared to the full su-
percell calculation with the dopants included. In view of the
fact that the states at Ep are predominantly Fe d and the F
dopants are far from the FeAs layers, one might expect that
the dopants could affect the band structure near Er in two
ways: (a) by changing the Coulomb potential on different Fe
sites by different amounts depending on their locations or (b)
by introducing the extra electrons in the Fe layers which can
then modify the on-site energies of different Fe orbitals dif-
ferently because of their selective occupation of the various
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Fe d orbitals. Quite interestingly, we find that there is a
remarkable agreement between the VCA and the supercell
results for states close to Ep (Fig. 4). In both cases, we
have the same number of electrons in the FeAs layer and
this agreement does not change even if we introduce the
extra carriers in the VCA by changing the La nuclear charge
instead of the O nuclear charge. This shows that the band
structure is sensitive only to the electron concentration in
the FeAs layer, so the Coulomb shift due to the relative
position of the F dopants is lost by the dielectric screening
due to the intermediate La and As layers. By the same
token, the rigid-band shift does not describe the band struc-
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FIG. 4. (Color online) (a) Supercell band structure of fluorine-doped LaFeAsO (LagFegAsgO-,F) [gray (violet) lines] compared with the
equivalent VCA calculation (black lines) with changed O nuclear charge. (b) Same as (a) except that the VCA calculation was done with
changed La nuclear charge (black lines). No difference is seen between the two sets of band structures near Ep.
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FIG. 5. Band structure of (LaFeAsO), with and without the spin-orbit interaction.

ture accurately because of the different concentrations of the
electrons implicit in the rigid-band shift vs the full calcula-
tion.

B. Fermi surface

While comparisons of VCA and rigid shifts of the bands
are important to the Fermi surface, spin-orbit effects can also
change the details of the Fermi surface. Since small changes
to the Fermi surface can play an important role in supercon-
ductivity, spin-orbit effects cannot be ignored. Spin-orbit has
not been investigated in LaFeAsO in any detail. Spin-orbit
interactions were included in a second-variational method®
in all of the calculations described in this paper. Band-
structure calculations for the eight-atom unit cell given in
Figs. 5(a) and 5(b) show that spin-orbit lifts degeneracies for
bands lying near Er. One can see that the splitting is larger at
Ep along I'-X and I"-M. Significant changes occur along I'-Z
where the more dispersive Fe d;2_; band hybridizes with
much less dispersive Fe d,. and d,, bands, separating the
third hole pocket (with strong d3.2_, character) from the rest
of the Fermi surface. The other bands at Ey are relatively
unchanged.

The calculated Fermi surface for the standard eight-atom
unit cell corresponding to the undoped (LaFeAsO), agrees
well with previous calculations.®®%1213.24 We show here the
Fermi surface calculated using the VCA for 12.5% F concen-
tration in Fig. 6(a). The Fermi surface consists of two cylin-
drical hole sheets lying along I'-Z and two cylindrical elec-
tron sheets lying along M-A. By doubling the unit cell in the
both directions of the xy plane to form the supercell, the
Fermi surface undergoes band folding, as seen in Fig. 6(b).
This causes the elliptical electron pockets around M to now
surround the two cylindrical hole sheets at I". We note that
the crystal symmetry of the supercell is the same as that as
the smaller unit cell. Therefore, a point in the Brillouin zone,
such as M (%%0) is used in both figures but corresponds to

(LaFeAsO | ¢,sF ) 1,9, = VCA

1.875

(@)

(LaFeAs) 80 7 F — Full Calculation

(b)

FIG. 6. (Color online) Fermi surface for (a) the 12.5% fluorine
dopant obtained from the VCA shown in the standard Brillouin
zone and (b) the full supercell calculation shown in the supercell
Brillouin zone.
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FIG. 7. Fermi surface shown in the I'-X-M plane of the supercell Brillouin zone for the 32-atom supercell of LaFeAsO with (a) no F

doping and (b) F replacing one of the eight O sites.

the fraction of the reciprocal-lattice vectors in each case.
Therefore the M point in Fig. 6(a) is not the same M point in
Fig. 6(b). At lower concentrations, there exists a hole cap
around the Z point, as has been mentioned in previous
calculations,®8-%-12.13.24

Adding electrons to the FeAs plane via F doping increases
the size of the elliptical electron pockets and reduces the size
of the hole pockets. Full calculations performed in the 32-
atom supercell with no F doping [Fig. 7(a)] shows the two
elliptical electron pockets surrounding the two nearly circu-
lar hole pockets. The smaller electron pocket and the larger
hole pocket nearly overlap. When we replace one F for an O
atom (LagFegAsgO-F) in Fig. 7(b), the overall shape of the
Fermi surface remains unchanged, but the electron pockets
become larger while the hole pockets shrink. As we can see
in the plot of the Fermi surface (Fig. 6), the hole pockets and
electron pockets are narrower in the I'-X-M plane and be-
come larger in the Z-R-A plane. Addition of electrons re-
duces the differences between the sizes of the pockets in
these two planes, so the Fermi surface looks more column-
like in the I'-Z or M-A direction, which is consistent with
previous calculations. %122

TABLE I. Radius r; of the hole pockets in A in the I'-M-X and
Z-A-R planes at different doping levels x. The full supercell calcu-
lations with F dopants agree with the VCA results for the cases
where we have compared them (x=0, 0.125, and 0.25). The third
hole pocket on the second plane disappears beyond x=0.07.

I'-M-X plane Z-A-R plane
X r ry ry ry r3
0.00 0.101 0.085 0.168 0.094 0.060
0.07 0.105 0.084 0.151 0.096 0.054
0.08 0.087 0.066 0.093 0.076
0.125 0.078 0.054 0.076 0.054
0.25 0.078 0.030 0.073 0.013

The size of the hole and electron pockets was calculated
using the VCA and the supercell calculation with F substitu-
tion on O sites and has been shown in Tables I and II. Since
the Fermi surfaces obtained from the VCA and the full su-
percell calculations are substantially the same, only one
number is given for each concentration. The size of the elec-
tron and hole pockets was calculated along the I'-M direc-
tion. The hole pockets as shown in Fig. 6 are circular (or
nearly so) lying along I'-Z and consist of hybridized Fe d,.
and d,, states. The d,, and d,, orbitals are degenerate due to
the point-group symmetry of Fe. This is consistent with pre-
vious calculations.”® There exists a third band which forms
the cap around the Z point, mostly of d;2_; character. This
third Fermi surface sheet disappears below Ej with 7%—-8%
electron doping.

The electron pockets are elliptical with significant nesting
characteristics. Several proposed superconducting theories
require understanding of the eccentricity of electron pockets
which affects the Fermi surface nesting and in addition may
be important for magnetic instabilities.'> We list in Table II
the calculated eccentricity as a function of electron doping
using the standard definition e=\1-b%/a® where a and b
are, respectively, the major and the minor axes. The two
electron Fermi surface sheets surround the M-A points in the
standard unit cell [Fig. 6(a)]. The electron cylinders arise out

TABLE II. Major and minor axes and eccentricities (a, b, and €,
respectively) of electron pockets at different doping levels x ob-
tained from the supercell calculations.

I'-M-X plane Z-A-R plane
a b a b
x (A) (A) € (A) (A) €
0.00 0.102  0.128 0.601  0.102  0.152 0.744
0.125  0.104 0.127 0571  0.104 0.147  0.707
0.25 0.122  0.148 0571  0.122  0.172  0.707
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TABLE III. Magnetic moment of Fe as a function of F concen-
tration x in LaFeAsO;_,F,. Both the eight-atom unit cell using the
VCA and the 32-atom supercell using F substitution were used.

Fe moment
(ep)
X Unit cell (VCA)
0.00 1.387
0.05 0.983
0.10 0.945
0.17 0.913

Supercell (F substitution)
0.00 1.353
0.125 0.805

of two bands, one of which is primarily of Fe d,>_> character
and the other is of mixed Fe d,, and d,, character. These two
bands can be identified as those lying along I'-M in Figs.
3(a) and 3(b) crossing about 0.25 eV above Ep. The eccen-
tricity of the ellipse arises due to different dispersion along
different directions in the xy plane.’* With electron doping,
the separation between these two bands decreases along
I'-M, reducing the eccentricity. However, unlike what was
seen in a rigid shift of the bands,?® the eccentricity never
disappears or begins to increase with electron doping.

C. Energetics of magnetic states

Previous calculations® have found the magnetic moment
to be sensitive to z,,, the vertical position of the As atoms
with respect to Fe. As seen in Table III, the Fe moment is
smaller than 2up due to the limitations of calculating the
moments from the muffin tins in the LAPW method. How-
ever, this reduced value is consistent with similar
calculations!>!1%% for this value of z,,. With no doping, cal-
culations were performed using both the eight-atom unit cell
with the VCA and the 32-atom supercell with F substitution.
Magnetic moments in the unit cell and supercell are consis-
tent with each other with no doping. Adding electrons to the
system adds to the more than half-filled Fe 3d levels, causing
a reduction in the magnetic moment. Both VCA and F sub-
stitution cause a reduction in the Fe magnetic moment, al-
though the VCA underestimates the reduction in the mag-
netic moments compared to replacing F atoms with O.

Conventional theories of the superconductivity describe
the superconducting state to arise from the Fermi surface
instability of the paramagnetic normal state, while density-
functional calculations show the ground state of the un-
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FIG. 8. (Color online) Energy difference between the nonmag-
netic and the antiferromagnetic states as a function of electron dop-
ing for LaFeAsO,_,F,.

doped material to be an antiferromagnetic metal. Recent
measurements>3! have found a transition from an AFM to a
NM for F doping of about 4% in LaFeAsO,_F,. Therefore
we have studied the energetics of AFM and NM configura-
tions to see if our calculations can observe whether the elec-
tron doping destabilizes the AFM state in favor of a para-
magnetic state. This would facilitate the formation of the
superconducting state. To address this question, we have per-
formed calculations of the total energy with and without
electron doping in the supercell geometry and have shown
these results in Fig. 8 along with the VCA results. The results
of the full supercell calculation and the VCA energies agree
quite well, which is consistent with the excellent agreement
between their two band structures (Fig. 4). We find that even
though the AFM state is stable for all dopant concentrations,
the energy of the NM state is significantly reduced as com-
pared to that of the AFM state. These results suggest that the
electron doping might serve to destabilize the AFM state in
favor of the nonmagnetic state thereby facilitating supercon-
ductivity, consistent with the observed®>?!' transition from
AFM to NM for a small amount of F doping.

IV. SUMMARY

In summary, from density-functional supercell calcula-
tions we have studied the changes in the Fermi surface of
LaFeAsO as a function of electron doping. Important differ-
ences in the Fermi surface were found from results obtained
with the simple rigid-band shift, while the virtual-crystal ap-
proximation yielded reasonable results. Finally, our total-
energy results suggest that electron doping might provide an
extra degree of stability to the superconducting state by mak-
ing the AFM normal state less favorable.
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