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Density functional study of the electronic structure and magnetism of LaFeAsO alloyed with Zn
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We report first-principles supercell investigations of LaFe,_,Zn,AsO. These are discussed in relation to
existing experimental data on Zn-doped LaFeAsO. As expected, Zn occurs in a d' configuration in the alloy,
similar to the pure Zn compound LaZnAsO. This is highly disruptive to the electronic structure of LaFeAsO
near the Fermi energy, which is heavily derived from Fe d states. This favors localization and the formation of

local moments on the Fe atoms near the Zn.
DOI: 10.1103/PhysRevB.80.214530

I. INTRODUCTION

The discovery of high-temperature superconductivity' in
proximity to magnetism in a series of Fe-based
compounds'~* provides an interesting contrast to the cuprate
superconductors. Certain features, such as the nearness to
antiferromagnetic phases, suggest similarities while others,
especially the apparently weaker correlations based on
spectroscopy>® and the conspicuous absence of Mott insula-
tors in the phase diagrams’ suggest important differences.

One remarkable difference between the cuprates and Fe-
based superconductors is the effect of alloying on the active
transition element site. In cuprates, alloying on the Cu site is
highly detrimental to superconductivity. For example, even
low level substitutions of the Cu?* ions by nonmagnetic Zn>*
destroy superconductivity.®~1” Similarly, a strong suppression
of the critical temperature 7, is found with other substitu-
tions, including Fe, Co, and Ni.” On the other hand, super-
conductivity can be induced in the Fe-based materials using
substitutions on the Fe site of the undoped parent com-
pounds. These substitutionals can be dopants, such as Co or
Ni!'=!* or even certain 4d and 5d transition elements,!>!8
including Ru, which apparently acts to suppress the antifer-
romagnetic state without providing doping.'® This relates to
another difference between cuprates and the Fe-based mate-
rials. In the Fe-based materials suppression of the magnetic
order, e.g., by pressure 1is sufficient to produce
superconductivity?® while in contrast doping seems to be es-
sential in the cuprates. This suggests a more intimate connec-
tion between the magnetic and superconducting phases in the
Fe-based materials where both these phases are metallic. A
possible implication is that because of the strong correlations
in them the cuprates, while conducting, are closer to local-
ization than the Fe-based materials so that at least for some
range of substitutions the electronic structures of the Fe-
based materials behave as coherent alloys while the cuprates
tend to form localized states when substitutions for Cu are
made.

Recently, partial Zn substitution for Fe has been reported
in the LaFeAs(O,F) system,”! with interesting results that
may shed light on these differences between cuprates and
Fe-based superconductors. Although the Zn?* ions that
would be expected in this environment, would not dope the
Fe planes (based on nominal Fe?*),* even low concentrations
of Zn (~5%) suppresses the spin-density wave (SDW). Fur-
thermore, the resistivity becomes insulating and increases
with increasing Zn content. Recently, an apparently similar
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insulating behavior was reported in Cu-doped FeSe although
there is no ordered SDW in stoichiometric FeSe.?>* Even
though the SDW is destroyed by Zn substitution in
LaFeAsO, no superconductivity is observed. On the other
hand, Zn alloying up to ~10% (beyond which phase separa-
tion occurs) in doped superconducting LaFeAsO¢F,; does
not strongly effect the superconductivity, although there is a
conflicting report claiming a strong suppression of 7. with
7Zn substitution.?> In any case, there is a dramatic effect on
the SDW but perhaps not on the superconducting phase.
The purpose of this paper is to study the effect of Zn
alloying on the electronic structure of LaFeAsO in order to
shed light on the questions raised by the experimental studies
mentioned above. We note that LaZnAsO and LaZnPO have
been experimentally synthesized and characterized as semi-
conductors with the band gap of 1.3-2.3 eV.22 Prior
electronic-structure calculations on LaZnAsO reported a
semiconducting character with direct band gap and fully oc-
cupied Zn d states at about —7 eV binding energy.?® This is
of course entirely different from LaFeAsO where the par-
tially filled Fe d shell dominates the electronic structure near
the Fermi level (Ey), giving rise to metallic features and a
tendency toward magnetism. Therefore it may be expected
that Zn substitutions will have strong effects on the elec-
tronic structure of LaFeAsO, which is in fact what we find.

II. COMPUTATIONAL METHODOLOGY

The present results are based on density functional theo
(DFT) supercell calculations. We used 2X2X 1 and 2v2
X 2\2X 1 supercells of tetragonal LaFeAsO and replaced
one Fe in each cell with Zn. These correspond to x=0.125
and 0.0625 in LaFe,_,Zn ,AsO, which is reasonably within
the range of Zn content realized in the experiment.”! The
experimental lattice parameters at x=0.1 (a=4.038 A and
¢=8.724 A) and 0.05 (a=4.036 A and ¢=8.728 A) were
taken and internal coordinates were fully optimized by total-
energy minimization, using the projector augmented wave
(PAW) method?® as implemented in VASP code.' The gener-
alized gradient approximation (GGA) of Perdew, Burke, and
Ernzerhof (PBE) (Ref. 32) was employed for the exchange-
correlation functional. The relaxed structures had somewhat
larger bond lengths for Zn-As (~2.5 A) than for Fe-As
(~2.3-2.4 A). This is somewhat different from the behavior
that would be expected in an oxide since the ionic radii of
Zn*>* and Fe* are similar and Zn?>* is actually slightly
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smaller than Fe?*. This may reflect the different chemistry of
pnictides and oxides or more likely it may be a consequence
of the tendency of nonspin-polarized density functional cal-
culations to place As too close to Fe in these compounds.3

We also performed some structure optimizations includ-
ing relaxation of the lattice parameters. Specifically, we re-
laxed the structure of LaFeAsO both without magnetism and
with the SDW ordering and did the same for our small su-
percell of composition LaFe,g75Zn,1,5As0. For pure
LaFeAsO we find, in agreement with previous studies, that
the ¢ axis lattice parameter is underestimated in nonmagnetic
GGA calculations and that this is improved when SDW order
is included. In our GGA calculations, with SDW order, we
obtain a=12x4.073 A, b=12x4.023 A, and c=8.696 A
while without magnetism our relaxed lattice parameters are
a=4.024 A and c=8.609 A. The experimental c-axis lattice
parameter is 8.734 A3 In the Zn containing supercell, we
again find an interplay between the ¢ axis and magnetism.
The calculated c-axis lattice parameter with the SDW order
is 8.765 A, as compared with the result of a nonmagnetic
calculation, 8.696 A.

In any case, once the optimized structures were obtained
in the PAW calculations, we used the general potential lin-
earized augmented plane-wave (LAPW) method,? with the
augmented plane-wave plus local-orbital (APW +LO) imple-
mentation of the WIEN2K code,33-3® to obtain electronic struc-
tures and to study magnetism. This was done with the opti-
mized atomic positions and experimental lattice parameters.
Proper modeling of strain effects for the disordered alloy
would require larger supercells than those employed here but
in any case both based on the modest composition depen-
dence of the experimental lattice parameters and the relax-
ations for the small supercell discussed above these are likely
to be small. As in the PAW calculations, we used the PBE-
GGA. We used LAPW spheres of radii 2.2a, for La, 1.6a,
for O, and 2.1a for Fe, Zn, and As. The APW +LO basis sets
determined by RoKpax=7 (Kpax 18 the plane-wave cutoff)
were used. Convergence of Brillouin-zone sampling was
checked by gradually increasing k-point mesh density in self-
consistent calculations. Denser meshes were used for density
of states (DOS) and magnetic calculations. We did additional
magnetic calculations within the local spin-density approxi-
mation, which gives weaker magnetic tendencies for the iron
pnictides. We also cross-checked our magnetic calculations
with the PAW method and obtained consistent results.

Finally, we note that the present calculations were per-
formed using standard density functional theory. As men-
tioned, there are problems in describing the magnetism of the
iron superconductors in this approach. There has been con-
siderable discussion of the nature and role of electronic cor-
relations in these materials. For example, on the one hand
signatures of Hubbard bands are remarkably absent in pho-
toemission experiments,” a conclusion supported by other
spectroscopies.® On the other hand, there are clearly impor-
tant renormalizations of the bands.>¥-3° Optical experi-
ments, in particular, show a reduction in the Drude weight,
demonstrating that there are significant effects of electronic
correlations.® These may be directly in the charge channel
due to Coulomb repulsion, as in cuprates or in the spin chan-
nel, i.e., due to spin fluctuations but an explanation based on
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FIG. 1. Calculated band structure of semiconducting LaZnAsO,
using the experimental tetragonal lattice parameters a=4.095 A
and ¢=9.068 A (Ref. 40) and optimized internal coordinates (z,
=0.1342, z,,=0.3271). The energy zero is chosen at the valence-
band maximum.

renormalization due to phonons is excluded. It will be of
interest to compare our results with experiment keeping in
mind the potential limitations of density functional calcula-
tions for these materials. Electronic spectroscopies and their
evolution with Zn doping may be particularly useful.

III. ELECTRONIC STRUCTURE AND MAGNETISM

We start with the electronic structure of the pure Zn com-
pound, LaZnAsO. The electronic band structure and DOS are
shown in Figs. 1 and 2, respectively. The results are similar
to those reported previously by Bannikov ef al.?® It is a semi-
conductor with direct band gap at I', with calculated GGA
value of 0.53 eV, which we note is an underestimate as com-
pared to the experimentally determined gap,’®?’ presumably
due to DFT errors. The group of low-lying flat bands be-
tween —8 and —6 eV, corresponding to the steep peak in
DOS, mainly originate from Zn d states. Above —6 eV up to
the edge of valence bands, there are 12 bands that derive
from O and As p states, with the As p states dominating the
upper valence bands. There is only a low As p contribution
to the metal derived conduction bands. Therefore Zn occurs
as Zn”* in this compound, with minor Zn-As covalency.
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FIG. 2. (Color online) Electronic DOS and projections onto As
and O p orbitals within LAPW spheres for LaZnAsO. The contri-
bution from As p state is underestimated due to its spatially ex-
tended orbital beyond the LAPW sphere. Total DOS is on a per
formula basis and projections per atom.
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FIG. 3. (Color online) (a) Calculated DOS and projections onto
LAPW  spheres, on a per formula wunit basis for
LaFe( g75Zn( 155AsO, from the 2X2 X 1 supercell (see text). The
Fermi level is chosen as the energy zero. (b) The d-orbital projec-
tions of different Fe ions labeled according to the neighbor shell
from the Zn in the supercell.

The calculated nonspin-polarized electronic DOS and or-
bital projections for LaFe g;57Zn 125AsO are shown in Fig. 3.
Comparing with those of LaFeAsO,* one can clearly see sig-
nificant differences due to the Zn alloying in the important
energy range around the Fermi level E. Similar to the pure
Zn compound, LaZnAsO, the Znd levels in Zn-doped
LaFeAsO are at high binding energy. They provide the sharp
peak in the DOS between —8 and —7.5 eV. Importantly,
there is another peak close to Ep, in the pseudogap formed
by Fe d states in LaFeAsO and other Fe-based materials.
Further analysis of projections onto individual Fe sites [Fig.
3(b)] indicates this peak comes mainly from the d states of
the four Fe atoms nearest to Zn. For other Fe sites, we can
also see the peak feature but it is relatively weaker by com-
parison. It should also be noted that this feature, which rep-
resents states induced by Zn substitution, has small but still
significant weight on the third-neighbor Fe. This indicates
that the interactions between the nearby Zn atoms are still
significant in this size supercell (and by implication also in
experiment at a doping level of 10%, where there would be
many Zn neighbors at distances comparable to those in the
supercell). We note that since the peak occurs in a region of
finite density of states in the parent compound it is formally
a resonance rather a localized defect state. However, consid-
ering the narrowness of the feature this distinction may not
be important.

Leaving aside this peak induced near Er and the Zn d
levels at ~—8 eV, the general shape and features of the DOS
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FIG. 4. (Color online) Calculated total DOS and d projections
for the different Fe sites for LaFe(g375Zn(065A80 (nominal
La;¢Fe 5ZnAs 0 4). For clarity, only the Fe sites up to the second-
nearest neighbor to Zn are shown.

for the supercell are rather similar to those of LaFeAsO. In
particular, the states near E are dominated by Fe d orbitals
with modest hybridization between Fe d and As p states.

Figure 4 shows the electronic DOS for the larger supercell
of composition LaFe 937571 0625AsO. As may be seen, the
results are generally similar to those obtained for
LaFe g75Zng 15As0. The Zn d states (not shown) are at ~
—8 eV, as in the smaller cell. Importantly, the Zn substitu-
tion still induces a sharp Fe d peak mainly on the nearest
four Fe atoms to the substitutional Zn. The peak in this su-
percell is slightly above Ep, rather than at E; as in the
smaller cell.

To clarify the nature of the electronic states comprising
this peak, we plot the charge-density distribution correspond-
ing to the peak at Ep in the DOS of LaFegg757Zn( (,5As0
(Fig. 3) in Fig. 5. As may be seen, consistent with the Fe d
projections of the DOS, this state is clearly concentrated on
the four Fe atoms nearest to Zn. Besides the fact that the
amount of charge on the further neighbor shells is smaller, it
is interesting to note that the orbital characters of d states

FIG. 5. (Color online) The charge-density distribution corre-
sponding to the DOS peak located at the Fermi level in Fig. 3(a).
The isosurface value is chosen as 0.01 e/A3. Since the peak is
mainly dominated by Fe d states (with a small contribution from Zn
states), only the Fe (Zn) plane (within the supercell employed) is
shown. The Fe and Zn atoms are marked as red and blue spheres,
respectively.
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TABLE I. Calculated moments (in ug) of Fe for the ground-state magnetic order of the two supercells
investigated, using both local-density approximation (LDA) and GGA exchange-correlation functionals. The
order of numbers refers to the distance of the Fe atoms from Zn in terms of near-neighbor shells. Note that
in the calculations, the system without Zn is also magnetic with SDW order as the ground state and other
competing orders as well. The large moments on the distant Fe atoms, especially in GGA calculations reflect

this and are not directly a consequence of the Zn.

First Second Third Fourth Fifth
LaFeo_g']SznoAlzsASO LDA +0.8 -0.7 -0.3
GGA +1.5 -1.5 -1.3
LaFeo_937szn0_0625ASO LDA +0.7 -0.6 +0.3 -0.3 +0.7
GGA +1.8 -1.4 +1.5 -1.1 +1.7

involved on the different Fe sites varies. For the nearest-
neighbor Fe, the states involved have primarily d,, and d 2
characters while the second-neighbor contribution is from
d./d,, states and the third-neighbor contribution has d,>_,»
and d characters.

While nonspin-polarized calculations show a sharp peak
in the DOS at or near E in the supercells, such a situation
clearly cannot be stable. Spin-polarized calculations show in
fact that the feature leads to the formation of a moment that
splits the peak. This moment is spread over the four Fe atoms
around the nearest-neighbor Zn. Since these atoms are sec-
ond neighbors of each other on the square lattice, a parallel
spin arrangement of them corresponds to the pattern of the
checkerboard antiferromagnetic (nearest-neighbor antiferro-
magnetism) state, which is a state that competes with the
SDW in the Fe-based superconductors. This disruption of the
SDW is seen in both supercells and in both GGA and LSDA
calculations (Table I, note that while especially in the GGA
calculations there are large moments on far neighbors from
the Zn, these do not have the same pattern as the SDW,
which is the ground state without Zn; this shows the disrup-
tion of the SDW while at the same time reflecting the ten-
dency of the Fe atoms to have moments in GGA calculations,
regardless of the magnetic order; the details of the Fe spin
arrangements around the Zn atom are no doubt sensitive to
the particular arrangement of Zn atoms).

IV. SUMMARY AND DISCUSSION

Thus we find two mechanisms by which Zn doping works
against the SDW. First of all, it introduces localized states,
disrupting the electronic structure of the Fe sheets near Ep.
This will be destructive to the Fermi-surface nesting. Sec-
ond, and perhaps more importantly, it introduces local mo-
ments that have the pattern of the checkerboard antiferro-
magnetic state mainly on the four neighboring Fe. This may
then lead to a spin glass as opposed to the paramagnetic
metallic state with spin fluctuations that is characteristic of
the clean materials when the SDW is destroyed by doping or
pressure. Within this scenario, the resulting phase would not
be a conventional semiconductor with a band gap but more
likely an insulator where the insulating character comes from

Anderson localization associated with the strong scattering in
the spin glass. Localization would be favored in the SDW
state because of the low carrier density in that state and also
in the precursor orthorhombic phase between the SDW or-
dering and the somewhat higher temperature structural tran-
sition. This is consistent with observations in the FeSe sys-
tem upon Cu doping, in particular, the observation of local
moments in proximity to Cu in the Cu-doped FeSe,??> which
has a structural transition but not the SDW transition when
undoped.

This does not provide a clear explanation of why Zn dop-
ing has only a small effect on the superconductivity. One
might begin speculating by observing that the carrier density
in the doped samples is higher, which would work against
Anderson localization and second that within an Eliashberg
framework with spin fluctuations as a pairing mechanism,
superconductivity depends on an integral over the Fermi sur-
face of the pairing interaction related to the real part of the
susceptibility.*! This means that the strength of the pairing
for an s(+/-) state, which is regarded as a highly likely state
for these materials, would depend on an average over a vol-
ume of momentum space related to the Fermi-surface size
while SDW ordering would depend on the value at the nest-
ing vector. Thus, within a picture where the superconductiv-
ity arises from spin fluctuations, fluctuations over a region of
the Brillouin zone around the zone corner and not just at the
zone corner, will be pairing (see, for example, the discussion
in Ref. 42). Because of this, the frustrating effect of local
checkerboard type moments around Zn could be smaller for
superconductivity than for the SDW itself. However, this ex-
planation seems rather contrived and in fact the destruction
of the SDW state in the undoped compound at low Zn con-
centrations would presumably then result in the metallic state
rather than an insulator as observed. Therefore the explana-
tion may in fact be in the difference between samples re-
ported in Ref. 21 which were doped with F and those of Guo
et al.,”® who found a strong suppression of superconductivity
with Zn in samples doped by O vacancies. Considering the
phase separation observed at modest Zn concentrations and
the high affinity of Zn for F it will be useful to verify that Zn
actually substitutes for Fe in bulk LaFeAs(O,F) samples
rather than entering the lattice in some other way. In any
case, it will be interesting to further examine Zn-doped

214530-4



DENSITY FUNCTIONAL STUDY OF THE ELECTRONIC...

samples experimentally to look for the predicted moments on
the nearest-neighbor Fe sites and to determine whether the
characteristics of the insulating Zn-doped phase are indica-
tive of a true semiconductor or of an Anderson localized
system.
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