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Mechanism of phase transitions and electronic density of states in LaFeAsO,_.F,
and SmFeAsO,_,F, from ab initio density functional calculations
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The structure and electronic density of states in layered LFeAsO,_,F, (L=La,Sm; x=0.0,0125,0.25) are
investigated using density functional theory. For the x=0.0 system we predict a complex potential-energy
surface, formed by close-lying single-well and double-well potentials, which give rise to the tetragonal-to-
orthorhombic structural transition and the appearance of magnetic order. For x>0.0 we demonstrate that
transition temperatures to the superconducting state and their dependence on x correlate well with the calcu-
lated magnitude of the electronic density of states at the Fermi energy.
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The discovery of a new superconductor LaFeAsO,_F,
with high transition temperature (7.=26 K) (Ref. 1) has
triggered a global search for other Fe-based alternatives to
Cu-based superconductors, which have dominated the field
since 1986.> Substituting As, Fe, and La for other
pnicogens,’ transition metals,* and lanthanides,’ respectively,
as well as applying external pressure® and optimizing the
doping level have raised T, to 54.5 K.” However, since then
its value seems to have saturated, and doubts have been ex-
pressed as to whether T, can be raised any further.® Elec-
tronic structure calculations can provide insight into the
properties of these systems and their relation to T..

LaFeAsO is a member of the layered Fe-pnicogens, in
which FeAs sheets are separated from each other by spacers
such as layers of metal oxide, e.g., LaO in LaFeAsO [Fig.
1(a)], metal fluoride, e.g., StF in SrFeAsF,” and metal atoms,
e.g., Ba in BaFe,As,.!” In spite of the difference in the nature
of the spacers, FeAs-based materials show surprising simi-
larities in the temperature dependence of their structural pa-
rameters and anomalies in electric resistance and specific-
heat capacity and in their magnetic properties (e.g., Refs.
10-14). Transition to a superconducting state has been ob-
served in Fe-pnictides doped in both the spacer layers (e.g.,
Refs. 15 and 16) and Fe layers.’

In a series of theoretical and computational reports the
electronic properties, magnetic interactions, phonon struc-
ture, and the origin of the superconductivity in LaFeAsO and
related compounds have been discussed (e.g., Refs. 17-24).
The aim of this work is twofold: (i) to investigate the relation
between the magnetic and atomic structures of FeAs-based
materials and (ii) to study the effect of the electron doping on
the electronic properties of these systems.

We found that the properties of LFeAsO (where L
=La,Sm) are determined by two close-lying potential-energy
surfaces (PESs): a lower-energy double-well potential, where
geometrical configurations of the two energy minima have
orthorhombic (O) symmetry, and a higher-energy single-well
potential of tetragonal (T) lattice symmetry. This complex
PES gives rise to three temperature ranges—and, therefore,
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two transition temperatures—and can explain the experimen-
tally observed structural phase transition, the appearance of
magnetic order, and the anomaly in the temperature depen-
dence of the specific-heat capacity. In addition, we noticed a
correlation between the calculated profile of the electronic
density of states [N(e)] near the Fermi energy (¢5) and the
experimentally observed dependence of 7. on the dopant
concentration x and on the type of L atom. This correlation
can be used for computational prescreening of promising
LFeAsO derivatives, as well as for predicting optimal dopant
concentrations via relatively inexpensive electronic structure
calculations.

The calculations were carried out using density functional
theory (DFT), the generalized gradient approximation func-
tional PW91,% and the projected augmented waves method>®
implemented in the Vienna ab initio simulation program
(VASP) code.?’ The plane-wave basis set cutoff | was s set to 600
eV. Supercells containing eight (1 X 1), 16 (\2 X \2) and 32
(2X2) atoms and Monkhorst-Pack grids of 252, 132, and 36
k points, respectively, were used. For the analysis of the elec-
tronic structure, the charge density was decomposed over
atom-centered spherical harmonics.
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FIG. 1. (Color online) (a) Structure of the 1 X1 LFeAsO (L
=La,Sm) unit cell. (b) Schematics of several spin configurations
within the Fe layers shown for a 2 X y2 supercell. The circles
show the positions of Fe atoms within the Fe layer. Here and below,
up and down arrows indicate “up” and “down” spins, respectively.
See text for details.
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TABLE 1. Structural parameters of LFeAsO,_.F, (L=La,Sm).
Parameters a and b are given for the V2% 2 cell. In all cases,
crystallographic cell angles a, B, and vy deviate from 90° by less
than 0.0005°. Letters E and T refer to experiment and theory (this
work), respectively. There are two types of L and As atoms for x
=0.125.

¢ b <
X Details (A) (A) (A) z(L) z(As)
LaFeAsO,_,F,
0.0 AF1 T 5.6873 5.6899 8.6185 0.1448 0.6383
0.0 AF2 T 57305 5.6672 8.6948 0.1433 0.6438
0.0 300K E?* 57031 5.7031 8.74111 0.1413 0.6517
0.0 120K E?* 5.6826 5.7104 8.71964 0.1417 0.6513
0.125 T 56829 5.6829 8.5630 0.1560 0.6405
0.1452 0.6394
0.25 T 56873 5.6831 8.4859 0.1562 0.6410
0.14 120K E?* 5.6844 5.6844 8.6653 0.1477 0.6527
SmFeAsO_,F,
0.0 AF1 T 55955 55918 83435 0.1406 0.6472
0.0 AF2 T 55834 55834 82884 0.1523 0.6496
0.125 T 55834 55834 82884 0.1523 0.6496
0.1413 0.6479
0.25 T 55888 55902 82046 0.1529 0.6493

4Reference 11.

First, we consider the relation between configurations of
the spins associated with Fe 3d electrons and the lattice
structure. Several ordered antiferromagnetic configurations
in the \2 X \2 supercell are shown in Fig. 1(b). In AF1, the
spins on the neighboring Fe atoms are antiparallel. In con-
figurations AF2’ and AF2" spins are parallel along the y and
x axes, respectively; AF2’ and AF2" are equivalent in the
case of the tetragonal phase [Fig. 1(b)].

After minimization of the total energy with respect to both
the atomic positions and the lattice parameters, the AF1 con-
figuration maintains the T structure (Table I). Configurations
AF2’" and AF2" relax to two equivalent orthorhombic (O)
structures O, and O,, in which the Fe 3d spins along the
short Fe-Fe bonds are parallel and those along the long Fe-Fe
bonds are antiparallel [see Fig. 1(c)]. The relations between
lattice parameters a, b, and ¢ for O; and O, are a;=b,,
bi=a,, ¢;=c,, and a;>b; (see also Fig. 2). The calculated
values for the lattice parameters for the low-temperature O
phase agree with experimental data to within 0.4%. (Table I).
The ferromagnetic configuration is considerably less stable
than the antiferromagnetic ones and is not considered here.

Integration of the AF2” charge density within the LaO and
FeAs layers shows that the layers are charged:
(LaO)*(FeAs)™® with 8=0.15|e|. Thus, one can consider
LFeAsO as a superionic compound in which ionic and ion-
covalent bondings within the LO and FeAs layers, respec-
tively, are accompanied by ionic bonding of these layers. The
magnetic moments on the Fe atoms calculated for AF2 are
1.56up (L=La) and 1.33u5 (L=Sm). These differ signifi-
cantly from the values suggested by Mossbauer measure-
ments (~0.35u).2® The calculated aspect ratio A=(a/b
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FIG. 2. (Color online) Potential-energy surfaces for the AF1 and
AF2 configurations. Dots correspond to the calculated energy val-
ues. Circles indicate spin pairs within the Fe layer in the V2x42
cell, which are different in O and O, configurations.

—1) is overestimated: we find that A=1.1% for both oxides,
while the experimental values are 0.5% for L=La (Ref. 11)
and 0.7% for L=Sm.'*

To find the energy barrier separating the fully relaxed
AF2'" and AF2” configurations, we calculated the total ener-
gies Epyr and Epor along the path € connecting O, and O,
(inset in Fig. 2). Path €, is parallel to the vector n=(1,-1) in
the a-b plane. Epp,(Q) and Ezpn(Q), where Q=a—-b, are
plotted in Fig. 2. For comparison, we also calculated Ep(Q)
along the path €,lin.

The calculated values of E|, E,, and E; (Fig. 2) are 0.005,
0.025, and 0.15 eV, respectively, for LaFeAsO and 0.006,
0.026, and 0.11 eV for SmFeAsO.?° The terms E g, and
Epon, calculated within the adiabatic DFT approximation,
are degenerate at Q=0. In practice, tunneling between their
respective electronic states will couple these states and split
Eppy and E gy terms by 2 V into a higher-energy single-
well (Eg) and a lower-energy double-well (Ej) PESs,*
shown in Fig. 2.

The lattice dynamics, described by Eg and Ej, has three
regimes depending on the temperature (7).

(1) For T<E,-V, the atoms vibrate near the positions
defined by one of the orthorhombic energy minima of Ep
(e.g., 0y). In this case the magnetic structure is dominated by
AF2’ configuration (see Fig. 2).

(2) For E,—V<T<E,+V, atomic motion is determined
by both minima of Ep. In the classical picture of the atom
dynamics, the time-average distribution of the Fe-Fe bond
lengths has two maxima. As T increases, the splitting be-
tween the short and the long Fe-Fe bonds decreases, which
corresponds to a gradual transition from O to T symmetry.
Magnetic order is lost because the Fe spins adjust themselves
to the momentary local atomic structure so that the spins
are parallel for Fe atoms forming short Fe-Fe bonds, and
antiparallel otherwise. In other words, thermal fluctuations
of Fe-Fe bond lengths cause the reorientation of Fe spins

(Fig. 2).
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(3) For T>E,+V, the lattice dynamics is determined by
both the Eg and E, potentials and the effect of the barrier in
Ej can be neglected. The lattice has T symmetry. There is no
magnetic order because the orientation of the spins changes
according to the local atomic structure, as described in re-
gime (2), and also due to the coupling of the electronic states
of Eg and Ep,.

This model accounts for the main effects observed experi-
mentally in LaFeAsO and related materials. For example,
observations of the structural and magnetic phase transitions
in LaFeAsO (e.g., Refs. 11, 13, and 31) suggest that the
T — O transition takes place gradually, with the Q=a—b or-
der parameter exhibiting two kinks at Ty, (~160 K) and
Tpin (—140 K), and that the magnetic phase transition oc-
curs at Ty, or slightly below it. In addition, the specific-heat
capacity displays two peaks, which also seem to coincide
with T,y and Tpyn.'>!3 Similar data have been reported for
other FeAs-based materials.'” These results are consistent
with the model for the three regimes of the lattice dynamics
outlined above. In this model, two phase transition tempera-
tures 7T, and T, would correspond to E;+V and E,-V,
respectively. While calculating the value of V is beyond the
scope of this work, we can use the experimental results'>!2
to estimate that V=4 cm™' in LaFeAsO.

We note that similar magnetoelastic effects, i.e., a mag-
netic phase transition associated with a structural T-O tran-
sition, have been observed in pnictides, oxides, and complex
compounds of rare-earth elements.>>3* In this case, the tem-
perature of the structural phase transition is lower
(~4-30 K) due to more localized f states. Consistent with
this, the difference between T,,,, and T, becomes vanish-
ingly small. For example, it is below the resolution limit in
ErNi,B,C,3 while for DyVO, the value of V is estimated to
be 1.5 cm™1.33

We now consider the effect of F doping on the atomic and
electronic structures of LFeAsO. This doping provides addi-
tional electrons to the FeAs layer so that the charge distribu-
tion becomes (LO)***(FeAs)~ %™, and the lattice parameter c
decreases due to the increased interlayer ionic bonding
(Table I). This leads to the appearance of a narrow gap in
N(g) at ~2.5 eV below the &y (not shown).

The lowest energy state in the 2X2 cell (x=0.125) is
similar to that of undoped LFeAsO: the lattice structure cor-
responds to the O symmetry of the V2X 2 cell and the
spin-arrangement is the same as that in AF2. However, the
value of the aspect ratio A decreases to 0.8% and 0.7% for
the L=La and L=Sm, respectively. Simultaneously, the value
of e is reduced to 1.32 (L=La) and 0.75u; (L=Sm). At
higher doping levels (V2 X2 cell, x=0.25) A<0.07%. In
addition, ug, reduces further to below 0.1up and the AF2
magnetic order vanishes: the spin-down density is localized
on a single Fe atom nearest to the F~ impurity, while the
remaining three Fe atoms share the spin-up density. We also
found a spin-disordered state for x=0.125: this corresponds
to a nearly tetragonal cell (Table I) with an energy of
~7 meV (L=La) and ~5 meV (L=Sm) per Fe atom higher
than that of the ground state. Thus, with increasing x the
extent of the orthorhombic distortion decreases and the mag-
netic structure is modified.
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FIG. 3. Density of states for (La,Sm)FeAsO,_,F,. Letters O and
T refer to the orthorhombic and tetragonal phases, respectively. The
Fermi energy is at 0.0 eV.

Finally, we analyze the electronic density of states [N(g)]
calculated for the fully relaxed AFI, AF2, and spin-
disordered states of doped LFeAsO,_,F, (Fig. 3). In all cases,
N(e) near the Fermi energy (e) is dominated by the Fe 3d
states, and the overall polarization of the spin-up and spin-
down states is negligible. In stoichiometric LFeAsO, N p»(€)
has a pronounced depression near g, while Ng;(g) has a
narrow deep minimum separating a steep rise at e<ep
and a peak at &> g% Projecting Nag () onto the d states
shows that this peak is dominated by d,, and d,, states. The
same d,,+d,. peaks near gy are evident for doped LFeAsO
(Fig. 3).

We notice that as x increases and gy shifts across the d,,
+d,, peak, the value of N(gf) increases as well, reaches its
maximum, and then decreases. The details of the peak struc-
ture depend on the value of x, but its general shape is remi-
niscent of the experimentally observed dependence of 7. on
x (e.g.h1).

Furthermore, the maximum of the d,,+d,, peak (x=0.0)
in SmFeAsO is higher and further away from & than that in
LaFeAsO. This correlates with the observations that the op-
timal 7, is higher in SmFeAsO,_,F, [46 K, x=0.15 (Ref. 5)]
than in LaFeAsO,_,F, [26 K, x=0.05-0.12 (Ref. 1)] and that
it is achieved at larger values of x. The slope of N(gef) cal-
culated for x=0.125 is negative for L=La and positive for
L=Sm, which indicates that the maximum of N(ey) can be
found at x<<0.125 for L=La and x>0.125 for L=Sm. This is
consistent with the optimal values of x found for these com-
pounds as ~0.11 (L=La) (Ref. 1) and ~0.20 (L=Sm).'* In
addition, we notice that the d, +d,, peak in LaFeAsO is
wider than that in SmFeAsO (this is clearly seen for x=0.0
and 0.125), which suggests that T, has a stronger dependence
on x in SmFeAsO, as observed in Ref. 14.

While these observations say little about the mechanism
of superconductivity in FeAs-based materials, they do not
contradict recent experimental results indicating that these
materials have common features with conventional Bardeen-
Cooper-Schrieffer-type superconductors.>® More importantly,
our analysis suggests that the value of N(ep) is a good
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parameter for T, optimization.>” Our results indicate that the
chemical nature of the spacers between FeAs layers does not
directly affect the superconducting state. We suggest that its
properties are mainly determined by the coupling of Fe spins
with phonons modulating Fe-Fe distances.
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