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The experimental data currently available in the literature on the paramagnetic—spin density wave transition in
nonsuperconducting LaOFeAs are discussed. In particular, we note that a relative decrease in the density of
states on the Fermi level and a pseudogap formation occur upon a spin density wave transition. The values of
these quantities are not properly described in the framework of the density functional theory. The agreement
with experimental estimations becomes more accurate with the use of a fixed spin moment procedure when the
iron spin moment is set to the experimental value. Strong electron correlations that are not included into the
present calculation scheme may lead both to a decrease in the spin moment and to a renormalization of the
energy spectrum in the vicinity of the Fermi level for correct description of the discussed characteristics.

PACS: 71.15.Mb, 74.25.Jb

Stimulated by the discovery of a new class of high-T7
superconductors based on the LaOFeAs compound [1],
numerous investigations of the electronic and magnetic
structure of this nonsuperconducting parent compound
were performed in the framework of the density func-
tional theory (DFT) [2-6]. These calculations were
successful in predicting not only the magnetic instabil-
ity [2, 5] but also an exact type of the magnetic struc-
ture of LaOFeAs [4, 7].

The calculated iron magnetic moment is close to
2up [6, 8]. But experiments indicate a much smaller
value. Powder neutron diffraction measurements [9]
give 0.36(5)up. Local probe measurements of magnetic
properties of LaOFeAs such as °"Fe Mdssbauer spec-
troscopy [10] together with muon spin relaxation [11]
indicate the respective values ~ 0.35up and 0.25(5)up.

The situation when DFT calculations predict larger
spin magnetic moment in comparison with the exper-
imental one is rare and known only for few systems
(e.g., MnSi and ZrZn,). The inconsistency between ex-
perimental and calculated magnetic moments in these
materials may be ascribed to spin fluctuations that lead
to the suppression of magnetic moment [12]. Neverthe-
less, LaOFeAs is an outstanding compound even among
these systems because the ratio ficaic/ feap is extraordi-
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nary large, approximately equal to 6; more importantly,
Fe ions in the simple atomic picture are expected to
have S = 2, which cannot be easily suppressed by any
quantum fluctuations.

The other known experimental parameters that
can be compared with their theoretical values are
the specific heat coefficient v related to the den-
sity of states (DOS) on the Fermi level N(Er) as
v (7?/3)k%N(Er) and the Pauli susceptibility
X = u3N(EF). The specific heat coefficient can be ex-
tracted from the low-temperature behavior of the heat
capacity. Unfortunately, this parameter is ill-defined
experimentally, i.e., strongly depends on the tempera-
ture range used in the fitting procedure. It was esti-
mated by different groups to be 3.7 mJ/(mol-K?) [7],
0.9 mJ/(mol-K?) [13], and 0.69 mJ/(mol-K?) [14]. But
v obtained in nonmagnetic DFT calculations [2, 5]
overestimates the largest experimental value by almost
two times. The results of magnetic calculations for
the real striped antiferromagnetic structure [8] improve
the situation. They are close to the intermediate ex-
perimental v value. However, this coincidence may
be considered accidental because the electronic struc-
ture of this antiferromagnetic solution corresponds to
a large iron magnetic moment. The susceptibility cal-
culated in the framework of the nonmagnetic DFT is
8.5-10° emu/mol [2]. At the same time, the flat region
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of the experimental susceptibility curve has the value
about 501075 emu/mol [1, 15], 6 times larger than the
calculated one.

There is an experimental indication of the forma-
tion of a partial energy gap (or pseudogap) around the
Fermi level, which removes parts of the DOS or few
bands from the Fermi energy at the phase transition
from the paramagnetic to the spin density wave (SDW)
state. Direct experimental estimations of the pseudo-
gap F,, are based on the results of reflectivity measure-
ments [7]. The pseudogap associated with a decrease in
optical absorption spectra observed at different temper-
atures corresponding to paramagnetic and SDW states
is in the range 150-350 cm ! (19-43 meV). The value of
the pseudogap due to SDW formation evaluated from
thermal transport experiments is equal to 210 K [13],
which corresponds to 18 meV. Results of a temperature-
dependent angle-integrated laser photoemission study
for a fluorine-doped compound indicate a pseudogap
about 100 meV [16], whereas high-resolution photo-
emission spectroscopy [17] gives the above-T,. pseudo-
gap value 15-20 meV.

The evaluation of the relative reduction of the DOS
in the vicinity of the Fermi energy due to the formation
of such a pseudogap is a less direct procedure. Based
on the results of susceptibility measurements [15], one
can deduce from the values of Pauli-like susceptibility
curves at high and low temperatures that the change
in the N(Ep) does not exceed 20%. The same value
of approximately 20 % may be extracted from the con-
ductivity curves in Ref. [7], keeping in mind that con-
ductivity is proportional to N2(E) in the proximity of
Er. Analysis of the specific heat at various temper-
atures [13] suggests a 70 % reduction of N(E) around
Er under the paramagnetic-SDW transition.

Thus, for LaOFeAs, we can assume that there is a
decrease in the DOS near the Fermi energy of tens per-
cent under the paramagnetic-SDW transition, which
corresponds to the formation of a 20-100 meV pseudo-
gap. The SDW state is characterized by the iron spin
magnetic moment 0.2-0.4up, the specific heat coeffi-
cient 1-4 mJ/(mol-K?), and the susceptibility coeffi-
cient approximately equal to 50 - 105 emu/mol. Con-
ventional DFT calculations (both nonmagnetic and an-
tiferromagnetic) fail to correctly describe these quanti-
ties.

In the present paper, we show that fixed spin mo-
ment DFT calculations with the magnetic moment
fixed at the experimental value can significantly im-
prove an agreement with the experiments with regard
to the specific heat and pseudogap values and the rel-
ative decrease in the N(Ep) value.
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The calculations were performed in the framework
of the method of tight-binding linear muffin-tin orbitals
(TB LMTO) [18] using the generalized gradient ap-
proximation (GGA), where the exchange potential was
taken in the Perdew—Wang form [19]. Experimentally
determined [9] structure parameters and atomic posi-
tions for tetragonal phase and collinear striped anti-
ferromagnetic order of Fe ions in layer were used. For
simplicity, we assumed a ferromagnetic interlayer in-
teraction due to a negligible influence of the antipar-
allel alignment, of spins between different FeAs lay-
ers. The La(6s,6p,5d,4f), Fe(4s,4p,3d), O(3s,2p,3d),
and As(4s,4p,4d) orbitals were included into the basis
set. The integration in the course of self-consistency
iterations was performed over a mesh of 18 x 18 x 12
k-points in the irreducible part of the Brillouin zone.
We checked that this number of k-points suffices for
the precise calculation of the Fermi level position Ep
and the value of the density of states at the Fermi level
N(Efp). A fine mesh is important due to the nest-
ing bands near Er. Calculations were performed in a
V2a x v/2a x ¢ (four formula units) unit cell appropri-
ate for description of a striped antiferromagnetic state.
Crystallographic = and y axes were directed from iron
to its nearest iron neighbors and ferromagnetic chains
were running along the z direction.

Figure 1 demonstrates the results of nonmagnetic
calculations. The band structure agrees with that ob-
tained previously [8]. The Fe bands mainly of a ¢, ori-
gin cross the Fermi level. We note the two-dimensional
character of the band structure and clear signs of Fermi
surface nesting in I'-X and Y-T directions.

The nesting effect is usually illustrated in the figure
of the Fermi surface. To reveal nesting in the simple
band structure graph, we plot it along the S—T line for
the conventional a x a X ¢ unit cell; the result is given in
the inset to Fig. 1. This S-I" direction corresponds to
the Y-T' (or X-T') line for the enlarged V2a x/2a x ¢
unit cell. When the unit cell is doubled, the left half
of the instet folds to the right half. The crossing of the
folded bands occurs just on the Fermi level.

The specific heat and susceptibility coefficients re-
calculated from N(Ep) obtained in the nonmagnetic
DFT approach are yxy = 5.3 mJ/(mol'K?) and
XNy = 7.2-107% emu/mol. That agrees with the val-
ues calculated before.

The total energy difference between nonmagnetic
and antiferromagnetic (which is energetically more fa-
vored) states is 116 meV/(Fe atom), which is in good
agreement with the result in Ref. [8]. A substantial en-
ergy gap between different magnetic solutions together
with the large magnetic moment (see below) shifts the
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Fig.1. Band structure of LaOFeAs obtained from a

nonmagnetic calculation in the Brillouin zone corre-

sponding to the enlarged (v2a x v2a x ¢) unit cell.

Inset: band structure along the S-T" line for the con-

ventional (a x a x ¢) unit cell. The Fermi energy is

zero. For the bands crossing the Fermi level, orbital
projections are marked
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Fig.2. Band structure of LaOFeAs for a striped an-
tiferromagnetic state. The pseudogap energy region is
shown by a hatched stripe. The Fermi energy is zero.
For the bands crossing the Fermi level, orbital projec-
tions are marked. Superscripts indicate majority (may)
and minority (min) spin projections. There are contri-
butions from both majority and minority states to the
band d,,

system away from the quantum critical point, where
spin fluctuations may play an important role. The
band structure for the striped antiferromagnetic state
is shown in Fig. 2. Tt differs essentially from the non-
magnetic picture. In particular, in the vicinity of the
Fermi level in the '-X direction, there is only one band
of the d}, character. The other four bands are moved
away from the Fermi level due to the Stoner splitting.
In the Y-T direction, three bands remain. Two of them
(dsy and d,.) have the same origin as in the nonmag-
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Fig.3. Band structure of LaOFeAs for the striped an-
tiferromagnetic state with the fixed spin moment value
0.36un. See also the caption to Fig. 2

netic state and the third band originates from d127y2
and déZLTQ orbitals, which were completely occupied
in the nonmagnetic case.

The pseudogap can be defined as the energy region
around the Fermi level where the number of bands in
Fig. 2 is essentially smaller than in Fig. 1. It is natural
to define it to lie between the maximum of the parabola
at the X k-point and the minimum of a higher-lying
parabola in the T-X direction (see the hatched stripe in
Fig. 2). The pseudogap defined in this way is estimated
to be 380 meV, which is much larger than experimental
expectations.

The calculated iron magnetic moment is equal
to 1.77up and the specific heat coefficient yya¢ =
= 0.99 mJ/(mol-K?). This agrees with the experimen-
tal estimations of v [13]. However, in going from the
nonmagnetic to the antiferromagnetic phase, the calcu-
lated value of N(EF) changes by a factor of 6 (600 %
instead of tens percent).

This inconsistency in the values of magnetic mo-
ment and the width of the pseudogap, and too drastic
a change in N(EF) in going from the paramagnetic to
the magnetic state demands an explanation. Below, us-
ing the fixed spin moment procedure, we simulate the
experimental value of the magnetic moment and inves-
tigate how N(Ep) and the pseudogap width change
upon a decrease in the spin moment value.

The band structure corresponding to the fixed spin
moment value 0.36up is presented in Fig. 3. It looks
very similar to the nonmagnetic picture. A remarkable
difference occurs along the I'-X direction: d,, and d.,
bands are spin-splitted and the first of them is removed
from the vicinity of the Fermi level, whereas d}, is still
crossing Fr. There is no dramatic rearrangement of
bands along the Y-T" direction. We conclude that un-
der the transition from the nonmagnetic to the mag-

760



P

seudogap value in the energy spectrum of LaOFeAs ...

MKOT®, Tom 134, Boin. 4 (10), 2008
e(k), eV
| |
0.2} X X g

X772 77

o

—0.2

—0.4

I

I

I

I

|
Y

(o) N U

|
I
I
I
|
I
I
I
|
r X
Fig.4. Band structure of LaOFeAs for a striped anti-
ferromagnetic state with the fixed spin moment value
0.25u5. See also the caption to Fig. 2

netic state, the first changes of the band structure oc-
cur along the I'-X line; then the bands along Y-T" are
involved in the formation of magnetic moment.

The fixed spin moment calculation results in a sig-
nificant increase in the specific heat coefficient, which
is equal to yrsy = 2.0 mJ/(mol-K?) in this case, in
a good agreement with experiment. The pseudogap,
which can now be defined as indicated by the hatched
stripe in Fig. 3, decreases to 180 meV, which is still
larger than the experimental value.

It is interesting to note that a further decrease in
the magnetic moment in the fixed spin moment calcu-
lation (Fig. 4) leads to an even better agreement with
experiment as regards the value of the pseudogap. For
one of the reported values of y = 0.25up, it decreases
to 130 meV. The specific heat parameter is calculated
to be 2.4 mJ/(mol-K?), and then the change in N(Er)
in nonmagnetic and magnetic states is only 55 %, in
reasonable agreement with experimental estimations.

The semiempirical fixed spin moment approach
demonstrates that the correspondence of experimen-
tally known parameters of the electronic structure of
LaOFeAs is essentially improved in comparison with
the conventional magnetic calculations if the magnetic
moment is kept at a low value near 0.3up found in
the experiment. However, even with the reduced spin
moment value, the calculated pseudogap (130 meV) re-
mains larger than the experimental one (20-40 meV).

In our opinion, an account for dynamical correla-
tions, which certainly exist for the d shell of iron, may
lead both to an essential reduction in the spin moment
value and to a renormalization of the energy spectrum
in the vicinity of the Fermi level for decreasing the pseu-
dogap.
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