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First-principles calculations of the effect of pressure on the iron-based superconductor LaFeAsO

Hiroki Nakamura® and Masahiko Machida®
CCSE, Japan Atomic Energy Agency, 6-9-3 Higashi-Ueno, Taito, Tokyo 110-0015, Japan;
JST, Transformative Research-Project on Iron Pnictides (TRIP), Chiyoda, Tokyo 102-0075, Japan;
and CREST-JST, 4-1-8 Honcho, Kawaguchi, Saitama 332-0012, Japan
(Received 2 August 2009; published 7 October 2009)

We perform first-principles calculations for an iron-based superconductor LaFeAsO in order to study its
pressure effects. As the pressure increases, we find a change from monotonic to nonmonotonic shrinking
manner in lattice constants and related crystalline parameters at 20 GPa and a structural transition from the
orthorhombic to the tetragonal crystal with a disappearance of the antiferromagnetically ordered moment at 24
GPa in an excellent agreement with an experimental observation. Moreover, the calculations reveal that the
structural transition is almost the phase transition of the second order. We further explore a very high-pressure
range and find that the contraction of the distance between As and Fe plane stops above 100 GPa although the

c-axis lattice constant continues to shrink.
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Since the discovery of the iron-based superconductor
LaFeAsO,_,F, whose critical temperature is 26 K,! a tremen-
dous number of studies have been made on the research of its
superconducting mechanism and properties. So far, the high-
est critical temperature has exceeded 50 K,? and several au-
thors have therefore proposed unconventional mechanisms.

The crystal structures of discovered iron-based supercon-
ductors are now mainly classified into four types by their
structural differences of nonsuperconducting blocking layers,
i.e., LnFeAsO(1111), AFe,As,(122),> LiFeAs(111),* and
a-FeSe(11).° In addition to these four types, a new one
whose blocking layer structure is a perovskite type has been
very recently reported.®” These rich varieties may promise
further advancement toward higher 7, and more useful su-
perconductors.

A similarity among these compounds is Fe Pn (Pn=As, P,
or Se) layer structure, which is a stage exhibiting high-T,
superconductivity. The element, As, P, or Se lies on the top
of the pyramid distant by &, from the center of the square
lattice formed by four Fe atoms. The material properties in-
cluding the superconductivity are known to be very sensi-
tively dependent on the distance /4. Several authors actually
have argued that the magnetic moment and the density of
states (DOS) around the Fermi surface drastically change by
a tiny shift of /1,310 In this paper, we study pressure effects
of a parent compound LaFeAsO and reconfirm the sensitivity
through the observed pressure effects.

In order to obtain high-7, superconductivity, most of
these parent compounds require carrier doping via chemical
substitution such as LaFeAsO;_,F, or deficiency introduction
such as PrFeAsO;_,. This is very similar to cuprate high-7,
superconductors. On the other hand, there are different ways
unlike cuprates in iron-based superconductors. One way is
the direct doping on Fe-As layer, as seen in FeSe;_, and
LaFe;_,Co,AsO, and another way is the direct pressure ap-
plication on the parent compounds. Especially, the latter is
very convenient for first-principles calculations because one
can systematically examine the changes in the electronic
structure without changing supercells depending on the dop-
ing ratio. Thus, we study the pressure effects on a parent
compound LaFeAsO by using the same unit cell and clarify
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how the system responds to the pressure variation.

LaFeAsO does not show the superconducting transition
under ambient pressure while its critical temperature reaches
20 K around 12 GPa.!! This pressure-induced superconduc-
tivity is also observed in the case of CaFe,As,,'? SrFe,As,
(T.~30 K around 4 GPa),'*'* EuFe,As, (T,=30 K around
3 GPa),'>!% and BaFe,As, (T,=29 K around 4 GPa).'"* On
the other hand, in optimally doped materials exhibiting su-
perconductivity at ambient pressure, the pressure changes
their critical transition temperatures. LaFeAsO F,_, exhibits
the critical temperature enhancement from 26 to 43 K up to
5 GPa,'” while T, of SmFeAsO,F,_, decreases monotoni-
cally with increasing the pressure.'®!° T, of FeSe also in-
creases up to around 30 K.2*2! According to these findings,
we expect a ground-state phase diagram like Fig. 1(a). In this
paper, we focus on a nondoped material and fully study the
transition from the magnetically ordered phase by first-
principles calculations.

There have been several theoretical works on the pressure
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FIG. 1. (Color online) (a) A schematic ground-state phase dia-
gram of typical iron-based superconductors. (b) The crystal struc-
ture of LaFeAsO. The bold arrows show the direction of the mag-
netic moment of iron atoms.
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TABLE I. Lattice constants and other parameters at zero pressure. The errors from experimental data are
shown in the parentheses. The experimental data are taken from Ref. 24.

a (A) b (A) ¢ (A) has (A) hi, (A)

Experiment 5.7096 5.6818 17.4524 1.3080 1.2444
Magnetic 5.7579 5.6912 17.4292 1.2744 1.2403
(0.85%) (0.17%) (-0.13%) (-2.59%) (-0.33%)

NonMagnetic 5.6878 5.6878 17.2308 1.1903 1.2498

effects in iron-based superconductors. Among them, we par-
ticularly mention two previous first-principles studies.?>??
Our results are consistent with the previous works while
more precise and wide investigations are done in our calcu-
lations. For instance, we adopt 1 GPa pressure step around
the transition point and explore a much wider pressure range
up to 200 GPa.

The crystal structure of LaFeAsO examined in this paper
is displayed in Fig. 1(b). At the room temperature, this com-
pound is paramagnetic under a tetragonal crystal structure.
As the temperature decreases, a transition into the ortho-
rhombic crystal structure occurs and the stripe-type magnetic
order successively develops. Then, the crystal structure be-
longs to the space group Ibam as seen in Fig. 1(b). Table I
shows a comparison of the unit lengths along the principal
axes and other parameters among an experiment®* and two
types of calculations at the ambient pressure. The difference
between the two types of calculations (called magnetic and
nonmagnetic) is whether one takes into account the spin de-
gree of freedom or not. The lattice constants, a, b, and ¢
under the magnetically ordered structure are in agreement
with the experimental data within 1% error. On the other
hand, if one does the nonmagnetic calculation, then the
stable structure is automatically the tetragonal one and ¢ be-
comes worse than that of the magnetic calculation as shown
in Table I. As for h,4, the magnetic calculation shows a better
agreement with the experimental data than the nonmagnetic
case. However, the error of h,, is relatively larger
(~=2.59%) than errors of other parameters as seen in Table
L. It is noted that even if the structure becomes tetragonal by
doping or raising the temperature, the observed /i, is almost
unchangeable, i.e., 1x,~ 1.3 A. This unexpected error may
be an origin of various disagreements with the experiments.

The calculation package employed throughout this paper
is VASP,>> which uses projector-augmented wave method?®
and generalized gradient approximation exchange-
correlation energy.?’ K points are taken as 8 X 8 X 8 and the
electronic self-consistent loop is repeated until the energy
difference between loops becomes less than 107® eV. The
crystal structure is stabilized until the atomic forces are re-
duced to less than 0.01 eV/A. We obtain the pressure value
directly from the calculated stress tensor in contrast to the
previous works.?>?3

The magnetic calculation well reproduces the observed
structure except for /5, whereas it has been well known that
the antiferromagnetically ordered moment per an iron atom
shows a large deviation from the experimental results. The
calculated moment is ~2.0up while the experimental one is
~0.3up.2*?%? Several explanations on this discrepancy

have been suggested. For instance, one of the suggestions is
that spin fluctuations around a quantum critical point can
make the observed moment smaller. However, this inconsis-
tency with the density-functional theory (DFT) is much be-
yond our theoretical expectation. Another suggestion is that
polarization effects of As are underestimated.'3° This may
be related with a wrong agreement of /14,. On the other hand,
Mazin et al.,*' proposed that the first-principles calculation is
valid while antiferromagnetic domain fluctuations effectively
suppress the static moment. In fact, high-frequency optical
phonons excited inside Fe-As layers are well reproducible
under the moment 2.0uy.3? Moreover, the observed spin dy-
namical structure factor in neutron experiments shows a
strong magnetic excitation peak around 10 meV and rela-
tively broad weights over a wide range frequency above 10
meV.** This means that static experiments such as Moss-
bauer effects cannot directly measure the large iron magnetic
moment. If this scenario is correct, then DFT estimates the
value of the iron moment integrated over the frequency range
correctly, i.e., DFT reasonably predicts a larger moment than
the observed one as the static moment. Thus, we believe that
our results are qualitatively correct, and therefore, the first-
principles calculation on the pressure effects is worth study-
ing. Of course, DFT cannot explain why the dynamical spin
structure factor has finite weights over such a wide range of
frequency. In this paper, we avoid further discussion on the
moment value and perform the standard DFT calculation.
Thus, our main goal is not a perfect quantitative agreement
but a qualitative understanding of pressure-induced phenom-
ena.

Now, let us show calculation results of the pressure ef-
fects. The first focus is how the crystal structures change as a
function of the pressure. Figure 2 shows lattice constants and
other parameters related to the crystal structure vs the exter-
nal hydrostatic pressure in which nonmagnetic calculation
results are also plotted for comparison. Since the tetragonal
symmetry is always stable in the nonmagnetic calculation,
the pressure effects are monotonic in all the pressure range.
Concentrating on the lattice structural parameters in the mag-
netic calculation, we notice that clear irregularities emerge at
24 GPa,** above which all the magnetic calculation results
completely coincide with the nonmagnetic ones. Thus, the
structural phase transition from orthorhombic to tetragonal is
clearly found to occur at 24 GPa. In addition, the magnetic
calculations reveal that the lattice constants and the related
ones change from monotonic behaviors to nonmonotonic
rapid ones at 20 GPa. In particular, a drastic decreasing slope
change in s, at 20 GPa, which is an almost kink like, brings
about a rapid change in the electronic structure as shown
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FIG. 2. (Color online) Pressure dependence of (a) lattice con-

stants a and b, (b) ¢, (c) Fe-As bond length, (d) Ay, (e) As-Fe-As

angles, (f) ratio of lattice constants, ¢ and a, (g) volume of unit cell,

and (h) ratio of @ and b. MAG corresponds to results obtained by
the magnetic calculation and NM to nonmagnetic calculation.

below [see also Figs. 3(a), 3(b), and 4]. In other words, the
rapid change is a precursor of the phase transition at 24 GPa.
Generally, we expect a sudden jump, i.e., the first-order tran-
sition for structural phase transition but the present one is not
the case. This is confirmed by the pressure dependences of
the volume [Fig. 2(g)] and the energy [Fig. 3(c)].

Let us turn back to the results below 20 GPa. Contrary to
those above 20 GPa, the lattice constants a, b, ¢, hy,, and
Fe-As bond length decrease monotonically with increasing
the pressure up to 20 GPa. The three As-Fe-As angles are
almost constant below 20 GPa. These results mean that this
material simply shrinks up to 20 GPa. On the other hand, we
notice that the shrink ratio along ¢ axis is larger than that of
a axis. This tendency is easily found by c¢/a ratio as function
of the pressure shown in Fig. 2(f). This is quite consistent
with the experimental results.'? Furthermore, we find around
6 GPa that a/b reaches the maximum as shown in Fig. 2(h).
This indicates that the crystal structure is the farthest from
the tetragonal structure at 6 GPa. With increasing the pres-
sure from the ambient one, once the crystal structure aniso-
tropy increases, it becomes the maximum around 6 GPa, and
changes into the decreasing behavior toward the transition to
the tetragonal one.
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FIG. 3. (Color online) (a) Magnetic moment of an iron atom and
(b) density of states at the Fermi energy as a function of pressure.
(c) The ground-state energy as a function of pressure.

Now, let us concentrate on the structural phase transition
at 24 GPa again. The volume of the unit cell looks smooth at
this critical pressure in spite of the nonmonotonic change in
each lattice constant from 20 to 24 GPa. This is because the
rapid expansion of b just cancels out the shrinkage of c. This
clearly indicates that the in-plane structural variation is
tightly connected with that of the out of plane. In Fig. 3(a),
the magnetic moment of an iron atom decreases as the pres-
sure increases, and vanishes at the same pressure as the
orthorhombic-to-tetragonal transition (24 GPa). The moment
disappearance at 24 GPa shows a very good quantitative
agreement with an observation data of Mossbauer effect.?
As mentioned above, one may presume that our results are
quantitatively wrong due to the overestimated magnetic mo-
ments at ambient pressure. Nevertheless, it is not surprising
that the result shows a good agreement with the observed
data. Under such a high pressure, almost all the phonons are
harden, i.e., high-energy structural fluctuations are sup-
pressed, and then the dynamically fluctuating spin coupled
with the structural fluctuation is pushed into a lower-
frequency range. This indicates that the DFT static calcula-
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FIG. 4. (Color online) Density of states at various pressures. The
Fermi energy is set to zero.
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tion result approaches closer to the experimental value under
high-pressure application. As shown in Fig. 3(b) the DOS
rapidly increases above 20 GPa and shows a peak slightly
below the transition. The reason why DOS rapidly develops
is that the Fermi surface turns into that of the nonmagnetic
case without a pseudogap such as DOS suppression. This
behavior can be also reproducible by adjusting the moment
value.®® Figure 3(c) is the ground-state energy vs the pres-
sure. Below 24 GPa, the ground-state energy of the magnetic
calculation is always lower than that of the nonmagnetic one.
At 24 GPa, their energy values cross in a continuous manner
and the ground state is replaced by the nonmagnetic one with
the tetragonal phase above 24 GPa. From these energy and
volume [Fig. 2(g)] variations, it is found that the transition is
the second order. This result implies that fluctuations associ-
ated with the transition are rather enhanced in the pressure-
induced case.

Figure 4 shows DOS at various pressure values around 20
GPa. In a relatively low-pressure range, (a) 0 and (b) 10 GPa,
where the Fe moment is still large, there exists a pseudogap
such as DOS suppression at the Fermi energy.’’ The gap
width correlates with the moment value. As the pressure in-
creases, the pseudogap shrinks and finally disappears just at
24 GPa, where the magnetic moment vanishes and the mag-
netic DOS almost coincides that of the nonmagnetic one as
seen in (d). This pressure-induced pseudogap closing is in a
qualitative agreement with the pressure dependence of the
resistivity.'?

The final is pressure effects under considerably high pres-
sure. The motivation comes from an expectation that a new
phase might emerge under such an unexplored pressure
range. We increase the pressure up to 200 GPa. The results,
i.e., the lattice constants a and c¢ vs the pressure are shown in
Fig. 5(a). We find that both constants monotonously shrink
with increasing the pressure. On the other hand, &, above
100 GPa shrinks no longer while the crystal components
irrelevant to h,, continues to contract. This result indicates
highly asymmetry potential curve for h, . Thus, we find no
significant change in the electronic structure from 24 to 200
GPa. In addition, as for angles of As-Fe-As [Fig. 5(c)] we do
not also observe any drastic changes.

In summary, we evaluated pressure dependences of vari-
ous properties of iron-based superconductor LaFeAsO by
DFT calculations. We found that as the pressure increases
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FIG. 5. (Color online) (a) Lattice constants, (b) Fe-As bond
length and h,,, and (c) As-Fe-As angles as a function of higher
pressure.

above 20 GPa the magnetic moment immediately decreases
with associated nonmonotonic structural variations and van-
ishes at 24 GPa being consistent with the experiment. Fur-
thermore, we explored a very high-pressure range up to 200
GPa and found that %, shrinks no longer above 100 GPa in
contrast to the unceasing volume contraction.
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