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TABLE I. Effects of the two polymorphous networks (spin and positional) in tetragonal FeSe, on the total-energy lowering [AE;, State
(1) has been chosen as the reference], the error to experimental PDF [41], the maximum of local orthorhombicity [41], and the existence or
not of the electronic nematicity.

Nonmagnetic Paramagnetic

) @ ®) 4)

Nature of polymorphism spin polymorphous No No Yes Yes

positional polymorphous No Yes No Yes
Consequence of polymorphism AE (MmeV/f.u.) 0 -8 —255 —292
PDF error (Ry) 62% 62% 11% 6.5%
local orthorhombicity n(R) 0 0.92% 0 2.2%

electronic nematicity No No Weak Yes

between the two is needed (see Table I, later). We report in
the tetragonal phase of bulk FeSe the unexpected findings
that the structurally induced electronic symmetry removal
with its attendant total energy lowering [Fig. 1(e)] leads to
significant band narrowing [renormalization factor of 3 from
blue to red vertical arrows in Fig. 1(b)], and nematic orbital
ordering [colored contours in Fig. 1(d)]. These are predicted
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FIG. 2. Comparison between an experimentally measured PDF
at room temperature [41] (blue empty circles) and DFT pre-
dicted PDF (red lines), shown together with the difference (green
lines) for (a) monomorphous NM minimal-cell model (tetragonal, 2
f.u./cell), (b) constrained polymorphous PM supercell in the absent
of atomic displacement (tetragonal, 384 f.u./cell), and (c) relaxed
polymorphous PM supercell in the presence of atomic displacement
(tetragonal, 384 f.u./cell). The overall R factors are also given. Red
circle in (b) shows the disagreement around 4 A.

spin local environments—such as up-spin Fe coordinated lo-
cally by a variable number of up- and down-spin Fe atoms
(so-called spin polymorphous network). The representation
also provides the possibility of creating broken spatial sym-
metries (positional local environments), if these would lower
the total energy. These include distribution of Fe-Fe and Se-Se
bond lengths, local deviations from tetragonal symmetry (so-
called positional polymorphous network), as well as different
moments and different charge density on different Fe sites.

The cell size is increased to achieve convergence in the total
energy per atom [Fig. 1(e)]. If the underlying chemical bond-
ing in the system at hand does not benefit from the existence of
a distribution of different local environments, the total energy
will not be lowered. This is the case for the isovalent ZnSe
system having a unique minimal unit cell of a single formula
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TABLE Il. Parameters and properties of different FeSe models. Magnetic order: NM = nonmagnetic; PM = paramagnetic. Fully relaxed:
all atomic positions as well as lattice constants (keeping tetragonal, i.e., a=b=c¢, « = g = y = 90°) are optimized by DFT total-energy
minimization. Relaxed internally: all atomic positions are optimized by DFT total-energy minimization, while the lattice constants are fixed—
NM lattice constants are identical to the ones in state 1 (No, No), while PM lattice constants are taken from the full relaxation of an 8-f.u. PM
supercell (which gives a bulk lattice constant of a = 5.338 A and ¢ = 5.521 A conveniently close to the experimental value at room temperature
a=5.334 A and ¢ = 5.524 A at 300 K [41]). Cell size is in number of formula units per cell. Crystallographic parameter zs. is the distance in
[001] direction between Se layer and center Fe layer, given also as the Wyckoff position of Se atom in fractional coordinate. DFT total energies
are relative to reference (state 1).

Model Cell size (f.u./cell) a, b c(A) Zse
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FIG. 4. Histogram plots for (a) Local magnetic moment and (b) local electronic charge at Fe sites obtained from (Yes, Yes) PM supercell
(red bars), compared with the single values from (No, No) NM minimal-cell model shown by blue lines.

in the fictitious (No, No) monomorphous NM minimal-
cell model, being obviously very different. Whereas the net
magnetic moment in the PM phase is zero, there is a nontrivial
distribution of local moments of both orientations. Similarly,
the distribution of atomic charges (computed by the projection
of the occupied wave functions onto the spherical harmon-
ics within a spherical region centered at Fe ions) shown in
Fig. 4(b) clearly reveals the ability of FeSe to sustain a range
of chemical bonding pattern, which is obviously absent in the
isovalent compounds such as ZnSe.

Consequence of local motifs for electronic properties: sym-
metry removal and band narrowing. The E versus k band
structure of a supercell does not lend itself to intuitive analysis
as it appears as meaningless spaghetti. At the same time,
the supercell representation is needed to afford symmetry
breaking, unrestricted by geometrical constrain of a minimal
cell. We therefore rigorously unfolded it [50-52] to the prim-
itive BZ, providing an “effective band structure” (EBS)—a
three-dimensional picture of the distribution of spectral den-
sity, including both coherent and incoherent contributions, all
obtained from nominally mean-field DFT [51,52] (the basic
concept of EBS is given in Appendix C).

Figure 1 compares the measured ARPES [34-36] bands
with the (No, No) monomorphous NM band structure re-
sults in (a) and the (Yes, Yes) polymorphous PM results in
(b). As shown in Fig. 1(a), the monomorphous NM model
fails to reproduce the band structure: Neither the energies
of «-y states at I', nor the bandwidths of those states
nearby I' agree with experimental results. Such failure of the
monomorphous model is often attributed to some fundamen-
tal failure of the DFT picture. However, the monomorphous
approximation Fig. 1(a) is not the best that DFT can do.
Figure 1(b) shows that if we allow electrons to interact with
the spin and positional degrees of freedom, without the re-
striction to a high-symmetry small unit cell, we find a much
richer picture and achieve a good agreement with ARPES
results. Here, the spectral functions are calculated without
ARPES matrix element effect, and obtained from, as we have,
random short-range order in the PM phase (corresponding to
very high temperature), which tend to overemphasize broad
features, but we still can locate the three bands «, 8, and y
from a Lorentzian function analysis of the calculated spectral
function along the M-I"-M direction (see Appendix D). The

calculated EBS from the polymorphous network not only
reproduces the correct state energy and degeneracy splitting
among «-y at ', but also provides the correct bandwidths for
each of the three bands. The band narrowing (renormalization)
has been traditionally attributed to strong electron correlations
on the basis of comparing with monomorphous NM minimal-
cell DFT [29-31,34-36]. Here it is naturally explained by
symmetry breaking and the ensuing interband coupling sanc-
tioned by DFT mean field. The spectral function shows fuzzy
bands below 75 meV binding energy, while ARPES sees clear
band dispersions there [34] after filtering out the low-intensity
signals and/or using second-derivative imaging. This may be
due to the fact that the spin distribution function in the PM
phase in this work is lacking possible spin short-range order
[44,45].

In Figs. 1(c) and 1(d) we show the orbital order by plotting
in real space the cross sections [here, the (001) planeatz = 0
] of the partial charge density in an energy region —0.03eV <
E — Er < 0.02eV (see Fig. 5). The (No, No) monomorphous
NM minimal-cell model results in an identical C4-symmetric
distribution around every and each Fe site, indicating an equal
orbital occupation dy, : dy, = 1: 1 of partial charge density
for all Fe atoms [Fig. 1(c)]. On the other hand, the (Yes,
Yes) polymorphous PM structure, as shown in Fig. 1(d), gives
nematic partial charge density around Fe atoms: Electron are
localized in an orbital pointing mainly along the x or y di-
rection but not equivalently at Fe sites. Note that the orbital
orders are drawn from bands within specific energy range and
therefore do not necessarily present the overall crystal sym-
metry. Such local nematicity from single-determinant DFT
without strong correlations is attributed to the existence of
many local, low-symmetric motifs, which cannot be captured
in a monomorphous minimal cell.

111. DISCUSSION

The observed atomic and electronic structure of tetragonal
FeSe has lower apparent symmetry than that of the macro-
scopic crystallographic structure. Here, for bulk tetragonal
FeSe we carry out first-principles calculations on large super-
cells that preserve the observed global symmetry but do not
artificially impose such local symmetry either on spin order or
on atomic displacements. The significant finding of this study

235121-7



WANG, ZHAO, KOCH, BILLINGE, AND ZUNGER

PHYSICAL REVIEW B 102, 235121 (2020)

FIG. 5. The orbital orders for the four states in Tables | and II,
drawn for bands within specific energy range of —0.03 eV < E —
EF < 0.02 eV in the electronic band structure, showing the real-
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TABLE Ill. Generation parameters of the calculated PDF shown in Fig. 2 in the main text: (a) monomorphous NM minimal-cell model
(No, No), (b) constrained PM supercell (Yes, No), and (c) relaxed PM supercell (Yes, Yes).

Scaling factor 8 ADP of Fe (U11, U22, U33) (AZ) ADP of Se (U11, U22, U33) (°
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APPENDIX D: PEAK ANALYSIS OF A-T BANDS IN THE
CALCULATED SPECTRAL FUNCTION

The three bands «a-y near the Fermi level are extracted
from the calculated spectral function of the (Yes, Yes) PM su-
percell [two-dimensional colored contour in Fig. 6(a), which

is identical to the one shown in the main text; Fig. 1(b)], via
the Lorentzian peak fit, as shown by the black dashed lines
in Figs. 6(a) and 6(b), then compared to the ARPES peaks
extracted from literature [34-36], shown as empty red circles
in Figs. 1(a), 1(b), and 6(a).
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