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We investigate the consequences of broken translational symmetry in the superconductor FeSe, Te;_,
using angle-resolved photoemission spectroscopy. We find that the intensity does not follow the periodicity
dictated by the crystal structure, owing to the form of the perturbing potential and the symmetries of the Fe
d orbitals. Their interplay leads to substantial differences in the orbital character and spectral features
observed at nominally equivalent locations in the reciprocal space. Such differences cannot be accounted
for by the usual dipole matrix element effects and are due instead to the structure factor, which must be
explicitly considered whenever more than one atom is present in the unit cell.
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Quasiparticles (QPs), the elementary electronic excita-
tions of a solid, are expected to reflect the periodicity of the
underlying lattice. However, translational symmetry can be
perturbed by disorder, or by a periodic structural distortion,
or by the emergence of new order parameters, as in the case
of magnetic, charge, or orbital order. The symmetry of the
QP states is then modified, both in real space and in
momentum space. The ideal tool to study how translational
symmetry breaking affects the electrons in a crystal is
angle-resolved photoemission spectroscopy (ARPES), which
measures the momentum dependent one-particle spectral
function A(k, w), where k and @ are the QP momentum
and energy.

Like all spectroscopies, ARPES measures excited final
states. Nevertheless, in the absence of strong correlations, the
photoemission intensity is usually interpreted as a picture of
initial single-particle states. Such a conceptual shortcut is
often useful, but is not always allowed. In particular, it can be
misleading whenever multiple atoms in the unit cell lead to
conflicting periodicities. For instance, if a given crystal
structure is slightly modified by a perturbing potential, the
initial states are forced to follow a new reduced Brillouin
zone (BZ), whereas the ARPES intensity is hardly affected,
and essentially follows the pristine periodicity [1]. Moreover,
single-site orbitals are unfit to describe the electronic
structure in a multisite unit cell [2]. As a result, not just
an intensity modulation but clearly distinct spectral features
may be observed in ARPES among the different BZs.
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The superconducting iron pnictides and chalcogenides
offer the possibility of investigating some of these unin-
tuitive effects. All these materials contain square lattice
planes of Fe ions. In the FeSe, Te,_, alloy considered here,
they are coordinated to Te(Se) ions located alternatively
above and below the planes [Fig. 1(a)]. If the out-of-plane
displacement of the Te(Se) ions were artificially reduced to
zero, the tetragonal unit cell would contain one Fe atom
(1-Fe), but the staggered chalcogen ions break this 1-Fe
structural symmetry. Thus, the actual (\/§ X \/§)R45° unit
cell contains 2 Fe atoms (2-Fe) and is rotated by 45°
[Fig. 1(b)]. In the reciprocal space, the 2-Fe BZ is
correspondingly smaller than the 1-Fe BZ, and also rotated
by 45° [Fig. 1(c)]. This ambiguity in the definition of the
unit cell has generated some confusion in the literature [3].

In this Letter, we show that an extended k-space survey
reveals distinctive signatures of symmetry breaking in
FeSe,Te,_,. Namely, we observe holelike Fermi surface
(FS) sheets at the centers of all 2-Fe BZs, whose orbital
character follows instead the 1-Fe periodicity, violating the
symmetry of the reciprocal lattice. In particular, the
characteristic hole pockets at I' and M present opposite
parity with respect to the plane containing the sample
surface. This is a consequence of the peculiar form of the
symmetry-breaking potential, which yields the same value
for the nearest-neighbor hopping integrals for the two Fe
sites, apart from a sign [5]. For the reliability of our
conclusions, it is crucial to explore a sufficiently broad
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(a) Three dimensional view of the FeSe, Te;_, crystal structure, where nearest neighbor chalcogen atoms alternate above and

below the Fe plane. (b) Projection onto the xy (Fe) plane. The size of the atoms is representative of the distance from the observer. The
orange (red) square is the 1-Fe (2-Fe) unit cell. The corresponding Brillouin zones are shown in (c) with the same color code. (d) ARPES
Fermi surface (FS) map of Fe; (3Seq.6Te74 measured at 20 K with 140 eV photons and p polarization (for details see Ref. [4]).
(e) Wide range FS map measured in the same experimental conditions as in (d), but after a 45° azimuthal rotation of the sample. Higher
intensity is darker. No intensity normalization has been applied to the data.

wave vector range, in order to rule out dipole matrix
element effects. By contrast, with a notable exception for a
“122” pnictide [6], previous ARPES measurements have
been limited to the first 2-Fe BZ.

Taking translational symmetry breaking at face value, all
electronic states should exhibit the larger 2-Fe periodicity.
The band structure calculated by standard density func-
tional theory (DFT) would be folded into the smaller 2-Fe
BZ, effectively doubling from 5 to 10 the number of (spin-
degenerate) Fe 3d states. In a repeated zone scheme, the
effect of a new periodicity is expected to be limited to
replica features of the main bands, with intensity and
hybridization gaps proportional to the size of the perturbing
potential. Identical replica of the FS would, thus, also
appear in all 2-Fe BZs. However, such a “geometrical”
description, encountered, e.g., in charge density wave
systems, is incomplete. Note also that the potential induced
by the chalcogen atoms is not small, as clear gaps are
formed at the 2-Fe BZ boundaries [5]. Therefore, the band
structure is qualitatively different from that of a hypotheti-
cal crystal with the Te(Se) ions lying within the Fe plane.

The presence of two Fe atoms in the unit cell, responsible
for the new periodicity, engenders in the photoemission
matrix elements a structure factor term, which accounts for
the wave function interference between the different atomic
sites. Such a term is independent of the experimental
conditions, such as direction and polarization of the
incident light, and reflects instead intrinsic properties of
the electronic structure. In fact, the spectral function
A(k, w), defined on the 1-Fe BZ, can be more directly
compared with the intensity distribution /(k,®) of an
ARPES experiment [7]. The presence of a structure factor
in I(k, ) is inherent in the so-called one-step description
of the technique [8-10], where it remains, nonetheless,

implicit. As a consequence, it is almost always neglected at
the stage of the data interpretation. To our knowledge, a
thorough assessment of its role has been presented, so far,
only for the cases of graphite or graphene [7,11,12], LiF
[13] and Bi2212 [14].

Symmetry breaking in the Fe-based superconductors has
been tackled by theory in two alternative ways. Since the
two nonequivalent Fe ions are connected by a glide-mirror
symmetry operation, the band structure was calculated in
the 1-Fe BZ, at the price of adopting a “twisted,” non-
physical geometry [15]. Alternatively, bands can be
unfolded into the larger 1-Fe BZ by explicitly including
the symmetry breaking potential in the definition of the
electron Green’s function [5,16]. The second approach not
only yields the energy-momentum band dispersion, but
also assigns to all eigenvalues in the (1-Fe) BZ the proper
spectral weight. The unfolded spectral function A(k, w)
encodes both the underlying 1-Fe periodicity and the
perturbing potential [17]. Namely, it contains the structure
factor of the (2-Fe) unit cell, i.e., the phase difference
between the orbital wave functions of the two Fe ions.

Single crystals of Fe; (3Seq.6Teg74 with T, = 13 K were
grown by optical zone melting [18]. Samples were cleaved
in situ to expose a clean (001) surface. ARPES measurements
were performed at 20 K, in the normal state, at the Electronic
Structure Factory, beam line 7.0.1 of the Advanced Light
Source. The energy and momentum resolution of the
hemispherical Scienta R4000 analyzer were 30 meV and
0.1°. DFT calculations within the local density approximation
(LDA) were performed in the 2-Fe unit cell, solving the
effective low-energy Hamiltonian defined via Fe d Wannier
orbitals, and then unfolded as discussed in Ref. [16].

Figures 1(d) and 1(e) summarize the ARPES results.
Figure 1(d) is an intensity map of the FS, measured with
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140 eV photons, linearly polarized in the horizontal
scattering plane. The value of k, is close to that of a I
point. All we discuss in the following is, however,
independent on the exact value of k,, and the pattern
observed is reproducible at all the photon energies inves-
tigated [4]. Note also that the available momentum window
is wider and the data are less sensitive to final state effects
than in the UV range, where ARPES measurements are
traditionally performed [14]. The k, component of the wave
vector was varied by rotating the sample about the
horizontal x axis, which coincides with the Fe-Fe direction.
Further details on the experimental geometry are available
in Ref. [4], and for the following discussion, we note here
that the data are presented without any intensity renorm-
alization nor symmetrization. The orange square is the 1-Fe
BZ, and in the following, we use the corresponding
notation, namely for the (M = z, ) and (X = =, 0) points.
Red squares in the figure outline the 2-Fe BZ in the reduced
zone scheme. The map exhibits an intense feature at
the adjacent I' point, at k, = 2.32 A~!, referred to as
“butterfly” in the following. Fourfold (“cloverleaf™) shapes
are instead centered at the M points, the corners of the 1-Fe
BZ. Further details on these features can be gained from
constant energy cuts at various binding energies [4].

Figure 1(e) is a FS map measured over a broader
momentum range, after a 45° rotation of the crystal around
the surface normal, in order to align the 'M direction with
the horizontal axis. Butterfly shapes are now visible also
at the centers of all the adjacent 1-Fe BZs. Each of them is
perpendicular to the reflection symmetry plane identified
by the corresponding k vector and the sample normal.
Cloverleaf shapes are again observed at the M points. Note
that the overall picture appears rotated by 45° with respect
to Fig. 1(d), following the sample rotation, so that the lobes
of the cloverleafs remain aligned with the edges of the BZ.
The fact that the intensity pattern is locked to the azimuthal
rotation of the sample rules out the dipole term of the
matrix elements as the origin of the cloverleaf-butterfly
dichotomy. In the 2-Fe scheme the I and M points are
equivalent; i.e., they both correspond to the center of the
2-Fe BZ. However, the data of Fig. 1 show that their
spectral signatures are very different. Clearly, a simple
folding of the band structure into the smaller 2-Fe BZ does
not adequately describe the electronic structure. This is our
key experimental result, which we further discuss in the
following.

Earlier DFT calculations have shown that the electronic
structure of Fe(Se,Te) is similar to that of the Fe pnictides
[19]. The FS consists of three concentric hole pockets at I"
and two electron pockets centered at the corner of the 2-Fe
BZ, i.e., at the X point of the 1-Fe BZ. The butterfly and the
cloverleaf ARPES features originate from the main and the
replica hole pockets. The signatures of the electron FS
sheets are weak and broad, as is usually the case in Te-rich
samples [20-25]. Here, we focus on the hole FS sheets.

Figures 2(a) and 2(b) present the calculated band structure
for FeTe [26], projected on the Fe 3d orbitals, before (a) and
after (b), unfolding it into the 1-Fe BZ. The corresponding
FS are shown in Fig. 2(c) on the left and right side of I,
respectively. The intensity scale is proportional to the
spectral weight of each orbital character. Along the I'M
direction, the folded bands in (a) are symmetric with
respect to the (z/2, n/2) midpoint (the 2-Fe zone boun-
dary) marked by a dashed line. By contrast, the unfolded
band structure in (b) is not. Whereas the QP energies
remain symmetric, not only is the total spectral weight
markedly asymmetric with respect to the dashed line, e.g.,
weak at M and strong at I" at the Fermi level, but also, the
intensity of some orbitals is selectively suppressed on either
side of (x/2, n/2).

Qualitatively, the difference between panels 2(a) and
2(b), or equivalently between the two sides of panel (c), can
be understood as follows [2]. The symmetry breaking
potential is due to the staggered positions of the chalcogen
ions above and below the Fe plane, along the z direction.
Bands built from orbitals that are even with respect to a £z
reflection, such as dxy, dxz_yz, and d;_,2, do not feel the
doubled periodicity, and, therefore, will not generate a
replica. The opposite is true for odd orbitals such as d,, and
dy,. This can be extended to bands of mixed orbital
character, where the weights of the even and odd compo-
nents are switched between the main and replica bands. As
a result, states at I and M exhibit opposite parities with
respect to the Fe plane, e.g., d32_,» (cyan) and d,»
(yellow) at M, and d,, + d,, (purple) at I'.

We now consider, separately, the hole FS sheets formed
at I' and M. Butterfly shapes have been observed at the I"
point in the “11” compounds [22,24] and in LiFeAs [27].
They represent portions of the nearly circular hole FS
contours selected by strong polarization effects, as illus-
trated in Fig. 2(d). The left side of Fig. 2(d) shows the
calculated concentric hole contours generated by the d,,,
dy., and d,. bands. The outer FS sheet has an essentially
pure d,, character. The two inner contours have mixed
d../d,, character, and the weights of the d,, and d,,
contributions are offset by 90°. Around I', the light
polarization and the scattering geometry of our experiment
select states of the d,, character [2,4,22]. Therefore, the
ARPES signal reproduces the d,, part of the contours [right
side of Fig. 2(d)], blurred by the finite energy and
momentum resolution, and generates the butterfly shape.
The two inner contours can be resolved away from the FS
because the dispersion of the corresponding bands is
different, and their separation increases with growing
binding energy [4]. Similar considerations can be made
for the horizontal butterfly feature in the second BZ and for
those in all the adjacent BZs in Fig. 1(e). Here again, the
light polarization selects the portions of the d../d,.
contours that are oriented perpendicular to a reflection
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FIG. 2. (a) The spectral function A(k, w), decomposed into the different orbital contributions. (b) Same as (a) for A(k, w) unfolded
from A(k, w) onto the 1-Fe BZ. A constant lifetime is artificially included in the plot for visualization purposes, and the orbital character
of each band is indicated by different colors. The computed bandwidth overestimates by a factor of ~5 the measured one due to well-
known limitations of LDA. (c) FS for the 2-Fe unit cell (left) and 1-Fe unit cell (right), correspondent to the band structure in (a) and (b),
respectively. The dashed lines indicate the corresponding BZ boundaries. Close-ups at I and M after unfolding onto the 1-Fe BZ are
shown in [(d), left] and [(e), left], respectively. At I', the light polarization and experimental geometry select the d,, component and
generate the twofold butterfly [(d), right], at M they select the d;,2_,» character, and generate the fourfold cloverleaf [(e), right]. For a
detailed discussion see Ref. [4]. In [(c), right] and (e), the d;2_,» weight is amplified by a factor of 5.

symmetry plane, giving rise to the vortical pattern of
butterfly shapes. We conclude that, (strong) polarization
effects notwithstanding, the spectral features at the centers
of all 1-Fe BZs are all equivalent.

The left side of Fig. 2(e) illustrates the calculated FS
contours at M. The comparison with the cloverleaf shapes
confirms the concept of parity switching proposed in
Ref. [5], if we account for the dipole matrix element terms.
The light polarization indeed again plays an important role,
by selecting the d;_,» orbital character [4]. The weight of
the d5.2_,» component along the FS contours at M [right
side of Fig. 2(e)] has fourfold symmetry, with maxima
along the Fe-Fe direction, consistent with the ARPES
results.

An important distinction should be made between the
case presented here and that of a quasi-one-dimensional
system with an incommensurate superlattice potential
discussed in Ref. [1]. In the latter, an emblematic single-
orbital case, the perturbing potential can only change the
magnitude of the hopping term, but clearly has no influence
on the orbital character of the folded bands. On the other
hand, when the system has higher dimensionality and more

than one orbital is affected by the new potential, the
conservation of the orbital character throughout the differ-
ent BZs can no longer be taken for granted. In FeSe, Te;_,,
the particular symmetry of the crystal allows exclusively for
folding between orbitals of opposite parity, which leads to a
characteristic inversion of the orbital symmetry in the
“replica” bands, conclusively proved here by a broad
ARPES survey of momentum space.

The present results reveal the importance of the typically
overlooked structure factor in the spectral weight distribu-
tion measured in an ARPES experiment. They are readily
extendable to the family of Fe pnictides, which exhibit
similar band structures, and also to other spectroscopies,
such as inelastic neutron scattering, where similar effects
have been observed [28]. The parity switching demon-
strated here and predicted by theory follows from the
special symmetry of the perturbing potential, but we
emphasize once more that orbital mixing can arise with
folding whenever either the crystal structure or the electron
distribution allow for the presence of multiple periodicities.
Whether it is negligible, as in charge density wave systems,
or substantial, as in this case, will depend on the form of the
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symmetry-breaking potential, namely, on how it influences
the hopping terms between the different orbital wave
functions upon backfolding into the new Brillouin zone.
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