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Evidence for unidirectional nematic bond ordering in FeSe
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The presence of d,.-d,. orbital ordering is often considered a hallmark of the nematic phase of Fe-based
superconductors, including FeSe, but the details of the order parameter remain controversial. Here, we report
a high-resolution angle-resolved photoemission spectroscopy study of single crystals of FeSe, accounting for
the photon-energy dependence and making a detailed analysis of the temperature dependence. We find that
the hole pocket undergoes a fourfold-symmetry-breaking distortion in the nematic phase below 90 K, but, in
contrast, the changes to the electron pockets do not require fourfold symmetry breaking. Instead, there is an
additional separation of the existing d,, and d,.;,, bands, which themselves are not split within resolution.
These observations lead us to propose a scenario of “unidirectional nematic bond ordering” to describe the
low-temperature electronic structure of FeSe, supported by good agreement with ten-orbital tight-binding model

calculations.

DOI: 10.1103/PhysRevB.94.201107

The search for the understanding of unconventional super-
conductivity in the Fe-based systems has led to a focus on
the origin and nature of the ordered phases found in close
proximity to the superconducting phase. Particular attention
has been drawn to the “nematic” phase [1], where the
fourfold symmetry of the lattice is broken at a temperature
T, which is higher than the striped antiferromagnetic ordering
temperature Ty in some materials [2]. There has been long
discussion about whether these two transitions are both
magnetic in origin, or whether 7 corresponds to a separate
orbital instability [1]. FeSe is an exceptional case, since it
undergoes a structural transition at 7, = 90 K without long-
range magnetic order at any temperature, enabling detailed
studies of the symmetry-broken state [3-9], and has therefore
attracted much theoretical attention [10-16]. Angle-resolved
photoemission spectroscopy (ARPES) measurements of FeSe
[17-28] provide direct experimental access to the evolution
of the electronic structure through 7§, which can be linked to
theoretical models of the underlying symmetry-breaking order.

Previous ARPES studies of FeSe have consistently found a
quasi-two-dimensional (2D) electronic structure with holelike
bands around the I" point and electronlike bands around the M
point. The Fermi surfaces are found to be significantly smaller
than expected from density functional theory calculations
(but consistent with quantum oscillations [21]), and mod-
erately strong orbital-dependent band renormalizations are
found [18,21]. However, the understanding of the temperature
dependence of the ARPES spectra, which has direct relevance
to the identification of the nematic order parameter, has not yet
been firmly established [29]. Most previous ARPES studies
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have paid particular attention to the electron pockets around
the M point, and several inferred a ~ 50 meV splitting of
dy; and d,; bands [19-24,26,28], similar to previous claims
in NaFeAs [30] and Ba(Fe;_,Co,),As, [31]. In this scenario,
which could be interpreted as a ferro-orbital ordering [21],
the bands of primarily d,; and d,, character are degenerate
exactly at M in the high-temperature phase [32], but split below
T;. Then, the two main features at the M point observed by
ARPES at low temperature both arise from d,_,,, bands, with
the assumption that the outer electron band with d,, character
does not contribute [21,24]. Numerous theoretical alternatives
to the ferro-orbital ordering scenario have also been recently
proposed [10,24,33-35], but a dy.,,, splitting at the M point
has always previously been considered as a hallmark of the
nematic phase.

In this Rapid Communication, we present a high-resolution
ARPES study of the evolution of the electronic structure
of bulk FeSe through the nematic transition at 7;. We use
curvature analysis and a procedure to fit the energy dispersion
curves (EDCs) at the M point to extract band positions. We
also observe the k, dependence of the electron pockets, and
present Fermi surface maps covering the whole Brillouin zone
above and below T;. While the hole pockets of FeSe do
undergo significant symmetry-breaking distortions below T,
the changes to the electron pockets arise from an additional
separation of existing d.;/,, and dy, bands, without any
resolvable lifting of d.-d,. band degeneracy at the M point.
These observations exclude the ferro-orbital scenario, and
place strong constraints on the nature of the orbital ordering.
Finally, we use a ten-orbital tight-binding model to propose
that the nematic state of FeSe is characterized by rotational-
symmetry breaking within Fe-Fe hoppings, which may be
described as a unidirectional nematic bond ordering.

High-quality single crystal samples of FeSe were grown
by the chemical vapor transport method [3,21,36]. ARPES
measurements were performed at the 105 beamline at the
Diamond Light Source, U.K.

In Figs. 1(a)-1(d) we present temperature-dependent
ARPES data for a high-symmetry cut centered on the M
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FIG. 1. (a)—(d) ARPES intensity plots of a high-symmetry cut through the M point, using 37 eV photon energy in vertical polarization (LV,
perpendicular to the scattering plane). Solid lines plot the EDC at M, which are also stacked according to temperature in (e). (f) Temperature
dependence of peak positions extracted from the EDC analysis described in the text. (g)—(j) Curvature plots, showing traces of all expected
bands (as shown in cartoon insets) above and below 7. (k) Low-temperature electron Fermi surface at 56 eV. (1) Photon-energy dependence
of the momentum distribution curve (MDC) through the M point at 10 K, which corresponds to the k. dispersion of the electron pocket.
The A point where pockets are largest corresponds to 56 eV. (m)—(p) High-symmetry cuts [along the red line in (k)] through the A point at
56 eV, showing also the MDC at the Fermi level. (q) MDCs plotted as a function of temperature and (r) temperature dependence of kr vectors

extracted from fits to MDCs.

point, also showing the EDCs at M. At low temperatures
[Fig. 1(d)], these EDCs display two prominent peaks with
a separation Ay, = 50 meV, often previously attributed to
orbital splitting in the nematic phase, i.e., A 11;0 =E,,— E,.
However, curvature analysis [37] enhances weak features in
the data and provides a different perspective, as shown in
Figs. 1(g)-1(j). Above T, in Fig. 1(g) both the expected d,., and
d,. dispersions and crucially also sections with d,, character
are observed. By comparing Figs. 1(g)-1(j), we observe the
similarity in the dispersions above and below 7T, and no extra
features arise. Therefore, here we propose a scenario where
the low-temperature dispersions simply consist of the d.;/y.
and d,, bands, as expected above T, but with an increased
separation between them. We assign the peaks in the EDCs to
the two bands, i.e., Ay = Ey;/y; — Exy, equal to 50 meV at
low temperatures but also finite above 7. Within experimental
resolution [11 meV full width at half maximum (FWHM) for
the relevant peak in Fig. 1(d)] we do not detect any subsequent
splitting between d,, and d,, bands, although since this is
allowed by symmetry in the orthorhombic phase, a small
splitting may occur as a secondary effect.

This scenario can be tested by the extraction of band
positions as a function of temperature from the EDCs at the M
point. However, while the separation Ay, of the two features in

the EDC is unambiguous at low temperatures, it becomes more
difficult to define at higher temperatures, as features become
broader. Here, we take a different approach: We fit the EDC
with two asymmetric pseudo-Voigt functions and the Fermi
function at 61 K where the peaks are still distinct. Then, at
higher temperatures, we fit using the same peak profiles, only
allowing the peak positions to vary [see the Supplemental
Material (SM) [38]]. We find that the fitted peak positions are
separated by 20 meV even above Ty, but increase substantially
when the system enters the nematic phase [Figs. 1(e) and 1(f)].
The sharp upward shift of the d, ./, bands at T} is the strongest
feature, although the d,, band position also adjusts downwards
below Ty, leading to a total separation of 50 meV at 10 K.

In Figs. 1(m)-1(p) we present measurements of the electron
pockets using a photon energy of 56 eV, where the outer
dy, electron dispersion is already clearly visible in the data
above T; even without curvature analysis. The 56 eV photon
energy is chosen to correspond to the A point at the top of the
Brillouin zone where the warped quasi-2D electron pocket is
largest, giving the best momentum resolution of features, as
can be seen in Fig. 1(1). Further details of the photon-energy
dependence are presented in SM, where it is also shown that
Ay is independent of k,. In Figs. 1(q) and 1(r) we extract
the temperature dependence of both kp vectors observed,
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FIG. 2. (a)—(c) Temperature-dependent Fermi surface maps of FeSe near the top of the Brillouin zone, taken using 56 eV photon energy in
LV polarization and integrating spectral weight within 2 meV of the Fermi level. Inset to (a) is the sample used. (d), (f), (h) Cuts through the
Z point [RZ R direction: solid red line in maps (a)—(c)], revealing the extra splitting which pushes the inner hole band below the Fermi level.
(e), (g), (i) Expanded Fermi surface map of the electron pocket: Both the inner and outer electron bands are clearly detected.

from constrained Lorentzian peak fitting of the momentum
distribution curve (MDC) at the Fermi level (SM). The kg
values are well defined at all temperatures and also demonstrate
that the d,,; and d,, dispersions are separate above T; and
undergo additional separation below Tj.

In Fig. 2 we present further support for this interpretation,
including the observation of the d., electron band. These
ARPES data are obtained with the scattering plane at 45° to the
Fe square lattice to mitigate matrix element effects [39], again
using 56 eV photon energy. At 100 K, in the tetragonal phase
above T, the Fermi surface maps [Figs. 2(a) and 2(e)] reveal
essentially the whole structure of the expected electron pockets
at the A point, including the outer pocket with d,, character.
Since all expected bands contribute at high temperature, we
conclude that the whole structure of the low-temperature
Fermi surface is also observed. The comparison between
Figs. 2(e) and 2(i) demonstrates that the low-temperature
Fermi surface is elongated compared to the high-temperature
case, but retains the same basic structure and symmetry. Our
samples are twinned, but since the electron pockets retain
fourfold symmetry, the bands from both structural domains
will overlap in experiments. Future high-resolution detwinned
measurements may be able to confirm this scenario.

Recently, it has been separately argued in two other ARPES
studies [27,28] that the d,, bands do contribute to the spectra
at the M point, consistent with our analysis. Both groups also
claimed that the d,;/,. bands split in the nematic phase, and
that either three [28] or four [27] separate band dispersions
are present at the M point. However, we do not find any
evidence for more than two features in the MDC or EDC
or curvature analysis at the M point in any measurement
condition. The preservation of d,;/,. degeneracy at M (to
within experimental resolution) is what distinguishes our
interpretation from other proposals.

The evolution of the electron pockets through 7, contrasts
strongly with the behavior of the hole pockets. At the Z point
[Fig. 2(d)], above T, the inner hole pocket just crosses the
Fermi level, making a small three-dimensional (3D) pocket
[21,23], and there is a ~ 20 meV splitting due to spin-orbit
coupling at the Z point between the d,./,, bands. However,
below T there is an extra splitting of ~ 15 meV associated
with a d,,. orbital polarization, in addition to the spin-orbit
splitting. This pushes the inner band completely below the
Fermi level [Fig. 2(h)]. Therefore, there is a single hole band
at low temperatures which displays an elliptical distortion,
however, due to the presence of twin domains below T, two
crossed ellipses are superposed in the ARPES data in Figs. 2(b)
and 2(c).

The breaking of fourfold rotational symmetry of the hole
pockets below T is therefore well established. However, we
have found symmetry-preserving changes to the electronic
structure at the M point, which on first sight are difficult to
reconcile with the tetragonal-to-orthorhombic phase transition
at T,;. Another constraint is that backfolded bands are not
observed, suggesting that translational symmetry is preserved
at T;. The challenge is to identify an orbital order parameter
which globally breaks fourfold rotational symmetry but is
consistent with the strong constraints provided by these
observations. Ferro-orbital ordering could account for the
symmetry breaking at the I' point, but requires a splitting
of dy.;. orbitals at the M point, which we have argued is not
the case (see also SM). Moreover, ferro-orbital ordering is not
consistent with the direction of distortion of the hole band,
as revealed by ARPES measurements on detwinned crystals
[24]. A Néel-type antiferro-orbital ordering would preserve
the d,,/,, degeneracy at M, but it cannot explain the extra
splitting observed between d,,,, bands at the I'/ Z point [33].
The recently proposed d-wave bond nematic order predicts
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FIG. 3. (a) Fermi surface calculated using a ten-orbital tight-
binding model for FeSe in the tetragonal phase, showing the folded
band structure, and (b) with the unidirectional nematic bond order
parameter, which distorts the hole pocket but preserves fourfold
symmetry of the electron pocket. (c) Band structure along I'-M
[(0,0)-(0,7) direction] with the dashed lines corresponding to the
tetragonal phase. Note the extra splitting at the I' point and the
symmetric shift of d,.,,. bands at the M point.

a splitting at the M point [33,34], as does the microscopic
model of Ref. [35]. However, we suggest that a “unidirectional
nematic bond ordering” is compatible with all the observations.

In Fig. 3 we present tight-binding model electronic struc-
tures with and without the proposed unidirectional nematic
bond order. We use a 2D ten-orbital tight-binding model
including spin-orbit coupling [13,40], with hopping param-
eters adjusted to match the high-temperature band structure
(SM). Within this model, we add an order parameter to the
intersite hopping block of the Hamiltonian as h = Ag(n, —
n',.) cos(k,), where n',_ indicates the intersite hopping operator
distinct from on-site occupations n,,. This order parameter
therefore describes a symmetry breaking within the intersite
dy;/y; hopping terms on the Fe-Fe bonds in the x direction.
This order parameter has the desired properties of giving an
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extra splitting in addition to the spin-orbit coupling splitting
of dy;/y; bands at the I' point, but a symmetric shift up of
the d,/y, bands at the M point without losing the degeneracy.
It still globally breaks fourfold rotational symmetry, yet it
can also be simply shown that it does not break translational
symmetry (SM). In Figs. 3(b) and 3(c) we present the results
of a calculation with Ag =20 meV; we also include an
adjustment of —10 meV to the d,, orbital which is motivated
by the experimental results in Fig. 1 and may be required to
maintain the charge balance of the system. Within this fairly
simple model we obtain Fermi surfaces and dispersions which
reproduce all qualitative features of the low-lying electronic
structure. Therefore, we suggest that the changes to the
electronic structure of FeSe in the orthorhombic phase may be
primarily described by a unidirectional nematic bond ordering.

Since the Fermi surface changes at the M point are not
of a symmetry-breaking nature, and A, is finite even above
T;, there is an important question about how tightly the
evolution of the electron pockets is linked to 7. However,
we have shown that there is a sharp increase in Ay, which
onsets exactly at 7y [Fig. 1(j)]. Additionally, the deviation
in kp values of both the inner and outer electron pocket
branches also follows a sharp order-parameter-like behavior
which onsets at 7, and this deviation of the inner pocket
was shown to behave as an order parameter of the structural
transition across the FeSe _, S, series [23]. This indicates that
the changes at the M point are still fundamentally linked to
the orthorhombic lattice distortion. This may be understood
since in the unfolded 1-Fe Brillouin zone, the electron pockets
with d,, and d,, character are located in different parts of k
space, and therefore the cos (k,) term ensures that they shift
symmetrically, such that degeneracy is not lost in the folded
2-Fe zone (SM). Therefore, the apparently non-symmetry-
breaking band movements at M are linked to an ordering
which globally does break tetragonal symmetry, concomitant
with the tetragonal-orthorhombic lattice distortion at 7.

Within the longstanding debate about the roles of orbital and
spin degrees of freedom in Fe-based superconductors [1], FeSe
is often considered as an example where orbital interactions
may be dominant [3-5,21]. However, we have excluded any
significant ferro-orbital ordering, and, furthermore, we have
found that the primary order parameter is bond centered and
that translational symmetry is not broken, in contrast to some
proposals [10,41]. Intriguingly, a bond-centered ordering is
also observed in cuprates [42], although in that case it has
an incommensurate modulation. On the other hand, there
are mixed reports on how relevant magnetic interactions are
to the structural transition in FeSe [3-8,11]. The magnitude
of energy shifts (e.g., 20 meV for the d,,/,, bands at M)
are similar to the spin-orbit coupling value of 20 meV in
FeSe [21], suggesting that a spin-driven scenario is not ruled
out. Thus our data exclude several proposed orbital ordering
scenarios, and instead point to the existence of a unidirectional
nematic bond ordered phase in FeSe, breaking rotational
but not translational symmetry, which is distinct from the
known striped antiferromagnetic phase in other Fe-based
superconductors.

In conclusion, we have presented a high-resolution ARPES
study of FeSe, and argued that the symmetry-breaking distor-
tion of the hole pockets at the I" point but symmetry-preserving
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changes of the electron pockets at the M point below 7 point
can be explained by a unidirectional nematic bond ordering.
These measurements provide a fresh perspective on the nature
of the nematic phase of Fe-based superconductors.
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