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Quasiparticle coherence in the nematic state of FeSe
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Electronic nematicity is a ubiquitous phenomenon in iron-based superconductors but its origin is still debated.
Most models consider either spin or orbital degrees of freedom as the driving force but typically do not take
electronic correlations into account. However, mass enhancements, coherent-incoherent crossovers, and the
strong orbital differentiation can only be understood using correlations in a Hund’s metal framework. Here,
we study the influence of nematicity on the quasiparticle coherence in detwinned FeSe using angle-resolved
photoemission spectroscopy (ARPES). We compare photoemission spectral weight from d,, and d,, orbitals in
the coherent quasiparticle peak and in the incoherent Hubbard band and find an anisotropy between the two
orbitals. We interpret our observation in terms of a more coherent d,, orbital compared to the d,, orbital inside
the nematic phase. This result is in contrast to earlier predictions of an incoherent d,, orbital and highlights the
importance of electronic correlations in the description of nematicity.
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The nematic phase transition breaks the rotational symme-
try and is a ubiquitous phenomenon in iron-based supercon-
ductors (FeSCs). While it has been studied extensively, the
origin of nematicity is still debated. There are plenty of exper-
imental evidences that nematicity is an electronic instability
that induces an anisotropy in the B, channel with respect to
the lattice, spin, and orbital degrees of freedom [1-6]. Many
of these properties can successfully be described by either an
Ising-spin nematic order as a precursor to stripe magnetism
[5,7-9] or by orbital order in the form of ferro-orbital order or
bond order [10-16].

These approaches typically do not take electronic corre-
lations from local interactions into account. However, many
experimental and theoretical investigations highlight the im-
portance of correlations in FeSCs [17-24]. The interplay of
Coulomb interactions, Hund’s rule coupling, and the multi-
orbital nature place FeSCs into a strongly correlated metal
regime often called Hund’s metal. It is responsible for the bad
metallic behavior with an overall suppression of quasiparticle
coherence but in a strongly orbital-dependent fashion.

FeSe is an important member of the FeSC regarding
both its nematic phase and its correlation strength [6]. It
is one of the most correlated FeSCs with a large orbital-
dependent mass enhancement [25-27], an orbital-dependent
coherent-incoherent crossover [23], and high-energy inco-
herent spectral features observed by ARPES and identified
as Hubbard bands [28,29]. FeSe orders nematically below
Them = 90 K but long-range magnetic order is absent [30]. It
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is therefore a prime candidate to study nematicity unperturbed
by magnetism. Specifically, the nematic band splitting be-
tween the d,; and d,, orbitals has been studied extensively by
ARPES in this material [26,27,31-39]. FeSe becomes super-
conducting (SC) below 9 K [40]. Its anisotropic gap function
[41-43] could only be explained using models that include
some sort or orbital differentiation [43—47]. For example, a
strongly different quasiparticle coherence of the d., and d,,
orbitals was proposed to explain the quasiparticle interference
pattern and the SC gap structure. [43,48].

While some recent theoretical studies explore the interplay
of nematicity and correlations [44,45,47,49,50], experimental
evidence is scarce. In particular, there is no clear evidence
for an anisotropy of coherence of the d.. and d,, orbitals
due to nematicity. Optical spectroscopy studies found an
anisotropic Drude weight in the nematic state [51-53] but
suffer from an orbital-integrated nature. Quasiparticle inter-
ference measurements rely on supporting model calculations
for the interpretation of the data in terms of coherence effects
[48]. Recent ARPES studies found an anisotropy of the quasi-
particle spectral weight between d,; and d,, orbitals in FeSe
and BaFe;As; [54,55]. While complications due to photoe-
mission matrix elements and temperature-dependent changes
in coherence could be alleviated in Ref. [55], unclear contri-
butions from mixing between Fe 3d and Se/As 4p orbitals
still prevented a clear attribution to correlation effects.

Here, we present ARPES measurements on detwinned
FeSe inside the nematic phase. As a key difference to previous
studies, we perform a spectral weight analysis not only of
the coherent quasiparticle peak but also of the incoherent
Hubbard bands. The spectral weight ratio between the two is a
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FIG. 1. Experimental geometry of the ARPES measurement.
Left: Horizontally (LH) or vertically (LV) polarized light photoemits
electrons from the sample. The ARPES analyzer slit selects only
those electrons emitted along the detection plane. Azimuthal rotation
w of the sample holder then allows the separate measurement of
spectra along k, and k,. Right: Photograph of detwinning device.

direct measure of the quasiparticle coherence. Careful exper-
imental procedures allow us to compare the spectral weight
between spectra taken along orthogonal momentum directions
probing either d,, or dy, orbitals. Our study therefore allows
us to directly and unambiguously determine the anisotropy of
the quasiparticle coherence between the d,, and d,, orbital.
We observe that the d,, orbital has a larger spectral weight
in the quasiparticle peak and a smaller spectral weight in the
Hubbard band compared to the d,, orbital. We conclude that
the d,, orbital is more coherent than the d,, orbital. Since
both are degenerate above Tpen, this anisotropy is caused by
nematic order. The sign of the effect is opposite to previous
proposals that suggested a very incoherent d,, orbital [43,48].

High-quality single crystals of FeSe were grown using
chemical vapor transport methods [56]. ARPES measure-
ments were performed at SSRL beamline 5-2 with an energy
and angular resolution of 18 meV and 0.1°. The samples are
cleaved in situ and studied at a temperature of 12 K and a base
pressure below 5 x 10! torr.

The crystals are mounted on a substrate and detwinned
with a mechanical clamp as described in [27,31] and shown
in Fig. 1. We confirmed that the studied region of the sample
surface is fully detwinned using spectra taken with linear
horizontal (LH) polarized light (see [57], Fig. S1). The stress
necessary to detwin the sample is small enough to prevent a
detectable change in dispersion [3,27]. Azimuthal rotation of
the sample by 90° selects the momentum directions k, and k,
of the spectra (Fig. 1). To ensure that we can reliably compare
the photoemission intensities between these two spectra, we
employ the following procedures. We use a small photon
beam spot size of 56 um x 26 um and carefully map the
sample surface before and after rotation in order to probe the
same surface region for both directions. Each spectrum is nor-
malized by its photoemission intensity above the Fermi level
integrated between (0.2,0.3) eV. The careful sample alignment
and accounting of photon beam current fluctuations limit the
variation of this normalization factor to less than 2%. Standard
detector nonlinearities and anisotropies are characterized and
removed from the spectra using separate measurements on
polycrystalline gold.

We use a photon energy of 70 eV, which probes a k, close
to I [26]. In addition, the photoemission cross section of Fe
3d relative to Se 4p electrons is enhanced compared to lower
photon energies [58] (see also [57], Fig. S2). To study the
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FIG. 2. ARPES spectra of FeSe at 12 K. (al) Spectrum taken
along k,. (a2) Spectrum taken along k,. (a3) EDCs obtained from
(al) and (a2) integrated between k = (0, —1.2) A-! as indicated by
the bars on the top of the spectra. (b) same as (a) but zoomed into a
smaller energy window close to Eg. Sketches in (b1) and (b2) indicate
the measurement directions in the BZ and the orientation of the LV
light polarization. The dominantly probed Fe 3d orbital character
(xz, yz) is indicated in each panel. Bars on top of the spectra show
the momentum integration window for the EDCs discussed in (a3)
and (b3) (EDC 1) and in Figs. 3 (EDC 2) and 4 (EDC 3).

spectral weight anisotropy between d.; and d,., we choose
linear vertical (LV) polarized light. This polarization probes
the Fe 3d,, (d,;) orbital along k, (k,) when we select the mo-
mentum direction by azimuthal sample rotation (Fig. 1). Away
from normal emission, electrons with other orbital character,
in particular d,», will also contribute to the photoemission
intensity but importantly clear selection rules for d,,; and d,,
are maintained along k, and k, [55]. Comparing spectra taken
along k, and k, will therefore give us direct information about
the anisotropy between the d,; and d,, orbitals.

Figures 2(al) and 2(a2) present our ARPES spectra.
Corresponding energy distribution curves (EDCs) integrated
between the Brillouin zone (BZ) center I' and the BZ cor-
ners My y are shown in Fig. 2(a3). The large energy window
of 7 eV covers three distinct regions, which have been ob-
served and identified in previous ARPES studies combined
with dynamical mean-field theory calculations [28,29,59]: (1)
A quasiparticle peak predominantly from Fe 3d lies close
to the Fermi energy Eg. (2) The broad peak around —2 eV
originates from electronic correlations. It was identified as a
Hubbard band of iron and we will follow this nomenclature
here. (3) The region between —4 and —7 eV covers the Se
4p bands, the intensity of which is suppressed as mentioned
above. Figure 2(b) presents a zoom into the energy window
around the quasiparticle peak close to Er. The overall struc-
ture of the spectrum is the same along k, and k, and it agrees
well with the earlier reports. However, a direct comparison
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FIG. 3. Comparison of EDCs along k, and k, taken close to I'.
The momentum integration window for the EDCs is indicated in
Fig. 2 with the label EDC 2. (a) EDCs shown in the whole measured
energy window. (b) Difference of intensity / between the two EDCs
shown in (a). We limit the displayed range on the vertical axis in
order to highlight anisotropies around the Hubbard band located
around —1 eV. The signature of the quasiparticle peak is therefore
cut off in this plot. (c) Zoom of (a) into smaller energy scales close to
the Fermi level to highlight anisotropies in the quasiparticle spectral
weight of the hole bands.

of the integrated EDCs between both momentum directions
reveals an anisotropic spectral weight distribution. Specifi-
cally, the Hubbard band has a larger, and the quasiparticle
peak a smaller spectral weight along k, compared to k. In
contrast, the energy region dominated by Se 4p bands shows
no difference.

In order to gain insights into the momentum dependence
of this effect, we analyze two representative EDCs close to I'
and M in Figs. 3 and 4. They separately probe the behavior
of the hole and the electron band. We show in Supplemental
Material, Fig. S3 that we obtain the same result over the whole
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FIG. 4. Comparison of EDCs along k, and k, taken close to My
and My. The momentum integration window for the EDCs is indi-
cated in Fig. 2 with the label EDC 3. (a) EDCs shown in the whole
measured energy window. (b) Difference of intensity / between the
two EDCs shown in (a). We limit the displayed range on the vertical
axis in order to highlight anisotropies around the Hubbard band
located around —2 eV. The signature of the quasiparticle peak is
therefore cut off in this plot. (c) Zoom of (a) into smaller energy
scales close to the Fermi level to highlight anisotropies in the quasi-
particle spectral weight of the electron bands.

momentum range [57]. Figure 3(a) compares the EDCs at
ky =k, =—0.15 A~1. At this momentum the quasiparticle
peak is not cut off by the Fermi edge and fully visible. In
order to better visualize the spectral weight anisotropy, we
plot the difference of the intensity between the two momen-
tum directions in Fig. 3(b) and a zoom into the low-energy
region close to the quasiparticle peak in Fig. 3(c). We use the
same method in Fig. 4 for the EDCs at k, = k, = —1.05 Al
close to the BZ corner. For both momenta, we find the same
behavior as for the integrated EDC in Fig. 2. The Hubbard
band has a larger spectral weight along k, than k, while the
quasiparticle peak has a smaller spectral weight. We find no
difference at large energies in the region of the Se 4p bands.
The only difference between I' and M is a peak in the EDC at
—3.5eVinFig. 3(a). It lies close to the top of the Se bands and
was interpreted as Fe 3d,,,. spectral weight mixed into these
bands [29]. From the difference plot in Fig. 3(b) it becomes
clear that the integrated spectral weight of this peak between
(—2.5, —4.5) eV changes only slightly between k, and &, and
the peak mainly shifts its position.

According to the photoemission selection rules, our main
observation implies that the d,, orbital has a larger quasi-
particle spectral weight and a smaller spectral weight in the
Hubbard band compared to the dy, orbital. Se 4p orbital ad-
mixture does not contribute to this spectral weight anisotropy,
since the spectra remain unchanged at high energies. Since
both orbitals are degenerate in the tetragonal state above the
nematic transition temperature, the anisotropy at low temper-
ature is due to the lifting of this degeneracy by nematic order.
Our observations indicate that spectral weight is transferred
between the coherent part of the spectrum (the quasiparticle
peak) and the incoherent part of the spectrum (the Hubbard
band) due to nematicity. Therefore, we conclude that electrons
with d,, orbital character are more coherent than those with
d,. character inside the nematic state. We note that the energy-
integrated spectral weight of the EDCs is different along the
two momentum directions. Since we only probe occupied
states, we expect spectral weight to be transferred also above
the Fermi level.

The difference in coherence can be understood within the
idea of orbital differentiation: When the degeneracy of d,, and
d, is lifted, not only will their binding energies become dif-
ferent but also their coherence. Recent theoretical calculations
of the quasiparticle self-energy found that the lifted orbital
degeneracy indeed leads to different coherence factors Z of
the d,; and d, orbitals [36,45,49]. Their hierarchy depends on
the precise form of the nematic perturbation. Since it requires
certain assumptions to extract the quasiparticle self-energies
from ARPES spectra, a theoretical evaluation of both the
high and low-frequency intensity of the spectral function is
desirable. Such a comparison may enable the identification of
important ingredients for a microscopic theory of nematicity
in particular the role of Coulomb interaction and Hund’s rule
coupling.

To provide an estimate for the size of the spectral weight
anisotropy, we integrate the spectral weight in the energy
region of the Hubbard band for each EDC and obtain an
anisotropy between 2% and 5% for the three cases shown
in Figs. 2-4. For the quasiparticle peak, which is not cut
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off by the Fermi energy only for the EDCs in Fig. 3, we
obtain —16%. The size of the anisotropy is likely momentum
dependent [55]. We do not consider any background contribu-
tion in this analysis and the estimates should be taken as lower
bounds.

Our results are in agreement with previous strain-
dependent ARPES studies in BaFe,As, that report an
anisotropic quasiparticle spectral weight with the same sign
[55]. Orbital-dependent correlations are therefore very likely
the origin in both materials. In contrast, earlier proposals of
a very incoherent d,, orbital inside the nematic state of FeSe
[43,48] are incompatible with our result. The main purpose
of the phenomenological approach in Refs. [43,48] was to
remove the d,, spectral weight of the electron band from the
Fermi level to explain the Fermi surface inside the nematic
state and the SC gap structure. There are several alternative
proposals that lead to a similar effect without invoking inco-
herence [27,36,46,47,60].

A recent theoretical study demonstrated that SC order is
boosted in Hund’s metals [61]. An important ingredient is
the finite frequency contributions from the spectral weight
that is redistributed in a window of Jy around Ep typical
for Hund’s metals. Our results demonstrate that the spectral
weight exactly in this energy window becomes anisotropic
due to nematicity and we speculate that this will influence the
SC properties of FeSe. At the same time, the question arises
whether correlations can also boost nematicity and need to be
taken into account in microscopic models.

In summary, we studied the quasiparticle coherence of the
dy; and d,, orbital in detwinned FeSe inside the nematic phase

using ARPES. We compare the spectral weight in the quasi-
particle peak, in the Hubbard band and in the energy region of
the Se 4p bands for two spectra probing the d,, and dy orbital
character, respectively. We find that the Hubbard band has a
smaller, and the quasiparticle peak a larger spectral weight
for the d,, orbital while their spectral weight contribution to
the Se bands remains the same. Our results imply that the
d, orbital is more coherent than the d,, orbital. Our result
is in agreement with earlier studies on strained BaFe,As, and
suggests a common origin rooted in the correlated nature of
FeSC. It calls for a better theoretical understanding of the
interplay of nematicity and Hund’s metal physics.
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