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Quasiparticle interference (QPI) provides a wealth of information relating to the electronic structure of a
material. However, it is often assumed that this information is constrained to two-dimensional electronic
states. We show that this is not necessarily the case. For FeSe, a system dominated by surface defects, we
show that it is actually all electronic states with negligible group velocity in the z axis that are contained
within the experimental data. By using a three-dimensional tight-binding model of FeSe, fit to
photoemission measurements, we directly reproduce the experimental QPI scattering dispersion, within
a T-matrix formalism, by including both k, = 0 and k, = 7 electronic states. This result unifies both
tunnelling based and photoemission based experiments on FeSe and highlights the importance of k, within

surface sensitive measurements of QPIL

DOI: 10.1103/PhysRevLett.123.216404

The iron-based superconductor FeSe has recently been a
focal point in the study of unconventional superconduc-
tivity. The momentum dependence of the superconducting
gap, extracted from angle-resolved photoemission spec-
troscopy (ARPES) [1-5] and quasiparticle interference
(QPI) measurements [6,7], has been shown to be highly
twofold symmetric, and sensitive to the orbital content of
the bands. However, a consensus relating to the full
theoretical implications of this gap structure has remained
limited due to the range of different, and often contra-
dictory, models of the electronic structure used as a starting
point for theoretical investigations [5,6,8—11].

In order to resolve the differences in theoretical models
of the electronic structure, it is important to study the
results and conclusions extracted from experimental
measurements, such as ARPES and QPI. However, there
is currently a discrepancy between the interpretation of
the data obtained by these two techniques. QPI measure-
ments of FeSe [7,12,13], obtained via scanning tunneling
microscopy (STM), have been interpreted as being con-
sistent with a theoretical model where the Fermi surface
consists of one hole pocket and two electron pockets and
exhibits a large difference in the quasiparticle weight of
the d,, and d,, orbitals [13]. On the contrary, the orbital
sensitive measurements from ARPES have been inter-
preted as being consistent with a model with roughly
equivalent quasiparticle weights for the d., and d,,
orbitals [3,5,14,15], but with only one hole pocket and
one electron pocket at the Fermi surface [16-18].
Interestingly, both of these interpretations have been
used to correctly describe the momentum dependence
of the superconducting gap [5,8], yet they completely

0031-9007/19/123(21)/216404(6)

216404-1

contradict one another on the topology and orbital
coherence of the electronic structure.

In this Letter, we address this discrepancy. We show that
the ARPES-based interpretation of the electronic structure,
i.e., a model which has equal quasiparticle weights for all
orbitals but has only one hole pocket and one electron
pocket at the Fermi level, is fully consistent with the QPI
measurements of FeSe, once all electronic scattering
vectors which exhibit zero Fermi velocity in the k, axis
are taken into account. This result therefore provides
experimental unification of the electronic structure of
FeSe, as determined by ARPES and STM, and highlights
the importance of k, within the surface sensitive measure-
ments of QPL

Methodology.—QPI is the phenomenon which occurs
when propagating quasiparticles scatter elastically from a
local potential caused by an impurity, leading to interference
patterns in the local density of states. This effect is
observable in STM measurements as oscillations in the
spatial dependence of the tunneling current emanating from
a defect or vacancy. The Fourier transform of these oscil-
lations then unveils a momentum- and energy-dependent
structure that may be interpreted in terms of scattering
processes, q = k — k’, where the momenta k and k’ are
defined by the underlying single particle electronic structure.
However, it is important to note that the information obtained
from this two-dimensional Fourier transform comes from
measurements which, in real space, are restricted to tunnel-
ing from the topmost layer of the material. As a conse-
quence, for defects located in the surface layer of a material,
which is the dominant form of impurities in FeSe [6], this
imposes a restriction: Any coherent oscillations detected far
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FIG. 1. (a) Electron propagation from a surface defect, STM is
sensitive only to the topmost layer of the material; therefore, only
QPI arising from the electronic states with vy.(k) = 0 (orange
arrows) will be detected via STM. (b) Cut of the k, dispersion of
the hole pocket of FeSe, highlighting states where vy, (k) = 0.
This then leads to three sets of scattering vectors with unique k,
dependence, labeled as qq, q,, qz. This description equivalently
holds for the electron pocket and interpocket scattering. (c) Fermi
surface of the ARPES-based model of FeSe at k, = z. The black
line describes the Brillouin zone boundary. (d) Band dispersion
along M, —T' — M, with projected k, states. The solid lines
describe the k. = 0 and k, = 7 states, whereas the shaded regions
indicate states with intermediate k,. The gray bands show the
states that we have manually excluded from the calculation in
order to reproduce ARPES measurements [16].

away from a defect must arise from electronic states which
have a vanishing group velocity in the z axis. We illustrate
this principle in Fig. 1(a).

This condition restricts the detectable scattering processes,
to electronic states where both k and k’ have zero Fermi
velocity along the &, axis [19,20], which, in the case of FeSe,
is true for both the k, = 0 and k, = & states. Thus, there
should be three sets of scattering vectors, labeled as qy, q,,
and q3 in Fig. 1(b), which will produce detectable QPI
within STM measurements. Previous QPI calculations of
FeSe have included the k, = 0 to k, = O set of scattering
vectors (qp) [13,21] but have neglected the contributions
from q, and q3. In this Letter, we include all three sets of q
vectors within the typical 7T-matrix calculation of the local
density of state [LDOS; N(q, w)] [22], where the summation
over both k, and g, are constrained to the O or 7 plane and
the total LDOS is then the sum of the three sets of q vectors,

N(qw gy @) = > N(qy.qy. 40 ). (1)

q.€[0.7]

We note that Eq. (1) is calculated assuming bulk QPI
scattering. Formally, open boundary conditions in the z axis

should be used to describe the surface of a material [23];
however, as no surface states have been detected for FeSe
[24], Eq. (1) is still a valid approximation, which, as we will
show, accurately describes the experimental data.

In order to facilitate a comparison between theory and
experimental data, we next calculate the normalized LDOS,
L(r, ), also referred to as the Feenstra function [25],

L(r,w) =

(2)

Here, N (r,w) is the 2D inverse Fourier transform of
Eq. (1). We then plot the Fourier transform of L(r, ®), in
moment space, and directly compare our results with the
QPI data from Ref. [7].

To calculate Eq. (2), we employ a tight-binding model
which has been optimized to describe the band dispersions
determined from ARPES measurements of detwinned
crystals of FeSe [16]. In Ref. [16], it was observed that,
at low temperatures, the Fermi surface of FeSe consisted of
one hole pocket and a single electron pocket. However,
tight-binding models of FeSe suggest that two electron
pockets should be present at the Fermi surface [26]. To
account for this experimental observation, we have chosen
to specifically exclude bands associated with this unob-
served second electron pocket. These bands are shown in
gray in Figs. 1(c) and 1(d). To exclude these bands, we use
the unfolded one-Fe unit cell of FeSe, which separates the
electron pockets in momentum space [27,28]. We then
employ a Green’s function,
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that includes a momentum-dependent broadening param-
eter, I'(k). We define I'(k) as arbitrarily large (>100 eV) in
the vicinity of k = (0, z), where our tight-binding model
incorrectly describes the presence of a second electron
pocket. For all other momenta, we set I'(k) to 1.25 meV.

The Hamiltonian, H°(k), then describes hopping between
all five d orbitals in the presence of spin orbit coupling.
This is discussed in detail in Refs. [5,29]. In this Letter, we
have additionally reduced the contribution of spin orbit
coupling at the M point to improve the agreement of the
band positions at negative energies. To do this, we have
reduced the spin orbit coupling strength of the /, and [,
components to 4,/, = 5 meV. 4_ is then set to 19 meV. This
form of the spin orbit coupling matrix is defined in
Ref. [30]. The removal of states “by hand” makes this
model highly phenomenological; however, within the
energy region of +50 meV, this approach quantitatively
reproduces the experimental band dispersions measured by
ARPES experiments on detwinned crystals [16—18].
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Results.—In Fig. 2, we show the impact of including all
electronic states with vy (k) = 0 within the modeled QPI
dispersions. In Figs. 2(a)-2(c), we present the calculated
result for a k, = 0 model of FeSe at negative energies.
Here, the scattering vectors are dominated by the elliptical
outer hole band, which decreases in radius as the energy
approaches the Fermi level. When all states with vz(z) =0
are included, however [shown in Figs. 2(g)-2(i)], the
intensity of the scattering vectors associated with the
k., = 0 hole band is suppressed. Conversely, the intensity
from the scattering vectors associated with the two-
dimensional bands around the M point is enhanced. This
results in a highly anisotropic scattering dispersion, parallel
to the ¢, axis, which is in very good agreement with the
experimental results of Ref. [7], shown in Figs. 2(m)-2(0).
In fact, all of the scattering vectors observed at these
energies are accounted for, with the exception of the central
scattering vector in Fig. 2(n), which is likely a limitation of
our tight-binding parametrization.

Direct agreement between theory and experiment can
also be found at positive energies. The k, = 0 model of
FeSe exhibits a hole band maximum at +7 meV [2,3,31].
This means that, for energies greater than +7 meV, only
a single elliptical electron band will contribute to the
scattering dispersion in our model. This is shown in
Figs. 2(d)-2(f). Scattering vectors arising from the k, =0
hole band can be observed in Fig. 2(d), at ® = +6 meV;

however, for @ = +15 and 424 meV, only an elliptical
dispersion from the electron band is observed.
Alternatively, at k, = 7, the hole band captured within
the model has a maximum value of +27 meV. Thus, the
inclusion of k, = x electronic states [via the inclusion of q,
and qz from Fig. 1(b)] adds scattering dispersions asso-
ciated with both hole and electron states. This produces the
scattering dispersion shown in Figs. 2(j)-2(1), which is in
much better agreement with the experimental measure-
ments of Ref. [7], shown in Figs. 2(p)-2(r). In Fig. 2(j), it is
noted that the intensity of the scattering vectors appears
rotated compared to the experimental measurement of
Ref. [7], shown in Fig. 2(p). This intensity difference
can arise from anisotropic scattering processes, which are
not included in this calculation. However, as the lengths of
the scattering vectors are correctly described, we conclude
that the QPI measurements of FeSe are sensitive to all
electronic states with vy (k) = 0.

In Fig. 2, we have obtained very good agreement with
the experimental QPI measurements of Ref. [7] on the
assumption that the Fermi surface of FeSe consists of one
hole pocket and one electron pocket, as determined by
ARPES studies on detwinned crystals [16—18]. However,
as discussed previously, ab initio calculations [15,32] and
most theoretical models of FeSe suggest that the Fermi
surface should consist of one hole pocket and two electron
pockets. To further support the one-electron-pocket
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FIG. 2. (a)—(f) Calculated Feenstra function,

-0.1 0.0, 0.1 -0.1 0.0, 0.1 -0.1 0.0, 0.1

a, (A7)

L(q, )| for atwo-dimensional, k, = 0 model of FeSe at various energies. (2)—(i) Equivalent

calculations for a model of FeSe which includes both k, = 0 and k, = = states. (m)—(r) Experimental QPI data, adapted from Ref. [7]
under the Creative Commons Attribution 4.0 International License. The arrows highlight features which are observed in the experimental data

and captured within this theoretical framework.
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scenario of FeSe, we now focus on the band dispersions
determined from QPIL. If we include both electron pockets
in the calculation, by including the bands shown in gray in
Fig. 1(c), we find that the QPI derived band dispersions
along the g, and g, axes are predicted to be very similar, as
shown in Figs. 3(a) and 3(b). In particular, the two-electron-
pocket scenario predicts electronlike dispersions in both
the g, and ¢, directions. This is in stark contrast to the
experimental measurements of Ref. [7], shown in Figs. 3(e)
and 3(f), where electronlike dispersions are observed only
along the g, axis. When we repeat this calculation using the
one-electron-pocket model of FeSe, shown in Figs. 3(c)
and 3(d), we indeed correctly reproduce this anisotropic
scattering dispersion, with electronlike dispersions present
only along the g, axis. Moreover, below the Fermi level, in
the one-electron-pocket model, more holelike bands are

Energy (meV)

Energy (meV)

Energy (meV)

FIG. 3. Energy vs momentum QPI-based band dispersions. (a),
(b) QPI band dispersions along ¢, at g, = 0 and ¢, at g, = O for
a “two-electron-pocket” (2EP) model of FeSe. The dashed red
line highlights electronlike dispersions. (c),(d) Equivalent QPI
band dispersion for a “one-electron-pocket” (1EP) model. (e),(f)
Experimental QPI band dispersions, adapted from Ref. [7] under
the Creative Commons Attribution 4.0 International License.

predicted to disperse along the g, axis than the g, axis,
which is exactly what is observed in the experimental
measurements of Figs. 3(e) and 3(f). From this, we
conclude that QPI measurements are in agreement with
the electronic structure determined by ARPES measure-
ments, where only one electron pocket is detected at the
Fermi surface.

Discussion.—The importance of including k, within the
analysis of QPI measurements have previously been high-
lighted in other materials such as CeColns [33,34] and
LiFeAs [35,36]. In this Letter, we have shown that the
experimental limitations of STM actually provide a strong
selection criteria for the specific values of k, which can be
detected in QPI measurements. Whilst we have focused on
the case of FeSe, the conclusions and methodology
presented here may be generalised to other three-dimen-
sional materials, which can further improve the agreement
between QPI measurements and theoretical models of the
electronic structure.

There is great current interest in the fate of the second
electron pocket of FeSe, which is predicted to exist within
the nematic phase [26,37] but is mysteriously not observed
by ARPES at low temperatures [16—18]. Recently, it has
been proposed that this missing electron band is actually
pushed above the Fermi level, driven by a particular
hybridization scheme at the zone boundary in the nematic
phase [17,18]. However, in our understanding, the QPI
data do not support this interpretation; there is no band
minimum observed above the Fermi level, and no low-g
electronlike dispersions in the ¢, direction [Fig. 3(e)].
Another proposition is that the apparent absence of spectral
weight on the second electron pocket is a manifestation of
orbital-selective quasiparticle weights [13] since the phe-
nomenological suppression of d,, and d,, weight would
particularly affect this pocket. In the Supplemental Material
[22], we present simulations including the quasiparticle
weight factors suggested in Ref. [13]. We find that,
although this approach does account for the general
observation of highly twofold symmetric QPI dispersion
and qualitatively captures some features, a more satisfac-
tory agreement can be found within our approach, in which
we keep all of the orbitals coherent but implement a pocket-
selective coherence.

In this Letter, our approach has been to take the ARPES
data at face value, and thus to phenomenologically exclude
the second electron pocket, and its associated bands,
despite the fact that they are present in any reasonable
tight-binding model of FeSe. Under this assumption, our
simulations correctly reproduce many features of the QPI
data, which is not the case when the second electron pocket
is included. Thus, this technique, which is independent and
complementary to that of ARPES, seems to also indicate
the presence of only one electron pocket at the Fermi
surface of FeSe. Previously, we have argued that the one-
electron-pocket scenario can also naturally account for the
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observed superconducting gap structure of FeSe [5], which
has been further supported by specific heat measurements
[38]. There is, therefore, mounting experimental support
for the one-electron-pocket scenario of FeSe, which calls
for further theoretical and experimental investigations to
elucidate the origin of this effect.
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