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Abstract

The electronic structures of the iron-based superconductors have been intensively studied by using
angle-resolved photoemission spectroscopy (ARPES). A considerable amount of research has been
focused on the LaFeAsO family, showing the highest transition temperatures, where previous
ARPES studies have found much larger Fermi surfaces than bulk theoretical calculations would
predict. The discrepancy has been attributed to the presence of termination-dependent surface
states. Here, using photoemission spectroscopy with a sub-micron focused beam spot
(nano-ARPES) we have successfully measured the electronic structures of both the LaO and FeAs
terminations in LaFeAsO. Our data reveal very different band dispersions and core-level spectra
for different surface terminations, showing that previous macro-focus ARPES measurements were
incomplete. Our results give direct evidence for the surface-driven electronic structure
reconstruction in LaFeAsO, including formation of the termination-dependent surface states at the
Fermi level. This experimental technique, which we have shown to be very powerful when applied
to this prototypical compound, can now be used to study various materials with different surface
terminations.

1. Introduction

LaFeAsO is the parent compound of the so-called ‘1111’ family of iron-based superconductors—the family
in which superconductivity was first discovered by Kamihara e al [1] and in which the highest reported
superconducting transition temperatures have been found [2, 3]. Despite being among the first compounds
discovered, many questions remain as to its experimental electronic structure. This is partly because of the
lower quality of the original single crystals, but more fundamentally is due to the fact that its structure
includes alternately charged LaO and FeAs planes. Thus upon cleaving the sample, it can have two surface
terminations, each of which is a polar surface with uncompensated charge, and unrepresentative of the
bulk.

Earlier angular resolved photoemission spectroscopy (ARPES) studies [4—8] revealed an electronic
structure that substantially differed from the expectations from naive bulk density functional theory (DFT)
calculations. In particular, the spectra included a bright hole-like band around the Brillouin zone center. It
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was quickly appreciated that this band, and several other prominent bands, were attributable to the surface
FeAs layer which has an effective hole-doping [5], with the overall spectra being somewhat reminiscent of
the hole-doped end-compound KFe,As, but totally unlike the spectra on other nominally
charge-compensated parent compounds such as BaFe,As; [9, 10] and NaFeAs [11]. However, the spectra
also contain bands that are not attributed to the topmost FeAs layer, and it has been a significant challenge
to establish which, if any, features can be attributed to the bulk electronic structure of LaFeAsO.

One of the possible strategies to reveal the real bulk electronic structure of LaFeAsO in ARPES is to
deliberately suppress these surface contribution, for example by dosing alkali metals on freshly cleaved
surface of the crystal in ultra-high vacuum [6, 7]. However, this also leads to smearing of the photoemission
spectra and therefore significantly reduces the quality of obtained data and confidence in the obtained
values of the Fermi surface dimensions. Moreover, while single surface terminations can be accessed using
microscopic techniques such as scanning tunneling microscopy (STM) [12], the much larger spot-size of
conventional ARPES light sources (~1 mm for the He-lamp lab-based and ~100 micron for the
synchrotron radiation sources) means that previous studied have all measured the superposition of the
signals from two different terminations.

In order to overcome these issues and directly probe the electronic structure of different terminations of
LaFeAsO, we used the nano-ARPES technique, in which sub-micron spatial resolution is achieved [13, 14],
in our case by focusing the beam with Fresnel zone plates (FZP) [15]. Since pioneering nano-ARPES work
on phase-separated (K, Rb),Fe,_,Se; compounds [16, 17], this method has been successfully applied to
other iron-based superconductors to reveal electronic structure of the single antiferromagnetic domain as in
case of BaFe;As, [10], or nematic domain as in case of FeSe [18]. By analysing the chemical shift and overall
intensity of As 3d core levels, we identify the spatial distribution of surface terminations, and obtain
different valence band spectra from different positions. From this, we can directly assign the bands observed
near the Fermi level as originating from either a FeAs termination, or the FeAs layer below an LaO
termination. Our results are compared with DFT calculations allowing for relaxation at the surface [19].

2. Methods

High quality single crystals of LaFeAsO were synthesized by solid state single crystal growth method as
described elsewhere [20]. Nano-ARPES measurements were performed using 70 eV photon energy in linear
horizontal polarisation at the nano-ARPES branch of 105-ARPES beamline, using a Scienta DA30 electron
analyser. Reference high resolution ARPES data at 70 eV photon energy in linear horizontal polarisation
were obtained at the HR-ARPES branch of the same 105-ARPES beamline at Diamond Light Source using
R4000 electron energy analyser [21]. All measurements were taken at low temperatures (below 40 K for
nano-ARPES and below 10 K for HR-ARPES) and in ultra-high vacuum (better than 2 x 10~'° mbar).
Samples were cleaved in vacuum and oriented along the I' — M direction of the Brillouin zone. After cleave
crystal has large mirror-like surface without any detectable corrugations. The raw data for the spatial map of
As 3d core levels data have been normalized to take account of the MCP detector sensitivity, using reference
data measured in swept mode. DFT calculations were performed using open-source package Quantum
Espresso [22] using projected augmented wavefunctions (PAW) and the Perdew—Burke—Ernzerhof (PBE)
exchange-correlation functional. A kinetic energy cutoff of 80 Ry and 960 Ry were used for the
wavefunction and charge density respectively for both bulk and slab calculations. A k-grid of 8 x 8 x 4 and
6 x 6 x 1 were used for the bulk and slab calculations respectively. For the slab calculations, five layers of
FeAs were interspaced with four layers of LaO to create a FeAs terminated surface, and vice versa for the
LaO terminated surface, equivalent to reference [19]. Then 15 A of vacuum was added to both sides, and
these structures were then allowed to relax until the total force was less than 0.001 a.u. For details, please
refer to the input files attached in the supplemental material.

3. Results

The crystal structure of LaFeAsO consists of FeAs layers, the essential building blocks of the Fe-based
superconductor family, alternated with layers of LaO, which can be considered as an insulating spacer layer.
In order to prepare a surface for photoemission spectroscopy, the material is cleaved between the layers,
leaving two possible surface terminations [19]. As shown schematically in figure 1(a), both of the
terminations result in polar surfaces, with different charge from the bulk value, leading to unique 2D
electronic states at each of these surfaces. ARPES is a surface-sensitive technique that can access such surface
states, however with a macroscopic beam spot, it is inevitable that the signal from both terminations is
superimposed.
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Figure 1. Termination dependent structure of LaFeAsO surface (a) layered crystal structure with polarised LaO and FeAs surface
terminations; (b) sketch of the cleaved crystal surface with various terminations.

To establish the termination-dependent electronic structures, we used a small beam spot (~800 nm),
and scanned the sample while measuring the photoelectrons to map out the sample both spatially and
electronically. In order to quantitatively map the spatial distribution of terminations, we measured As 3d
core-level spectra across a region of the sample. By zooming on the sample, we selected characteristic region
with both surface terminations. The total intensity, shown in figure 2(a), is fairly uniform except for a
region of lower intensity (red color). On the basis of the intensity alone, we could already assign this as a
region of LaO termination, since the As atoms in this case are in the subsurface layer and therefore should
be weaker in intensity compared to FeAs terminations. However the chemical shift analysis of the As 3d core
states in the different layers allows a more thorough fingerprinting of these different terminations.

The summation of the As 3d spectra across the whole spatial map is presented in figure 2(b), clearly
showing contributions from several peaks, identified in fitting analysis as doublets P1, P2 and P3. While the
spectrum is complex, we can identify the doublet at lowest binding energy, P1, as arising from the topmost
As on an FeAs termination, since it has the largest chemical shift. This assignment is further supported by
our additional photon-energy and geometry-dependent measurements performed with a larger beam spot
on mixed-termination samples (see supplementary figure A1) which show that the P1 peak is most
prominent in conditions which are most surface-sensitive, namely at lower photon energy and at grazing
incidence. Our assignment of P1 is also consistent with previous experiments where the intensity of low
binding energy peak drastically decreased with alkali metal dosing of the surface [6, 7]. The doublet with
highest binding energy, P3, shows the opposite dependence to P1, and thus corresponds to bulk-like As
layers from deeper in the sample, where the surface charge is fully screened. The doublet with intermediate
binding energy, P2, can be attributed to the As atoms that are neither bulk-like nor on the topmost surface;
either from the As atoms below the Fe within the FeAs surface termination, or from the top As in the
sub-surface FeAs layer below an LaO termination.

Using such three doublet fit of the summed data to constrain parameters, we then fit the spectra on a
pixel-by-pixel basis, allowing the amplitude of the peaks to vary, leading to the spatial maps displaying the
dependence of the intensity of the P1, P2 and P3 peaks in figures 2(c)—(e), from which we also take two line
cuts in (f) and (g). For cut 1 in figure 2(f), corresponding to a uniform region of FeAs termination, all the
peaks P1, P2 and P3 contribute to the spectra, with very small variation. However, for cut 2 in figure 2(g),
we find a region approximately 10 microns wide, in which the P2 peak completely dominates the spectral
intensity, while P1 and P3 are suppressed. The suppression of the P1 peak, which was assigned to the FeAs
termination, implies that the dominant P2 peak here comes from the LaO termination (i.e. from the top As
in the sub-surface FeAs layer). Thus, our spatial mapping analysis not only identifies the different
contributions to the As 3d core level spectra, but also allows us to confidently place the beam either on a
region with FeAs termination, or to measure on the areas with LaO termination.

With the knowledge of the distribution of the terminations established, we turn to the corresponding
electronic structure of LaFeAsO. First, in figure 3(a), we show the measured band dispersions at the Fermi
level and valence bands using high-resolution ARPES, but with a beam spot of ~80 ym. From the
conventional ARPES data of LaFeAsO in figure 3(a), we label a number of the most easily identifiable bands
as «, 3,7, d; these have all been reported in previous studies [5—7]. While there have been several attempts
to identify the origin of all the bands from measurements with a macroscopic beam spot [7] and
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Figure2. As 3d spatial maps of LaFeAsO (a) spatial resolved 2D map of As 3d core levels total intensity; (b) spatially integrated
As 3d core level spectra with fit showing contribution from surface (P1), subsurface (P2) and bulk (P3) FeAs layers;

(c)—(e) spatial resolved 2D maps of As 3d core levels fit contributions from surface, subsurface and bulk FeAs layers; (f) and (g)
area ratio of the fit components for FeAs and LaO terminations.

comparison with DFT calculations [19], our methodology relies on more direct approach to measure
electronic structure of various surface terminations.

In figure 3(b), taken on a FeAs termination, we observe most prominently the o band, which confirms it
as a surface FeAs band [5—7], which is the brightest feature in most measurement conditions. The kink-like
structure of the o band has been previously discussed [6, 23] and is evidence of strong electron—electron
interactions in the hole-doped surface layer. In addition, the § band contributes to the spectrum on the
FeAs termination. On the other hand, these features are all suppressed when the spot is moved onto the
LaO termination, shown in figure 3(c), and instead the spectrum includes an electron-like v band at the M
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Figure 3. Termination dependent electronic structure of LaFeAsO (a)—(c) band dispersions at the Fermi level from large beam
spot at high-resolution branch and FeAs and LaO terminations submicron beam spot at nano-ARPES branch; (d)—(f) valence
band dispersions from large beam spot at high-resolution branch and FeAs and LaO terminations submicron beam spot at
nano-ARPES branch; (g)—(i) As 3d core level spectra from large beam spot at high-resolution branch and FeAs and LaO
terminations submicron beam spot at nano-ARPES branch.

point. This electron-like band, and also the hole-like § band, originate from Fe-derived bands from the
subsurface FeAs layer.

The electronic structure that emerges from the FeAs subsurface layer below the LaO termination has
previously been obscured in measurements on mixed termination samples, since ARPES is highly surface
sensitive and the bands from the FeAs termination dominate the intensity. However, it is noteworthy for
several reasons. First, the v electron band—most likely comprising two electron-like bands in close
proximity, unresolved in the current measurements—is reasonably large, with a kr ~ 0.25 A~! and
Ep ~ —80 meV and the observed hole-like states at I" in figure 3(c) are fully occupied, implying an
uncompensated system with net electron doping. The subsurface layer was predicted to have a net charge of
0.114 electrons per Fe compared with the bulk material [19], qualitatively consistent with our experiments.
Conceptually, the LaO layer does a relatively poor job of screening the polar surface charge, such that there
is still a substantial additional charge in the subsurface layer compared with a bulk FeAs layer. Second, we
do not observe any electronic reconstruction, which implies that the effective electron doping of the
subsurface FeAs layer is sufficient to move beyond the antiferromagnetic phase, which in the bulk survives
to x & 0.05 [24]. Third, we note a striking analogy between the electronic structure of the subsurface FeAs
and the high-T, superconducting monolayer FeSe/STO: both are strictly 2D systems, involving an interface
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Figure4. DFT electronic structure of LaFeAsO—simulations of the band structure highlighting the oxygen (red) dominated
valence bands for (a) a bulk paramagnetic crystal, (b) an FeAs terminated surface, (c) a LaO terminated surface. In (b) and (c) we
only color the oxygen weight arising from the closest layer to the surface.

with an oxide material, and in which a net electron doping of ~0.1 electrons per Fe occurs to yield a Fermi
surface containing only electron pockets [25, 26].

Finally, we turn our attention to the valence bands at 4—6 eV binding energy, which provide a
complementary understanding of the observed surface terminations. In figure 3(d), we present high
resolution measurements of the valence band using an ~80 pm beamspot, observing two bright and sharp
bands around the M point, connected to band minima with weaker intensity at the I' point. By comparing
these dispersions with DFT-based calculations, as shown in figures 4(a)—(c), we assign these as O 2p bands.
Although As 4p states are also expected at these binding energies, those bands tend to be only weakly
observed in photoemission measurements due to high-energy interactions in the FeAs layer [27].

When we look at the distinct valence band data from the two terminations, we observe that the LaO
termination (figure 3(e)) has the O 2p-derived valence bands at generally higher binding energy than the
FeAs termination (figure 3(f)). This can be naturally explained, since the heavy electron doping of the LaO
layer pushes the surface layer oxygen states to deeper binding energies. The overall downward shift of the
oxygen bands on the LaO surface is further reproduced by DFT slab calculations on FeAs and
LaO-terminated surfaces, shown in figures 4(b) and (c). This shift independently confirms the heavily
electron doped nature of the LaO surface state. Meanwhile, the calculations in figure 4(b) show that the
oxygen states in the subsurface LaO layer beneath the FeAs termination have dispersions and binding
energies much closer to the bulk ones, since the FeAs layer screens the surface charge quite effectively.

4. Discussion

In this work, using nano-ARPES as a local probe method, we established a strong dependence of the
electronic structure with surface termination due to significant charge transfer at the polar surface of the
LaFeAsO crystal. Because of this, it is not possible to examine the bulk electronic structure using surface
sensitive techniques like STM and ARPES. On the contrary, we can only observe two very different surface
electronic structures with opposite hole or electron doping. Our results are in good qualitative agreement
with termination dependent STM data [12].

More importantly, it explains, why unlike in non-polar pnictides [28—30], the band folding
corresponding to the antiferromagnetic (AFM) order below Ty ~ 135 K was not been detected in LaFeAsO
by ARPES. Although we were able to separately measure the electronic structure of the FeAs surface
termination and the FeAs subsurface under an LaO termination, neither of these are truly representative of
the bulk electronic structure of LaFeAsO. Moreover, direct photoemission from deeper layers is suppressed
beyond detection due to the short escape depth of low energy photoelectrons. Therefore we conclude that
the true bulk electronic structure of LaFeAsO, including the expected electronic reconstruction in the AFM
phase, cannot be accessed by ARPES, at least in the VUV photon energy range. Instead, based on this study,
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we can interpret with confidence the previous ARPES data for LaFeAsO obtained with conventional (large)
beam spot [4—8] as a superposition of signals from two different surface terminations.

As we have shown, the charge transfer induced surface doping is large enough to suppress the AFM
phase for the parent compound. So one could ask the question, what are the implications of this effect on
the superconductivity in the ‘1111” oxopnictide family? Despite their surface-sensitivity, both STM [31] and
ARPES [32] have reported an opening of the superconducting gap in fluorine doped single crystals. While
STM measures the spectral function integrated along all pockets of the Fermi surface, ARPES provides
direct information on the momentum dependence of the superconducting order parameter. A detailed
momentum dependent ARPES study [33] revealed an almost isotropic superconducting gap for the large
hole-like band around the I'-point. It is clear from our results, this particular Fermi surface belongs to the
FeAs termination. Because FeAs termination electronic structure is strongly holed doped, it is unlikely that
this top layer is superconducting by itself. A much more plausible scenario is that surface state
superconductivity is induced by proximity to the superconducting bulk crystal, an intriguing prospect
which merits further investigation.

There are numerous analogies between our work on LaFeAsO, and recent work on layered delafossite
materials such as PACoQ,, where there has been interest in the novel electronic states that appear at the
polar surfaces after cleaving [34]. In fact, for any ‘naturally heterostructured’ material consisting of
alternating layers, the problem of multiple possible surface terminations contributing to ARPES spectra
with a conventional beam spot is widespread. However, the nano-ARPES methodology that we use here,
and in other recent experiments [34—36] opens the door to obtaining single-termination spectra.

5. Conclusions

Using angular-resolved photoemission spectroscopy with a sub-micron focused beam spot (nano-ARPES)
we measured the electronic structures for both LaO and FeAs terminations in LaFeAsO. While large bulk of
the ARPES studies is concentrated on a narrow energy window around the Fermi level, we have shown that
the detailed combined analysis including the nano-ARPES photoemission signal from much higher binding
energies allows for a direct decomposition of the observed intensity into the contributions from different
surface layers. Our data shows different Fermi surfaces, valence band electronic structure and core-level
spectra for different surface terminations. Our experiments confirm the theoretical calculations and explain
controversy of the previous conventional ARPES measurements. These results give direct evidence for the
surface-driven electronic structure reconstruction in LaFeAsO, including formation of the
termination-dependent surface states at the Fermi level. The nano-ARPES technique used to study this
prototypical ‘1111” compound, has and can be successfully applied to study different polar materials with
different surface terminations.
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Appendix A. Reference core level data

High energy resolution LaFeAsO As 3d reference core level spectra were measured at HR-ARPES
end-station with 80 micron beam spot size (figure Al and table A1).
Corresponding As 3d reference core level spectra were fitted with three sets of doublets P1, P2 and P3.
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Figure Al. LaFeAsO As 3d XPS: (a) photon energy 70 eV and normal incidence, (b) photon energy 160 eV and normal
incidence, (c) photon energy 70 eV and grazing incidence, (d) photon energy 160 eV and grazing incidence.

Table Al. LaFeAsO As 3d XPS fit results.

(a)70eVNI  (b)160eVNI  (c)70eV GI  (d) 160 eV GI
P1 0.128 0.084 0.257 0.183
P2 0.276 0.103 0.416 0.327
P3 0.596 0.813 0.327 0.490
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