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ABSTRACT: In pnictide RbEuFe,As,, superconductivity sets in at 36 K and coexists, below
15—-19 K, with the long-range magnetic ordering of Eu 4f spins. Here we report scanning
tunneling experiments performed on cold-cleaved single crystals of the compound. The data
revealed the coexistence of large Rb-terminated and small Eu-terminated terraces, both
manifesting 1 X 2 and V2 X /2 reconstructions. On +/2 X /2 surfaces, a hidden electronic
order with a period ~5 nm was discovered. A superconducting gap of ~7 meV was seen to be
strongly filled with quasiparticle states. The tunneling spectra compared with density functional
theory calculations confirmed that flat electronic bands due to Eu 4f orbitals are situated ~1.8
eV below the Fermi level and thus do not contribute directly to Cooper pair formation.

Until recently, the interplay between magnetism and have recently reported been and suggested a singlet super-
superconductivity' ~> was experimentally studied mainly conductivity.”>*”**
in a few exotic materials such as UGe,, URhGe, and UCoGe,”’ In the past, 122 materials were extensively studied by
in which a triplet superconductivity is probably in play. In the different experimental means, including scanning tunneling
so-called 122 iron-based materials AFe,As,, where A = Ba, Sr, microscopy and spectroscopy (STM/STS).””~*! Ba-122 doped
Ca, etc,® the use of the rare-earth element Eu leads to with Co, Ni, or Cr*™* or Sr-122 and Ca-122°7*%°%" 4]l
magnetism,10 while preserving singlet superconcluctivity.”’12 demonstrated 1 X 2 and 2 X 27495051 gurface
For example, in EuFe,(As,_,P,),, the substitutional doping by reconstructions, both corresponding to the half-coverage of
phosphorus results, at x ~ 0.2, in superconductivity at a rather the topmost layer by Ba, Sr, or Ca.*” The superconducting
high critical temperature (T.) of 25—28 K; below a Tcyye of gaps in the tunneling spectra were observed to be strongly
15-20 K, it coexists with the ferromagnetic order of Eu filled with quasiparticle states. An intriguing nematic order was
subsystems,”_20 This unique coexistence rapidly became the revealed.*’ However, tunneling studies of magnetic super-
subject of intensive studies. Novel ferromagnetic super- conducting pnictides and, specifically, of RbEuFe,As, are
conducting phases, such as the domain Meissner state and missing, mainly due a low crystal quality and a poor
domain vortex state, were discovered;'®'® a peculiar interplay morphology of cleaved surfaces, making STM/STS experi-
was observed in the microwave response,19 and a crossover ments challenging.
from a dominating superconducting to a dominating In this paper, we present low-temperature (1.5-35 K)
ferromagnetic order was reported.”’ STM/STS n;easurements of high-quality single crystals of
The magnetic superconductor RbEuFe,As, has a more RbEuFe As,.”” The experimental difficulties mentioned above
complex structure, alternating Eu-122 and Rb-122 blocks.”' =’ were resolved by cooling the samples to 4.2 K and in situ

This stoichiometric compound is characterized by a higher T, cleaving them (to limit atom diffusion and avoid a strong

of 36 K and a slightly lower T, of £15—19 K, compared to

those of EuFe,(As;_,P,),. The magnetic order of RbEuFe,As, Received: September 6, 2020
is also different. Below the Curie temperature, it is expected to Accepted:  October 12, 2020
be a helical antiferromagnet rather than a ferromagnet™ and Published: October 23, 2020

even can have topological magnetic order.”” The interplay
between the two orders in RbEuFe,As, is currently being hotly
debated; several experimental®®™** and theoretical®>*® studies
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surface modification), thus achieving large atomically smooth
terraces (see Sample preparation and STM study in the
Supporting Information). All terraces demonstrate 1 X 2 and

V2 X /2 surface reconstructions that coexist at the nano-
scale. Despite identical reconstructions, the terraces have
different atomic compositions. They are either Rb- or Eu-
terminated. By comparing STM results with STS data and
density functional theory (DFT) calculation, we found that
most of the exposed surface is Rb-terminated while only a few
terraces are Eu-terminated. In the regions with J2 x 2
reconstruction, STS revealed a spatial ordering of occupied
electronic states with a surprisingly large period of ~5 nm. At
the Fermi level, a signature of a superconducting gap of ~7
meV was observed in the tunneling conductance spectra. The
gap appears to be strongly filled with quasiparticle excitations
and characterized by smeared coherence peaks.

Constant current STM images revealed atomically flat
terraces separated by sharp steps (Figure la). The height of
the steps among terraces A, B, and D is ~1.3 nm (see the inset
of Figure la), matching the unit cell height of RbEu-
Fe,As,”>~" (Figure 1b). Terrace C is situated 0.66 nm
above terrace B. This corresponds to the half-unit cell of the
material. This points toward the coexistence of Rb- and Eu-
terminated surfaces (A, B, and D, Rb-terminated; C, Eu-
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Figure 1. Scanning tunneling microscopy and spectroscopy of
RbEuFe, As,. (a) A 400 nm X 400 nm STM image (bias voltage Vi
= —1.5 V, and tunnel current Iy = —90 pA) of the cold-cleaved
sample. Atomically flat terraces A, B, and D are separated by ~1.3 nm
high steps; the height of terrace C with respect to terrace B is ~0.66
nm. The inset shows a plot of a STM scan profile along the white
dashed line. (b) Crystal structure of RbEuFe,As,. Red arrrows show
expected cleavage planes. (c) Terrace-averaged tunneling conduc-
tance curves acquired in regions A (green), B (blue), C (red), and D
(brown line). The inset shows the tunneling DOS measured at 35 K
(black line) and 1.5 K (blue line). (d) The red solid line shows the
normalized tunneling conductance dI/V(V) 1, sx/dI/V(V)_3sx near
zero bias, and the black dashed line the best fit by the Dynes
formula.>> The fit parameters are as follows: Ag, = 6.8 mV, and T'g, =
9.5 mV (see the text).
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terminated), as we discuss below. Statistically, single-unit cell
steps are dominant.

Typical tunneling conductance spectra dI(V)/dV acquired
on terraces A—D are presented in Figure 1c. Being similar, they
are all characterized by a rather low spectral density around the
Fermi level, by a sharp peak at V;; ~ —1.8 V, two bumps at 1.0
and 1.5 V, and by a rapid spectral rise at higher biases. The
peaks have a stronger amplitude in the spectra acquired on
terrace C (red curve). The inset of Figure lc focuses on a
narrower spectral window around the Fermi level. A robust
feature here is a pronounced asymmetric V-like spectral shape
(the presented blue spectrum was acquired on terrace B, but
other terraces present similar spectra). The V shape is
preserved at high temperatures (black line) and, as we will
see below, reflects a complex multiband electronic structure of
the material.”***

Another robust feature is the evolution of the temperature of
the tunneling conductance spectra near zero bias, visible in
inset of Figure lc. As the temperature is decreased, the spectral
weight at zero bias decreases and bumps appear at
approximately +15 mV. Because of a strongly energy-
dependent normal-state electronic density of states in
RbEuFe,As, (unlike in simple metals), the redistribution of
electronic states around the Fermi level is better revealed in the
normalized tunneling conductance spectra dI/V(V) ., s/dI/
V(V) 12350 presented in Figure 1d. When the STS spectra are
acquired in different locations, the dip at zero bias followed by
peaks at both polarities is ubiquitous, while the overall spectral
background is subject to variations (we discuss this point
below). The spectral features in Figure 1d are characteristic of
a superconducting gap with a width A of ~7 + 2 meV. Though
the shape of the gap is unconventional, the peaks are large and
strongly smeared, and the gap is not complete. Even at 1.5 K,
only ~15% of the total electronic states at the Fermi level are
gapped.

By now, we focus on the atomic order observed on terraces.
Similar to 122 pnictides, RbEuFe,As, is a strongly anisotropic
lamellar material (Figure 1b). In the a—b plane, it has an
orthorhombic, almost square 0.39 nm wide unit cell (the
differences between directions a and b are tiny: a, = 0.39382
nm, and b, = 0.38975 nm”’). In direction ¢, alternating Rb and
Eu atomic layers are sandwiched by As—Fe,—As blocks. Rb
and Eu layers are weak links of the structure; during sample
cleavage, the structure breaks following these layers, thus
presenting c-oriented surfaces. The observed predominance of
single-unit cell high steps over half-unit cell ones in Figure la
points toward the difference in the binding energy between Rb
and Eu layers. Our estimations (see DFT calculations in the
Supporting Information) show that Rb—As and Eu—As
binding energies are indeed different (0.27 and 0.47 eV,
respectively). During sample cleavage, one expects the weakest
bonds to break. We thus may suppose that the majority of the
cleaved surface is Rb-terminated and conclude that terraces A,
B, and D are Rb-terminated and terrace C is Eu-terminated.

A detailed STM study of the terrace’s structures revealed the
coexistence of two different surface reconstructions. The first
one is a striped reconstruction (Figure 2a,b); it is largely
dominant on all studied terraces. The analysis of this structure
(Figure 2c), enables identifying it as a 1 X 2 reconstruction,*’
which was already observed in several 122 pnictides.*”***°
The chains follow direction a or b; the boundaries between
perpendicularly oriented domains are easily detected in STM
images (Figure 2a). The second reconstruction is identified as

https://dx.doi.org/10.1021/acs.jpclett.0c02711
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Figure 2. Surface reconstruction. (a) A 46 nm X 46 nm STM image
(bias Vip = =200 mV, and tunnel current Iy = —100 pA). Atomically
flat terraces are 1 X 2 reconstructed; 1 X 2 chains are aligned in the a
or b direction and form domains. (b) A S0 nm X 50 nm STM image
(Vy = =200 mV, and I; = —400 pA). A majority of 1 X 2 chain
domains coexist with minority domains of the 1 X 2 reconstruction.
White arrows show the orientation of reconstruction domains
V2 X /2, and the solid orange line corresponds to the domain
boundaries. (c) A 20 nm X 20 nm STM image (Vi = 20 mV, and I =
1.9 nA) demonstrates the coexistence of both reconstructions on a
atomic scale. Green and orange circles are guides for the eye. Selected
stacking faults of 1 X 2 and ~/2 X /2 reconstructions are denoted by
arrows. (d) A 16 nm X 16 nm STM image in the vicinity of the half-
unit cell step (solid white line) between regions C (left) and B (right).
An offset was applied to the image in region B to make atomic orders
visible on both sides. The inset shows a STM scan profile over the C/
B step.

a 45° rotated /2 X /2 square one*® (Figure 2c). Typical
defects such as voids and stacking faults (pointed by arrows)
are observed in both reconstructions. Amazingly, the stacking
faults of the /2 X /2 structure form clusters of the 1 X 2
reconstruction and verse versa. The defect density is high; by
approaching the STM tip or changing the bias, they can be
easily moved and rearranged. This is clearly seen by comparing
the STM image in Figure 2b with the image of the same region
acquired during the STS experiment (Figure 4a). In these
images, both reconstructions are present: the upper part of the
image is 1 X 2-covered, while the lower part is V2 X /2
reconstructed. Both reconstructions correspond to the same 1/
2 atomic layer density (see also Supplementary Figure 1).

The reconstructions observed on terraces B and C are quite
similar, as the STM image presented in Figure 2d
demonstrates. It focuses on the step region between the two
terraces. In the left part of the image, terrace C presents the 1
X 2 reconstruction; in the right part of the same image, terrace
B presents both 1 X 2 (top part) and +/2 X /2 (bottom part)
reconstructions. Thus, 1 X 2 and V2 X <2 reconstructions
are less sensitive to the nature of the topmost atoms than to
the underlying As—Fe,—As template.
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It is tempting to relate the observed spectral features (Figure
1c) to the electronic structure of the material. In Figure 3, we
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Figure 3. Calculated electronic structure of RbEuFe,As,. The size of
the colored circles in the panels represents the relative weight of
specific (a) Rb and (b) Eu orbitals. In panel b, the relative weight of
the Eu 4f orbitals is artificially reduced by a factor of 10 with respect
to other orbitals, for the sake of clarity. The red dashed line
corresponds to the Fermi energy.

present the electronic bands of bulk RbEuFe,As, calculated
within the DFT+U framework (see DFT calculations in the
Supporting Information). There, different colors represent the
weights of different Rb and Eu atomic orbitals in the band
structure (the weights of Fe and As orbitals are available in
Supplementary Figure 2). An expected feature is a bunch of
hole-like bands situated around the M-point of the Brillouin
zone that overlaps in energy with several holelike bands
centered at the I'-point. The dispersion slope I0E/0kl is rather
high for both sets of bands, resulting in a low density of states.
At higher (positive and negative) energies, several flatter bands
add their spectral weight to the total DOS. This is consistent
with the observed overall V-shaped spectral background
(Figure 1c). A very interesting result of the DFT calculations
is a flat band around —1.7 eV, mainly due to Eu 4f orbitals
(colored yellow in Figure 3, right panel). Such a band could be
responsible for the spectral peak observed at V; ~ —1.8 V.
Moreover, as part of this hypothesis, a higher peak amplitude
observed on terrace C could be associated with Eu termination
at the surface, in agreement with our expectations. The fact
that most of the spectral density coming from magnetic Eu is
situated deep below the Fermi level is an important indication
that Eu does not contribute directly to Cooper pair formation
in RbEuFe,As,.

The identification of humps at V. values of ~1.0 and ~1.5V
is more complicated. Some flat bands indeed exist at these
energies (at 0.6 eV around the X-point, at 0.9 eV around the I'-
point, and at 1.3 eV around the M-point), but DFT predicts
most of states to come from Fe (see Supplementary Figure 2),
which is in the same configuration for both considered surface
terminations. Moreover, the contributions from Rb and Eu
orbitals are predicted to be similar. The reasons why these
peaks are better revealed on terrace C might be related to
surface states that could be different in the case of Rb- and Eu-
terminated surfaces or yet to slightly different tunneling matrix
elements. To decide the issue, future DFT calculations should
include the observed surface reconstructions.

https://dx.doi.org/10.1021/acs.jpclett.0c02711
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Complete STS maps were performed in the region shown in
Figure 2b; the results are presented in Figure 4. The color-

-
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Figure 4. Spatial variations of electronic signatures. (a) A 50 nm X 50
nm STM image (V = =20 mV, and I = =900 pA), from the same
location as in Figure 2b. The thin line depicts the boundary between
the 1 X 2 (top) and +/2 X ~/2° (bottom) regions. (b) Evolution of
dI/dV(V) spectra (color-coded) along the scan presented by the thick
line in panel a. (c and d) dI/dV(x, y, V) maps at V=—40mV and V =
40 mV, respectively. In the insets, autocorrelation maps reveal a
spatial electronic modulation of ~5 nm of the occupied states of the
sample. The yellow triangles define the positions of three atomic
defects for identifying topography and spectroscopy maps.

coded plot in Figure 4b presents the spatial evolution of the
tunneling DOS over the 15 nm line crossing the boundary
between two regions of different reconstructions (see also
Supplementary Figure 3). The gap at zero bias (colored blue)
is a quite constant feature. However, the overall spectral
background is different in the two regions and even varies on
an atomic scale in the 1 X 2 region (yellow-red oscillations
better seen at positive bias). Another intriguing result is the
discovery of an electronic ordering (Figure 4c). It is observed
at negative bias (occupied sample states) and only in
V2 X 2 reconstructed regions (Figure 4) (see also
Supplementary Figure 4). The autocorrelation presented in
the inset clearly shows two satellite peaks in the Fe—Fe
direction separated by ~S nm (approximately eight Fe—Fe
interatomic distances). This modulation is reminiscent of that
observed in Ca-122 and attributed to the nematic order.”
However, many questions remain. Why was the electronic
modulation not observed in 1 X 2 regions? Why does it appear
only at negative bias> Why is it unidimensional? These
questions along with the identification of impurities clearly
observed in STS data (red and dark-blue spots) remain well
beyond the scope of this study.

With regard to the superconducting gap, its spectral
smearing and strong filling are in striking contrast with fully
open multiple gaps observed by k-selective ARPES.”® In our
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case, the strong gap filling makes impossible the check of the
multiband character of superconductivity; also, it obscures the
information about possible nodes or other signatures of
nontrivial pairing. Phenomenologically, gap filling can be taken
into account by considering a pair-breaking I'" that accounts for
a finite quasiparticle lifetime.”” " enters the BCS formula for
the superconducting DOS by substituting E — E — il:
DOS(E) = Re{E — i'/y/(E — il")* — A’} In Figure 1d, the
dashed line represents the best fit achieved using the Dynes
formula. The obtained superconducting gap energy Ag, of 6.8
meV is consistent with a superconducting critical temperature
T. of 35 K of RbEuFe,As, (2A4/ksT. ~ 4.5). However, the fit
of an almost completely filled gap required a very large
parameter I'y, = 9.5 meV =~ Ag. This needs to be physically
justified, as the microscopic phenomena behind it are the
origin of the discrepancies between STS and ARPES results.
Eventually, very different probe electron energies (a few
millielectronvolts around the Fermi energy in the case of STS,
several hundreds of electronvolts in the case of ARPES) might
result in different interactions with the matter, in particular,
with a very fragile reconstructed layer (that we demonstrated
above). It could lead to inelastic terms in tunneling. In the
future, a more detailed study of this question is necessary. Note
that strong gap fillings have been previously revealed in other
Fe-based superconducting pnictides;**** the physical origin of
this common phenomenon is currently being debated. In the
case of RbEuFe,As,, the presence of magnetism makes the
puzzle even more complex to solve.

In conclusion, owing to in situ cleavage at low temperatures,
STM/STS experiments performed on single crystals of
RbEuFe,As, revealed the coexistence of large Rb- and Eu-
terminated atomic terraces. Despite the different electronic
properties of Rb and Eu atoms, the same reconstructions, 1 X 2

and v/2 X /2, were observed on both types of surfaces, thus
pointing to the essential role played by crystal symmetry in the
reconstruction process. Below 35 K, a gap at zero bias related
to superconducting order was observed. Although the
estimated gap energy is above the BCS weak coupling value,
the gap in the tunneling spectra is not fully open. Even at low
temperatures (T/T. =~ 0.05), ~90% of quasiparticle excitations
remain. On v/2 X /2 reconstructed terraces, STS revealed a
long-range quasiperiodic ordering of the occupied states with
energies 10—50 meV below the Fermi level. The data acquired
in a wider energy window of 2.5 eV were compared to DFT
calculations; the observed spectral peak at —1.8 V was
attributed to the deep-lying Eu 4f level; no other important
contribution of Eu to the electronic bands was found. We thus
conclude that Eu in RbEuFe,As, does not contribute directly
to Cooper pair formation.
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