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High critical temperature superconductivity often occurs in systems where an antiferromagnetic
order is brought near T = 0K by slightly modifying pressure or doping. CaKFesAs, is a supercon-
ducting, stoichiometric iron pnictide compound showing optimal superconducting critical tempera-
ture with 7. as large as 38 K. Doping with Ni induces a decrease in 7. and the onset of spin-vortex
crystal (SVC) antiferromagnetic order, which consists of spins pointing inwards to or outwards from
alternating As sites on the diagonals of the in-plane square Fe lattice. Here we study the band
structure of CaK(Feg.95Nip.05)4Ass (T, = 10 K, Tsve = 50 K) using quasiparticle interference with
a Scanning Tunneling Microscope (STM) and show how the SVC modifies the bandstructure and

induces a fourfold superconducting gap anisotropy.

Iron pnictide superconductors mostly crystallize in a
tetragonal structure. Optimal T, appears in a phase dia-
gram that shows structural, nematic or magnetic order in
the vicinity of superconductivity[1-5]. Whereas most Fe-
based superconductors need doping (or pressure) to reach
maximal T, values, CaKFeyAs, is superconducting with
the highest critical temperature in the pure stoichiomet-
ric compound with T, =~ 38 K[6, 7]. Elastoresistivity,
nuclear magnetic resonance (NMR) and neutron scatter-
ing experiments reveal magnetic fluctuations[8-10]. Con-
trary to other pnictide superconductors, there are neither
structural modifications of the crystal when cooling nor
strong electronic anisotropy in form of nematicity[7, 11].
The superconducting gap exchanges sign in different
pockets of the Fermi surface and has s+ symmetry
as many other iron pnictides[12-15]. Electron count
and other physical properties such as T. and pairing
symmetry are similar to the nearly optimally doped
(Bag.5Ko.5)FeaAss[12, 16], where the magnetic order of
BaFegAss is suppressed by hole doping with K.

Following this idea, electron doping CaKFeyAs; by
substituting Co or Ni for Fe leads to antiferromagnetic
order (Fig.1(a))[17]. However, the observed arrangement
of magnetic moments is not the common orthorhombic
collinear antiferromagnetic order (AFM) characteristic
of BaFesAsy; and many other iron based superconduc-
tors, but instead a novel noncollinear magnetic struc-
ture, called Spin Vortex Crystal (SVC). Furthermore,
the onset of the SVC phase is not accompanied by the
emergence of any other order such as nematicity or a
structural transition, making this system an ideal can-
didate to study the interplay between superconductivity
and magnetism. The crystal structure is composed of

FeyAsy layers that are separated alternatively with Ca
and K[6]. These alternating layers reduce crystal sym-
metry and lead to the non-collinear SVC[17, 18]. SVC
consists of a radial pattern of Fe moments around the
blue Asl sites depicted in the inset of Fig.1(b). SVC
magnetism is closely related to the other magnetic or-
ders observed in the Fe-based superconductors but re-
tains tetragonal symmetry[19-22]. There is robust ex-
perimental evidence for the presence of the SVC within
the superconducting phase[17, 23-26]. The new situation
offered by doped CaKFeyAs, raises a question relevant
to iron pnictide superconductivity. What is the effect, if
any, of the arrangement of magnetic moments on the su-
perconducting gap anisotropy? Here we study the local
density of states of CaK(Fe.95Nip.05)4Ass (Tsye = 50
K and T, = 10 K) via Scanning Tunneling Microscopy
(STM). We determine the band structure in the magnetic
phase and show that the superconducting gap size is con-
nected to the arrangement of magnetic moments inside
the unit cell, being smaller along directions where there
is a non-zero magnetic moment.

We study single crystals of CaK(Feq g5Nig.o5)aAsy
which have been obtained using the method of Ref. [11,
17]. Crystals were screened to present the same resis-
tivity vs temperature as shown in [17]. Samples were
mounted into a dilution refrigerator STM as described in
Ref.[27]. We provide further details of crystals, low tem-
perature cleaving mechanism and data analysis in the
Supplemental Material [28] (see, also, references [27, 29—
38] therein).

Fig.1(b) shows a typical surface obtained for
CaK(Feg.95Nig o5)4Ass which resembles surfaces ob-
tained in pure CaKFe As4[13]. We identify atomically
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FIG. 1. (a) Schematic phase diagram of Ni doped CaKFesAs,s, with a dashed vertical line indicating the Ni concentration
discussed here. Crystalline structure of CaK(Feg.95Nio.05)4As4 is shown in the upper left inset. (b) STM topographic image of
the surface of CaK(Feo.95Nig.05)aAss. The difference between black and white corresponds to a height change of 0.3 nm. In
the inset we show a view from the top of the structure, indicating Fe (brown) and As (Asl in blue and As2 in green) atoms
and with arrows indicating the magnetic moments in the SVC. Note that the magnetic moments point towards Asl, giving a
finite hyperfine field pointing upwards along the c-axis (red circles with a cross) and from Asl atoms, giving a hyperfine field
pointing downwards along the c-axis (red circle with a dot)[17]. At As2 the field cancels. (c) The temperature dependence of
the tunneling conductance is shown as open circles in the main panel (the conductance is normalized to its value at voltages
we above the superconducting gap). Curves are taken (from bottom to top), at 0.3 K, 0.8 K, 1.4 K, 4 K and 7 K in the same
field of view as in (b) (and in Fig. 1 of the Supplemental Material [28]). Lines are fits using the density of states obtained for a
distribution of value of the superconducting gap. Curves are shifted vertically for clarity. The bottom right inset shows as black
open circles the temperature dependence of the superconducting gap value, extracted from the maximum in the derivative of
the density of states as a function of temperature normalized to T.. The dashed line is a guide to the eye. Bottom left inset
provides an image of the vortex lattice taken at 0.3 K and 2 T. Color scale shows the normalized zero bias conductance which
goes from the normal state value (one, red) to its value at zero field (0.4, blue). White lines are the Delaunay triangulation of
vortex positions, which are shown as black dots. Black scale bar is 30 nm long. Further vortex lattice images and details are

provided in the Supplemental Material [28] (see, also, references [13, 39, 40] therein).

flat areas over a scanning window several um in size, sep-
arated by atomic size trenches (black lines in Fig. 1(b)).
Fig. 1(c) displays the tunneling conductance G = dI/dV
in the same field of view. The superconducting gap man-
ifests as the usual, strong reduction of the tunneling con-
ductance for voltages of order of a few mV, which disap-
pears at about T,.. The zero bias density of states is large
and finite and the coherence peaks are strongly smeared.
The shape of the superconducting tunneling conductance
remains the same over large areas. Vortex lattice images
under magnetic fields clearly present a disordered hexag-
onal vortex lattice (lower left inset of Fig. 1(c) and Sup-
plemental Material[28]) with a homogeneous background
of tunneling conductance curves similar to those shown
in Fig. 1(c). To estimate the superconducting gap at zero
field in CaK(Feg 95Nig.o5)4As4, we construct a supercon-
ducting density of states N(E) allowing for a large distri-
bution of values of the superconducting gap and includ-
ing a finite density of states at the Fermi level (details
in the Supplemental Material [28], see, also, references
[32, 41] therein) which gives the tunneling conductance
as solid lines in the main panel of Fig.1(c). The lower
right inset of Fig.1(c) shows the energy at which the

derivative of N(FE), g—]g, has a maximum. We obtain 1.5
meV at low temperatures, which is very similar to the
gap value estimated from T, =~ 10 K, A =~ 1.5 meV. This
value decreases with temperature as shown in the lower
right panel of Fig. 1(c). These results are completely dif-
ferent from those observed in pure CaKFesAs,, where a
two-gap structure with a few states at the Fermi level is

found[12, 13].

When zooming into a small region we observe elec-
tronic scattering due to defects. The field of view shown
in the topographic constant current image of Fig.2(a))
is atomically flat. There are atomic size defects (black
spots) and there is a wavy background. We can then
build tunneling conductance maps as a function of the
bias voltage V using G(V') at each point (z,y) of the field
of view. A representative example is shown in Figs. 2(b-f)
for a few bias voltages V. G(V) is quite homogeneous and
does not change much close to atomic size defects but we
can identify clearly a wavy background whose wavelength
changes with V. The contribution of scattered electrons
to G(V) leads to a quasiparticle interference pattern and
is proportional to the densities of states of initial and
final states, i.e. the joint density of states. The quasi-



FIG. 2. (a) Topography of the area where we have made the quasiparticle interference experiment shown in (b-k). The color
scale bar is given in the bottom right and the gray scale by the bar at the right. The image has been taken at a bias voltage of
30 mV and a current of 1 nA at zero magnetic field and at 0.3 K. (b-f) Tunneling conductance normalized to voltages above
40mV as a function of the position for a few representative bias voltages (given in each panel). The lateral scale bar is provided

in (d).

The gray scale corresponds to modulations of about 15% of the normalized conductance at each bias voltage. (g-k)

Fourier transform, symmetrized taking into account the in-plane square lattice, of (b-f) shown in the first Brillouin zone. In
(g) we mark the outer main scattering vector (black dashed circle) as well as the two inner scattering vectors (purple and green
dashed circles). The lateral scale bar is given in (i) and grey scale goes from low (black) to large (white) scattering intensity.

particle scattering wavelength is equal to the difference ¢
between initial and final scattering wavevectors[13, 42].
The Fourier transform of the tunneling conductance im-
ages is shown in Fig. 2(g-k). We identify three main scat-
tering vectors, qa, g and ¢y. The largest scattering vec-
tor, ¢, is slightly anisotropic, being larger along the I'-X
direction than along I'-M (notation of Brillouin zone di-
rections follows the one proposed for pnictide supercon-
ductors in Ref. [43]). The Fourier amplitude at the three
scattering vectors decreases close to the Fermi level due
to the opening of the superconducting gap (Figs. 2(i)).

When plotting the bias voltage dependence of the scat-
tering pattern along the high symmetry directions I'-X
and T-M (Figs.3(a) and (b) respectively), we observe
that all scattering vectors ¢ decrease in size when in-
creasing the bias voltage above the Fermi level. The
qualitative behavior is very similar for both high sym-
metry directions, although the values of g, are slightly
larger for I-X than for T-M. The reduction of the inten-
sity inside the superconducting gap is band dependent.
The superconducting gap is most clearly observed for the
largest scattering vector g,.

In Fig.3(c) we show the scattering intensity around
zero bias and at ¢, as a function of the angle, with § = 0°
for I'X and 6 = 45° for I'-M. We find a fourfold mod-
ulation of the superconducting density of states which is
not present in the stoichiometric compound and follows
the symmetry of the SVC[12, 13] (see also Fig.3 in the
Supplemental Material [28] for results in the pure com-
pound). The superconducting gap is larger along the
direction where the hyperfine field on the Asl sites can-
cels (T-X, orange lines in Fig. 3(c)), whereas it is smaller
when the hyperfine field remains finite (I-M, green lines

in Fig.3(c)), suggesting a competing scenario between
superconductivity and magnetism. We will analyze this
observation further below.

In what follows we investigate the origin of the three
scattering vectors identified in Fig.3(a,b). We have
calculated the electronic structure of CaKFesAsy and
CaK(Feg.95Nig.05)4Ass in the tetragonal paramagnetic
phase within density functional theory as described in
Ref. [28] (see, also, references [44-56] therein). The ef-
fect of Ni doping has been taken into account with the
Virtual Crystal Approximation (VCA). In Fig.4(a) and
(b) we show the respective Fermi surfaces. As expected,
upon Ni doping the inner hole pockets slightly shrink
in CaK(Feq.95Nig.05)4Ass (Fig. 4(b)) as compared to the
pure compound (Fig.4(a)) with the overall structure of
the Fermi surface remaining similar. Our measurements
(e.g. Fig.3(a,b)) show, however, that the scattering pat-
tern is very different. In CaKFeyAs, [13] the scattering
pattern consists of a single scattering vector, associated
to interband scattering between two hole bands centered
at the Brillouin zone that increases strongly in size when
increasing the bias voltage. In CaK(Feq 95Nig.05)aAss
there are three vectors whose size decreases much less
drastically above the Fermi level. The SVC magnetic
order invokes a folding of the band structure along the
AFM wavevector due to the doubling of the unit cell
(see inset in Fig. 4(c)). We assume that folding is the
main consequence of the SVC in the bandstructure. The
folded electron bands are shown in Fig. 4(c) and the
Fermi surface in Fig. 4(d). The bands at the edges of
the unfolded Brillouin zone are now centered around T,
providing a clearly defined set of bands coexisting in the
same Brillouin zone region as the hole pockets centered
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FIG. 3. Scattering intensity for the two main symmetry direc-
tions, I-X (a) and T-M (b). Open circles mark the evolution
of the scattering vectors with bias voltage. Scattering vectors
qa, g and ¢, are shown in green, violet and black. Color
scale goes from low (blue) to high (red) scattering intensity.
(c) Scattering intensity as a function of the angle with respect
to the in-plane a axis for energies close to the Fermi level
in g,. Color scale goes from blue (about 0.4 in normalized
conductance units) to cyan (about one in normalized conduc-
tance units). The black dashed line schematically shows a
modulation of the scattering intensity at ¢, (the modulation
represented in the figure is by about 50% of the normalized
tunneling conductance, taken at a bias voltages of approxi-
mately half the gap). The vertical light green and orange lines
highlight the I-M and I'-X directions respectively. The right
panel shows a schematic representation of the lattice, with Fe
atoms in brown (and their spins represented by arrows), Asl
in blue and As2 in green and the symmetry directions used in
previous figures as light green and orange lines. The hyperfine
field is shown by red circles with a dot and red circles with a
cross. Notice that the hyperfine field adds to zero along the
orange lines and is finite along the green lines.

at I'. In the calculated bands we identify three scattering
vectors between hole and electron bands whose size cor-
responds to the observed gq, g3 and ¢, vectors (arrows in
Figs. 4(c,d)). Their value decreases with increasing bias
voltage as is also found experimentally Fig. 3(a,b). Thus,
the reconstructed Fermi surface provides an accurate de-
scription of the band structure of CaK(Feg 95Nig.o5)4Asy.

We discuss now the observed fourfold modulation
of the superconducting gap in CaK(Feg.g5Nig.o5)saAss
(Fig.3(c)) which is not present in the stoichiometric
compound[12, 13]. It is quite remarkable that the min-
imum gap value occurs along the direction where the c-
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FIG. 4. Fermi surface of (a) pure CaKFesAss; and (b)
CaK(Feo.95Nip.05)4Ass in the paramagnetic phase, obtained
as described in the text. (c,d) Band structure and Fermi sur-
face of CaK(Fe.95Nig.05)4Ass in the folded AFM Brillouin
zone. Folded bands are shown in blue. Black, violet and
green arrows are the main scattering vectors shown in Fig.3.
Convention for the names of directions of folded and unfolded
Brillouin zones (inset of (c)) follows Ref. [43].

axis oriented magnetic field adds up in the unit cell (green
lines in Fig. 3(c), right panel).

A fourfold modulated superconducting gap has been
found previously in different nonmagnetic pnictide su-
perconductors and can be often related to bandstruc-
ture anisotropy[57-61]. An anisotropic gap was found
on electron pockets of the system NaFe; ,Co, As where a
spin density wave coexists with superconductivity[62, 63].
This material, as well as other iron pnictide superconduc-
tors, has strong nematic fluctuations which share sym-
metry properties of the antiferromagnetic order, mak-
ing it difficult to disentangle the influence of both effects
on superconductivity. No nematicity was yet reported
for the CaKFey4As, family. There is an anticorrelation
between superconducting and spin density wave gap in
NaFe;_,Co,As, although the spin density wave itself has
a zero average magnetic moment along all crystalline di-
rections and both phenomena occur in different parts of
the Fermi surface[63-65]. The behavior we find here is
different, and probably unique in the iron pnictide super-
conducting family, as it connects directly the anisotropic
structure of the local magnetic order with the anisotropic
superconducting gap.

Finally, we discuss the observation of a large zero bias
tunneling conductance at the Fermi level, which contrasts
the zero value found in pure CaKFe As4[12, 13]. There is
no visible difference on the surface termination between
Ni-doped and pristine CaKFesAs,;. Pure CaKFesAsy
presents at some locations a finite zero bias conductance
due to pair breaking associated with scattering between



portions of the Fermi surface with a different gap sign[13].
London penetration depth measurements in pure and
electron irradiated crystals of CaK(Feg 95Nig o5)4Asy sug-
gest an anisotropic superconducting gap with s+ symme-
try for CaK(Feg 95Nig.o5)4Ass, with the anisotropy de-
creasing with disorder[66]. The increased gap anisotropy
we observe is unlikely due to disorder induced pair
breaking[67]. While the latter may certainly play a role,
the role of magnetism seems relevant too. NMR ex-
periments, Mdéssbauer spectroscopy and muon spin rota-
tion/relaxation studies have shown evidence for the co-
existence between superconductivity and magnetic order
in CaK(Fe.95Nig.05)4A84[23-25]. The ordered magnetic
moment is gradually suppressed when entering in the su-
perconducting phase, suggesting that superconductivity
and magnetism are competing for the same electrons[24—
26, 68]. Furthermore, the absence of glide symmetry may
lead to a spin-current density wave, or d-density wave[69].
The chiral properties of a spin-current density wave lead
to a pattern of currents inside the unit cell[69-72]. Thus,
the finite density of states at low energies is a consequence
of competing interactions between magnetism and super-
conductivity and the influence of SVC on the supercon-
ducting properties.

In conclusion, we have measured the spatial depen-
dence of the tunneling conductance in the SVC state of
CaK(Feg.95Nig 05)4Ass and report direct evidence for a
strong mutual influence between superconductivity and
SVC antiferromagnetic order. Quasiparticle interfer-
ence measurements supported by band structure calcu-
lations demonstrate a Fermi surface reconstruction and
anisotropic pairing through an in-plane fourfold mod-
ulation of the superconducting gap. The comparison
to CaKFeyAsy, where there is no antiferromagnetic or-
der and the superconducting gap shows no in-plane
anisotropy, strongly suggests that the SVC antiferromag-
netic state is responsible for the anisotropic pairing in
CaK(F€0_95Ni0.05)4AS4.
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