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Coexistence of antiferromagnetism and superconductivity in Mn/Nb(110)
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We report on the structural, magnetic, and superconducting properties of single and double atomic layers
of Mn on a clean and unreconstructed Nb(110) substrate. Low-temperature scanning tunneling spectroscopy
measurements reveal a proximity-induced superconducting state and in-gap Yu-Shiba-Rusinov bands in the Mn
thin films, which are found to grow pseudomorphically on the Nb surface. Spin-polarized scanning tunneling mi-
croscopy measurements reveal a c¢(2 x 2) antiferromagnetic (AFM) order in the Mn layers, with an out-of-plane
spin orientation. First-principles density functional theory calculations confirm the experimentally observed
magnetic state, which is understood as the consequence of a strong intralayer and interlayer nearest-neighbor
AFM exchange coupling. These results are expected to be of importance for the design of superconducting AFM
spintronic systems and quantum information technologies.
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The concepts of topological superconductivity and su-
perconducting spintronics sparked recent research efforts in
combining magnetic and superconducting materials. It is well
understood that, when the spin of a magnetic impurity inter-
acts with a superconducting condensate, Yu-Shiba-Rusinov
(YSR) in-gap bound states emerge [1-4]. This picture be-
comes more complex when magnetic adatoms are put together
to form one-dimensional (1D) atomic chains, where YSR
states start hybridizing, giving rise to dispersive energy bands
and, potentially, Majorana end modes [5—11]. Analogously,
it is expected that, when two-dimensional magnetic islands
on a superconductor are considered, multiple YSR bands are
formed, and propagating topological edge modes can emerge
[12—14]. Furthermore, spin-triplet pairing amplitudes can ex-
ist in magnet/superconductor hybrids [15,16], resulting in
spin-polarized supercurrents [17-19] which are potentially
applicable in the design of superconducting digital and quan-
tum circuits [20,21] and ultralow dissipation magnetic domain
wall memories [22] and logics [23].

Recently, a successful recipe for the preparation of clean
and unreconstructed Nb(110) surfaces was demonstrated [24],
making it possible to study the properties of magnetic 3d
transition metal impurities [25,26] and atomic chains [10] on
the s-wave elemental superconductor with the highest critical

“rloconte.magnetism @ gmail.com
fmbazarni @physnet.uni-hamburg.de

2469-9950/2022/105(10)/L100406(6)

L100406-1

temperature (T = 9.25K). Interestingly, the study of arti-
ficially built Mn atomic chains on top of a clean Nb(110)
substrate has shown the emergence of p-wave superconduc-
tivity [10] and the evidence of interacting Majorana modes
[27]. Those results on atomic-scale systems motivate the in-
vestigation of extended Mn films on top of Nb substrates,
where equally interesting effects could emerge. However,
this would be possible only if the proximity-induced super-
conductivity is not suppressed by the exchange field of the
two-dimensional (2D) magnetic system. It has been previ-
ously shown that magnetic impurities on a superconducting
Pb surface strongly suppress the superconducting phase above
a certain concentration level [28]. Accordingly, it is important
to understand the feasibility of growing magnetic 3d transi-
tion metal films on Nb substrates, where proximity-induced
superconductivity and magnetic order coexist. In 1D chains of
Mn on Nb(110), the superconductivity survives [10], making
Mn an auspicious starting point for thin-film studies. Further-
more, the knowledge of the exact spin texture present in the
magnetic layer is key for the understanding of potential emer-
gent electronic properties [29,30], motivating experimental
investigations via scanning probe techniques with magnetic
sensitivity and atomic resolution.

Here, we report on the study of the structural, mag-
netic, and superconducting properties of Mn ultrathin films
deposited on a clean Nb(110) surface. Low-energy scan-
ning tunneling spectroscopy (STS) measurements are carried
out to characterize the superconducting state of Mn ultra-
thin films. Spin-polarized scanning tunneling microscopy

©2022 American Physical Society
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FIG. 1. Local density of states (LDOS) characterization via scan-
ning tunneling spectroscopy (STS). (a) Normalized low bias d1/dU
spectra from the bare Nb surface (black), Mn-ML (blue shades),
and Mn-DL (red shades) acquired at 7 = 1.8 K with a Nb-coated
scanning tunneling microscopy (STM) tip. Each curve is a point
spectrum over the sample surface, after numerical deconvolution of
the superconducting tip density of states (DOS) [35,38-40]. The
different point spectra on the Mn-ML and Mn-DL are acquired
on a line approximately along the [110] ([111]) crystallographic
direction, with a distance of 290 (250) pm between consecutive
points on the Mn-ML (Mn-DL). (b) Normalized low-bias dI/dU
spectra from the bare Nb surface (black), Mn-ML (blue), and Mn-DL
(red) acquired at T = 4.2 K with a Cr tip. Stabilization parameters:
I = 1nA,U =20mV, modulation AU =50 uV.

(SP-STM) [31] is used for the direct imaging of the mor-
phology and the magnetic ground states of Mn monolayers
(MLs) and double layers (DLs). The experimentally observed
magnetic state is successfully reproduced by first-principles
density functional theory (DFT) calculations.

The Mn films are grown by physical vapor deposition
on a clean and unreconstructed Nb(110) surface, resulting
in samples where the ML and DL are available for ex-
perimental investigation (more details in the Supplemental
Material [32]). Low-bias STS measurements performed over
the bare Nb(110) surface as well as the Mn-ML and Mn-
DL with a superconducting Nb-coated STM tip are shown
in Fig. 1(a). On the one hand, the STS spectrum acquired
over the bare Nb surface (black curve) confirms its super-
conducting state, as shown by the presence of symmetric

coherence peaks (U, = £1.55mV) and the zero differen-
tial conductance dI/dU between them [24]. On the other
hand, the point spectra acquired at different positions over
the Mn-ML (blue curves) and Mn-DL (red curves) show a
nonzero differential conductance in the superconducting gap
of the Nb. For the Mn-ML, we observe the coherence peaks
at U = £1.5mV with a reduced amplitude and an additional
in-gap peak at U = +0.8 mV, while the coherence peaks are
strongly suppressed for the Mn-DL and a broad in-gap peak
is observed at U = —0.95mV. These observations could be
potentially explained by the following scenarios: (i) simulta-
neous measurement of the superconducting local density of
states (LDOS) of the Nb substrate and the metallic LDOS of
the Mn layers, (ii) Kondo resonances, (iii) low-energy spin
excitations, or (iv) in-gap YSR bands. To identify the origin
of the observed LDOS in Fig. 1(a), additional STS spectra are
acquired with an STM tip with a magnetic-field-independent
density of states (DOS) while the sample is in the supercon-
ducting (B = 0T) and normal conducting (B = 0.5 T) states,
as shown in Fig. 1(b). The STS measurements on the super-
conducting sample confirm a symmetric dI/dU curve for the
bare Nb and the additional in-gap states in the Mn films, like
what was observed for single Mn adatoms on a Nb(110) sub-
strate at T ~4 K [33]. Comparison with Fig. 1(a) suggests that
the apparent intensity of the in-gap states partially depends
on the probing tip. Featureless spectra are obtained for the
normal conducting sample. The last observation allows us to
rule out the first interpretation since the measured Mn LDOS
in the normal state has no features in the energy range of the
superconducting gap. Based on the dI/dU curves shown in
Fig. 1, it also seems unlikely that the observed in-gap fea-
tures are related to potential Kondo resonances or low-energy
spin excitations. Kondo resonances for magnetic impurities
on metallic surfaces usually appear as wide (~10 meV) fea-
tures around the Fermi level [34,35]. Furthermore, even when
Kondo resonances [36] and low-energy spin excitations [37]
have narrow line widths, the associated spectral features sur-
vive at magnetic fields of several Tesla, while the data shown
in Fig. 1(b) clearly demonstrate that this is not the case for
the in-gap states reported in this paper. Accordingly, we con-
clude that our STS measurements show proximity-induced
superconductivity in the Mn thin films and the presence
of in-gap YSR bands. This points to the coexistence of
magnetic and superconducting phases in the Mn films and mo-
tivates the structural and magnetic characterization discussed
below.

In Fig. 2(a), a large-scale topographic image of one of the
prepared samples shows an almost fully developed Mn-ML
partially covered by small patches of DL, as the result of
a step-flow growth. In Fig. 2(b), a line profile shows the
apparent height of the deposited thin film over the Nb(110)
substrate. Figure 2(c) reports the atomic structure of the Mn-
ML, showing a body-centered cubic [bce(110)] symmetry and
interatomic distances along the [001], awy, and [110], by, =
ﬁaMn, directions, which are in agreement with those of the
Nb(110) surface (anp = 330 pm, bnp, = 467 pm), demonstrat-
ing a pseudomorphic growth. Finally, in Fig. 2(d), the atomic
structures of Mn-ML (top left) and Mn-DL (bottom right) are
directly compared. The pseudomorphic growth is maintained
also in the DL patches.
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FIG. 2. Structural properties of Mn-ML and Mn-DL on Nb(110)
at T =4.2K. (a) Topographic scanning tunneling microscopy
(STM) image of 1.2 ML of Mn on the Nb(110) surface (U = 20mV,
I =2nA). (b) Zoom-in from the image in (a) with a line profile
showing the apparent height of the different layers on the surface of
the sample. (c) Atomically resolved topographic STM image of Mn-
ML (U =30mV, I = 2nA), showing a bcc(110) surface symmetry.
(d) Atomically resolved topographic image (via atomic manipula-
tion imaging mode [41]) of both Mn-ML and Mn-DL (U = 3mV,
I = 10nA), showing the same surface symmetry and interatomic
distances.

Next, we investigate the magnetic state of the Mn thin films
via SP-STM. Figure 3(a) shows a low-bias topography image
of the Mn-ML, where the atomic structure and the magnetic
contrast are simultaneously resolved. The magnetic contrast
in Fig. 3(a) reveals the presence of a spin texture which is
consistent with a ¢(2 x 2) antiferromagnetic (AFM) ground
state, as sketched in the inset. Due to the symmetry of the
bee(110) Mn surface, the ¢(2 x 2) AFM state appears as
a rowlike pattern in the SP-STM images [42], where spin-
up and spin-down ferromagnetic (FM) rows along the [001]
direction alternate with each other along the [110] direction.
To corroborate this finding, the Heisenberg exchange interac-
tions between the spins in the Mn-ML were calculated using
the spin-cluster expansion (SCE) [43] as implemented in the
screened Korringa-Kohn-Rostoker (SKKR) DFT method [44]
(see Ref. [32] for calculation details and Refs. [45-52] for
more references). As shown in Fig. 3(b), the AFM nearest-
neighbor (NN) exchange coupling along the [111] direction
(d; = V3 /2anm) and the FM next-NN (NNN) exchange cou-
pling along the [001] direction (d> = awmy) stabilize a ¢(2 x
2) AFM ground state, in agreement with the experimental
results. Furthermore, an out-of-plane magnetic easy axis is
predicted for the Mn-ML, which would establish an AFM
ground state as the one shown in the sketch in Fig. 3(c). The
spin orientation in the Mn-ML is experimentally verified by
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FIG. 3. Magnetism of Mn-ML on Nb(110) at 7 =4.2K.
(a) Spin-polarized scanning tunneling microscopy (SP-STM) image
of Mn-ML (U = 30mV, I = 2nA) revealing the presence of the
¢(2 x 2) antiferromagnetic (AFM) ground state (unit cell in white).
(b) Calculated Heisenberg exchange interactions J;; as a function
of the interatomic distance d, predicting an AFM coupling between
nearest-neighbor (NN) atoms along [111] and a ferromagnetic (FM)
coupling between next-nearest-neighbor (NNN) atoms along [001].
anyp 18 the bulk Nb lattice constant and d,, d,, and d3 indicate the
NN, NNN, and third-NN distance, respectively. (c) Sketch of the
c(2 x 2) AFM ground state of the Mn-ML on Nb(110). Blue and red
spheres indicate spin-up and spin-down atoms, respectively. (d) and
(e) SP-STM image of Mn-ML obtained with a soft magnetic tip in
a +1 T/—1 T out-of-plane magnetic field (U = 20mV, I = 5SnA).
(f) Computed difference image (d)—(e), revealing the out-of-plane
magnetic contrast in the Mn-ML.

imaging its magnetic state with a soft magnetic tip, whose
magnetic moment at its apex mg, could be easily reoriented
via an external magnetic field. Figures 3(d) and 3(e) report
the magnetic contrast observed in the Mn-ML via the soft
magnetic tip while an out-of-plane magnetic field B, = +1
and —1 T is applied, respectively. The two images show the
same rowlike pattern but with an inverted contrast, which is
highlighted by the computed difference (d)—(e) image pre-
sented in Fig. 3(f). All the experimental evidence confirms
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an AFM ground state with an out-of-plane easy axis, in full
agreement with the DFT calculations.

To access the magnetic state of both the ML and DL in
the same scan, we acquire spin-resolved d1/dU maps at U =
+1.9V with a bulk Cr tip (more details in the Supplemental
Material [32]). Figure 4(a) shows a topographic STM image
of the surface of the sample where both Mn-ML and Mn-DL
are present. The spin-resolved dI/dU map in Fig. 4(b) shows
the AFM pattern in both Mn-ML (pink) and Mn-DL (green).
The dashed black arrow shows how the FM row on the ML
continues over the DL island situated on the lower atomic
terrace, indicating a continuity in the spin orientation. The
spin-resolved d1/dU map in Fig. 4(b) is acquired with a small
out-of-plane field of +0.5 T. To test the robustness of the AFM
state to high external fields, dI/dU maps with B, = +9T
are acquired as well [see Fig. 4(c) and 4(d)], showing an
unperturbed AFM state. Furthermore, an inverted magnetic
contrast is observed for the top and bottom atomic layers of
Mn-DL [see dashed black arrow in Fig. 4(d)]. This suggests
the presence of an interlayer NN AFM spin alignment. The
exchange interactions in the Mn-DL were also calculated us-
ing SCE in the SKKR method and reported in Fig. 4(e). A
particularly strong NN AFM exchange coupling is predicted
to dominate the interlayer magnetic coupling (green symbols
+ dashed line). In addition, both bottom (black symbols +
solid line) and top (gold symbols 4+ dotted line) atomic layers
are predicted to be characterized by an intralayer AFM cou-
pling between NN atoms and a weaker FM coupling between
NNN atoms, as for the ML case. As a result, the predicted
magnetic state is a type-I AFM ground state, with the NNs
pointing antiparallel inside the layers as well as between the
layers, as schematically shown in Fig. 4(f), in full agreement
with our experimental observations. It is worth noting that,
in contrast to what was previously observed in Mn films on
W(110) [53], noncollinear spin textures are not observed here.
The main reason is the much smaller Dzyaloshinsky-Moriya
interactions—due to the moderate spin-orbit coupling in the
Nb substrate—which are not strong enough to compete with
the magnetic anisotropy in the system [32].

Considering the established AFM state of the Mn thin films
on the Nb substrate, it is possible to discuss more in depth the
observed d1/dU spectra reported in Fig. 1(a). The line spectra
acquired over Mn-ML (blue curves) and Mn-DL (red curves)
cut across several magnetic unit cells, without showing any
dependence of the in-gap DOS features over the local magne-
tization. A dependence of the intensity of the in-gap features
over the local magnetic texture is not excluded. However,
this is inaccessible with the non-spin-sensitive Nb-coated tip
used in this paper for maximizing the energy resolution of
the acquired spectra. It is also worth commenting that the
AFM order of the Mn thin films could play a crucial role
for the establishment of the observed proximity-induced su-
perconductivity in our two-dimensional magnet. An AFM
order is in principle compatible with the presence of singlet
Cooper pairs [54]. Such a scenario was also discussed for
the superconducting FeTe ML on Bi,Te; [55], where the
superconducting state was found to coexist with a bicollinear
AFM order. Manna et al. [55] attributed such a coexistence
to the fact that the size of the Cooper pairs was larger than
the periodicity of the AFM order in their FeTe ML, allowing

15 20 25 3.0
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FIG. 4. Magnetism of Mn-ML and Mn-DL on Nb(110) at T =
4.2 K. (a) Topographic scanning tunneling microscopy (STM) image
and (b) spin-resolved differential conductance d//dU map of Mn-
ML and Mn-DL. The spin-resolved d1/dU map reveals the presence
of a ¢(2 x 2) antiferromagnetic (AFM) state in both layers, with the
magnetic contrast conserved across the ML/DL boundary. (c) Spin-
resolved d1/dU map of the Mn film in a +9 T out-of-plane magnetic
field, showing an unperturbed AFM state. (d) Zoomed-in dI/dU
map confirming the conservation of the magnetic contrast across
the ML/DL boundary and showing the inversion of the magnetic
contrast between the top and the bottom atomic layer in the Mn-DL
(U =19V, AU =20mV, I = 5nA, bulk Cr tip). (e) Calculated
Heisenberg exchange interactions for the Mn-DL as a function of
the interatomic distance d for the bottom (black symbols) and top
(gold symbols) Mn layers as well as the interlayer (green symbols)
coupling. The latter shows a strong AFM coupling between nearest-
neighbor (NN) atoms, which drives the inversion of the spin texture
between the bottom and the top atomic layer. (f) Sketch of the AFM
state of the bottom and top atomic layer in the Mn-DL on Nb(110).
Blue and red spheres indicate spin-up and spin-down atoms, respec-
tively. The white dashed arrow follows the inverted spin state in the
top and bottom atomic layer of the Mn-DL, due to a lateral shift of
the c(2 x 2) AFM state by p = by, /2 in the [110] crystallographic
direction.
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the antiparallel alignment between the spins in the Cooper
pairs to survive without phase separation. Even though the
superconductivity in the FeTe ML is not induced by proximity,
the coexistence of superconductivity and antiferromagnetism
is analogous to the case observed in our hybrid system, and
the same argument could be used in this case, where the size
of the Cooper pairs is expected to be comparable with the
coherence length in the Nb substrate £ ~ 40 nm [56], and the
periodicity of the AFM order in the Mn film is <1 nm. This
clearly establishes Mn thin films on Nb as a promising hybrid
system for the study of electronic and spin-transport effects
in a superconducting antiferromagnet [15,16], and the present
atomic-scale characterization provides a solid basis for the
understanding of potential emergent effects applicable in su-
perconducting AFM spintronics and quantum information
technology.
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