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Single crystals of SraMn3zAs2O2 have been grown for the first time, for which we show a possible
layer-selective Mott insulator behavior. This compound stands out as a hybrid structure of MnO, and
MnAs layers, analogous to the active CuO2 and FeAs layers respectively, in the cuprate and iron-based
high temperature superconductors. Electrical transport, neutron diffraction measurements, together
with DFT calculations on SroMn3As;Os single crystals converge towards a picture of independent
magnetic order at T; ~ 79 K and T2 ~ 360 K for the two Mn sublattices, with insulating behavior
at odds with the metallic behaviour predicted by calculations. Furthermore, our inelastic neutron
scattering studies of spin wave dispersions for the Mn(1) sublattice reveal an effective magnetic
exchange coupling of SJ ~ 3.7 meV. This is much smaller than those for the Mn(2) sublattice.

The parent compounds of copper oxide and iron pnic-
tide high temperature superconductors (HTSs) are anti-
ferromagnets, with the former Mott insulators with two-
dimensional (2D) CuOs layers, and the latter poor metals
with nearly 2D FeAs layers. High-T, superconductivity
occurs precisely in these layers, upon doping to suppress
the antiferromagnetic (AF) order?. In a few cases, un-
conventional superconductivity has also been linked to
orbital-selective Mott transitions. Here we show that
combining the two types of active layers in SroMn3AssOq
results in a layer-selective Mott insulator. The structural
superposition of the two known HTSs and the under-
lining Mott physics are already promising premises for
searching for unconventional superconductivity, with ad-
ditional prospects arising from replacing Mn with Cu and
Fe in the respective layers. The main outcomes of this
study, only possible with the first growth of single crys-
tals of SroMn3AssOq, are: (i) we characterize the nearly
independent AF order at the two Mn sites, confirming
the reported 3D AF order in the MnAs layer; (ii) single
crystal neutron scattering resolves the Mn(1) quasi-2D
ordering in the MnOs layer, essential for explaining the
observed insulating behavior; (iii) we find effective mag-
netic exchange coupling of the Mn(2) sublattice much
larger than for Mn(1), exceeding the expectation from
the relative ordering temperatures; (iv) Density Func-
tional Theory (DFT) suggests a Mott state above Tj,
with possible orbital-selectivity, where the d,2_,2 orbital
in the MnOs layer plays the dominant role, analogous
to cuprates. As a realization of orbital-selective Mott
insulator, SroMngAs;Os offers opportunities to induce
unconventional superconductivity, metal-to-insulator tran-
sitions or colossal-magnetoresistance.

The SroMn3As,O, single crystals and polycrystalline
sample preparation, as well as the details of DFT and
DFT+U calculations are included in the Supplementary
Material. Magnetization and electrical resistivity were
measured using Quantum Design MPMS and PPMS in-
struments. Neutron scattering was performed on single
crystals in SPINS at NIST. For elastic single crystal neu-
tron scattering, a 50 mg crystal was used. For inelastic

neutron scattering, 30 single crystal pieces (1 gram in
total) were co-aligned with mosaic within 5 degrees. The
measurements were performed in (HOL) and (HHL) planes,
for T = 15 - 390 K controlled by a Closed Cycle Refrig-
erator (CCR). A BeO filter was placed after the sample
to remove higher order scattering. The final energy was
selected as 5 meV.

The SroMn3As,O4 crystal structure (Fig. ) consists
of a heterogeneous stacking of “CuOs”-type Mn(1)Oq
layers (red-yellow) and “FeAs”-type Mn(2)As layers (blue-
green)*. Our neutron diffraction data confirm the al-
ready known Mn(2) magnetic structure®® and resolve
the previously unknown Mn(1) structure, with the lat-
ter only possible with the availability of single crystals.
The Mn(2) moments form a long range G-type AF order
(antiparallel spin alignment in all three crystallographic
directions) with the moments along c¢. In contrast to the
3D magnetic order at the Mn(2) site, Mn(1) undergoes
a quasi-2D short range AF order (Fig. [Ip), with the mo-
ments along a, reminiscent of the spin configuration of
YBayCuz gy, 8. The remarkable consequence of this
magnetic structure is independent magnetic order taking
place at the two Mn sites, with their AF Bragg peak
positions in reciprocal space shown in Fig. [[-d. This con-
clusion is corroborated by DFT calculations, showing that,
upon magnetic ordering in the Mn(2)As layer, the Mn(2)
DOS at the Fermi level (EF) is drastically suppressed
to become nearly insulating (Fig. [If and Fig. S1). By
contrast, Mn(1)Oq remains metallic, unless a sufficiently
large value of Hubbard U is included in calculations, at
which point the gap opens up (Fig. and Fig. Sle,f).
This layer-selective metal-insulator transition is consistent
with the transport measurements, which indicate that in-
sulating behavior occurs well below T5, closer to T; when
Mn(1) orders magnetically (Fig. [Tg). To elucidate the
nature of this insulating state, we analyzed the orbital
composition of the Mn(1) layer, concluding that, in the ab-
sence of U, two E, orbitals (d;2_,2 and d.2) contribute to
DOS(Er) (Fig.[lh and Fig. S2). Upon increasing the Hub-
bard repulsion, an orbital-selective Mott transition takes
place, with the d,» orbital becoming insulating first at
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FIG. 1: (a) SraMnsAs2O2 crystal structure with black arrows indicating the direction of magnetic moments. (b) The ab-plane

magnetic structure, with solid and open circles indicating Mn ions in different layers. The reciprocal lattice of the (c) Mn(1) and
(d) Mn(2) magnetic structure. (e) The temperature-dependent resistivity of SroMngAs2O2, with a semi-log plot as a function of
1/T shown in the inset, together with low T linear fits (solid lines) and a crystal picture on a mm grid shown in the upper left
corner. Density of states near Fermi energy (f) without considering Coulomb interaction and (g) with Coulomb interaction of

3 eV. (h-1) Partial density of states at Mn(1) sites for individual orbitals, d_2, d,2

interaction and with Coulomb interaction of 3 eV.

U ~ 2 eV (Fig. S2f), followed by a Mott transition in the
dy2_,2 orbital for U 2 3 eV (Fig. [l} and Fig. S2h). This is
akin to the theoretical prediction in Cas_,Sr,Ru042, and
experimental confirmation through optical measurements
in SroMn3As;Os is currently underway.

In order to resolve the magnetic structure on the two in-
dependent Mn sublattices, and to verify the layer-selective
magnetism, we conducted single-crystal neutron scatter-
ing. Previous neutron powder diffraction®® suggested
that Mn(2) had a G-type AF order with the magnetic mo-
ment along ¢ (Fig. ), and that Mn(1) had the same type
of magnetic order at a lower temperature T;. A closer
look at the crystal structure (Fig. [Ib) indicates a stag-
gered stacking of the square Mn(1)-O layers (solid, open
red circles in z = 0, 1/2 planes), with the parallel-stacked
square Mn(2)-As layers (open dashed circles). The corre-
sponding diffraction spots of the Mn(1) and Mn(2) sites
in the reciprocal lattice and the Brillouin zones of both
sites are shown in Fig. [Ik,d. As the neutron data below
indicates, the magnetic moments are aligned anti-parallel
with their nearest neighbors within each layer, confirming
the previously known Mn(2) AF order along c. However,
we find that the Mn(1) ions order antiferromagnetically
within the ab-plane, in stark contrast to the prediction
from powder neutron diffraction.

The transport properties appear to be dominated by
the Mn(1) sublattice. The resistivity increases on cool-

_y2, and tag, without considering Coulomb

ing, with no visible signature of the transition at Ty ~
360 K (marked by the vertical line in Fig. [If). Upon
further cooling, a second transition had been reported
around 77 ~ 79 K&, and our elastic neutron scattering
data (Fig. [2)) show that this is associated with the order-
ing of the Mn(1) moments. However, at temperatures
substantively above T; (vertical line, Fig. ), the resis-
tivity diverges on cooling, with an energy gap around 100
meV determined from the linear fit of Inp vs. 1/T" (solid
lines, Fig. , inset), a value is close to that reported for
polycrystalline samples®. While the gap appears nearly
isotropic, the c¢ axis resistivity is about two orders of
magnitude larger than the one within the ab plane, which
suggests higher probability for electrons hopping within
the plane than between planes, similar to those of copper
oxides.

Further insight into the behavior of SroMn3zAs,Os is
offered by the electronic band structure calculations using
the DFT+U method. Both Mn(1) and Mn(2) ions are
found to be in the +2 (d°) oxidation state, with zero or-
bital moment and effective spin S = 5/2. The comparison
of the ground state energies of the paramagnetic (PM), AF
and hypothetical ferromagnetic (FM) configurations show
that the AF state is energetically more favorable both in
DFT and DFT+U. Moreover, DFT predicts that the AF
state is metallic, as illustrated in Fig. [If, contrary to the
experimental findings. This indicates that the electron



interactions play an important role in SroMngAssOs. To
account for electron-electron interactions, we performed a
series of DFT+U calculations and found that a spectral
gap opens up at Ep for values of the Hubbard interaction
starting at U, &~ 3 eV. The DOS for U = 3 eV is shown
in Fig. [, exhibiting a spectral gap of ~ 0.1 eV, in
agreement with the charge gap estimated from the trans-
port measurements (Fig. ) The theoretical value of the
ordered moment on Mn(2) is close to 4 pup, in agreement
with the current and previous neutron scattering data®®.

The projected DOS analysis in Fig. [[f-g leads us to
conclude that the Mn(2) layer is nearly insulating due
to the formation of the AF long-range order below T5,
whereas the Mn(1) layer remains metallic and only de-
velops a spectral gap below its ordering temperature 77,
provided U is sufficiently high (above U, ~ 3 eV). The
constrained DFT calculation®® yield the value of Hubbard
U on Mn(1) site U ~ 5.7 eV, which is admittedly on a
higher side compared to the typical values that usually
do not exceed 4 eV in Mn compounds (see e.g. Table
IT in Ref. 26). Nevertheless, while the value of U may
not be quantitatively correct, qualitatively it is above
the threshold of U, &~ 3 eV where our analysis indicates
the onset of the Mott transition. We thus conclude that
SroMngAsy O harbors a layer-selective Mott phase, with
the cuprate-type MnQO5 layer playing a key role in the
electronic properties. Further analysis reveals that the
dominant states near the Fermi level come from the Mn(1)
dy2_,2 orbital (Fig. ,i and Fig. S2), akin to the cuprate
HTSs.

A determination of the magnetic structure at the Mn(1)
site can reveal the role of the magnetism in the cuprate-
like layer in the layer-selective transport properties of
SroMnsAs,Oo. The theoretical DFT and DFT+U cal-
culations predict the lowest energy state to be an AF
in-plane spin configuration, with wave vector @ = (1 1 0)
and a corresponding V2 x /2 doubling of the unit cell in
the ab plane. Because of the ABAB stacking of the Mn(1)
planes, the out-of-plane ordering of Mn(1) spins is ambigu-
ous. Our elastic neutron scattering measurements indeed
find a peak at ( % % 0) and equivalent positions, corrobo-
rating the theoretically predicted in-plane AF order, with
the magnetic moment along a. Additional elastic scans of
the (3 3 0) peak were performed along [HH0] (Fig. )
and [00L] (Fig. [2). In Fig.2h.b, (1 1 0) and equivalent
positions show a peak at 7' = 15 K, which disappears
at T' = 100 K, suggesting that it is associated with the
Mn(1) magnetic order below 100 K. The spin-spin correla-
tion lengths along [H HO] and [00L], estimated by the full
width at half maximum of the magnetic peak, are around
430 A and 13 A, respectively. The larger in-plane wvs.
out-of-plane correlation length suggests that the Mn(1)
magnetic order is quasi-2D, with a substantial correlation
length. The transition temperature T; is precisely deter-
mined by an order parameter scan on the (3 % 0) peak
(Fig.[2d). The magnetic scattering intensity decrease with
increasing temperature is best fit with I = Iy(1 — Tll)%
(line, Fig. ), which yields the transition temperature

Ty ~ 79 K and critical exponent 8 ~ 0.55 close to the
mean field prediction of 0.5}, By comparison, similar
fits around the Mn(2) ordering yield 75 = 360 K and
B = 0.32. (Supplementary Material). In this case, [ is
close to the theoretical value for a 3D Ising model § =
0.3261% Given that the order of Mn(1) moments is highly
anisotropic, with weakly coupled antiferromagnetic planes,
one expects the critical exponents to reflect a 2D-to3D
crossover. Moreover, Mn moments likely have an itinerant
character, in which case this crossover was suggested to
result in mean-field exponents in certain cases™, perhaps
explaining the mean-field character of our measured value
of 5 = 0.55.
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FIG. 2: (a) Low temperature (7" = 15 K) and (b) high
temperature (7' = 100 K) neutron intensity data, with in-
plane wave vector scan around Mn(1) site: [§ 5 0] and [§ 3 1]

(c) Wave vector scan perpendicular to the ab plane around
the Mn(1) site. (d) Mn(1) order parameter scan.

After determining the magnetic structure in the Mn-O
layer, we carried out inelastic neutron scattering measure-
ments to study the magnetic excitations in SroMnzAssOs.
An energy scan on the Mn(1) site (Fig. S4) at T = 15 K
reveals that the spin waves are gapless. Several constant
energy scans were performed at 7' = 15 K (Fig. —c and
Supplementary Material) to search for the spin wave at
Mn(1). For higher energy transfer (AE > 3 meV), scans
around (% % 2) peak split into two counter-propagating
spin waves. By contrast, an energy scan of the (101) peak
on the Mn(2) site at 7" = 100 K (Fig. [3l1) suggests the
presence of a magnetic gap of ~ 4 meV. Several constant
energy scans with energy transfer larger than the gap
(AE > 4meV) were performed at T = 100 K (Fig. [3,f).
No splitting was observed up to the highest measured
energy transfer (8 meV), an indication that the stiffness
of the spin wave at Mn(2) site is much higher than that
for Mn(1).

The spin wave dispersion of both Mn(1) and Mn(2) is
displayed in Fig. dl The Mn(2) dispersion was measured
at 100 K, higher than T3, to avoid the signal from Mn(1).
When the wave vector is close to the elastic peak position
(% % 2), the energy dispersion of an AF spin wave at low-
energy is expected to be linear. The coupling strength
between the magnetic moments can be derived from the
slope of the linear fit of the dispersion curves (solid lines,
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FIG. 3: (a-c) Mn(1) constant energy scans. (d) Mn(2) energy

scan. (e-f) Mn(2) constant energy scans.

Fig. . This gives the coupling constant SJ ~ 3.7 meV.
The zero intercept further supports the scenario of gap-
less Mn(1) spin waves. At the Mn(2) site, although the
peak width increases with increasing energy transfer, no
splitting was observed up to the highest energy transfer
(8 meV). This means that the effective magnetic exchange
coupling of the Mn(2) sublattice is much larger than that
of Mn(1).
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FIG. 4: Magnetic dispersion derived from constant energy
scans for both Mn(1) (squares) and Mn(2) (circles). The shade
area indicates zones close to the phase boundary where the
signal becomes weak.

These results point to the independent nature of mag-
netic ordering at the Mn(1) and Mn(2) sites. Moreover,
the theoretical calculations indicate that, upon magnetic
ordering below Ty, the Mn(2)As layer becomes nearly
insulating and effectively decouples from the rest of the
system provided U 2 2 eV (Fig. |If and Fig. S1). As
a result of this layer-selective metal-insulator transition,
the low-temperature electronic properties are solely deter-
mined by the Mn(1)O4 layer, isostructural to the CuOq
layer in HT'Ss. Of course there are significant differences
with the latter, because Mn?T has 5 d electrons, and

Hund’s coupling plays a crucial role in quenching the
orbital moment and resulting in an effective spin-5/2.
Nevertheless, the Mn(1) d-bands are strongly correlated
and our theoretical calculations point to orbital-selective
physics at play in this material. Indeed, we find that,
as a result of Hund’s coupling, the three ¢, orbitals are
completely spin-polarized, forming a so-called half-metal
and not participating in the DOS at the Fermi level. The
remaining two ey orbitals (dy2_,» and d.2) undergo a
metal-insulator transition at different values of Hubbard
U (Fig. S2), thus realizing an orbital-selective Mott state
for 2.0 S U < 3.0 eV where only the Mn(1) d,2_,2 orbital
remains metallic.

The idea of an orbital-selective Mott transition was first
proposed to explain the ground state and transport prop-
erties of Cay_,Sr,RuO,2. The transport properties in
SroMngAseOo are also significantly affected by the orbital-
selective Mott phase in specific orbitals. Furthermore, it is
expected that other properties such as superconductivity
and magnetism are also affected by the orbital-selective
Mott phasé’2 ¢ g, the unconventional superconductiv-
ity in certain iron-based superconductors ™18 the mag-
netism in LaoCuO47, where the antiferromagnetism is
caused by splitting due to a Mott transition and the
half-occupancy of the d;2_,» orbital. In SraMnzAs;0Oq,
it is the combination of Hund’s coupling and Hubbard
repulsion that drives the possible orbital-selective Mott
transition in the Mn(1)Os layer. Once the critical value of
U. = 3 eV is reached, both e, orbitals become insulating
below T3, however unlike typical Mott insulators with
large spectral gap of order U, we find an indirect modest
gap 0.1 eV of charge-transfer type, between the top of
Mn(1) dg2_,2 lower Hubbard band at the X point and
the bottom of the Mn(2) to, upper Hubbard band at the T
point. By contrast, the direct gap between the lower and
upper Hubbard bands within the same orbital is sizable,
of order U. We therefore have a theoretical scenario that
supports the idea of an orbital-selective Mott transition,
and experimental verification from ARPES is on-going.

In summary, our neutron scattering experiments
have conclusively determined the magnetic structure of
SroMngAssOs. The two magnetic transitions at Ty and T}
occur in different layers and are decoupled from each other,
characterized by different critical exponents. Inelastic
neutron scattering concludes that Mn(1) has gapless spin-
waves compared to a 4 meV spin-gap when Mn(2) orders
at T5. We find that the Mott transition in SroMnsAs,Oq
is layer-selective, and potentially orbital-selective, where
the Mn d,2_,2 orbital in Mn(1)-O layer dominates the
electronic DOS at Ep. DFT+U calculations suggest that,
while the MnAs layer develops a gap at Ep first due to
the onset of AF order at Ty, the MnOs layer, isostructural
to the cuprates, only develops a spectral gap when the
Hubbard U is sufficiently high (above ~ 3 eV). It turns
out that the analogy with the Mott-insulating parent
compounds of the cuprates goes beyond simply the struc-
tural similarity: akin to the cuprates™®, the SroMngAsy O
band calculations confirm that the key player is the Mn(1)



dy2_y2 orbital, which lies close to EF and undergoes a
Mott transition. The multi-orbital character of the Mn2?+
ions is different from that of Cu?*, with Hund’s cou-
pling playing a crucial role in the opening of a spectral
gap in the spin-polarized ty4 orbitals. Nevertheless, the
SroMn3As;Os ground state is not a “Hund’s metal” like
the iron pnictides™; rather, a true Mott transition takes
place below the ordering temperature of the Mn(1) layer,
as in the parent compounds of the cuprates. It would
be desirable for future theoretical studies to investigate
the nature of the proposed layer-selective Mott transition
using more advanced methods such as dynamical mean-
field theory (DMFT)4", however one has to be mindful of
the fact that there are two inequivalent Mn sites in the
unit cell (1 in MnOs layer and 2 in MnAs layer), and that
all five 3d-orbitals of each Mn atom cross the Fermi level
in the paramagnetic state, making DMFT calculations
challenging.

Despite extensive theoretical study of the orbital-
selective Mott transition®® ™% and its correlation with

unconventional superconductivity?, only a very limited
number of orbital-selective Mott insulators have been pro-
posed, including A, Fey_, Ses™® 0 Cay gSrg o RuOQ 1441724,
If confirmed experimentally, the new orbital-selective Mott
insulator SroMn3As,O5 reported in this work may result
in unconventional superconductivity, insulator-to-metal
transition, and perhaps colossal magnetoresistance upon
electron or hole doping.
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