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An intrinsic property of antiferromagnetic materials is the compensation of the magnetic mo-
ments from the individual atoms, that prohibits the direct interaction of the spin-lattice with an
external magnetic field. To overcome this limitation we have created artificial spin structures by
heteroepitaxy between two bulk antiferromagnets SrMnO3 and NdMnO3. Here, we demonstrate
that charge transfer at the interface results in the creation of thin ferromagnetic layers adjacent to
A-type antiferromagnetism in thick NdMnO3 layers. A novel interference based neutron diffraction
technique and polarized neutron reflectometry are used to confirm the presence of ferromagnetism
in the SrMnO3 layers and to probe the relative alignment of antiferromagnetic spins induced by the
coupling at the ferro- to antiferromagnet interface. Density functional theory analyzes of the driving
forces for the exchange, reveal strong ferromagnetic interfacial coupling through quantifiable short
range charge transfer. These results confirm a layer-by-layer control of magnetic arrangements that
constitutes a promising step on a path towards isothermal magnetic control of antiferromagnetic
arrangements as would be necessary in spin-based heterostructures like multiferroic devices.
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Exchange coupling between ferromagnets (FM) and an-
tiferromagnets (AFM) has been a field of intense study
since the first observation of exchange bias (EB) in a
FM/AFM composite system1–3. Many technical applica-
tions already rely on this effect2,4 although a microscopic
explanation of the physical origins is still under intense
debate2,3. The intuitive image of direct exchange of FM
spins to AFM spins at the interface, which would require
uncompensated magnetic moments of the AFM, has been
proven to fail by several observations of EB across fully
compensated AFM interfaces5,6. This implies that EB is
not the result of a direct coupling of AFM to FM spins,
which is prohibitive for applications where a control of
the AFM spin structure via magnetic fields is desired as
e.g. in multiferroic memory and sensing devices7–10.

Here we try to overcome the limitations of EB by the ar-
tificial creation of FM/AFM heterostructures with strong
exchange interaction between AFM and FM spins at
the interface, introducing a "magnetic handle" to con-
trol the AFM isothermally. Such a goal can be achieved
in transition metal oxide superlattices where FM is in-
duced by electronic reconstruction, i.e. charge transfer at
the interface. Perovskite oxides are still among the most
studied and promising spin-based multiferroic materials
in bulk11–14 and thin films15,16 recently even reaching
ordering near and above room temperature17,18. Pre-
vious work on digital superlattices (integer number of
monolayers (ML)) with ratio 1:2 of the two AFM insula-
tors SrMnO3 (SMO) and LaMnO3 (LMO), demonstrated
that such interfacial electronic reconstruction leads to an
artificial mixed valence compound which exhibits FM

metallicity19–25. The intrinsic similarity between the
double exchange paths of FM mixed valence manganites
and their AFM parent compounds with superexchange
produce the correct environment for the emergence of
FM character. Here, the nearest neighbor exchange is
established through the intermediary oxygen ions in an
almost identical structural environment.

We explored the exchange coupling at the interface of the
isoelectronic NdMnO3 (NMO)/SMO superlattice with an
increased NMO thickness of 11 MLs and 1-3 MLs of SMO.
NMO has a lower bulk AFM ordering temperature than
LMO, ensuring the FM spins are already ordered at the
AFM transition. As NMO has an A-type AFM structure
with alternating planes of parallel spins it is possible for
all of its magnetic moments at the interface to align with
the SMO spins. Using neutron reflectivity and diffrac-
tion we confirm the presence of FM in the SMO layers
which are sandwiched by AFM arranged NMO layers.
The studied systems are sketched in Figure 1 to illustrate
the magnetic order in the superlattice for an existing in-
terlayer exchange. First principles calculations indicate
that the charge transfer due to the mixed Mn valence in-
duced by the Sr2+ and Nd3+ A-site cations is limited to
only one or two MLs near the interface almost fully re-
covering the NMO bulk AFM structure by the center of
the NMO block. Furthermore, this interfacial electronic
reconstruction is correlated with the emergence of FM
in the SMO layers. As such, the ability to control the
movement and distribution of charge in the interfacial
regions of such AFM superlattices may prove useful for
designing the magnetic properties at the interface, thus
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FIG. 1. Sketch of multilayer systems of NdMnO3 and SrMnO3
with different SrMnO3 thicknesses. Gray arrows indicate the
spin orientation in a purely A-type AFM system, green and
purple the NdMnO3 spins that align parallel and anti-parallel
with it. Every second AFM layer in the 2ML sample has
spins anti-parallel to the continuous AFM structure, leading
to destructive interference in neutron diffraction.

opening the door to a number of applications.
Samples were grown on commercial TbScO3 (0 0 1) sub-
strates using pulsed laser deposition with in-situ RHEED
control to define layer sequences. For details about sam-
ple preparation and characterization see supplemental
material. The samples used for the described experiment
consisted of 40 repetitions of 11ML NMO and 1, 2 and
3ML SMO.
FM order at the SMO interface was measured using po-
larized neutron reflectometry, a technique to study mag-
netism of buried interfaces26–31. The measurements were
done at Beamline 4A32 of the SNS at ORNL, which op-
erates in the time of flight mode and utilizes a reflect-
ing supermirror polarizer and radio frequency spin-flipper
to define and manipulate the incident neutron polariza-
tion. The reflectivities for spin-up and spin-down po-
larized neutron beams are shown in Figure 2.[] X-ray
and neutron reflectometry data were refined with the
same structural model using the GenX program33 includ-
ing small thickness variations between sample center and
edges. The oscillations at small Qz correspond to the to-
tal film thickness, while the position of the Bragg-peaks
around 0.15Å−1 is given by the bilayer periodicity. Nd
and Sr have similar nuclear scattering lengths resulting
in negligible contrast for neutron reflectometry and no
visible Bragg-peak in the non-magnetic state. The pres-
ence of a Bragg-peak in all three measurements is there-
fore an indication of magnetic contrast between NMO
and SMO from a variation of magnetization between the
two constituents. A variation in saturation magnetiza-
tion throughout the heterostructure leads to the asym-
metry between spin-up and spin-down Bragg-peaks. The
splitting of spin-up and spin-down reflectivity close to the
plateau of total reflection further indicates the presence
of a macroscopic magnetic moment throughout the su-
perlattice. The fits are consistent with the SMO layers
and one additional ML of NMO being magnetic, with no
measurable ferromagnetism within the remaining NMO
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FIG. 2. [11ML-NdMnO3/1|2|3ML-SrMnO3]x40 superlattices
on TbScO3 measured with polarized neutron reflectometry
at 20K with a 100mT field. Spin-up neutron polarization is
shown in brighter colors than the corresponding spin-down
measurements. Solid lines are fits to the data.

blocks. Although it is not possible to precisely define the
magnetic moment of the layers due to the influence of
roughness and the variation of the moment through the
superlattice it is on the order of 1µB/Mn and thus much
larger than the magnetization within a canted AFM.
While the direct observation of the alignment of the AFM
structure to the FM layers is not possible, the coupling
across the interface will result in a coherent alignment of
the AFM layers within the superlattice. In samples with
sufficient superlattice repetitions, neutron diffraction can
then be used to observe the long range AFM correlations.
The magnetic structure factor SM for a given number
of monolayers can be calculated analytically, which has
been carried out in the supplemental information. For
coherent magnetic ordering the (0 0 1)-peak of the super-
lattice only has significant intensity for an odd number
of SMO layers. A qualitative understanding of the de-
structive interference for even m-SMO layers is evident
from Figure 1 as every second NMO block has spins an-
tiparallel to a purely AFM structure in contrast to odd
m systems where all NMO blocks are aligned parallel to
it.
The fact that the AFM structure factor only depends
on the SMO thickness allows us to test whether FM
coupling occurs using neutron diffraction from a set of
three samples with 1, 2 and 3ML of SMO. In the pres-
ence of inter-layer exchange coupling we would expect
to observe a sharp AFM Bragg-peak at the (0 0 1) po-
sition for 1 and 3ML SMO and no magnetic scattering
for 2ML SMO. A system without such a coupling would
have random relative orientations of AFM domains for
each block and would thus result in broad AFM peaks
(width ≈ 2π

n = 0.15Å−1) with low intensities that were
independent of the SMO layer thickness.
For these experiments the triple-axis spectrometer HB1A
at HFIR of ORNL was used. Figure 3 depicts neu-
tron diffraction measured on the 1ML SMO sample at
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FIG. 3. Neutron diffraction Θ-2Θ scan around AFM
(0 0 1) peak from [11ML-NdMnO3/1ML-SrMnO3]x40. The
gray data and shaded area indicate the 100K measurement
of the structural substrate reflection that was subtracted from
the lower T data presented here. Solid lines through the low
T data indicate fits to two Voigt functions using the same
Gaussian widths, relative peak intensity, and peak separation
obtained from first fitting the substrate reflection.

20K and 8K. After subtraction of the structural (0 0 1)
reflection,34 an AFM peak is visible in each measure-
ment. The correlation length of the magnetic structure
is inversely related to the natural Lorentzian peak width
(ξ = 2π

γ ). As the substrate structural peak can be well
described with two Gaussians (instrument resolution and
crystal twinning) two Voigt functions were used to fit the
magnetic peaks, using the same Gaussian width, relative
peak intensity and Q-separation and constraining γ to be
equal. The resulting fits, shown in Figure 3, yield γ values
of 8(3)·10−3Å−1 (20K) and 13(2)·10−3Å−1 (8K) corre-
sponding to correlation lengths of 79 nm and 48 nm (19
and 12 bilayers), respectively. Scattering from randomly
oriented AFM domains of uncoupled NMO layers would
have a correlation length of 1-2 bilayers, thus proving a
coherent AFM structure throughout the superlattice.
Temperature dependent measurements at the Q-position
indicated as I(T ) in Figure 3 were measured for all three
samples to extract the temperature dependent magnetic
order parameter (see Figure 4). Due to the large mag-
netic moment of Tb the substrates produced a strong
temperature dependent paramagnetic background, there-
fore the temperature dependent intensity was measured
on the Bragg-peak and at 0.08Å−1 larger and smaller
Q values (indicated in Figure 3 on the x-axis as I(T)
and BG1/2). The background measurement was then fit
with an empirical a

T−b +c ·T +d function and subtracted
from the peak intensity to retrieve the results of Figure
3 and 4. There is a transition at ≈80K for the 1ML and
3ML SMO samples and no magnetic signal for the 2ML
system, a clear indication of the coherent alignment of
neighboring AFM layer spins to each other as was ex-
pected for a multilayer with exchange-coupled FM and
AFM layers.
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FIG. 4. Temperature dependent intensity at (0 0 1) from
[11ML-NdMnO3/1|2|3ML-SrMnO3]x40 measured with neu-
tron diffraction.

In order to understand the magnetic couplings at the
NMO/SMO interface, we performed first-principles cal-
culations using density functional theory (DFT) within
the generalized gradient approximation (GGA) and the
projector augmented plane-wave (PAW) method35,36 as
implemented in the VASP package37,38. An energy cutoff
of 520 eV was used with a Monkhorst-Pack special k-point
grid of 6×6×4 for bulk and 6×6×1 for superlattices. Ions
were relaxed until the forces on each atomic site were be-
low 10meV/Å and simultaneously achieving a total en-
ergy convergence of 10−6 eV. We used a

√
2 ×
√

2 × 2
unit cell to describe the bulk orthorhombic cell (Pbnm
space group). The total energies of the superlattices with
ferromagnetic and antiferromagnetic couplings across the
interface are mapped onto a classical Heisenberg Hamil-
tonian for the nearest-neighbor magnetic exchange in-
teractions within the orthorhombic a-b plane (Jab) and
along c direction (Jc):

H = −1
2

∑
i 6=j

JijSi · Sj

Here, S=2 and the in-plane and out-of-plane exchange
can be computed using

EA−AFM −EFM = S× (no.ofbonds)× (no. of sites) ·Jc

EC−AFM−EFM = S×(no. of bonds)×(no. of sites)·Jab

First, we studied bulk NMO to find a valid approach
for the later superlattice investigations. The inabil-
ity of the generalized gradient approximation (GGA) or
GGA+U approach to predict the correct magnetic order
in RMnO3 manganites (R=La, Pr, Nd, Sm, Eu, Gd) has
been pointed out in the literature39–41. Indeed, using
GGA in DFT we obtain a ferromagnetic ground state for
bulk NMO at the theoretically optimized structure in-
stead of an A-type antiferromagnetic solution. The over-
estimation of lattice parameters and bond angles results
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FIG. 5. Results of density functional theory calculations for NMO7/SMOm superlattices using GGA. The c-lattice direction is
shown horizontally.

in reduced out-of-plane exchange, stabilizing the ferro-
magnetic order. At the experimental lattice geometry
with fully relaxed atomic positions, however, we retain
the correct A-type antiferromagnetic order for bulk NMO
with GGA. Furthermore, the calculated Heisenberg ex-
change parameters in terms of the nearest-neighbor mag-
netic exchange interactions for bulk NMO are Jc = -
0.47meV and Jab = 3.21meV, which compare well with
those calculated using a hybrid functional (HSE06) (Jc
= -0.28meV and Jab = 2.00meV39). But, as a conse-
quence of the overestimated exchange parameters, we
obtain a Néel temperature of 127K compared to the ex-
perimental value of 85K using a mean-field description.
Since the A-type AFM solution can only be obtained with
the experimental lattice parameters, these experimental
lattice constants are used to study the magnetic cou-
pling in SMO/NMO superlattices. We considered three
superlattices with composition m-SMO/7-NMO where
m=1,2,3 (Figure 5(a)) to model the superlattices grown
on TbScO3, where the layers at the interface were inter-
mixed with 50% of Sr and 50% of Nd in a checkerboard
pattern. This geometry was chosen as the exact atomic
structure of the films at the interface is unknown. How-
ever, it is symmetric around the layer centers and allows
for a clear assignment of Mn moments to specific MLs.
Similar results were obtained by modeling systems with
sharp SMO/NMO interfaces.
In addition to the bulk NMO and SMO systems, that
were simulated for comparison, three types of mag-
netic orderings – 1) a completely ferromagnetic super-
lattice, 2) a mixed system with A-type AFM arrange-
ment in the NMO layer, FM within SMO and FM
across the SMO/NMO interface and 3) a mixed sys-
tem with the same interlayer arrangements as in case
(2) but AFM across the SMO/NMO interface -âĂŞ
were investigated. Our systematic GGA calculations for

the SMO/NMO superlattices indicate that FM coupling
across the SMO/NMO interface has lower energy com-
pared to an AFM coupling for the 1, 2 and 3 SMO cases.
Of course, the SMO layers may remain antiferromagnetic
in the bilayer and trilayer cases. However, in both cases
the antiferromagnetic solution within in the SMO block
did not converge and therefore for the purpose of un-
derstanding the experimental results we only considered
FM SMO layers in these systems. Nevertheless, although
both bulk NMO and SMO are A- and G-type antiferro-
magnets, respectively, their superlattices reveal a ferro-
magnetic coupling across the interface.
The calculated strength of the inter-layer out-of-plane
exchange (JC) is shown in Figure 5(a), summarized to-
gether with the magnetic moments for antiferromagneti-
cally ordered NMO and ferromagnetically ordered SMO
layers. Here, we find that the ferromagnetic exchange
coupling between SMO and NMO increases and the SMO
magnetic moment decreases with the number of SMO
layers, while the NMO magnetic moment remains nearly
constant. This is a consequence of charge accumulation
in the interfacial region due to the charge difference be-
tween Sr2+ and Nd3+ cations, similar to that observed
in the La δ-doped SrTiO3 2DEG systems42,43.
Due to the strong p-d hybridization between the O-p and
Mn-d states, the charge transfer within the NMO/SMO
superlattice cannot be precisely determined using formal
approaches such as Bader charge analysis. Hence, we
rely on an alternative method to calculate the valence
shown in Figure 5(b) in which the difference between the
integrated magnetic moments on Mn atoms in each layer
and the Mn magnetic moment in bulk NMO is added
with the formal valence charge of 3+ of the Mn atom to
estimate the charge transfer in each layer in the superlat-
tice. Such a method is known to be sufficiently accurate
to calculate the layer-by-layer charge transfer in oxide
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heterostructures and superlattices44. A closer look into
the electronic reconstruction (Figure 5(b)), shows that
the Mn valence and magnetic moment variation across
the interface for the two ML SMO system extends to
roughly 3 unit cells away from the center of the SMO
layer. The Mn charge state and magnetic moment recov-
ers quickly within the NMO layer, allowing the presence
of orbital and AFM order already in the second Mn layer
within the NMO structure. The third Mn layer only has
0.1 e higher oxidation than the bulk NMO. This is very
similar to the charge distribution observed in the oxide
2DEG systems45–47 or the superlattices studied by Nanda
and Satpathy48, where the magnetic moments near the
interface are similar and the coupling follows the same
trend. In both systems, the charge transfer at the in-
terface induces magnetic moments on the interfacial Mn
atoms in the SMO layer.
In summary, we have shown that it is possible to create
an artificial AFM/FM heterostructure with a direct ex-
change coupling of FM to AFM spins at the interface.
Such a structure could be used to directly influence the
spin arrangement within an AFM layer by applying an
external magnetic field without a change of temperature,
as it is considerably different from the coupling achieved
in exchange bias materials. An example would be a mul-
tiferroic spiral (e.g. TbMnO3), where the spin direction
at the interface is rotated to change the spiral chirality
and with it the direction of the ferroelectric polarization.
Making use of interference neutron diffraction in conjunc-
tion with layer controlled growth of specifically designed
structures, it is now possible to measure the relative
alignment of AFM layers in a broad class of heterostruc-
tures. In conjunction with first principle calculations,
this allows a deeper insight into complex magnetism in
thin superlattices. The presence of a FM system that acts

on AFM spins like a "handle" allows the manipulation of
the AFM structures, thus adding an AFM reference layer
to the superlattices, it might even be possible to observe
switching of AFM spins with external magnetic fields in
similar heterostructures.

Furthermore, we find that the electronic reconstruction
at the interface (i.e. the movement of charge) is strongly
coupled to the interfacial spin state and therefore can be
used for tuning the magnetic properties at the interface.
These findings are of importance to fundamental research
of magnetic interface effects in complex heterostructures
as well as to investigations for the development of appli-
cations, where charge-spin coupling can be exploited or
control of AFM spins with magnetic field is desired, like
magnetoelectric multiferroic devices.
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