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Abstract

The initial stages of interface formation for a real-world ferromagnet/antiferromagnet bi-layer
system (iron/manganese nitride) is investigated down to the atomic scale using a combination
of molecular beam epitaxy/in-situ scanning tunneling microscopy and first principles theoretical
calculations. Sub-monolayer deposition of iron onto manganese nitride nanopyramid surfaces re-
sults in an unexpected yet well-ordered structural and magnetic arrangement. It is shown that
although the island structures seen in scanning tunneling microscopy images are of single mono-
layer height, their chemical composition, based on Auger electron spectroscopy, conductance map
imaging, and theoretical models, does not consist of iron. It is found theoretically that models that
consider iron on the surface of manganese nitride are highly unfavorable. Instead, models with
iron atoms incorporated into specific subsurface layers are most stable, in excellent agreement with
Auger spectroscopy measurements. Calculations also reveal the magnetic alignment of iron with

the manganese nitride layers.
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The importance of iron to the field of thin and ultra-thin films cannot be overstated,
and its relevance to modern spintronic material applications is without question. Being the
canonical ferromagnetic (FM) material, its properties in various material systems continue
to be of very high interest till the present day. For example, many recent studies focused on
the growth and properties of Fe on topological insulators, 4d transition-metal surfaces, wide
band-gap semiconductors, and carbon-based materials such as Cgy and graphene.[1-6]

Clearly of great importance to any material system is how the Fe grows and couples
magnetically to it. This is of fundamental importance to the field of magnetic exchange-
bias systems [7, 8] which are ubiquitous in modern magnetic recording technology, since the
discovery of giant magneto-resistance.[9, 10] Ideally, the FM material, coupled directly to an
antiferromagnetic (aFM) layer (such as chromium), would form a perfect atomically-sharp
interface, and the two magnetic layers would couple directly across the interface. Studies
have shown that the perfect interface model is unrealistic however, and the complication in
the structural arrangement can lead to complex magnetic arrangements as well.[11, 12]

Exploring the manner in which Fe adapts to different aFM surface environments could
lead to new insights into this complex behavior and open new pathways to achieving more
successful devices as well as fundamental understandings. In the present study, we choose
manganese nitride [MnzN3(001)], having a Néel temperature of 652 °C (well below the Curie
point of Fe, 770 °C), as the aFM surface. This surface is well-studied experimentally, in-
cluding by spin-polarized scanning tunneling microscopy (SP-STM), detailing its structural,
electronic, and magnetic properties. Consisting in the bulk of two MnN layers followed by
one Mn layer with purely in-plane aFM spin directions [13], this structure manifests at
the surface a more complex orthogonal, terrace-dependent spin ordering.[14] Such a surface
forms an ideal yet challenging testing ground to see the effect of Fe, and as shall be shown,
the results are hardly predictable.

Samples are prepared using molecular beam epitaxy (MBE) by first depositing
Mn3N,(001) films on MgO(001) substrates, for which a detailed growth procedure can be
found elsewhere.[14, 15] Fe is subsequently deposited at substrate temperatures ranging from
RT (25°C) and up to 200°C. The Fe coverage ranges between 0.15 and 0.41 ML; the samples
are not annealed after Fe deposition. The growth is monitored using a 20 keV reflection high
energy electron diffraction (RHEED) system. Following preparation, the samples are inves-

tigated by RT STM and Auger electron spectroscopy (AES). All STM images are acquired



in constant current mode and with an Fe coated tungsten tip. Differential conductance
(dI/dV) maps are concurrently acquired in order to identify the electronic and magnetic
properties of our samples.

First principles total energy calculations are performed under the spin-polarized den-
sity functional theory as implemented in the plane waves-self-consistent field code of the
Quantum ESPRESSO package.[16] The generalized gradient approximation adopted in a
Perdew-Burke-Ernseroff functional is used to treat the exchange-correlation potential.[17]
To expand the valence Khon-Sham states we use a cutoff energy of 30 Ry and Vanderbilt
ultra-soft pseudopotentials in order to replace the effect of core electrons.[18] Energetic con-
vergence is achieved when the Hellman-Feynman forces are less than 0.002 Ry/A. Brillouin
zone integration is done using a Monkhorst-Pack smearing of 0.01 Ry and a special 6 x6x1
k-points grid.[19, 20] First, the bulk of MnzNy is modeled with a body centered tetragonal
structure. After relaxation, an aFM structure is found to be most stable. We also find the
lattice parameters to be a=b=2.94 A and ¢=11.97 A, which are in good agreement with pre-
vious reports.[21] The Fe adsorption on the surface is analyzed with the surface formation
formalism, which is adapted for the Mn3Ny system following the work of Qian et al.[22]

Presented in Fig. 1 are an STM topograph (a) and corresponding dI/dV map (b) of the
Mn3N2(001) substrate prior to Fe deposition. The surface consists of atomically smooth
square-like terraces separated by single atomic height steps, forming a pyramidal morphol-
ogy. Using dI/dV mapping, the electronic structure of the nanopyramids is investigated; at
small negative sample bias, the sequence at the surface consists of one (B) bright terrace
(higher dI/dV signal) followed by two (C and Al) darker terraces (lower dI/dV signal),
still having a 3-layer periodicity. As will be shown, all surface layers are MnN layers, with
differences between A1, B, and C coming only in deeper layers. The 3-layer sequence at the
surface is consistent with previous electronic studies of the Mn3N5(001) surface.[14]

Zoom-in views of the rectangular boxed regions from Figs. 1(a) and 1(b) are shown in
Figs. 1(c) and 1(d). It can be observed in Fig. 1(d) that on a single terrace, both B
and A1/C terminations are present, with boundaries indicated by dashed lines. This type
of mixed terrace is commonly seen and is due to stacking faults; although within a terrace
these interruptions appear, across multiple terraces the expected sequence is preserved [with
occasional exceptions, see e.g. Fig. 3(b)].

Shown in Fig. 2(a) is a topographical image of a Mn3N,(001) nanopyramid surface after



depositing ~ 0.15 ML Fe at a sample temperature of 200 °C (Note: the deposition amount
quoted is an estimate based on the atomic flux monitor calibration and the STM measured
island coverage). Clearly visible are small islands (~ 1-2 nm in width), having somewhat
random shapes, decorating all visible terraces. As shown below [inset to Fig. 3(a)], their
heights are only a single atomic layer. It may also be noticed that there is a clear roughening
of the step edges as compared to the bare substrate, indicating a possible reaction of the
Fe with the substrate. For a higher coverage of ~ 0.36 ML Fe [Fig. 2(b)], one sees more
expanded island shapes as well as even more step edge roughening; sharp terrace corners
are no longer visible.

In order to explore island growth space further, additional experiments with the substrate
held at 100 °C and at RT were also carried out. The results are qualitatively the same with
one small difference being a possible increase in sticking coefficient. For all cases, RHEED
patterns showed no change in the lattice constant and no additional phases, implying that
the islands are coherent with the substrate.

Figs. 3(a) and 3(b) show an STM topograph and corresponding dI/dV map, respectively,
for the 0.15 ML case. The island heights are all about the same (2.28 + 0.13 A), as seen in
the line profile shown in the inset to Fig. 3(a). Also, the measured step heights and electronic
contrasts between adjacent pairs of terraces (A1-B, B-C, and C-Al) are consistent with the
surface before Fe deposition (described above) as well as previously published results,[14]
showing that the terrace electronic properties are unaffected by the islands. Omne unique
feature of this surface region is the presence of a stacking fault boundary within one of the
terraces, as indicated by a dashed line; this boundary has to be taken into account when
interpreting the dI/dV contrast on the islands from differing terraces presented in Fig. 3(c)
(discussed below).

To determine the composition of the observed islands, we performed AES measurements
by measuring AES peak intensities obtained from derivative spectra with corrections for Fe
and Mn sensitivity factors. Surprisingly, we find Fe:Mn ratios of only a few percent (see
Table I).

To know whether or not such values are consistent with Fe atoms at the surface, it is nec-
essary to model the AES Fe:Mn ratios which requires some models for the stacking sequences
of Mn and MnN layers. So therefore, we turn to theoretical calculations. Beginning with

just the Mn3Ny(001) substrate, Fig. 4(a) shows a partial atomic model (with 4 terraces)



of a manganese nitride nanopyramid. Three different models (as indicated within dashed
boxes), corresponding to the three unique terraces seen in the STM images, are presented:
1) model A1, consisting of MnN-Mn-MnN-Mn-MnN... [an inversion of the expected layer
sequence Mn-MnN-MnN-Mn-MnN... within the top two layers (model A - not shown)]; 2)
model B, consisting of MnN-MnN-Mn-MnN-MnN...; and 3) model C, consisting of MnN-
Mn-MnN-MnN-Mn..., which has the identical layer sequence as model A1l only within the
first three layers.

In terms of surface energy, the presented three models are all lowest energy over a partic-
ular range of chemical potential (see Fig. 5). First and surprisingly, the calculations show
that the inverted A1l model is energetically much more favorable than model A over the
entire range of chemical potential. Model C becomes more favorable than model Al at less
Mn rich conditions at about 1 eV, and model B becomes most favorable at even less Mn
rich conditions at about -0.2 eV.

The AES ratio is then modeled by taking into account the contributions from the islands
as consisting only of Fe and the underneath layers being MnN and/or Mn (with their suc-
cessive contributions to the AES signal exponentially diminishing). Since the AES signal
reflects an average of a large area of the surface covering many nanopyramids, we also take
an average of the three different possible stacking sequences A1, B, and C, all of which are
observed by STM on the same sample. In this manner, for the 0.41 ML coverage case we
estimate an Fe:Mn ratio of ~ 19.62 %, whereas we only measure ~ 5.71 %. The same trend
is obtained for all the coverage cases (see Table I). This disagreement indicates that the
islands are not (or not entirely) made of Fe atoms.

Therefore, we consider the possibility that the Fe atoms react somehow with the
Mn3N,(001) surface, perhaps incorporating into the top few surface layers, which could
lead to islands having a different composition. In order to identify possible locations for Fe
atoms within the Mn3N,(001) structure, Fe is introduced, and Fig. 4(b) shows the Al, B,
and C models each with three model variations in which Fe occupies different site locations
(including on top and within the Mn3N5(001) structure). Each model is denoted via sub-
scripts referring to the layers in which Fe atoms are located. We find that Fe atoms do not
occupy Mn sites within MnN layers since this is energetically unfavorable. Instead, Fe atoms
are found to favorably occupy Mn sites within the Mn layers, and doing this even results

in an overall lowering of the total surface energies at the N-rich side, as can be seen in Fig.



5 where models B3 and Bsg become more favorable than model B. Importantly, the results
show that it highly unfavorable for Fe atoms to be at the surface as models Algy, By, and
Cyp are very high in energy. But placing Fe into successive sub-surface Mn layers continually
lowers the energy, first for models Aly, B3, and C, and then for models Alsy, Bsg, and Cos.
Iron atoms in more than one layer are better than in only one layer.

Naturally, the Fe atom incorporation leads to Mn atom replacement and subsequent
removal of Mn from sub-surface layers. We therefore propose that the observed islands are
formed from the ejected Mn. In order to confirm this picture, we once again carried out AES
Fe:Mn ratio simulations, placing Fe atoms into lowest energy configurations (Alyy, Bsg, and
Cgs). Taking an average of the simulated ratios based on the three possible configurations
results in estimates, for the various Fe depositions, which are in excellent agreement with
the measured AES Fe:Mn ratios (see Table I).

Referring back to Figs. 3(b) and 3(c), the electronic contrast of the islands from differing
terraces can now be discussed in terms of Mn islands residing on top of Alg-, Bsg-, and
Cos-structured surfaces. We consistently find not less than three different island contrasts,
dependent only on the island’s terrace. As shown in Fig. 3(c), we observe dark islands
on bright (Al) terraces, light islands on dark (B) terraces, and dark islands on dark (C)
terraces. Due to the stacking fault (indicated by the dashed line), which results in a sequence
of three low dI/dV (dark) terraces, the middle one contains two types of island contrasts,
dark on dark above the A1 region and light on dark above the C region. Although the data
was acquired using an Fe-coated W tip, the contrast observed here is purely electronic based
on 1) a lack of expected magnetic contrast on the terraces themselves;[14] and 2) the fact
that an applied out-of-plane magnetic field of ~ 0.4 T did not result in any changes to the
islands dI/dV contrasts.

As further proof of the chemical nature and electronic properties of the islands, we carried
out additional experiments, depositing Mn on Mn3N,(001) nanopyramids, finding identical
dI/dV island contrasts as shown here for the case of Fe deposition. Having established three
dI/dV electronic contrasts for the islands, we note that this is exactly consistent with the
3-layer periodicity of the MngN»(001) structure. In fact, the islands’ contrasts are consistent
with a continuation of the same chemical sequence as for the Mn3Ny(001) itself. This may
indicate that either 1) the electronic properties are determined largely by the Mn atoms; or

2) some islands may contain N, a possibility not entirely unexpected based on the theoretical



finding (as well as on the actual growth procedure) that all terraces (first layers) consist of
MnN. Atomic rearrangements at the surface could result in N atom exchanges (Note: surface
N content does not affect the Fe:Mn ratios).

Possible incorporation pathways for Fe atoms are: 1) at the step edges (indicative of this
is the roughening observed after Fe deposition - see Fig. 3); 2) through direct exchange
with surface Mn atoms; and 3) through the defects that are present on the terraces (as also
observed in Fig. 1). Since we observe islands on all terraces (including the very top ones) we
have to consider possibilities in which the ejected Mn atoms can migrate up and/or down
the terrace steps, and maybe even up through the defect sites. Of course this behavior is
only speculative, and theoretical calculations would be necessary to clarify these dynamical
processes that lead to island formation.

After having determined the locations of the Fe atoms within the Mn3N,(001) nanopyra-
mids, theory calculations also find the magnetic moment directions and values for the Fe,,
substitutions. Interestingly, the Fe atoms adopt the same magnetization directions as for
the replaced Mn atoms, 7.e. Fe atoms couple ferromagnetically with atoms within the same
layer [other Fe atoms (Fe-Fe coupling) and/or not yet substituted Mn atoms (Fe-Mn cou-
pling)] and antiferromagnetically with adjacent layers [as depicted in the panel for model C
from Fig. 4(b)]. These results are valid for all three models (A1, B, and C). For the specific
case of the lowest energy models (Alyy, Bss, and Cas), compared to a 0.00 eV/[Fe-Fe(Mn)
pair] energy value for Fe-Fe and Fe-Mn FM coupling within the same layer, the aFM cou-
pling is far less favorable, with values ranging from 0.35-0.77 eV /(Fe-Fe pair) for Fe-Fe, and
0.32-0.72 eV/(Fe-Mn pair) for Fe-Mn. The actual magnetic moment values for the Fey,
substitutions range from 2.50-2.68 pp while the Mn atoms in the same sites had magnetic
moments ranging from 3.21-3.43 ppg. Certainly, it would be desirable to obtain experimental
evidence for the magnetic character of the substituted Mn sites within the sample; future
studies using magnetic dichroism are possible but highly non-trivial due to the high Néel
point of Mn3zNs.

In conclusion, we find that the simple deposition of Fe onto Mn3Ny(001) results in the
unexpected substitution of Fe for Mn within Mn layers and the formation of Mn (possibly
MnN) islands on top. The islands take on an electronic character consistent with a simple
continuation of the normal 3-layer chemical periodicity of Mn3zN5(001). Extending beyond
this study to the formation of a possible Fe/Mn3N,(001) exchange biased system, such a



complex interfacial structure as we find here would undoubtedly play a very important role
in the overall magnetic behavior. It is furthermore very likely that similar behavior to that
shown here will occur in other aFM/FM systems, necessitating similar investigations.
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FIG. 1: (a) STM topograph and (b) corresponding dI/dV map of the Mn3N3(001) substrate (V=
-0.3 V; I;= 0.1 nA). (c) and (d) represent zoom-in views corresponding to the rectangular boxed
areas shown in (a) and (b), respectively. For particular terraces, both B and A1/C terminations

are present on the same terrace (with boundaries indicated by dashed lines).

12



~0.36 ML; T=200 °C

FIG. 2: STM topographs for two selected island coverages and corresponding substrate tempera-

tures during growth (Vg=-0.7 V; I;= 0.1 nA).
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FIG. 3: (a) STM topograph and (b) corresponding dI/dV map for the 0.15 ML case (Vs= -0.3
V; I;= 0.1 nA). The inset in (a) is a line profile taken along path A. (¢) Contrast map from (b)

showing the electronic contrast differences between islands and corresponding substrate terraces.
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TABLE I: Island coverages, estimated AES Fe:Mn ratios for the case of Fe islands only, Mn islands

only (with Fe in deeper layers) on the surface, and measured Fe:Mn AES ratios.

Island coverage (ML) | Case of Fe islands (%) | Case of Mn islands (%) | Measured (%)

0.15 £ 0.02 6.38 = 0.32 2.27 £ 0.61 2.16 £ 0.75
0.17 £ 0.01 7.29 £ 0.36 2.50 £ 0.67 2.84 £0.44
0.36 & 0.04 16.82 £+ 0.84 5.09 £+ 1.40 5.17 £ 0.37
0.41 £+ 0.02 19.62 £ 0.98 5.67 £ 1.60 5.71 £ 0.58
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FIG. 4: (a) Atomic model of Mn3zN2(001) nanopyramids in which three different types of terraces
can be observed: Al, B, and C; the inset represents a 3D-rendered STM image of part of one
pyramid to show the correspondence with the actual model. (b) Atomic models for A1, B and C
terraces with Fe atoms (in red) at different locations. In addition, the panel for model C shows the
magnetization directions of different layers. Differently colored arrows on the Fe and Mn atoms

indicate the different magnetic moments.
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FIG. 5: Surface formation energy plots versus chemical potential for the models shown in Fig. 4.
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