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ABSTRACT: The compound (Pb2MnSe3)0.6VSe2 was predicted to be kinetically stable based on DFT calculations on an 
island  of Pb2MnSe3 between layers of VSe2. This approach provides a high degree of freedom by not forcing interlayer 
lattice match, making it ideal to investigate the likelihood of formation of new incommensurate layer misfit structures. 
The free space around the island is critical, as it allow atoms to diffuse and hence exploring the local energy landscape 
around the initial configuration. (Pb2MnSe3)0.6VSe2 was synthesized via a near diffusionless reaction from precursors 
where a repeating sequence of elemental layers match the local composition and layer sequence of the predicted 
compound. The VSe2 layer consists of a Se-V-Se trialyer with octahedral coordination of the V atoms. The Pb2MnSe3 layer 
consists of three rock salt like planes, with a MnSe layer between planes of PbSe. The center MnSe plane stabilizes the 
puckering of the outer PbSe layers. Electrical properties indicate that (Pb2Mn1Se3)0.6VSe2 undergoes a charge density wave 
transition at ~100K and orders ferromagnetically at 35K. The combination of theory and experiment enables a faster 
convergence to new heterostructures than either approach in isolation. 

The properties of interfaces and the structures that form 
at them – interfacial phases – are critically important in 
many technologies including solar cells, batteries, 
magnetic recording media, catalysts and integrated 
circuits. In addition to either kinetic or thermodynamic 
stability of the interface, diverse properties are needed to 
optimize performance in different applications. In solid 
state batteries, for example, an interface layer is desired on 
the metal anode that prevents metal dendrite growth, has 
high metal cation conductance and is electrically 
insulating.1 In solar cells, one desires an interface that 
promotes charge separation and transport without any 
charge recombination sites.2 In magnetic materials, 
interfaces modify, control, enhance, create and/or 
eliminate magnetic order depending on their properties.3 
In all these cases the properties depend on the electronic 
structure, chemical composition and structure of the 
interfacial phases, which can differ from known bulk 
compounds and often depend intimately on processing 
parameters.  

Predicting and controlling the structure and 
composition of interfaces, particularly compositions 
and/or structures not found in bulk phase diagrams, 
remains an elusive goal. While some interface structures 
have been produced by design, for example HfOx high K 
dielectrics4 and the beautiful abrupt interfaces grown by 

molecular beam epitaxy (MBE),5 most interface structures 
are made serendipitously, merely a consequence of 
processing conditions when different materials are placed 
in contact with one another. The evolution of an interface 
as a function of processing conditions (temperature, time, 
etc.) typically is alternatively limited by interdiffusion and 
nucleation, and the sequence of phase formation cannot be 
predicted.6 Even during MBE growth, unexpected 
interfacial compounds can form that are not expected 
either from the relevant phase diagrams or from the 
growth conditions.7 The termination of structures at 
interfaces creates unusual coordination environments and 
structural distortions as surface and volume free energies 
become comparable in magnitude. Consequently, most 
interfacial compounds are discovered serendipitously, 
often due to their impact on device properties, and 
optimized using trial and error approaches. While the 
structure and properties of discovered interface 
compounds are rationalized post discovery by theory, 
there is no approach developed to predict the many 
potential interfacial layers not present in bulk phase 
diagrams that may have desirable properties.  

The past decade has seen the rapid growth of 
computational materials by design, combining data 
mining and advanced thermodynamic and electronic-
structure methods  that are enabled by advanced 
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computational resources.8-11 These approaches search for 
new compositions and structures that are close to or below 
the convex hull of free energies calculated from 
combinations of known compounds12 or calculated for an 
amorphous solid with the same composition.13-14 The 
approaches range from substitutions of different elements 
into known structures15 to evolutionary algorithms that 
explore the free energy landscape, capable of predicting 
new structure types.16-18 These proposed new compounds 
create challenges for synthetic chemists, as many cannot 
be prepared using traditional synthetic methods due to the 
lack of  kinetic control or because the compounds are not 
thermodynamically stable under the synthesis conditions.19 

The next step beyond computational "materials by design" 
(what to make) is to probe "reactions by design" (how to 
make) using both computation and experiment. 

Here we present a theoretical approach to predict the 
kinetic stability of finite thickness interfacial layers that 
also probes the likelihood that it can be prepared. The 
computational procedure and the synthesis approach used 
in our study both explore local regions of the energy 
landscape around similar initial configurations. The 
computational approach probes if an initial nucleus of a 
particular structure is kinetically stable, and hence able to 
grow. The designed precursors used in the synthesis 
approach contain regions of appropriate composition for 
the nucleation of the targeted structures. We demonstrate 
the potential power of this collaborative approach through 
our investigation of the Mn-Pb-Se-V quaternary space 
searching for potential 2D magnetic layers. We predicted 
and synthesized a new hetereostructure containing a 
magnetic PbSe-MnSe-PbSe trilayer stable between VSe2 
layers. 

The Mn-Pb-Se-V system was chosen because there is 
only one known thermodynamically stable ternary 
compound [(PbSe)1+d]1[VSe2]1 and no known quarternary 
compounds (see Figure 1).22 There are also several known 
ternary compounds, [(PbSe)1+d]m[VSe2]n,

20, 21 providing a 
first test of our theoretical search approachThe known 
binary compounds (PbSe, MnSe, MnSe2, VSe, VSe2, V2Se9, 
V5Se8, V3Se4, V5Se4, VMn and VMn4) provide a number of 
candidates as potential interfacial layers in other 
heterostructures. We focused our initial investigation on 
the VSe2-MnSe-PbSe slice of the quaternary phase space, 
searching for heterostructures containing magnetic 

interfacial layers. VSe2 is a layered compound containing 
octahedrally coordinated V between Se layers and is 
isostructural with CdI2.

23 MnSe and PbSe are isostructural 
with NaCl at room temperature24, 25  and a metastable zinc 
blend polymorph of MnSe has also been  

Figure 1. The quaternary Mn-Pb-Se-V phase space showing 
the VSe2-MnSe-PbSe plane investigated in this study. The 
black circles mark the compositions of the known binary 
compounds. Only VSe2, MnSe, and PbSe are labeled. 

synthesized.26, 27 Both MnSe polymorphs magnetically 
order. Cubic MnSe is an antiferromagnet ordering at 140 
K.28 The hexagonal MnSe phase orders 
antiferromagnetically at ~250 K.28  

METHODS 

Our computational search approach focuses on the 
kinetic stability of potential interface phases, which are 
tested by independent structural optimizations using 
density functional theory (DFT) calculations.29 Potential 
interfacial phases with various stoichiometries and crystal 
structures are constructed as an island between layers of 
adjacent layers (details in the SI). The free space around 
the islands allows atoms to move into more favorable 
configurations, lower the free energy, exploring the local 
energy landscape. This “island approximation” has been 
shown to successfully describe known incommensurate 
heterostructures.30 Figure 2 shows the two general 
outcomes of the optimization step: the atoms in the island 
move either toward a recognizable, periodic pattern or 
toward an arrangement without forming such a pattern. 
The control of the optimization depends on finding an 
island size small enough to give a wide extent of the 
exploration, but not too small where the surface states 
dominate the pattern formed. The optimization aims 

solely to test one property of the potential interface phase: 
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kinetic stability of a potential nuclei that would favor the 
nucleation and growth of the targeted structure.  

Figure 2. A schematic of the theoretical approach used to 
examine the kinetic stability of constituent compound 
candidates.  A candidate model structure of an AB 
compound with a rock salt structure that remains intact 
when relaxed (a). Both the side and top-down view of the 
promising system after relaxation contain a recognizable 
structure with systematic distortions due to the adjacent 
layers. The (b) panel contains a candidate model structure of 
an AB2 compound which evolves into an amorphous 
fragment without long-range ordering when allowed to relax. 

Optimized interface phases with islands in a recognizable, 
periodic pattern become candidates for synthesis. 

Figure 3 shows the two critical advantages of 
representing one constituent layer as an island surrounded 
by vacuum between continuous slabs of the other 
constituent (as opposed to a complete layer under the 
same conditions). First, the atoms in the island can move 
and rearrange more easily on the edges of the island, 
potentially with substantial changes to the bonding. For 
the precursor in Fig. 2a, the optimization changes the Se 
atoms’ initial bonding with four Mn to a bonding with 
three Mn (Fig. 2b). Second, the continuous layer of the 
second constituent fully determines the planar dimensions 
of the unit cell. This circumvents the need to construct a 
unit cell commensurate with the potential constituent 
layer, which a priori has unknown dimensions and 
orientation and may be incommensurate with the second 
constituent’s dimensions. The smaller number of atoms 
also accelerates the calculation.  

The theoretical predictions, presented below, were 
tested using precursors with local compositions and 
nanoarchitecture that mimic the targeted structures to 
favor their formation through near diffusionless 
transformations.31-33 The precursors consist of repeated 
sequences of elemental layers deposited on a nominally 
room temperature silicon wafer that match the proposed 
composition of the interfacial phase and the composition 
of the adjacent layers. The synthesis accomplishes the local 

exploration of free energy space by controlling the extent 
of atomic diffusion via annealing temperature and time. A 
successful synthesis depends on finding an annealing 
temperature high enough for attaining the kinetically 
stabilized interface phase, but not so high that the 

precursor segregates into thermodynamically stable 
compounds.34  

RESULTS AND DISCUSSION 

Ultra-thin layers of Pb, V, Se and Mn were deposited in 
designed sequences to mimic the local compositions and 
nanoarchitecture of the targeted products. Precursors to 
[PbSe]1.1VSe2 were prepared with Pb|Se|V|Se layer 
sequences containing the correct number of atoms in the 
Pb|Se layer to form a rock salt structured PbSe bilayer and 
the correct number of atoms in the V|Se layer to form a 

Figure 3. An example of a nine Mn (red) and 24 Se (yellow) 
island structure sandwiched between VSe2 layers (only V 
shown in purple), which dramatically changes its structure 
while being relaxed. (a) is the initial structure and (b) is the 
structure after optimization.  

VSe2 trilayer. The layer sequence was repeated to obtain a 
total film thicknesses of ~50 nm. The precursors for 
(Pb2MnSe3)0.6VSe2, had a V|Se|Pb|Se|Mn|Se|Pb|Se layer 
sequence. In these precursors, the Pb|Se layers contained 
the correct number of atoms to form PbSe monolayers, the 
Mn|Se layer contained the number of atoms required to 
form a rock salt structured monolayer with the PbSe lattice 
parameters, and the V|Se layer contained the correct 
number of atoms to form a VSe2 trilayer. This layer 
sequence was repeated to form films with a total film 
thickness of ~50 nm. Quartz crystal monitors were 
calibrated by measuring the amounts of each element in 
the resulting films using x-ray fluorescence35 and iteratively 
adjusting the amount of time shutters were kept open to 
obtain the desired amount of each element.  Figure 4. 
shows the composition of samples made in the VSe2-MnSe-
PbSe plane of the quaternary phase diagram. 

The known [PbSe]1.1VSe2 heterostructure was used as a 
test of the computational approach. Computationally, an 
island of rock-salt structured PbSe was allowed to relax 
between continuous slabs of (001) trilayer slices of CdI2-
type structured VSe2. The relaxed heterostructure for a 
bilayer of PbSe between VSe2 approximates a fragment of a 
(001) bilayer slice of NaCl-type PbSe as found 
experimentally (see Figure 5a). PbSe islands of different 
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thicknesses and crystallographic orientations between 
VSe2 layers also optimized into recognizable, periodic 
patterns of NaCl-type PbSe including fragments of a (001) 
monolayer, a (011) bilayer, and a (111) trilayer.  Precursors 
mimicking the stable theoretical products were prepared. 
The Pb|Se|V|Se layer sequence targeting a bilayer of PbSe 
self-assembled into [PbSe]1.1VSe2 during low temperature 
annealing. The 

Figure 4. Samples made in this study are marked in the 
VSe2-MnSe-PbSe plane of the quaternary phase diagram. 
Circles indicate the results of the theoretical predictions. The 
solid symbols within the circles indicate the results of the 
calculations. Red indicates that no compound was stable at 
the predicted compositions. Green indicates that compounds 
were predicted to be local free energy minima and were 
successfully prepared. Yellow and orange indicates the 
predicted compounds began to form from the precursors 
during annealing but decomposed before fully forming. The 
blue circles indicate other [(PbSe) 1.1]m[VSe2]n metastable 
compounds that have previously been prepared. 

 Figure 5. a. The optimized structure of an island of PbSe 
between VSe2 layers. b. The HAADF-STEM image of a region 
of [PbSe]1.1VSe2 formed by annealing a designed precursor.  
The blue squares on the right identify PbSe layers and the 
purple squares align with VSe2 layers.  

HAADF-STEM cross-section image of [PbSe]1.1VSe2, Figure 
5b, contains alternating layers of VSe2 and bilayers of PbSe. 
All of the PbSe layers are being viewed down a [001] zone 
axis, but several different zone axes orientations are 
present for the VSe2 layers. While an area is shown with 
the layers orientated so many zone axes are present, in 
general there is rotational disorder in the stacking of the 
layers. It is not possible to form a monolayer or a trilayer 
of PbSe.36 

Our computational and experimental results also 
diverged for MnSe-VSe2 heterostructures. Several MnSe 

islands exhibited recognizable, periodic patterns when 
relaxed, including a fragment of a (001) trilayer slice of iron 
stannide-type structured MnSe and a (111) trilayer slice of 
NaCl-type structured MnSe. Annealing precursors with 
Mn|Se|V|Se layer sequences containing the correct 
number of atoms to form MnSe from the Mn|Se layers and 
VSe2 from the V|Se layers at low temperatures (T < 250°C) 
results in an increase in the intensity of Bragg reflections 
due to the deposited layer sequence, which is consistent 
with self-assembly of a heterostructure (See Figure 6). 
Annealing above 250°C, however, resulted in the loss of the 
precursor layering and the formation of mixtures of the 
binary compounds. 

Since the computational search show that both PbSe and 
MnSe favor similar NaCl-type structures between VSe2 
layers, we explored arrangements of PbSe-MnSe alloys 
between VSe2 layers. Computationally, a NaCl-type 
structured PbSe-MnSe-PbSe trilayer island alternating 
with a complete CdI2-type structured VSe2 layer relaxes to 
the (Pb2MnSe3)0.6VSe2 heterostructure (Figure 7a). A 
precursor with a V|Se|Pb|Se|Mn|Se|Pb|Se sequence self-
assembled.into this heterostructure during annealed at 
low temperatures (Figure 7b). Annealing the sample above 
250 °C resulted in decomposition of the (Pb2MnSe3)0.6VSe2  

Figure 6. The specular diffraction pattern of an annealed 
precursor targeting a (MnSe)1+xVSe2 heterostructure. 00l 
Bragg reflections increase in intensity during low 
temperature annealing, consistent with a c-axis lattice 
parameter of 12.63Å.  

heterostructure into a mixture of MnSe and a [PbSe]1.1VSe2 
heterostructure. 

The structure of the synthesized (Pb2MnSe3)0.6VSe2 
heterostructure was determined using a combination of 
different experimental techniques. X-ray fluorescence 
(XRF) data collected on the annealed sample are consistent 
with the chemical formula (Pb2MnSe3)0.6VSe2. Specular 
diffraction data, shown in Fig. 8a, contain reflections that 
can all be indexed as 00l reflections. Rocking curve scans 
of the 00l reflections indicate that the (Pb2MnSe3)0.6VSe2 
compound is crystallographically aligned with the c-axis 
perpendicular 
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Figure 7. a. A schematic of the calculated island of the 
(Pb3Mn2Se5)1+VSe2 heterostructure. b. A representative 
HAADF STEM image of the (Pb2MnSe3)0.6VSe2 
heterostructure. 

to the substrate. The c-axis lattice parameter after 
annealing at 250 °C (14.96 Å) is consistent with that 
expected for the targeted (Pb2MnSe3)0.6VSe2 compound 
based on the expected constituent layers. In-plane 
diffraction data collected after annealing at 250 °C, (Fig. 
8b) contains intensity maxima that can be indexed as hk0 
reflections coming from independent hexagonal and 
square lattices. The lattice parameter of the hexagonal 
phase (3.44 Å, computationally 3.46 Å) is close to that 
found for VSe2 monolayers in (PbSe]1.1)mVSe2 compounds.36  

The lattice parameter of the square phase (5.99 Å, is close 
to that found for rock salt structured PbSe bilayers in 
(PbSe)1.1VSe2. An atomic-scale STEM energy dispersive x-
ray spectroscopy (STEM-EDS) map of a representative area 
(Fig. 8c) shows that the structure consists of a VSe2 layer 
on either side of a Pb2MnSe3 layer. The Pb2MnSe3 layer 
contains a MnSe middle layer with PbSe on either side. The 
changes in the EDS intensities for Mn, Pb, Se, and V 
through a single unit cell obtained by averaging over a 
region of the sample are shown in Fig. 8d The V intensity 
has a single maximum centered on the VSe2 layer in the 
unit cell. The Pb intensity has two maxima corresponding 
to the outer two PbSe layers in the Pb2MnSe3 region of the 
structure. The Mn intensity has a single maximum 
centered between the Pb maxima in the Pb2MnSe3 layer. 
The Se intensity has two maxima on either side of the V 
maximum, corresponding to the two Se planes in VSe2. The 
maxima for the Se in the Pb2MnSe3 layer are less distinct as 
the Se concentration is ~ half that found in the Se planes 
in VSe2. The HAADF-STEM image of (Pb2MnSe3)0.6VSe2, 
shown in Fig. 7b,  shows alternating layers of Pb2MnSe3 and 

VSe2. There is rotational disorder from layer to layer, 
presumably due to independent nucleation events 
occurring in different layers as the precursor self assembles 
into (Pb2MnSe3)0.6VSe2. Two of the Pb2MnSe3 layers are 
orientated along the [110] zone axis, and the positions of 
the atomic columns are consistent with the Pb2MnSe3 layer 
having a distorted rock salt structure indicated by the in 
plane diffraction data. Along this zone axis, alternating 
columns of Pb and Se atoms are visible in the top and 
bottom of the Pb2MnSe3 layer. These PbSe layers are 
puckered, with the Se atoms displaced towards the MnSe 
layer and the Pb atoms pushed out from the central plane 
(computationally by 0.67 Å, on average). This results in the 
Mn cations in the center layer having four long bonds to Se 
within the Mn-Se plane and two shorter Mn-Se bond 
distances with the Se atoms in the Pb-Se plane. Columns 
of Se atoms can be observed, between the Pb columns in 
the upper and lower layers, displaced towards the center of 
the Pb2MnSe3 layer. The smaller size of the Mn atom 
relative to Pb enables the central Mn-Se layer to stabilize 
the puckering of the outer PbSe layer. Zone axis 
orientations of the VSe2 layers are consistent with 
octahedral coordination of the central V layer by the 
adjacent Se layers.  While the image shown contains no 
defects except for the turbostratic disorder of the stacking 
of the layers, the top and bottom of the samples typically 
contain regions with PbSe layers, presumably due to 
insufficient Mn in the precursor and/or reaction of Mn 
with advantageous oxygen during annealing. Presumably 

other defects, such as Mn on Pb sites or vice versa, were 
also formed during the self-assembly process. 
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The calculated structure of (Pb2MnSe3)0.6VSe2, 
determined using a unit cell containing a complete layer of 
VSe2 (25 unit cells) and a complete layer of Pb2MnSe3 (15 
unit - 

Figure 8. The specular diffraction pattern (a) contains only 
00l reflections yielding a c-axis lattice parameter consistent 
with the (Pb2MnSe3)0.6VSe2 heterostructure. The reflections 
in the in-plane diffraction pattern  (b) can be indexed to as 
hk0 reflections for a hexagonal and a cubic unit cell and the 
lattice parameters correspond to those of the VSe2 and 
Pb2MnSe3, layers, respectively. The STEM-EDS map (c) and 
intensity profile (d) indicate a V plane between planes of Se 
adjacent to a Pb/Se-Mn/Se-Pb/Se tri-layer. The structure 
determined from the STEM and diffraction data is 
schematically presented with Se atoms shown in yellow, V 
atoms in purple, Mn atoms in red and Pb atoms in blue (e). 

cells), agrees well with the unit cell determined via a Le Bail 
refinement of the experimental diffraction data. The 
orientation between the two layers used to calculate the 
structural parameters rotated the layers by 15º relative to 
the optimized island structure to construct a 
computationally more tractable unit cell. The c-axis lattice 
parameter for the relaxed structure after the DFT 
structural optimization is slightly smaller than the 
experimental value (14.70 Å versus 14.96 Å). The calculated 
in-plane lattice parameter of the Pb2MnSe3 layer, 5.89 Å, is 
also slightly smaller than the experimental value (5.99Å). 

The measured electrical transport properties of 
(Pb2MnSe3)0.6VSe2 and (PbSe)1.1VSe2 are shown in Figure 9. 
The resistivity of (Pb2MnSe3)0.6VSe2 decreases as 
temperature is decreased from room temperature, as 
expected for a metal, before increasing slowly as 
temperature is decreased below ~150K. The rate of 
increasing resistivity accelerates below ~100K. The upturn 
in resistivity at ~ 100K is similar to that found in 
(PbSe)1.1VSe2, although the magnitude of the increase is less 
and the transition is also less abrupt.20, 37 The origin of the 
CDW in (PbSe)1.1VSe2 is from the VSe2 monolayer. The 
signature upturn in resistivity remains if the thickness of 
the PbSe layer is increased37 or if PbSe is replaced by SnSe 
to form the compounds [(SnSe)1.1]mVSe2.

38,39 The 
temperature where the upturn occurs varies systematically 
with the thickness of the SnSe or PbSe layer.37, 39 The 
sharpness of the upturn also varies, presumably as a result 
of changes in carrier concentration due to defects that 
form during self-assembly of the precursor.40, ,41 The CDW 
found in the compounds with monolayers of VSe2 is not 
present if the thickness of the VSe2 is increased.20, 42 The 
CDW is changed if modulation doping occurs43 and is 
completely suppressed for large amounts of charge 
transfer, for example in (BiSe)VSe2.

44 CDW transition in 
monolayers of VSe2 have also been reported, and were 
shown to be sensitive to the heterointerface formed with 
the substrate.45, 46 The rotational disorder present in both 
(PbSe)1.1VSe2 and (Pb2MnSe3)0.6VSe2 prevent direct 
measurement of the structural distortion caused by the 
localization of the conduction electrons.40 A specific heat 
jump was reported at the CDW transition in (SnSe)VSe2 
due to the phase transition, which was used to estimate the 

density of electronic states removed by the formation of 
gaps at the Fermi surface.40 The density of states removed 
is of the same order of magnitude as that reported for the 
transition in bulk TiSe2. There is also a kink in the 
resistivity curve of (Pb2MnSe3)0.6VSe2 at around ~30 K, 
which is not present in (PbSe)1.1VSe2.  

The Hall coefficient of (Pb2MnSe3)0.6VSe2 is positive and 
increases as temperature is decreased below ~100K. Both 
the sign and temperature dependence of the Hall 
coefficient are similar to that reported for (PbSe)1.1VSe2. 
The abrupt increase in the Hall coefficient of (PbSe)1.1VSe2 
as temperature is de-creased below 100K is caused by the 
onset of a charge density wave (CDW),20, 37 suggesting that 
a CDW also occurs in (Pb2MnSe3)0.6VSe2. Evidence for 
ferromagnetic ordering of the Mn orbital moments is 
found in the anomalous Hall effect observed in the field 
dependence of the Hall coefficient at low fields (figure 5). 
The Hall coefficient becomes non-linear below about ~ 30 
K, which is the same temperature where we observe a kink 
in the resistivity curve. This anomalous Hall effect suggests 
that the sample is ferromagnetically ordered.47 Further 
evidence for ferromagnetic behavior is observed in the 
hysteresis of the Hall resistivity verses field measurement 
shown in Fig S1.   

The similarities in the magnitudes and temperature 
dependences of both the resistivity and Hall coefficient 
between (PbSe)1.1VSe2 suggest that (Pb2MnSe3)0.6VSe2 has a 
CDW, that Mn is divalent in the Pb2MnSe3 layer and that 
the extent of charge transfer and bonding between the 
Pb2MnSe3 layer and VSe2 is similar to that found for the 
PbSe layer in ([PbSe)1.1VSe2. The higher room temperature 
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resistivity of (Pb2MnSe3)0.6VSe2 relative to (PbSe)1.1VSe2 at 
room temperature is a consequence of the conducting VSe2 
layer being a smaller percentage of the total thickness of 
the unit cell. The similar CDW onset temperatures for 
(Pb2MnSe3)0.6VSe2 and (PbSe)1.1VSe2 is consistent with prior 
reports showing that the onset temperature does not 
change as the thickness of PbSe is varied in 
([PbSe]1+ )mVSe2 heterostructures.25 It is important to note 
that the electrical properties reported here for 
(Pb2MnSe3)0.6VSe2 are distinctly different than that 
reported for bulk VSe2, which has a negative Hall 
coefficient and only a small change in slope 

Figure 9. (a.) Resistivity versus temperature measured for 
(Pb2MnSe3)0.6VSe2 and (PbSe)1.1VSe2 heterostructures. (b.) 
Hall coefficient measured at two different magnetic fields as 
a function of temperature for (PbSe)1.1VSe2. Inset shows the 
field dependence of the Hall resistivity as a function of field. 
(c.) The Hall coefficient measured at two different fields as a 
function of temperature for (Pb2MnSe3)0.6VSe2. Inset shows 
the change in the field dependence of the Hall resistivity as a 
function of field.  

as temperature is varied through its CDW transition.48 - 50  

Properties of (Pb2MnSe3)0.6VSe2 were calculated using 
the relaxed supercell. The calculations indicate that it 
should be a ferromagnetic metal, agreeing with the 
transport measurements. The electronic density of states 
(DOS) at the Fermi level is contributed mainly by the V 
atoms and the magnetic moment is primarily from the Mn 
atoms. Bader analysis of the total spin density in the DFT 
calculations attributes around 4 μB to each Mn atom.  Mn2+ 
has 5 electrons in the 3d orbitals and in a high spin D4h local 
environment a magnetic moment of 5.9μB is expected for 
Mn2+.24 The smaller magnetic moment may be a 
consequence of charge transfer from the Pb2MnSe3 layer to 
VSe2. A CDW is not seen in the relaxed unit cell from the 
DFT calculations, likely because the cell used was too 
small.  

Calculations and synthesis attempts were also 
conducted on homologous interfacial compounds with 
thicker interfacial layers and with other first row transition 
metals besides Mn. Similarly, a heterostructure that 
extends the trilayer to a PbSe-MnSe-PbSe-MnSe-PbSe 
pentalayer island retains its structure upon optimization. 
A precursor with a Pb|Se|Mn|Se|Pb|Se|Mn|Se| Pb|Se 
stacking sequence results in diffraction patterns consistent 
with the proposed structure. Annealing a precursor with a  
Pb|Se|Pb|Se|Mn|Se|Pb|Se|Pb|Se stacking sequence 
resulted in the Mn diffusing to the next to layers adjacent 
to the outer PbSe layers, consistent with the MnSe layer 
stabilizing the surface distortion of the outer PbSe layer. 
We speculate that the thickness of the interior PbSe layer 
can be increased. NaCl-type structured PbSe-TSe-PbSe 
trilayer islands alternating with a complete CdI2-type 
structured VSe2 also are computationally stable when 
relaxed for T = Co, Cr, Fe, Ni, and Zn. This suggests that an 
entire family of prospective new materials, isostructural 

(Pb2TSe3)1+VSe2 heterostructures, can be prepared. It may 
also be  possible to change the identity of the 

dichalcogenide layer from V to other transition metals, as 
structurally analogous sulfide compounds are known.51, 52  

CONCLUSIONS 

A new heterostructure, (Pb2MnSe3)0.6VSe2, was predicted 
to be kinetically stable and was synthesized via a near 
diffusionless self-assembly from a designed precursor. 
Transport data indicates a charge density wave transition 
occurs at ~100K and that a transition to a ferromagnetic 
state occurs at 35K.  The computational search approach 
used in this investigation finds kinetically stable, short-
range, in-plane ordered arrangements of atoms, testing the 
stability of a nucleus of a phase between two interfaces. 
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The synthesis method uses local composition in a designed 
precursor to favor nucleation of specific structures and the 
nanoarchitecture of the precursor to favor the formation of 
specific stacking sequences and constituent layer 
thicknesses. The combination of theory and experiment 
enables a faster convergence to new heterostructures than 
either approach in isolation. Theory can quickly explore 
the stability of different structures and compositions and 
the number of simultaneous optimizations limited only by 
computational resources. The synthesis method can 
rapidly test systems predicted to be stable and can easily 
determine if heterostructures with thicker constituent 
layers and more complex stacking arrangements can be 
prepared.  

The agreement between computational search and 
synthesis is not perfect. All successfully synthesized 
materials tested to date are computationally stable as the 
structures are relaxed. Those compounds predicted to be 
unstable have not been successfully synthesized. Not all 
computationally predicted stable materials, however, are 
successfully synthesized using designed precursors. A 
theoretically stable heterostructure can only be 
synthesized if the necessary annealing conditions 
(temperature, time, partial pressure of Se, …) exists to 
convert the precursor to the targeted heterostructure 
without segregation to the thermodynamically stable 
mixture of binary compounds.  

EXPERIMENTAL METHODS 

Ultra-thin layers of different elements were deposited in 
high vacuum using either effusion cells (Se) of electron 
beam guns (Pb, V, Mn). The layer sequences were designed 
to mimic the desired product. Precursors to [PbSe]1.1VSe2 
were prepared with a Pb|Se|V|Se layer sequence. The 
Pb|Se layer contained the correct number of atoms to form 
a rock salt structured PbSe bilayer. The V|Se layer 
contained the correct number of atoms in the to form a 
VSe2 trilayer. The layer sequence was repeated to obtain a 
total film thickness of ~50 nm. To prepare a precursor for 
(Pb2MnSe3)0.6VSe2, a V|Se|Pb|Se|Mn|Se|Pb|Se sequence 
was prepared. In this precursor, the Pb|Se layers contained 
the correct number of atoms to form  PbSe monolayers, the 
Mn|Se layer contained the number of atoms required to 
form a rock salt structured monolayer with the PbSe lattice 
parameters, and the V|Se layer contained the correct 
number of atoms to form a VSe2 trilayer. This layer 
sequence was repeated to form films with a total film 
thickness of ~50 nm. 

Samples were stored in a nitrogen glove box (>0.2 ppm 
oxygen) immediately after being taken out of the 
deposition chamber. Samples were annealed on a 
calibrated hot plate, which was preheated to the desired 
temperatures. The samples were placed face up on the hot 
plate for 15 minutes. After diffraction data was taken on the 
sample, it was reannealed at the next higher temperature. 
Samples were temporarily removed from the nitrogen 
atmosphere as needed for characterization. 

Specular (00l) X-ray diffraction (XRD) and X-ray 
reflectivity (XRR) patterns were collected on a Bruker D8 

diffractometer with Cu Kα radiation in θ-2θ locked-
coupled scan mode. Each sample as aligned to the center 
of the goniometer before each scan. XRR patterns were 
collected from 0-11° to measure the total thickness of each 
film. Film thicknesses were determined using a linear-
least-squares fit of the positions of Kiessig fringes using 
Braggs law corrected for refraction: sin2(θ) = n2 (λ2/4d2) + 
sin2(θcrit), where d is the thickness of the entire film and θcrit 
is the critical angle.  

Grazing incidence XRD (GIXRD) and in-plane 
diffraction patterns were collected on a Rigaku Smartlab 
diffractometer with Cu Kα radiation and parallel-
beam/parallel slit analyzer (PB/PSA) and parallel beam 
(PB) optics, respectively. Grazing incident scans were 
collected over a 2θ range of 5-65° with a step-size of 0.04°. 
In-plane diffraction patterns wer collected over a 2θ range 
of 15-110° with a step-size of 0.1°. An incident angle (ω) 
offset of 0.5° was used for both types of scans.   

The number of atoms per unit area in each film was 
determined using a previously described X-ray 
fluorescence (XRF) technique.22 The calibration curve for 
each element was created by preparing the most Se rich 
stoichiometric binary compound and using the Se 
calibration to determine the number of atoms per unit area 
in films with varying thickness. The relative error in atoms 
per unit area was determined by adding the relative errors 
of the calibration slope and of the XRF standard in 
quadrature, giving a relative error of ~2 % for the number 
of atoms/Å2 of each element.  

Cross-sections of two samples were prepared with an FEI 
Helios NanoLab 600i DualBeam FIB-SEM using standard 
lift-out procedures. High angle annular dark field 
(HAADF) images were collected on an FEI Titan G2 80-200 
scanning transmission electron microscope (STEM) with a 
Cs probe corrector and ChemiSTEM technology (X-FEG 
and SuperX EDS with four windowless silicon drift 
detectors) operated at 200 kV. 
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11 

 A new theoretical search procedure was used to predict that a rock salt structured 2D layer of Pb2MnSe3 would be 
stable between VSe2 layers. It was successfully synthesized via a near diffusion less self-assembly from a designed 
precursor.  (Pb2MnSe3)0.6VSe2 has a charge density wave transition and at lower temperatures becomes a 
ferromagnetic. This investigation illustrates that many 2D layers are possible that are not stable as bulk solids that 
can be predicted and synthesized. 

 

 

 


