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ABSTRACT: A family of structural isomers [(SnSe)1.05]m(MoSe2)n were prepared using
the modulated elemental reactant method by varying the layer sequence and layer
thicknesses in the precursor. By varying the sequence of Sn−Se and Mo−Se layer pairs
deposited and annealing the precursors to self-assemble the targeted compound, all six
possible isomers [(SnSe)1.05]4(MoSe2)4, [(SnSe)1.05]3(MoSe2)3[(SnSe)1.05]1(MoSe2)1,
[ ( S n S e ) 1 . 0 5 ] 3 ( M o S e 2 ) 2 [ ( S n S e ) 1 . 0 5 ] 1 ( M o S e 2 ) 2 ,
[ ( S n S e ) 1 . 0 5 ] 2 ( M o S e 2 ) 3 [ ( S n S e ) 1 . 0 5 ] 2 ( M o S e 2 ) 1 ,
[(SnSe)1 . 05]2(MoSe2)1[(SnSe)1 . 05]1(MoSe2)2[(SnSe)1 .05]1(MoSe2)1 , and
[(SnSe)1.05]2(MoSe2)2[(SnSe)1.05]1(MoSe2)1[(SnSe)1.05]1(MoSe2)1 were prepared. The
structures were characterized by X-ray diffraction and electron microscopy which showed
that all of the compounds have very similar c-axis lattice parameters and in-plane
constituent lattice parameters yet distinct isomeric structures. These studies confirm that
the structure, order, and thickness of the constituent layers match that of the precursors.
The cross-plane thermal conductivity is found to be very low (∼0.08 Wm−1 K−1) and
independent of the number of SnSe−MoSe2 interfaces within uncertainty. The poor thermal transport in these layered isomers is
attributed to a large cross-plane thermal resistance created by SnSe−MoSe2 and MoSe2−MoSe2 turbostratically disordered van
der Waals interfaces, the density of which has less variation among the different compounds than the SnSe−MoSe2 interface
density alone.

1. INTRODUCTION

The study and control of structure−function relationships in
extended solids have frequently been frustrated by the
difficulties in synthesizing materials with desired structures.
The chemistry of solids with extended structures has largely
been limited to thermodynamically stable phases as a result of
the high temperatures used in synthesis to obtain reasonable
diffusion rates and to promote atomic rearrangement.1 While
occasionally homologous series AnBm with particular combina-
tions n and m of structural fragments A and B can be purposely
synthesized via traditional methods, this is not usually the case
because such series are not often thermodynamically stable
under the reaction conditions.2−6 By contrast, the synthetic
methods of organic molecular chemistry can readily prepare
kinetically stable functional isomers, e.g., dimethyl ether and
ethyl alcohol, which are compositionally identical but have
vastly different properties. The level of synthetic control that is
common in molecular chemistry has yet to be realized in the
synthesis of inorganic extended solids because of the inability to
control the kinetics of reactions with the necessary precision.7,8

Although a systematic study of a series of specific compounds
with distinct extended structures to probe the interplay of
structure and properties can be imagined, in general the
hypothetical compounds typically can not be prepared because

of the lack of solid-state synthesis methods to form materials
with specific targeted structures.
A number of nucleation-controlled approaches to extended

solid-state compounds that involve preparing precursors, which
do not require long-range diffusion, have been developed in
attempts to gain kinetic control of the reaction pathways.9−11

Low-temperature annealing of precursors prepared by
codeposition onto a cold substrate has been successfully used
to prepare new metastable compounds.9 A similar approach,
starting from sequentially deposited layers known as modulated
elemental reactants, has also been used to prepare metastable
compounds using composition as a way to control relative
nucleation rates.10,11 By preparing ordered sequences of
bilayers of appropriate composition and thickness, this
approach has been used to prepare families of compounds
containing crystalline blocks of two different constituents with
precise control of the relative thickness of each.12−14 The self-
assembly of the precursor does not require an epitaxial
relationship between the constituent structures, relaxing
constraints imposed by layer-by-layer growth. In fact, upon
self-assembly, rotational disorder develops between the
constituent blocks forming a disordered polymorph, and the
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term ferecrystal has been coined to describe these compounds
poised between the crystalline and amorphous states.15−17 Very
recently, this approach was used to prepare structural isomers,
which feature identical numbers of layers of each constituent in
the unit cell but varied sequences and thicknesses of individual
blocks of these constituents, resulting in unique nano-
architectures. Given just two constituents, A and B, with 1−
10 layers of each constituent in the repeating unit, more than
20,000 specific A−B nanoarchitectures in principle can be
formed.18

Reported here is the preparation of all of the possible
structurally distinct isomers containing 4 SnSe rock salt bilayers
and 4 MoSe2 transition-metal dichalcogenide trilayers using the
modulated elemental reactant synthesis approach. The ability to
prepare these isomers permits, for the first time, the
investigation of the effect of interface density on physical
properties such as thermal conductivity without varying overall
composition or the size of the unit cell. Thermal conductivity is
an important property for a number of technological
applications, and much attention has been paid to under-
standing how to both increase thermal conductivity for various
heat transfer applications and decrease it for thermal barrier and
thermoelectric applications. In prior studies on ferecrystals the
ratio of the constituents has been shown to impact thermal
conductivity.17,19−21 Recent thermal conductivity measure-
ments on [(SnSe)1.05]m(MoSe2)n compounds having m = n =
1−4 showed that these compounds have cross-plane thermal
conductivities independent of the repeat period (c-axis lattice
parameter).20 The suite of compounds in the SnSe−MoSe2
system prepared in the present work allows a unique study of
solid-state ferecrystal isomers that have the same composition
but also the same c-axis lattice parameter and different number
of SnSe/MoSe2 interfaces in each “unit cell.” There are two
interfaces per unit cell in the 44 compound, four in the 3311,
3212, and 2321 compounds, and six in the 211211 and 221111
compounds as shown in Figure 1 (see Figure 1 for a graphical
explanation of the shorthand notation mn, where m is the

number of axially oriented SnSe bilayers and n is the number of
dichalcogenide trilayers, Se−Mo−Se). Previous studies of
thermal conductivity in epitaxial superlattices, where the
superlattice period defined the interface density, found
systematic changes in thermal conductivity with superlattice
period.22−26 Based on previous studies of ferecrystals, which do
not contain epitaxial interfaces, the thermal conductivity would
be expected to be independent of SnSe−MoSe2 interface
density. The ability to prepare the structural isomers presented
here has allowed us to confirm this hypothesis in a rare example
of physical properties investigation of solid-state structural
isomers.

2. EXPERIMENTAL SECTION
Ferecrystal thin films were prepared on ⟨100⟩ Si substrates in a
deposition chamber evacuated to 10−8 Torr using the modulated
elemental reactants technique described previously.27,28 Tin granules
of 99.5%+ purity from Aldrich Chemicals, molybdenum rods of
99.95% purity from Alfa Aesar, and amorphous selenium shot of
99.999% purity from Alfa Aesar were used as purchased. Sn and Mo
were evaporated using Thermionic electron-beam guns, and Se was
evaporated using a resistively heated Knudsen cell. Deposition rates
and thicknesses were controlled by quartz crystal microbalances with
appropriate tooling factors to account for the geometry of the
chamber.29 The shutters positioned over each source were used to
control the deposition using an integrated computer program.

After deposition, samples were annealed on a hot plate (hot plate
temperature of 450 °C) for 30 min in a N2 drybox with <1 ppm
oxygen. X-ray reflectivity (XRR) and X-ray diffraction (XRD) were
performed using a Bruker D8 Discover with Cu Kα radiation. In-plane
synchrotron X-ray diffraction data were collected at the Advanced
Photon Source, Argonne National Lab, Beamline-33-C or on a Rigaku
SmartLab equipped with Cu Kα (0.154 nm) radiation. Electron probe
microanalysis (EPMA) was used to determine the composition. Data
were collected at different accelerating voltages on a Cameca SX-50
and analyzed using a previously reported technique.30,31

Scanning transmission electron microscopy (STEM) data was
collected on a spherical aberration (image) corrected FEI Titan
operated at 300 kV and equipped with a high angle annular dark field
(HAADF) detector.

Thermal conductivity experiments were performed at room
temperature using time-domain thermoreflectance as described
previously.32,33

3. RESULTS AND DISCUSSION

The synthesis of the title compounds was carried out in a
manner described in detail previously.34 In order to synthesize
structural isomers, we first calibrated the deposition parameters
for a binary Mo−Se film containing alternating layers of Mo
and Se and a similar Sn−Se film to obtain compositions
corresponding to the targeted SnSe and MoSe2 constituent
stoichiometries, with ∼5 atomic % excess of Se to compensate
for losses that occur during annealing. Films containing the four
layer sequence Mo−Se−Sn−Se were then deposited holding
the Mo−Se and Sn−Se atomic ratios constant but adjusting the
relative thickness of each elemental bilayer to obtain an Sn:Mo
ratio (1 + δ) of 1.05; 1 + δ represents the difference in the
cation density per unit area of the adjacent planes of the
crystalline SnSe and MoSe2 constituents. The absolute
thickness was then scaled holding all of the atomic ratios
constant to provide the number of atoms required to form a
bilayer of SnSe and a crystallographic unit (a Se−Mo−Se
trilayer) of MoSe2. Using these calibrated thicknesses, two sets
of six precursors were prepared corresponding to the six layer
sequences of the structural isomers shown in Figure 1. These

Figure 1. Schematic structures of the six possible isomers containing 4
SnSe bilayers and 4 MoSe2 trilayers subunits and having the same axial
period as the 44 compound are shown. Red and green blocks indicate
the relative thickness and sequence of the different constituent
compounds, respectively. The compound [(SnSe)1.05]4(MoSe2)4,
which contains a block of four rock salt structured bilayers and a
block of four dichalcogenide trilayers, is abbreviated as 44. 211211 is
t h e a b b r e v i a t i o n f o r t h e c o m p o u n d
[(SnSe)1.05]2(MoSe2)1[(SnSe)1.05]1(MoSe2)2[(SnSe)1.05]1(MoSe2)1.

Journal of the American Chemical Society Article

DOI: 10.1021/jacs.5b04351
J. Am. Chem. Soc. 2015, 137, 8803−8809

8804

http://dx.doi.org/10.1021/jacs.5b04351


designed precursors were then annealed as described previously
to self-assembly into the desired products.34

XRD and XRR scans, shown in Figures 2 and 3, were
collected to study the structure of the self-assembled isomers.

All of the Bragg maxima could be indexed as (00l) reflections of
the superlattice indicating preferred crystallographic alignment.
The presence of well-defined, high-order reflections in the XRD
data indicates a high degree of structural order and coherent
diffraction from the intergrowth structure along the c-axis. The

c-axis lattice parameters were calculated from the positions of
these reflections using Bragg’s law and are summarized in Table
1. Despite the different number of SnSe−MoSe2 interfaces per
unit cell in the isomers (two in 44, four in 3212, 2321, and
3311, and six in 211211 and 221111), the c-axis lattice
parameters of all the isomers in each sample set are similar and
reproducible. The small changes in the c-axis lattice parameter
within each set and the slightly larger c-axis lattice parameters
measured for the second set reflect the precision of the
deposition control required to reproduce the samples. The
well-defined Kiessig fringes in the XRR data (Figure 3) indicate
that the front and back of the film are smooth and parallel to
one another, a consequence of the ordered stacking of the
constituent layers. Using the relationship derived by Parratt and
estimating that Kiessig fringes are no longer visible at
approximately 12° 2θ, we estimate the average roughness of
the films to be near 1.2 Å.35,36

While the variation in the position of the reflections and
therefore unit cell sizes is small, there are pronounced changes
in the relative intensities of reflections in the diffraction
patterns. Since the diffracted intensity in these specular XRD
patterns is proportional to the Fourier transform of the electron
density profile along the axial direction, the variation in relative
intensities reflects the different stacking sequence of the
constituents in the isomeric intergrowths. For example, the
XRR pattern of the 221111 isomer, shown in Figure 3, has a
weak (001) and a strong (002) reflection, while the relative
intensities of these reflections are reversed in the 44 isomer.
The intensity of the (00l)th reflection in each case is
proportional to the integral of the product of the electron
density profile and the respective Fourier component.
To illustrate the origin of the different relative intensities

qualitatively, the inset in Figure 3 shows a simplified step
function approximation of the average electron density profile
for both the 44 and 221111 isomers, with each of the
constituent compounds approximated as having a different
magnitude but constant electron density. The step widths
mimic the different layer arrangements in the unit cells, and the
interfaces are assumed to be abrupt changes in electron density.
The sine function describing the Fourier component of the
(001) and (002) reflections is superimposed on the electron
density for both isomers. The integral of the product of the sine
function and the electron density for the (001) reflection
results in a positive number for the first half of the unit cell and
a smaller negative number for the second half of the unit cell,
resulting in a significant (00l) reflection intensity. By contrast,
for the (002) reflection the positive integral for the first quarter
of the unit cell is exactly canceled by the second quarter, and
the integral in the third and fourth quarters of the unit cell also
exactly cancel, so the integral of the product of the sine function
and the electron density is zero and no intensity is observed.
For the 221111 isomer, the integral of the product of the sine
function and the electron density for the (001) reflection is
near zero because the positive integral in the first half of the
unit cell is nearly exactly canceled by the negative integral from
the second half of the unit cell. For the (002) reflection, we get
a positive number for the integral over the first half of the unit
cell and zero for the integral over the second half, leading to
measurable intensity for the 002 reflection.
Further evidence that the intended structures of the isomers

have been formed is provided by HAADF-STEM images, which
are shown in Figure 4. The STEM images all indicate two
different structural units, highlighted by red and green shading

Figure 2. Specular XRD patterns of the six isomers, vertically displaced
for clarity. The numbers above selected peaks of the top pattern
indicate (00l) Miller indices of selected reflections of the isomers. The
vertical lines are drawn to highlight that each of the isomers have
nearly the same c-axis lattice parameter. The peak marked by an
asterisk in the scan of the 221111 isomer is a Si substrate reflection.

Figure 3. X-ray reflectivity scans for the 44 and 221111 isomers. The
scans have been vertically displaced for clarity. The inset figures above
the 221111 and 44 data sets contain approximations of the electron
density change along the c axis of the isomers, with the constituents
having different but constant electron density profiles and an abrupt
interface between them. The superimposed dashed curves are the
respective Fourier components for the (001) and (002) reflections.
(Note that the electron density and Fourier component are
schematically plotted on top of each other but do not have the
same zero reference, i.e., the electron density is strictly positive,
whereas the Fourier component oscillates between positive and
negative values.)
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in part of each figure. Each image shows the different stacking
sequences of these structural units that are expected for each of
the distinct structural isomers. The red layers in the insets of
the figures highlight the SnSe subunits, which consist of bilayers
that have a distorted rock salt structure.34 In different regions of
the isomers, both (100) and (110) crystal orientations can be
identified. These orientations occur with no regular periodicity
and also can both occur in the same layer as a result of finite in-
plane domain size. There are also no long-range correlations
between crystal orientations, which is typical of turbostratically
disordered constituents.16,17,20,37 The green insets of the figures
highlight the MoSe2 subunits, which have a trilayer topology
where a hexagonal sheet of Mo atoms is sandwiched between
two hexagonal sheets of Se. The distinct layers can be observed
in regions in the images of Figure 4 where the view is along a
zone axis. Both (110) and (120) orientations can be found, and
the chevron (120) orientation indicates that the Mo atoms have
trigonal prismatic coordination. Adjacent dichalcogenide

subunits also commonly do not possess the same crystal
orientation, reflecting the turbostratic disorder of interleaved
structures formed using this synthetic approach.38

In order to obtain additional in-plane structural information,
grazing incidence (in-plane) XRD was performed and is shown
in Figure 5. The in-plane scans contain Bragg reflections
originating from the individual SnSe and MoSe2 building blocks
that can be indexed as (hk0) reflections from their respective
NaCl-like and CdI2 structure types. In contrast to the marked
intensity variations observed in Figure 2, the relative intensities
of the broad reflections in the in-plane diffraction data do not
vary much between the different isomers, even for reflections at
high angles, because each of the isomers has the same number
of layers of each constituent, which diffract independent due to
the turbostratic disorder. The indexed reflections shown in
Figure 5 were used to calculate the in-plane unit cell parameters
of each subunit for all the isomers, which are summarized in
Table 1. They are similar to previously reported values, which

Table 1. Total Thickness and a- and c-Axes Lattice Parameters for the Two Sample Sets of Isomers Calculated from the XRR
and XRD Data, Respectively

sample set 1 sample set 2

sample
total thickness

(nm)
c-axis lattice parameter

(nm)
a-axis lattice parameter SnSe

(nm)
a-axis lattice parameter MoSe2

(nm)
total thickness

(nm)
c-axis lattice parameter

(nm)

44 64.7(1) 4.972(7) 0.604(2) 0.331(1) 64.8(1) 4.98(1)
3311 64.7(1) 4.977(5) 0.604(1) 0.331(1) 64.9(1) 4.997(5)
3212 64.3(1) 4.947(7) 0.603(1) 0.331(1) 64.8(1) 4.99(1)
2321 64.9(1) 4.993(8) 0.602(2) 0.331(1) 64.9(1) 4.997(1)
211211 65.0(1) 4.997(5) 0.603(1) 0.333(1) 64.9(1) 4.99(1)
221111 64.8(1) 4.98(1) 0.602(1) 0.332(1) 65.1(1) 5.009(3)

Figure 4. Cross-sectional HAADF-STEM images of the six structural isomers: (a) 44, (b) 3311, (c) 3212, (d) 2321, (e) 221111, and (f) 211211
isomers.
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range between 0.6003(1) and 0.601 nm for the a axis lattice
parameter of SnSe and between 0.331(1) and 0.3320(1) nm for
the a axis lattice parameter of MoSe2.

37,39 The calculated in-
plane lattice parameter for SnSe is consistent with other
reported [(SnSe)1+y]m(TSe2)n compounds, where (T = Ti, V,
Ta, Nb), which range between 0.5935(4) and 0.605(9)
nm.13,36,38,40 The in-plane lattice parameter of the SnSe
constituent is also similar to that reported for misfit layered
compounds containing SnSe.41 The in-plane MoSe2 lattice
parameters are similar to (PbSe)0.99MoSe2, a = 0.3308(4) nm,12

and marginally larger than the MoSe2 itself, 0.329(1) nm.
42 Our

observed value for the misfit parameter, 1.05, is within the error
of that reported previously, 1.04,20,34,39 indicating that the
constituents in these structural isomers are structurally similar
to the constituents in other known compounds in this system.
The preferred crystallographic alignment of the films results

in only (00l) and (hk0) reflections observed in the specular and
in-plane diffraction patterns, respectively. To obtain informa-
tion on the stacking of the constituent layers, selected area
electron diffraction patterns were obtained on cross-sectioned
samples with the electron beam directed perpendicular to the c-
axis of the intergrowth. Figure 6 contains a representative
electron diffraction pattern for the 3212 isomer. For reference,
the (00l) reflections at the center of the diffraction pattern
correlate with the specular pattern in Figure 2. Additional (hkl)
reflections can be attributed to the individual SnSe and MoSe2
components. The elongation or smearing of these reflections
along the c*-axis corroborates the turbostratic disorder
observed in the HAADF-STEM images. The broadening of
the reflections is caused by the lack of interlayer long-range
order, essentially making each constituent layer an independ-
ently diffracting domain.
The thermal conductivity data for the isomers are listed in

Table 2. The values of the isomers are all the same within error
and extremely small for dense solids, ∼0.08 Wm−1 K−1, and the
value obtained for the 44 compound is in good agreement with
the value measured for a different sample in our previous
work.20 These thermal conductivities are smaller than those
reported for amorphous solids such as inorganic glasses or
organic polymers, which typically have thermal conductivities
near 1 and 0.2 Wm−1K−1, respectively. Similar extremely small

values for the thermal conductivity were reported previously for
both [(PbSe)0.99]m(MoSe2)n and [(PbSe)1.00]m(WSe2)n.

12,21

The values measured for ferecrystal compounds are more
comparable to values reported for porous solids such as
aerogels,43 in spite of the fact that the ferecrystals are dense
solids. In these families of compounds, the thermal conductivity
depended on the relative composition, (the m/n ratio), but
were relatively independent of the size of the c-axis lattice
parameter.12,19,20 The extremely small thermal conductivity of
WSe2 was a consequence of the turbostratic disorder,43

suggesting that the turbostratic disorder observed for the
isomers is the underlying cause of the unusually small thermal
conductivity.
In order to estimate the electronic contribution to the

thermal conductivity, in-plane electrical resistivity was meas-
ured. These values are contained in Table 2 and are between
1−10 mΩ·m. Assuming isotropic in-plane electrical conductiv-
ity in these compounds and using the Wiedemann−Franz
expression with the free-electron Lorenz constant 2.45 × 10−8

WΩ K−2, we estimate the in-plane electrical contribution of
thermal conductivity as summarized in Table 2. The electrical
contribution to the in-plane thermal conductivity, using this

Figure 5. In-plane XRD scans of the six isomers. The (hk0) indices for
the two constituents are given above the diffraction pattern of the
221111 isomer. Figure 6. Selected area electron diffraction pattern of the 3212 isomer.

Some of the identifiable families of hkl reflections of the individual
constituents SnSe (red) and MoSe2 (green) are indicated. The
hexagonal pattern of sharp spots is caused by the silicon substrate.

Table 2. Total Cross-Plane Thermal Conductivity of the Six
Isomers and Electrical Component of the In-Plane Thermal
Conductivity Calculated from In-Plane Electrical Resistivity
Using the Wiedemann−Franz Lawa

sample set 1 sample set 2

sample

total cross-plane
thermal conductivity

(Wm−1 K−1)

in-plane
electrical
resistivity
(mΩ·m)

electrical component in-
plane thermal

conductivity (Wm−1 K−1)

44 0.08(1) 12.8 0.0006
3311 0.08(1) 4.05 0.002
3212 0.09(1) 7.22 0.001
2321 0.08(1) 1.45 0.005
211211 0.07(1) 1.37 0.005
221111 0.09(1) 1.76 0.004

aAll data were collected at room temperature.
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approximation, ranges from ∼10−4 to 10−3 Wm−1 K−1. Prior
reports on the anisotropy of electrical conductivity in the
structurally related misfit layered compounds found that the
cross-plane electrical conductivity can be 30−250 times smaller
than in-plane electrical conductivity.44−46 We therefore
conclude that the electronic contribution to the cross-plane
thermal conductivity is significantly <∼10−4−10−3 Wm−1 K−1

and the measured cross plane thermal conductivity is
dominated by the lattice contribution.
The density of SnSe−MoSe2 interfaces appears to have no

influence on the cross-plane thermal conductivity of these
isomers. When the bulk phonon mean free path is smaller than
the superlattice period for an epitaxial superlattice composed of
constituents A and B, the total thermal resistance is
approximately the sum of the thermal resistance of the A−B
interfaces, Ri and the resistances of layers RA and RB, so RT =
∑RA + ∑RB + ∑Ri.

47,48 However, the ferecrystal intergrowths
described here are not epitaxial and have relatively short
periods. We attribute the constant thermal conductivity,
independent of the density of SnSe−MoSe2 interfaces, to the
turbostratic disorder discussed above. The number of SnSe−
MoSe2 interfaces varies from two (for the 44) to six (for the
211211 and 221111) per repeat period (a 200% increase in
interface density). In contrast, noting that there is MoSe2−
MoSe2 and MoSe2−SnSe but not SnSe−SnSe turbostratic
disorder,39 the total number of turbostratically disordered
interfaces only varies from five to seven per repeat period (a
40% increase in interface density, assuming that each MoSe2 is
turbostratically disordered with respect to an adjacent MoSe2
layer). In spite of the much lower cross-plane thermal
conductivity of layered SnSe (∼0.5 Wm−1 K−1)49 relative to
that of cubic PbSe (>2.5 Wm−1 K−1),50 SnSe−MoSe2
ferecrystals have thermal conductivities comparable to PbSe−
MoSe2 intergrowths,12 further evidence that supports the
conclusion that turbostratic disorder is the thermal transport-
limiting feature in these materials.
Turbostratic disorder has been shown43 to produce a thermal

conductivity lower than the theoretical minimum predicted by
Cahill, Watson, and Pohl.51 The Cahill−Watson−Pohl model
assumes an isotropic solid and is based on the idea that the
minimum thermal conductivity results when the heat transport
can be described by a random walk of thermal energy from
atom to atom (or groups of atoms) with a jump time equal to
one-half of the period of atomic vibration. For an amorphous
solid, the rate of transfer of energy would therefore be the same
in every direction. In the materials studied here, the rotational
disorder of the a−b planes between the constituents and within
the MoSe2 layers makes the sample effectively amorphous in
the c direction. There is longer-range crystallographic order and
strong bonding, however, in the a−b plane of the SnSe blocks
and in each single layer of MoSe2. The presence of in-plane
phonons combined with the structural incoherence between
the MoSe2 layers enables efficient in-plane energy transfer and a
reduced rate of energy transfer in the c-axis direction,
respectively.52

The ability to intentionally synthesize isomers with different
interface densities but identical composition and c-axis lattice
parameters enables us to eliminate differences in unit cell size as
a factor when probing the effect of interface density on thermal
conductivity. The independence of the thermal conductivity
from the number of SnSe−MoSe2 interfaces per unit cell in the
set of isomers and on the size of the blocks of each constituent
supports the hypothesis that the low lattice thermal

conductivity of these and related dichalcogenide containing
ferecrystals results from MoSe2−MoSe2 and MoSe2−SnSe
turbostratic disorder in these ferecrystal intergrowths.

4. CONCLUSIONS

The use of designed precursors enabled us to self-assemble all
six possible solid-state structural isomers comprised of four Sn−
Se rock salt structured bilayers and four Se−Mo−Se trigonal
prismatic transition-metal dichalcogenide structured trilayers.
This ability to make a large number of structurally related
materials having the same composition but different structure
enables a new level of investigation where specific material
parameters can be held constant, while others are varied to
individually probe specific structure−property relationships. In
this study we held composition and c-axis lattice parameter
constant, while varying SnSe−MoSe2 interface density, and
discovered that the thermal conductivity of these ferecrystal
isomers does not depend on the SnSe−MoSe2 interface density.
The ability to intentionally synthesize a structurally related
series of compounds in solid-state chemistry is analogous to the
approaches used extensively in molecular chemistry to correlate
functional groups with properties. Achieving a comparable level
of synthetic control in extended inorganic chemistry would
provide transformative opportunities to explore and utilize
structure−function relationships in functional materials.
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