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ABSTRACT: Molybdenum disulfide (MoS2) nanosheets exhibit anisotropic optical and
electronic properties, stemming from their shape and electronic structure. Unveiling this
anisotropy for study and usage in materials and devices requires the ability to control the
orientation of dispersed nanosheets, but to date this has proved a challenging proposition. Here,
we demonstrate magnetic field driven alignment of MoS2 nanosheets in a liquid crystal (LC)
polymer and unveil the optical properties of the resulting anisotropic assembly. Nanosheet
optical anisotropy is observed spectroscopically by Raman and direction-dependent photo-
luminescence (PL) measurements. Resulting data indicate significantly lower PL emission due
to optical excitation with electric field oscillation out of plane, parallel to the MoS2 c-axis, than
that associated with perpendicular excitation, with the dichroic ratio Iperp/Ipar = 3. The approach
developed here provides a useful route to elucidate anisotropic optical properties of MoS2
nanosheets and to utilize such properties in new materials and devices.

Atomically thin molybdenum disulfide (MoS2) has
attracted significant interest due to its electronic, optical,

catalytic, and mechanical properties, some of which are not
found, or are appreciably different, in the bulk material.1−4 The
mismatch between the strong intralayer covalent bonds5,6 and
weak interlayer van der Waals interactions allows easy
exfoliation and separation of the bulk material into few-layer
nanosheets.7−12 The resulting atomically thin sheets with
colloidal-scale lateral dimensions exhibit anisotropic properties
including differences in catalytic,13,14 thermal,15 and opti-
cal16−18 activity between the sheet basal planes and edges.
Optical anisotropy in MoS2 has been experimentally

explored by near-field measurements that have resolved
differences in the Raman response16,19 and dielectric constants
of nanosheet basal planes and edges.16,17 The anisotropy stems
from the inherent 2D morphology of the MoS2 nanosheets,
which has been previously observed by aligning the nanosheets
in a parallel or transverse configuration with respect to the
probing beam.19−26

Optical anisotropy in MoS2 nanosheets can be significant, as
was recently indicated in a report by Volkov and co-workers on
the giant optical anisotropy in MoS2 nanosheets, showcasing a
large birefringence of Δn = 3 and Δn = 1.5 for visible and
infrared (IR) light, respectively.6 In addition, anisotropic
optical effects in MoS2 may be substrate-induced due to
morphological effects22−24 or crystallographically dictated
symmetry breaking and defectivity.27,28 Excitonic emission by
MoS2 nanosheets is of particular interest for optoelectronic
devices. MoS2 photoluminescence (PL) can be manipulated
through defect engineering and plasmonic coupling. In
addition, at low temperatures, MoS2 functions as a quantum

emitter. Surprisingly little is known, however, regarding PL
anisotropy in MoS2, whether from first-principles calculations
or experimental measurements.
Despite the impetus to elucidate the anisotropic optical

properties in few-layer MoS2, current methods to do so are
lacking in their ability to robustly control few-layer MoS2
nanosheet orientation, inhibiting the opportunities to devise
technologies that harness the difference in optical properties
parallel and transverse to the nanosheets surface normal or to
further explore and study the anisotropy in detail. As
highlighted above, studies of anisotropic effects in MoS2 rely
on orientation control of grown or patterned bulk MoS2 films
or particles, which are then studied by using traditional
spectroscopic characterization techniques,13,20−23,26,28 but
disregard few-layer nanosheets, whose anisotropic character-
istics may vary considerably from the bulk material.
Conversely, the study of individually exfoliated MoS2 nano-
sheets has relied on near-field techniques that are challenging
to leverage, particularly in statistically relevant scenarios.6,16,17

Hence, the ability to suspend individual nanosheets and
control their orientation in a suitable dielectric medium would
enable important studies of PL and other optical anisotropies
in MoS2 with a versatility that has thus far been lacking. Such
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an ability would also advance the prospects of harnessing these
properties in applications of interest.
Here, we demonstrate an enabling technique to control the

orientation of few-layer MoS2 via the use of a liquid crystal
polymer (LCP) to stably disperse individual and few-layer
MoS2 nanosheets with controlled orientation. This orientation
control, in turn, allows the characterization of the optical
anisotropic properties of such assemblies of nanosheets. We
leverage magnetic-field-directed alignment of the LC director
to control the nanosheet orientation as the two are coupled
through the anchoring condition of the LC mesogens at the
nanosheet surface (Figure 1).29 The resulting aligned nano-

sheets in a LC polymer reveal the optical anisotropy of the
MoS2 and allow the use of traditional spectroscopic character-
ization to delineate basal plane versus edge contributions to
optical signals in suspended few-layer MoS2 nanosheets. We
use the relative PL intensities from different incident light
directions with respect to the magnetic field to estimate the
edge and basal plane contributions to the emission. We
anticipate that this approach to control the orientation of 2D-
MoS2 nanosheets can pave the way to further studies of the
anisotropic properties (optical and others) of MoS2 as well as
the utilization of nanosheets in application and devices, which
have been stymied by the current lack of techniques to robustly
control the orientation of few-layer MoS2.
A nanocomposite of few-layer MoS2 dispersed in a LCP,

polymerized RM105 (Figure 1A), was prepared by liquid
phase exfoliation of MoS2 in the reactive mesogen RM105 and

subsequent solvent removal and polymerization. Briefly, bulk
MoS2 powder was mixed and sonicated with a LC monomer
under an inert atmosphere, with 1,2-dichlorobenzene (DCB)
used as a solvent. After separation of unexfoliated material by
centrifugation, a solution containing exfoliated few-layer MoS2
was obtained (Figure 2A,B), which exhibited long-term
stability. Following solution casting and addition of a
photoinitiator, LCP-dispersed 2D-MoS2 was obtained by
photopolymerization under UV light, with a final MoS2
concentration of 0.01 wt % (see the Supporting Information
for detailed methods).
The resulting LCP contained dispersed few-layer MoS2

nanosheets, as indicated by the green color of the composite,
in stark contrast to the pale white-yellow color of the LCP in
the absence of MoS2 or the gray color of nonexfoliated bulk-
MoS2 dispersed in the LCP (see Figure S1). UV−vis and PL
spectra show the two characteristic excitonic transitions of few-
layer MoS2, confirming the presence of 2D-MoS2 semi-
conducting nanosheets (Figure 2C). Two characteristic PL
peaks can be identified at ∼637 and ∼696 nm, corresponding
to the B and A excitons identified in the absorption spectrum
at ∼609 and ∼672 nm, respectively.2,30 The relatively high
intensity of the B excitonic peak may originate from defects in
the nanosheet structure developed during the exfoliation
process31−33 or due to cavity-like interactions of the B exciton
with the mesoscale structure of the LC matrix, as previously
seen.34−36 Beyond the high intensity of the B excitonic peak,
we observe relatively large Stokes shifts of the excitonic
transitions, with ∼90 and ∼60 meV for the B and A transitions,
respectively, compared to ∼0 and ∼20 meV, respectively,
observed in mechanically exfoliated MoS2 flakes (Figures 2C
and S2).30,37

Raman spectroscopy of the LCP-dispersed MoS2 shows the
characteristic E1

2g and A1g modes of MoS2 (see Figure 2D).
The frequency difference between these two Raman modes can
be used to determine the number of layers of MoS2 in the
nanosheets.38 The frequency difference for the LCP-dispersed
MoS2 was 25.0 ± 0.6 cm−1 (see Figure 2E), which is
significantly smaller than the measured frequency difference for
bulk MoS2 powder (26.3 ± 0.3 6 cm−1, Figure 2D) and is
consistent with the presence of few-layer MoS2 nanosheets in
the LCP, similar to previous reports of exfoliation in the
presence of organic species in DCB.39 This indicates that
photopolymerization did not lead to significant aggregation of
MoS2. It is important to note that the exact number of layers
cannot directly be determined from the described measure-
ment, as effects caused by the organic LCP surrounding the 2D
sheets may shift the position of the two Raman modes in a
nonsystematic manner. However, the frequency difference of
the LCP-dispersed MoS2 is sufficiently different than that of
bulk MoS2 that the existence of few-layer MoS2 dispersed in
the LCP is not in question, even if the average number of
layers cannot be quantified more accurately.29,40,41

Polymerized RM105 forms a smectic LCP, with the rigid
phenyl benzoate moieties arranged in layers.42,43 Temperature-
resolved small-angle X-ray scattering (SAXS) and differential
scanning calorimetry (DSC) indicated Smectic A−Nematic
and Nematic−Isotropic transitions at TSm−N = 85 °C and TNI =
112 °C, respectively (see Figure S3). The magnetic
susceptibility anisotropy of the RM105 mesogen is sufficient
to allow magnetic field control of the LC director orientation
at field strengths of a few tesla. To align the system, in a typical
procedure the LCP is heated into its isotropic state above TNI

Figure 1. Schematic illustration depicting magnetic alignment of
MoS2 in a liquid crystal polymer (LCP). (A) Representation of MoS2
nanosheets and chemical structure of polymerized RM105. (B) The
nanosheets align with their surface normal perpendicular to the field
direction. For a field applied along the z-axis (Bz), this constrains the
nanosheet surface normal to lie in the xy-plane (Sxy) as depicted. This
alignment results from the convolution of the planar anchoring of the
mesogens (depicted as blue cigar-shaped objects) at the MoS2 basal
plane. (C) RM105 mesogens align with the LC director, nLC, parallel
to the applied field due to their positive magnetic anisotropy (polymer
backbone omitted for clarity).
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(typically ∼130 °C) and then slowly cooled (∼0.1 °C/min)
into the smectic state at room temperature in the presence of
the field.
SAXS data from aligned and nonaligned samples are shown

in Figure 3 with applied magnetic field directions as indicated
(1D plots in Figures S3 and S4). The patterns from the field-
processed samples (LCP and LCP with MoS2) are anisotropic
whereas those from samples not exposed to the magnetic field
are isotropic. Three prominent features appear: (1) scattering
concentrated along the meridional line, parallel to the field, at
q1 = 2.55 nm−1. This Bragg peak and its second- and third-
order reflections originate from the smectic layer periodicity
dSm = 2π/q1 = 2.5 nm and alignment of the LC director parallel
to the field. (2) Diffuse 4-fold scattering at q2 ∼ 6 nm−1, which
can be attributed to undulations of the polymer backbone.44

(3) Additional anisotropic scattering can be observed
equatorially at the low-q region near the beamstop (Figure
3A,E). LCP samples that do not contain MoS2 nanosheets do
not display the same scattering in the low-q region as
nanosheet containing LCP, indicating that this scattering
originates from the MoS2 nanosheets (see Figure 3B,D). Such
“streaklike” scattering at low q is characteristically produced by
sharp edges of colloidal-scale structures, for example as
previously observed with lamellar organization of 2D clay45,46

and graphene oxide47 nanosheets. The orientation of the streak
scattering along the equatorial line indicates a considerable
population of MoS2 nanosheets aligned with their surface

normal perpendicular to the field. Direct TEM imaging of thin
sections of magnetically aligned samples shows that the sheets
are aligned in this manner, with their surface normal
perpendicular to the magnetic field direction (Figure 3A,
inset). Alignment is not observed when the sample is heated
and cooled in the absence of the magnetic field (Figure 3C), as
can be observed in the 2D SAXS plots as well as in the low-q
region scattering intensity dependence on the azimuthal angle
(Figure 3E).
Such alignment of the MoS2 nanosheets is consistent with

the expected planar anchoring behavior of the mesogenic side
chains on the surface of MoS2 as well as the alignment
direction of the mesogenic units themselves with respect to the
magnetic field. It is also consistent with previous reports on
surface anchoring of mesogenic species affecting the magnetic
alignment of planar inorganic particles.48,49 Specifically, the LC
director aligns parallel to the field direction, as seen from the
concentration of scattered intensity from the smectic layers
along the meridional line in the X-ray scattering data (Figure
3A,B). This reflects a positive value of the magnetic
susceptibility anisotropy (Δχ > 0) of the mesogens.50,51 The
planar anchoring of the mesogens at the nanosheet surface
inferred by the sheet and director orientation has been
observed previously in related mesogenic species on
MoS2.

29,52−55 This combination, of positive magnetic suscept-
ibility in tandem with planar anchoring of the mesogenic units
on the surface of MoS2, leads directly to orientational

Figure 2. Characterization of few-layer MoS2 nanosheets dispersed in the liquid crystal polymer (LCP). (A) AFM image of a single nanosheet, with
a height profile along the marked dashed line. Scale bar represents 100 nm. (B) TEM image of nanosheet edges, showing each nanosheet is
composed of ∼3−4 layers, with a single-layer thickness indicated. Scale bar represents 5 nm. (C) Normalized absorption (red) and PL spectra
(purple) of the LCP-dispersed MoS2, with absorption and PL bands, relating to the A and B excitonic transitions indicated. PL was measured under
532 nm excitation. (D) Raman spectra of the LCP-dispersed MoS2 (purple) and the unexfoliated bulk MoS2 powder (red), indicating the A1g and
E1

2g Raman modes and their frequency difference. (E) Distribution of the A1g and the E1
2g Raman modes frequency difference in LCP-dispersed

MoS2.
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degeneracy of the nanosheets. The condition that the sheet
surface normal be perpendicular to the field can be satisfied by
any orientation of the surface normal in the plane
perpendicular to the field direction, such that the surface
normal is degenerate around the magnetic field direction
(Figure 1).
The magnetic alignment of the 2D-MoS2 results in optical

anisotropy that is detectable in measurements on ensembles of
nanosheets. We performed Raman measurements of magneti-
cally aligned MoS2 with the incident light parallel to the
applied field direction and calculated the ratio L of the
integrated peak intensities for the A1g and E1

2g modes. For field
aligned sheets, the A1g/E1

2g intensity ratio observed was LB =
2.0 ± 0.1, which is broadly consistent with prior reports
regarding vertically aligned nanosheets with vertically incident
light.20,21 This ratio is higher than that for randomly oriented
nonaligned sample, L0 = 1.5 ± 0.4 (see Figure 4A). The ratio
LB/L0 can be compared to theoretical estimates, derived by
using a symmetry-reduced form of the Raman tensor for
MoS2,

25 which are quantitatively related to the coefficient of
the second-order Legendre polynomial, P2⟨cos θ⟩, that
describes the orientation distribution of the nanosheet surface
normal with respect to the magnetic field (details in the
Supporting Information). For perfectly aligned nanosheets
with surface normal orthogonal to the field, P2⟨cos θ⟩ = −1/2,
and we anticipate LB/L0 = 2. Our experimental results, LB/L0 =
4/3, indicate that the field-processed nanosheets are clearly
aligned relative to non-field-processed samples, though less
than perfectly so, with P2⟨cos θ⟩ = −1/5.
The difference in intensities for aligned versus nonaligned

samples originates due to differential excitation of the A1g

relative to the E1
2g Raman modes; the A1g vibrations are out-of-

plane while E1
2g are in-plane, relative to the nanosheets56 (see

Figure 4B). The surface normals of the magnetically aligned
nanosheets are perpendicular to the incident light. In addition,
we examined the distribution of the intensity ratio determined
from multiple measurements at different locations on aligned
samples. The intensity ratio distribution was broader for
nonaligned samples compared to aligned samples. This
originates due to the fact that nonaligned samples contain an
orientation-mixed population of nanosheets. Micrometer-scale
local sampling during Raman characterization therefore leads
to a large variance in the intensity ratio. By contrast, the more
tightly distributed nanosheet orientation in magnetically
aligned samples leads to a lower variance (Figure 4C).
Optical anisotropy was also observed in the PL emission

(Figure 4D,E). In magnetically aligned samples, the optical
signal from the nanosheets is enhanced when the incident light
is perpendicular to the field direction, compared to the case
where it is parallel to it, with an intensity ratio IB⊥k/IB∥k of 1.30
± 0.08, measured at the ∼635 nm PL emission peak. This ratio
was 0.99 ± 0.06 for nonaligned samples, indicating no
preferential orientation-dependent emission. Recent studies
of visible and near-infrared birefringence in MoS2 highlight the
disparate contributions of intralayer (i.e., in-plane) versus
interlayer (i.e., out-of-plane) excitons in photon absorption.6

Similarly, PL anisotropy is related to the dominant
contribution of in-plane relative to out-of-plane excitonic
dipoles.57,58 For the magnetically aligned MoS2 nanosheets,
when the incident light is parallel to the magnetic field (kz and
Bz, see Figure 4D), the electrical field associated with
propagating photons oscillates in the xy plane and statistically

Figure 3. X-ray scattering from magnetic field aligned LCP dispersed−MoS2 nanocomposite. (A) Scattering pattern of magnetically aligned MoS2-
containing LCP, with scattering from aligned smectic layer marked by q1, polymer backbone undulation marked as q2, and anisotropic scattering
from MoS2 marked in red. Field direction is an indicated. Inset: TEM micrograph of vertically aligned MoS2 nanosheet embedded in an LCP
matrix, following magnetic alignment. The magnetic field direction is out of plane, and the scale bar represents 5 nm. (B) Scattering pattern of
magnetically aligned MoS2-absent LCP, with smectic layer scattering marked in orange, and field direction as indicated. (C, D) Scattering pattern of
non-field-aligned MoS2-containing (C) and absent (D) LCP. (E) Azimuthal profile of scattering from (top) MoS2 aligned under 6 T (red) and 0 T
(black) magnetic fields and (bottom) LCP aligned under 6 T (orange) and 0 T (black) magnetic fields. The color in each plot matches the circular-
colored regions in panels A and B.
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samples in-plane and out-of-plane contributions equally.
Conversely, for light incident perpendicular to the magnetic
field (ky, see Figure 4D), the out-of-plane contribution is
sampled less frequently, by a factor of 2.
The orientation-dependent PL intensity ratio can be directly

visualized by using fluorescence microscopy (Figure 4D, inset).
Several field-aligned and non-field-aligned samples were
imaged, and the fluorescence intensity ratio was calculated
via image analysis that integrated individual pixel intensities.
The results were in good agreement with the direct PL
measurements, with IB⊥k/IB∥k of 1.20 ± 0.09 and 0.97 ± 0.04
for magnetically aligned and nonaligned-samples, respectively.
The results of PL anisotropy can be used to provide a lower
bound estimate for the relative intensity of in-plane versus out-
of-plane contributions to MoS2 emission, that is, the
fluorescence dichroic ratio. The calculation (details in the
Supporting Information) assumes that PL sampling has
occurred over statistically representative ensembles and that
the nanosheets are perfectly aligned in the field-aligned case
and perfectly random for the nonaligned situation. For this
reason, i.e., the assumption of perfectly aligned versus perfectly
random, the estimate is a lower bound on the dichroic ratio as
a larger such ratio would be needed to satisfactorily account for
the observed PL anisotropy in the case of less than perfect
alignment, as suggested by the Raman results.

We use the average intensity ratio from the PL and direct
imaging experiments, IB⊥k/IB∥k = 1.25, and that the dichroic
ratio for in-plane vs out-out-plane emission is IP/OP = 3. This
represents the first experimental estimate of this property for
ensembles of suspended MoS2 nanosheets, highlighting the
potential of the presented alignment technique in furthering
the study of anisotropic properties of few-layer MoS2.
Knowledge of the dichroic ratio can provide a simple means
of assessing the orientation distribution coefficient of
ensembles of MoS2 nanosheets in relevant scenarios.
In conclusion, we present a methodology to orient MoS2

nanosheets using the magnetic field response of a LCP in
which the nanosheets are individually suspended, which allows
to reveal the optical anisotropy originating from ensembles of
such oriented MoS2. The coupling between the alignment of
the nanosheets and the LCP is governed by the planar
anchoring condition of the mesogens at the MoS2 basal plane.
Raman spectroscopy and PL measurements reflect the
orientational order present in the system as seen from the
intensity ratio of A1g and E1

2g vibrational modes and emission
anisotropy, respectively. The emission data provided a rough
estimate for the relative contributions of in-plane versus out-of-
plane excitonic dipoles of MoS2. The ability to preferentially
orient MoS2 nanosheets, as discussed here, provides new
opportunities for studying anisotropic properties of MoS2 over
statistically relevant numbers of nanosheets and free of

Figure 4. Optical anisotropy from field aligned LCP-embedded MoS2 nanosheets. (A) Raman measurements of field-aligned and non-field-aligned
samples. Inset: average experimental Raman mode integrated intensity ratio at different field strengths. (B) Schematic illustration of the A1g and
E1

2g Raman modes in vertically aligned MoS2 nanosheets. (C) Distributions of Raman A1g and E1
2g Raman modes integrated intensity ratios for

nonaligned and a magnetically aligned samples. (D) Schematic depicting the measurement methodology, with incident light hitting the sample
parallel and perpendicular to the magnetic field direction. Inset: fluorescent microscopy images of field-aligned and nonaligned MoS2-containing
LCP samples, with different incident light and magnetic field directions relations, as indicated. All scale bars represent 100 μm. (E) Direct PL
measurement of field aligned LCP-embedded MoS2 nanosheets with incident light perpendicular and parallel to the magnetic field direction.
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potential substrate-induced effects. While the approach used
here was focused on few-layer MoS2, appropriate optimization
of the exfoliation process can be advanced readily yield single-
layer nanosheets, which we expect will be similarly dispersed
and aligned as shown for few-layer nanosheets. In addition, we
anticipate that the technique demonstrated here presents a
new pathway to harness the intrinsic anisotropy of individually
dispersed MoS2 nanosheets in emerging technologies and
photonic applications.
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