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Rotation of the linear-polarization plane of transmitted and reflected light
by single- and few-layer graphene

T. Jiang,! D. Emerson,> K. Twarowski,” D. Finkenstadt,? and J. Therrien>™
'Department of Physics, University of Massachusetts—Lowell, Lowell, Massachusetts 01854, USA
2Electrical and Computer Engineering Department, University of Massachusetts—Lowell, Lowell, Massachusetts 01854, USA
3Physics Department, US Naval Academy, Annapolis, Maryland 21402, USA
(Received 28 July 2010; published 15 December 2010)

Transmission and reflection measurements performed on single- and few-layer graphene indicate the pres-
ence of circular dichroism (CD). Surface roughness appears to moderate the effect with ultraflat graphene on
mica not showing CD. Application of an external magnetic field had no effect, ruling out any contribution from
spin polarization. Symmetry breaking of the graphene lattice due to a soft shear mode in the graphene sheet is
believed to be the origin of the requisite asymmetry for this effect to occur.
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I. INTRODUCTION

A large number of the applications for graphene have fo-
cused on the transport properties.'™ Devices exploiting the
mechanical qualities®’ of graphene are not much further be-
hind in development. It is a material of interest for nanocom-
posites as well.® The potential for chemical® and biological
sensors!®!! is being explored. Systems that exploit the opti-
cal properties,'? in particular, the transparency, in conjunc-
tion with other properties may be relative late comers but
they will likely see widespread use. To date, there have been
a number of studies that have addressed optical transmission
in graphene,'3!7 however none have investigated optical ac-
tivity.

Optical activity in materials occurs due to one of two
effects, both involving the breaking of mirror symmetry. In
the most common instance, a material contains an arrange-
ment of bonds that form an asymmetric structure. Good ex-
amples of this are simple sugars, such as glucose and fruc-
tose, whose solutions rotate the plane of polarization of light
in opposite directions; the difference being the helicity of the
molecules.'® The second method for inducing optical activity
is by magnetizing the sample to obtain spin polarization in
the electrons.!”

When considering graphene, neither of these conditions
would appear likely. The symmetry of the lattice of idealized
graphene will not induce rotation in polarization. Addition-
ally, to date there have not been any reports of ferromag-
netism being observed in exfoliated graphene. In contrast to
these expectations, we report here the observation of optical
chirality in single- and few-layer graphene prepared via me-
chanical exfoliation. Graphene was found to be visible by
eye when placed between crossed linear polarizers on silicon
covered with various thicknesses of silicon dioxide and on
glass. Quantitative values for the circular dichroism (CD)
were determined for graphene on glass for thicknesses from
one to seven layers. The CD was found to increase for the
first three layers and then remain relatively unchanged as
thickness increases. Given that the first few layers are most
affected by substrate surface roughness, we investigate strain
as a means to induce shear and optical chirality, as it would
seem to occur naturally due to strain during exfoliation. The
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experimental observation of chirality offers then, a potential
method for identifying strained versus unstrained graphene
samples.

II. EXPERIMENT

Graphene samples were prepared via the mechanical ex-
foliation “rubbing” method, where the highly oriented pyro-
lytic graphite (HOPG) is cleaned first with application and
subsequent peeling off of tape. This surface is then pressed
against the substrate of interest to transfer the graphene. One
advantage of this approach is the minimization of adhesive
residues.”’ Samples were characterized by atomic force mi-
croscopy (AFM) as well as optical absorption of unpolarized
light for the samples on glass. In the case of the samples on
glass, thicknesses were determined by measurement of the
percent absorption relative to the adjacent substrate, where it
has been shown that each layer of graphene accounts for
2.3% of the absorbed light.'* Micro-Raman measurements
were performed on samples on both glass and silicon to cor-
roborate the thickness measurements?! obtained by AFM and
optical absorption.

Polarization and CD measurements were performed in an
Olympus CX41 microscope using a DP-71 charge coupled
device camera. Samples with an opaque substrate were ob-
served with linearly polarized illumination. For images taken
with crossed polarizers, a second polarizer (analyzer) ori-
ented to block the reflected light from the sample was placed
before the camera. Images of the same substrates taken with
circularly polarized light were obtained by placing a properly
oriented i wave plate before the objective lens with a linear
polarizer placed at the light source. In this configuration, the
i wave plate produces circularly polarized light from the
linearly polarized light before reaching the sample but on
return, the light only passes through the i wave plate and no
polarizer, thus preserving the information about the sample’s
interaction with the circularly polarized light. Samples on
glass were observed with illumination through the substrate.
Linearly and circularly polarized illumination was generated
using the linear polarizer and J; wave plate as required.

Graphene samples on 90 nm SiO, on silicon [Figs. 1(a)
and 1(b)] appeared brighter than the surrounding substrate
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FIG. 1. (Color online) (a) Optical micrographs of graphene
flakes deposited on a silicon substrate with 90 nm oxide appear dark
compared to the substrate. (b) The graphene, when viewed between
crossed polarizers, becomes lighter than the substrate due to the
rotation of the polarized light enabling the transmitted light to pass
through the second polarizer. A region containing single- and few-
layer graphene shown at 550 nm illumination is shown in the insets
to highlight the effect. Conversely, similar images of graphene de-
posited on ultraflat mica appears bright (c) due to reflectivity but
appears darker when viewed through crossed polarizers (d) indicat-
ing a lack of optical activity on this substrate.

when viewed with crossed polarizers—negative contrast. If
the illumination is filtered to 550 nm light, the wavelength
for peak contrast on this substrate, the effect is clearly visible
for even few-layer graphene as shown in the inset images.
The magnitude of the contrast compared to the substrate for
crossed polarizers was observed to increase with graphene
thickness up to six layers, approaching the observed contrast
of thick graphite on the same substrate (Fig. 2). Measure-
ments without polarizers showed an increase in contrast with
graphene layers, as has been reported on previously.?>?? It
was also noted that folds in the graphene became highly
visible against the graphene observed in reflection or trans-
mission. Graphene deposited on ultraflat mica [Figs. 1(c) and
1(d)] showed an increase in contrast, the opposite behavior
from the SiO, substrate. A similar effect was observed for
graphene transferred back to a HOPG substrate and a highly
doped (1-10 € cm) silicon substrate.

Graphene samples were also imaged under crossed polar-
izers where the sample was rotated with respect to the polar-
ization direction of the illumination. Here no dependence on
sample orientation was found with the exception of folds in
the graphene. This dependence however shows a 180° peri-
odicity, suggesting that it is a manifestation of the fold hav-
ing a stronger electric dipole moment along the direction of
the fold (Fig. 3).

The graphene samples were tested for circular dichroism
by taking images of samples on glass, illuminated by right
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FIG. 2. (Color online) Measured contrast of graphene on 90 nm
Si0, with crossed polarizers (A) and without polarizers (H) as a
function of the number of graphene layers. Without polarizers, the
contrast is seen to increase with the thickness of graphene. Not
shown on the graph is the eventual decrease in contrast with greater
thickness. This ultimately results in the negative contrast of graphite
due to the increasing reflectivity of thicker graphene/graphite lay-
ers. Under crossed polarizers, the graphene always has negative
contrast. The lower magnitude of contrast for graphite under
crossed polarizers is understood to be due to the decreased trans-
mission of light through the crossed polarizers.

and left circularly polarized light (RCP and LCP, respec-
tively) (Fig. 4). The i wave plates used for the circular po-
larization filters were zero order centered on 632 nm. Re-
gions corresponding to between one and seven layers of
graphene were measured. Optical absorption was determined
by measuring the intensity of light passing through the
samples compared to a nearby section of clean substrate. The
differential absorption was found to increase from one to
three layers of graphene and thereafter remain relatively un-
changed with increasing sample thickness. Samples on 90
nm oxide were also tested in this manner and found to show
a nonzero CD. In contrast, samples of graphene suspended
on a transmission electron microscopy grid and therefore un-
supported by a substrate, did not show CD.

II1. DISCUSSION

As a chiral material, it would be of interest to attempt to
extract a chirality parameter, «, for the graphene. However
we would caution against such an analysis for the reason that
K is tied to the effective-medium approximation.>* The
effective-medium approximation does not consider the indi-
vidual elements that are involved in the chirality. This analy-
sis works very well for an active molecule dispersed in a
solvent but does not make physical sense for a two-
dimensional (2D) solid such as graphene.

It should be noted that the observation of CD on opaque
substrates can help to further understand the nature of the
optical activity. Such measurements must be done by reflec-
tion, where circularly polarized light reverses its handedness.
Thus a single photon will pass through the graphene once as
right and once as left-handed light. If the chiral properties
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FIG. 3. (Color online) A multilayer graphene sample with folds (white light microscopy image on left) is viewed between crossed
polarizers (sequence of images on right). Folds become most visible when they are oriented at 45° to the incoming and outgoing polarizers
(polarization direction noted by white arrows, incoming is labeled with “T”). The effect is due to the fold having a strong electrical
polarization along the direction of the fold. The folds are most visible in the thickest parts of the samples; however they remain visible even
for few-layer graphene (inset in first image in the sequence on the right).

were brought about due to some interlayer effects, such as a
rotation in lattice orientation between layers, the handedness
of the material would be the same when viewed from either
side making the differential absorption zero. However, if the
chiral quality is confined to the 2D sheet of a single graphene
plane, then the handedness will depend on the side from
which the sample is viewed, and thus will not cancel out
with reflection.

The visibility of the folds on the silicon sample may be
due to coupling of the enhanced dipole moment along the
direction of the fold. The incoming light is polarized along
the horizontal axis of the image, and the analyzer is aligned
with the vertical axis. Under these circumstances, a third
linear polarizer placed in-between would have maximal
transmission when it is at 45° to the other polarizers. Careful
inspection shows that the folds which are oriented at angles
close to 45° are the most visible while examples of folds
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FIG. 4. Differential absorption of left and right circularly polar-
ized light from 590 to 660 nm transmitted through a graphene
sample on glass. Measurements were made on samples with thick-
nesses ranging from one to seven layers of graphene. Absorption is
seen to increase for the first three layers and remain nearly constant
for thicker samples. Thickness was determined via optical absorp-
tion and confirmed by AFM and Raman measurements.

which are vertically or horizontally aligned are not visible.

Comparing the two causes of chirality: (1) a soft, shear
mode that can couple to the substrate as a means to reduce
stress, or a stiff, optical bulk mode that can couple to the
folds, though occurring in opposite directions, or (2) a weak
magnetic field that can cause some chirality, we expect that
the first of these is by far the most likely. A soft, shear mode
[Figs. 4(a) and 4(b)] would be dependent on the applied
stress and could couple also, e.g., to long-range rippling and
buckling of the graphene.?

Cause (1) relates primarily to surface roughness of the
substrate, which we feel best explains the observed differ-
ences in the strength of the effect; we observe circularly
polarized reflection on SiO, and on glass substrates but not
on doped Si. Also on ultraflat mica®® (Fig. 1) and unsup-
ported graphene the effect appears to go away. This compari-
son clearly indicates a certain control over optical activity
via careful choice of the surface properties. Notably, the CD
occurs even for a single layer, it increases for the first few
subsequent layers, and finally it remains unchanged thereaf-
ter. As a result, we may partially rule out interlayer and twist
deformations as a structural cause, and also the proximity of
each layer to the substrate seems most important.

For optical activity, it is required that a structural distor-
tion break at least one mirror symmetry to produce optical
activity. As an example [Fig. 5(a)] the calculated normal
modes from an all-neighbor tight-binding model®” exhibit no
net rotary, nor “twisting,” distortion in the infinite sheet but
the corresponding modes in the finite ribbons [Figs. 5(b) and
5(c)] do show the possibility to break at least one mirror
symmetry. Here we choose to show very narrow nanoribbons
of 1-2 nm width to clearly indicate the calculated atomic
displacement fields. By distorting, e.g., the central hexagons
of the ribbon, these structures lose one mirror plane and, by
symmetry on the substrate, would become optically active in
a static distortion. The model assumes asymmetric pinning to
the substrate at points to hold the static distortion in place
and extrapolation to long wavelength of the soft phonon
modes. For completeness, we also calculated the vibrational
density of states (VDOS) at room temperature [Fig. 5(d)] via
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FIG. 5. (Color online) Calculated phonon dispersion of (a) ideal
graphene and two related shear modes of (b) zigzag- and (c)
armchair-edge nanoribbons (ZNR and ANR, respectively), which at
atomic scale exhibit static (instantaneous) chiral displacements.
Also shown are (d) the calculated VDOS at 300 K for (top to
bottom) armchair, zigzag, and ideal graphene.

velocity autocorrelation.”® We found a small upshift in fre-
quencies and a broadening with temperature. For large
samples (>5 nm), the low-frequency dispersion becomes
like ideal graphene. Localized edge modes might also con-
tribute some CD in the infrared, coupling most strongly to
the high-frequency, C-H bond-stretching modes [far right in
Fig. 5(d)] or to modes involving other functional groups at-
tached to the edge.

Finally, attempts to apply a magnetic field (~2 kG) to the
samples did not produce any change in the optical appear-
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ance of samples at or above the sensitivity level of our cam-
era. This would seem to rule out any secondary cause of
optical activity, as discussed above, and we are left with
structure as the primary cause of the effect. Taking this for
granted, our method provides evidence that almost all exfoli-
ated graphene samples are strained on the substrate, or alter-
nately, that circular dichroism provides a useful tool for iden-
tifying strained versus unstrained samples. Also, the
observation of optical activity in graphene should be kept in
mind when performing optical characterization given that
most microscopes inadvertently impart some polarization to
the light passing through if a beam splitter is incorporated
into the illumination optics. In such circumstances the beam
splitter can act as a weak pair of crossed polarizers and thus
the intensity of light reaching the detector can be altered.
Although the effect of this will be weak, it will impact pre-
cision optical measurements made on graphene.
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