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electrical field alignment of most nanomaterials such as CNT, 
graphene oxide flakes, or 2D transition metal dichalcogenides 
has been achieved,[7,16] but similar alignment of graphene 
remains a challenge and has not been demonstrated, although 
theoretically study has been reported.[17,18]

Diamagnetism is a ubiquitous property of materials due to 
magnetic response of orbital electrons. Although high-quality 
graphite or highly ordered pyrolytic graphite (HOPG) has the 
highest diamagnetic susceptibility among bulk materials,[19] the 
diamagnetic property of graphene has not received much atten-
tion until recently.[18,20–22] Because of unique electronic band 
structure and high electron mobility, graphene exhibits higher 
susceptibility than graphite. Diamagnetism has been used to 
align nonmagnetic nanomaterials, but a huge field is typically 
required. For instance, a strong magnetic field of 45 T was used 
to align CNTs.[1,23,24] Smaller magnetic field has been used to 
align graphite and graphene flakes, but only with the assis-
tance of magnetic or paramagnetic nanoparticles for enhanced 
electrical conductivity, thermal conductivity, and optical trans-
parency.[13–15,25,26] These properties and associated device per-
formances will be further improved if the magnetic alignment 
can be achieved with pure graphene or graphite flakes. In this 
work, we demonstrate for the first time the magnetic response 
and alignment of graphene flakes and, more importantly, that 
orientation control and alignment can be achieved with a weak 

With rapid advances in 1D and 2D nanomaterials, it becomes 
important to develop techniques to control the orientation of 
individual nanostructures and eventually assemble them into 
functional macroscopic objects.[1–4] This is because the proper-
ties of low-dimensional materials are intrinsically anisotropic 
and adherent to their atomic structures.[5] Only when they are 
arranged in a macroscopic order, can unique properties of indi-
vidual nanostructures be fully utilized and transformed into 
large-scale macroscopic functions.[1,3] Macroscopically ordered 
nanomaterials have many benefits in device applications, for 
example, by aligning billions of single-wall carbon nanotubes 
or nanowires in one direction, optical, electrical, and elec-
tronic properties of a single carbon nanotube (CNT) can be 
expanded to a whole wafer;[1,3,6] a collective response and align-
ment of graphene oxide flakes exhibits birefringence and has 
found applications in display and electro-optic switching;[7–11] 
when graphene flakes are assembled in the same planar direc-
tion, they show excellent thermal, optical, electrical, and elec-
tromagnetic shielding properties.[12–15] These macroscopic 
orientational orders of nanomaterials are typically achieved 
with three techniques: mechanical shear stress, electrical fields, 
or magnetic fields. Mechanical alignment is an old and general 
method that can be applied to almost every nanomaterial, but 
the control by a magnetic or electrical field offers more flex-
ibility and is more suitable for device applications. Magnetic or 
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of novel device applications, we show that graphene flake sus-
pension can be used for magnetic field sensing and magneti-
cally controlled display.

Two types of graphene flakes were prepared. Few-layer (one 
to three layers, 2–6 µm in diameter) graphene flakes were 
obtained via electrochemical exfoliation of HOPG.[27] Multilayer 
graphene flakes with average thickness of 2.4 nm were synthe-
sized via intercalation and exfoliation of graphite by Ningbo 
Morsh Technology Co., Ltd. Graphene flakes were dispersed in 
either de-ionized water in Figures 2, 3, 4, and 6 or in N-methyl-
2-pyrrolidone (NMP) in Figures 1 and 5. Magnetic measure-
ments were obtained using a Lakeshore 735 vibrating sample 
magnetometer. Graphene flakes were then dried and laminated 
for diamagnetic susceptibility measurement. Figure  1a shows 
the magnetization curves of two types of flakes when the mag-
netic field is perpendicular to the flake surfaces. Diamagnetic 
susceptibilities of 0.31 × 10−4 emu g−1 Oe−1 for few-layer gra-
phene flakes and 0.23 × 10−4 emu g−1 Oe−1 for multilayer flakes 
are obtained. The susceptibility of few-layer graphene flakes is 
higher than that of original HOPG (0.05 × 10−4 emu g−1 Oe−1) 
and reported single-layer graphene.[19–22] Such a high suscep-
tibility indicates the high quality of graphene flakes and is 
desired for the magnetic alignment of their orientations.

When the surface of a diamagnetic graphene flake is ori-
ented perpendicular to an external magnetic field, the induced 
magnetic field is in a direction opposite to the external field, 

leading to repulsive magnetic force and increased total interac-
tion energy. In order to minimize the magnetic potential energy, 
the flake will rotate away from the field until its surface is in par-
allel with the external field. Graphene alignment using its dia-
magnetism was investigated theoretically, but a large field of 9 T 
was predicted,[18] and experimental demonstration has not been 
reported. To detect the magnetic response of few-layer graphene, 
we monitor the birefringence of its liquid suspension.[7,8,16,28] This 
is a typical technique to probe the orientations of liquid crystal 
molecules as well as layered 2D nanomaterials. Figure 1b shows 
the experimental setup where a horizontal magnetic field through 
graphene suspension in a cuvette is provided by permanent mag-
nets. The magnetic response can be clearly seen from the change 
of the birefringence in the transmission images of Figure 1c–f. 
The alignment of graphene along the magnetic field is confirmed 
by the observations that the transmission is stronger in Figure 1d 
when both polarizers are 45° relative to the magnetic field but 
becomes weaker in Figure 1f where one polarizer is parallel and 
the other is perpendicular to the field. Figure 1c,e shows almost 
no difference when no magnetic field is applied.

To observe the magnetic response of flakes in a more conven-
ient way, we used suspension of multilayer graphene flakes in a 
plastic beaker and placed magnets directly below it. Figure 2a–c 
shows photographs of the suspension with 0, 1, and 2 bar mag-
nets below, respectively. The magnetic response of graphene 
suspension can be immediately recognized by the bright–dark 
patterns created by magnets: The area right above the magnet 
surface remains dark, but the edge and surrounding regions of 
the magnets become bright. To determine the orientation of the 
flakes in these regions and understand the underlying mecha-
nism, we took optical microscope images of selected areas of 
a diluted suspension. Figure 2e shows the photograph of gra-
phene flakes in the center dark region in Figure 1b; narrow and 
dark images of flakes indicate that they are vertically oriented. 
Figure 2f shows that flakes are horizontally oriented, with some 
flakes even becoming parallel to the liquid surface and giving 
shiny specular reflections.

Based on these observations and the well-known magnetic 
field pattern of permanent magnets, we can conclude again that 
graphene flakes are aligned with the magnetic field, and orienta-
tions of flakes in three cases are illustrated in Figure 2g–i. Note 
that, around the middle of two magnets, the magnetic field and 
flakes are oriented horizontally. The reflection is relatively high 
in this case by horizontally oriented flakes. When the flakes are 
oriented vertically, the reflection is low as the light is transmitted 
and scattered among flakes. In the initial suspension, flakes are 
randomly oriented. The orientation-dependent dark to bright 
contrast is similar to the flakes of graphene oxides reported by 
the authors before,[8] which will be further explained in the text 
later. Note that magnetic alignment is completed when field 
passes through the surface of a flake, but the orientation of the 
flake is not totally fixed, and it can still rotate around the field 
direction. Because of this, some flakes in Figure 2f exhibit bright 
specular reflectance but many other flakes are not parallel to the 
surface, which still appear dark from the top view.

To better understand the dynamics of flakes under magnetic 
field, we monitor the orientation of a multilayer graphene flake 
in real time. Figure 3 shows snapshots of its rotation dynamics; 
the video can be found in the Supporting Information. It can 
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Figure 1.  Diamagnetic susceptibility and magnetic field induced bire-
fringence of graphene flakes. a) Diamagnetic susceptibilities of few-layer 
and multilayer graphene flakes as well as HOPG. b) Schematic of experi-
mental setup. Horizontal magnetic field across the cuvette is provided 
by permanent magnets. Two polarizers are placed on the front and back 
sides of the cuvette. c–f) Birefringence images of few-layer graphene sus-
pension between two crossed optical polarizers (red arrows indicate their 
polarizations) under zero and 240 mT magnetic field.
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be seen that the flake is initially laid flat at the bottom of the 
beaker. It was chosen for better imaging because a suspended 
flake is difficult to track and focus. After the application of a 
24 mT vertical magnetic field, the flake began to turn and finally 
stood up vertically on one of its edges, in alignment with the 
magnetic field. Note that for this flake, it has to overcome the 

gravitational potential to turn and flip up, so 
a relatively strong field is required. After the 
removal of the field, the flake slowly returned 
to its original position in 10 s. A complete 
rotation video is available in the Supporting 
Information. With a high magnetic field 
of 100 mT, the rotation can be done within 
0.5 s. This field is much weaker than the 
predicted 9 T, which is due to large size and 
mass of multilayer flakes.[18] For micro-sized 
few-layer graphene, we estimate a weak field 
of 10 mT in order to overcome thermal fluc-
tuation energy at room temperature.

It is important to point out that although 
the magnetic alignment of diamagnetic 
flakes is similar to those of paramagnetic or 
ferromagnetic objects,[15] the above magnetic 
alignment of graphene flakes is due to their 
intrinsic diamagnetic susceptibility rather 
than magnetic impurities such as Fe, which 
is the most abundant element in graphite or 
graphene.[22] This conclusion is supported 
by the following discussions and new obser-
vations. First, the magnetic impurity level 
in our samples is too low to be detected 
by energy-dispersive X-ray spectroscopy 
(Figure  S1, Supporting Information). Trace 
element analysis based on inductively cou-
pled plasma (ICP) shows low Fe concentra-
tions of 141.5 and 0.709 ppm for multilayer 
and few-layer graphene samples, respectively. 
This is expected because HOPG typically has 
a much lower impurity level than natural 
graphite.[22] More importantly, two magneti-

zation curves in Figure 1 clearly show that the paramagnetic 
contribution is negligible for both graphene samples.[20,22] This 
clean and strong diamagnetic susceptibility can also be seen 
from magnetic levitation of disks made of graphene flakes 
in Figure S2 (Supporting Information). The last proof is that 
our graphene flakes are not attracted to magnets in all of our 
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Figure 2.  Magnetic field induced changes in optical reflectivity of a multilayer graphene sus-
pension. a–c) Optical images of the suspension when zero, one, and two magnets placed 
underneath. Insets are optical images of the magnets. d–f) Optical microscope images and 
g–i) schematics of flake orientations of a diluted suspension from the region marked by red 
dashed lines in (a)–(c). The suspension in (d)–(f) is diluted in order to resolve individual flakes.

Figure 3.  Dynamics of a multilayer graphene flake in water under a magnetic field. Top-down snapshots of a graphene flake after a–d) the application 
and e–h) removal of a vertical magnetic field. The video is available from the Supporting Information.
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netic graphene flakes.[15]

Among numerous potential applications, we show two 
simple but totally novel applications based on bright–dark pat-
terns created by magnets in Figure 2. Because of the sensitivity 
of graphene flakes to magnetic field, we can use them as mag-
netic field sensors. The field direction and strength can be read 
directly from optical images. The bright scattering part in sus-
pension represents a horizontal magnetic field, while the black 
surface indicates a vertical magnetic field. Figure 2 is already a 
good example, but we want to determine the optimal concentra-
tion of graphene suspension that will produce the best bright to 
dark color contrast. Figure 4a–d shows the field pattern of the 
same magnet set with increasing graphene weight percentages 
from 0.01 to 0.2 wt%. For low concentration of 0.01 wt%, the sus-
pension is semitransparent and the contrast is low. The contrast 
becomes much better with 0.1 wt%, and no obvious improve-
ment with 0.2 wt%, so the concentration of 0.1 wt% is chosen for 
next field sensing display. Figure 4e shows a photograph of initial 
suspension without magnetic field, and Figure 4f–h shows the 
field patterns of different shapes and configurations of magnets. 
Polarizations of magnets are interleaved among nearby magnets. 
It can be seen that the field pattern resembles the configuration 
of magnets, but some subtle differences are also noticeable. For 
instance, in Figure 4f, the boundaries between four circular mag-
nets become straight lines; in Figure 4g, only two center square 
patterns have the same size of actual magnets; all other patterns 
show expanded and distorted shape of magnets.

We claim that these patterns reflect the actual distribution of 
the magnetic field. Because of the small size of graphene flakes, 
graphene suspension is expected to provide higher spatial reso-
lution than ordinary iron particles. This can be seen from the 
comparisons between patterns generated by graphene flakes 
and by iron particles in Figure S3 (Supporting Information). 
In fact, graphene suspensions have revealed subtle and fine 
features of the field that cannot be detected by iron particles. 

For example, the crossing of two bright lines at the center of 
four magnet corners is not a simple superposition; instead, all 
the centers appear dark, not bright. The lines actually do not 
cross each other; two new branches around the centers will 
form. This reflects the fact that magnets are not arranged in 
a perfectly symmetric square lattice and a magnetic field is a 
vector field without sources. In Figure 2h, the center bright 
line is not as straight as the physical boundary of two mag-
nets, indicating internal nonuniformity of the magnetization. 
In addition, the patterns are formed immediately without any 
efforts, while the patterns by iron particle require careful spray 
and shaking of iron particles. More graphene field displays and 
simulations of field patterns can be found in Figures S4–S6 
(Supporting Information).

Another straightforward application is a display without 
polarizing optics. This application is similar to what we have 
demonstrated with graphene oxide flakes,[8] but graphene has 
two important advantages. First, the display, in particular a 
reflective display, offers enough contrast with ambient light, so 
no additional lighting is needed.[8,29,30] Second, the display can 
be controlled by a magnetic field – a no-contact technique. The 
latter property allows us to package graphene suspension in a 
sealed window and then use a magnet to create arbitrary pat-
terns. Figure 5a shows schematics of a graphene writing board 
and two methods that we use to write letters. Dark lines can be 
created by sliding a pole of a bar magnet on top of the writing 
board because it produces a magnetic field perpendicular to the 
board. A white line can be generated by the gap of two mag-
nets because it produces horizontal magnetic field. Figure 5b,c 
shows the letters “IFFS” and “UESTC” written by these two 
methods. Note that the letters display the expected contrast, 
which is the same as in Figure 2. As demonstrated before, 
when transmission is imaged with back illumination, the dark 
letters appear bright, as shown in Figure 5d.

The orientation-dependent brightness of graphene flakes is 
a manifestation of its strong optical anisotropy.[8] To obtain a 
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Figure 4.  Multilayer graphene suspension for magnetic field sensing and display. a–d) Patterns generated by an array of nine cubic magnets using 
suspension with weight percentages of 0.01, 0.05, 0.1, and 0.2. e–h) Photographs of 0.1 wt% graphene suspension e) without magnetic field and 
f–h) with underneath magnets of different shapes and configurations shown in the insets.
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quantitative understanding, we took the spectra and compared 
them with simulations. Figure 6a shows the transmission spec-
trum of back-illuminated display cell with and without a vertical 
magnetic field. Figure  6b shows the reflec-
tion spectra of graphene flakes with a ver-
tical, horizontal, and no magnetic field. The 
corresponding simulation results are shown 
in Figure 6c,d. It should be noted that we did 
not model the light source spectrum, and 
the experimental transmission and reflection 
spectra on vertical magnetic field are directly 
copied to Figure 6c,d. Hence, only the ratios 
of different curves in Figure 6c,d are explored 
in the simulation, which are the key to the 
experiment. Both the experiments and simu-
lations reveal that transmission is strong but 
reflection becomes weak when flakes are ver-
tically oriented. It is the opposite for flakes 
with surfaces perpendicular to the incident 
light. These observations and simulation 
results can be qualitatively understood from 
the relationship between the polarization of 
incident light and the graphene orientation. 
When the plane of a flake is perpendicular to 
the incident light, a large and uniform elec-
tron polarization is induced over the whole 
area of graphene, leading to the maximum 
absorption and reflection, hence minimum 
transmission. When a flake is vertically ori-
ented as shown in the inset of Figure 6a, the 
flake will appear as a carbon nanotube or 
nanowire as in Figures 2e and 3d. Now there 
are two cases depending on the polarization 
of incident light with respect to the graphene 

plane. When the polarization is perpendic-
ular to the graphene plane, the absorption 
and reflection is negligible because of weak 
induced electron polarization, similar to that 
for a carbon nanotube or nanowire.[6,31,32] 
When the polarization is aligned with the 
graphene plane, a slightly larger electron 
polarization is induced, but the absorption 
and reflection is still weak due to a much 
smaller physical cross section. Hence, in both 
cases when the flake is vertically oriented, the 
maximum transmission is achieved. The ver-
tically and horizontally aligned flakes are two 
extreme cases, and randomly oriented flakes 
will have transmission and reflection in 
between. Details about simulation configura-
tion and polarization dependent reflection/
transmission can be found in Figure S7 (Sup-
porting Information).

In summary, we have shown a high dia-
magnetism of exfoliated graphene and 
demonstrated its orientational response to 
magnetic field. We also showed huge aniso-
tropic optical transmission and reflectivity 
of graphene flakes with simulations and 

experiments. By combining macroscopic alignment with ani-
sotropic optical property of graphene, we demonstrated two 
novel device applications of graphene in magnetic field sensing 
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Figure 5.  A graphene writing board with magnetic stylus. a) Operation principle. 0.1 wt% 
multilayer graphene suspension is filled between two glass windows. Each magnet produces 
100 mT on its 5 × 5 mm2 polar surface. b) Photographs of black letters written with a single 
magnet. c) Photographs of white–black letters written with double magnets. d) Photographs of 
back-illuminated letters written with a single magnet. Scale bars: 10 mm.

Figure 6.  Orientation-dependent relative optical transmission and reflection of graphene 
flakes. Spectra are not normalized to the incident white light. M: magnetic. a) Transmission 
spectra of graphene flakes (black curve) with and (blue curve) without a vertical magnetic field. 
Insets: Schematics of orientations of flakes. T: transmission. b) Reflection spectra of graphene 
flakes with (red curve) horizontal magnetic field, (black curve) vertical magnetic field, and 
(blue curve) no field. Inset: Schematic of flake orientation under the horizontal magnetic field. 
R: reflection. c,d) Simulated spectra for experiments in (a) and (b).
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and magnetic field controlled display. These devices can be 
readily used for educational demonstration and can be further 
improved for commercial applications. Magnetic alignment is 
safer and less invasive than electrical alignment, especially for 
nonmagnetic materials in conductive solvents. By mixing gra-
phene with other nanomaterials, it is possible to align compos-
ites with a magnetic field. A complete alignment of graphene 
flakes can also be achieved using a rotating magnetic field.[2] 
The electrical control of orientation can be realized using 
micro-electromagnets.[33] Because graphene has shown enor-
mous potential applications due to its versatile and superior 
properties, our demonstration not only provides us with a tool 
to control these properties with external field but also enables 
us to assemble graphene into macroscopic objects that preserve 
the excellent microscopic properties of graphene. Thus, our 
work has opened wider new applications of graphene and other 
nanomaterials.

Experimental Section
Sample Preparation: HOPG (EYGS121803) with thickness of 25 µm 

was purchased from Panasonic Electronic Device Co., Ltd. Few-layer 
graphene flakes were fabricated by electrochemical exfoliation of 
HOPG and multilayer graphene flakes were provided by Ningbo Morsh 
Technology Co., Ltd with intercalation and exfoliation of natural graphite 
flakes. The graphene writing board cell consisting of two glasses was 
sealed with 1 mm Polydimethylsioxane (PDMS) and filled with 0.1 wt% 
graphene NMP dispersion.

Magnetic Measurement: The magnetic curves of graphene were 
measured by using Lakeshore 735 vibrating sample magnetometer 
with dried graphene laminates mounted to the probe. The Fe impurity 
concentration in multilayer graphene flakes was measured with a Perkin-
Elmer Optima 2100 Inductively Coupled Plasma-Atomic Emission 
Spectrometry (ICP-AEM); a Varian 810 ICP-MS (mass spectroscopy) was 
used to analyze few-layer graphene samples.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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