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Chemical Vapor Deposition grown multilayer graphene (MLG) exhibits large out-of-plane magnetoresistance due to interlayer
magnetoresistance (ILMR) effect. It is essential to identify the factors that influence this effect in order to explore its potential in
magnetic sensing and data storage applications. It has been demonstrated before that the ILMR effect is sensitive to the interlayer
coupling and the orientation of themagnetic field with respect to the out-of-plane (𝑐-axis) direction. In this work, we investigate the
role of MLG thickness on ILMR effect. Our results show that the magnitude of ILMR effect increases with the number of graphene
layers in the MLG stack. Surprisingly, thicker devices exhibit field induced resistance switching by a factor of at least ∼107. This
effect persists even at room temperature and to our knowledge such large magnetoresistance values have not been reported before
in the literature at comparable fields and temperatures. In addition, an oscillatory MR effect is observed at higher field values. A
physical explanation of this effect is presented, which is consistent with our experimental scenario.

Graphene, a single atomic layer of hexagonally arranged
carbon atoms, is one of themost investigatedmaterial systems
in recent years. Charge carriers in graphene behave like two-
dimensional (2D) Dirac fermions and exhibit various novel
phenomena that are generally not observed in conventional
materials [1–4]. It is interesting to note that many of the
effects that are observed in monolayer graphene have also
been reported in multilayer graphene (MLG) [5–9]. For
some of the applications, multilayer graphene can be a better
alternative due to its robustness and simpler fabrication steps
[8–11]. In recent years, much attention has been given to
multilayer graphene structures for next generation sensor
and data storage applications [8, 12–19]. In particular, var-
ious magnetoresistance (MR) effects have been extensively
explored in multilayer graphene due to their potential to
exist even at room temperature [14, 18–20]. However, many
of these effects are significant at very large magnetic fields
(∼100 kG) that are outside the range generally required for
practical applications [21, 22]. We recently demonstrated
a large negative MR in multilayer graphene at low-field
range (∼2 kG) [16, 17], which often persists even at room

temperature. The origin of this large negative MR is related
to the existence of 2DDirac fermions in multilayer graphene.

In general, the linear energy dispersion of monolayer
graphene no longer exists in MLG (or, graphite) due to
strong interlayer coupling between neighboring graphene
layers [4, 23, 24]. However, in case of “turbostratic” MLG,
in which graphene layers are randomly oriented, interlayer
coupling is weakened and the massless Dirac fermion nature
of each graphene layer is preserved [25, 26]. Such turbostratic
MLG can be realized by chemical vapor deposition (CVD)
process using polycrystalline Ni as a catalyst [27, 28]. We
demonstrated previously [16, 17] that such a weakly coupled
MLG stack exhibits a unique quantum mechanical MR
effect, known as interlayer magnetoresistance (ILMR). To
further understand and explore potential applications based
on ILMR effect, it is important to identify the factors that
influence this effect. In our present study we report effect of
MLG thickness on ILMR. Thickness of the MLG stack can
be varied by the CVD growth parameters. To our knowledge,
such thickness dependent ILMR studies have never been
performed in any multilayer Dirac carrier system.
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In the past, ILMR effect has been studied extensively in
𝛼-(BEDT-TTF)

2
I
3
, which is an organic material that behaves

like 2D Dirac carrier system under certain conditions [29,
30]. However, this effect is not very well explored in other
2D Dirac carrier systems, such as graphene. We recently
reported first observation of ILMR effect in multilayer
graphene (MLG) stacks with weak interlayer coupling, which
represents a stack of 2D Dirac electron systems [16, 17]. Since
the Fermi level in each graphene layer is located in the vicinity
of the Dirac point, the out-of-plane charge transport in this
systemoccurs via interlayer tunneling between the states near
the Dirac points of each graphene layer. Since the density of
states (DOS) in the vicinity of Dirac point is very low [4],
the net interlayer tunneling current of the MLG stack is also
small. When an out-of-plane magnetic field is applied, the
linear energy dispersion of each graphene layer transforms
into a series of Landau levels [4]. If a Landau level coincides
with the (quasi) Fermi energy, interlayer tunneling occurs
through the Landau levels of the consecutive graphene layers.
Since the degeneracy of the Landau levels increases with the
strength of the out-of-plane magnetic field, a considerable
increase in interlayer tunneling current is observed at higher
fields due to the increase in available number of carriers for
interlayer tunneling [31]. This effect results in a large drop in
out-of-plane resistance (𝑅

𝑧𝑧
) and is termed as interlayermag-

netoresistance (ILMR). Reference [31] modeled this effect
for the special case (“quantum limit”) in which interlayer
transport occurs via the “zero-mode” Landau levels of each
layer. Zero-mode Landau level appears at the Dirac point and
its position is independent of the magnetic field strength.
It has been shown in [32] that ILMR persists even when
interlayer tunneling takes place between higher order Landau
levels (𝑛 → 𝑛 tunneling, 𝑛 ̸= 0; 𝑛 being Landau level index).
Tunneling between different Landau levels (𝑛 → 𝑛󸀠, 𝑛 ̸= 𝑛󸀠;
𝑛, 𝑛
󸀠
̸= 0), combined with in-plane charge motion, results in

a positive MR at small field range [32].
To explore the effect of MLG thickness on the ILMR

effect, three batches (S1, S2, and S3) of samples have been
studied in this work, each batch having a specified nominal
thickness, different from the other batches. To grow MLG,
we used low pressure chemical vapor deposition (LPCVD)
process on catalyticNi substrate of thickness∼25𝜇m.To grow
MLG with different thicknesses, we systematically varied the
concentration of carbon containing species (methane, in our
case) from 0.1% to 0.3% in the CVD process by keeping
all other parameters unchanged. This affects the amount of
dissolved and precipitated carbon during the CVD process,
and results in MLGs with different nominal thicknesses. A
detailed description of the CVD process has been presented
in our previous work [16, 33]. The structural quality and
uniformity of as-grownMLG samples have been investigated
by Raman spectroscopy (with laser excitation wavelength
of 532 nm) and in-built optical microscopy. The estimated
penetration depth of Raman laser within graphite is ∼50 nm
from the top surface [34], and hence Raman data reveals the
quality of the graphene layers within this thickness range
from the top surface. Raman spectra of various as-grown
MLG samples (on Ni) are displayed in Figures 1(a), 1(b), and
1(c). These samples exhibit strong 𝐺 peak at 1580 cm−1 and

a symmetric 2𝐷 band around 2700 cm−1 (Figures 1(a), 1(b),
and 1(c)). The strong 𝐺 peak implies formation of hexagonal
graphene lattice in all cases.The symmetric 2𝐷 band has been
observed in all cases (Figures 1(a), 1(b), and 1(c) and top insets
of these figures), which confirms weak interlayer coupling
over an extended volume of the samples [16, 17, 26]. The
absence of defect (𝐷) peak at 1350 cm−1 in all of our as-grown
MLG samples (Figures 1(a), 1(b), and 1(c) and bottom insets of
these figures) indicates high structural quality and negligible
defect density [26], at least within ∼50 nm (penetration depth
of the Raman laser) from the top surface. These features are
common for all three batches of MLG samples considered
in this study. Similar features have been observed in spectra
obtained from other regions. In Figure 1(d), typical Raman
spectrum of MLG/Ni interfacial layers of a transferred MLG
sample is shown. Strong defect (𝐷) peak is observed from
these interfacial layers and this feature is again common
for all three batches used in this study. The defect peak
originates due to two reasons: (1) it is well known [35]
that, at the Ni/MLG interface, the 3𝑑 states of Ni hybridize
strongly with the 2𝑝

𝑧
states of carbon atoms, which results in

disappearance of the Dirac cone dispersion of the interfacial
graphene layer(s), opening of a band gap and creation of
defect states in the band gap, and (2) Ni surface has grain
boundaries with atomic scale discontinuities, which result in
small area graphene growth near the interface and creation
of edge states [36, 37]. However, these defects are nonexistent
as one moves away from the Ni/MLG interface. For example,
hybridization effect only affects the interfacial layers and the
layers away from the interface are not affected by this effect
due to rapidly vanishing overlap between the atomic orbitals
[16, 17, 35]. Similarly, top layers tend to grow continuously
over the (small area) bottom layers, without creation of any
edge states [36, 37]. As a result, the top layers do not exhibit
any𝐷 band in the Raman spectra (Figures 1(a), 1(b), and 1(c),
and bottom insets).

To estimate the nominal thicknesses of these as-grown
MLG samples, we performed step height measurements after
transferring the MLG stack on SiO

2
/Si substrate. A detailed

description of the transfer process has been presented in
[16]. Optical images of the transferred samples are displayed
in Figures 2(a), 2(b), and 2(c). The typical thickness dis-
tributions of the transferred MLG samples are shown in
the insets of these figures. From these distributions, the
average thicknesses of the three batches are estimated to be
(i) ∼60 nm (batch S1), (ii) ∼200 nm (batch S2), and (iii) ∼
300 nm (batch S3). The multigrain feature observed in these
images originates from the bottom MLG surface (i.e., the
surface that was in contact with Ni before transfer). Raman
studies on the transferred specimens have not detected any
Raman 𝐷 peak [16] which implies that these defects (grain
boundaries) are not present within ∼50 nm (penetration
depth of Raman laser) depth from the top surface. However,
as shown in Figure 1(d), Raman spectrum taken from a
transferred and “flipped” sample (i.e., in which the bottom
interfacial layer faces up) shows strong defect peak. Thus, we
believe that, in our as-grown MLG sample, the top layers are
homogeneous, defect-free and formation of Landau levels is
possible, whereas the interfacial layer is defective.
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Figure 1: Typical Raman spectra of as-grownMLG (taken from the top surface, i.e., from the “defect-free region”) with nominal thicknesses
of (a) ∼60 nm (batch S1), (b) ∼200 nm (batch S2), and (c) ∼300 nm (batch S3). (d) Typical Raman spectrum taken from the layers at the
MLG/Ni interface (“defective region”). As seen from Figures (a)–(c), defect (𝐷) peak at 1350 cm−1 is absent in all these cases. The bottom
insets in these figures show a 10x magnified view of the spectrum close to 1350 cm−1 range, and still no defect peak can be discerned above the
noise level.The Raman 2𝐷 band of each batch is symmetric and can be fitted with a single Lorentzian as shown in the top insets of Figures (a),
(b), and (c). These Raman features are valid for almost all areas of the samples. In Figure (d) strong𝐷 peak is observed from the transferred
MLG sample, taken from the bottom surface (after removing the Ni and flipping over the MLG stack). This confirms the defective nature of
the interfacial layers.

Based on the above experimental evidence we conclude
that as-grown MLG on Ni consists of two distinct regions:
“defective” interfacial region that shows Raman 𝐷 peak
(Figure 1(d)) and grain boundaries (Figures 2(a)–2(c)) and
a “defect-free” region that does not show any Raman 𝐷
peak (Figures 1(a)–1(c)). The layers in the defect-free region
are weakly coupled as evidenced by the distortion-free 2𝐷
Raman band as seen in Figures 1(a)–1(c), top insets.The defec-
tive interfacial region shows metallic temperature depen-
dence (d𝑅

𝑧𝑧
/d𝑇 > 0) due to the presence of Ni atoms and/or

conductive “edge states” at the missing atom sites, as shown
in our previous work [16]. The overall CPP resistance, on the

other hand, exhibits insulator-like temperature dependence
(d𝑅
𝑧𝑧
/d𝑇 < 0, shown later) and is much larger compared to

the CPP resistance of the interfacial region [16]. We therefore
conclude that the overall CPP resistance is dominated by
the “defect-free” region and not by the defective interfacial
region. We observed that the charge transport characteristics
of as-grown MLG samples with thickness <30 nm were
dominated by the defective interfacial region [16]. Therefore,
in this study we only considered samples with as-grownMLG
thicker than 50 nm to ensure that the CPP resistance is domi-
nated by the defect-free region. It is important to note that the
transferred samples generally showdistorted 2𝐷Ramanband



4 Journal of Nanomaterials

40 60 80 10020
Distance over MLG (𝜇m)

0

20

40

60

80

Th
ick

ne
ss

 (n
m

)
40 60 80 10020

Distance over MLG (𝜇m)

0

50

100

150

200

250

Th
ic

kn
es

s (
nm

)

40 60 80 10020
Distance over MLG (𝜇m)

0

100

200

300

400

Th
ic

kn
es

s (
nm

)

100 200 3000

Thickness of MLG (nm)

M
LG

+ +

−−

Ag

Ni

B I
Defect-free
region

=

Defective
region

Rcont

Rint

Rdef

(d)

0

400

800

1200

1600

2000
𝜃

R
z
z
(B

=
0

)

Figure 2: Optical images of transferred MLG and thickness dependent zero-field CPP resistance 𝑅
𝑧𝑧
(𝐵 = 0). Optical images of the three

transferred MLG samples are presented in Figures (a) ∼60 nm (batch S1), (b) ∼200 nm (batch S2), and (c) ∼300 nm (batch S3). Insets of these
figures show typical thickness variations in these samples. Figure (d) shows zero-field resistance 𝑅

𝑧𝑧
(𝐵 = 0) as a function of MLG thickness.

For ∼300 nm devices, minimum value of 𝑅
𝑧𝑧
(0) is ∼1.6 kΩ and often it is much larger than this value due to the reasons discussed in the

paper. 𝑅
𝑧𝑧
(0) has been found to increase with increasing MLG thickness. This indicates that the overall resistance of the device is dominated

by the “bulk” and not by the interfaces and the contacts. The inset shows device schematic and an equivalent circuit model of the device. As
discussed in the main text, the combination of contact resistance and defective region resistance (𝑅cont + 𝑅def ) of all three sets of samples is
<10Ω and shows metallic temperature dependence. The overall device, however, shows insulating temperature dependence. This proves that
𝑅cont + 𝑅def does not play a dominant role in the overall CPP measurements. In Figure (d), for 25 nm data point, error bar is smaller than the
marker size. For 300 nm data point, error bar is not shown due to the large variability in 𝑅

𝑧𝑧
(0) as discussed in the paper.

[16, 17, 38], which is a signature of strong interlayer coupling
and hence ILMR has not been observed in the transferred
samples. The role of the Ni substrate is that it allows growth
of weakly coupled multilayered graphene stack and hence
such systems permit investigation of the ILMR effect. Thus,
our ILMR experiments have been performed with Ni as the
bottomcontact. Asmentioned above, we have performed sev-
eral control experiments to ensure that the observed CPPMR
does not originate from Ni or the Ni/MLG interfacial layers.

The device schematic is shown in Figure 2(d) top inset.
The catalytic Ni substrate and silver epoxy have been used as
bottom and top contacts, respectively. The top contact area is
∼1mm2 and is carefully placed at the center of the top MLG
surface to maintain uniform current distribution during CPP
measurements. A constant DC current bias of 1mA has been
used in all MRmeasurements.The total CPP resistance of the

device is a series combination of the contact resistance (𝑅cont),
resistance from the defective interfacial region (𝑅def ), and the
“bulk” interlayer resistance (𝑅int) as shown in Figure 2(d)
top inset. Both 𝑅cont and 𝑅def exhibit metallic temperature
dependence as mentioned above and are almost identical
for the three batches considered in this study. It has been
independently verified that 𝑅cont and 𝑅def vary in between 2–
4 Ω and 6-7 Ω, respectively (at zero field) [16, 17]. However,
the overall (zero field) CPP resistance of our MLG samples
exhibits insulator-like temperature dependence and it is at
least two orders of magnitude larger (see later) than 𝑅cont
and 𝑅def . Therefore, the overall CPP resistance is dominated
by the interlayer resistance (𝑅int) component originating
from the “defect-free” bulk region (away from the interface).
To further verify this, we compared the zero-field CPP
resistance of MLG samples (same contact area) with different
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thicknesses (Figure 2(d),main image).TheCPP resistance has
been found to increase with MLG thickness. This indicates
that CPP resistance 𝑅

𝑧𝑧
is dominated by the “bulk” region of

the sample and not by the interfaces or the contacts.
Formation of nanocontacts between the top and bottom

electrodes is highly unlikely since our MLG stack is quite
thick (60–300 nm range) and in all cases we have obtained
complete surface coverage (without any discontinuity) by
MLG. This has been confirmed by Raman data. In case of
discontinuities (or “holes”) in the MLG, we typically observe
a defect peak in the Raman signal due to the edge states.
But no such signature has been found. For the bulk Ni foil,
magnetization switching occurs at coercive field of ∼ few G
(see, e.g., [39, 40]) and this cannot be related to the observed
MR curves (described below), in which resistance change
occurs at much higher field range (∼few kG). Also, in-plane
MR response shows a positive MR (Figure SI-3 in Supple-
mentaryMaterial available online at http://dx.doi.org/10.1155/
2016/8163742), implying that in-plane component of carrier
transport is not dominant.

Figure 3(a) shows typical CPP MR of a thinner (∼60 nm)
MLG stack in the temperature range 50–200K.The zero-field
resistance of this sample is ∼200Ω at 50K which gradually
decreases to 100Ω at 200K. The sample clearly shows strong
insulator-like temperature dependence (d𝑅

𝑧𝑧
/d𝑇 < 0) at zero

field. CPP MR is ∼40% at 50K (over the entire field range
of 10 kG) and magnitude of the negative MR drops gradually
with increase in temperature. In this study negative MR has
been computed as [Δ𝑅

𝑧𝑧
/𝑅
𝑧𝑧
(0) = |𝑅

𝑧𝑧
(𝐵)−𝑅

𝑧𝑧
(0)|/𝑅

𝑧𝑧
(0)]×

100%, which can have a theoretical maximum of 100%. MR
effect is barely perceptible at 200K and vanishes above this
temperature and hence data above this temperature are not
shown. Switching field (𝐵sw), the field value at which the CPP
resistance sharply drops, increases gradually with increase
in temperature. For this study, 𝐵sw is taken to be the full-
width-half-maximum (FWHM) of the negative MR curves
[16]. With increasing temperature, negative MR broadens
and hence 𝐵sw increases. At higher temperatures, the low-
field positive MR dominates over the negative MR due to
enhanced Landau level mixing, which is responsible for the
increase in 𝐵sw and hence broadening of the MR curves [32].
The inset in Figure 3(a) shows 𝑅−1

𝑧𝑧
versus 𝐵 in the field range

inwhich negativeMR ismost prominent. A clear linear fit has
been observed, as expected from theory [31]. Further, slope of
𝑅
−1

𝑧𝑧
versus 𝐵 tends to decrease with increasing temperature,

which is also consistent with theory. Thus, the observed MR
effect is consistent with ILMR phenomenon.

Interestingly, in the low-temperature (50K) scan in
Figure 3(a), an oscillatoryMR component has been observed
for field values ∼4 kG and larger. Such oscillations are
reminiscent of Shubnikov-de Haas (SdH) oscillations that
are often observed in graphitic systems [41–43]. In our case
of CPP charge transport, such oscillations imply that the
Fermi level is not located at the Dirac point (or at the zero-
mode Landau level), as a result of unintentional doping of
the graphene layers during the fabrication process. In this
case, CPP resistance will exhibit a valley at field values for
which a Landau level coincides with the Fermi level, since
under this condition plenty of states will be available for

interlayer tunneling. However, at other field values Landau
levels will not coincide with the Fermi level, which will result
in a peak in the MR oscillations due to lack of available
states for tunneling. In the low-field range (𝐵 < 𝐵sw,
i.e., before resistance switching due to negative MR), inter
Landau level spacing are not enough to overcome Landau
level broadening, and hence states are available in the vicinity
of the Fermi level. This leads to finite resistance values in
the low-field range. Also, in this low-field range, due to inter
Landau level mixing, a positive MR effect is present [32],
which offsets the negative MR and results in a weak overall
MR. As the magnetic field is increased, inter Landau level
spacing increases resulting in reduced inter Landau level
mixing and around 𝐵 = 𝐵sw the negative MR dominates the
positiveMR.We note that complete separation of the Landau
levels is not necessary for observation of the negative MR.
The negative MR should manifest whenever 𝑛 → 𝑛 tunneling
dominates 𝑛 → 𝑛󸀠 (𝑛 ̸= 𝑛󸀠) tunneling.

From the locations of the consecutive valleys in the MR
oscillations in Figure 3(a), Landau level 𝑛 ∼ 4 (approximate
value) is estimated to be occupied at field value 𝐵 ∼
5 kG [44]. The inter Landau level spacing 𝐸

5
− 𝐸
4
and

𝐸
4
− 𝐸
3
is computed as 69.8 K and 79K, respectively, and

spacing between the lower order Landau levels is even
higher. Clearly, MR oscillations are expected to occur at
50K (assuming thermal broadening to be ∼𝑘

𝐵
𝑇, due to

negligible defects as described before) and are expected to
gradually disappear as temperature is increased beyond 80K.
At these higher temperatures, increased thermal broadening
makes the Landau levels indistinguishable. The high field
oscillations (Figure 3(a), 50 K data) have been shown in
Figure SI-2(a) (Supplementary Information), after removing
the nonoscillatory background. Sharp oscillations have been
observed, which indicate formation of Landau levels. This
is consistent with the quality of our samples, which did not
show any measurable defect content in our Raman studies
(Figures 1(a)–1(c)). It is important to note that the high field
oscillations depend on the location of the Fermi level, which
is dependent on (unintentional) doping of the samples.

Figure 3(b) displays the typical CPP MR of a thicker
(∼200 nm) MLG sample at three different temperatures. The
zero-field resistance of this sample is 480Ω at 50K which
gradually decreases to 190Ω at 220K. Clearly, this sample
also shows insulating temperature dependence at zero field.
Also noteworthy is the increase in zero-field resistance as
compared to the thinner samples described above (both have
nominally identical contact area). This implies that the CPP
resistance originates from the graphene layers in the MLG
“bulk” and not from the contacts or the interfaces. Unlike
thinner MLG sample in Figure 3(a), the negative MR in this
case is larger, ∼92% at 50K, and the negative MR clearly
persists even at higher temperatures (∼220K). The inset in
Figure 3(b) shows 𝑅−1

𝑧𝑧
versus 𝐵 in the field range in which

negative MR is most prominent. A clear linear fit has been
observed, as expected from theory [31]. Further, slope of 𝑅−1

𝑧𝑧

versus 𝐵 decreases with increasing temperature, which is also
consistent with theory. This confirms that the observed
effect originates from ILMR. As before, signs of high field
oscillations have been observed in this sample for field values
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Figure 3: Interlayer magnetoresistance observed in weakly coupledMLG samples with various thicknesses. Data from (a) ∼60 nm (batch S1),
(b) ∼200 nm (batch S2), and (c) ∼300 nm (batch S3) samples are shown. At 50K (Figure (a)), CPP resistance sharply drops with increasing
magnetic field above 𝐵sw ∼ 4 kG and exhibits negative MR of ∼40%. The negative MR effect becomes weaker as temperature is increased.
For thicker MLG sample (Figure (b)), the negative MR is stronger, ∼92% at 50K. For samples with even larger thickness (Figure (c)), 𝑅

𝑧𝑧
(0)

often exceeds the upper limit (100MΩ) of the measurement apparatus, behaving as a virtual open circuit. However, as the perpendicular
magnetic field is increased, resistance drops drastically by several orders of magnitude, resulting in a giant negative magnetoresistance that
reaches theoretical maximum of ∼100%. For all three sets of samples, average of both scan directions is presented at each temperature and no
hysteresis has been observed. Each resistance value is the average of 50 readings. A constant DC current of 1mA is applied to perform all MR
measurements. The measured resistance values have been validated by using two different setups (Picotest multimeter and Keithley source
meter).The insets in (a) and (b) show𝑅−1

𝑧𝑧
versus 𝐵, and clear linear fits have been observed, which is consistent with the ILMRmodel.The top

inset in Figure (c) showsmagnetic field dependent switching of the I-V characteristics at various temperatures for the 300 nm sample. (d) MR
ratio (Δ𝑅

𝑧𝑧
/𝑅
𝑧𝑧
(0) = |𝑅

𝑧𝑧
(𝐵)−𝑅

𝑧𝑧
(0)|/𝑅

𝑧𝑧
(0)) as a function ofMLG thickness of as-grownMLGonNi samples at 50 K.Themagnetoresistance

ratio increases with the thickness of MLG stack and almost reaches theoretical maximum (∼100%) for thickness larger than 300 nm. Bottom
inset shows data from a 300 nm thick sample which exhibits measurable finite 𝑅

𝑧𝑧
(0) of ∼107Ω. TheMR data point corresponding to 300 nm

thickness value in the main image is taken from this plot. The top inset shows 𝐵sw versus 𝑇 for the three batches. For 25 nm and 300 nm data
points, error bars are smaller than marker size.

exceeding 4 kG. These oscillations have been plotted sepa-
rately in Figure SI-2(b), after removing the nonoscillatory
background (Supplementary Information). From the oscilla-
tions, we estimate Landau level 𝑛 ∼ 3 (approximate value)
to be partially occupied at 𝐵 ∼ 5 kG. At 50K and 𝐵 ∼ 5 kG,
Landau levels 𝑛 = 0–3 are completely separated and hence

such oscillations are expected.However, at∼150K and higher,
thermal broadening is larger than the inter Landau level
spacing and oscillations are washed away.

As noted above, in Figures 3(a) and 3(b), MR effect is
weak in the low-field regime (∼0–3 kG range) and the sharp
negative MR manifests outside this range. This is attributed
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to a positive MR effect that is strong at the low-field range
and offsets the negative MR mechanism. The positive MR
can originate from two sources: (1) at low field, inter Landau
level separation is smaller than Landau level broadening
and significant inter Landau level mixing takes place. It has
been shown in [32] that such inter Landau level mixing can
produce positiveMR effect in the low-field range. (2) Carriers
undergo in-planemotion during interlayer transport.The in-
plane component of charge transport exhibits positive MR
[18]. Clearly these effects become stronger with increasing
temperature and widens the negativeMR (or increasing 𝐵sw).

For the ∼300 nm thick samples, some variations in the
zero-field resistance have been observed. For example, in
some samples 𝑅

𝑧𝑧
(0) is ∼1.6 kΩ (Figure SI-1, Supplementary

Information), as expected from the linear 𝑅
𝑧𝑧
(0) versus

thickness plot in Figure 2(d). Typical CPP-MR response
of such samples has been shown in Figure SI-1 (Supple-
mentary information). This sample exhibits negative MR of
∼88%. However, other ∼300 nm thick samples show very
high 𝑅

𝑧𝑧
(0), ∼107Ω or even higher (Figures 3(c) and 3(d)

bottom inset, SI-1). In some cases, zero-field interlayer resis-
tance exceeds the upper limit of our measurement system
(100MΩ). The negative MR effect in the 𝐵 ‖ 𝐼 geometry is
quite dramatic for these high resistance samples (Figure 3(c)).
As shown in Figure 3(c), a relatively small perpendicular
magnetic field of ∼3 kG reduces the interlayer resistance by
many orders of magnitude (note the logarithmic resistance
scale in Figure 3(c)), leading to a giant MR with a switching
ratio (𝑅

𝑧𝑧
(0)/𝑅
𝑧𝑧
(𝐵)) of ∼107. Discontinuity in the vicinity

of the zero-field represents the range where the device
resistance exceeds our instrumental limit. This effect persists
at room temperature and has been recorded up to ∼320K
(Figure 3(c)). To our knowledge, such strong negativeMRhas
not been reported before in graphitic or any other system at
comparable temperature and field range. At the lowest mea-
surement temperature (10 K), strong MR oscillations have
been observed, and Landau level 𝑛 ∼ 2 (approximate value)
is estimated to be occupied. As before, these oscillations have
been plotted separately in Figure SI-2(c) (Supplementary
Information). Under these experimental conditions inter
Landau level separation is larger than thermal broadening
and hence oscillations are expected. The inset of Figure 3(c)
shows the I-V characteristics of these thicker samples at
two different field values, which clearly demonstrates a giant
field dependent resistance switching. Figure 3(d), bottom
inset, shows MR curve from a similar high resistance thick
(∼300 nm) specimen, which had a finite zero-field resistance
of ∼107Ω. Figure SI-1 (Supplementary Information) shows
data from two different ∼300 nm samples, one with small
zero-field resistance (∼1.6 kΩ) and another which is virtually
open circuit at zero field.

The large variation in the zero-field CPP resistance in
the thick specimens most likely originates from the variation
in the misorientation angle between the neighboring layers.
The CPP resistance is not only determined by the number
of graphene layers in the stack but it is also determined
by the strength of interlayer coupling between the neigh-
boring layers. Weak interlayer coupling will result in low
probability of carrier transmission between the layers (at zero

magnetic field) and hence interlayer resistance is expected
to be high. The very large zero-field resistance in the thick
samples is presumably due to weaker interlayer coupling
strength in thicker specimens. Interlayer coupling strength
depends strongly on the extent of misorientation between the
neighboring layers and small change in the misorientation
angle can drastically affect interlayer resistance. Such effect
has been investigated in [45, 46]. It has been found that a
change in the misorientation angle from 0∘ to 30∘ can change
interlayer resistance by 16 orders of magnitude. Clearly, this
effect is not captured by the simple resistivity model in which
𝑅
𝑧𝑧
is proportional to theMLG stack thickness. At present, we

are unaware of any other reason that can explain such large
variation in zero-field CPP resistance in nominally identical
MLG specimens. In our studies we have found this effect only
for the thick (∼300 nm) samples and not for the other thinner
samples. Clearly, the layers further away from the interface
appear to become increasingly misoriented.

Figure 3(d) (main image) shows the MR as a function of
theMLG stack thickness at 50K.TheMR ratio increases with
the thickness of the MLG stack and almost reaches theoret-
ical maximum (∼100%, as mentioned before) for thickness
∼300 nm or larger. As mentioned before, bottom inset of
Figure 3(d) shows data from a ∼300 nm thick sample which
exhibited a finitemeasurable (high) resistance𝑅

𝑧𝑧
(0) ∼ 10

7
Ω

that corresponds to the 300 nm data point in the main plot.
A qualitative understanding of the thickness dependence

ofMR can be obtained as follows.MR ratio is primarily deter-
mined by the quantity 𝑅

𝑧𝑧
(0)/𝑅
𝑧𝑧
(𝐵). The quantity 𝑅

𝑧𝑧
(0)

depends strongly on the number of layers in the stack and
also on the strength of the interlayer coupling as discussed
above. Weaker interlayer coupling is expected to increase the
value of 𝑅

𝑧𝑧
(0). As consistent with our experimental data

presented above, thicker MLG stack results in larger 𝑅
𝑧𝑧
(0).

On the other hand, the quantity 𝑅
𝑧𝑧
(𝐵) depends on the

number of carriers generated per unit volume in presence of
a perpendicular magnetic field. Larger number of graphene
layers in the MLG stack should result in an abundance of
charge carriers and available states for interlayer tunneling
and thereby smaller 𝑅

𝑧𝑧
(𝐵) compared to the thinner layers.

Combining these observations, stronger negative MR is
expected in thicker MLGs.

Figure 3(d), top inset, shows 𝐵sw as a function of tem-
perature for all three thicknesses considered in this study.
We observe that, for a given temperature, 𝐵sw decreases with
increasing thickness. This trend can be linked to the Landau
level index 𝑛 (at the Fermi level) that participates in the
interlayer transport. As discussed above, in this study, 𝑛 has
been found to decrease with increasing thickness. Thus, for
thicker samples smaller magnetic field will be needed to
overcome Landau level mixing (and resulting positive MR)
and trigger the negative MR. Lower 𝑛 for thicker layers may
result from the gradual decay in the charge density profile
through theMLG stack from the doped (defective) interfacial
layers.

We also note that, for 200 nm and 300 nm thick samples,
𝐵sw tends to decrease with increasing temperature, especially
in the higher temperature range (>150K). We note that this
feature is qualitatively different from what is expected in
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the quantum limit, in which case 𝐵sw increases quadratically
with temperature [31]. A possible reason for this anomaly
could be the temperature dependence of the Fermi level,
which is known to move at lower energy values as temper-
ature is increased [47]. The critical parameter is the Fermi
temperature 𝑇

𝐹
= 𝐸
𝐹
/𝑘
𝐵
, and Fermi level decreases drasti-

cally (by a factor of ∼2) in the range 𝑇/𝑇
𝐹
∼ 0.35–0.9 [47]. As

the Fermi level decreases with increasing temperature, lower
order Landau levels will participate in the interlayer charge
transport at higher temperatures. For lower order Landau
levels, smaller 𝐵 will be needed to reduce the effect of inter
Landau level mixing and trigger the negative MR. This will
lead to a reduction in 𝐵sw (for a given sample) as temperature
is increased.

Lowering of the Fermi level with temperature is more
pronounced at higher temperature [47], and this is presum-
ably the reason why the reduction of 𝐵sw with 𝑇 is not
significant in the low 𝑇 regime and has not been observed
at all for the 60 nm sample, in which case negative MR
disappears at a much lower temperature. For example, in
the case of 300 nm samples, from the oscillations at 10 K we
had estimated Landau level ∼2 (approximate value) to be
occupied at 4 kG (see previous discussions).This translates to
𝐸
𝐹
∼ 32.4meV and 𝑇

𝐹
∼ 374K.Thus, over the measurement

range of 10 K–320K, 𝑇/𝑇
𝐹
varies from 0.026 to 0.85, thus

implying a large change (by factor of ∼2) in the location of
the Fermi level over the temperature range of 10–320K and a
resulting significant decrease in 𝐵sw. We note that, at 320K,
thermal broadening (estimated as 𝑘

𝐵
𝑇) is ∼27meV and the

above-mentioned twofold drop in the Fermi level will push
it below the thermally broadened range (320K) of its low-
temperature value (32.4meV). After this twofold drop, the
Fermi level will be located ∼16.2meV, and this energy range is
primarily dominated by (thermally broadened) Landau levels
0 and 1 in the field range considered. Clearly, lower Landau
levels are participating in transport at higher temperatures
and smaller 𝐵sw is expected.

Performing similar estimates for the other two batches,
we find that 𝑇/𝑇

𝐹
varies in the (narrower) range 0.09–0.43

for 200 nm samples and 0.08–0.33 for 60 nm samples. Thus,
change in the Fermi level is less drastic in these batches
(by a factor of ∼1.2–1.4). Further, as discussed above, in
these samples Fermi levels are located at higher energy
values at low temperatures. Thus, resulting reduction in 𝐵sw
is relatively less compared to the 300 nm batch. We note
that no theoretical model exists at this point that addresses
such scenarios and further theoretical studies are required to
obtain a quantitative understanding of this effect.

In conclusion, in this work we demonstrated ILMR effect
in MLG stacks of various thicknesses. It has been found that
the ILMR effect persists and becomes stronger as thickness
is increased. Also, for larger thickness samples, magnitude of
the MR effect is relatively insensitive to temperature. This is
consistent with our prior work in [16]. This is in significant
contrast with spintronic based MR devices such as GMR or
spin valves. In spintronic devices, thickness of the “active”
spin transport layer needs to be smaller than typical “spin
relaxation length” of the material that constitutes the active
region [48]. This imposes significant limitation on the device

geometry and requires stringent control over the fabrication
steps. Larger thickness of the “active” layer generally reduces
the MR signal and smaller thickness leads to reliability issues
such as formation of pinhole shorts between the electrodes.
Also, for spintronic devices signal strength tends to decrease
with increasing temperature. Due to these factors, ILMR
effect in MLG appears to be a more robust MR mechanism
for practical applications. Further, intrinsic compatibility of
MLG with flexible electronics and sensorics makes ILMR
an exciting platform for future magnetic sensing and data
storage technologies.
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