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Appendix A. Comparison between the thickness dependence of the susceptibility and of the
electrical conductivity at 4 K and 300 K

Figure A1 shows similar data as Fig. 4 of the main text but including the conductivity data at 4 K of
the selected graphite samples. Note that the smaller the sample thickness the temperature dependence
of the conductivity changes from metalliclike (at large enough thickness) to semiconductinglike at
thickness less than ∼ 50 nm [1]. This means that we expect a crossover at small enough thickness
between the two series of data (4K and 300K) as seen in the figure.
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Figure A1. c-axis susceptibility of different graphite samples vs. their thickness at 300K measured by a
torquemeter(�) and a SQUID magnetometer(�). The samples were obtained from precharacterized
bulk natural graphite as well as HOPG of grade ZYA samples. The HOPG sample with a thickness
30.6 µm was measured with SQUID and torque magnetometers (�). The vertical error bar at the top
right indicates the values reported of different oriented samples in the literature [2–8] at 300K. Right
y-axis: thickness dependence of the conductivity of several bulk and thin graphite samples taken at 300
K (#) and 4 K (N) from [1], at 300 K (D) from [9], at 4 K (4) from [1,10–14] and calculated taking the
measured geometry in those publications.

Appendix B. Surface to volume ratio

The results shown in Figure A2 indicate that the decrease in the susceptibility is not related to a
decrease of the total Stotal or the lateral Slateral sample area. The observed behavior is related solely to a
decrease in the thickness, as expected from the microstructure of the graphite samples [15].
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Figure A2. Susceptibility vs. (a) ratio between the total surface and volume and (b) ratio between the
lateral surface and volume of the graphite samples, measured with a SQUID magnetometer (�, �) and
torque magnetometers (�, �).

Appendix C. Particle induced x-ray emission (PIXE) characterization of the samples impurities

For the measurement of the susceptibility we have selected HOPG ZYA graphite samples, which
were previously characterized by PIXE (penetration depth of ∼ 35 µm) at the surface and at the
sides, see [16]. ZYA samples are the ones with the highest structural quality and have the lowest Fe
concentration < 1 µg/g and the concentration of other magnetic elements is much smaller. One should
take care that the side surfaces can show a higher impurity concentration [16] than in bulk. Therefore,
one should clean with ultrasound before using them and prepare the flakes. The graphite flakes show
even smaller impurity concentration than the bulk samples, in general. However, the measuring error
increases due to the small mass of the flakes.

The impurity content of the natural graphite samples was determined also by PIXE, see [17]. It is
important in this case to remove the first hundreds of nanometers from the as-received surface that
usually have some extra contamination. The clean surfaces as well as in bulk show a concentration of
∼ 6 µg/g of Fe and of Ti. The other elements concentrations were below the detection limit. Similar
to the HOPG samples, we did not find any increase in the impurity concentration decreasing the
thickness of the samples, i.e. the impurities are in general homogeneously distributed in the samples.

The magneto-transport properties of thin graphite flakes, throughly studied in the past [10,18–
20], do not show any sign of negative magnetoresistance, a fingerprint of magnetic scattering [21].
Therefore, we can rule out the possibility that due to the decrease of the sample thickness we have an
increase of the paramagnetic or ferromagnetic contribution as the reason for the decrease in the total
diamagnetic susceptibility.
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Appendix D. Original experimental data and the calibration curve
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Figure A3. Measured resistance sygnal vs. angle θ between the applied field and the c-axis of the
graphite samples with thickness: (a) 30.6 µm (#), (b) 6.9 µm (4) and 1.2 µm (�).

Figure A3 shows the original experimental data taken from three graphite flakes with different
thicknesses. Measurements of the resistance signal were carried out depending on the angle θ between
the constant magnetic field B and the c-axis of the graphite samples. The applied magnetic field
was 0.2 T (= 2 kOe). Note that each curve was taken with different cantilevers with different spring
constants k and gauge factors GF (see Table A1).

Table A1. Table with the parameters of the cantilevers used for the magnetometry.

Cantilever
No. l [µm] w [µm] tc [µm] k [N/m] R0 [kOhm] GF measured sample and

sample thickness

153 (4) 305 110 5.1 22.6 1.206 1.57 NG No.13, t = 6.9 µm
189 (2) 305 110 3.8 8.7 1.212 1.75 NG No.16, t = 1.2 µm
101 (5b) 305 110 4.3 12.7 1.169 0.84 HOPG, t = 30.6 µm

To estimate the susceptibility of the graphite samples, we did the following calculations. The
accuracy of these estimates was checked by comparing the measured susceptibility of the same sample
with the SQUID and a torque magnetometer. The torque that arises from a sample with a magnetic
moment m in an applied magnetic field B is equal to:

~τ = ~m× ~B, (A1)

or

τ = mB sin(θ), (A2)

where θ is the angle between the magnetic moment m and the applied magnetic field B. Because
graphite is a strong anisotropic material (χ‖ >> χ⊥) its magnetic moment can be written as:

m = χ‖mmB cos(θ), (A3)
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where χ‖ is the mass magnetic susceptibility for field applied parallel to the c-axis of graphite
and mm is the mass of the sample.

Thus, taking into account the Equations A2 and A3, the final formula of the torque will be as
follows (identical to obtained in [22]):

τ = χ‖mmB2 cos(θ) sin(θ) =
1
2

χ‖mmB2 sin(2θ) (A4)

The torque of the anisotropic sample will create a force ~F acting on the tip of the cantilever of
length l. The elastic force of the cantilever tip will act as a counterbalance to the force caused by the
torque. In this way:

~τ = ~F×~l, (A5)

or
τ = k∆x · l, (A6)

where k is a spring constant of cantilever and ∆x is a deflection at the edge of cantilever.
Comparing the Equations A4 and A6, we obtain an expression that relates the deviation of the
tip of the cantilever with the magnetic field and angle:

k∆x · l = 1
2

χ‖mmB2 sin(2θ),−→ (A7)

χ‖ =
2kl
mm

∆x
B2 sin(2θ)

(A8)

For the cantilevers that have a piezoresistor as a pressure sensor, the calibration parameter is
found as a gauge factor (GF), which shows the relative variation of the piezoresistance with respect to
the relative deflection of the cantilever [23–26]:

∆R
R0

= GF
∆x
l

, (A9)

where R0 is the resistance of the piezoresostor in the undeflected state.
With Equations (A8) and (A9), we obtain a general formula for the calculation of the susceptibility

of an anisotropic sample as:

χ‖ =
∆R

R0GF
2kl2

mmB2 sin(2θ)
(A10)

To determine the susceptibility of the graphite samples, we used the cantilevers with an integrated
Wheatstone bridge, which has 4 piezoresistors, and two of them are placed at the bottom of the
cantilever tip. To measure the change of resistance of the piezoresistor ∆R, we used the AC Resistor
Bridge. In this configuration the measured resistance is related to the change in the resistance of
the piezoresistor as ∆R = 2Rmeas. Based on the above given expressions the final formula for the
susceptibility of an anisotropic sample in the used experimental setup:

χ‖ =
2Rmeas

R0GF
2kl2

mmB2 sin(2θ)
(A11)

The measured Rmeas of three graphite samples are presented on Figure A3. The typical values
of the spring constants of the used cantilevers are k = 8 - 23 N/m (see the Table A1). To calculate the
spring constant k we used the equation from [27]:

k =
Et3

c w
4l3 , (A12)
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where w is the width and l is the length of the cantilever tip, tc is the cantilever thickness and
E = 1.7 · 1011 Pa the Young’s modulus.

The values of the gauge factor GF (Table A1) for each cantilever were mechanically obtained
using an optical microscope and a micromanipulator from SURUGA SEIKI CO., LTD, following the
method reported in [23]. The needle of the micromanipulator was lowered in steps of 0.1-1 µm and
pressed at the edge of the cantilever. The change in the resistance of the piezoresistor on the cantilever
was recorded by the AC Resistance Bridge. To test the accuracy of mechanical calibrations, we carried
out an additional calibration with the HOPG sample of thickness 30.6 µm measured in a SQUID
magnetometer and a torque magnetometer. Both calibrations turned out to be identical, within the
slight non-linearity of the torque magnetometer, see Figure A4.
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Figure A4. Magnetization of the HOPG sample of thickness 30.6 µm, obtained with a SQUID
magnetometer and a torque magnetometer.

Additional experimental data and characterization of the used cantilevers can be seen in [28].

Appendix E. Influence of substrate on the SQUID measurements

In order to avoid the influence of spurious contributions on the magnetic measurements of the
graphite samples in the SQUID magnetometer, we used a thin silicon substrate (4× 4× 0.18 mm3). The
value of the magnetic moment of the silicone substrate was ∼ 10−6 emu under an applied magnetic
field of 10 kOe. The value of the smallest magnetic moment of a graphite sample with a thickness
7.7 µm was of the order of 10−5 emu under the same applied magnetic field.
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