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The oscillating magnetocaloric effect of a multilayer graphene in Bernal and rhombohedral

stacking is investigated to extend the previous knowledge of the effect on a single layer graphene.

We started from results of a tight-binding model and obtained analytical expressions for the

thermodynamic potential and for the entropy change. The last exhibits the same dependence on

field and temperature observed for other diamagnetic systems; it oscillates with the inverse

magnetic field and presents a maximum value at a given temperature. The amplitude of the

oscillating entropy change decreases with the number of layers and the stacking sequence rules the

magnetocaloric properties of the system. VC 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4903833]

Magnetocaloric effect (MCE) is a thermal response of

magnetic materials to a magnetic field change DB. The effect

may be observed though an entropy change DS (from an iso-

thermal process), where the material exchanges heat with a

thermal reservoir or through a temperature change DT (from

an adiabatic process). Thus, the effect is characterized by the

quantities DS and DT. The main application for the MCE is

in magnetic refrigeration, first suggested in the late 1920s

with a process known as adiabatic demagnetization.

MCE is stronger in materials that present some magnetic

order, particularly in the vicinity of a phase transition.

Therefore, research of materials is specially focused on

ferromagnets,1 antiferromagnets,2 and multiferroics.3

Nevertheless, MCE in diamagnetic materials have been stud-

ied recently.4–7 For these materials, both quantities DS and

DT present an oscillating character as a function of the

applied magnetic field and present a maximum value at a

given temperature even though there is no critical tempera-

ture. The oscillatory behavior is related to the crossing of the

Landau levels through the Fermi energy, analogously to the

well known de Haas-van Alphen effect. The oscillating

MCE was studied in 3D systems4,8 (standard bulk diamag-

nets), and in systems of lower dimensionality, 2D5,6,9 and

1D7 diamagnets. It should be noted that the MCE in diamag-

netic materials is much weaker than the effect observed in

magnetically ordered materials. However, due to the oscilla-

tions, diamagnetic materials could work as highly sensitive

magnetic field sensors.4,8,9

Among 2D systems, graphene has unique properties due

to its linearity in the low energy part of the electronic spec-

trum. Comparing the MCE of 2D non-relativistic materials

with graphene, the entropy change of the latter is 3 orders of

magnitude larger. Besides, the temperature of maximum

entropy change is about 1 K for non-relativistic materials and

100 K for graphene under an applied field of 10 T.

Stacks of graphene layers also attract much attention

and it is well known that the stacking configuration deter-

mines the electronic structure of the system.10,11 Two of the

most important stackings are Bernal (ababab…) and rhombo-

hedral (abcabc…). While Bernal stacking shows a quadratic

low energy spectrum, rhombohedral stacking shows a jpjN
dependence on its band structure. The aim of the present

work is to study the dependence of MCE on the number of

layers of a multilayer graphene as well as the importance of

the stacking configuration.

The paper is organized as follows. In the following sec-

tion, we briefly describe the tight-binding spectrum of multi-

layer graphene, and the quasi-classical quantization process

used to introduce the magnetic field. In the following section,

we use the energy spectrum to evaluate the grand canonical

potential. Then, we obtain the entropy change to characterize

the magnetocaloric effect. Finally, we briefly summarize and

discuss our findings.

The simplest way to describe the electronic structure

of multilayer graphene is to use a tight-binding model

which includes hopping between the p orbitals in carbon

atoms, neglecting the remaining atomic orbitals which give

rise to the r bands. In multilayer graphene, the electronic

structure depends on the stacking configuration (Fig. 1).

Below, we describe Bernal and rhombohedral stacking

orders.

The case of multilayer graphene with Bernal stacking

(ababab…) was considered in Refs. 10 and 11. The energy

spectrum can be written as

E ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
v2

Fp2 þ c2
1 cos2

p
N þ 1

� �s
� c1 cos

p
N þ 1

� �
; (1)

where N is number of layers, vF¼ 108 cm/s is the Fermi

velocity, and c1 is the hopping energy between nearest
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layers. We considered only low-energy electrons of conduct-

ance band.

For example, for single layer graphene (N¼ 1), we

have E¼ vFp, and for bilayer graphene (N¼ 2) we have

E ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
v2

Fp2 þ c2
1=4

p
� c1=2, etc., in full agreement with

known works.12,13

Considering the rhombohedral stacking (abcabc…), the

simplest effective Hamiltonian of multilayer graphene gives

then the following energy spectrum:10

E ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a2

Np2N þ�2
q

; (2)

where p2 ¼ p2
x þ p2

y , N is again the number of layers, � is

the band gap due to the breaking symmetry between layers,

and aN¼ c1(vF/c1)N.

Equation (2) also recovers the Dirac spectrum for single

layer graphene, and for bilayer graphene we have

E ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
v4

Fp4=c2
1 þ�

2
q

, in accordance with Ref. 13.

For the calculation, we will present below, the value of

the nearest neighbor interlayer hopping energy is

c1¼ 0.4 eV, following the references listed in Table I.

To go further, we will take advantage of the Lifshitz-

Onsager quantization rule;21,22 and this approach was al-

ready used in recent papers.23–26 For a 2D electron gas, the

area enclosed by the trajectory of an electron with energy

e¼ e(p) (in the momentum space) reads as21,22

AnðeÞ ¼ 2p�heHðnþ crÞ; (3)

where n¼ 0, 1, 2,…and cr¼ cþrm*(l)/2 m. Furthermore,

m� eð Þ ¼ 1

2p
dAn eð Þ

de
(4)

is the electron cyclotron mass, r¼61 stands for the spin

projection. For multilayer graphene, we have27 c¼ (N – 1)/2.

Also, for the present work, we are neglecting the Zeeman

splitting, i.e., we are considering cr¼ c. Note the area in

momentum space is pp2 and therefore the Landau levels

for multilayer rhombohedral stacking reads as (Eq. (3) into

Eq. (2))

en ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a2

N½2�heHðnþ cÞ�N þ�
2

q
; (5)

while for Bernal stacking, it reads as (Eq. (3) into Eq. (1))

en ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2v2

F�heH nþ cð Þ þ c2
1 cos2

p
N þ 1

� �s

� c1 cos
p

N þ 1

� �
: (6)

Reminding that A(e(p))¼pp2, it is possible to write useful

relations: From Eq. (2),

A eð Þ ¼ p
e2 ��

2

a2
N

 !1
N

; (7)

valid for rhombohedral stacking; and from Eq. (1),

A eð Þ ¼ p

v2
F

eþ c1 cos
p

N þ 1

� �� �2

� p

v2
F

c2
1 cos2 p

N þ 1

� �
; (8)

valid for Bernal stacking.

The general expression for the thermodynamic potential

in the presence of a magnetic field has the form

X ¼ � 2eHkBTSg

p�h

X
n

ln 1þ exp
l� en

kBT

� �� �
; (9)

where T is the temperature, kB is the Boltzmann constant, l
is the chemical potential, and Sg is the graphene area. We are

considering the case of electron doping and therefore l> 0.

Using the Poisson summation formula,

X1
n¼0

f ðnÞ ¼
ð1

0

f ðxÞdxþ 2Re
X1
k¼1

ð1
0

f ðxÞei2pkxdx; (10)

then integrating by parts and using Eq. (3), we obtain

FIG. 1. Multilayer graphene: Bernal or

aba stacking (left) and rhombohedral

or abc stacking (right).

TABLE I. Values of the interlayer hopping energy c1, in eV, from a few

references.

c1 (eV) Reference

0.378 6 0.005 Experiment14 (IR spec.)

0.381 6 0.003 Experiment15 (IR spec.)

0.40 Experiment16 (IR spec.)

0.30 Experiment17 (Raman)

0.35 Experiment18 (Raman)

0.34 Ab initio19

0.3963 Ab initio20
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X T;Hð Þ ¼X0 Tð Þ þ XH Tð Þ

¼ � Sg

p�hð Þ2
ð1

0

A eð Þf e� lð Þde� 2eHSg

p2�h
Re

�
X
k¼1

�1ð Þk N�1ð Þ

ik

ð1
0

f e� lð Þexp
ikA eð Þ
�heH

� �
de;

(11)

where f ðe� lÞ ¼ 1=fexp ½ðe� lÞ=kBT� þ 1g is the Fermi-

Dirac distribution function.

The energies e� l are important for the magnetic

oscillations and therefore we expand the function A(e) in the

vicinity of l

AðeÞ � AðlÞ þ 2pm�ðlÞðe� lÞ: (12)

Then, evaluating the right integral of Eq. (11) and consider-

ing kBT � l� eF, we obtain the field dependent thermody-

namic potential, with an oscillatory character

XH Tð Þ ¼ 2eHkBTSg

p�h

X1
k¼1

�1ð Þk N�1ð Þ

k

cos kpmð Þ
sinh xk

; (13)

where

xk ¼ kx ¼ k
2p2kBTm� eFð Þ

�heH
; m ¼

~H

H
and ~H ¼

A eFð Þ
�hpe

:

(14)

On the other hand, the left integral of Eq. (11) gives the

zero-field thermodynamic potential; and this contribution

reads as

X0 Tð Þ ¼ � Sg

p�hð Þ2
eFA eFð Þ þ

p3

3
k2

BT2m� eFð Þ
� �

: (15)

The entropy is determined as

S T;Hð Þ ¼ � @X T;Hð Þ
@T

¼ S0 Tð Þ þ SH Tð Þ: (16)

From Eq. (15), the zero-field entropy is

S0 Tð Þ
SgkB

�
2pm� eFð ÞkBT

3�h2
: (17)

Using the effective cyclotron mass for both rhombohedral

and Bernal stacking with N¼ 1, the above expression recov-

ers the entropy of single layer graphene.9 To obtain Eq. (17),

we used expansion (12), because the integrand in @X0/@T is

significantly different from zero only in the vicinity of

e¼ eF. Remember, Sg is the graphene area. Analogously to

above, from Eq. (13), we obtain the field-dependent mag-

netic entropy, with an oscillatory character

SH Tð Þ
SgkB

¼
2A eFð Þ
�h2p2

1

m

X1
k¼1

1

k
�1ð Þk N�1ð ÞT xkð Þcos kpmð Þ; (18)

where

T xkð Þ ¼
xkL xkð Þ
sinh xk

(19)

and LðxkÞ ¼ cothðxkÞ � 1=xk is the Langevin function.

However, the magnetic entropy change is given by

DSðT;HÞ ¼ SðT;HÞ � SðT; 0Þ ¼ S0ðTÞ þ SHðTÞ � S0ðTÞ
¼ SHðTÞ and therefore the oscillating magnetic entropy

change we are looking for is on Eq. (18).

Figure 2 presents the entropy change (Eq. (18)) for

multilayer graphene as a function of temperature, and the

number of layers varying up to N¼ 4. It is known that the

stacking sequence affects the electronic properties, and here

we can see that the stacking also rules the magnetocaloric

effect.

Figure 3 presents the entropy change as a function of the

inverse magnetic field and its oscillations. The amplitude of

the entropy change becomes smaller when more layers are

added, as we can also see in Figure 2.

In this paper, we applied a thermodynamic treatment to

the electronic structure of multilayer graphene, obtained

from a tight-binding model considering only one hopping

energy, between carbon atoms in neighbor layers. We found

the usual oscillating entropy change as a function of the

inverse magnetic field; however, the amplitude of the en-

tropy change decreases with the number of layers. Also, the

entropy change presents a maximum value at a given temper-

ature. This pair of features is characteristic of diamagnetic

MCE. It is worth to notice that if we make N¼ 1 on Eq. (18),

i.e., considering a single layer graphene, the entropy change

exactly matches our previous result in Ref. 6; as well as the

case N¼ 2 that also recovers our previous result considering

a bilayer graphene, which was explored in detail in Ref. 13.

Because we did not take into account the hopping inside

the layers, the present result applied to a single layer

FIG. 2. Thermal evolution of the entropy change of multilayer graphene.
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graphene matches our previous one, which considered a 2D

electron gas. It is also interesting to notice that in the present

work we used the quasi-classical approach to handle the

magnetic field, which was not employed to single layer gra-

phene. In general, since the electronic structure of multilayer

graphene depends on the stacking sequence, the stacking

also rules the magnetocaloric properties of the system.

Finally, we may say, that other physical interactions,

such as dispersive or van der Walls interaction, will mainly

affect the interlayer distance. It will then result in a change

of the interlayer hopping parameter. Therefore, other

interactions would result in minor changes of the oscillating

MCE, but no qualitative change is expected.

The reported study was partially supported by Project

No. 3.1262.2014 of Ministry of Education and Science of

Russia in scientific research and RFBR, Research Project

No. 15-02-03311a. L.S.P. and M.S.R. thank Brazilian

agencies CNPq, CAPES, FAPERJ, and PROPPi-UFF for the

financial support.

1L. Li, K. Nishimura, W. D. Hutchison, and K. Mori, J. Phys. D: Appl.

Phys. 41, 175002 (2008).
2J. Shen, Z.-Y. Xu, H. Zhang, X.-Q. Zheng, J.-F. Wu, F.-X. Hu, J.-R. Sun,

and B. gen Shen, J. Magn. Magn. Mater. 323, 2949 (2011).
3M. M. Vopson, J. Phys. D: Appl. Phys. 46, 345304 (2013).
4M. S. Reis, Appl. Phys. Lett. 99, 052511 (2011).
5M. S. Reis, J. Appl. Phys. 113, 243901 (2013).
6M. S. Reis, Appl. Phys. Lett. 101, 222405 (2012).
7Z. Z. Alisultanov, R. P. Meilanov, L. S. Paix~ao, and M. S. Reis, Physica E

65, 44 (2015).
8M. S. Reis, Solid State Commun. 152, 921 (2012).
9L. S. Paix~ao, Z. Z. Alisultanov, and M. S. Reis, J. Magn. Magn. Mater.

368, 374 (2014).
10M. I. Katsnelson, Graphene: Carbon in Two Dimensions (Cambridge

University Press, New York, 2012).
11F. Guinea, A. H. Castro Neto, and N. M. R. Peres, Phys. Rev. B 73,

245426 (2006).
12E. McCann and V. I. Fal’ko, Phys. Rev. Lett. 96, 086805 (2006).
13Z. Z. Alisultanov and M. S. Reis, “Oscillating magneto- and electrocaloric

effects on bilayer graphenes,” Solid State Commun. (submitted).
14A. B. Kuzmenko, E. van Heumen, D. van der Marel, P. Lerch, P. Blake,

K. S. Novoselov, and A. K. Geim, Phys. Rev. B 79, 115441 (2009).
15A. B. Kuzmenko, I. Crassee, D. van der Marel, P. Blake, and K. S.

Novoselov, Phys. Rev. B 80, 165406 (2009).
16L. M. Zhang, Z. Q. Li, D. N. Basov, M. M. Fogler, Z. Hao, and M. C.

Martin, Phys. Rev. B 78, 235408 (2008).
17L. M. Malard, J. Nilsson, D. C. Elias, J. C. Brant, F. Plentz, E. S. Alves, A.

H. Castro Neto, and M. A. Pimenta, Phys. Rev. B 76, 201401 (2007).
18L. M. Malard, J. Nilsson, D. L. Mafra, D. C. Elias, J. C. Brant, F. Plentz,

E. S. Alves, A. H. C. Neto, and M. A. Pimenta, Phys. Status Solidi B 245,

2060 (2008).
19H. Min, B. Sahu, S. K. Banerjee, and A. H. MacDonald, Phys. Rev. B 75,

155115 (2007).
20P. Gava, M. Lazzeri, A. M. Saitta, and F. Mauri, Phys. Rev. B 79, 165431 (2009).
21I. M. Lifshitz and M. I. Kaganov, Sov. Phys. Usp. 2, 831 (1960).
22I. M. Lifshitz and A. M. Kosevich, Sov. Phys. JETP 2, 636 (1956).
23A. Y. Ozerin and L. A. Falkovsky, Phys. Rev. B 85, 205143 (2012).
24Z. Z. Alisultanov, Physica B 438, 41 (2014).
25Z. Z. Alisultanov, JETP Lett. 99, 232 (2014).
26Z. Z. Alisultanov, J. Appl. Phys. 115, 113913 (2014).
27V. P. Gusynin, V. M. Loktev, I. A. Luk’yanchuk, S. G. Sharapov, and A. A.

Varlamov, Low Temp. Phys. 40, 270 (2014).

FIG. 3. Field dependence of the entropy change of multilayer graphene.

232406-4 Alisultanov, Paix~ao, and Reis Appl. Phys. Lett. 105, 232406 (2014)

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to IP:  200.20.9.78

On: Thu, 08 Jan 2015 18:40:18

http://dx.doi.org/10.1088/0022-3727/41/17/175002
http://dx.doi.org/10.1088/0022-3727/41/17/175002
http://dx.doi.org/10.1016/j.jmmm.2011.05.042
http://dx.doi.org/10.1088/0022-3727/46/34/345304
http://dx.doi.org/10.1063/1.3615296
http://dx.doi.org/10.1063/1.4812282
http://dx.doi.org/10.1063/1.4768789
http://dx.doi.org/10.1016/j.physe.2014.08.012
http://dx.doi.org/10.1016/j.ssc.2012.03.029
http://dx.doi.org/10.1016/j.jmmm.2014.06.010
http://dx.doi.org/10.1103/PhysRevB.73.245426
http://dx.doi.org/10.1103/PhysRevLett.96.086805
http://dx.doi.org/10.1103/PhysRevB.79.115441
http://dx.doi.org/10.1103/PhysRevB.80.165406
http://dx.doi.org/10.1103/PhysRevB.78.235408
http://dx.doi.org/10.1103/PhysRevB.76.201401
http://dx.doi.org/10.1002/pssb.200879591
http://dx.doi.org/10.1103/PhysRevB.75.155115
http://dx.doi.org/10.1103/PhysRevB.79.165431
http://dx.doi.org/10.1070/PU1960v002n06ABEH003183
http://dx.doi.org/10.1103/PhysRevB.85.205143
http://dx.doi.org/10.1016/j.physb.2013.12.033
http://dx.doi.org/10.1134/S0021364014040055
http://dx.doi.org/10.1063/1.4869237
http://dx.doi.org/10.1063/1.4869583

