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The magnetocaloric effect of non-relativistic diamagnetic materials presents an oscillatory character

due to the crossing of the Landau levels with the Fermi energy. This effect occurs at low temperature

(ca 1 K) and high magnetic field (ca 10 T). Considering the relativistic properties of graphenes, a 2D

massless diamagnetic material, these oscillations could be preserved and the effect occurs in a much

higher temperature (ca 100 K), due to the huge Fermi velocity (106 m/s). In addition, the

magnetocaloric effect can be tuned as either inverse or normal, by changing the magnetic field

change in ca 3.4 T. VC 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4768789]

The magnetocaloric effect (MCE) is an intrinsic and

exciting property of magnetic materials, in which they are

able to exchange heat (DQ ¼ TDS) with a thermal reservoir,

under a magnetic field change DB. This amount of heat is

directly related to the magnetic entropy change

DSðT;DBÞ ¼ SðT;BÞ � SðT; 0Þ; (1)

usually used to characterize the magnetocaloric properties of

materials.

The cooling devices based on the MCE are promising

candidates to substitute, in a near feature, the common

devices, i.e., those based on compression-expansion of

Freon-like gases (for instance, air conditioners and house-

hold refrigerators). This probable scenario arises since

magnetic cooling devices fit in a clean, safe, and sustain-

able technology, where these systems do not use any nox-

ious gases to the ozone layer and, in addition, have greater

efficiency of cooling power and lower energy consumption

when compared with the traditional devices. However, the

magnetocaloric potential of materials is not limited to

room temperature applications, and the best example is the

adiabatic demagnetization refrigerator that can reach mK

scale.1

The magnetic materials studied by the scientific commu-

nity have not yet the needed characteristics to be used in

large scale, due to technological and/or economical restric-

tions; and, in addition, the literature on the magnetocaloric

effect sum efforts for applications considering only materials

with cooperative orderings, like ferro-, antiferro-, and even

ferrimagnetic materials.2 However, recently, diamagnetic

materials received due attention never received before,3,4

and an oscillatory behavior, due to the crossing of the Lan-

dau levels through the Fermi energy,5 was predicted, in anal-

ogy to the de Haas-van Alphen effect.

In more details, the grand canonic potential for a 3D

standard Fermions gas is5,6

UðT;BÞ ¼ �kBT

ð1
0

de gðeÞ lnð1þ ze�beÞ; (2)

where z ¼ elb is the fugacity and gðeÞ the density of states

given by5

gðeÞ¼ 3

2
Ne�3=2

F e1=2þðlBBÞ1=2
Xþ1
l¼1

ð�1Þl

l1=2
cos

lp
lBB

��p
4

� �( )
:

(3)

Above, l is the chemical potential, b ¼ 1=kBT, B is the

applied magnetic field, and eF is the zero field Fermi energy.

The above density of states is valid for the eF � kBT and

lBB � kBT. The entropy is defined as

SðT;BÞ ¼ � @UðT;BÞ
@T

; (4)

and then, after some steps described in detail in Ref. 4, the

molar magnetic entropy change is obtained

DSðT;BÞ ¼ �kB
3

2

1

nþ 1=4

� �3=2

cosðnpÞ T ðxÞ; (5)

where x ¼ p2y nþ 1
4

� �
and y ¼ kBT=eF. In addition,

n ¼ eF

lBB
� 1

4
; (6)

and

T ðxÞ ¼ xLðxÞ
sinhðxÞ ; where LðxÞ ¼ cothðxÞ � 1

x
(7)

is the Langevin function.

Note the magnetic entropy change has an oscillatory

behavior as a function of n, inversely proportional to the

magnetic field B (see Figure 1(a)). As discussed in Ref. 4, it

has a possible application as a high sensible magnetic field

sensor at low temperatures (ca 1 K), since the magnetocaloric

effect can be either normal or inverse, by a small change of

magnetic field change (ca 0.9 mT)—values obtained for 3D

standard Gold (eF ¼ 0:88� 10�18 J). It is unequivocal that

this effect would be more remarkable if the values of temper-

ature would be higher, to be easily detected and used for

high temperature purposes. The normal and inverse magnetica)marior@if.uff.br.
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entropy change can also be seen as a function of temperature,

tuned by the values of n (see Figure 2(a)).

The step forward is to obtain the oscillating magneto-

caloric effect for other diamagnetic materials; however, 2D

standard system has a energy spectra similar to the 3D case

and therefore a 2D massless Dirac system, more precisely

graphenes, is the natural choice. Graphene is a planar sheet

of carbon atoms packed in a honeycomb lattice. Electronic

properties of this material are quite different from standard

3D diamagnetic materials, since graphene has massless elec-

trons and therefore behaves like a relativistic particle,

described by the Dirac equation.7 While for a non-relativistic

3D diamagnetic material the Landau levels are given by a

harmonic oscillator6,7

Ei ¼ �hx iþ 1

2

� �
; where �hx ¼ �heB

m
; (8)

for a 2D massless Dirac material the levels are given by7

Ej ¼ �hx0
ffiffi
j

p
; where �hx0 ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2�heBv2

F;
q

(9)

where i, j¼ 0, 1, 2,… and vF ¼ 106 m=s stands for the Fermi

velocity (only 300 times smaller than the speed of light).

Note the energy spectra for a non-relativistic material are

equally spaced, while it is not for a 2D massless Dirac

material.

The grand canonic potential for a graphene is given

by7–11

UðT;BÞ ¼ U0ðTÞ þ UnoðBÞ þ UoscðT;BÞ; (10)

where U0ðTÞ is a contribution that does not depend on the

magnetic field, UnoðBÞ depends on the magnetic field in an

non-oscillatory fashion and does not depend on the tempera-

ture and, finally, UoscðT;BÞ has an oscillatory behavior and

depends on both temperature and magnetic fields. From

Eq. (4), it is easy to see that Sno ¼ 0; SðT;BÞ ¼ S0ðTÞ
þ SoscðT;BÞ and SðT; 0Þ ¼ S0ðTÞ þ SoscðT; 0Þ. Thus, the

magnetic entropy change reads as

DSðT;DBÞ ¼ SoscðT;BÞ � SoscðT; 0Þ; (11)

similar to what was found to a 3D non-relativistic material.4

The oscillatory contribution to the grand canonic potential

per graphene area must be thus recovered8

UoscðT;BÞ ¼
ðeBÞ2v2

F

pl0

X1
k¼1

cosðpkmÞ
ðpkÞ2

xk

sinhðxkÞ
; (12)

where l0 ¼ �hvF

ffiffiffiffiffiffiffiffi
N0p
p

is the zero temperature and magnetic

field chemical potential, i.e., the Fermi energy, and N0

¼ 1016 m�2 is the density of charge carriers.12,13 In addition

FIG. 1. Oscillating magnetic entropy change as a function of (a) n (Eq. (6):

3D non-relativistic material—Gold) and (b) m (Eq. (13): 2D relativistic ma-

terial—graphene). Both, n and m are inversely proportional to the magnetic

field B.

FIG. 2. Oscillating magnetic entropy change as a function of temperature

for (a) 3D non-relativistic (Gold) and (b) 2D relativistic (graphene), diamag-

netic materials. Note the temperature in which the effect occurs is 50 times

higher for the graphene, in comparison to Gold.
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m ¼ N0

/0

B
; (13)

where /0 ¼ p�h=e ¼ 2:06� 10�15 Tm2 is the magnetic flux

quantum. Finally,

xk ¼ k
m

N0

kBT

~vF
; (14)

where ~vF ¼ �hvF=2p
ffiffiffiffiffiffiffiffi
N0p
p

¼ 9:43� 10�38Jm2. Note both, m
and xk are dimensionless. Thus, the magnetic entropy change

reads as

SoscðT;BÞ ¼ 2pkB
N0

m

X1
k¼1

cosðpkmÞ
pk

T ðxkÞ; (15)

where T ðzÞ is given by Eq. (7). Note the temperature de-

pendence T ðzÞ of the oscillating contribution to the magnetic

entropy is the same for both, a 3D non-relativistic material

and a 2D massless Dirac material. It is easy to see that

SoscðT; 0Þ ¼ 0 and therefore DSðT;DBÞ ¼ SoscðT;BÞ.
As usually considered for thermodynamic quantities

with this kind of oscillations,4,5 we will consider only k¼ 1

term: the hyperbolic sine function at the denominator of

Eq. (7) rapidly damping the summation. Of course, it is an

approximation; however, after this assumption, we can

understand the physics behind this model. Thus, the mag-

netic entropy change per graphene area reads as

DSðT;DBÞ ¼ 2kB
N0

m
cosðpmÞT ðxÞ; (16)

where x ¼ x1.

Considering the results given above, the oscillating mag-

netocaloric effect of a 2D massless Dirac material is pre-

sented as a function of m (see Figure 1(b)). The change of

magnetic field change required to invert the magnetocaloric

effect (from normal to inverse) in the present study (ca

3.4 T) is much higher than the 3D non-relativistic case (ca

1 mT), easier therefore to verify the effect. In addition, the

oscillations for the present study are rapidly smashed by the

envelope term of the magnetic entropy change, i.e., Eq. (16)

without cosðnpÞ. In fact, due to the hyperbolic sine function

at the denominator of Eq. (7).

The magnetic entropy change is also presented as a

function of temperature, for some values of m (inversely pro-

portional to the magnetic field B), in Figure 2(b). Note (i)

odd (even) values of m minimize (maximize) the magnetic

entropy change, and (ii) the temperature in which the magne-

tocaloric effect peaks (ca 100 K) is much higher than the 3D

non-relativistic material (ca 1 K), like Gold (see Figure 2(a)).

More precisely, the temperature dependence of the magnetic

entropy change for both standard 3D material (Gold, for

instance) and 2D massless Dirac electrons material (gra-

phene) are ruled by T ðzÞ function that peaks at z � 1:6.

Thus, for a standard 3D material, the temperature in which

the maximum magnetocaloric effect occurs is

Tmax ¼ 1:6B
lB

p2kB

� �
¼ 0:1B; (17)

while for 2D massless Dirac material, this temperature is

Tmax ¼ 1:6B
~vF

/0kB

� �
¼ 5:3B: (18)

Note the MCE for a graphene peaks at a temperature almost

50 times higher than a standard 3D diamagnetic material,

since this temperature for the graphene case is proportional

to the huge Fermi velocity (106 m=s). In addition, Tmax for a

graphene can be tuned by controlling the density of carriers

N0, since ~vF / 1=
ffiffiffiffiffiffi
N0

p
. Above, T is measured in Kelvin and

B is measured in Tesla.

Summarizing, the community studying the magneto-

caloric effect sums efforts for applications considering only

materials with cooperative orderings, like ferro-, antiferro-,

and even ferrimagnetic materials. The existence of an inter-

esting system with a high potential of applications was pre-

sented before,3,4 considering 3D standard non-relativistic

diamagnetic materials (like Gold), and its oscillating magne-

tocaloric effect at low temperatures (ca 1 K). To increase in-

terest on these oscillations, we obtained the magnetocaloric

effect of a 2D massless Dirac system, a graphene, and show

that the temperature in which the oscillations appear is quite

higher (ca 100 K) in comparison to the 3D standard case

(ca 1 K). This fact is due to the relativistic properties of elec-

trons in graphenes. In addition, the change of magnetic field

to invert the magnetocaloric effect from normal to inverse is

ca 1 mT for 3D non-relativistic material (useful for applica-

tion in high sensible magnetic field sensor at low tempera-

tures) and ca 3.4 T for graphenes.
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