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The present work proposes a thermodynamic hexacycle based on the magnetocaloric oscillations of

graphene, which has either a positive or negative adiabatic temperature change depending on the

final value of the magnetic field change. For instance, for graphenes at 25 K, an applied field of

2.06 T/1.87 T promotes a temperature change of ca. �25 K/þ3 K. The hexacycle is based on the

Brayton cycle and instead of the usual four steps, it has six stages, taking advantage of the extra

cooling provided by the inverse adiabatic temperature change. This proposal opens doors for

magnetic cooling applications at low temperatures. VC 2015 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4930577]

The magnetocaloric effect (MCE) is an interesting abil-

ity of magnetic materials to either change their temperature

or exchange heat with a thermal reservoir under a magnetic

field change;1–3 and these two possible situations character-

ise the adiabatic and isothermal processes, respectively.

This effect is analogous to the thermo-mechanical vapour

compression-expansion approach and therefore the idea of a

magnetic cooling device based on the MCE is straightfor-

ward. Indeed, adiabatic demagnetization at low tempera-

tures has been used since 1930s.4,5 Since these initial

studies, this still emerging technology6 has formed two

working communities: one for magnetic materials optimiza-

tion and other for prototype and concept development.

There are some well-established magnetic cooling devi-

ces to enable working at low temperature, including refriger-

ation of infrared bolometers down to 0.1 K (Ref. 7) and

astronautics applications.8,9 There are, however, fewer

examples of working devices at room temperature3,6,10 and

they are still in the prototype stage, in spite of the prediction

of commercialisation of this technology by 2015.6 Amongst

the challenges are the difficulties to produce high magnetic

fields and large amounts of magnetic refrigerant material; to

overcome this problem, some groups are focusing on smaller

devices with much less magnetic material, which are

designed for specific applications such as the cooling of elec-

tronic devices.11 As a consequence of these challenges and

efforts, it is important to cite the organisation of the commu-

nity on the Magnetic Cooling Working Party of the

International Institute of Refrigeration.12

When optimising magnetocaloric materials, their prop-

erties are fully optimised around the critical temperature and

golden materials have both, magnetic and structural transi-

tions. For instance, some materials optimised to work at

room temperature are Gd5ðSi2Ge2Þ; LaðFexSi1�xÞ13, Heusler

alloys, and all their families.13–15 However, there are also a

plenty of other compounds proposed to work at low tempera-

tures, especially intermetallics,16 multiferroics,17,18 and mo-

lecular magnets.19–21 More recently, in spite of the absence

of magnetic transition, the magnetocaloric properties of dia-

magnetic materials (such as gold, lead, silver, and even gra-

phene) have been deeply explored.22–31 In few words, those

efforts describe the oscillating MCE (OMCE), which arises

due to the crossing of the Landau levels through the Fermi

level of the system by changing the applied magnetic field.

This OMCE is governed by the same physical mechanism of

the de Haas-van Alphen32 and Shubnikov-de Haas effects33

and has been previously experimentally observed, mainly in

GaAs-like materials.34,35

Thus, the aim of the present effort is to take advantage

of the OMCE to propose a magnetocaloric hexacycle, based

on the ability of diamagnetic materials (especially gra-

phene,29 which has a more pronounced OMCE in compari-

son with the other diamagnetic materials26,31) to tune the

effect as either normal or inverse, i.e., either increase or

decrease its temperature due to a magnetic field change. The

normal effect is used in the hexacycle in a similar fashion as

done in magnetocaloric Brayton cycles.3 However, due to

the ability of the material to also present an inverse effect by

changing the final value of the applied magnetic field, it is

taken as an advantage and an extra cooling is performed,

thus enhancing the cycle. Further details are given in this

text, and these results are indeed able to contribute to the

knowledge of this promising technology.

The magnetocaloric potentials described below focus on

graphene; however, the results are qualitatively similar to

other diamagnetic materials, e.g., gold. See Refs. 22, 24, 26,

30, and 31 for further details. Thus, the magnetic entropy per

graphene area is given by24,29

SðT;BÞ ¼ S0ðTÞ þ SoscðT;BÞ; (1)

where

S0 Tð Þ ¼ NkB
2p2kBT

3�F
(2)

is the field independent term24 and

Sosc T;Bð Þ ¼ 2NkB

X1

j¼1

cos jmpð Þ
jm

T jxð Þ (3)
a)marior@if.uff.br
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depends on the magnetic field B through the dimensionless

quantity

m ¼ N/0

B
: (4)

The parameters on the above equations are �F ¼ �hvF

ffiffiffiffiffiffiffi
Np
p

,

which stands for the Fermi energy for a given Fermi velocity

vF (typically of 106 m/s)29 and the density of charge carries N
(typically of 1016 m�2);29 /0 ¼ p�h=e ¼ 2:06� 10�15 Tm2 is

the magnetic flux quantum

T yð Þ ¼
yL yð Þ
sinh y

where L yð Þ ¼ coth y� 1

y
(5)

and, finally,

x ¼ 2p2m
kBT

�F
: (6)

From these results, the magnetic entropy change

DSðT;DB : 0! BÞ ¼ SðT;BÞ � SðT; 0Þ (7)

could be determined29

DS T;Bð Þ ¼ 2NkB

X1

j¼1

cos jmpð Þ
jm

T jxð Þ: (8)

Above we wrote DS(T, B) instead of DS(T, DB: 0 ! B) to

simplify the notation; however, it is important to stress that

the magnetic entropy change refers to a change on the

applied magnetic field, from zero to B. Analogous to the

above information, the adiabatic temperature change, based

on the condition S(T, 0)¼ S(TB, B), could be obtained.24 It

should be noted that T is the initial temperature, i.e., the tem-

perature of the system under zero magnetic field. The final

temperature TB after a magnetic field change from zero up to

B is given as follows:24

TB ¼ T � 3�F

p2kB

X1

j¼1

cos jmpð Þ
jm

T jxBð Þ; (9)

which must be solved numerically, due to the self-

consistence of the above equation, since xB¼ x(TB) Thus,

from TB, the adiabatic temperature change DT¼ TB�T can

be easily evaluated.24

For the purpose of the present work, only the adiabatic

temperature change is important and therefore this quantity

is presented in Figure 1, as a function of m ¼ N/0=B. Note

from Eq. (9) that, in spite of the self-consistent character, it

depends on cosðjmpÞ and therefore the oscillatory behaviour

of this quantity as a function of m is expected. This is the

main point of the present effort and we will take advantage

of this behaviour to propose the magnetocaloric hexacycle.

More precisely, note the magnetic field change from zero up

to a magnetic field of B¼ 20.6/m [T] (for an odd value of m)

produces a positive adiabatic temperature change, i.e., the

graphene heats up. In a similar fashion, a magnetic field

change from zero up to a magnetic field of B¼ 20.6/m [T]

(for an even value of m) produces a negative adiabatic tem-

perature change, i.e., the graphene cools down. Thus,

depending on the final value of the applied magnetic field,

we can tune either normal or inverse magnetocaloric effect.

Figure 1 runs m values from ca. 1 (corresponding to a

large magnetic field of ca. 20.6 T) up to 30 (corresponding to

an accessible value of magnetic field of ca. 0.69 T). Note the

oscillatory behaviour of this quantity and the extremely high

values of adiabatic temperature change. For instance, m¼ 3

(corresponding to B¼ 6.87 T) produces ca. þ35 K of tempera-

ture change. The inset of this figure focuses on the feasible

values of magnetic field reached by an assembly of permanent

magnets; more precisely, we highlight m¼ 10 (corresponding

to B¼ 2.06 T) and m¼ 11 (corresponding to B¼ 1.87 T), and

these values will be used further in the next paragraphs.

The focus of the present effort is to present a magneto-

caloric hexacycle based on adiabatic processes (Brayton-like

cycle), and thus, the adiabatic temperature change as a func-

tion of temperature is also an important quantity to be seen,

and this is depicted in Figure 2. Note that as mentioned

before, for even values of m, we find an inverse magneto-

caloric effect, in which the material (for our case graphene)

cools down under the corresponding magnetic field. In a sim-

ilar fashion, for an odd value of m, we observe a normal tem-

perature change, where the material heats up under the

corresponding magnetic field. It is quite important to stress

the large values of temperature change found for small val-

ues of magnetic field (those accessible with a simple assem-

bly of permanent magnets).

To describe then the magnetocaloric hexacycle, we need

first to see an S–T diagram, i.e., an entropy-temperature

picture. This is depicted in Figure 3 for three cases: m¼ 10

(even, and corresponding to 2.06 T of applied magnetic

field), m¼ 11 (odd, and corresponding to 1.87 T), and B¼ 0.

To optimise the understanding of this hexacycle, we also

propose a corresponding device, based on a rotatory wheel,

analogous to other magnetocaloric devices,3 with six sectors

FIG. 1. Adiabatic temperature change for graphenes at low temperature as a

function of m ¼ N/0=B. For a magnetic field change from zero up to B1 (cor-

responding to m¼ 11), the adiabatic temperature change is positive, while

changing the magnetic field from zero up to B2 (corresponding to m¼ 10),

produces a negative temperature change. The oscillatory character of this

quantity as a function of the final value of the applied magnetic field is the

key rule to the enhanced magnetocaloric cycle proposed in the present work.

102401-2 M. S. Reis Appl. Phys. Lett. 107, 102401 (2015)
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filled with magnetic material (in our case, diamagnetic gra-

phene). It then rotates counter-clockwise and receives an

exchange fluid that flows along the circuit “Heat source-

rotatory wheel-heat sink.” See Figure 4 for a better under-

standing of this device.

Thus, below is the detailed description of the magneto-

caloric hexacycle, step-by-step, based on Figures 3 and 4.

Step 1 ! 2: The graphene is placed under a magnetic

field corresponding to an odd value of m, for instance,

B1¼ 1.87 T, and then it heats up from T1 to T2.

Step 2 ! 3: At this stage, the amount of graphene keeps

under the same value of magnetic field (B1), however, the

corresponding sector receives a fluid (“green” temperature)

from the heat source. The graphene-fluid thermal

equilibrium is reached (at T3), and then the sector drains the

fluid (“red” temperature¼T3) to the heat sink.

Step 3 ! 4: The graphene then leaves the magnetic field

and decreases its temperature from T3 down to T4. While

this occurs, the fluid is releasing heat at the heat sink,

remaining in thermal equilibrium with a thermal reservoir

in which the heat sink is embedded (“purple” temperature).

Step 4 ! 5: Here is the main advantage of the oscillating

magnetocaloric effect. In spite of to close the cycle, as done

in usual Brayton cycles and even in other magnetocaloric

cycles,3 the cycle now takes advantage of the inverse tem-

perature change of the graphene to further cool down its

temperature. It is then placed under a magnetic field corre-

sponding to an even value of m, for instance, B2¼ 2.06 T;

then it goes from T4 down to T5.

Step 5! 6: The regenerator material is then kept under the

same value of magnetic field (B2) and the sector receives

the fluid from the heat sink to then reach the thermal equi-

librium at T6, i.e., “yellow” temperature (the coldest one to

the fluid).

Step 6 ! 1: Finally, to close the cycle, the graphene pack-

age leaves the magnetic field and then its temperature

increases from T6 up to T1, while the fluid (now at its lowest

temperature) goes through the heat source. After this, the

heat source releases the fluid at the “green” equilibrium

temperature.

In summary, this work focus on the proposal of the

magnetocaloric hexacycle, based on the oscillating magneto-

caloric effect, predicted to occur in diamagnetic materi-

als.22–31 This effect can be controlled as either inverse or

normal, i.e., a decrease or increase of temperature due to a

magnetic field change, by tuning the final value of magnetic

field after a magnetic field change. In the work presented

here, we chose graphene as a refrigerant material (its magne-

tocaloric properties have been described in detail in the pre-

vious publications22–25,27–29) and we found a huge inverse/

normal temperature change of �25 K/þ3 K for 2.06 T/1.87 T

FIG. 2. Adiabatic temperature change as a function of temperature for those

two cases explored in this work: even/odd value of m and the corresponding

negative/positive temperature change. This result is the key rule to the pro-

posed magnetocaloric hexacycle. Note also the low values of applied mag-

netic field and corresponding quite high temperature change.

FIG. 3. S–T diagram for graphenes. It includes the normal and inverse mag-

netocaloric effect, based on odd and even values of m. The violet closed cir-

cuit represents the proposed hexacycle, based on those two values of applied

magnetic field.

FIG. 4. Proposed device based on the magnetocaloric hexacycle. The circle

represents a counter-clockwise rotatory wheel with six sectors, filled with re-

generator material (in our example, graphene). Coloured lines represent

tubes which contain a fluid flow at different temperatures. Light and dark

grey sectors are those under B1 and B2 values of magnetic field, respectively.

102401-3 M. S. Reis Appl. Phys. Lett. 107, 102401 (2015)
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of magnetic field change (easily obtained with a simple as-

sembly of permanent magnets). This interesting property

opens doors to the proposed magnetocaloric hexacycle,

which is based on six stages: two of those based on the nor-

mal MCE and another two taking advantage of an extra cool-

ing due to the inverse MCE. Thus, magnetic cooling at low

temperatures can be further improved and optimised by con-

sidering this enhanced cycle. These ideas can be further

developed and discussed by considering, for instance, the

conception of an improved cycle with both, normal and

inverse MCE; however, without those intermediate steps

where the magnetic field goes to zero. It is a challenge and

still an open question to be deeply discussed.

We acknowledge FAPERJ, CAPES, CNPq, and
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