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quantities are found when the Landau levels cross the Fermi energy of the non-perturbed gas at low

temperatures regime (eF bkBT). The adiabatic temperature change DT characterizes the magnetocaloric
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a b s t r a c t

The fundamental model to describe a diamagnetic material is an electron gas; and a huge applied

magnetic field promotes a degeneracy, named Landau levels. Oscillations on the thermodynamic

properties and here this quantity is described for the system above mentioned. We show that DT

oscillations are possible to be found in Gold in standard values of temperature and magnetic field;

c.a.2 K and 8.5 T. These oscillations are around zero, i.e., both, normal and inverse magnetocaloric effect

arises and a possible application of this effect is in magnetic field sensor, since this system is sensible to

0.8 mT with a thermal response of 50 mK (at 2.56 K).

& 2012 Elsevier Ltd. All rights reserved.
1. Introduction

The magnetocaloric properties of materials have been exten-
sively explored by the scientific community for the last decades
[1], due to several possible applications; from low temperatures
(mK scale), e.g., adiabatic demagnetization refrigerator [2] up to
room temperature, e.g., air-conditioners and industrial/domestic
fridges [3,4]. Magnetic materials for these applications have been
the core of research to improve magnetocaloric properties, how-
ever, efforts are restricted to ferro-, antiferro-, ferri- and even
para-magnetic materials [1]; while the diamagnetic ones were
never discussed, except recently [5].

Due to the crossing of the Landau levels through the Fermi
energy eF of an electron gas (this last models a diamagnetic
material), oscillations on the thermodynamic properties are
found; as the well known de Haas–van Alphen effect [6]. Follow-
ing this fact, we have recently described in details the isothermal
magnetocaloric properties, i.e., the magnetic entropy change, of
diamagnetic materials [5]. We found that this quantity only
depends on the oscillating contribution to the entropy (the field
dependent contribution that does not contain the oscillating term
is null), and therefore it can be either inverse or normal, depend-
ing on the value of the applied magnetic field change. We
understand normal as the negative magnetic entropy change;
and inverse as the positive one.

Those results open doors for new applications as described in
Ref. [5], namely in adiabatic demagnetization refrigerators and
ll rights reserved.
magnetic field sensors. This last proposal is based on the fact that
this oscillating effect is sensible to c.a.1 mT with a huge magnetic
field on the background (c.a.10 T), at low temperatures, c.a.1 K.

Since the previous contribution dealt with the magnetic
entropy change, here, to complete the description of the magne-
tocaloric properties of diamagnetic materials, we describe the
adiabatic temperature change. Next section a brief survey of the
model is presented and then the adiabatic temperature change.
Finally, by the end of the paper, a potential application in
magnetic field sensor is further discussed.
2. Brief survey

Let us consider an electron gas under an applied magnetic
field, following the conditions: eF bkBT and mBB ranges from kBT

up to eF . The magnetic entropy SðT ,BÞ depends on the grand

canonical partition function ZðT,BÞ through

SðT,BÞ ¼ kB
@

@T
½T ln ZðT,BÞ�, ð1Þ

where

ln Z ¼

Z 1
0

de gðeÞ lnð1þze�e=kBT Þ, ð2Þ

z¼ em=kBT is the fugacity and gðeÞ is the density of states, given
by [6]
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2
Ne�3=2

F e1=2þðmBBÞ1=2
Xþ1
l ¼ 1

ð�1Þl

l1=2
cos

lp
mBB

E�p
4

� �( )

¼ g0ðeÞþgBðeÞ: ð3Þ

www.elsevier.com/locate/ssc
www.elsevier.com/locate/ssc
dx.doi.org/10.1016/j.ssc.2012.03.029
mailto:marior@if.uff.br
dx.doi.org/10.1016/j.ssc.2012.03.029


-0.5

0.0

0.5

1.0

1.5

2.0

Δ

M.S. Reis / Solid State Communications 152 (2012) 921–923922
Note therefore that there are two contributions to the logarithm
of the grand partition function; one that does not depend on the
magnetic field B and other that does, i.e.,

ln Z ¼ ln Z0þ ln ZB: ð4Þ

Thus, the magnetic entropy can be written as

SðT,BÞ ¼ SðT ,0ÞþSBðT ,BÞ: ð5Þ

The first term is the entropy of a free electron gas without applied
magnetic field, known from textbooks [6]

SðT,0Þ

NkB
¼
p2

2
y, ð6Þ

where y¼ kBT=eF . Now, we need to consider the field dependent
term; that, after some calculation (further details in Ref. [5]), it is
possible to see that there are two contributions

ln ZB ¼ ln Zno
B þ ln Zo

B, ð7Þ

where the first is

ln Zno
B ¼�

N

kBT

mBB

eF

� �3=2

ð0:26eFþ0:09mBBÞ, ð8Þ

and has a non-oscillatory character and the second contribution is

ln Zo
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and has an oscillatory character. In addition

xl ¼ lp2 kBT

mBB
: ð10Þ

From Eq. (7), we see that the field dependent entropy has two
contributions

SBðT ,BÞ ¼ Sno
B ðT ,BÞþSo

BðT,BÞ ð11Þ

however, the non-oscillatory term is null [5]

Sno
B ðT,BÞ ¼ 0 ð12Þ

and thus

So
BðT ,BÞ

NkB
¼�

3

2

1

nþ1=4

� �3=2

cosðnpÞ T ðxÞ, ð13Þ

where

T ðxÞ ¼ ½sinhðxÞ��1xLðxÞ, ð14Þ

and L(x) is the Langevin function

LðxÞ ¼ coth ðxÞ�
1

x
: ð15Þ

In addition

x¼ p2y nþ
1

4

� �
ð16Þ

and

n¼
eF

mBB
�

1

4
: ð17Þ

Note, from Eq. (9)–(13) we considered only the l¼1 term, as done
before [5,6]; but it is easy to understand: the hyperbolic sine in
the denominator of Eq. (14), damping the entropy for low values
of l (Z2).
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Fig. 1. (Color online) Reduced adiabatic temperature change DT=T0 as a function

of the n (a function of the inverse magnetic field B).
3. Adiabatic temperature change

From Eq. (5), (6), (11)–(13), it is possible to obtain the
adiabatic temperature change of this diamagnetic system. The
condition is imposed considering that the entropy of the system
at T0 and zero field is the same of the system at TB and under an
applied magnetic field B. Thus

SðT0,0Þ ¼ SðTB,BÞ, ð18Þ

and therefore

p2

2
y0 ¼

p2

2
yB�

3

2

1

nþ1=4

� �3=2

cosðnpÞT ðxBÞ, ð19Þ

where y0 ¼ yðT0Þ and xB ¼ xðyðTBÞÞ. This condition gives a relation
among T0 and TB and then it is possible to write the adiabatic
temperature change DT ¼ TB�T0. However, the function T0ðTBÞ

from Eq. (19) is not simple and an approximation is needed. In
this sense, we can consider other constraint to the system: x51.
It is reasonable, because y51; and we only need to ensure that n

ranges from the unity up to the order of 1=y. Following this
condition, Eq. (14) resumes as

T ðxÞ � x

3
, ð20Þ

and therefore Eq. (19) can be rewritten as

y0 ¼ yB 1�
cosðnpÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

nþ1=4
p

" #
: ð21Þ

The above result can now be useful. Considering the definition of
adiabatic temperature change DT ¼ TB�T0, we can write our final
result

DT ¼ T0
cosðnpÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

nþ1=4
p

�cosðnpÞ

" #
: ð22Þ

Note if
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
nþ1=4

p
¼ cosðnpÞ the adiabatic temperature changes

diverge; and it occur for n¼ 1=4, that correspond to B¼ 2eF=mB,
that no longer fulfill the condition stated above, in which the
magnetic field must be up to the order of the Fermi energy. On the
other hand, for nb1, Eq. (22) resumes as

DT ¼ T0
cosðnpÞffiffiffi

n
p

� �
: ð23Þ

Thus, for n even, the adiabatic temperature change is positive, i.e.,
TB4T0, and the system warms up due to an applied magnetic
field. On the other hand, for n odd: TBoT0, and the system cools
down due to an applied magnetic field. Of course, for half integer
values of n, the adiabatic temperature change is zero.

Fig. 1 presents the oscillatory behavior found for the adiabatic
temperature change DT (Eq. (22)), as well as the approximation
for large values of n (Eq. (23)). Note n is inversely proportional to
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Fig. 2. (Color online) Adiabatic temperature change in real units, i.e., Kelvin, as

function of the applied magnetic field B, in Tesla. This example is for Gold (eF ¼

5:51 eV), under accessible temperature (2.56 K) and magnetic field (c.a.8.5 T) ranges.

M.S. Reis / Solid State Communications 152 (2012) 921–923 923
B (Eq. (17)). This figure also contains the modulation of the
oscillations found, obtained considering any even number for n

into cosines of Eq. (22).
However, it is hard to see the broadness of the effect (in spite

of its curiosity), working with dimensionless quantities. In this
sense, Fig. 2 presents the prediction of this effect for Gold
(eF ¼ 5:51 eV), for T0¼2.56 K and around 8.5 T of magnetic field
change. Note therefore that this effect is comfortably visible
within that range of magnetic field and temperature, reasonable
for standard laboratories. The chosen value of T0 temperature is
easy to understand. From Ref. [5], the maximum magnetic
entropy change of this system was found around y¼ 2� 10�5,
that corresponds to 1.28 K; a temperature range not easy to work.
However, the effect is still seen around y¼ 4� 10�5, that corre-
sponds to that T0¼2.56 K; easier temperature range to work.
4. Possible application

As proposed before [5], this system can be used as a magnetic
field sensor; since it changes its temperature due to an applied
magnetic field. Since it has an oscillatory behavior, the absolute
value of the magnetic field is not possible to be achieved, but, of
course, it senses a magnetic field change.

Considering Fig. 2, it is possible to see that Gold produces
9DTðBðn¼ 11 182ÞÞ�DTðBðn¼ 11 183ÞÞ9¼ 50 mK of change of
the adiabatic temperature change (around 2.56 K), due to
9Bðn¼ 11 182Þ�Bðn¼ 11 183Þ9¼ 0:8 mT of change of the magnetic
field change (with a huge magnetic field on the background,
c.a.8.5 T). This temperature change is easily measured with a
cernox-like sensor, since its accuracy is around 5 mK for this
range of temperature.
5. Conclusion

This paper describes the adiabatic temperature change of a
diamagnetic material. Due to the crossing of the Landau levels
through the Fermi level, oscillation appears; this is the well
known de Haas–van Alphen effect, observed in magnetic mea-
surements. Recently, we explored the influence of these oscilla-
tions on the magnetic entropy change of diamagnetic materials
[5] and here we extended our evaluation to obtain the adiabatic
temperature change. Oscillations indeed appear and can be
explored to be useful in magnetic field sensors. As an example,
for Gold, this effect makes possible the sensibility to 0.8 mT
(around 2.56 K), to a thermal response of 50 mK (measurable
with a cernox-like sensor).
Acknowledgment

The author thanks CAPES, CNPq, FAPERJ and PROPPi-UFF for
financial support.

References

[1] A.M. Tishin, Y.L. Spichkin, The Magnetocaloric Effect and Its Applications, Inst
of Physics Pub Inc., 2003.

[2] P. Timbie, G. Bernstein, P. Richards, Cryogenics 30 (1990) 271.
[3] B. Yu, Q. Gao, B. Zhang, X. Meng, Z. Cheng, Int. J. Refrig. 26 (2003) 622.
[4] K. Nielsen, J. Tusek, K. Engelbrecht, S. Schopfer, A. Kitanovski, C. Bahl, A. Smith,

N. Pryds, A. Poredos, Int. J. Refrig. 34 (2011) 603.
[5] M.S. Reis, Appl. Phys. Lett. 99 (2011) 052511.
[6] W. Greiner, L. Neise, H. Stocker, Thermodynamics and Statistical Mechanics,

Springer, 1994.


	Oscillating adiabatic temperature change of diamagnetic materials
	Introduction
	Brief survey
	Adiabatic temperature change
	Possible application
	Conclusion
	Acknowledgment
	References




