Pre prints.org

Article Not peer-reviewed version

A Thermodynamic Pressure
Demagnetization

S.E.Xiao , H. Zhao, Y. X. Wei, J. Z. Tan, Q. H. Liu -
Posted Date: 7 November 2023
doi: 10.20944/preprints202311.0398.v1

Keywords: piezomagnetism; magnetostriction; electrostriction; piezoelectricity; pressure; thermodynamics

Preprints.org is a free multidiscipline platform providing preprint service that
is dedicated to making early versions of research outputs permanently
available and citable. Preprints posted at Preprints.org appear in Web of
Science, Crossref, Google Scholar, Scilit, Europe PMC.

Copyright: This is an open access article distributed under the Creative Commons
Attribution License which permits unrestricted use, distribution, and reproduction in any
medium, provided the original work is properly cited.



https://sciprofiles.com/profile/3246199
https://sciprofiles.com/profile/761006

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 7 November 2023 doi:10.20944/preprints202311.0398.v1

Disclaimer/Publisher’'s Note: The statements, opinions, and data contained in all publications are solely those of the individual author(s) and

contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting
from any ideas, methods, instructions, or products referred to in the content.

Article
A Thermodynamic Pressure Demagnetization

S.F. Xiao **, H. Zhao 2, Y. X. Wei 3, J. Z. Tan ? and Q. H. Liu >*

College of Physical Science and Technology, Lingnan Normal University, Zhanjiang 524048, China

School for Theoretical Physics, School of Physics and Electronics, Hunan University, Changsha 410082, China
School of Materials Sciences, Hunan University, Changsha 410082, China

*  Correspondence: xiaosf@lingnan.edu.cn (S.FX.); quanhuiliu@gmail.com (Q.H.L.)

W N -

Abstract: For paramagnetic and elastic materials in the presence of quasi-static magnetic field, there is
correspondingly quasi-static magnetic pressure, in contrast to the radiational electromagnetic pressure
associated with electromagnetic momentum density. A thermodynamic pressure demagnetization is
demonstrated. For the elastic dielectrics in the presence of quasi-static electrical field, its dual effect
can be easily obtained by variable transformation.
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I. Introduction

Thermodynamics for materials in the presence of electromagnetic fields is the crucial part of the
discipline and has wide applications ranging from superconductivity to blackbody radiation, from
magnetic cooling to magnetostriction (electrostriction), etc. However there are still issues beyond our
full understanding. For instance, how the electromagnetic energy or work enters thermodynamics
and becomes a proper thermodynamic quantity are still under controversy, [1] see also the discussion
in section III. Usually, the fundamental thermodynamics equation for a paramagnetic and elastic
electromagnetic material takes the following form, [2,3]

dU = TdS — pdV + eoEdP + jugHdM )

inwhich U, T, S, p, V are internal energy, temperature, entropy, pressure and volume, respectively, and
E and P denote the electric strength and total electric moment, respectively, and H and M symbolize
the magnetic strength and total magnetic moment, respectively, and p is the vacuum permeability
and g is the vacuum dielectric constant.

Many other forms different from Eq. (1) are also frequently used. For instance, once the energy of
the field energies are also included, we have, [4,5]

dU = TdS — pdV + VEdD + VHdB. @)

A distinctive feature of this form is that two natural variables D and B are intensive quantities.
Assuming that a thermodynamic system contains not only the magnetizable and polarizable materials
but also the un-magnetizable and un-polarizable space with field distribution even the source area of
field, the internal energy could be, see the Eq. (29) of reference [1],

dU = TdS — pdV + %d(VED) + %d(VHB). 3)

Evidently, we are lacking a correspondence rule to uniquely map electromagnetic energies to
thermodynamic works. In this sense, thermodynamics bears some phenomenological feature
from which the specific system must be treated case-by-case. When the materials are taken as a
thermodynamic system, the Eq. (2) is proper form to start with.

© 2023 by the author(s). Distributed under a Creative Commons CC BY license.
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The main concern of present study is to show a thermodynamic pressure demagnetization which
seems to have been long gone unnoticed. The pressure demagnetization is well-established phenomena
in rocks and minerals, [6-9] and was also experimentally confirmed in condensed matter physics. [10]
However, there is no thermodynamic analogue yet. We will point out in section II that such an effect
exists in thermodynamics, and briefly discuss why it has been overlooked for long times in section III.

We are limited ourself within the equilibrium thermodynamics, in which the electrical or magnetic
field are both quasi-static can be treated separately. We explicitly deal with magnetic materials only,
for all results apply for the dielectrics by merely change of symbols.

II. Thermodynamics for PARAmagnetic and homogeneous materials

The electrodynamics gives the full magnetic energy density element dw for paramagnetic materials
in the following, [11]

2 2
dw = HdB = pgHd (H +m) = uo (dhzl + Hdm) = pod (I_; + Hm> — pomdH, 4)

where B is the magnetic flux density, and m (= M/ V) is the magnetization strength, and induced
magnetic fields is along the direction of the applied magnetic field such that H-dB =HdB. The volume
of the magnetic material is V, and the energy element dWp along with the increase of the magnetic
strength m or magnetic strength H is,

2 2
AW = / dwdV = 1oV (dhzl + Hdm) — uoVd (I; + Hm) — uoMdH. 5)
1%

One must be very careful that the volume V here is not a constant in presence of the magnetostriction.
Precisely, it is function of the magnetic strength m or magnetic strength H, and also the temperature
T. In light of the first principle of the thermodynamics, we must add these terms into dU at very
beginning step of introducing them into thermodynamics,

2
dU = TdS — pdV + uoVd (I; + Hm> — woMdH. )

The Euler homogeneous function theorem for U = U(S, V, (HTZ +H m) ,H), in which HTZ + Hm and

H are both intensive quantities, gives,
U=TS—-pV. (7)

It shows the a free energy G = U — TS + pV is identically zero. This G is nothing but a new
thermodynamic function obtained by the Legendre transform, and one do not confuse this G with the
usual Gibbs free function which can not apply for internal energy (6) in which two natural variables
are intensive quantities. Thus, we have the Gibbs-Duhem relation,

2
SdT =Vd (p + yo% + yon> — uoMdH. 8)
It is an important relation from which following consequences are in order.

1. We have a generalized pressure py, defined by,

HZ
pH = P+uo7+uon- )
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in which poH? /2 is the magnetic pressure [11,12] and the rest part yoHm is seldom treated as a part of
pressure, but both are reasonable and transparent. We can define the static magnetic pressure py,

H2
PHM = ‘1407 + poHm. (10)

2. From the Gibbs-Duhem relation (8), only two variables in three intensive quantities (pg, H, T)
are independent and we can conveniently choose them as (H, T). Once dT = 0, we have from Eq. (8),

H2
d (p + Ho—o~ + yon> = pomdH. (11)

It clearly indicates a pressure demagnetization,

am 1 AN
=] === |1+ | = <0, 12
(9P>T FOH< (am>T) (12
provided that the materials are paramagnetic,
om
() -0 "

When the magnetic field H — oo, the magnetization becomes saturation and the influence of the

applied mechanical pressure has little effect to demagnetize, i.e. (dm/dp); — 0. However, when

H — 0, we have a nonphysical result (0m/dp);  — oo, which must be excluded from the application.

However, it shows qualitatively in opposite limit H — 0, the demagnetization becomes more easily.
3. Once dH = 0, we have from Eq. (8),

SAT = Vdp + VugHdm. (14)

ap ) om
(57),=v-rn(5), >0 1)

provided that the materials are paramagnetic in the way of Curie’s law (9m/9T) < 0. It shows that
when materials are compressed, their temperature increases. It is understandable that for constant H
the pV-work done to the system transforms into the internal energy.

4. We have two Maxwell relations from Eq. (8),

8V) < oM )
3 = —Molx—) - (16a)
<aH PH oPH )
as oM
(5n), = m(5r), e
in which Eq. (16a) offers the correct relation between the magnetostriction (left-hand side) and
the piezomagnetism (right-hand side), and Eq. (16b) is the usual relation accounting for the

magneto-caloric effect. Some author [5] obtains the relation (16a) together with a condition of constant
temperature, which would be identically zero from (8),

av> ( oM )
b — - =0. (17)
(aH T, pH o Ipu T,H

’

We have in consequence,

doi:10.20944/preprints202311.0398.v1
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5. There is a self-piezomagnetism by which we mean that for constant mechanical pressure p =
const., the applied external field can act as an effective “external” pressure to cause a change of the
magnetic moment. Considering the right-hand side of Eq. (16a), we have,

oM oM om 1 1%
— = | =— — == (V4m(=— 0. 18
#o (apH)H,p ’uo(am>H,p (aPH>H,p H ( m(am>H) 7 (19

It is in general nonvanishing.
In completely similar manner, we can deal with the electrical dielectrics. Also a novel quantity is
the generalized pressure now becomes,

EZ
PE = p+€07+€oEp (19)

in which p = P/V is the polarization density, and €9 EZ%/2 is the electrical pressure [11,12] and the rest
part egEP is also seldom treated as a part of pressure, but both are reasonable and transparent, too. We
can define the static electrical pressure pgp,

EZ
PEP = 807 +&oEp. (20)

All results for magnetic materials can be transformed to the electric ones by replacement of variables,
{M/m/l’l()/H} — {PIPIEOIE}' (21)

Similarly, we have a thermodynamic pressure depolarization,

(35), e (04 (5),) <o @

It must be emphasized that the crucial steps leading to the pressure demagnetization are first the
introduction of static magnetic pressure (9), and secondly the utilization of the Gibbs-Duhem relation

(8).
II1. Conclusions and discussions

From calculations in section II, we see that a thermodynamic pressure demagnetization exists,
which is quite easily accessible. The reasons why it has been overlooked for long times might be in the
following: 1, it may not be completely independent from the magnetostriction and the piezomagnetism;
and 2, we do not have a correct relation between the magnetostriction and the piezomagnetism in
thermodynamics, for instance, the relation reported in literature [13-16] is enormous. Let us now
sketch how this relation is derived. Once intensive variables such as T, p, E and H are more convenient
to be taken as natural variables, a Legendre transform of the internal energy U (1) into a free energy
must be performed, for instance, [16]

G=U-—TS+ pV —egEP — ugHM. (23)

The differential of G is,
dG = —SdT + Vdp — g PAE — ygMdH. (24)
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Then the Maxwell relations give, [13-16]
(3‘£> p,T.H B (i) ET,H ' (252)
(gf‘;> p,TE B (‘?;) H,TE ' (250)

Apparently, we have the relation (25a) between the electrostriction (left-hand side) and the
piezoelectricity (right-hand side), and Eq. (25b) does so between the magnetostriction (left-hand
side) and the piezomagnetism (right-hand side). In fact, these two relations are dubious. This is
because, in electrodynamics, [11] only when V is constant can it be absorbed into the differential dm
such that Vdm = d(Vm) = dM and the fundamental form of the electromagnetic energy element is
EdD + HdB. However, once V is a constant, dV = 0 in Eq. (1), thus the left-hand side of relations (25a)
and (25b) vanish and these two relations are meaningless.

Some historical remarks are needed. It is possibly Professor Zhuxi Wang (1911/7/7-1983/1/30,
the founder of teaching school of thermodynamics in China, and also one of the founding fathers of
the modern physics education in China) who first found in 1964 that yoHM and eyEP are formally
existent for the electrical and magnetic materials, respectively, but he did not pay attention whether
uoHM and g9 EP might have physical significance. [5]

In sum, we have demonstrated that the static magnetic pressure and the static electrical
pressure are two physically significant quantities, from which an experimentally testable effect,
a thermodynamic pressure demagnetization and its dual for dielectrics as a thermodynamic pressure
depolarization, are identified. The static electromagnetic pressures are in contrast to the radiational
electromagnetic pressure associated with electromagnetic momentum density egE x B. However, the
present exploration is limited for the ideal materials. For more realistic situation our results are not
applicable, which will be further studied in the further.
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