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Magnetic susceptibility from electron holes
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Abstract. A recent theory of magnetic field amplification in rounding plasma if considering the trapped electron compo-
electron holes is extended to derive the magnetic susceptinent which belongs to the particles with energy less than the
bility of an electron-hole gas propagating in a magnetic flux electrostatic trapping potential of the hole. However, hotter
tube along the ambient magnetic field. It is shown that theelectrons travelling along the magnetic field and passing the
hole gas behaves diamagnetic adding some small amount tieole without becoming trapped naturally account for thermal
the well-known Landau susceptibility in the hole-carrying equilibrium conditions between the hole as an entity and the
volume. surrounding plasma.
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Space plasma physics (waves and instabilities) t at.eac ole carries a magnetic mo'naﬁtw' Ich 1S pro-
portional to the azimuthal curred flowing inside the hole,

and the square of the hole rad'vt,fs Both current and radius
are individual properties of the hole, implying that there will

1 Introduction be a distribution of current strengths and radii. For this rea-
_ son we may consider the electron-hole gas as consisting of an
In arecent papefifeumann and Baumjohay2012), follow-  entire spectrum of quasi-particles, and the magnetic moment

ing earlier observations and theoretical investigatiohs-( pecomes a statistical quantity
derson et a.2009 Du et al, 2011, Tao et al, 2017, we
studied the magnetic effect caused by electron holes in g, _ }rzl (1)
o . 4 hio
plasma finding the electron holes locally to amplify the mag-
netic field while behaving like magnetic (quasi-)particles of with the current/y being given by the integral
a certain mass, charge and magnetic moment. In the present
: I : NTeh
note we consider the holes to form a quasi-particle gas. Sincg, _ {IO[SIO(Xh)] _ Io(s)}, )
they exert a magnetic effect on the plasma in which they are Bo

generated and propagate, such a gas necessarily contributgere 1(s) is the zero-order modified Bessel function, and
to the local overall magnetic susceptibility of the plasma.; _ ./ 7 the normalized to temperature hole potential en-
This investigation adds to electron hole physics in plasmasgyyqy, ¢, the parallel length of the hole, ang o . A more

by demonstrating one of their thermodynamic properties.  seful approximate form can be obtained by expanding the
expression in braces: .
2 Electron-hole gas . ¢hBo [Ioxn]?—1 < Er21 ) .
* 7 drpo 14722/ \ 282 )

We consider the electron-hole quasi-particle gas of density

tes

ommunica

Np to be subject to thermodynamics having adjusted to theThis equation exhibits the dependence of the hole current O

plasma temperaturé when propagating inside the plasma strengthl, on the ratio of the hole-electric field to external
heat bath. Actually, the holes might be colder than the surmagnetic field energy.
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According to the theory of solitons and holes in a plasma.
it is suggested that the dimensions of the solitons and con- o
sequently the holes (which resemble solitons in some way L & - 2Mp—mpBo-+hawen(s+3
even though obeying a different physics) are directly relate 0gZ ~ Th Zfdp”e{ ﬁ[pu/ ( 2)“ (6)
to their velocities Buneman 1958 1959 Davidson 1972 $=07%
Treumann and Baumjohantt997 Newman et al.2001).
Since all holes have a very well defined mags,(see Eq. 50
in Treumann and BaumjohanB012, the holes thus obey
a certain distribution with respect to their momenta and ki-
netic energies. This distribution is not very well known, how-

with L the length along the field line. Performing the inte-
gral and sum yields an expression known from Landau dia-
magnetisml(anday 1930 Landau and Lifschitz1965 and
rewritten here for the holes

ever. An approxim'ate. form has been giverihgiss qnd Hor- 2V mpBo 1 (w2
ton (1982. Such distributions are somewhat modified Boltz- 1092 ~ 5| 1——— — o2 | — (7
mann distributions. For our purposes the modification is not hT

of vital interest; the important point is that a gas of solitons ;¢ t4rmyla contains in addition the perpendicular magnetic
and electron holes can approximately be described by a (one-

dimensional) thermal distribution of the quasi-particles. ~ €nergy of the hole, andht = /27 7°/MnT is the average
thermal quantum length of the holes. From statistical me-

chanics we know (e.gduang 1987 thatz/kﬁT = N is the
3 Susceptibility density of the quasi-particles, in this case the holes. We may
now apply the above formula for the susceptibility taking the
By simply assuming a thermal distribution of the holes andggcond derivative with respect By. When referring to the
using the theory of magnetic moment generation deveIopeqlnagma.ﬁC moment, we observe that Bgdependence in the

in our previous paper, we are in the position to find the second term in the brackets drops out. Hence, only the last
expression for the magnetic susceptibility generated in thgerm contributes, yielding

electron-hole gasyn. From fundamental thermodynamics

the susceptibility is defined as the second derivative with re- 1 N [gnh 2
spect to the external magnetic figdg of the logarithm ofthe ~ Xh ~ 12T <Vh)
grand partition functiorg of the gas

_T82 logZ
= tepz\ Ty

(8)

for the contribution of holes to the plasma susceptibility.

: (4)

T.V,u

4 Summary

whereV and u are the volume and chemical potential, re-

spectively. We are interested only in the high temperature”/aSmas are paramagnetic. This is a consequence of Pauli
limit where the Bose and Fermi forms of the partition func- Paramagnetism caused by the electron (and ion) spin. This

tions coincide. However, the possession of well-defined magParamagnetism is reduced by one-third by the orbital Lan-
netic moments in Eq1J, which in an external magnetic field dau diamagnetism of electrons (and ions). Above we have
imply a spectrum of energy states, qualifies electron holes fopemonstrated that electron holes, once generated in plasma,

the use of the Eermi distribution, in which case we have forProvide another contribution to orbital diamagnetism, thus
the grand partition function further reducing the bulk paramagnetism of the hole-carrying

plasma.
One should note that the last above expression (like Lan-

dau’s original form for electrons) is classical though it has
(5) been obtained via application of the quantum mechanical ar-

rangement of hole energy levels. Even though the interior of
whereeg = Pﬁ/ZMsh— mshBo + hawch(s + %) are the energy the hole corresponds to positive charging, the susceptibility
states, and’ is taken in energy units. Then, in the high- generated is negative and thus adds to the diamagnetism of
temperature limitz: — 0 is small and can be used for ex- the plasma in the region of the electron holes causing a local
panding the grand partition function. Here we included thedepression of the magnetic field here. This is clearly the ef-
gyration of the holes embedded in the magnetic field. Theirfect of orbital motion of the hole, which, like for any charged
gyration frequency isoch = gnBo/Mh, and the correspond- particle, counteracts the external magnetic field force.
ing energies form a discrete spectrum. When assuming that It is most interesting to note that the magnetic moments
the holes have similar masses and magnetic moments, arf the holes derived in our previous papdrgumann and

restricting to first order i only, we then have for the loga- Baumjohann 2012 do not contribute to susceptibility, a
rithm conclusion which had classically been expected from “van

Leeuwen’s theorem” (e.¢Huang 1987 Kittel, 1963. On the

2= H [1+zexp(—Bes)], z=expBu), B=T"1,
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contrary, they cause an amplification of the magnetic field in-Buneman, O.: Instability, turbulence, and conductivity

side the hole, which counteracts the global effect of the sus- in current-carrying plasma, Phys. Rev. Lett, 1, 8-9,

ceptibility. Thus from the point of view of the hole, magnetic ~ doi:10.1103/PhysRevLett.1.8958.

moment carrying holes behave locally paramagnetic. Buneman, O.: Dissipation of currents in ionized media, Phys. Rev.,
On the other hand, the susceptibility of the hole gas applies 115: 503-517, dol0.1103/PhysRev.115.508959 ,

to the entire hole-carrying volume being proportional to hole Davidson, R. C.: Methods in nonlinear plasma theory, Academic

density N and the square of the hole-charge-to-mass ratio Press, New York, chapter 4, 1972.

The | i differ f . b h Du, A., Wu, M., Lu, Q., Huang, C., and Wang, S.: Trans-
e latter will not differ from ratice/me by more than one verse instability and magnetic structures associated with

order.of _magnitude tqking into account thgtresults from electron phase space holes, Phys. Plasmas, 19, 159-162,
the missing electrons in the hole, whil§, counts the masses doi:10.1063/1.356179&011.
of the electrons which are present in the hdleemann and  Huang, K.: Statistical mechanics, 2nd Edition, John Wiley & Sons,
Baumjohann2012. New York, chapter 11, 1987.

The main quantity which determines the susceptibility is Kittel, C.: Quantum theory of solids, John Wiley & Sons, New York,
the hole densityv. This is naturally a number substantially ~ chapter 17, 1963. _ o _
less than the plasma density. For this reason the effect of theandau, L. D.: Diamagnetismus der Metalle, ZeitschfiftPhysik,
susceptibility and the resulting diamagnetism will be small. . 63" 623‘337' ng,?-h, E M Mechanics. P
The main magnetic effect of electron holes, as exemplifieg-2"dau: L. D. and Lifshitz, E. M.: Quantum Mechanics, Pergamon
. . e Press, New York, chapter 15, 1965.
in our former paper, remains the amplification of the mag-,, . . .

ic field al he 1l b beddi he hol he hol Meiss, J. D. and Horton Jr., W.: Drift-wave turbulence

netic field along the flux tube embedding the hole. The hole from a soliton gas, Phys. Rev. Lett, 48, 1362-1364,

behaves like a magnetically active medium by amplifying  qoj:10.1103/PhysRevLett.48.1360982.

the field and, as a secondary effect, adding to diamagnetisSrewman, D. L., Goldman, M. V., and Ergun, R. E.: Evidence

via contribution to the magnetic Landau susceptibility of the  for correlated double layers, bipolar structures, and very-low-

plasma. This diamagnetism of holes is an additional though frequency saucer generation in the auroral ionosphere, Phys.

small contribution to the reduction of the electronic Pauli Plasmas, 9, 2337-2343, dt.1063/1.1455004001.
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