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Vertical vibrations of a single magnetized charged dust grain and a one-dimensional string of
magnetized particles in a gas-discharge plasma immersed in an external almost vertical magnetic
field are studied. It is shown that the magnetic force associated with gradients of the magnetic
field results in a novel type of oscillations of a single particle. Such vibrations can be either stable
or unstable, depending on the magnetic field distribution inside the gas-discharge chamber. In a
one-dimensional particle string, the magnetic force causes a new low-frequency oscillatory mode,
which is characterized by dispersion similar to the optical phonon branch in the long-wavelength
range. The possibilities of using the vertical vibrations of magnetized grains for determining

complex plasma parameters are discussed.

1. Introduction

Complex plasmas are multicomponent sys-
tems consisting of several charged components
(electrons, ions and microparticles) and neu-
tral gas. The microparticles (dust grains) are
very massive and highly charged (usually neg-
ative) due to interaction with plasma electrons
and ions. In the last decade such complex plas-
mas have aroused a keen interest as a new pro-
gressive field in plasma physics closely interre-
lated with other research areas, such as strong
coupling phenomena, colloid physics, environ-
mental research, astrophysics [1], plasma pro-
cessing technologies, etc. The most surprising
discovery was the observation of crystal-like
structures, which arise spontaneously when
charged microparticles are trapped in a sheath
electric field [2-9]. Such plasma crystal struc-
tures can sustain longitudinal and transverse
vibrational modes, which have been extensive-
ly studied in recent years [6-16]. However, the
ground based complex plasma experiments
deal with either a monolayer or a cloud of a
few layers (quasi-two dimensional systems).
Three-dimensional structures can be obtained
either in experiments under microgravity con-
ditions, using very small (sub-micron) parti-
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cles, or when some other nonelectric force com-
pensates gravitation. The idea of gravity com-
pensation by a nonelectric force seems very
promising from a standpoint of recent experi-
mental research. In particular, experiments in-
volving the thermophoretic force, which lifts the
particles above the sheath region, were charac-
terized by strong plasma inhomogeneities and
ion flows [17] and allowed an opportunity to
study a complex plasma structure (e.g. void for-
mation) even under gravity [18,19]. At the same
time, the nonlinear temperature distribution
produces specific vibrational modes [20] which
can provide a tool for determining the complex
plasma parameters.

Recently, multilayer complex plasma struc-
tures were observed in an external magnetic
field [21]. Measurements were carried out in
a capacitively-coupled radio-frequency dis-
charge with paramagnetic microspheres of
radius a=2.25um, magnetic permeability
uw~ 4, and material density 1.5g/cm’. Mag-
netic coils located above the discharge cham-
ber created a magnetic field coaxial with the
chamber. The field gradient pointed upwards,
exerting a levitating force on paramagnetic
particles. For further technical details we re-
fer to the recent paper [21].
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When dust grains were injected into the dis-
charge in the absence of the magnetic field,
they charged up and levitated forming a few-
layer structure in the plasma sheath of the lower
electrode. As soon as the magnetic field was
applied, the main particle cloud rised some-
what higher. Increasing the magnetic field
strength allowed to lift the macroparticles into
the central part of the discharge chamber or
even to the upper sheath of the discharge.
Hence, contrary to the electrostatic levitation
in the sheath electric field, the levitation height
in the magnetic experiments can be controlled
by variations of the electric current in the mag-
netic coils. This means that magnetic forces
open new opportunities for studying complex
plasmas at the kinetic level.

Among the novel features demonstrated by
the magnetized particles was dust agglomera-
tion: some particles coalesce into chains ori-
ented vertically, in parallel to the field lines of
the external magnetic field. This phenomenon
is well studied both in theory [22] and in the
laboratory [21]. This paper will focus on the
grain levitation in an external magnetic field
and on the vertical particle vibration. Until
now, oscillatory modes of magnetized parti-
cles in a gas discharge plasma have been con-
sidered only for the case of homogeneous mag-
netic fields [23], i.e. the magnetic force levita-
tion as well as the impact of inhomogeneous
magnetic field on the particle dynamics have
not been discussed yet.

The paper is organized as follows. In sec-
tion 2 we first discuss levitation of the magne-
tized particles and consider the vertical oscil-
lations of a single grain in discharge plasmas,
before turning in section 3 to the existence of
new collective modes in a string of paramag-
netic particles. Finally, our conclusions are
given in section 4.

2. Vertical Oscillations of a Single Dust
Particle

In this section, we consider the vertical mo-
tion of an individual charged dust particle em-
bedded in a combination of the sheath elec-

tric field and an external magnetic field, thus
modeling the configuration realized in the
recent magnetic experiment [21]. The static
magnetic field B is assumed to be almost ver-
tical B = Be,, so that B,> B_, B,. As shown
below, in this case the particle is magnetized
mainly along the vertical z-axis, and the mag-
netic force impact on the horizontal motion
of the grain can be neglected.

The equation describing the vertical motion
of a dust particle in gas discharge plasmas can
be written in a form

i« F
Z4+2yz=—-—g, 1
EngmrE (D

where F'is the z-component of the total electro-
magnetic force acting on the particle of mass M,
g denotes the gravitational acceleration, and y
the damping rate due to neutral gas friction [24].

In the experiments, which do not invoke a
magnetic field, the particles are suspended near
the lower electrode due to the balance of grav-
itational and electrostatic forces. Since to a
good approximation the absolute value of the
sheath electric field E(z) increases almost
linearly with z [12, 13], there is always a posi-
tion where gravitation can be compensated by
the electrostatic force, viz.

Mg = Q,E,. (2

Here Q, =0(z=0)<0 is the particle charge,
and E, =E(z=0)<0 the electric field at the
point z=0 corresponding to the equilibri-
um position. Relation (2) implies that the
particles with different ratios Q,/M will be
suspended at different positions: the grains
of larger Q,/M (smaller sizes) levitate high-
er due to the electric force, while the larger
grains require stronger electric fields and
therefore can only levitate in the vicinity of
the electrode, where the electric field is strong
enough.

If the particle is perturbed from its equilib-
rium and the oscillation amplitude is sufficient-
ly small, one can expand
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E(z)=E,+E;z 3)

(the prime denotes the derivative dE/dz at the
equilibrium z =0).

The charge accumulated by a grain is usu-
ally determined by the balance of the electron
and ion fluxes on its surface. Values of these
fluxes are functions of the discharge parame-
ters. As a result of a non-uniformity of the
plasma in the sheath-region, the equilibrium
dust charge becomes a function of the distance
from the electrode, i.e. O =Q(z) [25]. However,
typically the particle charge does not change
crucially over the scales of the small vertical
oscillations near equilibrium and thus we can
use only the linear expansion for Q(z),

0(2)= 0y + Q2. “

Substituting (3) and (4) into (1) gives in the
linear approximation

QOE(,) o Q(;EO z=0

ZE2Ng =
" M

b

and, correspondingly, the characteristic fre-
quency is

o - (OB

S (6))

Recent experiments have demonstrated that
the equilibrium dust charge is practically in-
dependent of the vertical position only in the
bulk plasma and in the pre-sheath region, but
its value increases rapidly in the sheath,
achieving a maximum and then starts to de-
crease in the vicinity of the lower electrode [25].
In laboratory complex plasmas, the particles
usually levitate near the sheath edge, where
(QE); = Q,E, <0, so that the vertical oscilla-
tions described by (5) are stable. Recently, exci-
tation of the vertical vibrations and the mea-
surement of the frequency (5) have been used to
estimate the dust charge and spatial distribu-
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tions of the electric field E(z) in the plasma
sheath [8, 26, 27]. Note that our present analy-
sis does not include the “delayed” charging ef-
fect and the related specific instability of the
vertical vibrations predicted by Nitter et al. [28]
and observed in a discharge plasma at low gas
pressure [29-31].

Now we consider another limiting case
when the grain levitates mainly due to the
magnetic force. A spherical particle of radius
a and magnetic permeability u immersed in
an external magnetic field B gets a magnetic
moment [32]

Dy
(L+2)

m=a3

(6)

Such a magnetized grain is subjected to a mag-
netic force, F, = V(mB). Apparently, the ver-
tical component of the magnetic force,

Fy==d®8) o 2ap2, ™)
0z 0z

is the highest one, because m=m, >m,, m,.
The introduced coefficient o is defined as
a=a (u-1)/(u+2).

Expanding the magnetic force (7) in the vi-
cinity of the equilibrium position, z=0, and
taking F, = F, + Fyz yields

F, =-20.B,B;,
Fy =-20(By’ + B,By).

Once again subscript “0” denotes the quanti-
ties at the equilibrium position z =0. Contrary
to the condition of electrostatic levitation (2),
both sides of the force balance, Mg =-20.B,B;,
are now proportional to @’, and spherical
grains of various sizes are suspended at the
same height, which can be completely speci-
fied by the vertical gradient of the external
magnetic field. Substituting F, and F; into
(1) and using the balance equation gives in the
linear approximation
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I a0 ) ”
zZ+2yz+—|(B,” + ByB, )z=0. 8
Yz M( 0 0 o)z (3)

The characteristic frequency of vertical oscil-
lations is now

B{ + B,By). )

Since the particle mass can be written as
M=4mpa’[3 (p is the material density), (9)
reduces to

Q? —&L(B(;2 +B,By7).

" 4mp(u +2) i

It follows immediately that all magnetized
grains have the same frequency of vertical vi-
brations (10), independently of their sizes: Q2
is specified by the vertical profile of the exter-
nal magnetic field and the magnetic properties
of the grain material. As a result, the value
Q2 can be positive or negative depending on
By, B; and B; at the initial levitation height.
When the electric current in the coils is fixed,
these values are mainly determined by the po-
sition of the discharge chamber relative to the
magnetic coils. We have calculated the values
of the magnetic induction, its first and second
spatial derivatives along the axis of the mag-
netic coils produced by a 17-cm thick coil with
30-cm bore at the current of 1 kA used in real
experiments [21]. The values of B,, B; and
B; for different distances from the magnetic

coils are shown in Table 1. The latter illus-
trates that when the distance between the low-
er electrode and the magnetic coils is small
enough (e.g., less than 0.1 m), B becomes
strongly negative, leading to negative values
of Q2 and thus an instability of the vertical
oscillations (in the case |Q,,|>Y/2). Neverthe-
less, the major conclusion is that an appropri-
ate choice of the magnetic field distribution can
always allow the squared frequency Q2 be
positive to stabilize vertical particle vibrations.

To obtain a numerical estimate of the
frequency Q,, we consider typical
parameters in the magnetic experiments
corresponding to the distance between the
lower electrode and the bottom edge of the
coils of about 25+30 cm [21]. Particle
levitation was observed for average magnetic
fields, B, ~0.1=0.15 T, and field gradients,
|Bg| ~0.75=1.15 T/m. Taking By ~5+7.5 T/m?
(Table 1) then yields Q, ~50+70 s—1. Such
values are similar to the frequencies of vertical
vibrations in a sheath electric field Q, [14-16]
and can be easily measured.

Finally, when both the magnetic and elec-
tric forces contribute to balancing gravitation,
the frequency of vertical oscillations can be
written as a combination of (5) and (9):

PLian 4np(u+2) M

(11

This describes either stable or unstable verti-
cal vibrations, depending on the contribution
of Q2 and Q7. While the electrostatic squared
frequency Q} ~—(QE), can be either positive

Table 1. Magnetic induction, its first and second spatial derivatives along the axis of the magnetic coils at

the current of ~1 kA

Distance from

the coils, m 0.05 0.1 0.15
Byss ik 0.75 0.4 0.28
B;, T/m -1.5 -2.35 2.2
Bsy Tim? -22.3 —4.3 8.3

0.2 0.25 0.3 0.35
0.2 0.15 0.1 0.7
-1.5 =715 =0.75 -0.4
10.5 75 5:2 4.5

208 Panguodusuka u pagmoacrponomus, 2004, t. 9, Ne3



Oscillations of magnetized grains in complex plasmas

or negative within the sheath region [25], the
magnetic term Q? can be always allowed pos-
itive (by varying the magnetic field distribu-
tion) and exceeding lQé and thus stabilizing
the vibrations which would be unstable in the
absence of the magnetic field.

Now the question is what parameters of the
complex plasma can be recovered from mea-
surements of the characteristic frequencies (10)
or (11). As the frequencies of the vertical vi-
brations are accurately measured and the val-
ues of By, By and B; are determined numer-
ically, expression (10) immediately gives the
value of the magnetic permeability p, and thus
from Eq. (6) the magnetic moment can be
found. If the levitation is due to the combina-
tion of electrostatic and magnetic forces, then
using Eq. (11) the (QE), profile can be deter-
minated at u, By, B; and B; given. Varying
the current in the magnetic coils (and also B,
B; and By), it is possible to calculate the val-
ues of (QF); even in the close vicinity of the
lower electrode, where QyE; >0, and the os-
cillations appear unstable in the absence of the
magnetic field. There is another possibility
when the magnetic force (7) lifts up the parti-
cle in the pre-sheath region, where the charge
is nearly constant and Q} =|Q,Eg|/M. Then
by measuring (11), either the equilibrium
charge Q, at u, B,, B, and B, given or the
equilibrium gradient E; for the O, known can
be found. Such measurements could be of im-
portance in understanding how the particle
charge or the sheath structure is impacted by
an external magnetic field. Hence, the obser-
vations of the vertical oscillations of a single
particle in an inhomogeneous magnetic field
seem very promising for complex plasma diag-
nostics.

3. Vibrational Modes in a Horizontal
String of Paramagnetic Grains

In order to describe the collective vertical
modes in complex plasmas with magnetized
grains, we consider an often-invoked model of
a one-dimensional infinite linear chain of grains
(the so called horizontal 1D-string [11, 14]).
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In this model, each spherically symmetric grain
is considered as having an electric charge Q,
and mass M. We assume that in equilibrium,
the particle centers are separated by the aver-
age distance A along the horizontal x-axis.
Like in the previous section, an inhomoge-
neous external magnetic field is applied along
the vertical z-direction, leading to the parti-
cle magnetization (m is a magnetic moment
of the grains).

The interparticle forces include the Coulomb
electrostatic force, the magnetic force due to in-
teractions of magnetic moments between the
grains and with the external magnetic field. Since
the dust grains are shielded by the surrounding
plasma, the interparticle charge interaction is
governed by the Debye-Huckel potential

[0) K
D, =—"exp| ——— |
|rn| ( )‘D]

with A, being the plasma Debye length. Note
that under the discharge conditions, the elec-
tron temperature is usually much higher than
the temperature of plasma ions, and thus A,
is mainly determined by the ions,i.e. A, =A ..

The energy of electrostatic and magnetic in-
teractions between the n-th and m-th grains of
the string can be written as

__“’_0 m,m, _3(mn 'rn,m)(n:m 'rn,m) (1D

rn.m

where the second term in the right-hand side
Eq. (12) accounts for interactions of two mag-
netic dipoles [33], and r,,, denotes the distance
between the grains. The corresponding force
acting on the n-th particle is then given by
E =0l _lor..

The ground-based experiments on com-
plex plasmas have demonstrated that the
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typical particle separation in dust structures,
A exceeds the screening length A,, giving
A/A, ~1.5+2.5 [12-16]. The dipole forces are
also short-ranged, so that we can only consid-
er the nearest neighbor particle interactions.
Taking all this into account, the equation of
motion for the n-th particle becomes

i:n Az 2an = M_l (Fn,n+l i Fn,n—l or Fn,exl)' (13)

HCI'C Fn,nil =F(rn,nil —rn) and Fn.exl = _aUaxl / arn
are the forces acting on the n-th grain in the
external magnetic and electric fields. The ex-
ternal potential U, ,(r) can be approximated
by a parabolic potential in the z-direction, just
as in the case of a sheath electric confinement

[14], namely
1
Um=5M(Q;+Q‘;)z2, (14)

with Q7, and Q} being the vertical character-
istic frequencies defined by (11).

Using (12) and (14) and considering only
small vertical oscillations, z< A, around the
equilibrium position, z =0, one can find from
(13) that the equation of motion in the linear
approximation is given by

£, +2v2, =—(Q} +Q} )z, +

mz
+ 91+9A—g 2z, —2,,,-2,)=0, (15)

where z, is the vertical displacement of the
n-th particle and m, stands for the equilib-
rium magnetic moment of the grains,
my =(W—1)a’ By/(u+2). Furthermore, the quan-
tity Q, denotes the frequency of the transverse
dust-lattice waves [34], namely

2 A A
Q=2 —— x| 1+— |.
1 MA3 exp( )\D )X( S 1 }»D ]

Finally, note that to derive (15) we have
neglected the small corrections, ~(a/A)’, as-
sociated with variations of the magnetic mo-
ments over the scales of the particle displace-
ment around the equilibrium position and
added the phenomenological friction 2yz,,
proportional to the particle velocity.

Provided that z, varies as ~ exp(—iw? + iknA),
Eq. (15) gives a dispersion relation describing
transverse dust lattice waves in the external
electric and magnetic fields:

2
o +2iy0= Q2 + Q% -| Q2 +970 L
A 3
(16)

If Q2 +Q2 >0, then (16) is similar to the dis-
persion dependence for the vertical vibrational
mode found in the sheath region [14]: the wave
is characterized by the optical phonon disper-
sion in the long-wavelength range (the maxi-
mum frequency is achieved at k=0, then the
frequency decreases with the growing wavenum-
ber k). The main difference is in the increase of
the total characteristic frequency of vertical vi-
brations Q] =Q + Q7 for positive Q2 or its
decrease if Q2 <0. Itis even possible for Q2 to

become negative (QZE < |£2,2,, ), and then the ver-

tical mode reveals instability due to the mag-
netic interaction. An opposite situation is also
possible, when the magnetic term Q?, exceeds
the absolute value of negative Q7 and thus
plays the stabilizing role.

When a particle levitates mainly due to the
magnetic force (7) outside the sheath region,
Q7 — 0, and then the electrostatic interaction
of dust charges are given simply by the term
proportional to Q7 in (16) describing a verti-
cal dust-lattice mode.

Finally, note that just as in the case of ver-
tical vibration of a single particle, the measure-
ments of the wave dispersion w(k) correspond-
ing to (16) allow to estimate some important
complex plasma parameters: an equilibrium
charge in the pre-sheath or bulk plasmas (via
determining ), magnetic moment of the
grain (magnetic permeability), or even the ver-
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tical profile of (QE) (by estimation of Q2 at
different values of the magnetic field).

4. Conclusions

We have demonstrated the possibility of a
novel type of vertical vibrations of a single
magnetized particle in discharge plasmas when
an external magnetic field is applied. Such vi-
brations can be stable or unstable, depending
on the magnetic field distribution inside the
particle cloud. Moreover, it is shown that the
vertical oscillations of a one-dimensional string
of grains supported by the magnetic force give
rise to a new low-frequency mode, which is
characterized by the optical-phonon dispersion
when the wavelength far exceeds the intergrain
distance. The identification of a vertical mode
can provide a tool for determining the electric
field profile, particle charge or magnetic mo-
ment of the grains. The characteristics of the
mode are specified by the gradients of the ex-
ternal magnetic field and thus can be effective-
ly controlled under experimental conditions.
This opens new possibilities for the investiga-
tion of the particle behavior at the kinetic level
as well as for stimulating phase transition in
the system, and for the study of self-organized
structures in the experiments.
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OcunuIs i HAMArHUYEHHBIX YaCTHIL
B NbLIEBOH MI1a3me

B. B. fIpomienko, A. A. MuHakoB

HccnenoBaHbl BepTUKAIBHBIE OCLHILISIIHH
OIMHOYHON HAMarHMYEHHOMN 3apsKEHHOMU
IbUIEBOM YACTHULIBI, @ TAKXKE LEMOYKH HaMar-
HUYEHHBIX YACTHUL], HAXOASAILIUXCS B Ta30BOM
paspsiie ¥ BO BHELIHEM IOYTH BEPTUKAIBHOM
MarHuTHOM nose. IlokasaHo, uTo cuia, CBs-
3aHHas C TPAJIMEHTOM MAarHUTHOTO MOJIs, IPU-
BOAUT K HOBOMY THITy OCLIMJLISILIMA OJUHOY-
HOM 4aCTHUIbI. DTU OCUMJUISLIMM MOTYT OBITH
KaK yCTOMYUBBIMU, TAK U HEYCTOMYUBBIMU B
3aBUCUMOCTH OT paCIpeIeneHusi MAarHUTHOTO
II0JIs. BHYTPH ra3opaspsigHoit kamepbl. Mar-
HUTHas Cuia, JeHCTBYIOLasi HA OJHOMEPHYIO
LIEMIOYKY MBUIMHOK, BBI3BIBAET MOSBJIIEHUE HO-
BOM HU3KOYACTOTHOM MOJBI C OUCIEPCUEH,
aQHAJIOTMYHOM ONTHYecKOoi (HOHOHHOM BETBU
KonebaHuil B [IIIMHHOBOJIHOBOM [HAIla30HE.
OO6cyXaar0TCsl BO3MOXKHOCTH MCITOJIL30BaAHUS
BEPTUKAJIbHBIX OCLIMIIISILIMA HaMarHUYEHHBIX
NIBIJIEBBIX YACTHULL [UISI ONIPEIEICHHS apameT-
POB KOMITJIEKCHOM IUTa3MBI.

Ocuumannii HaMarHiYyeHuX YacTHHOK
B NUJIOBIH mia3mi

B. B. fIpomenko, A. O. Minakon

JocinimkeHi BepTUKaIbHI OCLMIISILIT 10011~
HOKOI HaMarHi4eHoi 3aps/HKEeHOl MUI0BO va-
CTHHKM Ta JIAHIIO)KKAa HAMarHi4YeHUX 4acTH-
HOK, 1110 € B ra30BOMY PO3PS/i i B 30BHIIIHBO-
My Maiike BEPTUKaJIBHOMY MarHiTHOMY ITOJIi.
ITokasaHo, 110 cuita, MoB'si3aHa 3 rPagiEHTOM
MarHiTHOI'O IOJIsl, BUKJIMKAE HOBHIl THI OC-
LUJISLINA TOOAMHOKOT yacTUHKH. L{i ocuutsiii
MOXYTb OyTH SIK CTIHKMMM, TaK i HECTIHKUMU
3aJIEXHO BiJl pO3IOAUTY MArHITHOTO T1OJIs BCe-
peauHi ra3opo3psaHoi kamepu. MarHiTHa
CHJIa, IO JIi€ HA OZAHOBUMIPHMH JIAHIIIOXKOK U~
JIMHOK, BUKJIMKA€ HOBY HU3bKOYACTOTHY MO/LY
3 JUCIEPCIEI0, aHAIOTIYHOK ONTHYHIN (o-
HOHHI{ T'UINI KOJIMBAaHb B JOBTOXBHUIHLOBOMY
niana3oHi. OGroBOPIOETHCS MOKIIMBICTD BUKO-
PMCTaHHS BEPTUKAJIBHUX OCLIWIISILII HaMarHi-
YEHHUX MIJIOBUX YaCTUHOK /ISl BUBHAYEHHS A~
paMeTpiB IUIa3MH.
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