PHYSICAL REVIEW E 69, 016410 (2004
Vertical oscillations of paramagnetic particles in complex plasmas
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Vertical vibrations of a single magnetized dust grain and a one-dimensional string of magnetized particles in
discharge plasmas are treated taking into account the magnetic force associated with gradients of an external
magnetic field. For a single particle a novel type of oscillation associated with these gradients is found. Such
vibrations can be stable or unstable depending on the distribution of the magnetic field inside the particle cloud.
In a one-dimensional particle string the magnetic force causes a new low-frequency oscillatory mode which is
characterized by inverse optical-like dispersion when the wavelength far exceeds the intergrain distance. The
study of vertical vibrations of magnetized grains provides a tool for determining complex plasma parameters.
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I. INTRODUCTION lower electrode and the bottom edge of the coils was 28 cm.
The coils were powered with a current up to 1.5 kA, yielding
In the last decade, complex plasmas have attracted gregtmagnetic field up to 0.12 T in the middle of the chamber.
interest as a new developing field in plasma physics andhe field gradient pointed up, exerting a levitating force on
because of the many interactions with other research areaaramagnetic particles. For further technical details we refer
such as strong coupling phenomena, colloid physics, envil© the recent papdn9]. , . .
ronmental research, astrophysics, plasma processing tech- When grains were injected into the discharge in the ab-

; : o .sence of the magnetic field, they charged up and levitated
nologies, etc. In fundamental physics the most surprising d|sforming a few-layer structure in the plasma sheath of the

covery was the observation of crystgl-like sFructures whict] wer electroddFig. 1(a)]. As soon as the magnetic field was
spontaneously form when charged microparticles are trappe plied, the main particle cloud rose slightly higher than in

Ln a sheath eIectrltc lf'elﬂi_ d7']. ?UCh dpltasma crystal'bstrgc- he absence of the magnetic fidlgig. 1(b)]. By further in-
e o bty e 1 ok esgieasng e srenghofhemagno fed was possile
, y Y€ai#t the microparticles into the central part of the discharge
[4-14]. However, ground based complex plasma experichamber or even to the upper sheath of the dischifige
ments deal with either a monolayer or a cloud of a few layers|(c)]. Hence, contrary to the electrostatic levitation in the
(quasi-two-dimensional systemsThree-dimensional struc- sheath electric field, the levitation height in the magnetic
tures can be obtained either by experiments under microexperiments can be controlled by variations of the electric
gravity conditions using, very smalubmicron particles or  current in the magnetic coils. This means that magnetic
when some other nonelectric force compensates gravitatiofiorces open new opportunities for controlling complex plas-
The idea of gravity compensation by a nonelectric forcemas.
looks very promising from a standpoint of recent experimen- Among the novel features demonstrated by the magne-
tal research. In particular, experiments involving the thermotized particles was dust agglomeration: some particles coa-
phoretic force lifting the particles above the sheath region|esce into chains, oriented vertically, parallel to the field lines
which is characterized by strong plasma inhomogeneities an@f the external magnetic field. This phenomenon is well stud-
ion flows [15], give an opportunity to study, e.g., void for- ied both in theory[20] and in the laboratory19]. In this
mation even under gravity conditioi$6,17. At the same Paper we will focus on the grain levitation in an external
time, the nonlinear temperature distribution produces specifif?@gnetic field and vertical vibrations of the particles. Up to
vibrational modeg18], which can provide a tool for deter- NOW, oscillatory modes of magnetized particles in a gas dis-
mining the complex plasma parameters. qharge plasmg can|d_ered only in hom'ogeneous magnetlc
Recently, multilayer complex plasma structures were obfields [21]_, which implies that a magnetic force levitation
served in an external magnetic fie[d9). Measurements Was n(_Jt discussed as_well as the_role of inhomogeneous mag-
were carried out in a capacitively coupled rf discharge withn€tic field on the particle dynamics. _
plastic microspheres(Dynobeads M-45D of radius a _ The paper is structured as fgllows. In Sec. Il we f|rst
=45 um and material density 1.5 g/émThe grains con- discuss .IeV|tat|op of the magnepzed paryclgs and_ consider
tained 20% FgO, and FeO, they were superparamagnetic the vertical oscnlatlpns_of a single grain in a discharge
with a magnetic permeability = 4. A magnetic field coaxial plasmg, before turning in Sec. lll to the existence of new
with the chamber, was created by magnetic coils, locateGOlIECtive modes in a string of paramagnetic particles. Fi-
above the discharge chamber. The distance between tiilYy, our conclusions are given in Sec. IV.

Il. VERTICAL OSCILLATIONS OF A SINGLE GRAIN

*Permanent address: Institute of Radio Astronomy of National The static magnetic field is considered to be vertical, par-
Academy of Science of Ukraine, Chervonopraporna 4, Kharkovallel to thez axis. The equation describing the vertical mo-
Ukraine 61002, tion of particles is
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Here Qu=Q(z=0) is the particle charge, anB,=E(z
=0) is the electric field at the poirt=0 corresponding to
the equilibrium position. Relatioi2) implies that the par-
ticles with different ratio€Q,/M will be suspended at differ-
ent positions: the grains of larg€),/M (smaller sizesare
trapped by the electric force at larger heights, while the
larger grains require stronger electric fields and therefore can
only levitate in the vicinity of the electrode, where the elec-
lower electrode tric field is strong enough.

. If the particle is perturbed from its equilibrium position
and assuming sufficiently small oscillation amplitude, one
can expand

E(z)=Eo+Ejz, 3

(the prime denotes the derivativk/dz at the equilibrium
z=0). In the plasma sheath, the equilibrium particle charge
is a function of the distance from the electrd@8], but we
lower electrode assume that the particle charge does not change crucially

» over the scales of the small vertical oscillations and use the
same series expansion fQ(z),

upper electrode Q(2)=Qo+Qpz. (4)
Substituting Eqs(3) and (4) into Eq. (1) gives in the linear
order

i QoE4+ QUE
o\ . .
z+2yz—%z=0 (5)

from which the resonance frequency follows as

FIG. 1. Particles levitated in the plasma. The current in the (QE),
magnetic coils is indicated in the right corné) Without the mag- QE: — o (6)
netic field. Particles form a multilayer cloud in the lower plasma M

sheath(lower viewing area (b) Magnetic field of 0.04 T. Some
particles agglomerate and levitate in the lower sheath below thd he particle charge is practically independent on the vertical
main cloud (lower viewing area The main cloud is compressed position only in the bulk plasma and in the presheath region,
and slightly shifted upwardgc) Magnetic field of 0.12 T. The cloud but its value increases rapidly in the sheath, achieving a
is levitated in the upper sheaflupper viewing area The larger maximum and then starts to decrease in the vicinity of the
agglomerated particles levitate above the main cloud. Gravity cafower electrodd23]. Normally, the particle are trapped near
be compensated by the magnetic force. Reprinted from [REf. the sheath edge, wher® E)6:Q0E6<0' so that the verti-
cal oscillations are stable. Recently, an excitation of the ver-
) O F tical vibrations and the measurement of the particle’s reso-
Z+2yz= M—g, (1) nance frequency Eq6) have been used for measuring its
charge and the spatial distribution of the electric field in the
plasma sheatfi6,24,25. Note that we do not include into
present analysis the “delayed” charging effect and related to
this specific instability of the vertical vibrations predicted by
Nitter et al. [26] and observed in a discharge plasma at low
gas pressurg27-29.
Consider now the case when the grain levitation occurs
ainly due to the magnetic force. A spherical particle of
radiusa and magnetic permeability in an external mag-
netic field B parallel to thez axis, gets a magnetic moment
[30]

whereF is the electromagnetic force acting on the particle of
massM, g denotes the gravitational acceleration, gnid the
damping rate due to neutral gas frictif22].

In the experiments which do not invoke a magnetic field,
the particles are trapped in the vertical directprby the
balance of gravitational and electric forces. Since to a goo
approximation, the sheath electric fiek{z) increases al-
most linearly withz, there is always a position where gravi-
tation can be compensated by the electric field,

e (u—1)
Mg=QoEy. 2 (n+2)

a°B. (7)
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Such a magnetized grain is subjected to a magnetic force, 0.6
associated with the vertical magnetic field gradient 05

(@) 1

Fmn=—39d(mB)/dz=—2aBdB/ iz, (8) o4y
'_

- . ) =03
where the coefficienta is defined through a=(u @
—1)a%/(u+2). 02}

Expanding the magnetic force around the equilibrium po- 01|

sition z=0, letting F,,=F,+ Fyz, yields

FOZ_ZOZBoB(’), (9)
Fo=—2a(By’+BgBp). (10

Once again subscript “0” denotes the quantities at the equi-
librium positionz=0. Contrary to the condition of electro-
static levitation Eq.(2) , both sides of the force balance
Mg= —2aByB} are now proportional t@®, and grains of
various sizes are suspended at the same height, which can be 25
completely specified by the external magnetic field gradients.
Substituting Egs(9) and (10) into Eq. (1) and using the
balance equation gives in the linear approximation

= ' 2a 12 "
z+2yz=— V(BO +BoBg)z. (11

o%B/dz? (T/m?)

The resonance frequency of vertical oscillations is now

2a(B(>+ByBj) 2a(B'B);

2 v v (12 0 0.1 0.2 03 04 05
vertical distance, z (m)
Since the particle mass can be writtenMs-4mpa®/3 (p is FIG. 2. Magnetic field on the axis of the magnetic coils at the
the material density Eq. (12) reduces to current of 1 kA.(a) Magnetic induction,(b) first and (c) second
spatial derivatives. The field is produced by a 17 cm thick coil with
, 6(u— 1)(B'B)g 30 c¢m bore. The current can be varied from 0 to 1.6 KA.

" an(utDp 13

) ) . ) ~0.75-1.13 T/m. We now need only to spedj to calcu-
It follows immediately that all magnetized grains have thejate the frequency of vertical oscillatiof3). An estimate of
same resonance frequency independent on €8s but  pgr can pe obtained using a model presentation of the field
specified by the structure of the external magnetic field an rofile (Fig. 2). Taking B,~5—-7.5 T/n?, corresponding to
the magznetlc propert|.e.s of the grain matenaI.As a res’ult, th e position of the disc?]arge chambér used in the experi-
value )y, can be positive or negative dependingBf.Bo,  menis(a distance~0.25-0.28 m), this yields a frequency
andBg at the levitation height. When the electric current in Q,~50-70 s *. These values are similar to the frequencies

the coils is fixed, these values are mainly determined by thgt yertical vibrations in a sheath electric field) and can be
position of the discharge chamber relative to the magnetigasjly measured.

coils. Calculated field profiles for the experiments with para-  Finally, when both the magnetic and electric forces con-
magnetic particle¢Fig. 2) show that when the distance be- yihyte to balancing gravitation, the frequency of vertical os-
tween the lower electrode and the magnetic coils is smaljjjations can be written as a combinations of E6. and
enough (less than 0.1 m Bj becomes strongly negative (13),

leading to22 <0 and thus to a vertical oscillation instability.

Nevertheless the main conclusion is that by an appropriate 6(u—1)(B'B)) (QE);

choice of the magnetic field regime, the squared frequency szgﬁﬁ Qé: o_ 0 (14)
Q2 can be always made positive to stabilize particle vibra- 4m(u+2)p M

tions.

To obtain a numerical estimate of the frequetity, we  This describes stable or unstable vertical variations depend-
consider typical plasma parameters in the experiments andig on the input made bf)7 and QZ. While the electro-
magnetic field gradients sufficient for gravity compensationstatic squared frequenc&lé~(QE)6 is either positive or
[19]. Particle levitation was observed for average magneticmegative within the sheath regipa3], the magnetic terrﬁlfn
fields By~0.1-0.15T and field gradients of|Bg| can be made positiveby varying the magnetic fieJdand
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exceeding|QZ| and thus stabilize the vibrations which that we need only to consider the nearest neighbor particle

would be unstable in the absence of the magnetic field.  interactions. The equation of motion for timeh particle in
The question now is what complex plasma parameters caifie string is

be recovered from measurements of the resonance frequen-

cies(13) or (14). If the frequencies of the vertical vibrations Fnt2yr=M " {Foni1+Fon 1+ Frexd:  (16)
have been accurately measured and since valu@ &,
andBy, are determined numerically, expressid®) immedi-  HereF, ,.;=F(r,.,—r,) are the particle interaction forces

ately gives the value of the magnetic permeabijlitgnd thus ~ @ndFp ex= — dUex/r, is the force acting on theth grain
from Eqg. (7) the magnetic moment. If the levitation is due to in the external magnetic and electric fields. The external po-
the combination of the electrostatic and magnetic forcestentialU,; can be approximated by a parabolic potentiat in
then using Eq(14) one can determine theQ(E);, profile at direction, just as in the case of a sheath electric confinement
givenu,Bg,Bj, andBg. Varying the current in the magnetic 1

coils (and alsdBg,B;, andBy) it is possible to calculate the Ue==M(Q2+02)22, (17)
values of QE), even in the close vicinity of the electrode 2
where QE);>0, and the oscillations are unstable in the . 2 2, . _ ,
absence of the magnetic field. There is another opportunit}'!th {¥m and Qg being the vertical resonance frequencies
when the magnetic forcé8) lifts up the particle in the defined by Eq(14). o ,
presheath region, where the charge is nearly constant and YSing EAs(15—(17) and considering °”'¥_Sm_a” vertical
QézQOE(’). Then measuring Eq14) one can find either the ?hsg'llilﬁggpsezigtig:]ogptrjngl%ﬁqu'I'b”um position=0 gives
equilibrium chargeQ, at given u,Bq,B; , and By or the q

value of the equilibrium gradier, if Qg is known. Such

measurements could be of importance to understand how the 2ot 2yZ0=— (Q2+ Q%) z,+
particle charge or the sheath structure is influenced by an

external magnetic field. Hence the observations of the verti-

cal oscillation of a single particle in an inhomogeneous mag- X(22h= 27117 20-1) =0, (18)
netic field look very promising for complex plasma diagnos-
tics.

2

m

2 0
QL—’_QE

wherez, is the vertical displacement of threh particle and
m, stands for the equilibrium magnetic moment of the
grains,my=(u—1)a®By/(x+2). The quantity), denotes
IIl. VIBRATIONAL MODES IN A HORIZONTAL STRING the frequency of the transverse dust-lattice wd\aig

OF PARAMAGNETIC GRAINS

2

In order to describe the vertical modes in a complex 02= Q exp(—i
plasma with magnetized grains, we consider the simplest MA3

model of one-dimensional horizontal striigriented along

the x axis) [9,12], where the spherical dust grains have To derive Eq.(18) we have neglected the small corrections
chargeQ, massM, and magnetic momemh (7), parallel to [~ (a/A)3<1] associated with variations of the magnetic
the external magnetic field. The grains are separated by th@oments over the scales of the particle displacement around
average distancA. The electrostatic potential of each par- the equilibrium position.

ticle is assumed to be the screened Coulomb potential. The Assuming now that, varies as~exp(—iwt+iknA), Eq.
energy of the electrostatic and magnetic interactions betwee(18) gives a dispersion relation describing transverse dust-

(1+— . (19

the nth andmth grains of the string can be written as lattice waves in the external electric and magnetic fields,
2 H 2 2 2 mg H kA
QnQnm IFoml| a0 | MMy 0?+2iyo=02+02 -4 0?2 +9—|siP—. (20
Uym=—Fexp ————|— — AS 2
' |rn,m| Ap 4 |rn,m|3

If Q2+Q2>0, then Eq.(20) is similar to the dispersion
, (15  dependence for the vertical vibrational mode found in the

sheath regiori12]: the wave is characterized by an optical-

like inverse dispersiofthe maximum frequency is achieved
where\p is the screening length of the plasma angl,| is atk=0 and then the frgquency erreasgs with growing wave
the distance between the grains. The second term in tH&UMPerK). The main difference is in the increase ofzthe total
right-hand side Eq(15) accounts for interactions of two f€sonance frequency of ver.tlcé’;ll VIbf&t!@%—QE-i-meOI’
magnetic dipole§32]. The corresponding force acting on the POsitive();, or its decrease if);,<0. It is even possible for
nth particle can then be presentedfas,= — U, m/dr,. Q7 to be negative Q£<|Q7|) and then the vertical mode

Usually in complex plasma structures, the particle separaPecomes unstable due to magnetic interactions. An opposite

tion A, exceeds the screening lengtty, viz. A/Ap  Situation is also possible, when the magnetic t&df ex-
~1.5-2.5. The dipole interactions are also short ranged, sceeds the negativﬁé and thus plays the stabilizing role.

3(mn‘ rn,m)(mm‘ rn,m)

Il
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When particle levitation is mainly due to the magnetic V. CONCLUSIONS

; L H2
fogce (8) o_utS|de of the sheath regloﬁ,E'—>O, a”‘?' then only We have demonstrated the appearance of a novel type of
Q7 remains from the electrostatic interactions of dustyertical vibrations of a single magnetized particles in dis-
charges in the dispersion relation Eg0) describing a ver-  charge plasmas when an external magnetic field is applied.
tical dust-lattice mode, namely, Such vibrations can be stable or unstable depending on the
distribution of the magnetic field inside the particle cloud.
2 Moreover, it is shown that the vertical oscillations of a one-
02 +9@ -nzﬁ dimensional string of grains supported by the magnetic force
LHOE]ST S @D e rise t low-f de which is character-
give rise to a new low-frequency mode which is character
ized by the inverse optical-like dispersion when the wave-
length far exceeds the intergrain distance. The identifications
Finally note that just as in the case of vertical vibrationsof a vertical mode can provide a tool for determining the
of a single particle, the measurements of the wave dispersioglectric field profile, particle charge or magnetic moment of
w(k) corresponding to Eqg20) or (21) could give an op- the grains. The characteristics of the mode are specified by
portunity to estimate a few important complex plasma pathe gradients of the external magnetic field and thus can be
rameters: an equilibrium charge in the presheath or bulkffectively controlled in experimental conditions. This opens
plasmas(via determining(},), magnetic moment of the new possibilities for the investigation of the particle behavior
grain (magnetic permeability or even the vertical profile of at the kinetic level as well as for stimulating phase transi-
(QE)’ ( by means of measuremefl: at different magnetic tions in the system, and for the study of self-organized struc-

w?+2i waQrzn—4

fields). tures in the experiments.
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