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Abstract. The magneto-rotations were detected for graphite single-crystal grains dispersed in the diffused gas media for the
first time in the pressure range between 300 Pa to 105 Pa at a temperature, T = 293 K. Full alignment was achieved at a
field intensity of 14 mT for the graphite crystal of 3 × 10−12 grms in weight at 300 Pa. The results were consistent with the
Langevin theory, in which the balance between field-induced anisotropy energy and the thermal agitation energy were assumed
to drive the process. The achieved experimental procedure provides a technical basis to reproduce the magnetic alignment in
the diffused and low temperature condition of the star-formation region, considering that the contemporary experiments on
magneto-rotation are performed on particles suspended in the liquid media. The experiments at low temperatures below 160 K
can be performed only in the gas medium. The field intensity to achieve magnetic alignment is expected to be considerably
small at molecular cloud temperature, due to the decrease of thermal agitation energy and due to the temperature dependence
of the paramagnetic anisotropy following the Curie-Weiss law.
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1. Introduction

The origin of dust alignment due to the interstellar magnetic
field had been investigated for various cosmic regions con-
sisting different gaseous conditions. The cause of dust align-
ments was discussed mainly in terms of the paramagnetic re-
laxation induced in the grain particles first proposed by Davis
& Greenstein in 1951. A rotational magnetic field originating
in the thermal rotation of the grain was considered to induce
the relaxation. The assumption of supra-thermal rotation, in
which the ejection of the gas molecules from the grain surface
accelerated the rotational velocity of the grains, was widely
accepted to be operational in the diffused region (e.g. Pursell
1979; Spitzer & McGlynn 1979; Lazarian 1995). The efficiency
of the above model had been argued for dust alignment in the
dense cloud region(e.g. Whittet 1994), since the rotational mo-
tion of the dust was considered to be in a thermal equilibrium
state with respect to the gas phase.

An alternative mechanism was proposed under the assump-
tion that the field-induced anisotropy energy, originating from
the anisotropy of the diamagnetic susceptibility (∆χ)DIA, ex-
ceeds the thermal rotational energy which randomizes the di-
rection of the grains. The model was proposed considering that
the grains were composed mainly of diamagnetic elements,
according to the elemental abundance. The possibility of
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relaxation due to the diamagnetic susceptibility has been dis-
cussed (Cayrel & Schatzmann 1954). Some theoretical stud-
ies followed this discussion and it was concluded that the ef-
fect of diamagnetic relaxation was negligible compared to the
paramagnetic relaxation (Greenberg 1969; Purcell 1969). The
number of published (∆χ)DIA data was limited for the inorganic
materials at that time (e.g. Gupta 1983), and it was difficult
to accept the possibility of magneto-rotation due to diamag-
netic anisotropy as a general phenomenon that might have oc-
curred for diamagnetic materials. The (∆χ)DIA values were ob-
tained recently for a number of basic oxides such as corundum,
forsterite, orthoclase, muscovite, scapolite, apophylite, brucite,
gibbsite, talc, petalite, ADP, KDP and gypsum due to the re-
sults of the ∆χ − T measurements on bulk single crystals from
room temperature up to 800 K (Uyeda et al. 2000a; Uyeda et al.
2000b; Uyeda et al. 2000c). It was concluded that the diamag-
netic anisotropy originates mainly in the spatial anisotropy of
the individual bonding orbital composing the crystal, indicating
that the diamagnetic insulators may generally possess a finite
amount of diamagnetic anisotropy, with the exception of crys-
tals having cubic symmetry (Uyeda et al. 2000c; Uyeda et al.
2001a).

The above results indicate that the non-magnetic micron-
sized particles may generally possess a finite amount of ef-
ficiency to cause the magneto-rotation due to diamagnetic
anisotropy, which could be a new candidate for the cause
of magnetic orientation in natural environments. It has also
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become clear according to the ∆χ−T measurements mentioned
above that the magnetic anisotropy derived from the param-
agnetic impurity ions increases considerably with decreasing
temperature following the Curie-Weiss Law for various rock-
forming oxides. The paramagnetic ions, which are the basis of
the paramagnetic relaxation model mentioned above, are gen-
erally contained in natural materials.

The number of experimental attempts to investigate the
problem of cosmic dust alignment is low at present; e.g., Wurm
& Blum (2000) had proposed an alignment due to the gas drift
observed in the process of reproducing non-spherical grains.
No direct attempts have been made so far to reproduce the
static dust-alignment experimentally, due to the difficulty of re-
producing the interstellar conditions. The micron-sized grains
should be dispersed in a diffused gas medium below T = 100 K
to reproduce the situation. Temperature dependences of the
magnetic grain alignment were examined between room tem-
perature and 180 K by measuring the single-crystal grains of
graphite dispersed in liquid ethanol (Chihara et al. 1998). It was
confirmed directly for the first time that the magneto-rotation
process of grains dispersed in a fluid medium proceeds accord-
ing to the balance between the Brownian thermal motion of the
grain and the field-induced anisotropy energy. The apparatus
used in the experiment, however, did not allow measurements
below the melting point of ethanol, T = 159 K. The magneto-
rotation of grain particles dispersed in the gas medium at 1atm
was realized recently by means of an apparatus newly devel-
oped for this purpose (Uyeda et al. 2001b). The method devel-
oped serves as an experimental basis to realize the magneto-
rotation in the diffuse and low temperature conditions of the
interstellar regions. The only procedure to realize measure-
ments at interstellar temperatures below 100 K at present
is to disperse the grains in the gas medium and control its
temperature.

The effect of the gas pressure of the dispersing medium
on the magneto-rotation process is studied in the present work
for graphite micro-crystals. It has become clear that measure-
ments of the magneto-rotation process could be performed for
grains dispersed in the gas medium having a pressure as low as
300 Pa in the presence of terrestrial gravity. The significance of
investigating the magneto-rotation in the low temperature re-
gion is discussed based on the paramagnetic ∆χ dependences
measured for basic diamagnetic oxides. The physical proper-
ties of micron-sized diamagnetic-particles containing param-
agnetic impurity moments have not been fully understood in
the low temperature region for many of the oxide minerals.

2. Experimental design

An apparatus to observe magneto-rotation of grains dispersed
in a gas medium of 105 Pa was designed and assembled (Uyeda
et al. 2001b) on the basis of conventional optical methods to
detect the magnetic alignment of small particles dispersed in
the liquid medium (e.g. Malet & Dansfeld 1985). A schematic
view of the system is described in Fig. 1. The degree of grain
alignment is monitored quantitatively by the intensity of a He–
Ne laser beam transmitted through the sample suspension in a
direction parallel to the magnetic field. Graphite is known to

Fig. 1. Schematic view of the experimental setup to measure magnetic-
rotation of micron-sized particles dispersed in the gas phase (Uyeda
et al. 2001b).

have an uniaxial type of magnetic anisotropy with its magnet-
ically unstable axis (c-axis) directed perpendicular to the disk-
plane of the micro-crystal. The disk-planes of graphite are gen-
erally developed along the c-plane of the crystal. Since the light
transmission of graphite is small in the visible region, the inten-
sity of the transmitted light is maximized when the disk-planes
are aligned parallel to the direction of the field.

A significant modification had been made to the size of
the sample cell with respect to the contemporary system; the
inner size of the sample chamber was increased to 200 mm
in diameter and 400 mm in height. The grains were removed
rapidly from the gas phase due to collisions with the inner wall
of the cell when the chamber had the conventional size (about
15 mm in diameter). Quantitative measurements on magneto-
rotation were prevented by the rapid grain reduction. The tran-
sient variation of the transmitted light intensity due to the grain
reduction did not disturb the measurements of variations due to
the micro-crystal alignments when the chamber size mentioned
above was introduced. Consequently the measurement was re-
alized with enough precision to perform quantitative analyses
as discussed below.

The chamber was placed at the center of a Helmholtz coil
system, which was large enough to produce a homogeneous
field (inhomogeneity <1000 ppm) up to 75 mT within the
spherical area of 500 mm in diameter at the center of the sys-
tem. The sample chamber was included inside the spherical
area. Consequently, the two equivalent coils had an inner di-
ameter of 1000 mm and were separated by 570 mm from each
other. Modifications to the optical system were required to de-
tect the degree of alignment, since the density of the grain pop-
ulation per unit volume in the gas medium was significantly
lower than that in the liquid suspensions. Quantitative mea-
surements were difficult using the laser beam section (about
φ2 mm in diameter) of the conventional setup since the num-
ber of grains intercepting the beam section was low in the gas
phase. In the modified system the diameter of the laser beam
was increased to 100 mm by a convex lens and transmitted
through the gas suspension as described in Fig. 1. The trans-
mitted light was reflected by a flat mirror back through the
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suspension. The beam was focused finally on the detector by
the convex lens. Duplicating the length of the light path in the
above manner increased the signal intensity.

Synthetic single-crystal grains of graphite (Columbia Co.
Ltd. Japan) were used in the measurement. The magnetic grain
alignment had been measured before on the same sample dis-
persed in the ethanol medium (Chihara et al. 1998), and the
(∆χ)DIA values obtained from the observations were consistent
with those of the published data, (∆χ)DIA = 2.5×10−4 emu/mol
(e.g. Gupta 1983). The χ − T relation of the sample was mea-
sured using a vibrating sample magnetometer (Riken Denshi
Co., Ltd.,) between T = 300 K and 77 K. Minor magnetic
phases could not be observed above the detection limit of
5 × 10−7 emu/mole. The X-ray diffraction analyses were per-
formed to examine the quality of the crystals and no minor
crystal phases were detected according to the analyses.

The grain sample was desiccated at 120 ◦C for about 30 hrs
and was contained in the ampoule described in Fig. 1, which
was connected to the sample chamber by a copper pipe (B).
An argon gas tank was connected to the ampoule with a cop-
per pipe (A). The interior of the sample chamber, the am-
poule and the copper pipe was exchanged with argon gas sup-
plied from a gas tank. Additional argon gas was then applied
from the gas tank into the ampoule with a pressure of 1.1 atm
for about one second, and graphite grains were dispersed into
the gas medium. The gas with dispersed graphite was intro-
duced into the sample chamber through pipe (B). The temper-
ature was maintained by an air conditioner of the laboratory at
T = 293 K. The pressure of the medium, denoted as Pm, was
varied from 300 Pa to 105 Pa by the use of the vacuum pump
system connected to the sample chamber, the pressure being
monitored by a Pilany-gage system.

A small portion of the dispersed grains was collected im-
mediately after the experiments by inserting a small copper
plate, which was attached at the end of a thin rod, into the cen-
ter of the chamber interior without altering the value of Pm.
The rod together with the plate was kept inside a small pipe
connected horizontally to the inner space of the chamber dur-
ing the experiment; the amount of grains attached to the plate
during experiment was confirmed to be negligibly small. The
graphite grains collected on the copper plate after the exper-
iment were examined visually by an electron probe micro-
analyzer (JEOL Super Probe 733, Graduate School of Sci.,
Osaka Univ.). Details of the size analysis were described pre-
viously (Chihara et al. 1998). The average areas of the disc-
planes are listed in Table 1 for the five runs of experiments
(S1-S5) measured at different Pm conditions. The thickness of
the disc-shaped grains was 0.38 ± 0.10 µm for all the samples
according to the above measurements.

The relation was measured between the field intensity Bi

and the variation of the transmitted light intensity with respect
to the intensity when no magnetic field was applied, denoted
as ∆I(Bi) = I(Bi) − I(0). Here, I(Bi) and I(0) represent the
detected light intensity with and without magnetic field Bi, re-
spectively. The relation between the degree of grain orientation
and the field intensity was calculated from the ∆I(Bi) values as
described in the next section. The field intensity was increased

Fig. 2. The relation between the field intensity B and the degree of
orientation observed for graphite grains dispersed in the gas medium.
Open and solid circles show the observed data measured in the gas
medium of Pm = 300 Pa and Pm = 1.0 × 105 Pa, respectively. The
degree of orientation is described by an order parameter 〈m〉 defined
in the text.

up to the level where ∆I(Bi) was saturated at a constant value,
∆I(BS).

The ∆I(Bi) − Bi relations were measured for several differ-
ent Pm conditions as mentioned above. The tangent variation
of the light intensity due to turbulence of the gas medium be-
came negligible compared to the I(Bi) signal when 2–3 min
had passed after the introduction of the grain-dispersed gas for
the experiment of S1(Pm = 105 Pa), and the ∆I(Bi) signal was
detectable for about 1000 s. In the case of S5(Pm = 300 Pa),
argon gas was evacuated slowly after the turbulence had be-
come negligible at 105 Pa. The ∆I(Bi) signals could be detected
only for 60 s after the evacuation, indicating that the velocity
of grain sedimentation was fast compared to that of S1. The
time duration for a set of ∆I(Bi) − Bi measurement was less
than 30 s irrespective of Pm values. Quantitative measurements
could not be performed below Pm = 300 Pa since the grains
were removed rapidly from the gas phase due to the terrestrial
gravity.

3. Experimental results

Examples of the relation between the field intensity and the de-
gree of grain-alignment observed for the gas-dispersed graphite
crystals are shown in Fig. 2. Solid and open circles repre-
sent the observed data measured in the gas medium of Pm =

300 Pa(S5) and Pm = 1.0 × 105 Pa(S1), respectively. The de-
gree of grain-orientation is expressed by an order parameter
〈m〉, which is commonly used to describe the state of molecu-
lar alignment of liquid crystals. The value of 〈m〉 is defined as
the average of the numerical value of a function (3 cos2 θ−1)/2
for the grains orientated in various direction in the suspensions.
Here θ denotes the angle between the directions of the field B
and the magnetically stable plane (c-plane) of the disk-shaped
crystal, as is described schematically on the right side of Fig. 2.
The value of 〈m〉 is equal to zero when the directions of the
grains are in a completely random state, whereas 〈m〉 is equal
to unity when the magnetically stable plane of the grains is
aligned completely parallel to the field.
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Table 1. Numerical data of the graphite grains dispersed in argon gas of different pressures. The grain size is described by the area of the disc
plane (µm2) based on SEM observation. The average thickness of the disc-shaped grains was 0.38 ± 0.1 µm for all the samples. The published
value of the density of graphite ρ = 2.25 (g/cm3) was used to calculate the values of N. (BS)theo and (BS)meas denote the measured and calculated
values of the field intensity to achieve magnetic orientation, which is defined by Eq. (2) in the text. The effects of the three parameters T , N,
and ∆χ on the BS value described in Eq. (2) has been confirmed previously. The experiments to confirm the effect of T has been described in
the text (Chihara et al. 1998). The N dependence was confirmed in the range of N = 10−10 to 10−12 mole. The 〈m〉 − B relations were measured
for several materials with different ∆χ values, namely for kaolin, talc, phlogopite, lepidolite, muscovite and graphite (Uyeda et al. 1991; Uyeda
et al. 1993a). The results showed that the ∆χ values of individual materials was the dominant factor that determines the BS value as well.

Sample Pm grain area N (BS)meas (BS)theo (BS)meas/(BS)theo

No. (Pa) (µm2) (×10−13 mole) (mT) (mT)
S1 1.0 × 105 2.2 ± 0.4 1.6 ± 0.4 22.0 ± 6.2 12.3 ± 4.0 1.8
S2 2.0 × 103 3.5 ± 0.4 2.5 ± 0.6 13.8 ± 4.0 9.9 ± 3.0 1.4
S3 1.2 × 103 4.0 ± 0.4 2.8 ± 0.7 11.8 ± 3.6 9.1 ± 3.0 1.3
S4 7.0 × 102 6.0 ± 0.7 4.3 ± 1.1 10.8 ± 3.2 7.5 ± 2.3 1.4
S5 3.0 × 102 8.3 ± 0.7 5.9 ± 1.5 14.0 ± 4.6 6.4 ± 1.6 2.2

The experimental 〈m〉 values were obtained from the re-
lation 〈m〉 = ∆I(Bi)/∆I(BS) which was deduced theoretically
considering the average amount of light intensity intercepted
by the optically-anisotropic grains with their principle-axes dis-
tributed in various directions (e.g. Twersky 1969; Maret et al.
1985). The relation was confirmed experimentally for sev-
eral diamagnetic materials which had published (∆χ)DIA values
(Uyeda et al. 1993; Chihara et al. 1998). The ∆I(Bi)/∆I(BS)
values were measured several times for a single field inten-
sity by repeating the ∆I(Bi) measurements with and without the
magnetic field, following the procedures described in the pre-
vious section. It is seen in Fig. 2 that the magnetic alignment
at Pm = 300 Pa is achieved at a relatively low field intensity
compared the alignment at Pm = 1.0 × 105 Pa.

The solid curves of Fig. 2 describe the calculated results
fitted for the observed values based on the conventional theory
on magnetic alignment of liquid molecules first introduced by
Langevin and Curie in 1910. The theory was extended in order
to analyze the magneto-rotation of micron-sized particles dis-
persed in a liquid medium (e.g. Beams 1932; Peterlin & Stuart
1936; Buckingham & Polple 1956; Twersky 1969; Maret et al.
1985; Yamagishi & Date 1989). The thermal agitation of the
liquid molecule is assumed to randomize the grain direction.
The value of 〈m〉 is calculated from the Boltzmann average of
the function (3 cos2 θ − 1)/2 mentioned above at a given tem-
perature T . Here the Boltzmann average is calculated in terms
of the free energy U induced in a single-crystal grain with the
mole number N,

U = −(NB2/2){χ⊥ + ∆χ cos2 θ}. (1)

The magnetic anisotropy is defined as ∆χ = χ‖ − χ⊥, where χ‖
and χ⊥ denote the molar susceptibility in the direction parallel
and perpendicular to the c-plane, respectively. It is seen that a
〈m〉 − B relation is determined by three parameters, namely T ,
∆χ and N. The calculated 〈m〉 − B curves of Fig. 2 gives the
best fit to the observed 〈m〉 values by adopting N(∆χ)DIA =

(1.3±0.6)×10−17 emu for S1 (Pm = 1.0×105 Pa) and adopting
N(∆χ)DIA = (3.1 ± 1.4) × 10−17 emu for S5(Pm = 300 Pa).

The 〈m〉 − B relations measured at various Pm values
are compiled in Table 1. A parameter had been introduced

(Uyeda et al. 1991; Uyeda et al. 1993) in order to describe
quantitatively the field intensity to achieve the magnetic ori-
entation. Complete orientations of the grains (corresponding to
〈m〉 = 1) could not be obtained at finite field intensity. The field
intensity where the order parameter amounts to 〈m〉 = 0.8 was
therefore defined as BS which was described as,

BS = (15kBT/N∆χ)1/2. (2)

It is deduced from the above equations that an arbitrary 〈m〉−B
relation is determined by a unique BS value. The observed and
calculated 〈m〉 − B relation could be compared quantitatively
by the comparison of the BS values. The measured BS value,
denoted as (BS)meas in the table, is determined by fitting the
theoretical 〈m〉 − B relation to the observed data as was done
in the analysis of Fig. 2. A positive correlation is seen be-
tween Pm and (BS)meas, as has been seen for the two 〈m〉 − B
curves in Fig. 2. A negative correlation is also evident between
N and (BS)meas except for S5 measured at the lowest pressure
of 300 Pa. The theoretical BS values denoted as (BS)theo were
obtained by inserting the numerical values in Eq. (2). The fol-
lowing three values were used in the above calculation, namely
the published (∆χ)DIA value of graphite, the room temperature
T = 293 K of the laboratory and the N values obtained from
SEM observations mentioned before. The deviations between
(BS)meas and (BS)theo values for each measurement are within
the mean-square errors except for S5. It may be may be con-
cluded that the reduction of (BS)meas at low Pm values is due
to the reduction of the mean size of the measured grains. The
grains with relatively smaller sizes may have been preferen-
tially removed from the sample chamber by the evacuation of
the argon gas. Consequently the average grain sizes were in-
creased with the reduction of Pm, causing an increase of the
(BS)meas values. All the (BS)meas values listed in Table 1 were
smaller than 22 mT, which is exceptionally small for inorganic
material. The large (∆χ)DIA value of graphite, which is more
than two orders of magnitude larger than other inorganic mate-
rials, is considered to be the cause of the low BS values.

It is not clear whether the anomalous increase of (BS)meas

with respect to (BS)theo observed at the lowest pressure (S5)
is due to an intrinsic pressure dependence. The increase of
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gas friction due to the enhancement of the sedimentation ve-
locity in the low pressure condition may increase the field-
induced anisotropy energy required achieve magneto-rotation.
Experiments below 100 Pa, which are difficult to perform with
the present apparatus as mentioned before, are required in or-
der to evaluate the cause of this deviation. It is noted that the
uncertainties of the (BS)meas values as well as the (BS)theo val-
ues are too large to confirm the deviation of S5. The mean
square errors amount to ±40% for the (BS)meas values, which
come from the deviation between the measured and theoretical
〈m〉 − B relations seen in Fig. 2. The deviations are considered
to arise from the wide distribution of the grain size contained
in a single dispersion sample. In the case of (BS)theo the mean
square errors amount to ±30%, which come from the uncer-
tainty of the N values of individual runs of experiments. This
shows that the deviation of the BS value of S1 (1.0 × 105 Pa)
with respect to the BS value of the preliminary report (Uyeda
et al. 2000a) measured at the same pressure amount to 30%.
The difference of the grain-size distribution between different
experiments causes the deviation of BS values between differ-
ent runs of experiments. Technical improvements are now in
progress to reduce the width of the grain-size distribution of
the powder samples, since higher precisions are required in the
analysis of the 〈m〉 − B relations.

4. Discussion

The magnetic structures in the dense cloud region have been
estimated based on polarimetric data (e.g. Tamura et al. 1987;
Gerakines et al. 1995), where the field direction was studied
with relation to star and planet evolution. The amount of light
polarization observed in this region is generally large com-
pared to that of the diffused region. The efficiency of the model
based on paramagnetic relaxation is not clear in this region (e.g.
Whittet 1994) as mentioned above, where the dust and the gas
phase are in a thermal equilibrium state. For example, the dense
hot core of Orion KL observed by Rao et al. (1998) was inter-
preted as the cause of dust alignment, however it was difficult
to explain the alignment in terms of the conventional relax-
ation theory according to the observed conditions. The mecha-
nism of magneto-rotation examined in the present work is ef-
fective in the dense cloud condition, since the balance between
magnetic-anisotropy energy and the thermal energy provided
from the gas molecules controls the process. The experimen-
tal results compiled in Table 1 confirm that the mechanism is
effective even in the diffuse gas medium of 3 × 102 Pa, which
has a viscosity that is four orders of magnitude smaller than in
the conventional experiments performed in liquid media (e.g.
Malet & Dansfeld 1985; Uyeda et al. 1991). These results,
along with the recent findings that solid insulators may gen-
erally posses a finite (∆χ)DIA value (Uyeda et al. 2000c; Uyeda
et al. 2001a), indicate that the simple magneto-rotation model
caused by the magnetic anisotropy of the dust material may be
reconsidered as a candidate to explain dust alignment in the
dense cloud region. Two conditions should be realized experi-
mentally to judge the efficiency of the model in the molecular
cloud condition, namely the temperature and pressure of the
gas suspension. Firstly, the temperature should be decreased

to T = 10 K. The experiment of magneto-rotation cannot be
performed below the melting point of ethanol (T = 158 K)
at present. Cryogenic liquids such as N2 or He could not be
used as the dispersing medium since micron-sized grains do
not disperse efficiently in these liquids. As mentioned before,
the unique possibility to realize magnetic grain alignment be-
low 158 K is to disperse the grain samples in an inert gas, as
is done in the present report, and to reduce the temperature of
the gas. An apparatus to realize the above experiment can be
developed easily by modifying the setup described in Fig. 1,
and is now under construction. Secondly, the pressure of the
gas phase should be reduced to the order of 10−5 Pa, however,
the experiments cannot be performed at pressures below 102 Pa
in terrestrial gravity. Experiments are hence being prepared at
lower pressure conditions in the micro-gravity facility. The ap-
paratus for this experiment is designed and constructed based
on the experimental techniques developed in the present work,
since the developed apparatus is effective in detecting the align-
ment of grains dispersed over a large area and having a low
population density.

It is expected from Eq. (2) that the reduction of temperature
to the order of T = 10 K causes the reduction of BS, due to the
decrease in thermal rotational energy of the grains and also due
to the increase of effective∆χ values derived from the paramag-
netic impurity moments. The reduction of BS caused by the two
factors may induce partial dust alignment at the field intensity
of the molecular cloud region, which has the order of 100 nT.
The decrease of the thermal rotational energy at T = 10 K
reduces the BS value nearly by an order of magnitude with re-
spect to the value observed at room temperature. The BS − T
relation has been examined experimentally only in the range
between T = 273 K and 180 K as described before (Chihara
et al. 1998). It is easily deduced however that the alignment
cannot be achieved in molecular cloud field by the reduction of
thermal energy alone at T = 10 K.

The effective ∆χ values of some sheet silicates were known
to increase considerably with decreasing temperature following
to the Curie-Weiss Law. The effect was recently observed for
various kinds of basic oxide minerals according to the ∆χ − T
measurements on bulk samples mentioned above performed in
the high temperature region (Uyeda et al. 2000c; Uyeda et al.
2001a). The dust alignment due to magnetic anisotropy at a
field intensity assumed for the molecular cloud depends on the
effective ∆χ values of the dust-forming materials at T = 10 K,
which can be obtained only through actual ∆χ − T measure-
ments of individual materials. Theoretical deduction of the
magnetic properties on isolated spins in the diamagnetic crys-
tals is difficult at present. The observation of infrared absorp-
tion spectrum in the circumstellar region indicates that the dust
particles are partially composed of basic oxide crystals such
as corundum [Al2O3] or enstatite [MgSiO3]. The ∆χ − T data
at low temperatures should be hence compiled for materials
predicted in the dense cloud regions, such as graphite, silicon-
carbide, ice and various oxide minerals making the primitive
materials.

It is noted however that the ∆χ − T measurements on
bulk crystals cannot be performed when the size of the crys-
tal is smaller than several millimeters (Uyeda et al. 2000a;



810 C. Uyeda et al.: Magneto-rotation of micron-sized particles dispersed in a gas medium to reproduce the dust alignment

Uyeda et al. 2001b), which is the case for most of the natural
materials. In such cases the ∆χ values can be estimated only by
analyzing the 〈m〉 − B curves observed for the micro-crystals,
as is done in Fig. 2. The realization of magneto-rotation exper-
iments of grains dispersed in the gas at low temperature condi-
tions are hence essential for determining the actual ∆χ values
for individual minerals, and for clarifying the possibility of dust
alignment due to its magnetic anisotropy in the dense cloud re-
gions.

The experiments in the diffused gas condition are expected
to provide numerical data to investigate the mechanism of dust
alignment. It was observed that the polarization tended to de-
crease toward the denser region of the cloud (e.g. Hildebrand
et al. 1995; Akeson et al. 1996), which was explained in terms
of the growth of the dust aggregates to form a relatively spheri-
cal structure or else of the randomization of dust alignment due
to the increase in gas-grain collisions. The effect of the ther-
mal energy provided from the gas molecules on the rotational
motions of the grains can be examined experimentally by con-
trolling the temperature and pressure of the gas phase as well
as the grain sizes.

In conclusion, the experimental procedure achieved in the
present work to observe magneto-rotation of gas-dispersed
grains is a technical step forward to realize various experimen-
tal studies required to solve the mechanism of dust alignment
discussed above, taking into account that the contemporary ex-
periments of magneto-rotation on micron sized particles have
been performed only in the dense liquid phase fixed at room
temperature.
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