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Translation induced by the field-gradient force is being observed for a single ferromagnetic iron grain and a

ferrimagnetic grain of a ferrite sample (CuFe2O4). From measurements on the translation, precise saturated

magnetization of MS is possible for a single grain. The method is based on the energy conservation rule

assumed for the grain during its translation and the grain is translated through a diffuse area under micro-

gravity conditions. The results of the two materials indicate that a field-induced translation of grain bearing

spontaneous moment is generally determined by a field-induced potential -mMSH(x) where m denotes the mass

of sample. According to the above translations, the detection of MS is not interfered by any signals from the

sample holder. The MS measurement does not require m value. By observing translations resulting from field-

induced volume forces, the magnetization of a single grain is measurable irrespective of its size; the principle is

also applicable to measuring susceptibility of diamagnetic and paramagnetic materials.
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1. Introduction

The necessity of understanding the magnetic property

of a single grain has increased in various fields of

magnetic science. With the reduction of sample size, the

detection of magnetization becomes difficult due to the

increasing effects of interfering signals emitted from the

sample holder. Mass measurement of sample becomes

difficult with the reduction of size. A method to detect

magnetization of the mm-sized diamagnetic particle was

recently proposed for solving the above mentioned pro-

blems [1]. When a diamagnetic grain of mass m is

released in the area of static fields with negligible effects

of gravity or viscous drag, the translation of the grain

occurs by field gradient force mχDIAH(dH/dx); hereby, the

field decreases monotonously along a x-axis, and dia-

magnetic susceptibility per unit mass is denoted as χDIA. It

is expected that the motion generally occurs on diamag-

netic solids, as the material generally possesses an intrinsic

χDIA value. According to a Newton’s motional equation,

the acceleration a for the above translation is independent

to m of the particle. Hence, a is uniquely determined by

the intrinsic χDIA of material within a given field distri-

bution. 

The above translation was recently observed for sub-

millimeter-sized particles of graphite and magnesia which

had different χDIA values (graphite: −5.1 × 10−6 emu/g, mag-

nesia: −2.1 × 10−7 emu/g) [2]. The translation was analyzed

in terms of an energy conservation rule described as

−½mχDIAH0
2 = ½mvR

2; where H0 denotes field intensity at

initial sample position; vR is the velocity of grain at a

point where H = 0. From the above equation, χDIA is

directly obtained from H0 and vR
 as, χDIA = −vR

2
H0

−2. A

compact μG system, which could be introduced in an

ordinary laboratory room, was developed according to the

above observation in order to carry out the magnetization

measurements of a routine process [2].

In the present study, the principle of the above-men-

tioned energy conservation rule was applied on the trans-

lation as observed for ferromagnetic and ferrimagnetic

grains of mm-sizes. The practicability for detecting saturated
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magnetization MS of a smaller sample is being discussed

based on the observed results.

2. Experimental

Translations of magnetic grains in a monotonous direc-

tion of increasing fields were observed for iron and ferrite

(CFe2O4) grains under the μG condition produced by

short chamber-type drop shafts with a length of 1.5 m [2].

The duration of μG inside a drop box was ~0.5 seconds

with residual gravity of 10−2 G. Schematic view of the

experimental setup installed inside a drop box is shown in

Fig. 1. The sample holder was opened after 0.01 seconds

passed from the beginning of the μG condition, and was

released in a diffuse gas medium with negligibly small

initial velocities. The sample was translated inside a glass

tube. The resistance caused by viscosity was reduced to a

negligible level by maintaining internal pressure of the

tube at about 100 Pa. The field gradient was created by a

pair of NdFeB magnetic plate (size = 50 × 50 × 10 mm).

The surface magnetic flux density of the magnetic plate

was 0.2021 T. During the field-induced translation, the

grain proceeded in an area in which the field intensity was

higher than 0.15 T. Therefore, saturated magnetization Ms

was attained from the measured grains throughout the

translation, and the magnitude of magnetization did not

depend on the number of magnetic domains contained in

the grain. The motions of samples were recorded by high-

speed camera (CASIO EXILIM EX-F1). Its frame rate

and spatial resolution were 1200 fps and 200 ppi, respec-

tively. According to the observed images of the high-speed

camera, the effects of residual gravity on the motion of

grain were negligibly small as compared to that caused by

the field gradient force. 

Operational tests of the above-mentioned setup were

performed in a drop shaft at the National Institute of

Advanced Technology AIST [3], before performing the

above-mentioned μG experiments in the chamber drop

shaft. The AIST system had a μG duration of 1.35 seconds

and a residual gravitational acceleration of below 50 Gal.

The above operational tests confirmed that the μG duration

of the short drop shaft constructed at Osaka University

was long enough to record the images of the translation.

3. Experimental Results

Under the above-mentioned conditions achieved in the

μG experiment, the sum of kinetic energy and field-induced

energy of the translating grain is conserved throughout

the field-induced translation. Assuming that the grain is

translated along a x-axis, the above-mentioned conserva-

tion rule at an arbitrary position xi is described as:

½mv(xi)
2 − mMsH(xi) = const. (1)

Here, the sample velocity and field intensity at position xi

is defined as v(xi) and H(xi), respectively. The experimental

v(xi) values are determined from the images obtained by

Fig. 1. (Color online) Schematic view of a setup to observe

free translation of a magnetic grain that posses spontaneous

magnetic moment.

Table 1. Numerical data of samples prepared to measure Ms in

µG condition.

Material m [g]
Measured 

[G·cm3/g]

Published 

[G·cm3/g]

iron 6.18 × 10−5 225 218

ferrite (CuFe2O4) 4.82 × 10−3 43.6 47.1

Fig. 2. (Color online) Saturated magnetization Ms of a single

grain compared with their published values.
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the high-speed camera. Relationship between xi and H(xi)

was measured prior to the μG experiment. It is deduced

from eq. (1) that Ms is equivalent to

Ms = {v(x1)
2
 − v(x2)

2}/{H(x1) − H(x2)}, (2)

where x = x1 and x = x2 denote two arbitrary positions of

the translating grain. 

As described in Table 1 and in Fig. 2, the MS value

obtained from eq. (2) agrees fairly well with their publish-

ed values for both iron and ferrite (CuFe2O4). It is

considered that error of experimental Ms shown in Table

1 and in Fig. 2 are caused by the uncertainty of deter-

mining the sample position from the images recorded by

the high-speed camera. The ambiguity of sample position

arises because ferro- and ferri-magnetic samples have

large translation velocities caused by the attractive gradi-

ent forces. In order to reduce errors from the observed MS

value, the attempt to detect the translation by a higher

frame rate is now in progress. 

4. Discussion

The advantages of measuring a small sample using the

above method are as follows. Firstly, the measurement is

not interfered by signals emitted from the sample holder,

because the sample is simply released into the μG space.

Secondly, mass measurement of samples is unnecessary

for the new method; it is difficult to detect m below 10 μg

within an ordinary laboratory. Provided that the trans-

lational motion of samples is observable, magnetization

can be measured for samples with limitlessly small sizes

[1]. The technique proposed in the present report may be

adopted as a new type of routine method as to analyze the

magnetic grain, since the short drop-shaft is easily

installed in an ordinary laboratory. The conventional μG

facilities require a longer working time and the single

running cost is considerably high for a routine magnetic

analysis [3]. As mentioned before, MS values of iron and

ferrite (CuFe2O4), determined from the field-induced

translations, were both consistent with their published

values [4]. It is noted that iron has one of the largest Ms

value among ferromagnetic and ferrimagnetic materials,

whereas ferrite (CuFe2O4) has one of the smallest. Accord-

ingly, the results of Table 1 and Fig. 2 indicate that a

field-induced translation of a ferromagnetic or ferrimagnetic

grain is generally determined by a field-induced potential

energy-mMSH(x), and that their motion is independent to

mass of the particle within a given field distribution. 

It was previously reported that the χDIA values obtained

by field-induced translation of diamagnetic materials gene-

rally agree with the published χDIA values from two orders

of magnitude, which indicated that the energy conserva-

tion rule is generally approved for diamagnetic particles

[1, 2, 5]. It is expected that magnetization of a solid

particle is measurable by a unique principle based on the

free motion caused by a magnetic volume force, irrespec-

tive of its magnetic category. Observation is now required

for the translation of paramagnetic particles, as to examine

the standard of the above-mentioned energy conservation

rule with regards to solid materials. The setup described

in Fig. 1 is applicable for the above observation, since

paramagnetic particles are expected to be accelerated in

the direction of increasing fields. 
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