Diamagnetically stabilized magnet levitation
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Stable levitation of one magnet by another with no energy input is usually prohibited by Earnshaw’s
theorem. However, the introduction of diamagnetic material at special locations can stabilize such
levitation. A magnet can even be stably suspended betydi@magnetitfingertips. A very simple,
surprisingly stable room temperature magnet levitation device is described that works without
superconductors and requires absolutely no energy input. Our theory derives the magnetic field
conditions necessary for stable levitation in these cases and predicts experimental measurements of
the forces remarkably well. New levitation configurations are described which can be stabilized with
hollow cylinders of diamagnetic material. Measurements are presented of the diamagnetic properties
of several samples of bismuth and graphite. 2@®1 American Association of Physics Teachers.
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I. DIAMAGNETIC MATERIALS run across Earnshaw’s theorem and its consequences. There

Most substances are weakly diamagnetic and the tin§a” be .no.pur(_aly elect.rost.atic Ievit_ator. or particle trap. If a
forces associated with this property make two types of |evi_magne'§|c field is focusing in one direction, it must be defo-
tation possible. Diamagnetic materials, including water, pro€using in some orthogonal direction. As students, most of us
tein, carbon, DNA, plastic, wood, and many other commonare asked to prove the electrostatic version which goes some-
materials, develop persistent atomic or molecular currentthing like this: Prove that there is no configuration of fixed
which oppose externally applied magnetic fields. Bismuthcharges and/or voltages on fixed surfaces such that a test
and graphite are the elements with the strongest diamagneharge placed somewhere in free space will be in stable equi-
tism, about 20 times greater than water. Even for these eldibrium. It is easy to extend this proof to include electric and
ments, the magnetic susceptibilify is exceedingly small, magnetic dipoles.
x~—170x10"°. It is useful to review what Earnshaw proved and the con-

In the presence of powerful magnets the tiny forces insequences for physics. As can be seen from the title of Earn
v_olved are suf_f|C|ent to levitate 'chunks' of dlama}gnetlc mateshaw's papef,“On the nature of the molecular forces which
rials. Living things mostly consist of diamagnetic moleculesregukﬂe the constitution of the luminiferous ether,” he was
(such as water and Pmt‘?l‘m”d componentssuch as working on one of the frontier physics problems of his time
netic substances, ioluding Iing plants and smal anmajs L842: Eamshaw wrote before Maxriells work, before at-
can be levitated i,n 2 maaneti f'élg oms were known to be made up of smaller particles, and

gnetic field. ) e :
1before the discovery of the electron. Scientists were trying to

Diamagnetic materials can also stabilize free levitation of; h he eth d uniforml d
a permanent magnet, which is the main subject of this papef/9Ure out how the ether stayed uniformly spread @ame

This approach can be used to make very stable permanefPe of repulsiopand how it could isotropically propagate
magnet levitators that work at room temperature without suthe light disturbance.
perconductors and without energy input. Recently, levitation Earnshaw discovered something simple and profound.
of a permanent magnet stabilized by the diamagnetism dParticles in the ether could have no stable equilibrium posi-
human fingers ¢~ —10°) was demonstrated at the High tion if they interacted by any type or combination of 4/
Field Magnet Lab in Nijmegen, The Netherland@&g. 1).>*  forces. Most of the forces known such as gravity, electrostat-
While the approximate magnitude of the diamagnetic ef4cs, and magnetism arer®/forces. Without a stable equilib-
fect can be derived from simple classical arguments abouyjum position (and restoring forces in all directionsether
elect_ron orbits, diamagnetism is impossible within C|a53'cabarticles could not isotropically propagate wavelike distur-
EQZS(I)?SA ngsi%rl‘r:-s?ggv‘;ﬁqhtgfngine" Suti‘rlj}t)erisuglaéamo dzroepne[i'ances. Earnshaw concluded that the ether particles inter-
in any way on the r%agnetic fiekP In a ?:Iassical system,r;t cted by other than ¢ forces. EgrnshaV\_/’s paper torpedoed
pMmany of the popular ether theories of his time.

thermal equilibrium the magnetization must always vanis , .
Diamagnetism is a macroscopic manifestation of quantum Earnshaw’s theorem depends on a mathematical property

physics that persists at high temperatuteEs ugonB. of the 1f-type energy potential. The Laplacian of any sum of
1/r-type potentials is zero, ov23k; /r =0. This means that
Il. EARNSHAW'S THEOREM at any point where there is force balance {2 k;/r=0),

Those who have studied levitation, charged particle trapghe equilibrium is unstable because there can be no local
or magnetic field design for focusing magnets have probablyninimum in the potential energy. Instead of a minimum in
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and the Laplacian of each component is zero in free space
and soV2U =0 and there is no local energy minimum.

At first glance, any static magnetic levitation appears to
contradict Earnshaw’s theorem. There must be some loop-
holes though, because magnets above superconductors, the
spinning magnet top, diamagnets including living things, and
the magnet configurations to be described here do stably
levitate.

IIl. BEYOND EARNSHAW

Earnshaw’s theorem does not consider magnetic materials
except for hard fixed magnets. Ferro- and paramagnetic sub-
stances align with the magnetic field and move toward field
maxima. Likewise, dielectrics are attracted to electric field
maxima. Since field maxima only occur at the sources of the
field, levitation of paramagnets or dielectrics in free space is
not possible(An exception to this statement is when a para-
magnet is made to behave like a diamagnet by placing it in a
stronger paramagnetic fluid. Bubbles in a dielectric fluid act

ﬂ'- ﬁ- Jo My 63 Ky LECTURES in a similar way. A second exception is when isolated local

z — maxima are created by focusing an ac field as with laser
tweezers)

Fig. 1. (Top) Levitation of a magnet 2.5 m below an unseen 11-T super- Paramagnets and diamagnets are dynamic in the sense that
conducting solenoid stabilized by the diamagnetism of finggrs 10~°). their magnetization changes with the external field. Diamag-
(Bottom) Demonstrating the diamagnetism of our favorite text explaining nets are repelled by magnetic fields and attracted to field
diamagnetism. minima. Since local minima can exist in free space, levita-
tion is possible for diamagnets. We showed above that there
are no local minima for any vector component of the mag-
netic field. However there can be local minima of the field
|lrf1agnitude.

Soon after Faraday discovered diamagnetic substances,

three dimensions, the energy potential surface is a saddle.
the equilibrium is stable in one direction, it is unstable in an

orthpgonal direction. 5 and only a few years after Earnshaw’s theorem, Lord Kelvin
Since many of the forces of nature arg“lforces, the  ghowed theoretically that diamagnetic substances could levi-

consequences of Earnshaw’s theorem go beyond the natugge in a magnetic fiellin this case the energy depends on
of the ether. Earnshaw understood this himself and writeg2_g.g and the Laplacian oB? can be positive. In fact®

that he could have titled his paper “An Investigation of the bo
Nature of the Molecular Forces which Regulate the Internal ~ V“B“=0. (©)

Constitution of Bodies.” We can be sure that when J. Jrpe ey idea here and in the levitation schemes to follow,
Thomson discovered the electron 55 years later, he consghe way around Earnshaw’s theorem, is that the energy is not
ered Earnshaw’s theorem when he proposed the plum pugearly dependent on the individual componentsSofThe
ding model of atoms. Thomson’s static mode! avoided 1/ energy is dependent on the magnitiIeThree-dimensional
forces by embedding the electrons in a uniform positiveminima of individual components do not exist. For static
charge. In this case the energy obeys Poisson’s equatigy|gs, local maxima of the field magnitude cannot exist in

rqther t_han LaPlace’s. Rgtherford’s scattering experimentﬁee space away from the source of the field. However, local
with Geiger and Marsden in 1910 soon showed that the posiyinima of the field magnitude can exist.

tive charge was concentrated in a small massive nucleus and graunbeR? exhaustively considered the problem of static
the problem of atomic structure was not solved until Bohrjeyitation in 1939. His analysis allowed for materials with a
and quantun? mechanics. i dielectric constant and permeabilityu different than 1. He
Earnshaw’s theorem applies to a test particle, chargedhowed that stable static levitation is possible only if mate-
and/or a magnet, located at some position in free space withs with e<1 or w<1 are involved. Since he believed

only divergence- and curl-free fields. No combination Ofthere are no materials wite<1, he concluded that stable

electrostatic, magnetostatic, or static gravitational forces Calitation is only possible with the use of diamagnetic mate-

create the three-dimensional potential well necessary forrials

stable levitation in free space. The theorem also applies to Braunbek went further than predicting diamagnetic levita-

anxnarerazi\?;?nit%aetstgrlOcﬁka;g'][(?[ﬁé maanetic case is that th tion. He figured out the necessary field configuration for

ener g of 2 ma n)e/tic dinolM in a fie%d B is Stable levitation of a diamagnet and built an electromagnet
gy 9 P which could levitate small specks of diamagnetic graphite
U=-M-B=-M,B,—M,B,—M,B,. (1)  and bismuthH?® With the advent of powerful 30-T magnets,

If M is constant the energy depends only on the com onenfesven a blob of water can now be levitated.
gy dep y P Superconducting levitation, first achieved in 1947 by

of B. However, for magnetostatic fields, Arkadiev!! is consistent with Braunbek’s theory because a
V2B=0 (2 superconductor acts like a perfect diamagnet witk 0.
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Table |. Values of the dimensionless susceptibijtyn Sl units for some Taking advantage of the irrotational and divergenceless
diamagnetic materials. The measurement method for the graphites is digjatyre of magnetostatic fields in free space and assuming
cussed in a later section. cylindrical symmetry about the axis, we can expand the
field components as follows:

Material —x(x1079)
Water 8.8 B,=Bo+B’'z+1B"z2— 1B"(X?+y?)+---, (5)
Gold 34 i/ lpn
= — 3 — = + e

Bismuth metal 170 By 2B'x—3B"xz !
Graphite rod 160 B,=—1B'y—3iB"yz+---, (6)
Pyrolytic graphitel 450 y
Pyrolytic graphitel| 85 where

proBr L 9°B, @

gz’ 922

Flux pinning in Type Il superconductors adds some compli-and the derivatives are evaluated at the levitation point,

cations and can lead to attractive as well as repulsive fOI’CGS:y:Zzo. Converting to Cy|indrica| p0|ar Coordinatesl we
The only levitation that Braunbek missed is spin-stabilizedhgye:

magnetic levitation of a spinning magnet top over a magnet e en2  1em.2

base, which was invented by Roy Harrig&rBraunbek ar- B;=Bo+B'z+3B"z°—;B"r +---, ()

gued that if a system is unstable with respect to translation of B.=—1B'r—1B"rz+-- 9)

the center of mass, it will be even more unstable if rotations ' 2 2 '

are also allowed. This sounds reasonable but we now knowhen

that imparting an initial angular momentum to a magnetic 2_p2 ) " )

top addps cor?straints whichg have the effect of stabiliging a D —Bot2BoB 2+{BoB"+ B}z

system which would otherwise be translationally +3B'2—2ByB"}r?+---, (10)

unstablet3* However, this system is no longer truly static

though once set into motion, tops have been levitated for s@herer?=x?+y?. . .
h in high vacuum with no energy inptz. Expanding the field magnitude of the lifter magnet around

The angular momentum and precession keep the magniie levitation point using Eqg7)—(9) and adding two new
top aligned antiparallel with the local magnetic field direc-termsC,z* and C,r? which represent the influence of dia-
tion making the energy dependent only on the magnitudénagnets to be added and evaluated next, the potential energy
|B|=[B-B]2 Repelling spinning dipoles can be levitated Of the floating magnet is
near local field minima. Similar physics applies to magnetic

gradient traps for neutral particles with a magnetic moment U=—M|By+

m 1
B'— —g]er —B"Z?

due to quantum spitf. The diamagnetically stabilized float- M 2
ing magnets described below stay aligned with the local field 1(B’2
direction and also depend only on the field magnitude. 2138 B”ir2+---|+C,z2+ C,r2 (11
0
At the levitation point, the expression in the first curly

V. MAGNET LEVITATION WITH DIAMAGNETIC braces must go to zero. The magnetic field gradient balances
STABILIZATION the force of gravity

We know from Earnshaw’'s theorem that if we place a ,_ Mg (12)
magnet in the field of a fixed lifter magnet where the mag- M’

netic force balances gravity and it is stable radially, it will be
unstable vertically. Boerdijkin 1956 used graphite below a
suspended magnet to stabilize the levitafibPonizovskii  K,=C,—iMB”">0 (vertical stability, (13
used pyrolytic graphite in a configuration similar to the ver- -
tically stabilized levitator described hef®As seen in Table B m-g

I, the best solid diamagnetic material is pyrolytic graphite 2M?B,

which forms in layers and has an anisotropic susceptibility _ .

(and thermal conductiviy It has much higher susceptibility >0 (horizontal stability. (14)

perpendicular to the sheets than parallel. _ Without the diamagnets, setting,=0 andC,=0, we see
It is also possible to levitate a magnet at a location where,.: it g~ creating vertical stability, then the magnet is

it is stable vertically but unstable horizontally. In that case 4 nstable in the horizontal plane. If the curvature is positive

hoII.ow dlamagnetlélc cylinder can be used to stabilize theand large enough to create horizontal stability, then the mag-
horizontal motior®

The potential energy U of a floating magnet with dipole netis upstable vgrtically. :
momentM in the field of the lifter magnet is We first consider the case whe®’'>0 and is large
enough to create horizontal stability,>0. The top of Fig. 2

U=-M-B+mgz=—-MB+mgz (4)  shows plots oK, andK, for the case of a ring magnet lifter.
wheremgzis the gravitational energy. The magnet will align The dashed line shows the effect of figterm. Where both
with the local field direction because of magnetic torques angurves are positive, stable levitation is possibleMB’
therefore the energy is only dependent on the magnitude of mg. It is possible to adjust the gradient or the weight of
the magnetic field, not any field components. the floating magnet to match this condition.

The conditions for vertical and horizontal stability are

Kp=C lM B” : =C 1M
=g 2B,] "4
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C, is proportional to the diamagnetic susceptibility and gets
smaller if the gap between the magnet and diamagnet is in-
creased. We can see that the largest gap, or use of weaker
diamagnetic material, requires a lafgdield at the levitation
position.

Here it is interesting to note that the inflection point is
fixed by the geometry of the lifter magnet, not the strength of
the magnet. The instability is related to the curvature of the
lifter field and force balance depends on the gradient. That
makes it feasible to engineer the location of the stable zones
by adjusting the geometry of the lifter magnet and to control
the gradient by adjusting the strength. With a solenoid, for
example, the stable areas will be determined by the radius
and length of the solenoid and the current can be adjusted to
provide force balance at any location.

The middle plot in Fig. 2 shows that it is also possible to
add a positiveC, to K;, where it turns negative to create a
region where bottK, and K, are positive, just above the
inflection point. The bottom plot shows the lifter field, gra-
dient, and curvature on the symmetry axis and the value of
—mg/M for a NdFeB floater magnet of the type typically
used.(The minus sign is used because the abscissa is in the
—z direction. The plotted gradient is the negative of the
desired gradient in the-z direction) Force balance occurs
where the dashed line intersects the gradient curve.

V. EVALUATING THE C, DIAMAGNETIC TERM

We assume a linear constitutive relation where the mag-
netization density is related to the appliet field by the
magnetic susceptibility, wherey is negative for a diamag-
netic substance.

The magnetic inductioB inside the material is

B=uo(1+x)H= pouH (16)

wherey, the susceptibility, angk, the relative permeability,

16 cm and i.d. 10 cm. Theaxis is the distance below the lifter magnet. The are. sc_alars_ if the .matenal IS ISOt.I‘OpIC and tensors if the ma-

dashed line shows the effect of adding diamagnetic plates to stabilize thtaenaI Is anisotropic. A perfeCt d!amagnet such as a Type |

vertical motion. Levitation is stable where boky, and K, are positive. superconductor hag=0 and will completely cancel the

(Middle) The dashed line shows the effect of adding a diamagnetic materianormal component of an externBl field at its surface by

to stabilize the radial motior(Bottorm) Magnetic field(T), gradient /m), developing surface currents. A weaker diamagnet will par-

and curvature T/m?) of the liting ring magnet. The dashed line is equal to tially expel an external field. The most diamagnetic element

7mg/M of a NdEeB floater magnet. Where the dashed line intgrsects then the Handbook of Chemistry and Physiissbismuth with

gradient, there will be force balance. If force balance occurs in a stable . .

region, levitation s possible. ©=0.999 83, just less than the unity of free space. Water,
typical of the diamagnetism of living things, has
=0.999991. Even so, this small effect can have dramatic
results.

We can see that there are two possible locations for stable When a magnet approaches a weak diamagnetic sheet of

levitation, one just below the field inflection point wheéB&  relative permeabilityu= 1+ y~1, we can solve the problem

is zero and one far below the lifter magnet where the fieldsutside the sheet by considering an image curreiduced

are asymptotically approaching zero. The upper position haj the material but reduced by the factor€1)/(u+1)

a much stronger gradient than the lower position. The lowek. , /2 (see Sec. 7.23 of Smyth,

position requires less diamagnetism to rafseto a positive

value and the stability conditions can be positive over a large |7 = rp=1 X (17)

range of gradients and a large spatial range. This is the loca- ptl 27

tion where fingertip stabilized levitation is possible. It is also

the location where the magnet in the compact levitator o

Fig. 4 floats.

The combined conditions for vertically stabilized levita-
tion can be written

Fig. 2. (Top) Stability functionsK, andK, for a ring lifter magnet with o.d.

1h‘ the material were instead a perfect diamagnet such as a
superconductor withy=—1 andu=0, an equal and oppo-
site image is created as expected.

To take the finite size of the magnet into account we
should treat the magnet and image as ribbon currents but
5 first, for simplicity, we will use a dipole approximation
ZCZ> Bn>i(@) (15) which is valid away from the plates and in some other con-
M 2By \ M ditions to be described. The geometry is shown in Fig. 3.
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Dipole Approximation Ribbon Current Geometry We now find the restoring force for small displacements in
the z direction from one slab on the bottom,

2R 2R 6M 2y
— — dF;  IF; M
M —lz=-——27=— —XSMO z. (21)
L magnet - L magnet ad dD D
nR’
" 3 For the case of a magnet centered between two slabs of dia-
I I magnetic material, the restoring force is doubled. We can
d equate this restoring force to th@,z> term in the energy
&2 p— expansion equatiofill). We take the negative gradient of
g{nagle w3 imaget XUIT—||L the energy term to find the force in ta@lirection and equate
pole 2 owrent 2 | — the terms. For the two-slab case
= 6M?x|
| . | . ~2C2= 225",
Diamagnetic Slab Diamagnetic Slab mD
22
_6M2|X|,U«o 22
Fig. 3. Geometry for the image dipole and image ribbon current force cal- -
culations.
B. Alternate route to C,
A. Dipole approximation of C, The same result can be derived directly from the equation

for the potential energy of a magnet with fixed dipdlein

We will find the force on the magnet dipole by treating it the induced fieldB; of its image in a para- or diamagnetic
as a current loop subject to 4B force from the magnetic materiall®

field of the image dipole. The image dipole is inside a dia-
magnetic slab a distand®, U=-31iM-B,. (23

D=2d+L, (18) We assume that the magnet is in equilibrium with gravity
z=0 due to forces from the lifter magnet and possibly
orces from the diamagnetic material and we want to calcu-
[ate any restoring forces from the diamagnetic material. The
energy of the floater dipol® in the fieldsB; of the induced
dipoles from diamagnetic slabs above and below the magnet

from the center of a magnet in free space and has a streng
determined by Eq(17). The magnet has lengthand radius

R and is positioned at the origin of a coordinate system a
z=0. We only need the radial component of the field from
the induced dipoleB;, atz=0.

Using the field expansion equatioiig) and (9) for the IS
case of the image dipole, we have U= [xIM? g 1 . ”
1 woxM 3r 7 87 |(2d+L+22)°%  (2d+L-22)3| 24)
Bir="5Bir="g, p* 19 e expand the energy around the levitation paiat0,

The lifting force is Ui=Uo+U/z+ 3022+ (25)
M27R_ 3M?x|uo

2
Fi=127RB,=——>B;, = - (20) _ IXIM%uo| 2 8 1
™R 4mD 87 |(2d+L)°  (2d+05% |7 26
For equilibrium atz= 0, the lifting force will be balanced by 6l+IM2
the lifting magnet and gravity so that the net force is zero. —C+ IXIM*pq 224 (27)
The net force_ from two diamagnetic slabs will also be zero if_ wD?
the magnet is centered between the two slabs as shown in —CHC 24 29)

Fig. 4. This is the case we want to consider first.
This gives the same result as Eg2).

C. Maximum gap D in dipole approximation

lifting magnet Adding diamagnetic plates above and below the floating

magnet with a separatidd gives an effective energy due to
the two diamagnetic plates,

H
6M0M2|X|
UdiaECzZZZ—TrDs 2, (29)
D separation in the dipole approximation. From the stability conditions

[Egs.(13) and(14)], we see that levitation can be stabilized
at the point wherd8’=mg/M if

12uoM| x| (mg)?
>B"> .
B 2M?B,

suspended magnet
mass m, moment M

(30

Fig. 4. Diamagnetically stabilized magnet levitation geometry for one com- 5
pact implementation. 7D
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This puts a limit on the diamagnetic gap spacin 250 . .
P g 08P SPAEING ‘/\ surface current approximation
\

12uoM x| | M [ 2410BoM3|x[] Mo
_[ 1210 Hlxl _ [ 241080 2|X| _ @) g 2
7B w(mg) a
8 150
If we are far from the lifter magnet field, we can consider m
it a dipole moment, at a distancéd from the floater. The 100
equilibrium condition, Eq(12), is
B 3IMM Lo 1/4 - 50
| 2mmg ' (32

Then, the condition for stability and gap spacing at the levi-

tation point ig0 Fig. 5. Measured field from a ring lifter magnet with fits to a dipole ap-
proximation and a surface current approximation. The lifter is a ceramic
material withB, of 3200 G. The dimensions are o0.d. 2.8 cm, i.d. 0.9 cm, and

M 1/5 .
D<H] 2|x] M_L . (33 thickness 0.61 cm.

The most important factor for increasing the gap is using a

floater with the strongest possikiié/m. Using the strongest /i METHOD OF IMAGE CURRENTS FOR
dlamagnetlc material is also important. Lastly, a stronger "ft'EVALUATING c,

ing dipole further awaylargerH) produces some benefit.

The force between two parallel current loops of equal radii

¢ L a separated by a distanaewith currentsl and|’ can be
D. Surface current approximation written as(see Sec. 7.19 of SmytHe

Treating the magnets and images as dipoles is useful for 222+ 2
understanding the general dependencies, but if the floater F,o,=uoll’ |~ ———E|, (35
magnet is large compared to the distance to the diamagnetic 4a°+c ¢

plates, there will be significant errors. These errors can b
seen in Eq(29), where the energy becomes infinite as the
distanceD =2d+L goes to zero. Since the gap spacth

usually on the order of the floater magnet radius and thick- K= fo Wda, (36)
ness, more accurate calculations of the interaction energy are

fhereK andE are the elliptic integrals

necessary(In the special case when the diameter of a cylin- w2
drical magnet is about the same as the magnet length, the E=j V1-K?sir? 9.de, (37)
dipole approximation is quite good over the typical distances 0
used, as can be confirmed in Fig) 6. and

Even treating the lifter magnet as a dipole is not a very 5
good approximation in most cases. A better approximation 2_ 4a (38)
for the field B, from a simple cylindrical lifter magnet of 4a?+c?

lengthl, and radiusk, at a distanced from the bottom of  \ye extend this analysis to the case of two ribbon currents

the magnet is because we want to represent a cylindrical permanent magnet
and its image as ribbon currents. The geometry is shown in
_Bur Htlp,  H (34) Fig. 3. We do a double integral of the loop force equation
L™ o \/(H+IL)2+RE \/H2+Rf ! (35) over the length dimensioh of both ribbon currents.

With a suitable change of variables we arrive at the single

where B, is the remanent or residual flux density of the integral
permanent magnet materiélhe residual flux density is the 1
value of B on the demagnetizatioB—H curve whereH is F=poll 'f J{1-vsgrv)}do, (39
zero when a closed circuit of the material has been magne- -t
tized to saturation. It is a material property independent ofvhere
the size or shape of the magnet being considgféds equa-

tion is equivalent to using a surface current or solenoid 5 2k

model for the lifter magnet and is a very good approxima- 1-k k2 E(k)—K(k) |,

tion. If the lifter is a solenoidB,, is the infinite solenoid (40)
field woNI/IL . 1

k=

d L
Figure 5 shows the measured field of a lifter ring magnet Jit2 "R 2R(1+”)
we used. The fit of the surface current approximation is bet-
ter even 4 cm away, which was approximately the levitation +1 if v>0
force balance position. The ring magnet has an additional . 1o ifv=0
equal but opposite surface current at the inner diameter, S9Mv)=sign of v= hv= (41)
which can be represented by a second equation of {8dn -1 if v<O.
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force force gradient

5
1
. dipole approx.
0.8 .
L/R=1 3
0.6
0.4 2
0.2 bl S
0.2 0.4 0.6 0.8 1 1.2 1.4 0.2 0.4 0.6 0“; ...... 1 1.2 1.4
d/R d/R
2.
0.3
0.25 1.5
0.2 —-—
L/R=2 N
0.15
0.1 0.5
0.05
0.2 0.4 0.6 0.8 1 1.2 1.4 0.2 0.4 0.6 0.8 1 1.2 1.4
0.15 0.3 °
. 0.25 . .
it ) . ribbon current
0.1} -, 0.2 . /
0.075] L/R_3 i
0.05 .
0.025
0.2 0.4 0.6 0.8 1 1.2 1.4 0.2 0.4 0.6 0.8 1 1.2 1.4
d/R d/R

Fig. 6. Force on a magnet above a diamagnetic sheet as a function of distance above the sheet in units of maghebipmaiapproximation compared
to image current solution for three different magnet length to radius ratios. The force axis is in yniipf2. The ribbon current is related to the dipole
momentM of the magnet byM =17R2. The force gradient axis is in units uql 2x/2R.

d is the distance from the magnet face to the diamagnetic In the vertically stabilized levitation configuration shown
surface andR andL are the radius and length of the floating in Fig. 4, there are diamagnetic plates above and below the

magnet. floating magnet and at the equilibrium point, the forces bal-
From measurements of the dipole momkhof a magnet, ance to zero. The centering force due to the two plates is
we convert to a current twice the gradient of the forde in Eq. (39) with respect ta,
M M the separation from the diamagnetic plate, times the vertical
l=—=—. (42)  displacement of the magnet from the equilibrium position.
area wR We can equate this force to the negative gradient ofjzé
Using Eq.(17), we have energy term from Eq(11),
,_xM aF
I'=>Rre: (43 —2Cz=2—5z (44)

OnceM, yx, and the magnet dimensions are known, ) . ) )
can be integrated numerically to find the force. If the force is' Nerefore, the coefficier€, in Egs.(11) and(13) is
measured, this equation can be used to determine the suscep-

tibility y of materials. We used this method to make our own _dF

susceptibility measurements and this is described below. T (45)
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450/ x| M?
16D°

Near the inflection point wher®” is negligible, the horizon-
tal stability condition[Eq. (14)] becomes

40| x|M?2_MB'2  mg?

Ugia=C,r?= r. (48)

> =
2D° Bg MBy’ (49
45u0BoM3[x|| V2
MLoBo 2|X | (50)
2(mg)
levitating . . .
i This type of levitator can also be implemented on a tableto
Bi cylinder magnet | s b b

using a large diameter permanent magnet ring as a lifter as
described in the middle plot in Fig. 2.

The horizontal bounce frequency in the approximately
quadratic potential well is

1 [1(45uoM?|x|] MB” MB'?
2z Vm| 8D° 2 4B, |

The expression in the curly brace¥ 2, represents the hori-
zontal stiffness of the trap.

Vr

(51)

VIIl. COUNTERINTUITIVE LEVITATION
CONFIGURATION

_Fig. 7. Verti_cg] and horizontal_ stability curves for magnet_ Ievitaﬁon show-  There is another remarkable but slightly counterintuitive

ing the stabilizing e;ffe_ct of a diamagnetic cyllnde;r Wlth an inner diameter °fstable levitation position. It is above a lifter ring magnet with

8 mm and the _It_ewtatlon geometry._Me_agnet levitation is stable Where bo“lhe floater in an attractive orientation. Even though it is in

curves are positive and the magnetic lifting force matches the weight of th . . - o : ’ .

magnet. attractive orientation, it is vertically stable and horizontally
unstable. The gradient from the lifter repels the attracting
magnet but the field doesn’t exert a flipping torque. This
configuration is a reminder that it is not the field direction

and this force must overcome the instability due to the unfabut the field gradient that determines whether a magnet will

vorable field curvatureB”. Figure 6 shows the force and be attracted or repelled. A bismuth or graphite cylinder can

gradient of the force for floating magnets of different aspecbe used to stabilize the horizontal instability.

ratios. Figure 8 shows the stability functions and magnetic fields

Oscillation frequencyWhen the vertical stability condi- for this levitation position above the lifter magnet. We have
tions[Eq. (13)] are met, there is an approximately quadraticconfirmed this position experimentally.
vertical potential well with vertical oscillation frequency

1 1 JF IX. EXPERIMENTAL RESULTS
v=-—1\/=1—-2-——MB"}. (46)
2m N'm ad Before we can compare the experimental resul'gs to the
Applying Eq. (22), in the dipole approximation, the vertical theory, we need to know the values of the magnetic dipole
bounce frequency is moment of the magnets and the susceptibility of diamagnetic
5 materials we use. The dipole moment can be determined by
- 1 1 [12u0M%x| MB" (47 Measuring the 17 fall of the magnetic field on axis far from
2w Vm wD® ' a small magnet. For N&e;,B magnet material, it is an ex-

cellent approximation to consider the field as created by a
solenoidal surface current and use the finite solenoid equa-
tion (34) fit to measurements.
The diamagnetic susceptibility was harder to measure.
alues in theHandbook of Chemistry and Physiegere
roblematic. Most sources agree on some key values such as
ater and bismuth(There are multiple quantities called sus-
ceptibility and one must be careful in comparing values.
Physicists use what is sometimes referred to as the volume
susceptibility. Chemists use the volume susceptibility di-
VIl. THE C, TERM vided by the density. There is also a quantity sometimes
called the gram molecular susceptibility which is the volume
We now consider the case just above the inflection poinsusceptibility divided by the density and multiplied by the
whereB”<0. A hollow diamagnetic cylinder with inner di- molecular weight of the material. There are also factors of
ameterD as shown in Fig. 7 produces an added energy terrd floating around these definitions. In this paper we use the
(in the dipole approximation dimensionless volume susceptibility in Sl units.

The expression in the curly braceX 2, represents the ver-
tical stiffness of the trap. R,, represents the horizontal stiff-

The theoretical and measured oscillation frequencies arg,
shown later in Fig. 12. It is seen that the dipole approxima-
tion is not a very good fit to the data whereas the imag
current prediction is an excellent fit.
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stable region

destroy the diamagnetignis to hang a small NdFeB magnet,
say 6 mm diameter, as the bob of a pendulum with about 1/2
m of thread. A diamagnetic graphite piece slowly pushed
against the magnet will displace the pendulum a few centi-
meters before it touches, giving a quick qualitative indication
of the diamagnetism.

The method we used to accurately measure the suscepti-
bility was to hang a small NdFeB magnet as a pendulum
from pairs of long threads so that the magnet could move
along only one direction. The magnet was attached to one
end of a short horizontal drinking straw. At the other end of

the straw, a small disk of aluminum was glued. A translation
stage was first zeroed with respect to the hanging magnet
/ without the diamagnetic material present. Then the diamag-
B netic material to be tested was attached to a micrometer
translation stage and moved close to magnet, displacing the
pendulum from the vertical. The force was determined by the
displacement from vertical of the magnet apdvas deter-
mined from Eqgs(39) and(17), which is plotted as the force
in Fig. 6.
A sample of bismuth was used as a control and matched

-0.005 B 7 the value in the standard referenéé©nce the value for our
-0.01 sample of bismuth was confirmed, the displacement was
0. 015 measured for a fixed separatidnbetween the magnet and

bismuth. All other samples were then easily measured by
Fig. 8. (Top) Vertical and horizontal stability curves for magnet levitation a using that same separatiah the relative force/translation
distanceH above a ring lifter magnet. The dashed line shows the stabilizinggiving the susceptibility relative to bismuth.
o e o 2 e o vt o o o 11 it part was establishing & close fixed disance
magnet.(Bo‘t)tom) 5. B (T/Cﬁq)’ B (T/C?nz), andmgM (o) or o Detween the magnet and the diamagnetic material surface
16-cm-o.d., 10-cm-i.d., 3-cm-thick ring lifting magnet and a NdFeB floater. with high accuracy. This problem was solved by making the
gap part of a sensitive LC resonant circuit. Attached to the
translation stage, a fixed distance from the diamagnetic ma-
>{gzrial under test, was the L part of the LC oscillator. When

e gap between the diamagnet and magnet reached the de-

The values given in thelandbook of Chemistry and Phys-
ics and some other published sources for graphite are ine

plicably low. This could be because graphite rods have man ired fixed value, the flat piece of aluminum on the other side

different compositions and impurities. Iron is a major impu- fthe st ¢ th " fixed dist ¢ th
rity in graphite and can overwhelm any diamagnetic effectO! the Straw from the magnet, came a fixed distance from the

We have seen graphite rods that are diamagnetic on one efd €0l changing its inductance. The separation distance
and paramagnetic on the other. Braunbek noticed that uséfPU!d P set by turning a micrometer screw to move the
graphite arc rods were more diamagnetic on the side closeli@nslation stage until the frequency of the LC circuit reached
to the arc. He speculated that the binder used in the rods wdg¢ predetermined value for each sample under test. The
paramagnetic and was vaporized by the heat of the arc. W&LUP is shown in Fig. 9.
found that, in practice, purified graphite worked as well as This method was perhaps more accurate for our purposes
bismuth and our measurements of its susceptibility were corthan the vibrating sample magnetometer, an expensive in-
sistent with this. strument. Our method was independent of the volume of the

Values for a form of graphite manufactured in a specialdiamagnetic material. The vibrating sample magnetometer is
way from the vapor state, called pyrolytic graphite, are notonly as accurate as the volume of the sample is known.
given in theHandbookand the other literature gives a wide Samples are compared to a reference sample of nickel with a
range of values. Pyrolytic graphite is the most diamagnetispecific geometry. Our samples were not the same geometry
solid substance known. It has an anisotropic susceptibilityand there was some uncertainty in the volume. Our measure-
Perpendicular to the planar layers, the diamagnetic susceptinents measured the susceptibility of the material in a way
bility is better than in pure crystal graphfteParallel to the relevant to the way the material was being used in our ex-
planar layers, the susceptibility is lower than randomly ori-periments.
ented pressed graphite powder. We measured various samples of regular graphite and py-

We developed a technique to measure the diamagnetiolytic graphite and bismuth. Our average values for the
susceptibility of the materials we used. Later, we were ablgyraphite materials are shown in Table | and are consistent
to get a collaborato(Fred Jefferswith access to a state of with the values from the vibrating sample magnetometer.
the art vibrating sample magnetometer to measure som@ur value for graphite is higher than many older values such
samples. There was very good agreement between our megs that reported in thilandbook of Chemistry and Physics
surements and those made using the magnetometer. but is lower than that stated in a more recent referéhcar
. . . values for pyrolytic graphite are below the low end of the
A. Measurements of diamagnetic susceptibility values stated in the literatut&?* The value for the pyrolytic

A simple and useful method for testing whether samplegraphite parallel to the planar layers is from the vibrating
of graphite are diamagnetic or n@hany have impurities that sample magnetometer.
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1 meter pendulum 2

diamagnetic material
under test 2
L coil

dial indicator
f / for distance -4

— —()

I |
aluminum  magnet O 0.025
translation stage 0.02
LC oscillator 0.015
0.01
frequency counter
1 aneney 0.005
mg

Fig. 9. Setup for measuring diamagnetic susceptibility. The diamagnetc M B

material is moved close to the magnet, deflecting the magnet pendulum, -0.005

until the gap between the magnet and diamagnet reaches a preset value.

When the aluminum is a fixed distance from the inductor coil, the LC circuit

resonates at the desired frequency, corresponding to the preset value of the_g g15

gap. This is an accurate way to measure the small gap. The force is deter-

mined from the displacement of the pendulum. The force is then compare#fig. 10. Stability function&, andK,, for the demonstration levitator. Sta-

to the force from a previously calibrated sample of bismuth with the samebility is possible where both functions are positive. The dashed lines show

gap. the effect of two different values of the, term onK, . The smaller value
corresponds to a large gap spacideg 1.9 mm. The larger value corre-
sponds to a gap of only 0.16 mitBottom) The levitation position is where

B. Experimental realization of levitation —mg/M intersects the gradientB’ at approximatelyd=4.5 cm below the
’ lifter magnet.B is in T, —B’ in T/cm, andB” in T/cn?.

The fingertip and book stabilized levitation shown in Fig.
1 was achieved using a 1-m-diam 11-T superconducting so-
lenoid 2.5 m above the levitated magnet where the field was
500 G. Using regular graphite and an inexpensive ceramiget is used horizontally as a lifter, the levitation point can be
lifter magnet, it is possible to make a very stable levitatorturned into a line. With a ring magnet, the equilibrium point
about 5 cm tall with a gap D of about 4.4 mm for a 3.175-can be changed to a circle. Both of these tricks have been
mm-thick, 6.35-mm-diam NdFeB magnet. Using pyrolytic demonstrated experimentally.
graphite, the gap D increases to almost 6 mm for the same Another quite different configuration is between two ver-
magnet. This simple desigsimilar to Fig. 4 could find  tical magnet pole faces as shown in Fig. 11. Between the
wide application. The stability curves and gradient matchingyole faces, below center and just above the inflection point in
condition can be seen in Fig. 10. The magnitudeCofwas  the magnetic field magnitude, the floating magnet is naturally
determined from the force gradient in Fig. 6 wlthR=1 at  vertically stable. Diamagnetic plates then stabilize the hori-
two different gapsd using our measured susceptibility of zontal motion. To our knowledge, this configuration was first
pyrolytic graphite. demonstrated by S. Shtrikman.

Figure 7 shows an experimental realization of horizontal
stabilization at the High Field Magnet Laboratory in
Nijmegen. We also achieved horizontal stabilization on a
tabletop using a permanent magnet ring and a graphite cyl-
inder.

We were recently able to achieve stable levitation at the
counterintuitive position above the ring lifter magnele-
scribed above The floater is in attractive orientation but is
naturally vertically stable and radially unstable. Radial stabi-
lization was provided by a hollow graphite cylinder.

Other configurations for diamagnetically stabilized magnet
levitation are possible and rotational symmetry is not re-
quired. For example, at the levitation position described just
above, if an oval magnet or a noncircular array is used for a
lifter instead of a circular magnet, the-z plane can be

-0.01

: : 4. Fig. 11. Graphite plates stabilize levitation of a magnet below the centerline
made stable. Instead of using a hollow Cylmder to StabIIIZév;:)etween two pole faces and just above the inflection point in the field mag-

the horizontal motion, flat plates can be used to stabilize thﬁ'itude. Not shown in the picture but labeled N and S are the 25-cm-diam

y direCtion_ mOtion-. o ) ) pole faces of an electromagnet spaced about 15 cm apart. The poles can be
For vertical stabilization with flat plates, if a long bar mag- from permanent or electromagnets.
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image current
model

dipole approx.

10

< diamagnet

Oscillation Frequency Hz

O spin-stabilized

0.2 0.4 0.6 0.8 1 T2 1.4 m™mm ® diamagnetic
Gapd @ stabilization

Fig. 12. Data points on the vertical oscillation frequency vs the gap spacingrig. 13. B (T), B’ (T/cm), andB” (T/cn?), for a 16-cm-o0.d., 10-cm-i.d.,

d with the dipole approximation prediction curve and the image current3-cm-thick ring lifting magnet showing the fields on axis above and below
theory curve. The curves are not fit to the data. They are predictions fronthe magnet. All possible levitation positions are shown for spin-stabilized
the measured properties of the magnets and diamagnets, with no free paramagnet levitation, diamagnetically stabilized magnet levitation, and levita-
eters. The last point is beyond the zero frequency limit and is plotted asion of diamagnetsh andv indicate use of diamagnetic material for hori-
zero. At zero frequency, the gap is too large to provide stability and thezontal or vertical stabilization. The two regions with question marks have
potential well becomes double humped, with stable points closer to on@ot yet been verified experimentally and may be difficult to achieve. The
plate than the other. This clearly was the case with the last point ambund levitation of diamagnets marked with an asterisk has recently been demon-
>1.4mm. strated by the authors.

C. Measurements of forces and oscillation frequencies positions where diamagnets, spin-stabilized magnets, and

One way to probe the restoring forces of the diamagnetié agnets stabllllzed by diamagnetic materlal_ can Iewtape. The
levitator is to measure the oscillation frequency in the potenl€/ds and gradients shown may not be sufficient to levitate a
tial well. For the vertically stabilized levitator in Fig. 4 we diamagnet in the position shown againsg bf gravity, but
measured the vertical oscillation frequency as a function of € topology is correct if the magnetic field could be in-
the gap spacingl and compared it to the dipole and image cr¢ased enough. . . .
current forces and prediction equatiof®s) and (47). The Each type of levitation has its own requirements for radial

lifting magnet used for this experiment was a 10-cm-long byand horizontal stability which are shown in Tables Il and III.

2.5-cm-diam cylindrical magnet. This magnet was used peOther requirements such as matching the magnetic field gra-

cause its field could be accurately determined from the finit&lient tomg/M need be met. The fields must be in the right
solenoid equation. The dipole moment was measured to b@recnon so as not to flip the magnet. The directions shown
25 An. The floater magnet was a 4.7-mm-diam by 1.6-mm-in Table Il are all compared to the direction Bf

thick NdFeB magnet with a dipole moment of 0.024 A i The most fruitful place to look for levitation positions is
weighed 0.22 g and levitated 8 cm below the bottom of thearound the inflection points of the magnetic field. These are
lifter magnet as expected. the places where the instability is weakest. The two levita-

The graphite used was from a graphite rod, not pyrolytiction regions in Fig. 13 marl_<ed with a question mark have not
graphite. We measured this sample of graphite to have Been demonstrated experimentally and are probably not ac-
susceptibility of —170x10°5. The oscillation frequency cessible with current magnetic and diamagnetic materials.
was determined by driving an 1800-ohm coil below the levi- 1€ lower position with a question mark would work using a
tated magnet with a sine wave. The resonant frequency wdiiamagnetic cylinder for radial stabilization. However, it
determined visually and the vibration amplitude kept smallMay require more diamagnetism .than is avallable. The levi-
The gap was changed by carefully turning-s20 screw. tation positions .Wlthout the guestion marks havg been d(_am-

Figure 12 shows the theoretical predictions and the eXpengnstrated experimentally. The position for levitation of a dia-

mental measurements of the oscillation frequency as a fumgjagnet ma(;kgd hWith r?n asterisk has recently been
tion of gap spacingl. There are no adjustable parameters in e_rl_r;]onlstrate_ yft edaut ors. I bilized levi
the theory predictions. All quantities were measured in inde- | N€ locations for diamagnetically stabilized magnet levi-
pendent experiments. The agreement between the data aftiion are interesting for another reason. At these locations
the image current calculation is remarkably good. There is §ervo control can be used to provide active stabilization very
limit to how much the total gap =2d+L can be increased.

If D is too great, the potential well becomes double humped L _ o ) _
and the magnet will end up closer to one plate than the Othe;rable Il. Magnetic field requirements for levitation of diamagnets, spin-

: . . stabilized magnet levitation, and diamagnetically stabilized levitation of
The last point V\(Ithﬁi greater than 1.4 mm was clearly in the magnets. Plus sigris-) and minus signg—) indicate the sign with respect
double well region and was plotted as zero.

to the sign ofB.

X. LEVITATION SOLUTIONS FOR A M aligned withB B’ B
CYLINDRICALLY SYMMETRIC RING MAGNET Levit. of diamagnets _ _ + or —

. . L . Spin-stabilized magnet - - +

A ring magnet provides many combinations of fields, gra- Diamag. stab. horiz. i + _

dients, and curvatures as shown in Fig. 13. Considering thepjamag. stab. vert. T + +

field topology but not the magnitudes, we show all possible
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SELF-DELUSION

Theism(and the implicit rejection of reductionignis a system of knowledge based on igno-
rance, and that twin of ignorance, fear. It would certainly be too much to expect a theologian
indeed a scientisto admit that his lifetime’s work had been based on a false foundation. It is gven
less likely that anyone religious, unless they were exceptionally self-honest and intellectually
sinewy, would admit that the whole history of their church was based on a clever, but understand-
able, self-delusiorfand in some cases, | suspect, on a straightforward conscigu$ ¢iensider
that religion is a delusion propagated by a combination of ignorance, art, and fear, fanned into
longevity and ubiquity by the power it gave to those in command.

P. W. Atkins, “The Limitless Power of Science,” iNature’s Imagination—The Frontiers of Scientific Visiedited by
John Cornwell(Oxford University Press, New York, 1985
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