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Surface instabilities on liquid oxygen in an inhomogeneous magnetic field
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Liquid oxygen exhibits surface instabilities when subjected to a sufficiently strong magnetic field. A verti-
cally oriented magnetic field gradient both increases the magnetic field value at which the pattern forms and
shrinks the length scale of the surface patterning. We show that these effects of the field gradient may be
described in terms of an “effective gravity,” which in our experiments may be varied from 1 g to 360 g.
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During the course of levitation and magnetic flotation ex-nonlinear corrections in order to examine the criteria for pat-
periments, the surface of liquid oxygen has been observed tern selection. The theory of surface instabilities in the pres-
exhibit an instability towards corrugation when subjected toence of inhomogeneous fields was developed by Zelazo and
a sufficiently strong perpendicular magnetic figld. Liquid ~ Melcher[10] and the principal effect of the field gradient can
oxygen(LOX) is strongly paramagnetic, a fact that is simply be regarded as a renormalization of the acceleration due to
explained by Hund’s rule which dictates that the two elec-gravity, g—G=g+f,, wheref is the force driving unit
trons in the antibonding &, orbitals of the @ molecule ~Mass of paramagnetic fluid towards the higher field region.
form a spin triplet. This strong paramagnetism leads to a In this paper we test the supposition that this is the prin-
number of interesting properties of LOX when subjected tocipal effect of the field gradient. Following a brief descrip-
magnetic fields such as magnetic flotat[d; the magneto-  tion of our experimental arrangement we give a brief outline
volume effec{2], in which the volume of the liquid changes ©f the results of Zelazo and Melchiei0] as they apply to our
under an applied field; field-induced transparer@y, in ~ System, along with specific predictions for the critical ap-
which the liquid loses its blue color. plied field for surface corrugation and the wavelength of the

For levitation and magnetic flotation, a large inhomoge_surface pattern at the onset of the instability. Finally we com-
neous magnetic field is requiréd] and we observe that the Pare these predictions with our experimental observations
presence of a vertical magnetic field gradient strongly influtesting the validity of the theory. . _
ences both the magnitude of the fields required for the onset The experiments were conducted using a specially con-
of this surface instability and also the characteristic lengtiftructed 17F-superconducting Bitter-solenoid magnet hav-
scale of the patterns observed. It is the influence of the fieldnd a 50-mm-diameter vertical bore. For this magnet, the
gradient which is the subject of this paper. maximum value ofBodBy/dz is 1470 Fm™! offering an

Surface instabilities were first investigated in ferrofluids “effective gravity” of up to 360 g for LOX. A pool of LOX
[5,6] which consist of colloidal suspensions of ferromagneticl.5 cm deep was contained in a glass Dewar vessel Fig.
particles (such as magnetite or cobalin organic liquids
(such as oil or keroseihgo which are added surfactants  The liquid was held at its boiling point at atmospheric
which coat the particles in order to inhibit cohesion and prepressure. It was slowly lowered into the bore of the magnet,
vent field-induced flocculation. until a pattern of peaks was observed. The magnet is de-

If a Sufﬁcienﬂy Strong magnetic field is app“ed perpen- Signed to enhance radial variations in the vertical f|8|d, SO
dicular to the surface of a layer of magnetic fluid that surfacehat the corrugation pattern first appears with perfect trian-
will develop static corrugation$5,6]. The appearance of gular symmetry in the center of the fluid surface. At higher
these surface corrugations lowers the magnetic energy of tHéelds the pattern covers the entire surface but the circular
liquid because of the focussing of the magnetic flux toward
the peaks in the surface pattern. Such corrugations, however,
cost gravitational energym moving fluid from the troughs to
the peaks and surface free energyy increasing the total
area of the surfageOnly when the gain in magnetic energy
exceeds the cost in gravitational and surface free energies
will the surface spontaneously corrugate. Above a lower
critical field, the surface corrugations form a triangular lat-
tice. Figure 1 shows our own observation of such a pattern
on LOX. At higher fields, however, a square lattice is ob-
served. For our own observations of this on LOX see Fig. 2.

Cowley and Rosensweig]| carried out a linear stability
analysis to determine the critical field for the onset of the
instability and the wavelength of the corrugations at the on-
set, for the case of a ferrofluid subject to a uniform field. This  FIG. 1. View of the hexagonal patterns formed on the surface of
work was extended by Gailitis7,8] (see, Ref[9], and ref-  liquid oxygen held inside a glass Dewar within the bore of the
erences therein for more recent wptio include the first magnet. The field of view is-17x 17 mnf?.
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take these to have the following values at 90 K:
=1149 kgm?3, 0=1.32x102Nm™ % and x=3.47
X103 [11].

Zelazo and Melchef10] carried out an analysis of the
dynamical behavior of a ferrofluid surface subject to an in-
homogeneous applied field. The coupled equations for the
magnetic field and the fluid were solved to lowest order in
the distortion of the surface to arrive at the dispersion rela-
tion for surface modes. The situation in our experiments is
simpler in several respects than the general case considered
in Ref.[10]. First, the depth of the LOX layer and the height
of the air space above it are both much larger than the typical
~ FIG. 2. View of square patterns formed on surface of LOX. The|ength scales for the observed corrugations so that the fluid
field of view is ~6.5x5.5 mnf. and the air above it may be considered to occupy infinite half

spaces. Second, the magnetic response of the oxygen is es-
container walls force dislocations to appear in the regulasentially linear over the whole range of fields that we con-
lattice. The magnetic field and the magnetic field gradientider, so that the difference betweBfH anddB/dH can be
could be adjusted by the use of various magnet currents angkglected. With these simplifications the prediction of Ref.

liquid surface positions. ~ [10] for the frequency of the surface mode with wave num-
A charge-coupled device came(@CD) was used to dis-  perk is given by

play a magnified image of the surface of the LOX on a tele-
vision screen, aiding the observation of the onset of surface ) Bé
instabilities and facilitating more accurate measurements of pwi=ok®=\—k?+pG(By,{)k, 2
the spatial separation of the peaks. Ho
The instability to surface corrugation only depends on th§ynere the coefficient
local properties of the field profile at the surface of the liquid

oxygen which can be characterized by the field at the sur- X2 X2

face,B,, and the length scale for field variations, defined A= EE x<1 ()]

by (recall that the field decreases withthe distance from

the center of the magnet accounts for the energy gaiand the hence decrease in the

restoring forcg due to the focusing of field lines through

o, [ —1 B(2) peaks in the surface and
“\57 2 M
B(z) oz 2
surface Y BO
The relevant material parameters are the densitthe sur- P9 X)6 Ko

face tensiono- and the susceptibility of the oxygen. We is the effective acceleration due to gravity, including the at-

tractive force on the paramagnetic oxygen towards the center
of the magnet.

Micro ced camera A static distortion will appear with wave number
AB3= Y\?BG—4ugpoG(By,{)
k= 5
2,LL00'

Magnet
provided the argument of the square root is positive. Hence,
there is a critical value of the field below which no such
static distortion exists

8 oo
BC(ONEVW’ x<l. (6)

Lox For comparison with the experiment it is useful to define
9(0)=G(B(),?), the value of the effective gravity at the
onset field for a given field gradient. The following relation
should then hold

4pog|g
Bi= ng(g). @
FIG. 3. Experimental setup. N g
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FIG. 4. The fourth power of the onset field for the hexagonal

pattern,B,, plotted against the effective gravig/g. The bars in-

PHYSICAL REVIEW B8, 037302 (2003

Peak separation (mm)
E-N =)

N
L

T T
200 300 400

Effective gravity (/9 )

FIG. 5. The peak spacing for fields just above onset, plotted

against effective gravitg/g. The continuous line is the prediction

dicate the accuracy of the data. The continuous line is a best fit tderived from Eq(9), using the values fop ando given in the text.

the data.

The wave number of the static mode at the critical field is

then

MBS [eg(3(0) 1
© 2uc Vol g '

The spacing between the peaks, in the triangular lattice o

served, should then be
~ —1
[o (9(5)) 1z
o | — .
3pg\ g

In order to test Eq(7), in Fig. 4 we display the experi-
mental data as a plot d@; against the effective gravity at

onset,g/g. An estimate of the experimental accuracy of eac

9)

h-

The measured peak separation at onsetis plotted
againstg/g in Fig. 5, together with the prediction of E()

thatL.?g/g=6.05x 10~ * m? based on the values pfand o

given above. The prediction fits the data very well, a best fit

to the data corresponding t6’g/g=(6.2+0.3)x 10" % m?.
To summarize, we have observed the corrugation instabil-
ity [5] in the surface of liquid oxygen and examined the
dependence of the critical field and wavelength of the pattern
on the field gradient. We have found that, in agreement with
the theory developed for ferrofluids, the principal effect of a
field gradient is to renormalize the gravitational acceleration
in the manner described by E@), the experimental obser-
vations offering satisfactory agreement with the theoretical
predictions for the onset field and the wavelength over the
ide range of effective gravities which we have examined.

datum point is shovl/n. The data are well fitted by a straighﬁ_iquid oxygen is not only a homogeneous elemental mag-

line passing close tg/g=1 atB.=0 and having a slope of
(23.7+0.8) T confirming the expected dependence Byf

netic liquid suitable for the study of fluid and lattice dynam-
ics over a very wide range of effective gravities, but also

upong. The dominant error arises from the determination ofoffers a low cost environmental friendly fluid for a range of
the point of instability. Using the values quoted above, Eqtechnological applications such as the separation of precious

(7) predicts

Bi~ 3(26.4) (TH. (10)

minerals.

The closed-cycle superconducting Bitter solenoid used in
these experiments was developed jointly by the School of
Physics and Astronomy at the University of Nottingham and

The discrepancy between theory and experiment is margir@xford Instruments with funding from EPSRC under the

ally significant and will be the subject for further investiga-

tions.
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[1] A.T. Catherall, L. Eaves, P.J. King, and S.R. Booth, Nature

(London 422 579 (2003.

[2] C. Uyeda, A. Yamagishi, and M. Date, J. Phys. Soc. Jéh.
3444(1987).

[3] C. Uyeda, A. Yamagishi, and M. Date, J. Phys. Soc. B.
468 (1986.

[4] A.K. Geim et al,, Nature(London 400, 323(1999, and ref-
erences therein.

[5] M.D. Cowley and R.E. Rosensweig, J. Fluid Me@®, 671

(1967.
[6] R.E. Rosensweig,Ferrohydrodynamics(CUP, Cambridge,
1981).

[7] A. Galilitis, Magnetohydrodynamic@N.Y.) 5, 44 (1969.

[8] A. Gailitis, J. Fluid Mech.82, 401 (1977.

[9] R. Friedrichs and A. Engel, Phys. Rev.68, 021406(2002.
[10] R.E. Zelazo and J.R. Melcher, J. Fluid Me@&9, 1 (1969.
[11] CRC Handbook of Physics and Chemistegited by D. R.

Lide (CRC Press, Boca Raton, FL, 2003ec. 4—144.

037302-3



