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The OxfOrd english dicTiOnary tells us that flux 
is synonymous with (though etymologically unrelated 
to) flow.  The earliest documented uses of the word in 
English, from the �4th Century, were physiological in 
nature, pertaining specifically to discharge of blood 
and other bodily fluids or humours.  “Flux” in a geo‑
hydrological sense (e.g., tidal flux and reflux) came 
into common use in the �7th Century, and by the late 
�9th, it had been given its precise modern quantitative 
physical definition by Maxwell, Tyndall and others.  

Maxwell [1891]� wrote: “...the velocity of a fluid may 
be investigated either with respect to the actual velocity 
of the individual particles, or with respect to the quantity 
of the fluid which flows through any fixed area” per unit 
time; the latter is the flux.  “But... we require to know 
separately the density of the body as well as the displace‑
ment or velocity, in order to apply the first method, and 
whenever we attempt to form a molecular theory� we have 
to use the second.”   Defined in this way, flux quantifies 
the average effective velocity of large numbers of infini‑
tesimal fluid elements, whose complex individual motions 
are in practice both unpredictable and of limited interest.�

Flux depends on the forces driving the flow, the 
properties of the fluid and those of the medium through 
which it is flowing.  Flux laws are thus constitutive 
equations, subject to caveats and limits of applicability, 
rather than universal physical laws like Maxwell’s equa‑
tions.  Darcy’s [1856] Law is a well-known example 
describing groundwater flow through a saturated porous 

�A Treatise on Electricity And Magnetism was first published in 1873; 
the quotes in this article are taken from the 1891 second edition, re‑
printed by Dover in 1954.
�Molecular theory here refers to the molecular kinetic theory, or sta‑
tistical mechanics, developed by Maxwell and Boltzmann, in which 
macroscopic physical properties and behavior (e.g., of a gas) are re‑
lated statistically to the properties and behavior of enormous numbers 
of elementary components (e.g., molecules). 
�A more general mathematical definition is the integral, over a defined 
surface, of the normal component of a vector field which may or may 
not involve flow.

medium; it relates the groundwater flux qg[m
�m‑�s‑�] to 

the hydraulic gradient and the hydraulic conductivity.  
It is identical in form to Fourier’s [1822] Law and to 
Ohm’s [1827] Law, which respectively describe flow of 
heat and of electric current.  Both heat flow and electric 
current were historically associated with the motion of 
metaphysical ‘subtle fluids’: Lavoisier’s caloric and one‑
fluid (e.g., Franklin) and two-fluid (e.g., Poisson) models 
of electricity.  The similarity in their macroscopic flux 
laws (Exhibit A, page 7), however, does not require any 
fundamental similarity of underlying microscopic physi‑
cal phenomena: “A fluid is certainly a substance, heat is 
as certainly not a substance, so that though we may find 
assistance from analogies of this kind in forming clear 
ideas of formal relations of electrical quantities, we must 
be careful not to let the one or the other analogy suggest 
to us that electricity is either a substance like water, 
or a state of agitation like heat.” [Maxwell, art. 72]4.

4The electron was discovered in 1897 by J.J. Thomson
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Water flows downhill, i.e. in a direction of decreasing gravi‑
tational scalar potential.  The (negative) gradient of potential 
- the gravitational field - cannot form closed loops (it is “curl-
free” and “conservative”).  If it were otherwise, an endless 
loop of downward flow could power a perpetual-motion ma‑
chine by continuously converting potential to kinetic energy.   

What about magnetic fields?
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Visiting Fellows’ 
Reports
Magnetic properties of nanofabricated 
magnetite particle arrays

David Krása
University of Edinburgh
david.krasa@ed.ac.uk 

top of any two‑dimensional substrate. This resist layer can 
then be developed in the same manner as a photographic 
film so that only the exposed parts remain. The pattern 
formed by this process is then transferred into the underly‑
ing Fe film by a plasma processing technique called dry 
etching. Finally, the patterned Fe film is oxidised under 
controlled oxygen fugacity to be converted into stoichio‑
metric magnetite (details of our fabrication process can 
be found in Kong et al., in press). This nanofabrication 
method allows us to not only control the grain size but, 
crucially, also the grain separation. Figure 1 shows ex‑
amples of arrays of such particles before (a) and after (b) 
controlled oxidation. 

The aim of my visit to the IRM was to determine the 
low‑temperature remanence properties of those samples 
in order to confirm the stoichiometry of the magnetite 
particles and to measure hysteresis properties and FORCs 
to study how these are affected by magnetostatic inter‑
actions. Figure 2a shows low-temperature remanence 
curves from the sample shown in Figure 1b exhibiting 
a pronounced Verwey transition and thus confirming the 
stoichiometry of the magnetite. The FORC diagram for 
the same sample is shown in Figure 2b. In agreement with 
the size (250nm) and separation (60nm) of the magnetite 
particles, the FORC diagram lacks an isolated peak, and 
has a relatively large vertical spread, indicating magne‑
tostatically interacting PSD-sized particles.

I would like to thank the IRM staff for another very 
pleasant and extremely productive stay in Minneapolis. 
This research is funded by the UK Natural Environment 
Research Council grant NE/C510159/1.

Reference:
Kong, X., Krása, D., Zhou, H. P., Williams, W., McVitie, S., 

Weaver, J. M., Wilkinson, C. D. W., 2008. Very high resolution 
etching of magnetic nanostructures in organic gases, Micro‑
elec. Eng. (doi:10.1016/j.mee.2007.12.006), in press.

Figure 2: (a) Low-temperature remanence curves 
for the sample shown in Figure 1b. The Verwey 
transition is clearly visible. (b) Room-temperature 
FORC diagram for the same sample.

Figure 1: SEM images of nanofabricated two-di-
mensional arrays of Fe particles before oxidation 
(a) and of magnetite particles after oxidation at 
controlled oxygen fugacity (b).

a) b)

a) b)

inTergrain magneTOsTaTic inTeracTiOns in 
natural magnetic mineral assemblages have recently at‑
tracted much interest due to their potential influence on 
magnetic properties in general and, more specifically, 
their influence on determinations of relative and absolute 
palaeointensity, magnetic granulometry etc. The crux 
with experimental studies of magnetostatic interactions 
in rocks is that natural samples display a wide distribution 
of magnetic mineral composition, grain size, and grain 
separation and it is thus difficult to separate these various 
influences on rock magnetic characteristics. Conventional 
synthetic samples in the form of powders are also only 
of limited use, as they tend to form clusters and cannot 
be suitably dispersed especially in the most interesting 
SD-PSD grain size range.

In order to address this problem, we have resorted to 
nanofabrication methods commonly used in micro‑elec‑
tronics for fabricating computer chips, memory devices 
etc. to produce extremely well-defined two-dimensional 
arrays of uniformly shaped and sized magnetite particles. 
The fabrication process starts with the sputter deposi‑
tion of iron on a silicon substrate. Then, electron beam 
lithography is used to define the particle array. Electron 
beam lithography uses a focused electron beam to expose 
arbitrary patterns in an electron sensitive resist layer on 
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Current Articles
A list of current research articles dealing with various topics in 
the physics and chemistry of magnetism is a regular feature of 
the IRM Quarterly. Articles published in familiar geology and 
geophysics journals are included; special emphasis is given to 
current articles from physics, chemistry, and materials‑science 
journals. Most abstracts are taken from INSPEC (© Institution 
of Electrical Engineers), Geophysical Abstracts in Press (© 
American Geophysical Union), and The Earth and Planetary 
Express (© Elsevier Science Publishers, B.V.), after which 
they are  subjected to Procrustean culling for this newsletter. 
An extensive reference list of articles (primarily about rock 
magnetism, the physics and chemistry of magnetism, and some 
paleomagnetism) is continually updated at the IRM. This list, 
with more than �0,000 references, is available free of charge. 
Your contributions both to the list and to the Abstracts section 
of the IRM Quarterly are always welcome.  

Archeomagnetism

Dalan, R.A., A review of the role of magnetic susceptibility in 
archaeogophysical studies in the USA: Recent developments 
and Prospects, Archaeological Prospection, 15, 1-31, 2008.

Donadini, F., M. Kovacheva, M. Kostadinova, L. Casas, and L.J. 
Pesonen, New archaeointensity results from Scandinavia and 
Bulgaria Rock-magnetic studies inference and geophysical 
application, Phys. Earth Planet. Inter., 165 (3-4), 229-247, 
�007.

Korhonen, K., F. Donadini, P. Riisager, and L.J. Pesonen, 
GEOMAGIA50: An archeointensity database with PHP 
and MySQL, Geochem. Geophys. Geosyst., 9 (Q04029), 
doi:10.1029/2007GC001893, 2008.

Rada, M., V. Costanzo-Alvarez, M. Aldana, and C. Campos, 
Rock magnetic and petrographic characterization of prehistor‑
ic Amerindian ceramics from the Dos Mosquises Island (Los 
Roques, Venezuela), Interciencia, 33 (2), 129-134, 2008.

Biogeomagnetism

Faivre, D., N. Menguy, M. Posfai, and D. Schuler, Environmen‑
tal parameters affect the physical properties of fast‑growing 
magnetosomes, Am. Mineral., 93 (2-3), 463-469, 2008.

Kopp, R.E., and J.L. Kirschvink, The identification and biogeo‑
chemical interpretation of fossil magnetotactic bacteria, Earth 
Sci. Rev., 86 (1-4), 42-61, 2008.

Environmental Magnetism and 
Paleoclimate Proxies

Andrews, J.T., J. Hardardottir, J.S. Stoner, and S.M. Principato, 
Holocene sediment magnetic properties along a transect from 
Isafiardardiup to Djupall, Northwest Iceland, Arct. Antarct. 
Alp. Res., 40 (1), 1-14, 2008.

Blanchet, C.L., N. Thouveny, L. Vidal, G. Leduc, K. Tachi‑
kawa, E. Bard, and L. Beaufort, Terrigenous input response 
to glacial/interglacial climatic variations over southern Baja 
California: a rock magnetic approach, Quat. Sci. Rev., 26 
(25-28), 3118-3133, 2007.

Chaparro, M.A.E., C. Marinelli, and A.M. Sinito, Multivariate 
techniques as alternative statistical tools applied to magnetic 
proxies for pollution: a case study from Argentina and Ant‑
arctica, Environ. Geol., 54 (2), 365-371, 2008.

El-Hasan, T., The detection of roadside pollution of rapidly grow‑
ing city in arid region using the magnetic proxies, Environ. 
Geol., 54 (1), 23-29, 2008.

Fischer, H., J. Luster, and A.U. Gehring, Magnetite weathering 
in a Vertisol with seasonal redox-dynamics, Geoderma, 143 
(1-2), 41-48, 2008.

Ivakhnenko, O.P., and D.K. Potter, The use of magnetic 
hysteresis and remanence measurements for rapidly and 
non-destructively characterizing reservoir rocks and fluids, 
Petrophysics, 49 (1), 47-56, 2008.

Kawamura, N., K. Kawamura, and N. Ishikawa, Rock magnetic 
and geochemical analyses of surface sediment characteristics 
in deep ocean environments: A case study across the Ryukyu 
Trench, Earth Planets and Space, 60 (3), 179-189, 2008.

Kravchinsky, V.A., V.S. Zykina, and V.S. Zykin, Magnetic indi‑
cator of global paleoclimate cycles in Siberian loess‑paleosol 
sequences, Earth Planet. Sci. Lett., 265, 498-514, 2008.

Liu, X.M., T.S. Liu, H. Paul, D.S. Xia, C.C. Jiri, and G. Wang, 

 “In certain classes of cases, such as those relating to spheres, there 
are known mathematical methods by which we may proceed.  In other 
cases we cannot afford to despise the humbler method of actually 
drawing tentative figures on paper, and selecting that which appears 
least unlike the figure we require.” Maxwell, art. 117.

 Equipotentials for the dipole are lines of constant sum of the indi-
vidual pole potentials.  The lines of force “are drawn so that the charge 
of any centre is indicated by the number of lines which diverge from 
it, and the induction through any surface cut off in the way described 
is measured by the number of lines of force which pass through it.”  
Rotational symmetry about the vertical axis is assumed.
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Two pedogenic models for paleoclimatic records of magnetic 
susceptibility from Chinese and Siberian loess, Science in 
China Series D-Earth Sciences, 51 (2), 284-293, 2008.

Nie, J., J.W. King, and X. Fang, Link between benthic oxygen 
isotopes and magnetic susceptibility in the red‑clay sequence 
on the Chinese Loess Plateau, Geophys. Res. Lett., 35 
(L03703), doi:10.1029/2007GL032817, 2008.

Pospelova, G.A., M.V. Anikovich, J.F. Hoffecker, and M. Kad‑
zialko-Hofmokl, Development of a magnetic method for 
reconstructing the paleoclimate of the rock formation time: 
A case study of the Paleolithic Kostenki-12 site section (the 
Voronezh region), Izvestiya-Physics of the Solid Earth, 43 
(12), 1031-1046, 2007.

Prajapati, S.K., and B.D. Tripathi, Management of hazardous 
road derived respirable particulates using magnetic properties 
of tree leaves, Environ. Monit. Assess., 139, 351-354, 2008.

Preetz, H., S. Alffelder, and J. Igel, Tropical soils and landmine 
detection - An approach for a classification system, Soil Sci‑
ence Society of America Journal, 72, 151-159, 2008.

Rolf, C., U. Hambach, and M. Weidenfeller, Rock and palaeo‑
magnetic evidence for the Plio-Pleistocene palaeoclimatic 
change recorded in Upper Rhine Graben sediments (Core 
Ludwigshafen-Parkinsel), Netherlands Journal of Geosci‑
ences-Geologie En Mijnbouw, 87 (1), 41-50, 2008.

Scherer, R.P., S.M. Bohaty, R.B. Dunbar, O. Esper, J.A. Flores, 
R. Gersonde, D.M. Harwood, A.P. Roberts, and M. Taviani, 
Antarctic records of precession‑paced insolation‑driven 
warming during early Pleistocene Marine Isotope Stage 31, 
Geophys. Res. Lett., 35 (3), 2008.

Sharma, A.P., and B.D. Tripathi, Magnetic mapping of fly-ash 
pollution and heavy metals from soil samples around a point 
source in a dry tropical environment, Environ. Monit. Assess., 
138 (1-3), 31-39, 2008.

Szonyi, M., L. Sagnotti, and A.M. Hirt, A refined biomonitoring 
study of airborne particulate matter pollution in Rome, with 
magnetic measurements on Quercus Ilex tree leaves, Geophys. 
J. Int., 173, 127-141, 2008.

Vazquez-Castro, G., B. Ortega-Guerrero, A. Rodriguez, M. 
Caballero, and S. Lozano-Garcia, Magnetic mineralogy as 
drought indicator in lacustrine sediments of the last ca. 2,600 
years, Santa Maria del Oro, western Mexico, Revista Mexi‑
cana De Ciencias Geologicas, 25 (1), 21-38, 2008.

Zheng, Y., and S.H. Zhang, Magnetic properties of street dust 
and topsoil in Beijing and its environmental implications, 
Chin. Sci. Bull., 53 (3), 408-417, 2008.

Extraterrestrial Magnetism

Brown, L.L., and S.A. McEnroe, Magnetic properties of anortho‑
sites: A forgotten source for planetary magnetic anomalies?, 
Geophys. Res. Lett., 35 (2), 2008.

Hood, L.L., and N.A. Artemieva, Antipodal effects of lunar ba‑
sin-forming impacts: Initial 3D simulations and comparisons 
with observations, Icarus, 193 (2), 485-502, 2008.

Marfaing, J., P. Rochette, J. Pellerey, P. Chaurand, C. Suavet, and 
L. Folco, Study of a set of micrometeorites from Antarctica 
using magnetic and ESR methods coupled with micro-XRF, 
J. Magn. Magn. Mater., 320 (10), 1687-1695, 2008.

Voorhies, C.V., Thickness of the magnetic crust of Mars, J. 
Geophys. Res., 113 (E04004), doi: 10.1029/2007JE002928, 
2008.

Geodynamo and Core Flow

Amit, H., and P. Olson, Geomagnetic dipole tilt changes induced 
by core flow, Phys. Earth Planet. Inter., 166, 226-238, 2008.

Aubert, J., J. Aurnou, and J. Wicht, The magnetic structure of 
convection-driven numerical dynamos, Geophys. J. Int., 172 
(3), 945-956, 2008.

Gubbins, D., Implication of kinematic dynamo studies for the 
geodynamo, Geophys. J. Int., 173, 79-91, 2008.

Pais, M.A., and D. Jault, Quasi-geostrophic flows responsible for 
the secular variation of the Earth’s magnetic field, Geophys. 
J. Int., 173 (2), 421-443, 2008.

Wardinski, I., R. Holme, S. Asari, and M. Mandea, The 2003 
geomagnetic jerk and its relation to the core surface flows, 
Earth Planet. Sci. Lett., 267 (3-4), 468-481, 2008.

Magnetic Field Records and 
Geomagnetism

Cassata, W.S., B.S. Singer, and J. Cassidy, Laschamp and Mono 
Lake geomagnetic excursions recorded in New Zealand, Earth 
Planet. Sci. Lett., 268 (1), 76-88, 2008.

Johnson, C.L., C.G. Constable, L. Tauxe, R. Barendregt, L.L. 
Brown, R.S. Coe, P. Layer, V. Mejia, N.D. Opdyke, B.S. 
Singer, H. Staudigel, and D.B. Stone, Recent investigations 
of the 0-5 Ma geomagnetic field recorded by lava flows, 
Geochem. Geophys. Geosyst., 9 (Q04032), doi:10.1029/
2007GC001696, 2008.

Jovane, L., G. Acton, F. Florindo, and K.L. Verosub, Geomagnet‑
ic field behavior at high latitudes from a paleomagnetic record 
from Eltanin core �7‑�� in the Ross Sea sector, Antarctica, 
Earth Planet. Sci. Lett., 267 (3-4), 435-443, 2008.

Kang, G.F., C.H. Bai, and G.M. Gao, Periodical characteris‑
tics of the geomagnetic secular variation and length‑of‑day 
variation, Chinese Journal of Geophysics-Chinese Edition, 
51, 369-375, 2008. 

Knudsen, M.F., G.M. Henderson, M. Frank, C. Mac Niocaill, 
and P.W. Kubik, In-phase anomalies in Beryllium-10 produc‑
tion and palaeomagnetic field behaviour during the Iceland 
Basin geomagnetic excursion, Earth Planet. Sci. Lett., 265 
(3-4), 588-599, 2008.

Korte, M., and C.G. Constable, Spatial and temporal resolution 
of millennial scale geomagnetic field models, Adv. Space. 
Res., 41 (1), 57-69, 2008

Kuang, W.J., A. Tangborn, W.Y. Jiang, D. Liu, Z.B. Sun, J. 
Bloxham, and Z.G. Wei, MoSST_DAS: The first generation 
geomagnetic data assimilation framework, Communications 
in Computational Physics, 3, 85-108.

Singer, B.S., B.R. Jicha, B.T. Kirby, J.W. Geissman, and E. 
Herrero-Bervera, Ar-40/Ar-39 dating links Albuquerque 
Volcanoes to the Pringle Falls excursion and the Geomagnetic 
Instability Time Scale, Earth Planet. Sci. Lett., 267 (3-4), 
584-595, 2008.

Suganuma, Y., T. Yamazaki, T. Kanamatsu, and N. Hokanishi, 
Relative paleointensity record during the last 800 ka from the 
equatorial Indian Ocean: Implication for relationship between 
inclination and intensity variations, Geochem. Geophys. 
Geosyst., 9, 2008.

Xuan, C., and J.E.T. Channell, Testing the relationship between 
timing of geomagnetic reversals/excursions and phase of 
orbital cycles using circular statistics and Monte Carlo simula‑
tions, Earth Planet. Sci. Lett., 268, 245-254, 2008.
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Magnetization & Demagnetization Processes 
and Methods

Gattacceca, J., L. Berthe, M. Boustie, F. Vadeboin, P. Rochette, 
and T. De Resseguier, On the efficiency of shock magnetiza‑
tion processes, Phys. Earth Planet. Inter., 166, 1-10, 2008.

Michalk, D.M., A.R. Muxworthy, H.N. Bohnel, J. Maclennan, 
and N. Nowaczyk, Evaluation of the multispecimen parallel 
differential pTRM method: a test on historical lavas from Ice‑
land and Mexico, Geophys. J. Int., 173 (2), 409-420, 2008.

Oliva-Urcia, B., E.L. Pueyo, and J.C. Larrasoana, Magnetic 
reorientation induced by pressure solution: A potential mecha‑
nism for orogenic-scale remagnetizations, Earth Planet. Sci. 
Lett., 265 (3-4), 525-534, 2008.

Yamamoto, Y., and H. Hoshi, Paleomagnetic and rock magnetic 
studies of the Sakurajima 1914 and 1946 andesitic lavas from 
Japan: A comparison of the LTD-DHT Shaw and Thellier 
paleointensity methods, Phys. Earth Planet. Inter., 167, 118-
143, 2008.

Mineral and Rock Magnetism

Airo, M.L., and S. Mertanen, Magnetic signatures related to oro‑
genic gold mineralization, Central Lapland Greenstone Belt, 
Finland, Journal of Applied Geophysics, 64, 14-24, 2008.

Bezzi, N., T. Aifa, D. Merabet, and J.Y. Pivan, Magnetic prop‑
erties of the Bled E1 Hadba phosphate-bearing formation 
(Djebel Onk, Algeria): Consequences of the enrichment of 
the phosphate ore deposit, Journal of African Earth Sciences, 
50 (2-4), 255-267, 2008.

Clement, B.M., S. Haggerty, and J. Harris, Magnetic inclusions 
in diamonds, Earth Planet. Sci. Lett., 267, 333-340, 2008.

Ding, Y., D. Haskel, S.G. Ovchinnikov, Y.C. Tseng, Y.S. 
Orlov, J.C. Lang, and H.K. Mao, Novel pressure-induced 
magnetic transition in magnetite (Fe�O4), Phys. Rev. Lett., 
1 (4), 2008.

Fabian, K., S.A. McEnroe, P. Robinson, and V.P. Shcherbakov, 
Exchange bias identifies lamellar magnetism as the origin of 
the natural remanent magnetization in titanohematite with 
ilmenite exsolution from Modum, Norway, Earth Planet. Sci. 
Lett., 268, 339-353, 2008.

Genshaft, Y.S., L.V. Tikhonov, V.M. Ladygin, E.M. Spiridonov, 
A.Y. Saltykovskii, Ferrospinels and petromagnetism of Sibe‑
rian traps: A case study of traps drilled by the Norilsk borehole, 
Izvestiya-Physics of the Solid Earth, 44, 158-174, 2008.

Klotz, S., G. Steinle-Neumann, T. Strassle, J. Philippe, T. Han‑
sen, and M.J. Wenzel, Magnetism and the Verwey transition 
in Fe3O4 under pressure, Phys. Rev. B: Condens. Matter, 
77 (1), 2008.

Lu, S.G., Q.F. Xue, L. Zhu, and J.Y. Yu, Mineral magnetic prop‑
erties of a weathering sequence of soils derived from basalt 
in Eastern China, Catena, 73 (1), 23-33, 2008.

Oldfield, F., Sources of fine-grained magnetic minerals in 
sediments: a problem revisited, Holocene, 17, 1265-1271, 
�007.

Pannalal, S.J., D.T.A. Symons, and D.L. Leach, Paleomagnetic 
and mineral magnetic constraints on Zn-Pb ore genesis in the 
Pend Oreille Mine, Metaline district, Washington, USA, Can. 
J. Earth Sci., 44 (12), 1661-1673, 2007.

Potter, D.K., and O.P. Ivakhnenko, Clay typing - Sensitive 
quantification and anisotropy in synthetic and natural reservoir 
samples using low- and high-field magnetic susceptibility 
for improved petrophysical appraisals, Petrophysics, 49, 
57-66, 2008.

Vechfinskii, V.S., S.S. Solov’eva, and O.V. Gusev, Giant 
Barkhausen jumps in Kamchatka basaltic lavas, Izvestiya-
Physics of the Solid Earth, 44, 256-259, 2008.

Wang, R.H., and R. Lovlie, SP-grain production during thermal 
demagnetization of some Chinese loess/palaeosol, Geophys. 
J. Int., 172 (2), 504-512, 2008.

Yamazaki, T., Magnetostatic interactions in deep-sea sediments 
inferred from first-order reversal curve diagrams: Implications 
for relative paleointensity normalization, Geochem. Geophys. 
Geosyst., 9 (Q02005), doi:10.1029/2007GC001797, 2008.

Mineral Physics and Chemistry

Bimbi, M., G. Allodi, R. De Renzi, C. Mazzoli, and H. Berger, 
Muon spin spectroscopy evidence of a charge density wave 
in magnetite below the Verwey transition, Phys. Rev. B: 
Condens. Matter, 77 (4), 2008.

Davino, D., A. Giustiniani, and C. Visone, Properties of hys‑
teresis models relevant in electromagnetic fields numerical 
solvers, Physica B-Condensed Matter, 403, 414-417, 2008.

Monteiro, M.A.A., G.A. Farias, R.N.C. Filho, and N.S. Almeida, 
Magnetostatic modes in coupled antiferromagnet/ferromagnet 
bilayers, Eur. Phys. J. B, 61 (2), 121-126, 2008.

Moore, E.A., First-principles study of the mixed oxide alpha-
FeCrO�, Phys. Rev. B: Condens. Matter, 76 (19), 2007.

Ovsyannikov, S.V., V.V. Shchennikov, S. Todo, and Y. Uwatoko, 
A new crossover in Fe�O4 magnetite under pressure near 6 
GPa: modification to ‘ideal’ inverse cubic spinel?, J. Phys.: 
Condens. Matter, 20 (17), 2008.

Schlappa, J., C. Schussler-Langeheine, C.F. Chang, H. Ott, A. 
Tanaka, Z. Hu, M.W. Haverkort, E. Schierle, E. Weschke, G. 
Kaindl, and L.H. Tjeng, Direct observation of t(2g) orbital 
ordering in magnetite, Phys. Rev. Lett., 1 (2), 2008.

Selivanov, E.N., R.I. Gulyaeva, and A.D. Vershinin, Thermal 
expansion and phase transformations of natural pyrrhotite, 
Inorganic Materials, 44 (4), 438-442, 2008.

Sipeky, A., and A. Ivanyi, Preisach-type stress-dependent mag‑
netic vector hysteresis model, Physica B-Condensed Matter, 
403 (2-3), 491-495, 2008.

Xiao-Yong, X., W. Mao-Hua, and H. Jing-Guo, The structure 
dependence of exchange bias in ferromagnetic/ antiferromag‑
netic bilayers, Chinese Physics B, 17 (4), 1443-1447, 2008.

Nanophase and Disordered Systems

David, B., O. Schneeweiss, E. Santava, R. Alexandrescu, and I. 
Morjan, Low-temperature magnetic properties of nanometric 
Fe-based particles, Acta Physica Polonica A, 113 (1), 561-
564, 2008. 

Stillrich, H., A. Fromsdorf, S. Putter, S. Forster, and H.P. Oepen, 
Sub‑�0 nm magnetic dots with perpendicular magnetic anisot‑
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flux, continued from page 1 pole moments... are associated with individual atoms, but 
M, the dipole moment per unit volume, is an average over 
a region containing many atoms.  For this reason, M, and 
therefore also B, can only be defined in a mesoscopic or 
macroscopic region.  H, on the other hand, can be defined 
and calculated at any scale, including the atomic.”

What exactly is this thing called flux?  Let’s start at 
the beginning...

 

Scalar Potential and Lines of Force 

In each of the flux laws in Exhibit A, flow is driven by 
differences in a scalar potential7 or analogous quan‑
tity.  Potential is closely related to, and defined in terms 
of, potential energy in relation to a field source.  “The 
(electrostatic) Potential at a Point is ... the work which 
must be done by an external agent in order to bring the 
unit of positive electricity from an infinite distance (or 
any other point where the potential is zero) to the given 
point” [Maxwell, art 70].  Electrical potential is therefore 
measured in [J/C] (i.e. [V]), and gravitational potential in 
[J/kg].  A magnetostatic scalar potential can be similarly 
defined in terms of a point monopole source and a unit 
test monopole, and Coulomb’s experiments showed that 
“isolated” poles (at the ends of magnetic needles) interact 
according to the same laws as electric charges.  (We’ll get 
to dipoles and currents in a moment).

The corresponding vector fields (negative gradients of 
the scalar potentials) are force fields ([N/C] or [V/m]) for 
E, [N/kg] for g; note that the SI units of H [A/m] show that 
magnetic potential must be measured in [A]). “In every 
part of the course of a line of force, it is proceeding from 
a place of higher potential to a place of lower potential.  
Hence a line of force cannot return unto itself, but must 
have a beginning and an end.  The beginning of a line 
of force must be in a positively charged surface, and the 
end... must be in a negatively charged surface” [Maxwell, 
art 82].  Such an arrangement is shown in Figure 1 for 
two equal and opposite charges or poles.  The same graph 
could equally well depict the isotherms and T‑gradient 
vectors around a heat source and sink, or their hydraulic 
equivalents: “Potential, in electrical science, has the same 
relation to Electricity that Pressure, in Hydrostatics, has 
to Fluid, or that Temperature, in Thermodynamics, has to 
Heat.  Electricity, Fluids, and Heat all tend to pass from 
one place to another, if the Potential, Pressure or Tem‑
perature is greater in the first place than in the second.”  
[Maxwell, Art. 72].  

In isotropic media the flow lines generally coincide 
with these lines of force, so we can also interpret Figure 1 
as showing flow lines for heat, groundwater or electric cur‑
rent, but not for magnetism.  Because magnetic monopole 
sources/sinks do not exist, there is no place for magnetic 
flux lines to begin or end. 

7“The name of Potential was first given to this function by Green, who 
made it the basis of his treatment of electricity.  Green’s essay was ne‑
glected by mathematicians until 1846, and before that time most of its 
important theorems had been rediscovered by Gauss, Chasles, Sturm 
and Thomson” [Maxwell, art 16]. 

Magnetic flux can be conceived in a manner analo‑
gous to these other fluxes, albeit with some fundamental 
differences.  Maxwell [art 428] wrote “The problem of 
induced magnetism, when considered with respect to the 
relation between magnetic induction and magnetic force, 
corresponds exactly with the problem of the conduction 
of electric currents through heterogeneous media... The 
magnetic force is derived from the magnetic potential 
precisely as the electric force is derived from the elec‑
tric potential.  The magnetic induction is a quantity of 
the nature of a flux, and satisfies the same conditions 
of continuity as the electric current does.  In isotropic 
media the magnetic induction depends on the magnetic 
force in a manner which exactly corresponds with that 
in which electric current depends on the electromotive 
force.  The specific magnetic inductive capacity in the 
one problem corresponds to the specific conductivity in 
the other.  Hence Thomson�, in his Theory of Induced 
Magnetism [1872], has called this the permeability of 
the medium.” 6 

This analogy is satisfying to our physical intuition, 
but surprisingly, over a century later there is still broad 
disagreement over its basic validity, or more generally 
over the fundamental physical meaning of the fields B 
(magnetic flux density or magnetic induction) and H 
(magnetic field intensity or magnetizing force) [e.g., 
Crangle & Gibbs, 1994; Carpenter, 1999].  On the one 
hand, in the Feynman Lectures on Physics [1964] we read 
“B and E are physically the fundamental fields, and H is 
a derived idea”; Maxwell’s equations are written without 
reference to H, which is only introduced as a mathemati‑
cal convenience for discussing magnetism and matter.  
Similarly, Crangle & Gibbs [1994] advocate dropping 
H from the magnetic vocabulary.  On the other hand, in 
Stacey & Banerjee [1974] we read “the MKS system has 
suffered two major disadvantages.  Firstly in treating 
magnetism it was usually presented in a manner which 
implied that B not H was fundamental.  Fortunately this 
fallacy has now been refuted by experimental evidence 
[Whitworth & Stopes-Roe, 1971].”  Dunlop & Özdemir 
[1997] also dispute the primacy of B: “Microscopic di‑

5 William Thomson (Lord Kelvin)
6It is always true that B=m0(H+M), and for linear isotropic media 
(M=kH) with susceptibility k, this reduces to B=mH, where perme‑
ability m equals (�+k)m0.

Exhibit A.  Conductive flux in isotropic media - Darcy [1856]; 
Fourier [1822]; Ohm [1827]; Maxwell [1873].  The quantitity 
on the left-hand side is called flux for groundwater (qg [m3 m‑� 

s-1] or [m s-1]) and for heat (qh [J m‑� s-1] or [W m‑�] ); current 
density for electricity (j [C m‑� s-1] or [A m‑�]); and flux density 
or induction for magnetism (B [Wb m‑�] or [T]). 
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However, before we continue with the question of 
flow, there is a twist concerning magnetic potential and 
lines of force around electric currents.

Electromagnetism changes things in a fundamental 
way.  Ørsted’s famous experiment and subsequent work 
showed that lines of magnetic force form around a straight 
filamentary current, and are in fact closed loops, concen‑
tric with and perpendicular to the current.  Strictly, such 
closed-loop fields, with nonzero curl, can not be described 
as the gradient of a scalar potential8, nor can such fields 
be produced by any distribution of static charges or poles.  
However, following Maxwell, we can conceive such cir‑
cular field lines to be following the gradient of something 
like a scalar potential, provided we allow this potential to 
be a multi‑valued function of spatial coordinates around 
the current.  In other words, in following a line of force 
in one full circuit around the current, we return to our 
starting point with a higher (or lower) potential than we 
started with, much like Escher’s Waterfall.  “If it were pos‑
sible to obtain a magnet having only one pole, or poles of 
unequal strength, such a magnet would be moved round 
and round the wire continually in one direction.  Faraday 
... has shewn how to produce the continuous rotation of 
one pole of a magnet round an electric current by making 
it possible for one pole to go round and round the current 
while the other pole does not.” [Maxwell, art 486].

With currents rather than poles as field sources, it 
makes sense to think of flux driven by differences or spa‑
tial derivatives of a vector potential rather than a scalar 
potential, in particular the derivative that measures rota‑
tion:  B=curl(A).  In the same way that scalar potential 
at a point is the sum of potentials due to all “monopolar” 
sources, the vector potential is obtained by integrating 
over all elemental current sources ids (weighted as 1/r).   
The vector potential is a close cousin of the stream func‑
tion y from fluid dynamics, where the flow velocity of 
an incompressible fluid is v=curl(y).  Since flow is now 
related to the curl rather than the gradient of a potential, 
flux is parallel rather than perpendicular to the equipo‑
tentials (stream function contours)9.

When current flows in a circular loop rather than in 
a straight line, the result is very much like a dipole field 
(Fig. 2), at least at distances that are larger than the loop 
diameter or pole separation.  The “scalar potential” at any 
point is proportional to the current i and to the solid angle 
subtended by the loop at the point�0:  “... the potential is 
in this case a function having an infinite series of values 
whose common difference is 4pi.  The differential coef‑
ficients of the potential have, however, definite and single 
values at every point.” [Maxwell art 480].  In contrast to 
the conservative (or irrotational) field of Figure 1, when 
we move a charge or a pole from one point to another in 
the solenoidal (or non-divergent) field of Figure 2, the 
change in potential (i.e., the work done) depends on the 
path we follow. In the absence of magnetic matter B=m0H, 

8since the curl of a gradient is identically zero.
9These ideas are sometimes combined into a complex potential func‑
tion with real (scalar) and imaginary (vector) components.
�0Since solid angle is a dimensionless quantity, this gives a scalar 
potential measured in [A].

Figure 1. A dipole field with scalar potential (bold contours) 
decreasing continuously (gray scale) from one pole to the op‑
posite (scale truncated for clarity).  Field lines (thin black 
curves) originate on one pole and terminate on the other.  

Figure 2. The dipole-like magnetic field of a circular current 
(loop perpendicular to plane of image).  Scalar potential con‑
tours (dashed) converge at the current loop, and the field lines 
form closed loops perpendicular to the equipotential surfaces.  
Potential is not a single-valued function; it decreases or in‑
creases continuously along the closed-loop field lines, depend‑
ing on direction of travel, and on returning to the starting point 
has a different value.  (Figure from Simpson, 2005, redrawn 
from Maxwell, 1891).

and Figure 2 serves to depict either field. 
Near their centers, the potentials and fields of the 

dipole and the current loop are entirely different.  On the 
equatorial plane of the dipole (Fig. 1) the field vectors are 
everywhere parallel (let’s say downward). This is not the 
case for the current loop (Fig. 2): on the equatorial plane 
(i.e., the plane of the loop), the field vectors are downward 
outside the loop, but upward inside, antiparallel to the 
field lines at the dipole center.  Magnetic flux may follow 
solenoidal lines of force like those of Figure 2, but never�� 
divergent lines like those of Figure 1.
��in the absence of magnetic monopoles
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cont’d. 
on p. 10…

Permeability, Magnetization and Flux

Fluid flow according to Darcy’s law and heat flow 
according to Fourier’s are necessarily irrotational.  They 
may also be non‑divergent (at least locally) when there are 
no sources or sinks, and when the fluid is incompressible.  
Magnetic flux is necessarily nondivergent and may also 
be irrotational (at least locally) when there are no free 
electrical currents.   All of these nondivergent flow fields 
in heterogeneous isotropic media are described in steady 
state by Laplace’s equation: � ( ) 0.potential∇ =   In such 
cases both our physical intuition related to the perceptible 
flow of heat or fluids, and the relevant mathematical meth‑
ods, may be applied directly to magnetic flux.

For example, Figure 3 shows the B field in and around 
a paramagnetic sphere in a previously-uniform external 
field; it is precisely the same as the steady-state flow field 
qg of an incompressible fluid through a high-permeability 
sphere embedded in a lower‑permeability medium with no 

The flux in an electromagnet (Fig. 4) is often described 
by analogy with current flow in an electrical circuit.  A 
high‑permeability ferromagnetic yoke (pole pieces and 
conjoining structure) provides the flux path for the mag‑
netic circuit. Currents running through loops of copper 
wire produce an H field that acts as a magnetomotive 
force, driving magnetic flux through the circuit.  In the 
pole pieces B� = mH� = m0(H�+M), and for large m, M>>H�, 
so B� is a little larger than m0M.  B is continuous across the 
pole faces and into the gap, but M and H are not.  In the 
low‑permeability gap M is zero, and H�=B�/m0 ~ B�/m0 > 
M is therefore much larger in the gap than it is in the yoke; 
the corresponding drop in magnetic potential (Df=H1Dx) 
across the gap is like the voltage drop across a resistance in 
an electric circuit, and by analogy the gap is said to have a 
reluctance12.  In the reluctant gap there is some spreading 
or “fringing” of the magnetic field, which becomes more 
significant as size of the gap increases relative to the pole 
face dimensions.  Ampere’s Law in integral form�� can be 
written as ,enc freeC

H dl nI⋅ =∫
 



, where we will integrate over 
one closed field loop; Ienc is the free current enclosed by 
the integration path, and n is the number of turns through 
which it flows.    This is analogous to Kirchoff’s law, with 
the sum of resistive/reluctant potential drops around the 
circuit equal to the driving EMF or MMF. 

The recently‑developed electron‑optic technique of 
off-axis electron holography (e.g., Dunin-Borkowski et al., 
1998, 2004; Feinberg et al., 2007) allows direct imaging 
of magnetic flux in two dimensions.  The electron wave 
transmitted through a TEM specimen undergoes a phase 
shift (relative to a reference wave transmitted past the 
specimen); the magnitude of the shift depends on (among 
other things) the magnetic vector potential A, specifically 
the component of A parallel to the electron wave propaga‑
tion direction (normal to the specimen).  After correction 
for other factors the phase shift contours, like stream 
function contours, show the lines of magnetic flux B.  
The magnetosomes from disrupted cells of magnetotactic 
bacteria (Fig. 5), like those in intact chains, show high 
internal flux densities and generally uniform magnetiza‑

��term first used by Oliver Heaviside; SI units are A Wb‑� (or Henry‑�)
��(and neglecting the displacement term)

Figure 3.  Flux through a high-permeability sphere embedded 
in a uniform medium. (modified from Knoepfel, 2000)

Figure 4. Flux in an electromagnet. (from Feynman et al, 
1964).

Figure 5.  In-plane component of magnetic flux (curves) 
through a group of magnetite magnetosomes (light areas) in 
the saturated remanent state.  Electron holographic image 
courtesy of Amy Chen and Takeshi Kasama.

Region F

100 nm

local sources/sinks (uniform regional hydraulic gradient).  
Flow follows the path of least resistance - this is the essen‑
tial idea behind passive magnetic shielding, in which very 
high-permeability materials provide flux paths around an 
enclosed low‑permeability volume, where the ambient 
external flux is consequently strongly attenuated.

Note that the flux distribution in Figure 3 can also 
be viewed as the superposition of a uniform B field (as 
it would be without the presence of the sphere) and a 
dipole‑like B field, similar to that of Figure 2, due to the 
sphere.
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Fig 6.  A uniformly-magnetized sphere (M upward).  B is con‑
tinuous across the bounding surface (left); M and H are not. 
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tion, as well as strong continuity of flux from one particle 
to the next, with only minimal fringing.  Note that here, 
unlike Figures 3 and 4, there is no applied external field, 
nor are there free electrical currents, so if we are to think 
of the flux as being driven by a magnetomotive force, 
that MMF must originate in the remanent magnetization 
of the particles.  

We’ll return to remanence in a bit, but first, we cannot 
write about magnetic flux without at least a brief apprecia‑
tion of electromagnetic induction.

Induction

Electric currents produce magnetic fields.  Faraday 
searched tirelessly for evidence of a reciprocal effect, ulti‑
mately discovering that changing magnetic fields produce 
transient electric currents, the phenomenon of magnetic 
induction.   It is not by mere coincidence that the B field 
is also commonly called the “induction.”

Maxwell was very concerned with the getting at the 
fundamental physical meaning of the electromagnetic 
fields �4; he followed Ampère in associating B with electri‑
cal currents, and thus in a general way with kinetic energy.  
Specifically, Maxwell defined the vector potential A as a 
vector of electromagnetic or electrokinetic momentum.  
Since B = curl(A), changes in B with time dB/dt are 
equivalent to changes in the circulating electrokinetic 
momentum curl(dA/dt).  In mechanics, the time derivative 
of momentum is a force, and by extension the changing 
electrokinetic momentum is equivalent to an electromo‑
tive force.  Thus dB/dt = curl(E), which is Faraday’s law 
of induction.

Most of our magnetometers and susceptometers oper‑
ate on this principle.  The magnetic flux through a sensing 
coil, due to the magnetization of a sample, can be made to 
vary with time by displacing or rotating the sample, or by 
varying the applied field.  The EMF acting on the coil is

                     

( )
coil coil area

E d s E d A⋅ = ∇× ⋅∫ ∫
    



                    

( ) /
coil area

d B n d A d dt
dt

= ⋅ ⋅ = F∫
 

   ss
where F is the total flux through the area enclosed by 
the coil.  This voltage depends on B rather than H, and 
therefore it can be greatly amplified by placement of a 
high‑permeability (e.g., ferrite) core in the coil.

Ferromagnetism, B and H

In ferromagnetic materials we have magnetization in 
the absence of applied fields or free electrical currents.  
Figure 6 shows the two prevalent fundamental ways of 
thinking about the B and H fields inside a permanent 
�4Thomas Simpson elaborates on this in his eloquent little book, Fig‑
ures of Thought: A Literary Appreciation of Maxwell’s Treatise on 
Electricity and Magnetism.

magnet with a uniform magnetization M.  The pole‑based 
view, depicted on the right‑hand side, is based on a direct 
analogy with electrostatics: the divergence of M (like 
that of polarization P) across the surface gives a nonzero 
density sM of  “bound poles” (cf. bound charges) there.  
These poles in turn produce internal and external scalar 
potentials and H fields exactly as in Figure 1, and by this 
conception B inside the material is a derived or secondary 
quantity, obtained by vector summing of M and H. Note 
however that if we still wish to consider H as a magnetiz‑
ing force and B as a resultant flux, B=mH paradoxically 
requires m<0 for permanent magnets, since B and H are 
antiparallel inside15.  

The alternative view (left side) treats M as arising from 
elemental atomic‑scale current loops.  In integrating over a 
uniformly-magnetized volume, all internal currents cancel 
and the total net effective magnetization current runs only 
along the surface, following lines of latitude, with current 
density = curl(M). These Ampèrian “bound currents” are 
no more directly perceptible than the “bound poles” on 
the right side; they produce vector potentials and a B field 
as in Fig 2.  For the spherical case we are considering, B 
inside the magnet is �M/3.  By this approach, H inside 
the material is a derived or secondary quantity defined 
as H=B/m0‑M. 

Whether we prefer to think in terms of poles or cur‑
rents is to some extent irrelevant: the internal and external 
distribution of fields is identical for the two calculations.  
Because of this “equivalence principle”, according to 
Carpenter [1999], it is hopeless to attempt experimentally 
to distinguish between the pole‑based and current‑based 
models (and thereby determine which is the fundamental 
field) by measuring external forces or torques on perma‑
nent magnets or steady current loops; he attributes the 
result of Whitworth & Stopes-Roe [1971] to shortcomings 
in experimental technique.  

Are there other ways to distinguish between these 
alternatives experimentally?  Einstein considered it pos‑
sible and important to do so: “two entirely different ways 
in which a magnetic field can be produced...could hardly 
be considered as satisfactory.  It appears ...that as much 

15This antiparallel H is the “demagnetizing field”, which is the key to 
understanding shape anisotropy
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may be said in favour of Ampère’s hypothesis16 as against 
it and that the question concerns important physical 
principles. We have therefore made the experiments here 
to be described, by which we have been able to show that 
the magnetic moment of an iron molecule is really due to 
a circulation of electrons.” [Einstein & de Haas, 1915]. 
Their observation of a periodic torque on an iron cylinder 
suspended vertically in a slowly‑alternating vertical satu‑
rating field demonstrated that magnetism is fundamentally 
related to angular momentum at some scale; the modern 
quantum mechanical interpretation involves electron spin 
rather than circulation.  

Feynman tells us that despite the apparent analogy of 
the fields E and H in Exhibit A, a deeper identity of E and 
B comes from relativity.  Imagine an electron in motion 
parallel to a wire carrying electrical current.  The B field 
due to the current exerts a Lorenz force on the moving 
electron: F=q(E + v cross B).  For thought-experiment 
purposes we can also specify that the velocity of the 
single electron is the same as those of the conduction 
electrons in the wire.  In the inertial reference frame in 
which the wire is at rest there is a B field but no E field.  
A different reference frame can be defined such that the 
wire is in motion and the electron is at rest; here the B 
field vanishes and there is only an E field (see Feynman 
for relativistic details).  Clearly, therefore, there is only 
a single electromagnetic field at work, and it manifests 
itself as B or E or some combination according to which 
inertial reference frame we are observing in.  

Arguments about the fundamental significance of B 
and H “have tended to drop out of sight as lacking fruit‑
ful result rather than as the emergence of any consensus”, 

16 “his celebrated hypothesis of currents circulating around the mol‑
ecules without encountering any resistance”

according to Carpenter [1999], who works through the 
complete development of potentials and vectors for two 
universes: one called U in which potentials f and A arise 
exclusively from stationary and moving charges, and poles 
are fictitious equivalent sources; and another one called 
U* in which poles are the true sources and charges are 
fictitious equivalents for generating potentials f* and A*.  
The four field vectors E, B, D and H in U have perfectly 
symmetrical equivalents H*, D*, B* and E*, respectively 
in U*.  Concepts like magnetomotive force “can coexist 
with that of voltage only in a universe defined as U + U*, 
requiring four different primary field vectors, not two.” 

Which universe do we live in?  Do we have a choice?  
What is the ultimate, fundamental, real physical meaning 
of these vectors?  Are magnetic bound poles less “real” 
than electrical bound charges or Ampèrian bound mag‑
netization currents?  Should H be banished from physics, 
except as a mathematical convenience?  What is this thing 
called flux? We leave these questions as an exercise for 
the student...
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Jean Baptiste Joseph Fourier
b. 21 March 1768, Auxerre, France
d. 16 May 1830, Paris, France

Best known as a mathematician and physicist, Fourier was also 
an accomplished Egyptologist and administrator.  In 1798, he 
accompanied Napoleon to Egypt, where he served as governor 
of Lower Egypt. After returning to France, he played a major 
role in the publication of the massive Description de l’Égypte.  
While serving as Prefect of the Department of Isère, Fourier 
began his famous work on heat conduction.  In 1807, he pub‑
licly delivered his memoir On the Propagation of Heat in Solid 
Bodies which was never published, in part due to objections 
by Laplace and Lagrange over the controversial use of expan‑
sions of functions as trigonometric series.  Now known as Fou‑
rier Series, the expansions were ultimately incorporated in his 
famous Théorie analytique de la chaleur (Analytical theory 
of heat), published in 1822. This work (often described as “a 
great mathematical poem”) also significantly advanced the un‑
derstanding and application of boundary‑value problems and 
the theory of functions of a real variable.  Fourier also made 
studies on the heat budget of planetary bodies and is credited as 
being the first to recognize that atmospheric gases can trap heat 
and help warm the Earth.  Fourier was elected to the Académie 
des Sciences in 1817 and to the Académie Française in 1826.  
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