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ABSTRACT Electron paramagnetic resonance was used to investigate the magnetic material present in abdomens of
Pachycondyla marginata ants. A g = 4.3 resonance of high-spin ferric ions and a very narrow g = 2 line are observed. Two
principal resonance broad lines, one with g > 4.5 (LF) and the other in the region of g = 2 (HF), were associated with the
biomineralization process. The resonance field shift between these two lines, HF and LF, associated with magnetic
nanoparticles indicates the presence of cluster structures containing on average three single units of magnetite-based
nanoparticles. Analysis of the temperature dependence of the HF resonance linewidths supports the model picture of isolated
magnetite nanostructures of ~13 nm in diameter with a magnetic energy of 544 K. These particles are shown to present a
superparamagnetic behavior at room temperature. The use of these superparamagnetic particle properties for the magne-
toreception process of the ants is suggested.

INTRODUCTION

Biomineralized magnetic materials have been studied sincéeal and Oliveira, 1995). These habits make such a migra-
the early 1960s, when magnetite was identified in chitorntory ant very attractive for the study of biomineralized
teeth (Lowenstam, 1962). Among the biomineralized magimagnetic materials. Physical techniques such as magnetom-
netic materials, magnetite is the most common (Lowenstanetry and high-resolution electron microscopy (Kirschvink et
and Kirschvink, 1985), being widely produced in organismsal., 1992, Bazylinski et al., 1994) have traditionally been
from bacteria (Blakemore, 1975) to human beings (Kirsch-used to investigate biomineralized magnetite in living be-
vink et al., 1992, Schultheiss-Grassi et al., 1999). Althoughings. Magnetic resonance studies have shown the presence
magnetic orientation of living beings is a very complex of magnetic material irS. invictathat is possibly related to
phenomenon and the biological mechanism for detecting thenagnetite (Esquivel et al., 1999). One of the main issues, as
geomagnetic field is still poorly understood, biomineralizedfar as the physical techniques are concerned, is to establish
magnetite seems to be a good candidate for the hypothesis methodology that enables one to identify the different
of magnetic particle receptors. The geomagnetic field exertenagnetic structures in unknown or biomineralized magnetic
a strong influence upon some species of insects (Wiltschkeystems, such as magnetic material in living beings. For this
and Wiltschko, 1995). The most studied one has been thpurpose, magnetic resonance emerges as a very promising
honeybeeApis mellifera the abdomen of which presents technique because it is sensitive enough to probe very small
magnetic nanoparticles with diameters in the range ofmounts of inorganic precursors, as well as of biomineral-
30-35 nm (Gould et al., 1980). The influence of geomag-ized magnetic material, in addition to the size and shape
netic field changes on the behavior of ants has been studietependence of the resonance spectra on the nanometric
in the speciesSolenopsis invictgd Anderson and Vander magnetic structures. In this work, we used magnetic reso-
Meer, 1993)Formica rufa(Camlitepe and Stradling, 1995), nance to investigate the magnetic nanoparticles present in
and Oecophylla smaragdingJander and Jander, 1998). the abdomen oPachycondyla marginata

Investigations of abdomen tissuesfinvictaconfirm the

presence of ferrous iron (Slowick and Thorvilson, 1996).

An interesting model for the study of the magnetoreceptiofMATERIALS AND METHODS

phenomenon is that of migratory insects, as in the case c'jachycondyla marginatants were collected in the region of Campinas,
the monarch butterflyDanaus plexippus(Perez et al., s Paulo, Brazil. The ants were extensively washed with 80% ethanol and
1999). Another migratory insect species is the Bathy-  conserved in this solution. Abdomens 100 individuals were taken,

Condyla marginatawhich has very peculiar habits: a diet of dried for half an hour at-70°C, and macerated. The resulting powder was
Iiving termites and migration in a preferential direction transferred to the quartz electron paramagnetic resonance (EPR)'tubes and
sealed under nitrogen flux. The measurements were performed in a com-

mercial X-band EPR spectrometer (Bruker ESP300E) operating at a mi-
crowave power of 4 mW with a modulation field2 Oe in amplitude.
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Fanin et al., 1993; Dorman et al., 1997). From the resonance
point of view, the signature of the correlation between the
single-like and the cluster-like magnetic structures is the
fact that the temperature dependence of the resonance field
of both broad resonance lines generates curves almost par-
allel to each other in a wide range of temperatures. A final
comment concerning the spectra shown in Fig. 1 is the
presence of an extra resonance structure appearing at low
temperatures and superimposed to the HF line. Its intensity
increases when the temperature decreases to 3 K. It presents
a manganese-like structure, as has been previously observed
in other ant species (Krebs and Benson, 1965). It is clearly
observed at 3 K, as indicated by the two arrows at the peaks.
Differently from the HF and the LF lines, this extra structure
shows no shift in the resonance field as the temperature
decreases to 3 K. This temperature behavior indicates that
this spectral component is related to another structure, in-
I. . dependent of the magnetic ones with the LF and HF
0 4 8 features.

The following analysis will be focused on the two broad
resonance lines, namely the LF lineX.1 kOe) and the HF
FIGURE 1 Typical X-band resonance spectr&omarginataabdomens line (~3.1 kOe). The two broad lines (LF and HF) were
at different temperatures. The dotted line is the fit of the spectrum at 29 Kfitted using Gaussian-shaped curves to obtain the tempera-
using the three Gaussian components given by the dashed lines. ture dependence of both the resonance linewidthy) and

the resonance fieldHg). For temperatures lower than 100 K

a third Gaussian line was considered to account for the extra
sharp asymmetrical line @& = 4.3, characteristic of mag- resonance structure that appears at lower temperatures. The
netically isolated high spir8 = 5/2 FE" ions in a low- dotted line in Fig. 1 is a typical fit, using the three Gaussian
symmetry environment. The high = 4.3 factor has been components dashed lines Figs. 2 and 3 show, respec-
attributed to the presence of relatively strong crystallinetively, the resonance linewidth and resonance field associ-
fields due to the lack of a crystal structure, typical of veryated with the two broad resonance lines as a function of
small agglomerates containing ferric ions (Yahiaoui et al.temperature. The data shown in Figs. 2 and 3 are partially
1994). The sharp resonance line closgte 2 is assumed explained, as long as we assume that two distinct magnetite-
to be related to free radicals resulting from biological pro-based structures are present in the sample, namely, the
cesses (Knowles et al., 1976). Nevertheless, similar resulisolated nanoparticles (INPs) and clustered nanoparticles
were observed in heat-treated glasses with a low iron dopin¢CNPs), associated, respectively, with the HF and LF reso-
level, which present a two-line pattern consisting of a narnance lines. Magnetite was chosen because it is the most
row and a broad line &g = 2 (Berger et al., 1997). They common magnetic iron oxide found in living beings
were assumed to arise from small and large superparamafiiltschko and Wiltschko, 1995). Ferritin and hemosiderin
netic particles, respectively. With an increase in the heaére proteins with a superparamagnetic core of ferric hydrox-
treatment temperature, the intensity of the narrow compoide (Mann et al., 1989), which could also be the origin of HF
nent decreases, as the latter is converted into the broaahd LF features. Although there have been no EPR studies
component, the intensity of which increases. The contribuen these ant proteins, human ferritin and hemosiderin EPR
tion of a nanoparticle precursor to the narrow line can alsspectra also present two features called A and B. However,
be considered. their intensity ratio is different from the ratio between the

From now on the broad resonance line arogr 2 will LF and HF structures. Moreover, the temperature behaviors
be referred to as the high-field (HF) resonance line. Anotheshown in this study are not those described for those pro-
broad magnetic resonance structure is identified in the spedeins (Weir et al., 1985). The proteins are then ruled out as
tra at highg values and will be referred to as the low-field the origin of the observed spectra. Above 70 K, the tem-
(LF) resonance line. At this point it must be noted that theperature dependence of the HF resonance linewidth follows
LF line also has a strong correlation with the HF line. As isthe characteristic behavior of isolated magnetic nanopar-
common in magnetic resonance experiments, it is recogtcles (Morais et al., 1987). Below 70 K, however, the
nized that while the HF line must be due to single magneticemperature dependence of the HF resonance linewidth de-
nanoparticles, the LF line must be due to a chain or aggreviates remarkably from the isolated nanoparticle picture.
gate of those nanoparticles (Sharma and Waldner, 197 Furthermore, it is observed that the temperature dependence

H{kOe)
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FIGURE 2 Temperature dependence of the resonance linewidth of th&IGURE 3 Temperature dependence of the resonance field of the two
two broad resonance lines (HF and LF). The solid line is the best fit of thebroad resonance lines (HF and LF). Note that above 70 K the two curves
HF data above 70 K according to Eq. 1, witii} = 1373+ 10 Oe and  are almost parallel to each other, with the field shifted by 28333 Oe.

AE = 272+ 7 K.

of the resonance linewidth of the LF and HF lines showsand AE/2k = 272 = 7 K. Note that the prefactor (1373
clear opposite tendencies (Fig. 2). Such a difference could0 Oe) was fitted with no assumption concerning the par-
be due to the presence of two distinct magnetic structureicular values ofy, S n, andD. However, such a value is not
(INPs and CNPs). On the other hand, except for a shift odar from the value we find (1350 Oe), assumipg- 2, S =
the order of 2 kOe, the resonance fields of the LF and HR, n = 2 X 10% andD = 14 nm.S = 2 is reasonable for
lines show very similar temperature dependences (Fig. 3magnetite, because the octahedral and tetrahedrdl Fe
Above 70 K the temperature dependences of the resonanepins cancel each other while the eight octahedral Fe
fields (LF and HF) show a linear-like behavior running respond for the net magnetization of the unit cell, presenting
almost parallel to each other, and the HF resonance linea 3¢ configurationn = 2 X 10 corresponds to a magnetite
width is in very good agreement with the picture of an particle~14 nm in diameter. As shown below, the average
ensemble of isolated magnetic nanoparticles dispersed in\aalue estimated for the particle diameter in the INP structure
nonmagnetic matrix. Within this picture the approximatejs ~13 nm. These two average values, namely, 14 nm for
description of the resonance linewidth broadening is exthe particle-particle distance and 13 nm for the particle
pressed by (Morais et al., 1987) diameter, are quite reasonable and indicate that nanomag-
L0 netite particles are not magnetically coupled together in the
AHgz = AHR tanfAR/2keT) (1) INP structure, although they are very close to one another.
whereAHS = 5g8SnD® andAE = KV is mainly associated The sample preparation may pin the nanomagnetic particles
with the magnetic anisotropy energy barrier height, wikere to the host dielectric matrix. As a matter of fact, values for
is the magnetic anisotropy aiis the particle volume. The AHR of a few hundreds of Oe have been found in ferrite-
description of the prefactoAHS in Eq. 1 includes theg  based nanomagnetic particles dispersed as magnetic fluids
factor @), the Bohr magnetong), the spin associated with (Morais et al., 1997). Indeed, no particular distribution
each magnetic center inside the nanopartigethe number  function was used to describe the particle size polydisper-
of magnetic centers per particle)(and the particle-particle sity therefore the parameters associated with the solid line in
distance in the matrix[¥). The solid line in Fig. 2 shows Fig. 2 represent just average values. Although ferric particle
that the HF linewidth data fit nicely with Eq. 1 at temper- size distributions have been observed by electron micros-
atures above 70 K, in excellent agreement with the picture&opy in the abdomens of ants (Acosta-Avalos et al., 1999),
of isolated magnetic nanoparticles. The fitted parameterthey are not adequate for our purposes, because they are
related to the solid line in Fig. 2 atkHS = 1373+ 10 Oe  expected to be distinct from those of EPR smashed samples,
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where the magnetic particles are inside intact biologicalwe have
structures (Moskowitz et al., 1988). B ) P o 5

To explain the temperature dependence of the resonanceNI = 4mlaInla + (@ — 1) Ve — D™ — Ll — 1)
field in both HF and LF resonance lines, the resonancet is assumed thab = c and that these are equal to the
frequencywg, i.e., the Larmor precession frequency of the average value of the nanoparticle diameter, whereas the
particle magnetic moment in the presence of an effectivgonger axis 4) is given by an integer times this diameter.

magnetic field Hegp), is considered: Therefore, the dimensional ratipis given byq = a/b. To
_ calculateN, we make use oN; + 2N, = 4m. Assuming
wr = YHerr () the saturation magnetization value of bulk magnetite to be

470 Oe, a calculated field shift of 1994 Oe matches 3
N, = 1.3666 andN, = 5.600), suggesting a linear chain of
ree nanoparticles in average for the CNP structure. Using
Egs. 3 and 4 for the resonance field and the parameters
9.445x 10° Hz andy = 2.21 X 10° Hzm/A (g = 2.0), the
anisotropy fieldH, is obtained; this is shown in Fig. 4. The
anisotropy field in spherical magnetite nanoparticles is due
to the effective magnetocrystalline anisotropy density
a(f(EFF) and is given byH, = 2Kg¢/Mg_ In magnetic nano-

where y is the gyromagnetic ratio. As in traditional EPR
experiments, the magnetic field strength is scanned ins’[eat
of the microwave frequency, which is fixed. Thus the ef-
fective field is a result of three main components: the
external sweeping fieldHg), the demagnetizing fieldHy),
and the anisotropy fieldH,). At the resonance condition
He corresponds to the resonance fi¢ld. In general, the
calculation ofHggr is extremely complicated, although a

simple expression could be obtained as long as some initi . . . .
. : . - particles the effective anisotropy energy density has both
considerations were taken into account (Vonsovskii, 1966) )
bulk (Kg) and surfaceKs) components; the bulk and sur-

Considering the INP system as composed of spherical nan?éce components are temperature dependent, and the latter is
particles, the resonance field is given by (Vonsovskii, 1966) P P P '

related to the surface-to-volume ratio (Dimitrov and Wysin,
3) 1994). In particular, the magnetocrystalline anisotropy in
ferrite-based materials is usually discussed in terms of a

In contrast, assuming the CNP system to be composed of&ngle-ion contribution associated with the’Féon (Yosida
linear chain of spheres, the picture of a prolate ellipsoid is2nd Tachiki, 1957). In generaKgee and Mg are both
fairly adequate to describe the system. In addition, assumintgmperature dependent. However, considering that our data
the prolate ellipsoid to be uniformly magnetized, the fieldWere taken in a temperature range far below the Curie
inside the ellipsoid is known as the demagnetizing fieldtemperature for bulk magnetite (850 Kyls could be taken
(Hp) and can be written in terms of the demagnetizing
perpendicular ;) and parallel Kij) tensor components,
namelyHp = (N, — N)Mg. If the parallel axis corresponds
to the easy magnetic axis of the particle, the resonance field 50

HR - O)R/'Y - HA

can be written as follows (Vonsovskii, 1966; Kittel, 1996): ] e 2 EFF
He = wry = (N, — N)Ms — H, © e .
: 000%°8g
where N, — N)) > 0 andMg is the saturation magnetiza- 300 4 *%qe, o
tion associated with the magnetic nanoparticle. Inspection l e ** 2 .
of Egs. 3 and 4 reveals that the temperature dependence of 200 ; ®e. . 3
the resonance field is mainly associated with the last term .

on the right-hand sideH,,), through its dependence on the 2
magnetic anisotropy. If the two systems (INP and CNP) 100
have the same anisotropy field behavior, then the resonance
field associated with them would have the same temperature o hd
dependence, presenting curves parallel to each other and
shifted by (N, — N)Mgs. Above 70 K an average shift of )
2033 £ 13 Oe between the tweél; versusT curves is o
obtained (Fig. 3). From this shift in field and assuming a ]
linear chain of spherical nanoparticles for the CNP structure 200
it is possible to estimate the average number of units in the
chain @). An ellipsoid of revolution, characterized by three
principal axes4, b,andc) such that > b = c, is assumed

in the calculation of the parallel component of the demagriGuRe 4 Anisotropy fields calculated from the resonant fields values,
netizing tensori). Within this picture (Vonsovskii, 1966) using Egs. 3 and 4 for the HF and LF lines, respectively.

v T ¥ T M ¥ T ¥ T | M L]
0 50 100 150 200 250 300
T(K)
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as approximately flat. Therefore, the temperature depemanoparticles, because they must be related to specialized
dence of the anisotropy field would follow mainly the cells, the sizes of which must vary with the kind of organism
temperature dependence of the effective magnetic anisotonsidered.
ropy. From data above 70 K, a mean value of (6.0.4) X Magnetite nanoparticles with a diameter-el3 nm are
10* erg/cn? was estimated foKgzr Using this value and superparamagnetic at room temperature. A magnetic energy
the AE value from the linewidth analysis, an average mag-AE/k = 544 K (even 1632 K for the three-particle chain)
netic volume of (1.2+ 0.1) X 10° nm® was found, corre- yields a relaxation time on the order of nanoseconds at room
sponding to a diameter of 18 0.4 nm. A first approach to temperature (N&, 1949). Intensity changes of magnetic
treating the data quantitatively (shown in Fig. 4) would befields seem to provoke oscillations in the neuron frequency
to employ mean-field theory (Millev and'Rale, 1995). As  pattern of honeybees only after some minutes of stimula-
long as the magnetite nanoparticle is assumed to be uniaxigipn. Sometimes the response becomes strongly oscillatory,
the free energy can be expressed in terms of two phenonwith periods similar to the stimulus periods of the order of
enological anisotropy parameters, which in turn can beseconds (Schiff, 1991). The relaxation time is then very
calculated from a generation function written in terms of theshort as compared to the neurological response times in
spin value and the magnetization. A relatively simple gen-honeybees and reinforces the superparamagnetic character.
eration function can be obtained in the cas&ef 2. Inthis It was suggested that in honeybees, superparamagnetic
case the data shown in Fig. 4 are in good agreement witthagnetite is involved in gradient detection by locally am-
this theory at temperatures above 70 K. Below 70 K, how-plifying changes in the geomagnetic field (Schiff and Canal,
ever, results obtained with the aforementioned approach993). Similar to other social insects such as bees, ants
deviate remarkably from the experimental data, indicatingcould take advantage of the almost instantaneous response
that a more complicated behavior takes place. of superparamagnetic particles to a magnetic intensity gra-
These EPR measurements in biological magnetic nanddient involved in a map sense orientation (Schiff, 1991).
particles have allowed us to identify two different structuresMore recently (Shcherbakov and Winklhofer, 1999) it was
in ant abdomens: isolated nanoparticles with a diameter gfroposed that magnetic-field-induced shape change of a
~13 nm and clusters that may be a linear chain of threeluster of magnetite nanoparticles could be amplified as
particles. It is worth mentioning that this model is not well as counterbalanced by osmotic pressure. This mecha-
restricted to chains or aggregates and can be applied to amjsm could play an important role in magnetoreception.
nonspherical particles as revolution ellipsoids. Both models are based on the existence of magnetorecep-
This volume estimated for the isolated particle is lowertors, here characterized for migratory ants. Regardless of the
than that obtained by electron microscopy, through whichrelevance of characterizing the magnetic receptor candi-
were estimated the most probable length (20 nm) and widtllates, only behavioral experiments can actually confirm
(16 nm) (Acosta-Avalos et al., 1999). However, the volumetheir use in magnetic orientation.
calculated is not the actual volume of the particle but the
magnetic volume, and it depends on the physical principles
of the measuring technique. Magnetic resonance in ferr@ve are thankful to Dr. P. S. Oliveira and Dr. I. R. Leal for biological and
(ferri)-magnetic nanoparticles could be considered a collecgcological support and for providirfgachycondyla marginatants, to Dr.
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ration, and to Dr. D. Guenzburger for the English revision of this paper.

total magnetic moment of the nanoparticle is driven by the
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