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The magnetic properties of biologically produced magnetite nanocrystals biomineralized by four different
magnetotactic bacteria were compared to those of synthetic magnetite nanocrystals and large, high-quality
single crystals. The magnetic feature at the Verwey temperature TV was clearly seen in all nanocrystals,
although its sharpness depended on the shape of individual nanoparticles and whether or not the particles were
arranged in magnetosome chains. The transition was broader in the individual superparamagnetic nanoparticles
for which TB ⬍ TV, where TB is the superparamagnetic blocking temperature. For nanocrystals organized in
chains, the effective blocking temperature TB ⬎ TV and the Verwey transition is sharply defined. No correlation
between particle size and TV was found. Furthermore, measurements of M共H , T , time兲 suggest that magnetosome chains behave as long magnetic dipoles where the local magnetic field is directed along the chain. This
result confirms that time-logarithmic magnetic relaxation is due to the collective 共dipolar兲 nature of the barrier
for magnetic moment reorientation.
DOI: 10.1103/PhysRevB.76.054406

PACS number共s兲: 75.50.Tt, 71.30.⫹h, 75.30.Gw, 75.50.Gg

I. INTRODUCTION

Magnetite is one of the most studied ferrimagnetic compounds. A sudden change in its thermodynamic properties
above 100 K has been the point of interest for many years. In
1926, Parks and Kelley reported a significant heat absorption
in magnetite at about 113– 117 K.1 They speculated that this
is due to a change in the magnetic subsystem and not in the
crystal structure. Thirteen years later, Verwey found that resistivity in magnetite increases by about 2 orders of magnitude upon cooling below 120 K, which he attributed to the
order-disorder transition in the electronic subsystem.2 Initially confirmed, later this model was questioned and massive experimental and theoretical efforts mounted to investigate the problem. The literature on the Verwey transition is
vast, and we refer the reader to several reviews.3–6
Magnetite has an inverse spinel crystal structure, Fe3O4
= 关Fe3+兴A关Fe3+Fe2+兴BO4, where A sites are coordinated in tetrahedra and B sites are coordinated in octahedra. Magnetic
order at the A and B sites is antiparallel, resulting in ferrimagnetism with an excess magnetic moment of about 4B
per formula. 共For each formula unit, there are two B sites
with spin S = 2.25 and one A site with S = 2.5.兲 There are
8 f.u. in the cubic cell 共with cell constant 8.4 Å兲, so each
cubic unit cell contributes 32B. Above the Verwey temperature, TV ⯝ 120 K, the B sites are charge frustrated so electrons are significantly delocalized, which leads to moderate
conductivity of about 0.01 ⍀ cm at room temperature. Below TV, resistivity increases by 2 orders of magnitude, which
Verwey explained in terms of charge ordering in the B sub1098-0121/2007/76共5兲/054406共10兲

system: Fe2+ ions along 关110兴 and Fe3+ along 关11̄0兴
directions7 共the “Verwey model”兲.
In this paper, we discuss the magnetic signature of this
transition that appears as a very sharp feature 共in good single
crystals8,9兲 at the Verwey temperature TV. Similar to the Verwey transition itself, the physics of this magnetic anomaly is
still debatable. It is known that magnetic easy axis changes
from the 具111典 to 具100典 direction 共within 0.2° due to monoclinic distortion兲 below TV.10 K1 anisotropy energy increases
by an order of magnitude, but the amplitude of the magnetic
moment does not change 共see Fig. 3兲.
In recent years, much attention was drawn to nanoparticles of magnetite in an attempt to understand the Verwey
transition and the behavior of ferromagnetic nanoparticles.
Various, often contradictory, results have been reported. Disappearance of the Verwey transition was suggested to occur
in nanoparticles grown under a weak 共0.25 T兲 magnetic
field.11 Significant reduction of the Verwey transition temperature TV was reported in relatively large nanoparticles
共TV ⯝ 20 K in 50 nm nanoparticles兲.12 No transition was observed in 7 – 10 nm nanoparticles and it was even suggested
that monoclinic distortion does not develop in such
particles.12,13 On the other hand, direct transport measurements suggest that the transition in resistivity exists above
100 K both in stacked and individual nanoparticles, with
significant magnetoresistance peak above the gap in the
I-V curves.14 Overall, the matter is complicated by various
interpretations of the superparamagnetic regime, superparamagnetic blocking, magnetic relaxation, and the difference between single-particle and collective behaviors in fer-
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romagnetic nanoparticles. In addition, magnetite, especially
in the form of nanoparticles, is very sensitive to oxidation by
oxygen, which might result in stoichiometric changes in the
crystals and disturbance of the transition.15
In this paper, we compare biologically produced magnetite nanocrystals, which have an almost perfect crystal structure and a well-defined shape and size, to large high-quality
crystals8,9 as well as to conventional, synthetic magnetite
nanoparticles. The goal was to study the Verwey transition in
a superparamagnetic system 共without magnetic domains兲 and
identify possible influences of particle size, shape, and crystalline magnetic anisotropies as well as interparticle interactions on the magnetic signature of the Verwey transition. An
additional influencing factor is that the bacterial magnetite
crystals are enveloped by a phospholipid membrane that protects the particles from oxidation.
Magnetotaxis in bacteria was first reported in 1975,16 and
magnetite crystals were identified in these bacteria in 1979.17
Since then, various properties of different magnetotactic bacteria have been extensively studied.18–31 Most of the studies
were performed on the bacteria extracted from natural
aquatic habitats. Recently, significant progress was achieved
in vitro studying the synthesis of magnetite by various bacterial strains.22 This allowed for the targeted modification of
magnetic properties and various postsynthesis modifications.
For reviews of magnetite formation in prokaryotes as well as
on the general ecophysiology of magnetotactic bacteria, see
Refs. 22 and 31. While the majority of prior studies have
focused on various aspects of magnetic behavior of different
bacterial nanoparticles in terms of the influence of dipolar
interactions, size and shape effects, size distribution, orientation of magnetic moments with respect to the magnetosome
chains and particles themselves, etc., here we use bacterial
magnetite to understand how the magnetic signature of the
Verwey transition reveals itself in nanoparticles of various
sizes and shapes as well as in those self-assembled in magnetosome chains and compare it to that of bulk single crystals. Off-axis electron holography suggests an almost perfect
alignment of local magnetic induction along the magnetosome chain above the Verwey temperature TV.28 This direction is also the 关111兴 crystallographical direction of each
nanocrystal in the chain. Below TV, the magnetic induction
develops some undulation due to change of the magnetic
easy axis to the 具001典 direction. However, there is still magnetic coherence between the individual particles in the chain.
Our results show that the Verwey temperature is not significantly affected in nanoparticles, but its signature is very sensitive to the magnetocrystalline and shape anisotropies that
determine the magnetic blocking temperature.
II. EXPERIMENT
A. Growth of magnetotactic bacterial strains

Four magnetotactic bacterial strains were investigated:
strain MV-1 关referred to as wild-type 共WT兲 MV-1兴, cells of
which are vibrioid 共curved兲 to helical in shape;32 strain
MC-1, a marine coccus33 共roughly spherical兲 strain MMS-1,
with cells that range in shape from vibrioid to helical;32,33
and Magnetospirillum magneticum strain AMB-1, a spirillum

that is generally always helical.34 Also examined was a nonmagnetotactic mutant strain of MV-1, called MV-1 nm-1,35
identical in cellular morphology to 共WT兲 MV-1 but devoid of
intracellular magnetite chains.
1. Strain MV-1 (including mutant)

Cells of strain MV-1 were grown anaerobically in 1.2 l of
liquid media in 2 l glass bottles. The medium consisted of an
artificial sea water 共ASW兲 base,22 to which was added 共per
liter兲 prior to autoclaving: 0.2 ml 0.2% aqueous resazurin,
5.0 ml modified Wolfe’s mineral elixir,23,36 0.5 g sodium
succinate⫻ 6H2O, 0.2 g sodium acetate⫻ 3H2O, 0.5 g
CasAmino Acids 共Difco Laboratories, Detroit, MI, USA兲,
0.25 g NH4Cl, and 100 l 0.2% 共w/v兲 aqueous resazurin.
The pH of the medium was adjusted to 7.0. Bottles were
sealed, and the medium then bubbled with N2 gas for an
hour, followed by N2O gas for 1 h. 共Flow rate of all gases
and gas mixtures was approximately 100 ml/ min.兲 The medium was then autoclaved. After autoclaving and cooling, the
following solutions were injected into the medium bottles
from anaerobic stocks 共except for cysteine, which was made
fresh and filter sterilized directly into the medium兲, in order:
1.8 ml of 0.5M KHPO4 buffer, pH 7.0; 2.0 ml of neutralized
0.43M cysteine⫻ HCl⫻ H2O; and 2.9 ml of 0.8M NaHCO3.
The medium was allowed to chemically reduce 共become colorless兲, after which 2.9 ml of 0.01M FeSO4 共dissolved in
0.02M HCl兲 and 0.6 ml of vitamin solution23,36 were added.
The medium was inoculated and then incubated at 28 ° C for
approximately one week, at which time cultures had reached
the end of exponential growth.
2. Strains MC-1 and MMS-1

Strains MC-1 and MMS-1 were grown separately in identical liquid media. Cells were grown microaerobically in
850 ml of media in 2 l glass bottles. The medium consisted
of the same ASW base as described above, to which was
added 共per liter兲 prior to autoclaving: 5 ml modified Wolfe’s
mineral elixir, 0.25 g NH4Cl, and 100 l 0.2% 共w/v兲 aqueous resazurin. The pH of the medium was adjusted to 7.0,
and 1.07 g NaHCO3 was added. The bottles were then sealed
and bubbled with 7.5% CO2 gas in N2 共flow rate about
100 ml/ min兲, passed over heated copper wire to remove O2,
for 1 h. The bottles were sealed and autoclaved. After autoclaving and cooling, the following solutions were injected
into the media bottles from anaerobic stocks 共except for cysteine兲, in order: 1.5 ml of 0.5M KHPO4 buffer, pH 6.9; 1 ml
of 0.23M neutralized cysteine⫻ HCl⫻ H2O; 10 ml of 25%
共w/v兲 Na2S2O3 ⫻ 5H2O; and 0.4 ml of vitamin solution 共as
above兲. The medium was allowed to reduce, after which
2.5 ml of 0.01M FeSO4 共dissolved in 0.02M HCl兲 was injected. The medium was inoculated, after which 6 ml of sterile O2 was injected 共0.4% of the headspace兲, and the bottles
carefully placed without shaking so as not to disturb the
forming O2 gradient, at 25 ° C. As soon as bacterial growth
was evident 共as a scum on the surface of the medium兲, sterile
O2 was injected into the headspace at regular intervals to
promote further growth of the cells.
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3. Magnetospirillum magneticum strain AMB-1

TABLE I. Parameters of studied samples.

Cells of Magnetospirillum magneticum strain AMB-1
were grown anaerobically in 1.2 l of liquid medium in 2 l
glass bottles. The medium consisted of 共per liter兲 5 ml modified Wolfe’s mineral elixir, 10 ml Wolfe’s vitamin solution,23
0.68 g KH2PO4, 0.85 g sodium succinate⫻ 6H2O, 0.58 g sodium tartrate⫻ 2H2O, 0.083 g sodium acetate⫻ 3H2O,
225 l 0.2% 共/v兲 aqueous resazurin, 0.17 g NaNO3, 0.04 g
ascorbic acid, and 2 ml of 0.01M ferric quinate37 共made by
combining 0.19 g quinic acid and 0.27 g of FeCl3 ⫻ 6H2O in
100 ml distilled, de-ionized H2O兲. The pH of the medium
was adjusted to 6.75. Bottles were sealed, then the medium
sparged with N2 for 1 h. The medium was then autoclaved.
When cool, the medium was inoculated and the culture incubated at 28 ° C.
4. Harvesting, lysis, and drying of bacterial magnetite

Bacterial cells were harvested in the late exponential stage
of growth by centrifuging cultures at 6000 rpm for 15 min at
4 ° C. Cell suspensions were prepared by resuspending the
centrifuged cells in ice-cold, sterile ASW buffered with
10 mM tris⫻ HCl pH 7.0. Cells were lysed by passing cell
suspensions twice through a French pressure cell at
124 MPa. For further processing, membranes were removed
from magnetosomes by treating them with the strong surfactant, sodium dodecyl sulfate, and the residual magnetite
powder was dried under N2 gas in a glovebox at room temperature. Measurements on powders and powders resuspended in water produced similar results. Moreover, we remeasured the magnetic properties of whole bacteria, lysed
cells, and dried cells left in gelatin capsules in a refrigerator
for more than three months and did not observe changes in
any of their magnetic properties. This served as an indication
that particles did not undergo significant oxidation during the
storage period.
B. Magnetite synthesis in agarose gel

In order to slow the diffusion rates of the reagents to
presumably imitate the conditions under which magnetite
nanocrystals are formed in magnetotactic bacteria, magnetite
synthesis was carried out in agarose gels. All solutions were
rendered anaerobic by degassing and sparging with argon
prior to their use. FeCl3 ⫻ 6H2O 共Aldrich兲 and FeCl2
⫻ 4H2O 共Aldrich兲 were transferred to a reaction flask and
dissolved in water to form a solution with a 1:2 molar ratio
of ferrous to ferric ions 共i.e., 0.66M FeCl3 and 0.33M FeCl2
solutions, respectively兲. Synthesis of magnetite nanoparticles
was carried out via coprecipitation of FeCl2 and FeCl3 from
aqueous solutions. In a sealed 10 ml roundbottom flask, agarose 共Fisher兲 was degassed for several minutes and mixed
with 1 ml of degassed water to prepare a 1% 共w/w兲 solution.
The solution was then heated to boiling under a continuous
flow of argon. 100 l of the 0.66M FeCl3 and 0.33M FeCl2
solution was added to the flask, and then a drop of 0.0016M
of HCl. The mixture was vigorously stirred and sparged with
argon for 1 min. The resulting bright yellow solution was
then brought to room temperature to allow for gelation. After
gelation was completed, 1.5 ml of 0.1M NaOH was added

Sample

Volume
共nm3兲

Dimensions
共nm兲3

TV
共K兲

Slope
共K−1兲

AMB-1
MC-1
MMS-1
MV-1

2 ⫻ 105
3 ⫻ 105
2 ⫻ 105
1 ⫻ 105

102
102
101
117

0.03
0.01
0.01
0.11

Agarose
Crystal

2 ⫻ 104
3 ⫻ 1017

Cube, 共55± 8兲3
Almost cube, 共70± 11兲3
Cube, 共54± 9兲3
Parallelepiped,
共62± 8兲 ⫻ 共40± 6兲2
Cube 共25± 3兲3
1.9⫻ 0.25⫻ 0.7 mm3

104
125

N/A
0.27

under argon. A thin black band formed at the gel-NaOH interface, indicating the formation of magnetite. Nanoparticles
of magnetite were allowed to precipitate and increase in size
at room temperature in the sealed flask for seven days. During this time period, the thin black band expanded. An aliquot of gel containing magnetite nanoparticles was taken for
magnetic measurements and microscopic examination. The
particles were found to be crystalline, and powder x-ray diffraction confirmed that magnetite was the main crystalline
phase.
C. Single crystals of Fe3O4

Single crystals of magnetite were synthesized by using the
skull melting technique and were subsequently annealed to
control the oxygen/metal ratio, as detailed in Ref. 8. A detailed study of the magnetic properties of these crystals is
reported in Ref. 9.
D. Samples and characterization techniques

The cellular morphology of bacterial strains, the magnetosome magnetite particle size, and the number of magnetosomes per cell or chain were determined by electron microscopy using a JEOL 1200EX transmission electron
microscope 共TEM兲 at an accelerating voltage of 80 kV. To
examine cells, a drop of a diluted dense bacterial cell suspension was placed on a carbon-coated holey copper grid.
Cell solution was allowed to set for several minutes, after
which time the grid was washed with a drop of water, carefully blotted, and dried at room temperature. No staining of
the grids was performed.
Magnetization measurements were performed using a
Quantum Design MPMS magnetometer. For bacterial cells,
after centrifugation, a sample of the bacterial cell suspensions was injected into a waterproof polycarbonate capsule
and immediately cooled below the freezing temperature of
the liquid.
Physical characteristics of the samples used in our study
are summarized in Table I. Here, TV is the Verwey transition
temperature determined by the high-temperature feature on
the M共T兲 curves obtained on whole cells of bacteria as discussed below. Slope represents the slope of the transition
from low- to high-temperature part of the zero-field cooled
curve, slope= d关M / M共200 K兲兴 / dT, which gives an estimate
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of the sharpness of the magnetic signature at the Verwey
transition.
III. RESULTS

Various magnetic measurements were performed on ferromagnetic nanoparticles produced by different systems. In
order to compare different samples, we chose our measurements based on previous studies with various iron oxide
nanoparticles38–43 and report measurements of M共T兲 and
M共H兲 dependencies as well as magnetic relaxation, M共time兲,
for a fixed set of parameters as described in detail in the
following sections.
A. Temperature dependence of magnetization

After samples were cooled in a zero magnetic field to T
= 5 K 共zero-field cooling, ZFC兲, a magnetic field was applied
and the temperature-dependent magnetization was measured
upon warming 共ZFC-W process兲. Although we tested a range
of field strengths, we report the data for H = 500 Oe, which is
not sufficient to saturate the samples but is large enough to
magnetize the nanoparticles and reveal the Verwey transition
and blocking temperatures. After reaching temperatures well
above the Verwey transition 共TV ⬃ 100– 130 K兲, but still below the melting point 共⬃270 K in our experiments兲, the system was cooled down without turning the magnetic field off
共field cooling, FC-C process兲. Finally, after reaching T
= 5 K, the magnetic field was turned off and M共T兲 was measured again upon warming. This is annealing of the metastable remanent magnetization 共Rem-W兲, and it provides important information about the barriers and anisotropy in the
system. It should be noted that we also measured a variety of
other magnetic parameters, including the induced orientation
of particles by a magnetic field when samples were warmed
above the melting point and refrozen in a magnetic field. The
results were consistent with the conclusions of this paper.
Figure 1 shows ZFC-W, FC-C, and Rem-W measurements in four samples containing nanoparticles of magnetite
and in a high-quality synthetic single magnetite crystal for
comparison. The top four frames show data for biological
magnetite nanoparticles in frozen magnetotactic bacterial
cells of strains AMB-1, MC-1, MMS-1, and MV-1, respectively. The images on the right represent TEM images of the
corresponding bacteria and magnetite particles in magnetosome chains that apparently remained stable after cell lysis.
The lower left frame of Fig. 1 shows data for synthetic magnetite nanoparticles obtained by slow coprecipitation in agarose gel. Finally, the lower right image shows similar data
measured in a large synthetic crystal of Fe3O4. Clearly, the
magnetic signature of the Verwey transition is seen as a sharp
change in the magnetic moment at TV in all bacterial samples
as well as in the single crystal. Some broadening of the signal for MC-1 and MMS-1 could still be due to partial oxidation of magnetite,19 but most likely is due to a reduced barrier for magnetic moment reorientation. Apparently, the
difference between FC and ZFC below TV follows from large
magnetic irreversibility below the transition due to larger
magnetocrystalline anisotropy. In addition, larger remanence

can be due to pinning of the magnetic easy axis in a lowtemperature monoclinic phase along the 具100典 direction closest to the applied field. The transition temperature itself is
lower in magnetite from magnetotactic bacteria when compared to the single crystal, except for strain MV-1 where it is
almost the same. On the other hand, the volume of the magnetite nanocrystals in MV-1 is the smallest 共see Table I兲, so
this implies that size reduction itself does not cause a shift or
broadening of the transition temperature as was reported for
synthetic magnetite nanoparticles.10,44
One of the best ways to reveal the magnetic signature of
the Verwey transition is to anneal the metastable remanent
state by cooling samples down in a magnetic field and turning the magnetic field off at low temperature 共5 K in our
case兲. In this case, the thermal energy, kBT, only competes
with the dipolar collective barrier and magnetocrystalline anisotropy 共no Zeeman term present兲. Therefore, a change in
anisotropy at TV is well reflected in the measurements. This
is known as 共a variation of兲 the Moskowitz test,19 which has
been used to determine whether magnetite particles from
magnetotactic bacteria are present in sediments and water
samples.
Figure 2 shows results of such measurements from four
bacterial magnetite samples, synthetic nanomagnetite particles in agarose, and a large single magnetite crystal.
Whereas the single crystal and nanomagnetite from strain
MV-1 show very sharp transitions, the rest of the bacterial
magnetite particles show somewhat broader transitions. Importantly, the transition is recognizable in the synthetic magnetite nanoparticles prepared in agarose gel. We interpret
these data in terms of the competition between the magnetic
easy axis and shape anisotropy. In strain MV-1, which has
the most elongated particles, reorientation and alignment of
the magnetic moments of individual nanocrystals are greatly
assisted by shape anisotropy. In addition, there are two characteristic regions notable in the plots shown in Fig. 2. The
first is roughly up to 30 K, and the second is between 30 K
and TV 共which varies between 100 and 125 K for different
samples兲. The low-temperature part, which is absent in the
single crystal, is most likely related to dipolar interparticle
interactions that lead to the enhancement of the collective
barrier for magnetic moment reorientation.38,39
Another aspect of temperature-dependent magnetization
is the absolute value of the magnetic moment across the Verwey transition. Figure 3 shows a set of transition curves in a
single crystal measured in different fields. The difference between T ⬍ TV and T ⬎ TV appears to diminish at higher fields
that saturate the magnetic moment. This means that the total
magnetic moment per unit cell remains unchanged and all
dramatic changes in magnetization at lower fields come either from reorientation of the moments away from the field
axis or from a significant change in the magnetic domain
structure.
Evolution of magnetization in MV-1 magnetite
after different treatments

Now we discuss in detail the magnetic measurements obtained in MV-1 magnetite crystals. Magnetite crystals from
MV-1 strain have the smallest volume but are the most elon-
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FIG. 1. 共Color online兲 M共T兲
measurements of various forms of
Fe3O4 nanoparticles. In each case,
three measurements, shown here
as three separate curves, were
taken as described in the text—
ZFC-W and FC-C at H = 500 Oe,
and then turning the field off and
warming of the remanent magnetization. The top four rows correspond to biologically produced
magnetite from four different
whole bacterial cells—strains
AMB-1, MC-1, MMS-1, and
MV-1, respectively. For comparison, the lower left frame shows
measurements of synthetic Fe3O4
nanoparticles and the lower right
frame shows data from large
single crystals. The middle column, except for the bottom figure,
shows transmission electron micrographs 共TEMs兲 of whole cells
of the magnetotactic bacterial
strains. The bottom image is a
TEM of synthetic magnetite. The
right column, except for the bottom figure, shows TEMs of magnetosome chains released from lysed cells.

gated of those studied. As evident from Fig. 4, both whole
and lysed bacterial cells show very pronounced steplike feature at TV. The top frame of Fig. 4 shows ZFC-W and FC-C
measurements, whereas the lower frame shows REM-W
data. Remanent magnetization is larger in lysed bacteria due
to enhanced interchain interaction 共chains are closer to each
other兲. In contrast to the whole and lysed nanoparticles, dried
powder that contains disassembled chains 共but still preserved
randomly oriented nanocrystals兲 show significant smearing
of the magnetic signature at the Verwey transition. Importantly, TEM imaging suggests that individual nanocrystals
remain intact and undamaged after the chain has been dis-

rupted. These results provide the strongest evidence for the
importance of the collective long-range anisotropy in determining the magnetic response. The chain acts as a single
dipole with a very large anisotropy, with the effective blocking temperature much larger than the Verwey temperature.
The anisotropy of individual nanoparticles in a disassembled
chain is not sufficient to prevent thermal randomization, and
the magnetic feature at TV is significantly smeared.
B. Magnetization loops

An important difference between large single magnetite
crystals and a collection of magnetite nanoparticles is re-
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FIG. 2. 共Color online兲 Annealing of the remanent state 共Rem-W兲
in six different samples of magnetite as indicated by labels. Normalization at 200 K was done using values obtained from the
ZFC-W curves at 500 Oe as described in the text.

vealed in the magnetization loops measured at low temperatures.
The top frame of Fig. 5 shows the M共H兲 curve obtained
from a frozen cell suspension of strain MV-1 共see TEM image in Fig. 1兲. The diamagnetic background comes from the
organic and other materials that make up the bacterial cell
共everything except the magnetite兲 which can be subtracted
from measurement of the wild-type 共normal兲 strain by subtracting the measurement from a nonmagnetotactic mutant of
MV-1, which does not produce magnetite.35 The subtraction
results in a regular magnetization curve, the reversible part of
which is well described by the Langevin function 共solid
curve, red color online兲 as expected for a superparamagnetic
material. The lower frame shows measurements from the
large single magnetite crystal. The magnetization behaves

FIG. 3. 共Color online兲 Magnetic signature of the Verwey transition in a Fe3O4 single crystal measured at different magnetic field
strengths as indicated in the graph.

FIG. 4. 共Color online兲 M共T兲 measurements from magnetite produced by cells of strain MV-1 with chains 共whole and lysed cells兲
and dried cells with disrupted chains 共individual particles兲. Top
panel shows ZFC-W and FC-C measurements, whereas bottom
panel shows Rem-W data.

FIG. 5. 共Color online兲 M共H兲 loops measured at 5 K in 共top兲
frozen cell suspension of strain MV-1, whose magnetosomes contain Fe3O4 nanoparticles. The diamagnetic background from cells of
a nonmagnetic mutant strain of MV-1 共contains no magnetite兲 can
be subtracted from the wild-type magnetic strain. The solid curve
共red online兲 is a fit to the Langevin function. 共Bottom兲 Single crystal Fe3O4 and schematics of its geometry. See discussion in the text.
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FIG. 6. 共Color online兲 Magnetization loops measured at different temperatures in a single magnetite crystal along the 关110兴 direction. No magnetic hysteresis is observed and there is likely a strong
change in magnetic anisotropy at the Verwey transition.
45

exactly as expected for a soft ferromagnet —even simple
correction for demagnetization, H = Happlied − 4NM, works
well as shown for the curves measured in two crystallographically identical orientations, 关110兴 and 关11̄0兴. Schematics of the measured crystal and its axes are shown in the
inset. First, a striking difference between the single crystals
and the nanoparticles is the total absence of magnetic hysteresis in all orientations. This can be understood in terms of
pinning-free magnetic domains in the single crystal. With the
domains, remagnetization occurs by motion of the domain
walls. The domains are absent in 共monodomain兲 nanoparticles, and their remagnetization involves magnetic moment
rotation over a significant energy barrier, which results in
magnetic hysteresis.
Another important observation is shown in Fig. 6, which
shows three M共H兲 loops measured in a Fe3O4 single crystal.
Clearly, there is no detectable magnetic hysteresis at all temperatures. Furthermore, there is a significant difference in the
initial susceptibility, dM / dH, below and above TV, but the
saturation magnetization is not at all different. In addition,
the initial magnetic susceptibility is larger at higher temperatures, indicating that it is governed by the temperaturedependent magnetic anisotropy rather than by the Brillouin
variable, H / kBT, which increases with a decrease in temperature. This means that the main magnetic effect at the
Verwey transition is due to a significant increase of magnetic
anisotropy upon cooling through TV and not due to a change
in the magnetic moment per unit cell.
MV-1: Hysteresis loops

It is possible to gain further insight into the physics of
nanophase magnetite by comparing M共H兲 measurements performed on the same strain of magnetotactic bacteria treated
differently. For example, whole, intact bacterial cells can be
directly compared to lysed cells whose cell membranes are

FIG. 7. 共Color online兲 Comparison of the 5 K M共H兲 hysteresis
loops from the whole, lysed, and freeze-dried cells from strain
MV-1, which contain magnetite nanoparticles.

destroyed and only magnetosome chains containing individual Fe3O4 nanocrystals remain. 共Magnetosome membranes are still present even when cells are lysed, and this
keeps chains intact兲. Depending on how cells are lysed,
chains may be disrupted and become shorter. The next step is
to eliminate all organic material which would leave only individual magnetite nanocrystals.
Figure 7 shows the result of this comparison. Clearly,
there is a reduction of hysteresis in the freeze-dried cells.
The saturation field, however, is similar in lysed and whole
samples. This leads to the important conclusion that a significant part of the magnetic hysteresis is caused by longrange 共dipolar兲 interchain interactions and the shape anisotropy contributions of the entire long chains, and not by
particle agglomeration or random dipolar interactions.
C. Magnetic relaxation

Significant magnetic relaxation is usually observed in assemblies of magnetic nanoparticles below the blocking
temperature.38,39 It is believed that this relaxation is a result
of Arrhenius thermal activation, exp共−U / kBT兲, where U is
the barrier for magnetic moment reorientation. In a simple
single-particle barrier, U depends only on magnetocrystalline
anisotropy and the strength of the applied field, so the relaxation should be time exponential. However, in assemblies of
nanoparticles, relaxation is always time logarithmic, which
we show is due to the collective nature of the barrier that
now depends on the total magnetic moment, U共M兲.38,39 Alternative theories invoke size 共hence barrier兲 distributions
that supposedly lead to stretched exponential relaxation.
Magnetotactic bacterial nanocrystalline magnetite provides
useful insight into the problem because their size distribution
is very narrow and their crystal structure is perfect 共that excludes barrier variations due to the amorphous nature of the
synthetic nanoparticles兲.
Figure 8 shows magnetic relaxation in synthetic magnetite
nanoparticles in agarose gel. Each curve is obtained by mea-
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FIG. 8. 共Color online兲 Magnetic relaxation in synthetic magnetite nanoparticles 共in agarose兲 measured at H = 500 Oe applied after
ZFC to the indicated temperature. Inset shows the corresponding
ZFC-W temperature scan.

suring M versus time after a magnetic field of 500 Oe was
applied after cooling in zero field to 5, 30, 60, 90, and 120 K.
The inset shows the same relaxation curves plotted in M-T
coordinates. Arrows indicate the direction of the increase in
time. Very similar relaxation curves are observed in frozen
ferrofluids39 and dry powders.38 Our previous work has
shown, both experimentally and theoretically, that obvious
time-logarithmic dependence of magnetization is due to the
collective barrier for magnetic relaxation. Single-particle
barrier does not depend on the total magnetic moment 共of the
surroundings兲 and results in time-exponential relaxation.
With dipolar interactions in the system, the barrier is determined within correlation volume that depends explicitly on
the total magnetic moment. It can be quite generally shown
that this is sufficient to produce time-logarithmic magnetic
relaxation.38,39
MV-1: Magnetic relaxation

If our interpretation of the M共T兲 and M共H兲 measurements
共that there is a very large magnetic anisotropy in the magnetite nanoparticle chains兲 is correct, we should not observe
significant magnetic dynamics. However, when chains are
disrupted, we should observe significant magnetic relaxation
similar to that shown in Fig. 8.
Figure 9 shows magnetic relaxation curves measured in
magnetite nanocrystals produced by strain MV-1. The two
lower lines are for whole frozen bacterial cells, whereas the
upper lines are for freeze-dried bacteria cells where the
chains are disrupted. Particle morphology was preserved as
determined by TEM imaging. The curves were normalized
by the saturation magnetization 共in a 5 T field兲 at 5 K. There
is a clear difference between magnetic relaxation trends in
these cases. It should be noted that we attempted to measure
magnetic relaxation in all our specimens with the same
result—no noticeable magnetic relaxation is observed in
magnetic nanoparticles organized in magnetosome chains 共in

FIG. 9. 共Color online兲 Magnetic relaxation curves measured in
magnetite nanocrystals produced by strain MV-1 at H = 500 Oe applied after ZFC. The two lower lines are for intact frozen bacterial
cells, whereas the upper lines are for dried cells with disassembled
chains.

whole and lysed cells兲, and significant relaxation is seen in
dried cells where chains were disrupted. This suggests that
single-particle barrier or, as previously believed, a distribution of sizes 共that would lead to so-called stretched exponential behavior兲 cannot explain the observed time-logarithmic
relaxation. Instead, random long-range dipolar interparticle
interactions that lead to magnetic-moment-dependent collective barrier explain the phenomena.38,39
IV. DISCUSSION

Our results indicate the following:
共1兲 A sharp magnetic signature at the Verwey transition is
clearly present in magnetite nanocrystals organized in chains.
However, it is significantly smeared in separated nanocrystals.
共2兲 Measurements of magnetic relaxation suggest that
chains of magnetosomes behave as very large magnetic dipoles with the intrachain magnetic induction aligned along
their axis that corresponds to the 关111兴 direction.
共3兲 Randomly arranged nanoparticles 共not in chains兲 show
a pronounced time-logarithmic magnetic relaxation as expected from the collective nature of the barrier for reorientation of the magnetic moment.
共4兲 Although the degree of crystallinity in magnetite nanoparticles certainly plays a role 共no magnetic signature at TV
was found in ferritin-templated amorphous nanoparticles46兲,
the Verwey transition remains smeared even in perfect, but
uncorrelated, nanoparticles.
共5兲 The magnetic signature of the Verwey transition does
not correlate with the mean particle size 共or volume兲 at least
in the 30– 50 nm size range. Instead, it seems to depend
greatly on particle shape and chain anisotropy.
We explain these observations as follows. At the Verwey
transition, the magnetic moment does not change in magnitude but changes direction due to the switching of the mag-
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of the internal magnetic field with respect to the crystal
structure 共in addition, the 关111兴 direction is degenerate with
respect to any of the principal cubic axes along which charge
ordering may occur兲. On the other hand, it also implies that
the Verwey transition occurs in nanoparticles at temperatures
close to bulk values, which rules out proposed long-range
magnetoelastic coupling leading to the disappearance of
monoclinic distortion and the Verwey transition altogether.

netic easy axis. In bulk crystals, magnetocrystalline anisotropy is still much larger than thermal activation energy, kBT,
so when switching of the magnetic moment occurs, it appears as an abrupt change in the magnetization 共always measured along some chosen axis, so it always reflects the rotation兲. In contrast, in individual nanoparticles, magnetic
fluctuations are strong enough to overcome the Neél barrier,
KV 共where K is magnetic anisotropy and V is particle volume兲, and randomize the magnetic moment 共spatially and
temporally兲. In this case, reorientation cannot be considered
because the magnetic moment is continually fluctuating. As a
result, only a very small and diffuse change is observed due
to the finite distribution of particle barriers and directions.
Nanoparticles organized in chains act as long dipoles with
enhanced effective anisotropy along the chain, and thermal
fluctuations are insufficient to overcome this barrier. Phenomenologically, it is worthy to say that the Verwey temperature is larger than the blocking temperature of individual
nanoparticles, TV ⬎ TB, but less than the effective blocking
temperature of the chains, TV ⬍ TBchains. This is an important
conclusion, because it implies that the mechanism of the Verwey transition does not depend on any particular orientation
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