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We study the behavior of the exchange bias (EB) and the blocking temperature
in an antiferromagnetic FeVO4–ferrimagnetic Fe3O4 nanocomposite system
upon annealing in Ar atmosphere. Surprisingly, the blocking temperature of
post-annealed samples increased to � 50 K, more than two-fold compared the
Néel temperature (TN = 22 K) of individual FeVO4 nanoparticles. This sig-
nificant enhancement of the blocking temperature was accompanied by the
corresponding increase of EB, from � 50 Oe in as-prepared samples to � 110
Oe in post-annealed samples. The temperature dependence of EB can be de-
scribed by two approximately linear regions with different slopes, with an
inflection point at T � 21 K coinciding with the Néel temperature of FeVO4

nanoparticles. The region above the inflection point with non-zero EB is
characterized by a weaker temperature dependence and is expanded well
beyond TN. The x-ray photoemission spectroscopy measurements indicate that
the surface of post-annealed Fe3O4 particles becomes oxygen deficient, which
leads to a modification of the electronic, magnetic and morphological proper-
ties of the FeVO4/Fe3O4 interface. We associate this unusual behavior with a
magnetic proximity effect, in which the ordering temperature of the antifer-
romagnetic FeVO4 nanoparticles and the corresponding exchange bias are
strongly affected by the adjacent ferrimagnetic Fe3O4 layer.
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INTRODUCTION

Magnetic nanoparticle systems have been exten-
sively investigated for understanding fundamental
concepts in nanomagnetism1–5 and exploring
advanced biomedical applications.6–10 Bi-component
nanocomposites, and core–shell nanoparticle sys-
tems have gained considerable attention due to
their high tunability and multifunctional

properties, particularly those related to magnetic
exchange-bias (EB),11–14 a phenomenon observed at
an interface between a ferromagnet/ferrimagnet
(FM/FiM) and antiferromagnet (AFM) spin subsys-
tems. The exchange coupling between interfacial
AFM spins below the Néel temperature TN and FM/
FiM spins (with typically higher ordering/Curie
temperatures) brings about a shift in magnetic
hysteresis loops.11,15,16 While the EB effect was
discovered more than half a century ago17 and has
many important device applications, such as mag-
netic field sensors, read heads, and other spintronic
devices,15,18 the microscopic origin of EB is still not
well understood,11,19,20 particularly at the nanos-
cale,21 where EB is largely determined by the
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microscopic structure of the FM/AFM interface.
While most studies of EB are performed in thin
film structures, a number of core–shell nanoparti-
cles and nanocomposite systems have been investi-
gated, such as Co/Cr2O3,11 Fe/Fe3O4,12 FeO/
Fe3O4,13 NiFe2O4/NiO,18 and MnO/Mn3O4.22 Gen-
erally, EB vanishes at the so-called blocking tem-
perature TB; in an ideal case this temperature is
equal to the Néel temperature of the antiferromag-
netic phase transition, although experimentally it is
often significantly lower than the Néel temperature
due to the size-dependent exchange anisotropy.23

From the application perspective, it is desirable to
increase TB; however, the increase of TN does not
automatically result in the corresponding enhance-
ment of TB, as has been demonstrated by van der
Zaag et al. in the Fe3O4/CoO system,21 where the
authors attributed the increase of the Néel temper-
ature in ultrathin CoO films to the magnetic
coupling between the two magnetic systems and
proximity to the ferrimagnetic Fe3O4. Similarly,
Borchers et al. reported an increase in the ordering
temperature of NiO thin films when coupled to
Fe3O4.24 On the other hand, the existence of con-
siderable exchange-bias above the Néel tempera-
ture of the AFM phase of UO2 has been reported by
Tereshina et al.25 in the case of UO2/Fe3O4 thin
films, where it was also argued that the effect was
related to the proximity effect at the interface.
Manna and Yusuf,26 pointed to the interface
exchange coupling as the common origin of both
the exchange bias phenomenon and the magnetic
proximity effect, which is probably why these two
phenomena often occur simultaneously in the same
system. Some recent experimental studies27 point to
spin frustration as a relevant factor in exchange
anisotropy, resulting in the observed hysteresis loop
shifts. Suggested spin frustration can be generated
by frozen spins, forming a fraction of a monolayer
and tightly locked to the AFM lattice, hence unable
to rotate in an external magnetic field.28 Frozen
spins can also be locked within disordered spin glass
layers,29 which were found to contain substantial
frustration, consistent with the presence of the
exchange bias. These results point to the complex
system-dependent origin of EB, particularly in
nanostructured systems, where the role of interface
is crucial and where the effective surface ordering
temperature of the antiferromagnetic nanoparticles
can be strongly affected by the adjacent ferromag-
netic layers, such as in the case of FexMn1�x/Ni
system.30 In these cases, the temperature depen-
dent studies of EB may be particularly important to
reveal the nature of the interface effects.31

Here, we investigate the magnetic proximity
effect in as-prepared and post-annealed FeVO4-
Fe3O4 nanocomposite AFM/FiM samples. We
observed an anomalously high blocking tempera-
ture TB � 50 K in post-annealed nanocomposites,
compared to as-prepared samples in which TB was
found to be close to TN1= 22 K, the transition

temperature of a frustrated antiferromagnet FeVO4

to a collinear AFM phase. This substantial increase
of TB is accompanied by the corresponding increase
of the exchange bias values in the low temperature
limit by approximately a factor of two. The XPS
measurements suggest that the surface of thermally
treated Fe3O4 is oxygen deficient, which may point
to a possible mechanism of the observed blocking
temperature enhancement beyond the Néel temper-
ature of FeVO4 nanoparticles.

EXPERIMENTAL PROCEDURES

The chemical co-precipitation technique was used
to synthesize both FeVO4 nanoparticles and FeVO4-
Fe3O4 nanocomposites. A solution of ammonium
metavanadate (NH4VO3) in hot water was kept
under reflux, to which iron nitrate (Fe (NO3)3Æ9H2O)
dissolved in deionized water was added, in a 1:1
molar ratio. A light brown precipitate, formed at the
end of the reaction (after 4 h), was collected and
washed a few times with ethyl alcohol. The precip-
itate was then annealed in air for 4 h at 800�C to
obtain FeVO4 nanoparticles. The as-prepared
FeVO4 nanoparticles were then dispersed in deion-
ized water and kept under continuous stirring at
room temperature. To fabricate FeVO4-Fe3O4

nanocomposites, an aqueous solution of FeCl3Æ6H2O
and FeCl2Æ4H2O in a molar ratio of 2:1, was added to
the dispersion, followed by dropwise addition of
1(M) NH4OH. The formed precipitate was thor-
oughly washed to remove any residual basic ions
and was then filtered and air-dried to obtain the
desired nanocomposites. The as-prepared sample
was then pressed into pellets and subjected to post-
annealing treatment in argon gas at 400�C for 2 h.
The as-prepared and post-annealed samples are
referred to as sample A and sample B, respectively.
The structural and morphological studies of the
nanostructures were carried out using x-ray diffrac-
tion (Rigaku MiniFlex 600 x-ray diffractometer
generating CuKa radiation) and transmission elec-
tron microscopy (JEOL-2010 FasTEM operated at
200 kV), while the magnetic measurements were
performed using the Quantum Design Physical
Property Measurement System (PPMS�).

RESULTS AND DISCUSSION

The characteristic XRD patterns for both phase-
pure FeVO4 and FeVO4-Fe3O4 nanocomposite sam-
ples (samples A and B) are shown in Fig. 1. All the
peaks of the FeVO4 sample (black) are indexed to
phase-pure nanoparticles with a high degree of
crystallinity and are in good agreement with JCPDS
Card No: 38-1372. For samples A and B, the
observed diffraction peaks correspond to the co-
existence of two crystalline nanoparticle phases of
FeVO4 and Fe3O4 (JCPDS Card No: 85-1436), with
some of the peaks from the two phases overlapping
at a few locations (for example at 35.5�). The (�220)
and (311) indices, indicated in Fig. 1, correspond to
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the most intense peaks of FeVO4 and Fe3O4 respec-
tively. Using the XRD spectra, we estimate the
average crystallite sizes of FeVO4 and Fe3O4

nanoparticles from the Scherrer equation. The
average size of FeVO4 and Fe3O4 nanoparticles in
as-prepared samples was calculated to be
37 ± 4 nm and 11.8 ± 0.3 nm, respectively,
whereas upon annealing the crystallite sizes of
FeVO4 and Fe3O4 nanoparticles became 40 ± 11 nm
and 11.0 ± 0.6 nm, respectively. Somewhat surpris-
ingly, the average crystallite size remained practi-
cally the same in post-annealed samples, although
the particle size distribution, particularly of FeVO4

nanoparticles, became less homogeneous after
annealing. We also note that the isostructural
character of magnetite Fe3O4 and maghemite (c-
Fe2O3) makes it difficult to directly and accurately
identify these phases by using XRD alone. Möss-
bauer and XPS spectroscopy, on the other hand,
allow precise identification of valence state of iron
atoms and hence work best in distinguishing
between magnetite and maghemite. In Fig. 2 below
we will describe our XPS measurements, which
allowed us to conclude that the ratio of Fe2+/Fe3+ in
as-prepared samples was equal to 33:67, as it should
be for stoichiometric magnetite.

To probe the morphology and the nature of
conglomeration between the two different types of
nanoparticles, we have analyzed the nanocompos-
ites using transmission electron microscopy (TEM).
The TEM images and the respective energy disper-
sive spectroscopy (EDS) spectra of different regions
of the argon-annealed nanocomposites (samples B)
are shown in Fig. 3. Figure 3a clearly illustrates the
agglomeration of both FeVO4 and Fe3O4 nanoparti-
cles, which is confirmed by the EDS spectrum
shown in the inset. Figure 3b depicts a region of

clustered Fe3O4 nanoparticles, with the EDS data
indicating almost complete absence of the vanadium
peak. Two morphologically different types of parti-
cles have been identified; the larger particles are
FeVO4, while the smaller are Fe3O4, as shown in
Fig. 3c. These microscopic measurements suggest
that clusters of Fe3O4 nanoparticles surround
FeVO4 nanoparticles and are randomly adhered to
the surface of FeVO4. The TEM/EDS data allowed
us to estimate the area of the interface between
FeVO4 and Fe3O4 nanoparticles as we will discuss
below. At the same time, while the order of magni-
tude estimates of the Fe3O4 particles size from the
TEM micrographs (� 10–20 nm), seemed to be
consistent with the numbers obtained from our
XRD data, considerable particle clustering made it
difficult to obtain reliable particle size statistics in
order to evaluate the size of FeVO4 nanoparticles
from the TEM data.

The temperature and field dependent dc and ac
magnetic properties of the nanocomposites were
also analyzed. FeVO4 is a frustrated antiferromag-
net with a collinear AFM phase transitions at
TN1 = 22 K and non-collinear AFM transition at
TN2 = 15 K,32 while Fe3O4 is FiM with TC of about
850 K.33 Figure 4 shows the real part of the nor-
malized magnetic susceptibility v¢/v¢max as a func-
tion of temperature for phase-pure FeVO4

nanoparticles at 1 kHz in an excitation field of 10
Oe. Two frequency-independent features near 15 K
and 22 K, indicated by the arrows, correspond to the
two antiferromagnetic phase transitions of FeVO4,
in good agreement with the literature.32,34,35 Fig-
ure 4 inset shows the imaginary part of the nor-
malized magnetic susceptibility v¢¢/v¢¢max. as a
function of temperature for as-prepared FeVO4-
Fe3O4 nanocomposites. The magnetic relaxation
feature in the low temperature regime (< 50 K),
and the frequency dependent superparamagnetic
blocking signature seen at approximately 200 K, is
in line with the results obtained previously by Laha
et at.33,36,37 and by Long et al.38 for Fe3O4 nanopar-
ticles with the averages size of � 11–12 nm, in good
agreement with the average particle size estimates
obtained here from the XRD data. It is to be noted
that features associated with the antiferromagnetic
phase transitions of FeVO4, are likely to be over-
shadowed by the more prominent low-temperature
relaxation feature of Fe3O4 nanoparticles resulting
from structural defects.33 We also note that our
Fe3O4 nanoparticles do not display the Verwey
transition, a signature feature of bulk magnetite,
presumably due to their low crystallinity and small
size (� 10 nm), in agreement with the results in the
literature.39,40

The exchange-bias measurements in the FeVO4-
Fe3O4 system were performed for both as-prepared
and post-annealed nanocomposites, with the results
shown in Fig. 5. Initially, the reference hysteresis
loop (ZFC) was recorded at T = 5 K. Subsequently,
the sample was allowed to cool down from

Fig. 1. XRD spectra of FeVO4 (black), (a) as-prepared FeVO4-
Fe3O4 (red) and (b) argon annealed@400�C FeVO4-Fe3O4

nanocomposites (blue). The standard peak locations of FeVO4

(JCPDS card # 38-1372) and Fe3O4 (JCPDS card # 85-1436) are
indicated by the top black and red marks respectively. The curves
have been offset vertically for clarity. The (�220) and (311) indices
correspond to the most intense peaks of FeVO4 and Fe3O4

respectively (Color figure online).
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T = 100 K (TN< T< TC) to the desired tempera-
ture in the presence of a 2 T magnetic field (FC),
after which the magnetization M versus H mea-
surements were conducted. Figure 5a and b shows
M/Mmax versus H plots (both ZFC and FC) obtained
using this procedure for as-prepared and post-
annealed nanocomposites (samples A and B),
respectively. The exchange field Hexc increased by
approximately a factor of two; from Hexc = 50 Oe in
as-prepared nanocomposites13 to Hexc = 110 Oe in

argon annealed samples. The exchange bias in the
post-annealed sample (sample B) decreased linearly
with temperature, in agreement with the Maloze-
moff random-field model.41 Moreover, quite unex-
pectedly, EB persisted well above the Néel
temperature of FeVO4 (see Fig. 6). This result is
quite surprising, as in a typical AFM/FiM systems
the blocking temperatures are lower that the corre-
sponding Néel temperatures. The inflection point of
the two intersecting linear regions of the plot in
Fig. 6 corresponds to T � 21 K, which coincides
with the Néel temperature of FeVO4 nanoparticles.
The region above the inflection point with non-zero
EB is characterized by a weaker temperature
dependence and expands well beyond TN to � 50 K.
Above 50 K, only a very small residual exchange
bias, close to the accuracy of our magnetic mea-
surements (1–2 Oe) may be present. The observed
dependence is reminiscent to the one recorded in the

Fig. 2. XPS spectral line fits of the Fe (2p3/2) line for (a) as-prepared (sample A) and (b) argon annealed FeVO4-Fe3O4 nanocomposites (sample
B). The Shirley background was subtracted, before fitting to a dual Gaussian–Lorentzian profile. The relative heights of the peaks give an
estimate of the Fe2+: Fe3+ ratio.

Fig. 3. TEM images and EDS spectra of the argon annealed FeVO4-
Fe3O4 nanocomposites (Sample B); (a) region of agglomerated
FeVO4-Fe3O4 nanocomposites, with noticeable Fe and V peaks
shown in the inset; (b) region of clustered Fe3O4 nanoparticles, inset
indicating practically no vanadium peak present; (c) highlighted local
interfaces of FeVO4 and Fe3O4 nanoparticles (white circles), with the
respective EDS spectra. The x-axis in the EDS spectra represents
the binding energy in keV.

Fig. 4. v¢/v¢max. versus T plot for phase-pure FeVO4 nanoparticles at
f = 1 kHz. The inset shows v¢¢/v¢¢max. versus T behavior for the as-
prepared FeVO4-Fe3O4 nanocomposites (sample A). Note that
features associated with the antiferromagnetic phase transitions of
FeVO4, are overshadowed by the more prominent low-temperature
relaxation feature of Fe3O4 nanoparticles resulting from structural
defects.
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case of Fe/c-Fe2O3 core/shell nanoparticles with the
intersect signifying the freezing temperature of the
core.16 While in our case the topology is different

(see Fig. 3), we identify the intersect as the Néel
temperature of an isolated FeVO4 nanoparticle. It is
thus reasonable to assume that the exchange cou-
pling below the Néel temperature is due to the AFM
transition of the entire nanoparticle, whereas in the
temperature interval 22–50 K the interface FiM/
AFM layer is ordered due to a magnetic proximity
effect with thermally modified Fe3O4.

To confirm that EB below 50 K is, indeed, due to a
coupling between FiM Fe3O4 and AFM FeVO4, we
performed a separate experiment with single-com-
ponent Fe3O4 nanoparticle samples synthesized by
the same technique and annealed under the same
conditions as the composite system. The size of
these Fe3O4 nanoparticles determined from the
Scherrer formula was found to be quite similar
(10 ± 2 nm) to the size of the Fe3O4 nanoparticles in
the composite samples. EB in this single-component
Fe3O4 was found to be practically temperature-
independent between 10 K and 300 K (not shown)
and of the same order of magnitude as the residual
bias in the FeVO4-Fe3O4 nanocomposites above
50 K (� 3–4 Oe). This small residual EB generated
within single component Fe3O4 nanoparticles is
likely to be due to the known contribution of the
AFM FeO phase with TN = 190 K.42

To further elucidate the origin of the magnetic
proximity effect in FeVO4-Fe3O4 nanocomposites we
performed XPS measurements before and after
argon annealing (see Fig. 2). This allowed us to
quantify the changes in the effective iron ion
valency near the surface. The Fe (2p3/2) 710 eV
spectral line was reported to carry an overlap of the
ferrous and ferric ions contributions.43,44 Following
the standard practice, we subtract the Shirley
background from the Fe(2p3/2) peak before fitting
to a dual Gaussian–Lorentzian profile.44 By com-
paring the relative heights of these peaks we obtain
an estimate of the Fe2+ versus Fe3+ ion contents.
Our analysis reveals an increase in the relative
content of ferrous ion in the composite sample upon
annealing in argon, with the nominal stoichiometric
ratio of Fe2+ to Fe3+ = 33:67 (approximately 1:2) for
as-prepared samples changing to 46:54 (approxi-
mately 1:1) for annealed composites, which can be
attributed to the appearance of oxygen vacancies.
To exclude the possibility of oxygen vacancy cre-
ation in FeVO4, we compared the resistivity of
annealed and as-prepared composite samples. The
resistivity of these samples, which is determined
primarily by FeVO4, would be particularly sensitive
to the presence of oxygen vacancies. The measure-
ments did not show any meaningful changes in the
resistivity of the composites upon annealing, which
supports our assumption that FeVO4 is chemically
stable at the annealing temperature of 400�C, in
agreement with the previous work of Dixit et al.32

The XPS measurements suggest that the observed
magnetic proximity effect is associated with the
valency modification of Fe3O4. While as-prepared
composites have a practically ideal stoichiometric

Fig. 5. Normalized magnetization M/Mmax. versus field H at 5 K for
(a) as-prepared FeVO4-Fe3O4 nanocomposites (sample A) and (b)
argon annealed FeVO4-Fe3O4 nanocomposites (Sample B). Insets
showing the noticeable shift in the hysteresis curves (exchange
bias). The x- and y-axis in the inset plots represent the applied field
(in kOe) and normalized magnetization, respectively.

Fig. 6. Exchange Bias (Hexc) versus temperature (T) for argon
annealed FeVO4-Fe3O4 nanocomposites (sample B).
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1:2 ratio of Fe2+ to Fe3+ in Fe3O4 nanoparticles,
upon annealing in argon the same nanoparticles
become oxygen deficient, with the ratio of Fe2+ to
Fe3+ close to 1. This is consistent with the reduction
of at least the surface layer of Fe3O4, observed
previously in this temperature range.45

Recently Ding et al.46 reported the observations of
enhanced exchange bias in the system CoO1�d/
(NiFe,Fe) above the Néel temperature of bulk
CoO. The authors attribute this effect to the pres-
ence of oxygen vacancies in CoO1�d (the AFM
component). We observed a significant increase of
EB at 5 K compared to the as-prepared sample from
approximately 50 Oe to 110 Oe. The estimated
interfacial exchange energy � 40 lJ/m2 for FeVO4-
Fe3O4 nanocomposite system, is considerably smal-
ler compared to the typical values observed in
conventional AFM/FM thin films structures. This
is not surprising, however, as Fe3O4 nanoparticles
are randomly adhered to FeVO4 surfaces (see Fig. 3)
and the effective contact area is estimated to be at
least an order of magnitude smaller than in the
former case. While some of the increase in the EB
may be attributed to the increase in the area of the
physical contact between nanoparticles upon
annealing, the observed high blocking temperature
TB � 50 K found in the post-annealed samples,
more than twice the value of the Néel temperature
TN1 = 22 K in FeVO4, suggests that a different
mechanism is responsible for this effect. Based on
the XPS measurements, we conclude that while
oxygen vacancies in Fe3O4 are likely to be generated
by thermal treatment, the oxygen content in the
AFM component (FeVO4-) has not changed. Hence,
the mechanism responsible for the enhanced block-
ing temperature is likely to be the proximity effect
with oxygen deficient Fe3O4, similar to the one
suggested in an earlier study.25

CONCLUSIONS

In conclusion, we have observed a significant
increase of the exchange bias field at low temper-
atures in post-annealed AFM/FiM composites com-
pared to as-prepared samples from approximately
50 Oe to 110 Oe. The blocking temperature TB � 50
K found in post-annealed samples, has also
increased by more than a factor of two, compared
to the Néel temperature TN1= 22 K of bulk FeVO4,
which we attribute to the magnetic proximity effect
with the reduced Fe3O4 adjacent to FeVO4. Naively,
the reduction of oxygen content in Fe3O4 leads to
the increase of the number of unpaired surface Fe2+

spins, which are responsible for the magnetization
of magnetite; lattice mismatch and other structural
effects changing the electronic, magnetic, and mor-
phological structure of the Fe3O4 termination layer
may also play a role.46 These effects could result in
the interfacial spins pinning, leading to an increase
of the blocking temperature beyond the Néel tem-
perature of FeVO4. While the observed blocking

temperature in FeVO4/Fe3O4 composites is too low
for practical applications, this nanocomposite sys-
tem provides an interesting example of a more
complex interfacial exchange coupling, and thus
may serve as a testbed for further studies of the
origin of magnetic proximity and exchange bias
effects in systems with higher Néel temperatures.
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