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Exchange bias of singly inverted FeO/Fe;0, core-shell nanocrystals
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Exchange bias (EB) is investigated in singly inverted FeO/Fe;0, core-shell nanocrystals by vibrating
sample magnetometry. A horizontal and vertical shift of the field-cooled (FC) hysteresis loop with respect to
the zero-field-cooled (ZFC) hysteresis loop is observed below the blocking temperature of EB (Tf;B ~Ty). An
enhancement of the superparamagnetic blocking temperature (TBP ~190 K) with respect to the expected value
is observed from the ZFC/FC measurement of m(T). Furthermore, the value of Tgp is nearly constant for
applied fields ranging from 25 to 200 Oe as a result of the exchange coupling at the antiferromagnetic/

ferrimagnetic interface.
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I. INTRODUCTION

Exchange bias (EB) coupling at the antiferromagnetic/
ferromagnetic (AFM/FM) interface has attracted consider-
able attention since its discovery by Meiklejohn and Bean' in
1956. Numerous applications of EB exist in present tech-
nologies, such as spin valves and magnetic tunnel junctions.’
EB is also being considered as a possible route in overcom-
ing the superparamagnetic limit in magnetic storage media.’?
Review articles on the subject discuss EB in both thin films
and core-shell nanocrystals (NCs).*® Most of the research
trajectories concerning core-shell NCs have followed the
prototypical model of EB set forth by Meiklejohn and Bean
in which a FM core is surrounded by an AFM shell, with the
Néel temperature (T)y) less than the Curie temperature (7).
However, variations of the original model are conceivable,
such as an inversion of the magnetic structure (an AFM core
with a FM shell) or an inversion of the transition tempera-
tures (Ty>T,). Recent interest in the doubly inverted
MnO/Mn;0, core-shell system has emerged, since the mag-
netic structure and transition temperatures are opposite to the
original model.”® Here, we report on the singly inverted
FeO/Fe;0, core-shell system, which exhibits an inversion of
the magnetic structure only.

The basic signature of EB involves a shifted hysteresis
loop, usually accompanied by an enhancement of the coer-
cive field after field cooling through Ty of the antiferromag-
net. This is a consequence of exchange coupling at the
AFM/FM interface, which for parallel coupling tends to sta-
bilize the direction of the FM spins upon reversal of the
applied magnetic field. Ohldag et al.® demonstrated that the
magnitude of the exchange field (Hy) directly correlates to
the number of uncompensated interfacial spins that are
pinned to the antiferromagnet. Enhancement of the coercive
field (H) is attributed to uncompensated interfacial spins
that rotate with the ferromagnet. In general, EB is sensitive
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to numerous factors, such as interfacial roughness,]0 dimen-
sions of both the antiferromagnet and ferromagnet,'’'> AFM
domain size,'>'* and AFM anisotropy energy. Note that all of
these parameters can affect the number of pinned/unpinned
uncompensated spins at the AFM/FM interface.

The FeO/Fe;0, system investigated here consists of a
core of FeO (wiistite) surrounded by a shell of Fe;O4 (mag-
netite). Wiistite has a rocksalt crystal structure and is for-
mally written as Fe,O(x=0.83-0.96)."> Furthermore, it un-
dergoes AFM ordering below T7Ty=198 K. At room
temperature, magnetite has an inverse cubic spinel structure
and undergoes ferrimagnetic (FIM) ordering below T,
~860 K.!'®Interaction of the AFM ordering of FeO with the
FIM ordering of Fe;O, can result in similar effects as ob-
served in the classic EB system; however, the nature of ex-
change coupling at the interface is more complicated as a
result of the sublattice structure of the ferrimagnet. Never-
theless, the exchange coupling generally results in loop
shifts, enhanced coercivity, and an increase in the effective
anisotropy energy as typically observed in systems consist-
ing of an AFM/FM interface.

EB of singly inverted FeO/Fe;O, core-shell NCs is
probed by vibrating sample magnetometry (VSM). The tem-
perature dependences of Hy and H. are determined by the
zero-field-cooled (ZFC) and field-cooled (FC) measurements
of the magnetization m(H). EB is further investigated by
measuring the dependence of Hy and H on the cooling field
(Hpc). The weak dependence of the superparamagnetic
blocking temperature Tf;’ on the applied field is investigated
by the ZFC/FC measurement of m(T).

II. NANOCRYSTAL SYNTHESIS

FeO/Fe;0, core-shell NCs are synthesized according to
the thermal decomposition of an iron oleate precursor in the
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FIG. 1. (a) TEM image of ~14 nm FeO/Fe;0, core-shell NCs.
(b) High-resolution TEM image depicting the dimensions of core
and shell.

presence of oleic acid.!” Synthesis of the iron oleate precur-
sor involves the reaction of 2.17 g of FeCl;-6H,0 with 7.30
g of sodium oleate in a mixture of 16 mL ethanol, 12 mL DI
water, and 28 mL hexane at 70 °C under constant stirring at
400 rpm. The iron oleate is further heated at 75 °C under
vacuum for 24 h. Synthesis of 14 nm core-shell NCs is
achieved by the thermal decomposition of 1.6 mmol iron
oleate and 0.8 mmol oleic acid in 1-octadecene. The tem-
perature is increased at 3 °C/min, and the solution is al-
lowed to reflux at 320 °C for 45 min. FeO NCs are initially
formed, followed by a core-shell structure of FeO/Fe;0,
upon exposure to air. The inverted magnetic structure is a
consequence of the chemical instability of the FeO phase,
which undergoes a disproportionation process to Fe;0,. Fig-
ure 1 depicts typical transmission electron microscopy
(TEM) images of the as-synthesized core-shell NCs; a high-
resolution TEM image is shown in Fig. 1(b). A variation in
the structure of the AFM core is observed, with some
FeO/Fe;0, core-shell NCs consisting of a single core and
others consisting of multiple grains of reduced size. Analysis
of our TEM images yields an average core diameter of d,
~7 nm and an average shell thickness of 7g=~3.5 nm.

III. X-RAY DIFFRACTION MEASUREMENT

Structural investigations of the FeO/Fe;O, core-shell
NCs are conducted by x-ray diffractometry (XRD). XRD
measurements are performed using a Scintag X; 6/6 auto-
mated powder x-ray diffractometer, equipped with a Cu
(Acy=1.5406 A) target and a Peltier-cooled solid-state de-
tector. Samples are supported on zero-background Si (511)
plates. The XRD spectrum of the core-shell NCs is provided
in Fig. 2(a). The diffraction peaks correspond to a mixture of
wiistite (FeO JCPDF #46-1312) and spinel (maghemite:
Fe,O; JCPDF#39-1346 and/or magnetite:  Fe;0y,,
JCPDF#19-0629) phases of iron oxide. A Scherrer equation
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FIG. 2. (Color online) (a) XRD spectrum of as-synthesized 14
nm FeO/Fe;0, core-shell NCs. The spinel peaks are symbolized by
+ and the wiistite peaks by O. (b) Absorption spectra of core-shell
NCs dispersed in toluene. The near-IR absorption signature at ap-
proximately 1380 nm is indicative of the magnetite (Fe;0,) phase
of iron oxide.

analysis of the peaks provides an approximate assessment of
the dimension of the wiistite core. From this assessment, we
determine the wiistite cores have an average diameter of d.
~8.5 nm. This result is comparable to the wiistite core di-
ameter obtained from the TEM analysis. Given the similar
crystallinity of maghemite and magnetite, distinguishing be-
tween the phases within nanocrystallites is very difficult.
Complementary absorption spectroscopy analyses can prof-
fer additional information to facilitate a definitive identifica-
tion.

IV. ABSORPTION SPECTROSCOPY MEASUREMENT

In order to distinguish between the Fe;O, and Fe,Oj5 spi-
nel phases of iron oxide, of which the shell of our NCs may
consist, an absorption measurement of the core-shell NCs
dispersed in toluene was performed, depicted in Fig. 2(b).
The background absorption signature of the toluene solvent
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was extracted from the measured absorption, leaving the ab-
sorption spectrum of the core-shell NCs alone. The primary
absorption difference between Fe;O, and Fe,O; resides
within the infrared region, where Fe;O,4 has a prominent ab-
sorption feature at approximately A=1380 nm. This feature,
not observed in Fe,0;, corresponds to the Fe>*-Fe** charge-
transfer transition of magnetite.!1?

V. EXPERIMENTAL RESULTS AND DISCUSSION

A brief review of magnetic NCs is necessary in order to
describe the essential features of EB in core-shell systems.
The total energy of an ensemble of single domain colloidal
magnetic NCs can be described by the magnetic dipole-
dipole interaction, the Zeeman energy, and the magnetic an-
isotropy energy. The magnetic anisotropy of a NC defines the
easy direction(s) of the spin. Rotation of the spin magnetic
moment along the easy axes occurs when the energy barriers
are overcome. Spherical single domain NCs are considered
as having uniaxial anisotropy, for which the system can be
represented as having a single easy axis with a giant net spin.
The uniaxial anisotropy energy is given by

- =\2
EA:—Kp%<Mln), (1)
|

where K, is the uniaxial anisotropy constant, V; the volume
of particle i, and 7; is the direction of the easy axis of particle
i. The uniaxial anisotropy constant of spherical Fe;O, NCs
ranges from K;~2 X 10* J/m? to K,;~5x%10* J/m3.?° For
dilute dispersions of NCs, when the thermal energy (kzT)
becomes comparable to the magnetic anisotropy energy
given by Eq. (1), the barrier for rotation is overcome and the
giant spin fluctuates about the easy axis. In this instance, the
NCs are said to be superparamagnetic since the time average
of the magnetization of each particle vanishes in zero applied
field. When the thermal energy is insufficient to cause a re-
versal of the spin on the time scale of the measurement, the
spin remains fixed along the easy axis, and the NC is referred
to as being blocked. The temperature at which the thermal
energy induces a transition from the blocked state to the
superparamagnetic state is defined as the blocking tempera-
ture (TEP). The blocking temperature usually shifts to larger
values when the magnetic dipole-dipole energy becomes
comparable to the magnetic anisotropy energy.”!

For the FeO/Fe;0, core-shell NCs, the magnetic aniso-
tropy energy of both the ferrimagnet and antiferromagnet
must be considered, as well as the exchange coupling at the
AFM/FIM interface. The magnetic anisotropy constant of the
ferrimagnet and antiferromagnet will be distinguished by Ky
and K,, respectively. EB is generally observed in thin-film
systems when K, > K and the thickness of the antiferromag-
net is sufficient in size. The effective magnetic anisotropy
energy in EB systems can be complex, since the antiferro-
magnet can induce both unidirectional anisotropy and
higher-order anisotropy (e.g., uniaxial). Unidirectional aniso-
tropy is characterized by one stable spin direction, while the
uniaxial anisotropy given by Eq. (1) yields two stable spin
directions. Induced anisotropy from the antiferromagnet can
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FIG. 3. (Color online) ZFC and FC measurements of m(H) for
14 nm FeO/Fe;0, core-shell NCs. The star curve is the ZFC hys-
teresis loop at 20 K. The circle curve is the FC (Hrc=1000 Oe)
hysteresis loop at 20 K. The cycling field is =5500 Oe.

therefore alter the spin relaxation of the ferrimagnet with
respect to the thermal energy.

Exchange coupling at the AFM/FIM interface of the sin-
gly inverted FeO/Fe;0, core-shell NCs is investigated by
the ZFC/FC measurement of m(H). Figure 3 illustrates the
FC (Hpc=1 kOe) and ZFC hysteresis loops at 20 K for a
cycling field of =5500 Oe. Closed loops are obtained for
this cycling field; however, minor loop effects are still a pos-
sibility since complete saturation is not technically obtained.
According to the figure, the singly inverted system exhibits
the properties of an exchanged biased system, with a hori-
zontal shift along the field axis of the FC hysteresis loop with
respect to the ZFC hysteresis loop. The horizontal shift is a
measure of the exchange field given by

_— (h++h—)

Hp 5

2)

where h_ and h, are the points of intersection on the field
axis at decreasing (—) and increasing (+) fields. The coercive
field is defined by

_ (h+ - h—)

H
¢ 2

3)

and is measured from the point of origin given by H. The
FC hysteresis loop is shifted in the direction of negative
field, with an exchange field of Hz=-471 Oe and an en-
hanced coercive field of H-=700 Oe. A slight positive ver-
tical shift along the magnetization axis is also present. In
AFM/FM systems, vertical shifts are generally related to
pinned uncompensated spins that exhibit either FM or AFM
coupling at the interface.”>?* The positive vertical shift in
Fig. 3 indicates a dominant FM coupling between the pinned
uncompensated spins and the FIM magnetization.
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FIG. 4. (Color online) Plot of the temperature dependence of Hy
and H.. Lines connecting the data points are guides to the eyes.

Given that exchange coupling at the interface of core-
shell NCs is dependent upon temperature, additional mea-
surements of the FC and ZFC hysteresis loops were con-
ducted at 50, 100, 150, and 200 K. The field-cooling
parameter and cycling field are identical to the 20 K case.
The temperature dependences of both Hy and H are plotted
in Fig. 4. According to the figure, H;/H-=1 for all tempera-
tures below the blocking temperature of EB (T%B). T%B is
determined by the temperature at which Hz=0 Oe. A non-
linear decrease in the exchange field is observed as the tem-
perature is increased from 20 to 200 K. At 150 K, the mag-
nitude of EB is significantly reduced, which is confirmed by
the small exchange field (Hz=18 Oe). Figure 4 indicates
that Tng Ty for the singly inverted FeO/Fe;0, core-shell
NCs. This behavior is in contrast to the doubly inverted
MnO/Mn;0, system, which displays a greatly reduced value
of TgB above 65 K, yielding a value of TgB markedly less
than 7Ty=118 K.>* Core-shell NCs without inversion of the
magnetic structure often yield values of TEB much less than
Ty, since the magnetic stability and ordering of the antifer-
romagnet can be altered by finite-size effects.”>? A reduced
value of T’;:B with respect to Ty was reported for Co/CoO
core-shell NCs by Nogués et al.,”” who attributed the behav-
ior to the thickness (~1 nm) of the AFM CoO shell. How-
ever, the magnetic properties of the CoO shells were recov-
ered for particles in close contact, resulting in an increase of
TgB by nearly 2 orders of magnitude as a consequence of the
increase in the effective CoO thickness. Therefore, the di-
mensions of the antiferromagnet in a core-shell system, as
well as other parameters, must be carefully tailored in order
to preserve EB at higher temperatures. Singly inverted
FeO/Fe;0, core-shell NCs show remarkable stability of EB,
with TEB%TN, most likely because of the large average di-
ameter (d-=7 nm), crystallinity, and local environment of
the AFM FeO core.

The pinning of uncompensated interfacial spins requires a
relatively large AFM anisotropy of the core. According to the
simplest model of EB, in reference to thin-film systems, the
product of the magnetic anisotropy constant (K,) and the
thickness of the antiferromagnet must necessarily be greater
than the interface exchange constant. The analog of this con-
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FIG. 5. (Color online) Plot of the field-cooling dependence of
Hp and H at a constant temperature of 50 K. Lines connecting the
data points are guides to the eyes.

dition is met in the core-shell system since EB is observed up
to TE®~Ty. The observation of both EB and an enhanced
coercivity from the FC measurement of m(H) implies a
population of both pinned and unpinned uncompensated
spins at the interface. Pinned uncompensated spins remain
anchored to the antiferromagnet upon cycling the magnetic
field and induce Hy, as observed from the shifted hysteresis
loop in Fig. 3.28 Unpinned uncompensated spins rotate with
the ferrimagnet, through a spin drag effect, and result in the
enhanced coercive field H-.>°! Given that Hg/H =<1 for
all temperatures below Tg , a larger number of uncompen-
sated interfacial spins must be unpinned, as opposed to
pinned, in the singly inverted FeO/Fe;0O, core-shell system.

Figure 5 illustrates the dependence of Hy and H. on Hyc
at a constant temperature of 50 K. The cycling field is
*5500 Oe for each value of the applied cooling field. The
value of H remains fairly constant for cooling fields ranging
from 10 to 1000 Oe. Conversely, Hp displays a strong de-
pendence on Hgc in the low-field regime. A significant in-
crease in Hy occurs as Hgc is increased from 10 to 500 Oe.
This is most likely a result of the incomplete saturation of the
FIM shell at low cooling fields. At Hrc=1000 Oe, the value
of Hy appears to approach a maximum value. Although not
included in the present study, an investigation of the depen-
dence of Hy and H on larger values of Hpc would be of
interest. Depending upon the nature of the AFM/FIM inter-
face, the core-shell system could display either a saturation
or a decrease of H in the high field-cooling regime. Regard-
ing MnO/Mn;0, core-shell NCs, a saturation of Hy has been
reported for cooling fields larger than 30 kOe.® Other sys-
tems involving a spin-glass phase exhibit a decrease in Hg
for large cooling fields.? Setting aside this issue, it is certain
from Fig. 5 that negative EB results for all cooling fields less
than 1000 Oe. Additionally, a positive shift along the mag-
netization axis is found to increase substantially as Hgc in-
creases. This is a further indication of FM coupling of pinned
AFM spins with the FIM spins at the interface. Conse-
quently, a negative horizontal shift of the FC hysteresis loop
presumably persists for Hgc>1000 Oe.
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FIG. 6. (Color online) ZFC and FC measurements of m(7T) for
14 nm FeO/Fe;0, core-shell NCs. The ZFC/FC data are given by
filled/open symbols at 25, 100, and 200 Oe. The Néel temperature
of wiistite is marked with a solid line at 7y=198 K.

According to the ZFC/FC measurements of m(7), as plot-
ted in Fig. 6, the FeO/Fe;0, core-shell NCs exhibit super-
paramagnetic behavior at room temperature, with a blocking
temperature of TZPZ 190 K. Using K;~5X 10* J/m? and
the measured value of the shell volume from TEM, the ex-
pected T‘szK yV/25kg is approximately 180 K, assuming
that the NCs are isolated from each other. Since the NC
density is greater than the dilute limit, we must estimate the
dipole moment in order to gauge the effect of particle inter-
actions on the value of T,S),P. To first approximation, the decay
in magnetization (7> T5) is fit with the Langevin equation,
yielding an average dipole moment per NC of u=9060uz,
where up is one Bohr magneton.3® Although the dipole mo-
ment is relatively weak, the distance between NCs is on the
order of a few nanometers. Hence, the small increase in T;P
is a consequence of both dipole-dipole interactions and the
induced anisotropy from the presence of the AFM core in the
NC.

The most interesting result from the measurement of m(T)
is the weak dependence of Tgp on the applied field, the re-
sults of which are provided in Fig. 6. Unlike interacting su-
perparamagnetic NCs, Tgp does not shift to lower tempera-
ture upon increasing the applied field from 25 to 200 Oe after
cooling in zero applied field.’* Actually, the value of 75
increases from 188 K at 25 Oe to 190 K at 200 Oe. Hence,
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the value of T;P is nearly constant for this range of applied
field. Usually, an increase in the applied field tends to de-
crease the effective barriers to spin reorientation in weakly
interacting systems, causing a monotonic decrease in TZP asa
function of the applied field.* Since T3 =Ty, the weak de-
pendence on applied field must be related to the presence of
the antiferromagnet and the exchange coupling at the AFM/
FIM interface. The anisotropy of only the ferrimagnet can be
ruled out since the expected T3 is lower than the measured
value. In addition to unidirectional anisotropy, the AFM FeO
core can induce higher order anisotropies in the FIM shell.
According to Gruyters and Schmitz,3¢ the simplest case in-
volves an enhanced uniaxial anisotropy, originating from the
unpinned AFM spins that rotate with the ferrimagnet. Sig-
nificant modification of the spin relaxation can occur from
this spin drag effect, causing a deviation from the classic
Néel relaxation model. Consequently, the induced anisotropy
from the antiferromagnet results in K, V> kT, for T< TgB .
This argument was applied by Skumryev et al. to explain
the enhanced thermal stability of Co/CoO core-shell NCs.
For the singly inverted FeO/Fe;0, core-shell NCs, this ar-
gument also explains the stability of T;P with respect to the
applied field. The net effect is a well-defined crossover from
the blocked state to the superparamagnetic state, as a result
of the correlation between T5 and T:°.

VI. CONCLUDING REMARKS

In summary, we have investigated the EB properties of
singly inverted FeO/Fe;O, core-shell NCs. FC measure-
ments of m(H) confirm a negative horizontal shift along the
field axis and a positive vertical shift along the magnetization
axis. The blocking temperature of the exchange field is TEB
=~ Ty. Measurements of m(7T) indicate induced anisotropy in
the ferrimagnetic shell, causing a crossover from the blocked
state to the superparamagnetic state that is virtually unaf-
fected by an applied magnetic field as large as 200 Oe. In-
vestigations of other singly inverted systems, especially
those consisting of an antiferromagnet with 7, above room
temperature, may provide a facile route to obtaining ther-
mally stable nanostructures for device applications.
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