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In the last decade, the renewed interest in antiferromagnetic (AF) magnetoelectric (ME) materials has been driven by the
challenging multifunctionality of spintronic devices. One of the most ambitious goals is to build exchange-biased ferromagnetic/AF
junctions with electric field-controlled properties. In this context, the understanding of the modifications that size reduction induces
in the magnetic properties of a material being both AF and ME holds the key to control the magnetic coupling at the interface.
Here, we show that the spin arrangement in chromium (III) oxide core/shell nanoparticles changes significantly as a function of
the radial distance from the nanoparticle center. While the nanoparticle core retains an AF structure, magnetic moments located
on a thin surface shell are in a disordered spin-glass (SG)-like state. In addition, canted spins develop at the boundary of the
ME AF core. These spins, which mediate a moderate AF/SG exchange coupling at low temperature, are exchange coupled to
the AF core, thus giving rise to a lower yet more robust exchange bias effect, which persists up to the Néel temperature of the

AF core.

Index Terms— Antiferromagnetism, exchange bias (EB), magnetic nanoparticles, magnetoelectric effect.

I. INTRODUCTION

S far back as 1894, the linear magnetoelectric (ME)

effect was first predicted by Curie [1] and theoretically
formulated in 1958 by Landau and Lifshitz [2]. In the fol-
lowing year, Dzyaloshinskii [3] derived the expressions for a
linear ME coupling in chromium (III) oxide (Cr;O3) based
on symmetry arguments. By that time, electronic industry was
already exploiting the technological potential of controlling
the electric and magnetic polarization properties of a material
by complementary fields [4]. Nowadays, more than 50 years
later, the new generation of spintronic devices, including
magnetoresistive random access memories (MRAMs) [5] and
voltage-driven tunnel junctions [6], has brought multiferroic
ME materials back to the forefront of materials science
research [7]. Alternatively, antiferromagnetic (AF) materials
are also being reviewed as potential candidates for spintronic
applications [8], [9]. Moreover, it has been proposed that the
use of an ME antiferromagnet in contact with a ferromagnet
as a way to control the ferromagnetic (FM) state [10]. It is
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well known that AF/FM heterostructures exhibit an interfa-
cial magnetic coupling that gives rise to an exchange bias
(EB) effect. This manifests as a horizontal shift of the FM
hysteresis loop when the system is cooled below the Néel
temperature (7y) of the AF component in the presence of
an applied magnetic field (Hcool) [11]. Furthermore, when the
antiferromagnet is also ME, the interface coupling could be
tuned by the application of an electric field [10]. Thus, EB can
be electric-field-controlled in a reversible way. Nevertheless,
this only develops far below room temperature due to the
fact that, in the previously reported systems, either the EB is
rather weak or the AF order sets at low temperature [12], [13].
However, suitable materials that can operate at or near ambient
temperatures are still rather scarce [14], [15]. In this context,
CryO3 emerges as a promising candidate, since it becomes
ME below its AF ordering temperature of Ty ~ 307 K.
In particular, Borisov et al. [16] succeeded in creating a
novel ME-based switching mechanism for the EB field in a
Cry03—Co/Pt multilayered sensor. In order to overcome the
grand challenge for pushing the miniaturization limits of EB-
based spintronics devices, it is of paramount importance to
understand and control the changes that size reduction induces
in the magnetic properties of an antiferromagnet.

Numerous experimental and theoretical investigations have
been performed so far to elucidate this issue in a number of
AF NPs (e.g., NiO, CuO, CoO, Co0304, and Cr,03) [17]-[21].
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It is now generally accepted that each NP can be considered
as a core/shell EB system, where a weak FM or spin-glass
(SG) shell is exchange coupled to a core that retains the
original AF order of the bulk material [22]. However, in a
recent theoretical study, Belashchenko [23] used symmetry
arguments to show that an ME antiferromagnet develops finite
equilibrium magnetization at the surface. Interestingly, the
EB arising from this surface magnetization is an equilibrium
property of the system.

In this paper, we show that the magnetic structure of CryO3
NPs has an important role for understanding the phenomenol-
ogy of the EB effect. Our findings suggest that: 1) the NP
core retains the AF structure of Cr,Os3; 2) spins located on
the NP surface are magnetically disordered and experience an
SG-like freezing at low temperature (25 K); and 3) canted
spins located at the core/shell interface are not only exchange
coupled to the AF core at 25 < T < 270 K but also mediate
the core/shell coupling at 7 < 25 K.

II. EXPERIMENT

CrO3 NPs were fabricated using a template-assisted
method [24]. Mesoporous silica xerogel was impregnated with
a chromium nitrate solution and calcined in air at 400 °C.
The subsequent removal of the silica framework by NaOH
etching produced highly crystalline Cr,O3 NPs. Both the
high-resolution transmission electron microscopy (HRTEM)
images and the selected-area electron diffraction (SAED)
patterns were obtained under a JEOL-JEM-2100F microscope
operating at 200 kV.

The neutron powder diffraction (ND) measurements were
carried out at the Institut Laue-Langevin (Grenoble, France) on
a two-axis powder diffractometer (D1B instrument) equipped
with a high efficiency position sensitive detector. ND patterns
in a 20 angular range of 1° — 128° were collected at a
neutron wavelength of 1 = 2.52 A. A double-walled vanadium
cylinder sample holder was used to reduce neutron absorption.
Al,CaszF14Na, and Si standards were measured so as to
account for instrumental resolution. Analysis of the ND data
was performed using the FullProf suite package [25].

The dc magnetic properties of the CroO3 NPs were studied
using a Quantum Design PPMS-14T magnetometer equipped
with the VSM option. The magnetization versus temperature
measurements were performed under zero-field-cooling (ZFC)
and field-cooling (FC) conditions under an applied magnetic
field of 100 Oe. Hysteresis loops were recorded between —60
and 60 kOe after FC (Hcoo = 10 kOe) protocol at different
temperatures ranging from 2 to 300 K.

III. RESULTS AND DISCUSSION

The obtained Cr,O3 NPs [Fig. 1(a)] present an average
diameter of 17(3) nm, as derived from the lognormal distrib-
ution fit of the size histogram created from multiple HRTEM
images. The diffraction rings observed in the SAED pattern
in Fig. 1(b) can be indexed according to the same corundum-
type crystal structure as hematite (a-Fe,O3), described in
terms of a hexagonal unit cell for a R3c space group
(No. 167). Both the lattice parameters, a = 4.951(1) A and
¢ = 13.590(1) A, and the adjustable atomic positions,
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Fig. 1. (a) HRTEM image of Cr,O3 NPs. (b) SAED pattern showing
diffraction rings corresponding to a R-3c crystal structure.
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Fig. 2.
marks: position of the allowed Bragg reflections. (b) Magnetic structure of
Cr0O3. The position / marks a center of space-inversion symmetry. (c) ZFC
and FC magnetization curves measured under an applied magnetic field of
100 Oe. Inset: enlarged view of the region where Ty is located.

(a) ND pattern in logarithmic vertical scale at 7 = 100 K. Vertical

zcr = 0.346(1) and xo = 0.309(1), coincide with those
reported for bulk Cr,O3 [26].

Information about the spin arrangement inside the CryOs3
NPs is provided by neutron diffraction. The full-profile fitting
of the ND pattern recorded at 7 = 100 K [Fig. 2(a)] reveals
that the crystallographic unit cell coincides with the same
corundum-like structure as derived from SAED measurements.
In addition, the AF structure of CrpO3 can be described in
terms of a magnetic propagation vector k = (0, 0, 0) referred
to the crystallographic unit cell [Fig. 2(b)], where the magnetic
moments are oriented along the ¢ axis following the {+—+—}
sequence [26]. On the other hand, the value of u decreases
substantially to 1.82(3) up. Besides, the coherent magnetic
domain size (D,,) is significantly reduced with respect to
that of the crystallographic ones (D,), both being obtained
from the full-profile fitting of the 100-K ND pattern. While
D, coincides with the previously estimated value from the
HRTEM size distribution [17(1) nm], D,, is around 4 nm
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Fig. 3.
Enlarged view of the central region of the loops.

smaller [13(1) nm]. The simultaneous decrease of u and Dy,
has been extensively observed in fine-particle systems and
attributed to the presence of a magnetically disordered shell
at the surface of the NPs as a consequence of their lower
atomic coordination number [27]. It is worth noting that
the existence of canted antiferromagnetism in bulk Cr,O3 is
forbidden by symmetry restrictions (space-inversion and time-
reversal symmetry). However, the lattice periodicity breaking
at the NP surface may overcome the aforementioned symmetry
conditions.

A general picture of the magnetic response of the CryO3
NPs can be drawn starting from the ZFC, Mzpc(T), and
FC, Mgpc(T), curves recorded under an applied field (H) of
100 Oe [Fig. 2(c)]. Mpc(T) shows a continuous increase as
temperature is reduced. On the other hand, Mzrc(T) exhibits
two peaks at low (~25 K) and high (~270 K) temperatures.
Remarkably, this latter temperature also determines the onset
of the splitting between Mzrc and Mpc, which becomes
larger on further cooling the system [Fig. 2(c) (inset)]. Based
on the ND results, the high-temperature maximum seems
to correspond to the Ty of AF CrpOsz, while the low-
temperature one may be assigned to the SG-like freezing
of magnetically disordered surface spins. According to this,
each NP could be described as consisting of a 13 nm-core
that retains the AF order of bulk Cr,Os3, characterized by
a Néel temperature of Ty ~ 270 K, and a 2 nm-thick
surface shell (see ND results) where disordered magnetic
moments freeze in an SG-like state below 7, ~ 25 K.
However, a simplistic core/shell model cannot account for the
splitting of the Mzrc and Mgc curves up to Ty, thus one order
of magnitude above Tg,. This feature suggests the presence
of a weak FM component in the system, whose ordering
temperature is close to the Ty of the AF core.

This hypothesis is further strengthened by the M (H) curves
in Fig. 3. The hysteresis loops measured at 7 = 5, 35, and
100 K after FC (Hcoo1 = 10 kOe) protocol shows a clear shift

(a)—(c) Magnetic hysteresis loops measured at 7 = 5, 35, and 100 K under FC (H.oo = 10 kOe) conditions after successive field cycling. (d)—(f)
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Fig. 4. (a) Temperature variation of the EB (HEg) and coercive (Hc) fields.

(b) Evolution of HE at different temperatures as a function of the number of
field cycles (n). Only the T = 5 K curve shows training effect, which can be
fitted according to the expression Hg(n) — Hg(0o) = k//n (red line).

along the negative field axis, thus confirming the existence of
the EB effect in the system. The temperature dependence of
the EB (Hg) and coercive (Hc) fields is shown in Fig. 4(a).
Although both Hr and H¢ present a drastic fall above T,,
however, they persist up to Ty that determines the onset of
the EB. Therefore, two well-defined regimes can be observed
in the EB temperature variation. While the exchange coupling
between the AF core and the SG-like shell seems to be at
the origin of the EB below T = T, the question arises: what
is causing the EB effect between T, < T < Tn? In this
respect, as commented in Section I, the boundary of an ME
antiferromagnet has an equilibrium magnetization, which is
coupled to the AF phase and can be switched by reversing
the external magnetic field [23]. This microscopic boundary
magnetization mainly appears in the case of Cr,O3 through
a spin-canting component with respect to the AF direction
and presents a monotonic decrease with 7 that vanishes at
T = Ty. In other words, the same magnetic symmetry, which
allows for the linear ME effect in Cr;O3, also enables the
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explanation of both the weak FM signal and the EB effect we
observe in the temperature interval T, < T < Ty.

In order to discern the different nature of the EB effect
occurring above and below T = T,, the so-called training
effect has been studied at T = 5, 35, and 100 K (Fig. 3).
This process describes the evolution of the M(H) loop when
the system is successively field-cycled at a given tempera-
ture after the FC protocol. The EB effect involving the SG
phase is typically due to some magnetic moments frozen at
the interface during FC. Figs. 3(d) and 4(b) show that this
nonequilibrium character leads to an irreversible decrease of
Hg at T = 5 K as the magnetic field is cycled up to five
times (n = 5). The reduction of Hg with n is satisfactorily
fitted with the empirical relation, Hg(n) — Hg(00) = k/+/n,
where Hg(00) is the value at n — oo [28]. The red curve in
Fig. 4(b) exhibits the best fit for Hg(co) = 215(5) Oe and
k = 520(70) Oe. In contrast, the FC hysteresis loops measured
at T = 35 and 100 K [Fig. 3(e) and (f)] do not exhibit any
training effect [Fig. 4(b)]. This is in good agreement with
previous reports on ME antiferromagnets, where the EB is
an equilibrium property of the system [23].

IV. CONCLUSION

Highly crystalline single-domain Cr,O3 NPs present two
well-defined temperature regimes for the ocurrence of the
EB effect. On the one hand, the exchange coupling between
the AF core and its uncompensated boundary magnetization
gives rise to a robust EB (~100 Oe), which persists up to
the Tny (~270 K) of the AF core and does not experience
any training effect. On the other hand, the coupling between
the magnetically disordered SG-like surface shell and the AF
core is at the origin of a moderate EB effect (~2000 Oe) that
vanishes above ~25 K and presents a strong decrease upon
field cycling.
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