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isotropy mediated giant memory
effect in antiferromagnetic Cr2O3 nanorods

Ashish Chhaganlal Gandhi and Sheng Yun Wu *

Understanding the magnetic anisotropy of antiferromagnetic (AF) transition metal oxides is a matter of

importance for its future application in spintronics. In this study we have carried out temperature and

field-dependent magnetization measurements to investigate the magnetic anisotropy of AF Cr2O3

nanorods (NRs) with hdiXRD ¼ 24 nm diameter. Our experimental findings suggest that the observed

field-cooled memory effect from exchange-coupled Cr2O3 NRs is mediated by unidirectional anisotropy.

This finding opens an opportunity for devices utilizing the anisotropy field of bare AF Cr2O3 nano-

crystalline structures.
1. Introduction

In recent years one dimensional (1D) nanostructures with
varied geometry such as nanowires, nanorods (NRs), nano-
tubes, and nanobelts have attracted much attention because of
their promising technological applications in spintronics,
lasers, generators, etc.1–3 The 1D nanostructured materials of
antiferromagnetic (AF) transition metal oxides (TMOs),4,5 which
show entirely different magnetic, optical and electrical proper-
ties from those of their bulk counterparts, have been used in the
eld of data storage6 and spin-valve devices.7 Depending on the
nite size effect, the density of point defects (anionic and/or
cationic vacancies) and surface effects, the magnetic proper-
ties of TMOs vary from spin-glass (SG), superparamagnetic
(SPM) to ferromagnetic (FM).8–10 Among different TMOs, Cr2O3

is a low-anisotropy easy-axis AF with a Neel temperature around
�307 K.11 This material displays piezo magnetic, magneto
electric effect, and also used in devices involving exchange bias
(EB) effect make it promising material for future spintronic
based applications.12–14 At nanoscale due to enhanced surface to
volume ratio the interface interaction between surface spins
and uncompensated core become more pronounced which has
impulsed the fabrication and study of nano-systems looking for
new properties and applications.10,15–18

The memory effect has been studied in superparamagnetic
(SPM)19 and SG20 system, in which formal shows weak eld-
cooled (FC) aging and later shows aging with both FC and
zero-eld-cooled (ZFC). Recently, we have also reported memory
effect from weakly interaction Fe3O4 nanoparticles.21 Using
Monte Carlo simulation, it has been proved that interface
exchange interaction in FM-core/AF-shell nanoparticles (NPs)
provides an additive source for the frustration of the system
wa University, Hualien 97401, Taiwan.
resulting in an enhancement of the memory effect.22 However,
unlike FM-core/AF-shell system, the interface interaction in
bare AF nanostructures is much more complex. Very recently,
we have reported spontaneous EB (SEB) from AF oxide NPs
during the rst eld of hysteresis loop measurement.23 SEB in
AF NPs is governed by the unidirectional anisotropy (UA) across
frustrated surface spins and the uncompensated AF core
mediated by interfacial strongly pinned spins. Such bare AF NPs
exhibits eld-cooled (FC) memory effect strength of which var-
ies with the concentration of point defects resulting in disap-
pearance in big size particles.8 In this work, we present detailed
structural and magnetic characterization of 1D Cr2O3 NRs. The
aim is to study the effect of UA on the memory effect within the
blocking state.
2. Experimental details

The as-received CrO2 NRs utilized in this study are commer-
cially available NRs used in magnetic recording are annealed in
an ambient atmosphere at 650 �C for 1 hour using a chemical
vapor deposition (CVD) method, which resulted in formation of
pure Cr2O3 NRs. The annealing of the sample is carried out in
a tube furnace with heating rate of 5 K min�1 and allowed to
cool down naturally. In general, CrO2 is a metastable oxide that
readily decomposes into thermal dynamically stable chromia
(Cr2O3) as annealing temperature above 400 �C.24,25 In the
present work, the chemical reaction for the formation of chro-
mia nanorods can be represented as 4CrO2 / 2Cr2O3 + O2,
which is an antiferromagnetic insulator with a Néel tempera-
ture of 307 K.26 And the small amount of x indicates the exis-
tence of oxygen vacancies. The morphology and size
distribution analysis was carried out by using eld-emission
scanning electron microscopy (FE-SEM, JEOL JSM-6500F)
microscope. Structural properties were studied by using
a high-resolution transmission electron microscopy (HR-TEM)
This journal is © The Royal Society of Chemistry 2017
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and selective area diffraction pattern (SAED) using JEOL 2010
TEM working at 200 kV. Further analysis of structural property
was carried out by synchrotron radiation X-ray diffraction
(SRXRD) (l ¼ 0.7749 Å) at National Synchrotron Radiation
Research Center (NSRRC) beam line BL01C2 in Taiwan. The
ZFC and FC temperature and eld dependences of magnetiza-
tion of the NRs were measured using a quantum design MPMS-
SQUID-VSM magnetometer. The magnetic memory effect on
thermal variation of magnetization using FC-protocol with 100
Oe eld is also investigated.
3. Results and discussion
3.1. Morphological and stoichiometric analysis

The SEM images of as-received CrO2 and Cr2O3 nanorods
illustrated in Fig. 1(a) and (b) shows NRs like geometry having
mean length around 100–200 nm, respectively. Fig. 1(c) and
(d) depict the histogram of mean diameter distribution of
NRs calculated from SEM images. The solid red line in
Fig. 1(c) and (d) describes the asymmetric distribution of
diameter tted with log-normal distribution function:

f ðdÞ ¼ 1ffiffiffiffiffiffi
2p

p
ds

exp
�
� ðln d � lnhdiÞ

2s2

�
; where hdi is the mean

diameter and s standard deviation of the function. The tted
value of diameters and standard deviation are 24(1) nm and
0.25(2) for CrO2 NRs and 35(1) nm and 0.22(3) for Cr2O3 NRs,
respectively. The observed wide distribution and agglomeration
Fig. 1 (a) and (b) SEM images of CrO2 and Cr2O3 NRs. (c) and (d) Hist
represents the fitting curve using log-normal distribution function.

This journal is © The Royal Society of Chemistry 2017
behavior of the nanorods can signicantly affect the magneti-
zation properties. Fig. 2(a) and (b) show the TEM image of single
CrO2 and Cr2O3 nanorod retaining crystalline structure. The
inter-planar distance d ¼ 0.3037 and 0.3722 nm obtained from
HR-TEM image for CrO2 and Cr2O3 nanorod, respectively, as
shown in Fig. 2(c) and (d), corresponding to the (110) plane of
CrO2 with P42/mnm space group and the (200) plane of Cr2O3

with R�3c space group, respectively. The SAED patterns of NRs
displayed in Fig. 2(e) and (f) can be ascribed to the existence of
tetragonal-CrO2 oriented along the [100] zone axis and hexag-
onal-Cr2O3 oriented along the [�101] zone axis, respectively,
revealing a single crystallinity.

The SR-XRD spectrum of NRs shown in Fig. 3 conrms the
formation of pure Cr2O3 without any trace of CrO2 impurity. The
observed broad SR-XRD peak of NRs could be tted well with
Gaussian function. The tted value of full-width at half-
maximum (FWHM) of most intense (110) peak, indexed based
on the space group R�3c is 0.1566� 0.0012�, corresponding to the
grain size of �27 nm (calculated by using Scherrer formula).27

The effect of crystalline size and the strain on XRD peak
broadening was further investigated by using Williamson–Hall
(W–H) plot.28 The intercept of the linear t gives the inverse of
the crystalline size hdiXRD � 24 nm and slope of the curve gives
strain h � 8.341 � 10�5. The obtained low value of crystalline
size as compared to mean diameter indicates effect of annealing
resulted in the formation of multi granular Cr2O3 nanorod.
During annealing process, in the initial stage surface of CrO2
ogram of the mean diameter distribution of NRs where the solid line

RSC Adv., 2017, 7, 25512–25518 | 25513
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Fig. 2 (a) and (b) TEM, (c) and (d) HR-TEM, and (e) and (f) SAED patterns for CrO2 and Cr2O3 NRs, respectively.

Fig. 3 X-ray diffraction and Rietveld refinement of Cr2O3 NRs.
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nanorod oxidized to Cr2O3, resulting in the formation of nano-
scale layer of Cr2O3 grains at the surface. Diffusion of oxygen into
the CrO2 voids takes place through these microcracks, resulting
in the growth of Cr2O3 at the grain boundaries which leads to the
formation of multi-granular nanorod and hence size estimated
from W–H plot will be use in the further discussions. For esti-
mating lattice parameters SR-XRD pattern was analyzed by
rening spectra using Rietveld analysis29 with general structural
analysis system (GSAS) soware package.30 As shown in Fig. 3,
the red solid line is the tted curve to the diffraction pattern
indicated by crosses. The green curve is t to the background
and blue curve in the bottom of gure gives the difference
between observed and tted pattern. The tted values of lattice
25514 | RSC Adv., 2017, 7, 25512–25518
constant a ¼ b ¼ 4.9667 Å, and c ¼ 13.6172 Å conrm the R�3c
hexagonal Cr2O3 phase, as shown in the inset. The value of
lattice constant and strain is very close to the value reported
from 18 nm Cr2O3 NPs.17 As compared to reported values from
bulk Cr2O3 (a ¼ b ¼ 4.9590 Å, and c ¼ 13.5890 Å), the observed
lattice expansion from Cr2O3 NRs is ascribed to nite size effect.
3.2. Magnetic properties

Fig. 4(a) shows the temperature (T) dependence of magnetiza-
tion M(T) curve measured with ZFC–FC mode from 2 to 350 K
with an appliedmagnetic eld ofHa¼ 100 Oe. FromM(T) curves,
with the increase of T four clear features are seen. First, in low T
region an abrupt drop in the FC magnetization below 15 K
assigned to surface frozen spins. Second, a blocking temperature
TB ¼ 30 K is dened as the maximum value of ZFC curve and
could be related to a superparamagnetic (SPM) property of NRs.
According to the Neel–Brown model31 the TB for Cr2O3 NRs can
be dened as TB z KV/22kB, where K is the magnetocrystalline
anisotropy energy density. Using TB ¼ 30 K, above equation
yields K ¼ 1.259 � 104 erg cm�3 for 24 nm Cr2O3, which is one
order smaller than the value reported from 24 nm Cr2O3 NPs.17

Third, an irreversible temperature Tirr � 70 K is dened as the
temperature at which (MFC � MZFC)/MFC(2K) z 0.02, relating to
SG like behavior i.e. short-range spin-correlation. Fourth, above
Tirr, SPM signals dominate, magnetization decreases with
increase of T and a plateau region around TN � 295 K is
observed. This value is very close to the bulk AF transition
temperature �307 K and therefore corresponds to Neel
temperature of Cr2O3 NRs. Fig. 4(b) shows the isothermal
This journal is © The Royal Society of Chemistry 2017
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Fig. 4 (a) ZFC–FC magnetization curve of Cr2O3 NRs measured in
a field of 100 Oe. (b) Magnetic hysteresis loop measured at 2, 50, 290
and 310 K. Inset of (b) shows the near zero-field region of hysteresis
loop.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

2 
M

ay
 2

01
7.

 D
ow

nl
oa

de
d 

on
 1

/2
9/

20
26

 1
1:

39
:3

6 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
magnetization loopM(H) at selective temperatures 2, 50, 290 and
310 K measured with ZFC protocol over �15 kOe eld. The
applied magnetic eld dependence of the magnetization reveals
different behaviors at various temperatures. At T ¼ 310 K, the
magnetization presents a lineal dependence with the applied
magnetic eld in agreement with the paramagnetic (PM) state of
the Cr3+ ions. At intermediate temperature of plateau region, TB
< T < TN, as shown in Fig. 4(a), the M(Ha) curves are reversible
and reveal a curvature characteristic behavior of a super-
paramagnetic assembly of nanorods. At 2 K, M(H) loop exhibit
a weak FM behavior, with linear and non-linear curve in high-
and low-eld region having a coercivity of HC ¼ (HC

+ � HC
�)/2 ¼

320 Oe, as shown in the inset of Fig. 4(b). HC
+ and HC

� are the
eld corresponding to the points in the forward and reverse
branches of the M(H) loop at which magnetization is zero. No
noticeable difference in theM(H) loop of 50, 290 and 310 K were
found between the measurements made with a eld-increasing
and -decreasing loop suggesting PM/AF property above TB.
Furthermore, value of magnetization at 310 K is slightly higher
than at 290 K consistent with the observed plateau region
around TN � 295 K from M(T) curve. The observed weak ferro-
magnetism at 2 K is could be due to uncompensated surface
spins at the interface of crystalline domains.

Spontaneous exchange bias (SEB) results from a break in the
symmetry across the FM–AFM interface and setting up of the UA
This journal is © The Royal Society of Chemistry 2017
during the rst eld of hysteresis loop measurement.21 To study
the SEB phenomenon magnetization versus applied magnetic
eld,M(Ha) was measured using a p-type (0/ +Hmax / �Hmax

/ +Hmax) protocol and n-type (0/�Hmax / +Hmax /�Hmax)
protocol in ZFCmode at 5 K, as shown in Fig. 5(a). The non-zero
value of HC (HC ¼ (|HC

+| + |HC
�|)/2) and remanence Mr (Mr ¼

(|Mr
+| + |Mr

�|)/2) clearly point to the existence of a weak-FM
component at 5 K. Mr

+ and Mr
� are the remanent magnetiza-

tion corresponding to the points in the forward and reverse
branches of theM(H) loop at zero applied eld. However, p- and
n-typeM(H) loops at 40 K (above TB) are symmetric and exhibits
PM property having zero value of HC and Mr, consistent with
M(T) curve. The obtained values of HC with both p- and n-type
protocol at different T exhibits similar temperature dependen-
cies and vanishes above TB as depicted in Fig. 5(b). Similar
temperature dependency was also observed for Mr as shown in
the inset of Fig. 5(b). Furthermore, M(H) loops in Fig. 5(a) are
highly asymmetric and p-type (n-type) is shied toward the
negative (positive) magnetic axis. The M(H) loop asymmetry
along the applied magnetic eld axis can be quantied as SEB,
HSEB ¼ (|HC

+| � |HC
�|)/2. The estimated values of HSEB with p-

and n-type M(H) at 5 K shows similar value of �18 and 8.5 Oe,
respectively. Slightly lower values of HSEB are obtained aer the
n-type measurements than those of the p-type. Maity et al.32,33

reported HSEB of �850 Oe and +615 Oe aer p- and n-type
hysteresis loop measurements from the Bi2Fe4O9–BiFeO3 FM/
AFM system, respectively. The slight difference observed in
the behavior of SEB eld obtained using the p- and n-type
protocols is a common phenomenon. The reported high value
of SEB from Bi2Fe4O9–BiFeO3 as compared to Cr2O3 NRs is due
to the inter-coupling between the log-range ordered FM and
AFM spins at the interface.32,33 Furthermore, the p-type and n-
type M(Ha) loops measured in the ZFC mode are almost
symmetric in nature and exhibit a similar value for SEB, which
is within the experimental measurement error.

The observed similar value of HSEB in both eld direction
indicate shis in M(H) loops are not experimental artifacts, but
rather an intrinsic property of Cr2O3 NRs. The temperature
dependency of HSEB obtained from both p- and n-type M(H)
loops vanishes at and above TB as shown in Fig. 5(c). To further
conrm the SEB loop shi, FC M(H) loops were measured with
a cooling eld of �10 kOe at 5 K shown in Fig. 5(d) reveals an
enhanced asymmetric behavior with loop shi in opposite eld
directions. The estimated values of HC, Mr and HEB for cooling
eld of +10 kOe (�10 kOe) are 213 Oe (225 Oe), 0.011 emu g�1

(0.012 emu g�1) and �125 Oe (89 Oe), respectively. The above
observed results conrm the existence of UA below TB at the
interface of frustrated surface spins and the uncompensated AF
core. Furthermore, this is rst report to observe SEB in an AF
Cr2O3 NRs. The observed non-zero values of Mr and HC conrm
the FM behavior of the 24 nm Cr2O3 nanorods originating from
nite size effect. It is worthy to note that the observed minor
loop of the magnetization at low temperature may originate
from the non-saturated magnetization at higher applied
magnetic eld, causing the vertical/horizontal shi of magne-
tization. In the present study, such weak magnetic properties
can be explained by the presence of uncompensated spins at the
RSC Adv., 2017, 7, 25512–25518 | 25515
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Fig. 5 (a) Near zero-field region of magnetic hysteresis loopmeasured at 5 K with p- and n-type protocols after zero-field cooling. Temperature
dependency of (b) coercivity and (c) SEB field obtained from p- and n-type of hysteresis loops. Inset of (b) shows the temperature dependency of
remenance. (d) Near zero-field region of magnetic hysteresis loop measured at 5 K with field cooling in �10 kOe.

Fig. 6 FCmemory effect in the 100 Oe field with a halt of 5 h at 10, 20,
30 and 40 K.
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surface of Cr2O3 nanorods, as has been discussed in previous
reports for Cr2O3 nanoparticles.34–37 In nanoscale materials, the
uncompensated surface spins show a lower coordination
number, resulting a net magnetic moment can be induced on
the surface.38,39 The observed SEB effect arises from intercou-
pling between the short-range ordered clusters of frustrated
surface spins and uncompensated antiferromagnetic cores at
the interface during the rst eld of hysteresis loop measure-
ment. Such inter-coupling sets up unidirectional anisotropy at
the interface; for a detailed description was discussed in our
previous work.23

3.3. Memory effect

The magnetic anisotropy plays an important role in shaping
the magnetic properties of nanoscale material which can be
altered by the random size distribution, strong inter particle
interactions and unidirectional anisotropy in the core/shell
magnetic nanoparticles.21,40 The effect of enhanced magnetic
anisotropy on the magnetic properties of nanoparticles can be
studied effectively by measuring the thermoremanent spin
dynamics,41 the memory effect42 and the effect of aging43 using
eld cooling and zero eld cooling processes. The eld cooling
and zero eld cooling memory effects have been used for the
characterization of superparamagnetic44 and spin-glass42

systems. To characterize magnetic properties, the memory
effect in FCmagnetization with FC protocol is investigated. The
results for FCmemory effect within 2 to 50 K temperature range
are depicted in Fig. 6. Initially NRs were cool down from 300 K
down to 2 K with a cooling rate of 2 Kmin�1 in a static magnetic
eld of 100 Oe and magnetization recorded as a function of
temperature. During recording, temperature of the sample was
25516 | RSC Adv., 2017, 7, 25512–25518
“held” at 40, 30, 20, and 10 K for a time period of 5 h each and
magnetic moments were allowed to relax by switching off the
magnetic eld. Aer 5 h relaxation, magnetic eld turn on and
measurement was subsequently resumed with the same cool-
ing rate. The above magnetization curve is designated as
“cooling curve” shown in Fig. 6. Aer reaching the desired low
temperature of 2 K, NRs were warmed and magnetization
recorded at rate of 2 K min�1 in 100 Oe eld without any stop,
designated as “warming” curve, also called as “memory curve”
as shown in Fig. 6. Discernible evidence of steps is clearly
visible in the memory curve around 10, 20 and 30 K below TB.
The observed step-like behavior indicates that the spin
conguration imprinted in the blocking state (below TB) of NRs
is retrieved by the memory curve. This step like behavior is the
This journal is © The Royal Society of Chemistry 2017
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signature of the magnetic memory effect which can be used as
a good measure for understanding SPM or SG system. The
unique part in Fig. 6 is the increasing behavior of magnetiza-
tion with the decrease of temperature which has been used as
a ngerprint test to distinguish SG and blocked SPM system. In
non-interacting SPM nanostructure moments prefer to stay
blocked along the easy axis direction which is along the eld
direction resulting in increase of magnetization with the
decrease of temperature. On the other hand, an interacting SG
system shows decrease in the magnetization with the decrease
of temperature. Therefore, observed FC memory effect is could
be either because of wide distribution in length of NRs as
observed from SEM images causing distribution in magneto-
crystalline anisotropy or because of setup of UA in blocked
state. In a spin glassy system, the length of the spin–spin
correlation grows during the stop, even in a zero eld, and
a memory dip typically shows up upon reheating. This is not
possible in a non/weak-interacting nanoparticle system which
does not show the memory dip in the ZFC mode. The above
nding indicates that the FC memory effect in strongly-
interacting 24 nm Cr2O3 NRs could be induced either by the
size distribution (which resulted in the broad distribution of
blocking temperatures) or the strongly pinned interfacial spin
mediated UA. However, the observed decreasing behavior of
both the FC memory effect and the SEB eld with the increase
of temperature indicates that the memory effect in Cr2O3 NRs is
mediated by strongly pinned interfacial spins. However, size
distribution leads to broad distribution of TB, which is not
consistent with M(T). Furthermore, observed non-zero coer-
civity in blocked state indicate weak ferromagnetic behavior
which differs signicantly from SPM system. Therefore, we
conrmed that observed memory effect from AF NRs could be
manifested by UA of Cr2O3.
4. Conclusion

The AF Cr2O3 nanorods (NRs) with diameter of hdiXRD ¼ 24 nm
are investigated bymeans of DCmagnetometer in order to study
the unidirectional anisotropy (UA) properties. Temperature
dependent magnetization M(T) reveal TB ¼ 30 K below which
system is in blocked state. A SEB eld of 18 Oe is reported at 2 K
attributed to setting up of UA during the rst eld of hysteresis
loop measurement. The eld-cooled (FC) magnetization relax-
ation measured at different temperature shows the presence of
multimagnetic anisotropy. However, disappearance of FC
memory effect, coercivity and SEB eld above TB and observed
narrow distribution of M(T) curve rule out the possibility of
interacting SPM system. Hence, we conclude that FC memory
effect from AF Cr2O3 NRs is mediated by UA.
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