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Bulk to nanoscale magnetism and exchange bias in CuO nanoparticles
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~Received 28 June 2001; published 15 October 2001!

Detailed studies of the temperature~5–350 K! and magnetic field variations~up to H550 kOe! of the
magnetization of CuO nanoparticles of nominal size range 37–6.6 nm are reported. These particles were
synthesized by the sol-gel method in combination with high-temperature annealing, followed by structural
characterization by x-ray diffraction and high-resolution transmission electron microscopy. With a decrease in
particle sized from 37 to 10 nm, the unit-cell volume andb axis increased and the bulk Ne´el temperatureTN

decreased according togm52] ln TN /] ln b530. For particles withd,10 nm, there is a more rapid lattice
expansion and the magnetic susceptibilityx varied as 1/d, accompanied by a weak ferromagnetic component
and hysteresis loops. For the 6.6-nm particles for which detailed studies are reported, there is a rapid increase
in the coercivity Hc and the remanenceMr below 40 K accompanied by an exchange biasHE for the
field-cooled samples inH550 kOe. From 10 to 40 K,HE decreases monotonically to zero. However, above 40
K, a symmetric hysteresis loop is observed, withHc decreasing weakly towards zero as temperature increases
towards 330 K. The hysteresis loop and the 1/d variation of x are interpreted in terms of uncompensated
surface Cu21 spins, whereas the transition at 40 K is suggested to beTN of the spins in the core of 6.6-nm
particles. Similarities to the hysteresis loops observed in the Permalloy/CoO system are noted.

DOI: 10.1103/PhysRevB.64.174420 PACS number~s!: 75.50.Tt, 75.30.Kz, 75.30.Cr, 81.07.2b
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I. INTRODUCTION

The nature of magnetism in nanoscale particles~NP’s! has
become a very active area of research because of the un
properties of NP’s and their potential technologic
applications.1–3 In NP’s with an antiferromagnetically or
dered core, the surface spins are expected to dominate
measured magnetization because of their lower coordina
and uncompensated exchange couplings.3,4 This in turn leads
to a large magnetic moment per particle and modifi
superparamagnetism.5–7 Considerable variations of the mag
netic properties with change in particle sizes are expec
because of the associated changes in the relative numb
surface spins. Antiferromagnetic NP systems where deta
magnetic studies have been reported include NiO3,6

ferritin,5,8 a-Fe2O3,
9,10 and ferrihydrites.7,11

The transition-metal monoxides MnO, FeO, CoO, Ni
and CuO are all antiferromagnets. Whereas MnO, FeO, C
and NiO crystallize in the NaCl structure, CuO is unique
having a monoclinic unit cell and square-planer coordinat
of copper by oxygen.12 Because of the similarity of this co
ordination of Cu to that in high-Tc superconductors, bulk
CuO has been investigated by a variety of experimental te
niques in recent years. From the temperature variation
the magnetic susceptibilityx,13–15 specific heat,14,16,17 and
neutron diffraction18 in bulk CuO, it is well established that
transition from a paramagnetic to incommensurate antife
magnetic~AF! state occurs nearTN.230 K, followed by a
first-order transition to commensurate AF state near 213
with the moments aligned along the monoclinicb axis. In
addition, the continued rise inx aboveTN , with a broad
maximum occurring near 550 K, has been explained in te
of linear chain antiferromagnetism, with intrachain exchan
0163-1829/2001/64~17!/174420~8!/$20.00 64 1744
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constantJ.400 K.19 These Cu-O-Cu chains are evident
the crystal structure along@1 0 1̄#, with a Cu-O-Cu bond
angle of 146°. The rise inx observed forT,140 K in many
studies can be attributed to defects or impurities13,14,20since
in high-purity single crystals, this rise inx at lower tempera-
tures is not observed.15,21

In this paper, we report the synthesis of CuO NP’s in t
37–6.6 nm range by the sol-gel route and high tempera
annealing, followed by structural characterization usi
x-ray diffraction and transmission electron microscopy a
detailed magnetic studies in the 5–350 K range and in m
netic fields up to 50 kOe. Whereas the magnetic behavio
the particles with sized>10 nm resembles that of bulk CuO
except for reducedTN due to expansion of the lattice, pa
ticles with sized,10 nm exhibit anomalous magnetic pro
erties and hysteresis loops. For the 6.6-nm particles
which detailed studies are reported, aTN.40 K is inferred
below which significant exchange biasHE with enhanced
coercivity Hc is observed for the field-cooled~FC! sample.
From 40 to 330 K a symmetric hysteresis loop is observ
with slowly decreasingHc with increase in temperature. De
tails of these results and their interpretation are presen
below.

II. EXPERIMENTAL DETAILS

CuO NP’s were prepared by the sol-gel method by rea
ing at room temperature acquous solutions of copper nit
and sodium hydroxide atpH510. The resulting gel was
washed several times with distilled water until free of nitra
ions. This gel was then centrifuged and dried in air. T
resulting sample, analyzed by x-ray diffraction~XRD! using
a Rigaku diffractometer and CuKa radiation (l
©2001 The American Physical Society20-1
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50.15418 nm) was found to be pure Cu~OH!2. Thermogravi-
metric measurements, carried out in air using a Met
TA3000 system, showed that Cu~OH!2 dissociates into CuO
near 160 °C. Consequently, the Cu~OH!2 gel was calcined in
air for 3 h at theselected temperatures of 160, 200, 250, 3
400, 600, 800, and 1000 °C. The XRD patterns of the c
cined samples~Fig. 1! show only lines due to CuO. Employ
ing the Scherrer relation with instrumental correction,10 the
average particle sizes determined from the (202)̄, ~202!, and
(113̄) reflections are listed in Fig. 1. The above proced
for synthesis, somewhat similar to the one used for prod
ing NiO NP’s,6 differs substantially from the electrochemic
technique used recently by Borgohainet al. where encapsu
lated CuO NP’s of 3–6 nm size were produced.22 The fact
that in Fig. 1 no phase other than CuO~e.g., Cu2O! is de-
tected is important since a recent report by Palkaret al.23

states that CuO NP’s below 25 nm are not stable and con
to Cu2O. However, the method used by Palkaret al. for syn-
thesis was different involving citrates and oxalates.

The above-prepared samples were characterized at
National Institute of Standards and Technology by x-ray
ergy dispersive spectroscopy to verify that particles are
deed CuO and by HRTEM to verify the particle size a
morphology. In Fig. 2, we show selected TEM micrograp
In addition to the expected fusion of the particles with s
tering, surface facetting is evident. The small particles
aggregated and the size of the smaller particles as meas
by TEM is comparable to the numbers determined from
XRD patterns. However, for larger particles of nomin
sizes>27.7 nm, there are differences in the sizes observe
TEM, which indicates considerably larger sizes and the p
ence of smaller particles on the surface of the larger p
ticles, suggesting a bimodal distribution@Fig. 2~d!#. This dis-
crepancy is most likely due to the inadequacy of the Sche

FIG. 1. Room-temperature XRD patterns of CuO particles
nealed at different temperatures shown. The particle size show

the average value determined from the (202)̄, ~202!, and (113̄)
lines using the Scherrer relation, after correcting for the instrum
tal width ~e.g., see Ref. 10!. Temperatures are in °C.
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relation to yield accurate results for larger particles where
linewidths become comparable to the instrumental wid
This discrepancy, however, has no significant bearing on
results presented here since the magnetic properties of t
larger particles resemble those of bulk CuO anyway. T
new interesting properties are observed for sizes<10 nm for
which there is a good agreement between the sizes d
mined from XRD and TEM measurements.

The temperature and magnetic field variations of the m
netizationM for all our samples were measured with a s
perconducting quantum interference device~SQUID! magne-
tometer. For the zero-field-cooled~ZFC! case, the sample
were cooled to 5 K in zero field, a measuring field was the
applied, followed by data acquisition at increasing tempe
tures by stabilizing the temperature at each point. For the
case, the sample was cooled in a specifiedH to 5 K, followed
by data acquisition in the above manner. For some spec
cases, the FC data were taken with decreasing temperat
The measuredM values are corrected for the weak diama
netic contribution of the white plastic drinking straw used
a sample holder, as described in Ref. 7.

III. EXPERIMENTAL RESULTS AND DISCUSSION

A. Lattice parameters

The lattice parametersa, b, c, and b of the monoclinic
unit cell of CuO were determined from the XRD patterns
Fig. 1 using the Jade pattern analysis software. The lar
change with particle size was observed for theb axis. Con-
sequently, we show in Fig. 3 the variation of theb axis and
the unit-cell volumeV5abcsinb with particle size, both of
which increase as particle size decreases, with a large
crease in the rate occurring for particles below 10 nm. I
recent paper, Ayyubet al.24 have argued that such lattice e
pansion and distortion can occur with a reduction in parti
size. Since Cu-O-Cu superexchange is expected to b
strong function of both the bond angle and bond length,

-
is

-

FIG. 2. TEM characterization reveals agglomeration of t
nanoscale particles. A cluster of 6.6-nm particles, shown in~a!,
consists of highly faceted single particles~b!. A cluster of the nomi-
nal 33-nm particles is shown in~c!. These large particles have su
faces decorated with smaller particles~d!, which exhibit defects
such as multiple twinning~arrow!.
0-2
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ticeable changes in the magnetic properties should be
pected with reduction in particle size. This is indeed o
served as described below.

B. Magnetic susceptibility and Néel temperature

The temperature variation of magnetic susceptibilityx
5M /H(H5200 Oe) for the ZFC cases is plotted in Fig.

FIG. 3. Size dependence of the lattice constant ofb axis, the
volume of the unit cell~inset!, and the measured Ne´el temperature
TN . The solid line is drawn usinggm52] ln TN /] ln b530. The
dotted line is drawn connecting the points.

FIG. 4. Temperature variation of the magnetic susceptibilityx
for different particles indicated.
17442
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for particle sizes of 6.6, 8.4, 9.1, 12.4, 27.7, and 37 nm.25 For
the larger particles, the data are similar to the observatio
bulk CuO.13–15 The Néel temperatureTN for the largest
37-nm particle determined by locating the peak in](xT)/]T
versusT ~Ref. 26! yields TN.228 K, in close agreemen
with the knownTN.230 K for bulk CuO. AboveTN , x in
CuO continues to rise due to one-dimensional short-ra
order, in agreement with earlier observations in bulk CuO13

For particles down to 9.1 nm,TN could be determined in a
similar fashion from the peak in](xT)/]T and these values
of TN ~shown as solid triangles with error bars indicatin
experimental uncertainty! versus particle size are also plotte
in Fig. 3. The small rise inx seen at low temperatures for th
larger particles may be due to the already noted small p
ticle inclusions in larger particles, as observed in HRTE
~Fig. 2!. For the 6.6 and 8.4-nm particles, no peak
](xT)/]T was evident.

The changes inTN and the lattice constantb with particle
size ~Fig. 3! may be interpreted in terms of the magne
Gruneisen parametergm[2] ln TN /] ln b since the expan-
sion of the lattice is expected to decrease exchange cons
and henceTN . The solid line shown in Fig. 3 corresponds
gm530. In bulk antiferromagnets with superexchange int
actions,gm.10 is usually found assumingTN}J.27 In CuO,
TN is most likely triggered by the weaker interchain e
change interaction. Consequently, the larger value ofgm ob-
served here may reflect this complication and possible c
tributions from the finite-size effects.27 If the samegm530 is
assumed for the 6.6-nm particles,TN.170 K should have
been observed for these particles~Fig. 3!.

Comparison of the behavior ofx vs. T for the largest~37
nm! and the smallest~6.6 nm! particles in our study is made
in Fig. 5 where data for both the FC and ZFC cases inH
5200 Oe are presented. The difference susceptib
@x(FC)2x(ZFC)# for the two cases, plotted in the inset o
Fig. 5 as a function of temperature, clearly brings out
different nature of magnetism in the 6.6-nm particles, as
dicated by the anomaly near 40 K. The nature of t
anomaly is investigated in more detail later.

C. Magnetization versus magnetic field variations

The plots ofM versusH at different temperatures betwee
5 and 300 K are shown in Fig. 6 for the 6.6- and 32-n
particles. The plots are essentially linear up to 50 kOe exc
for a weak ferromagnetic~WF! component at lower fields
The magnitude of the WF component is much larger in
6.6-nm particles as evident from the plot ofM versusH for
lower fields ~Fig. 7!. Following the TEM observations o
inclusion of some smaller particles in larger particles,
infer that the WF component in larger particles origina
from particles smaller than 10 nm only. The variation ofM
versusH in Fig. 7 even for the 6.6-nm particles is qui
different from the Langevin-type variation observed in A
NP’s of ferritin5 and ferrihydrite.7 The WF component ap
pears to saturate atH.3 kOe, and its magnitude extrapo
lated toH50 equals 0.008 emu/g for the 6.6-nm particle
As a comparison, for the 5.3-nm NiO particles withTB
.160 K, M.2 emu/g forH→0 Oe was observed, sugges
0-3
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ing that the nature of surface spin disorder in CuO NP’s
quite different from the observations in other well-studi
AF-NP systems such as ferritin,5 NiO,6 and ferrihydrite.7

Even for NiO NP’s, theM vs H variation could not be fitted
to the Langevin-type variation observed in ferritin5 and
ferrihydrite7 NP’s with a realistic value of the particle mo
ment. This is even more valid for the CuO-NP system
scribed here.

D. Particle-size dependence of magnetic susceptibility

Richardsonet al.28 have discussed the various cases of
Néel’s model for the uncompensated spinsp5nA2nB ,
wherenA andnB are the number of atoms on a two-sublatti
antiferromagnet. The magnetic moment forH→0 depends
on p, which in turn depends on the crystal structure, parti
morphology, and particle size. For a particle of sized, the
numbern of atoms per particle with magnetic momentma on
each and interatomic distance ofa is given byn5d3/a3. The
mass susceptibilityx for particles of densityr is then given
by

x5xT1
ma

2mB
2

ra3~3kBT! S p2

n D , ~1!

where xT is the susceptibility of the compensated syste
kB5Boltzmann’s constant, andmB5Bohr magneton. The
dependence ofp on n and henced goes as follows: ~i! p

FIG. 5. Temperature variations of the magnetic susceptibilitx
under ZFC~zero-field-cooled! and FC~field-cooled! conditions for
the largest~37 nm! and the smallest~6.6 nm! particles. In the inset,
the difference susceptibility@x~FC!2x~ZFC!# is plotted against
temperature for the largest~37 nm! and the smallest~6.6 nm! par-
ticles. The lines joining the points are for visual aid.
17442
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5n1/2 for random distribution of missingB spins, ~ii ! p
5n2/3 if the top and bottom layers of a particle belong to t
same sublattice, and~iii ! p5n1/3 if only the alternating
planes belonging to the same sublattice of the top and bot
layers are uncompensated. Forp5n1/2, p2/n in Eq. ~1! is
constant and independent ofd; for p5n2/3, p2/n5n1/3

5d/a; and for p5n1/3, p2/n51/n1/35a/d. Thus thed de-
pendence ofx is different from the three cases.

To check thed dependence ofx, we plot in Fig. 8,x
versus 1/d since our observations suggest thatx goes up asd
decreases. Data for particles withd,10 nm clearly follow
the linear dependence expected for the case~iii ! with p
5n1/3. Although the expected increase inx with decrease in
temperature@Eq. ~1!# is observed, the 1/T dependence is no
strictly obeyed, as was obvious from Fig. 4 also. The 1d
dependence of Fig. 8 is similar to the observation in N
NP’s,28 but different from the observations in ferritin5 and
ferrihydrite7 NP’s where the experimental observations fitt
the p5n1/2 variation. The magnetic momentma calculated
from the slope of Fig. 8 and Eq.~1! for the 6.6-nm particles
equals 0.16mB at 7 K and 0.72mB at 350 K. The magnetic
moment per Cu atom measured by neutron diffraction
0.65mB in CuO,18 in agreement with our higher-temperatu
estimate.

From the above results, it is concluded that in CuO-

FIG. 6. Measured magnetizationM of the 6.6- and 32-nm par-
ticles as a function of applied fieldH up to 50 kOe at selected
temperatures between 5 and 300 K. Lines joining the points are
visual aid.
0-4
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BULK TO NANOSCALE MAGNETISM AND EXCHANGE . . . PHYSICAL REVIEW B 64 174420
systems, particles withd.10 nm behave essentially as bu
CuO except for the loweredTN due to the expansion of th
lattice. However, for particles withd,10 nm, nanomag-
netism comes into play since the expectedTN5170 K for the
6.6-nm particles is not observed. Also, 1/d variation ofx and
the resulting calculated magnetic momentma /Cu atom are
consistent with the case of Ne´el’s model in which alternating

FIG. 7. Expansion of the data of Fig. 6 for lower fields to sho
the weak ferromagnetic component which saturates at about 3

FIG. 8. Plot of magnetic susceptibilityx at the temperatures of 7
and 350 K vs 1/d, whered is the particle size in nm. Lines joining
the points are for visual aid.
17442
planes belonging to the same sublattice on the surface l
are uncompensated. For the 6.6-nm particles, measurem
of the hysteresis loop parameters clearly show a magn
transition below 40 K and anomalous hysteresis loops up
330 K. These results are presented next.

E. Hysteresis loops

We have carried out detailed hysteresis loop meas
ments for the 6.6-nm particles as a function of temperatur
330 K for both the ZFC and FC cases. In Figs. 9 and 10,
show the measured hysteresis loops in whichMr ~rema-
nence! is the average of the positive and negative interce
on theM axis andHc ~coercivity! is the half width of the
loop at H50. The hysteresis loops are narrow~with Hc
,300 Oe! yet open even at 50 kOe. For ZFC, the tempe
ture variation ofHc andMr is plotted in Fig. 11. There is a
dramatic increase in bothMr andHc below 40 K, mirroring

e.

FIG. 9. Hysteresis loop at 10 K for the 6.6-nm particles for t
FC case inH550 kOe.

FIG. 10. Details of the hysteresis loop for the 6.6-nm particles
the low-field region at 100 K.
0-5
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the increase inx observed in Fig. 4 below 40 K. Above 40 K
both Hc and Mr decrease slowly with an increase in tem
perature, so that at room temperatureHc.10 Oe is observed
The most interesting aspect of these observations is the
sition at 40 K and the observation of a hysteresis loop
room temperature~well above the expectedTN<170 K as
noted earlier!.

To gain further insight into the nature of transition at
K, we measured hysteresis loops under FC conditions u
H550 kOe. The data for the low-field region~Fig. 12! show
not only a shiftHE of the hysteresis loop to negative dire
tion expected from exchange bias,29 but also broadening o
the loop~increase inHc!. The temperature variations ofHc

FIG. 11. Temperature variations of the coercivityHc and rema-
nenceMr for the zero-field cooled case. Lines through the d
points are for visual aid. Error bars represent experimental un
tainties.

FIG. 12. Comparison of the hysteresis loop for the 6.6-nm p
ticles under the field-cooled and zero-field-cooled conditions. Un
FC, the loop is shifted and broadened.
17442
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andHE ~Fig. 13! show that above 40 K,HE is zero andHc
values become equal to those observed for ZFC~Fig. 11!. So
the main conclusions from these investigations is thaT
540 K represents a transition to a magnetic state for wh
exchange bias is present.

F. Transition at 40 K

What is a plausible explanation for the presence of a h
teresis loop but the absence of exchange anisotropy or
aboveT.40 K? This temperature is notTB , the blocking
temperature, because forT.TB , no hysteresis should b
present, whereas in our case, hysteresis is observed up to
K. Also, the temperature dependence ofx above 40 K in the
6.6-nm particles does not follow the behavior expected fo
superparamagnet aboveTB . Instead, these results for th
6.6-nm CuO nanoparticles are qualitatively similar to the
ported observations in the Permalloy/CoO system.30 Here
Permalloy (Ni80Fe20) has ferromagnetic ordering withTc
.800 K, whereas CoO orders antiferromagnetically w
TN.291 K. As the system is cooled throughTN of CoO in a
magnetic field, the ferromagnetically ordered Permalloy d
plays a uniaxial anisotropy manifested in the loop shiftHE .
In this caseHE disappears aboveTN.291 K, althoughHc
remains nonzero aboveTN with a temperature dependenc
very similar to our observation in CuO shown in Fig. 1

a
r-

r-
r

FIG. 13. Plot of the temperature variation of the coercivityHc

and loop shiftHE for the FC 6.6-nm particles inH550 kOe. Data
of Hc for the zero-field cooled case are also shown for comparis
Lines through the data points are for visual aid. Error bars repre
experimental uncertainties.
0-6
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BULK TO NANOSCALE MAGNETISM AND EXCHANGE . . . PHYSICAL REVIEW B 64 174420
Therefore, it is likely that in the 6.6-nm CuO particles,TN
540 K represents the Ne´el temperature of Cu21 spins in the
core, whereas the ferromagnet component is provided by
uncompensated surface spins on the same sublattice as
cussed earlier. Because of the large exchange interactio@J
.400 K ~Ref. 19!# between Cu21 ions, this short-range fer
romagnetic ordering between the uncompensated sur
spins in the same sublattice and the short-range orderin
the spins in the core extends to well above 330 K. Our
servation of a weak-ferromagnetic component even at 33
~Fig. 7! supports this view. Of course, the strong exchan
coupling between the uncompensated surface spins and
spins in the core is responsible for the observed excha
anisotropy, which disappears when antiferromagnetic ord
ing in the core is lost aboveTN.40 K.

G. Concluding remarks

Recently, Kodama and Berkowitz3 have reported their re
sults on the atomic-scale modeling of the magnetic prop
ties of the nanoparticles of NiFe2O4, g-Fe2O3, and NiO. Ac-
cording to these results, the high-field irreversibility
magnetization may be attributed to the canting of the surf
spins, with lower coordination and broken exchange bon
These surface spins, with multiple spin configurations, fre
into a spin-glass state belowTB , leading toHE and largeHc
for T,TB . Further, magnetic order for the core spins can
quite different from that observed in bulk systems beca
the disorder of the surface spins in nanoparticles is com
nicated to the core spins via exchange coupling. Althou
d

li

B

J

y

n

t

17442
he
dis-

ce
of
-
K
e
the
ge
r-

r-

e
s.
e

e
e

u-
h

some of the conclusions from these studies3 may also be
valid for CuO NP’s, care needs to be exercised since
crystal and magnetic structures, and exchange paramete
CuO are quite different. Our observation of hysteresis lo
in the 6.6-nm CuO up to 330 K, well aboveTN.40 K, is
quite unique. It is hoped that these new results in CuO w
provide the impetus for atomic-scale modeling of the m
netic structure of this system.

In summary, the results presented here have shown
CuO NP’s below 10 nm exhibit nanoparticle magnetism w
uncompensated surface spins resulting in a we
ferromagnetic component. For the 6.6-nm particles,TN
.40 K for the spins in the core is inferred. Below thisTN ,
exchange bias and enhanced coercivities are observed
observation of hysteresis loops up to 330 K suggests we
aligned uncompensated spins due to short-range o
present as a result of a large exchange interaction. For
ticles greater than 10 nm, the magnetic ordering is essent
similar to the antiferromagnetic ordering of the bulk Cu
but with a reducedTN because of the expansion of the lattic
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