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The magnetization reversal of ferromagnetic nanoparticles coupled by exchange with a CoO (111)

thin film has been studied. The interfacial exchange interaction triggers the appearance of an

out-of-plane magnetization in the CoO (111) film. Co and Ni60Cu40 particles were chosen, as they

present an order of magnitude difference in the saturation magnetization and Curie temperatures

that surround the Néel temperature of CoO. In both cases, the exchange coupling leads to an

increase of the coercive field, up to 200% in Co particles, and small exchange bias of 100 Oe

when the external magnetic field is applied in the CoO (111) plane. When the field is applied

along the CoO [111] direction, an unexpected net magnetization of the CoO (111) layer is

revealed. Interestingly, it scales with the particles magnetization. The results are explained in

terms of a large interfacial interaction and an induced canting of the CoO spins in the close

region of the interface. The large value of the CoO magnetization indicates that the canting

settles over an extended thickness of at least 3.7 nm and 1.2 nm in the cases of Co and Ni60Cu40

particles, respectively, which is consistent with a compensated antiferromagnetic spins surface.
VC 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.3702445]

I. INTRODUCTION

The manifestation of the exchange interaction at the

interface between a ferromagnet (FM) and an antiferromag-

net (AFM) was first observed on partially oxidized Co par-

ticles more than fifty years ago.1 In the commonly accepted

picture, the interfacial exchange coupling results in the pin-

ning of the FM spins. This phenomenon is widely used, nota-

bly in the hard drive disk technology,2 and one can expect

that it will play a major role in the emerging spintronic tech-

nology.3 Although the physics seems to be understood from

a qualitative point of view,4 some questions remain regard-

ing the microscopic mechanisms, mainly because of the ex-

perimental difficulties to (i) produce defects-free FM/AFM

interfaces and (ii) determine the local spins configuration in

a buried interface. Jiménez et al. have recently pointed out

the key role that the interfacial defects play in the balance of

the magnetic anisotropy at the interface.5 In FM nanopar-

ticles (NPs), the anisotropy contribution induced by the

exchange interaction with a surrounding AFM can be a way

of beating the superparamagnetic limit.6 The commonly

higher anisotropy of the AFM affects the FM spins reversal.

However, in the case of core(FM)/shell(AFM) magnetic

nanostructures, such as in Co/CoO NPs, the AFM shell

presents reduced exchange and low anisotropy, owing to par-

tial magnetic disorder.7,8 We have recently demonstrated

that a large coupling can be obtained when FM NPs are de-

posited on an epitaxially grown AFM CoO (111) layer.9 The

AFM spins configuration at the interface determines the pin-

ning direction. As the FM/AFM is cooled down through the

Néel temperature (TN), the magnetization of the FM is there-

fore determinant.10 In this report, both Co and Ni60Cu40 NPs

are investigated. In the bulk state, these materials have Curie

points (TC) of 1400 K and 175 K,11 respectively, which sur-

rounds TN of CoO (290 K). Besides, they present about one

order of magnitude difference in both the TC values and the

saturation magnetization values, which are 1400 emu/cm3

for Co and about 100 emu/cm3 for Ni60Cu40, which could

give information about the role played by the intrinsic FM

exchange and the FM magnetic moment at the interface.

II. EXPERIMENTAL DETAILS

Co and Ni60Cu40 NPs were produced by sputtering and

gas-condensation technique with a back pressure of 10�9

mbar.14 The NPs size was 4.4(4) nm, as monitored in situ by

time of flight spectroscopy. Figure 1(a) shows typical NPs

size distribution obtained in this study. The gas-aggregation

conditions were tuned to obtain similar size distributions for

both the materials. The equivalent thicknesses of Co and

Ni60Cu40 NPs layers were 1 nm and 4 nm, respectively, in

order to cover the CoO surface. These equivalent thicknesses

correspond to percolated assemblies of NPs, which implies

that interparticles’ dipolar and exchange coupling are to be

considered. For the Ni60Cu40 NPs synthesis, we used a sput-

tering target with the same stoichiometry. The composition

of the formed Ni60Cu40 NPs was confirmed ex situ by

energy-dispersive x ray spectroscopy with 62% uncertainty.

The NPs were deposited either on 20-nm Al2O3 thin films or

on 20-nm CoO (111) layers obtained with the growth proce-

dure described below. The NPs were protected from oxida-

tion by a sputtered Al2O3�d; layer of 20 nm thick. In a

previous report, we showed that only icosahedral Co NPs
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were produced for sizes below 5 nm.14 Similar results were

obtained for the Ni60Cu40 NPs. Figures 1(b) and 1(c) show

two high resolution transmission electron microscopy

(HRTEM) images of Ni60Cu40 NPs when the electron beam

was directed along the icosahedron quinary axis (b) and bi-

nary axis (c). Note that the surface of the icosahedral NPs

consists of (111) facets only and could be seen as a distorted

assembly of twenty fcc tetrahedra. The lattice parameter

determined by x ray diffraction (XRD) measurements was

0.359(3) nm, which corresponds to a composition of 70% Ni

in the chemically disordered fcc structure. According to

magnetic measurements, the saturation magnetization is

close to the one observed early on in the disordered alloy in

the bulk state. At this point, a chemical disordered structure

is the most likely configuration.

The CoO (111) layers were deposited on an a-Al2O3

(0001) substrate by reactive sputtering from a Co target in a

mixed atmosphere Ar/O2 at 200 �C, with a base pressure of

10�8 mbar. The epitaxial growth of CoO on a-Al2O3 was

demonstrated earlier by Gokemeijer et al.15 A detailed struc-

tural analysis of CoO layers was performed by means of a

Seifert XRD 3003 PTS diffractometer using a Cu radiation

and Ge(220) monochromators on incident and diffracted beams

and HRTEM observations. In Fig. 2(b), one can see that the

XRD pattern only shows CoO {hhh} reflections, h being an

integer. The cross section HRTEM micrograph of Fig. 2(a)

clearly reveals the stack of CoO (111) planes. Note that atomic

force microscopy observations (not shown) showed a smooth

interface with a 0.26(3) nm rms roughness. The presence of

Laue fringes revealed around the CoO (111) Bragg-reflection

peak (Fig. 2(c)) indicates sharp and smooth interfaces.

Magnetic measurements on NPs assemblies were per-

formed by means of a Quantum Design superconducting

quantum interference device (SQUID) magnetometer. The

anisotropy constants K1 and K2 in CoO are, respectively, of

2.7� 108 erg/cm3 and 2� 105 erg/cm3.12 Since the CoO

layers are highly oriented in the polar [111] direction, both

the in-plane (IP) and the out-of-plane (OOP) magnetizations

were measured.

III. RESULTS AND DISCUSSION

A. In-plane magnetization measurements

Figure 3 shows the IP magnetization curves at 6 K for

both Ni60Cu40 NPs and Co NPs either embedded into an

Al2O3 matrix or deposited on CoO (111) layers and covered

with a Al2O3 layer.

The saturation magnetization of the Co NPs was found

to be the bulk one (1400 emu/cm3), as for the Ni60Cu40 NPs

(100 emu/cm3), considering the mass uncertainty. It suggests

that the CoO layer does not contribute to the magnetization,

as expected for the highly ordered AFM layer. This also indi-

cates that the NPs are not oxidized, since for the considered

size, where more than 20% of the atoms occupy surface sites,

a partial oxidation would lead to substantial reduction of the

saturation magnetization. The magnetization curve along the

CoO ½1�10� azimuth was found to superimpose to the magnet-

ization curve along the perpendicular azimuth CoO ½11�2�.
The coercive field, HC, increased from 0.5 kOe to 1.5

kOe with an exchange bias field, Hb, of 100 Oe for Co NPs,

while in the case of Ni60Cu40 NPs, HC increased from

100 Oe to 270 Oe with Hb of 55 Oe. The HC increase was the

most pronounced effect for both of the FM materials, as

observed earlier by Givord in a system of Co NPs embedded

into a CoO matrix with an interfacial perpendicular

FIG. 1. (a) NPs size distribution measured in situ by time-of-flight spec-

trometry. (b) and (c) High resolution TEM images of a NiCu 4-nm Ni60Cu40

NP with the electron beam directed along its quinary axis (b) and its ternary

axis (c).

FIG. 2. (a) Cross-section TEM image of the CoO(111)/a-Al2O3 (0001)

interface. (b) XRD pattern of Nb/Al2O3/NPs/CoO/a-Al2O3 (0001). The gap

in the experimental data around 2h¼ 49� corresponds to the position of the

intense a-Al2O3 (0006) peak. (c) Closer look of the XRD pattern around the

CoO (111) Bragg-reflection peak.

083901-2 Le Roy et al. J. Appl. Phys. 111, 083901 (2012)



coupling.13 This increase is generally associated to partial

rotation of the AFM spins at the interface in a strong cou-

pling configuration. On the other hand, the small Hb values

denote a pinning that could be due to the pre-existing canting

of the AFM spin moments at the interface.

These results suggest that the low value of K2 results in

a partial rotation of the spins in CoO during the FM magnet-

ization reversal. One can then evaluate a volume VAFM of the

CoO layer in which the spins partially rotate using the

increase of the coercive field DHC,

DHC ¼
2KAFMVAFM

MFMVFM

: (1)

Considering the spherical-like morphology of the icosa-

hedron, we consider an hemisphere-like volume for VAFM

with a radius RAFM. It leads to RAFM¼ 3.2 nm and

RAFM¼ 0.8 nm for the Co and Ni60Cu40 NPs, respectively. In

the case we consider that the FM NPs coverage is large

enough and the rotation of the AFM spins occurs within a crit-

ical and homogeneous thickness tC in the AFM layer, we

obtain tC of 5.5 nm (for Co NPs) and 0.1 nm (for Ni60Cu40).

Note that those values, relatively small, indicate that the rota-

tion of AFM spins is restricted to an interface-close region

and the magnetic ordering is not affected in the remaining

AFM layer.

As mentioned before, exchange bias was observed in

the Ni60Cu40 system, although the AFM ordering occurs

while Ni60Cu40 is in the paramagnetic state, as expected if

(i) the applied field during the cooling partially polarizes

the PM spins of the NPs, which induces the ordering of the

AFM, or (ii) the Zeeman energy terms acting on the AFM

spin moments is sufficient to induce the ordering of the

AFM.

B. Out-of-plane magnetization measurements

Figure 4 shows the IP and OOP magnetization curves at

6 K. Significantly smaller HC was measured OOP in the case

of Co NPs: 1500 Oe (IP) and 500 Oe (OOP). No such differ-

ence was observed in Ni60Cu40 NPs’ magnetization with HC

of 300 Oe in the CoO [111] direction. Note that the overall

magnetization of the NPs assembly is isotropic, since the

NPs anisotropy axes are randomly oriented on the substrate

surface. Thus, this anisotropy is related to the AFM for

which the CoO [111] (OOP direction) constitutes a hard

axis. Interestingly, the OOP-saturated magnetization exceeds

the one of the sole assembly of Co and Ni60Cu40 NPs, while

the IP saturated magnetization matches with the one of both

bulk FM materials. An increase of the FM magnetic moment

is unlikely, since it is, to our knowledge, neither proposed by

calculation nor observed experimentally. In the opposite, the

spins canting in the AFM layers has already been proven

experimentally (by neutron scattering) and is supported by

micromagnetic calculations.16 In this present work, this add-

ing contribution to the OOP magnetization can only come

from the CoO layer. It is worth to note here that no net mag-

netization has been observed for the sole CoO layer. This

effect only occurred in the presence of the FM NPs, similarly

to the spin-flop configuration observed by Borchers et al. in

Co/CoO bilayers.17

The magnetic moment of the Co atoms in the CoO is

3.8 lB. Our sample surface is 0.25 cm2. The [111] direction

of CoO is a polar direction with alternating Co and O planes.

The total magnetic moment hold by each Co plane corre-

sponds to 8.3 lemu. The large magnetic moment of Co rules

FIG. 3. IP magnetization curves at 6 K after field cooling under an external

magnetic field of 30 kOe for (a) Co NPs and (b) Ni60Cu40 NPs. The magnet-

ization is calculated using the volume of the FM.

FIG. 4. IP and OOP magnetization curves at 6 K after field cooling under an

external magnetic field of 30 kOe for (a) Co NPs and (b) Ni60Cu40 NPs.
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out the sole contribution of uncompensated spins at the crys-

tallites’ boundary, which can be observed in other systems,

such as Co/MnPt.18 Considering the same picture as pro-

posed above for explaining the IP magnetization results, the

OOP magnetization curves can be explained by a partial

rotation of the AFM spins, with the difference that it results

here in a net AFM magnetization contribution. This aniso-

tropic CoO net magnetization could be related to the intrinsic

anisotropy of CoO. Indeed, the high symmetry order of the

spins structure in the CoO (111) planes is expected to facili-

tate the rotation of the AFM spins within the plane and keep

an overall compensation.

It is worth to note that we did not observe any loop shift

along the magnetization axis. In the absence of vertical shift,

it is generally not possible to determine the sign of the interfa-

cial exchange interaction from magnetization measurements.

The first relevant indication of this adding contribution is the

positive sign of the interfacial exchange interaction.

The net magnetic moment increase mCoO is of 120 lemu

in the case of Co and 36 lemu in the case of Ni60Cu40 NPs,

fairly scaling with the FM magnetic moment. Note that,

when observed, the contribution of the AFM magnetic

moments to the magnetization is marginal.19 The particular-

ity of our system could be the single domain feature of the

FM nanoclusters that can preclude the generally admitted

picture of a domain wall parallel to the interface in the FM.

The following discussion is focused on the spins config-

uration at the interface. In bulk CoO, CoO (111) planes are

uncompensated spins planes. The spins are pointing in the

½�1�17� that is 23.8� off from the (111) plane. Considering a

layer orientation ½11�1�, the spins orientation is at 55.5� from

the normal to the film plane.

First consider a limit case in which the AFM spins are

collinear to the FM spins within a distance tC from the FM/

AFM interface and aligned on their anisotropy axis in the

remaining CoO volume. This configuration is energetically

favorable for exchange interaction matter, but neglects the

cost in anisotropy energy. Therefore, it can be used to esti-

mate an inferior limit of tC. mCoO corresponds to the total

magnetic moment of 15 atomic Co planes in CoO in the case

of Co NPs and 5 atomic Co planes in CoO in the case of

Ni60Cu40 NPs that correspond to tC � 3.7 nm and tC
� 1.2 nm, respectively. The exchange is a short-range inter-

action and so is limited to the nearest neighbors. Thus, the

compensation of the AFM magnetization is expected to

recover within a few atomic layers from the interface if we

consider the case of a fully uncompensated AFM surface.

This large value of mCoO can only be explained by compen-

sated Co spins planes along the CoO [111] growth direction.

Note that three of the equivalent h111i directions in CoO

would lead to compensated spins surface. A schematic dia-

gram of a possible spins configuration is displayed in Fig. 5.

One can distinguish two AFM regions: at a distance t> tC
from the interface, the AFM spins are aligned on their anisot-

ropy axis, while for t< tC, the AFM spins are tilted. The

competing anisotropy and exchange energies result in a grad-

ual increase of the canting toward the interface. As a result, a

net magnetic moment in the CoO layer appears along the

applied field direction, i.e., CoO [111].

IV. CONCLUSION

The interfacial interaction between FM NPs of Co and

Ni60Cu40 with an underneath layer of CoO (111) has been

investigated. Our results show that the exchange interaction

leads to partial rotation of the AFM spins close enough to

the FM/AFM interface. The in-plane coercivity increases up

to 200% for Co NPs. The small value of K2 allows this par-

tial rotation to occur, and a global AFM spins compensation

is conserved. However, when the external magnetic field is

applied out of plane, the interfacial coupling triggers the

appearance of a net magnetization in the CoO layer. This

result reveals how the exchange coupling settles in this

system; in particular: (i) the exchange interaction sign at the

interface is positive and (ii) the AFM spins canting occurs in

an extended volume of the CoO layer. In the case of Co NPs,

an inferior limit of this volume was estimated to 65%, which

seems to be consistent only with a compensated spins

configuration at the surface of the CoO.
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