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We have studied the effect of Cr capping on the magnetic properties of Co nanoparticles (NPs). The

NPs have an average diameter of 2.2 nm. The blocking temperature TB of the bare Co particles is

13.2 K. By capping with a thin Cr layer up to a thickness of tCr¼ 0.52 nm, we first observe a

decrease of TB up to tCr¼ 0.14 nm, followed by an increase of TB for larger thicknesses 0.14 nm �
tCr � 0.52 nm. X-ray magnetic circular dichroism measurements at the resonant Co and Cr L3 edges

confirm a magnetic polarization of Cr which is opposite to the magnetization of Co. The antiparallel

alignment of Co and Cr spins at the Co/Cr interface can explain the decrease at low capping layer

thickness. However, for larger Cr capping layer thicknesses, the Cr film bridges the Co NPs,

mediating interparticle exchange coupling and enhancing dipolar coupling that leads to an increase

of the blocking temperature. VC 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4851677]

I. INTRODUCTION

Magnetic nanoparticles (NPs) play an increasingly impor-

tant role in many fields of nanomagnetism.1,2 In several cases,

they are composed of a core and a shell, where the core may

consist of a ferromagnetic metal covered by its natural oxide, a

ferri- or antiferromagnetic oxide surrounded by a diluted anti-

ferromagnet,3 or a capping layer for oxidation protection. In

any case, the properties of magnetic NPs strongly depend on

the interaction between core and shell or the surrounding.

Magnetic NPs may either be produced in the gas phase and

mass selected subsequentially, they may be embedded into a

fluid or polymer matrix, or they may be deposited on a sub-

strate. Deposition on a well chosen substrate has several advan-

tages as the growth mode and self-assembly of the NPs can be

tuned by the interface energy between NPs and substrate.4 In

the literature, it was shown that Co deposited on sapphire buffer

layers form small non-overlapping clusters with a rather narrow

size distribution for effective film thicknesses below 2 nm.5–10

When capping these NPs with a thin Pt layer, the blocking tem-

perature is dramatically increased from below 10 K up to room

temperature.9,10 In the following, we describe the magnetic

properties of similar Co NPs, but covered with different Cr film

thicknesses. Cr plays a prominent role as an exchange coupling

medium in Fe/Cr11–13 and Co/Cr14–16 multilayers. It has also

been used in giant magnetoresistive spin valve devices and for

increasing the coercivity in hard disks.17 Furthermore, Cr is of-

ten used as a capping layer for oxidation protection.18 It is

therefore of interest to scrutinize the interaction of Cr capping

layers with Co nanoclusters and to decide whether the blocking

temperature is enhanced or reduced with Cr capping.

II. EXPERIMENTAL METHODS AND RESULTS

A. Sample preparation

The Co NPs were prepared by sequential ion beam sput-

ter deposition of aluminum oxide (Al2O3) and Co with

highly purified Ar gas. All samples were prepared at a base

pressure better than 5� 10�9 mbar at room temperature. Si

covered with its natural oxide was used as substrate. Co

NPs are formed by aggregation due to an extreme

Volmer-Weber growth mode of the metal atoms sputter de-

posited on amorphous sapphire.5–7 After sputtering, a 5 nm

amorphous Al2O3 layer on Si, Co was sputtered on top with

a nominal thickness of tCo¼ 0.52 nm. Both, Al2O3 and Co

were sputtered at an angle close to perpendicular incidence.

The particles were capped by a Cr layer of varying nominal

thickness between tCr¼ 0 nm and tCr¼ 0.52 nm. The Cr film

was deposited at an angle of 62� with respect to the sample

normal. This procedure is schematically illustrated in Fig.

1. Due to this steep angle, the Co atoms serve as shadow

masks for the arriving chromium atoms. This leads for very

thin Cr films to a capping of only the Co particles, whereas

with increasing Cr film thicknesses also the space in

between the Co particles will be filled. Finally, all samples

were capped with 5 nm Al2O3 deposited at normal inci-

dence, in order to embed the particles and prevent them

from oxidation.

FIG. 1. Schematic illustration of the sample preparation. The substrate is

inclined by 28�. The left hand panel shows the deposition of the Co nanopar-

ticles at perpendicular incidence. Rotation of the sample by 180� provides

an incident angle of 62� for the Cr deposition, as shown in the right hand

panel.
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B. Structural and magnetic characterization

The structural characterization of the samples was per-

formed by means of transition electron microscopy (TEM)

and scanning TEM (STEM) using an Analytical FEG-TEM

TECNAI F20 S-Twin instrument working at 200 kV. For

the TEM studies, additional samples were prepared using

KBr instead of Si as substrate. The different substrates do

not affect the growth properties of the nanoparticles, since

the Co NPs are still deposited on the Al2O3 buffer layer.

After deposition, the KBr substrate was dissolved in puri-

fied water and the film fragments were placed on Cu TEM

grids. The magnetic characterization of the uncapped and

capped particles was performed using a superconducting

quantum interference device (SQUID) magnetometer

(MPMS, Quantum Design) and x-ray resonant magnetic

scattering (XRMS), performed at the synchrotron BESSY II

of the Helmholtz-Zentrum Berlin (HZB) using the Alice

chamber.19

III. RESULTS

A. Particle distribution

Fig. 2(a) shows a TEM image of the uncapped Co NPs

with a nominal thickness of tCo¼ 0.52 nm. The particles

show essentially a circular shape and are evenly distributed

over the substrate. The overall coverage is about 23%, and a

quasi hexagonal order can be identified as expected.5,6 The

size distribution of the particles was determined from the

TEM images and a histogram showing the number of par-

ticles versus the particles area is plotted in Fig. 2(b). The

data are fitted using a log normal plot (purple line). The size

distribution allows to determine the mean diameter of the

cobalt nanoparticles under the assumption of circular shape

to be dmean¼ 2.2 nm. These results are in good agreement

with literature values.5,6 Fig. 3 shows the morphology of sev-

eral samples with different amounts of Co NP capping by Cr,

i.e., (a) tCr¼ 0 nm, (b) tCr¼ 0.14 nm, (c) tCr¼ 0.35 nm, and

(d) tCr¼ 0.52 nm. The upper two panels in each column

show TEM images with different magnification, whereas the

bottom panels show STEM images with enhanced contrast.

B. Blocking temperature

The effects of Cr capping on the magnetism of the Co

particles were investigated by means of SQUID magnetome-

try. Several series of samples were prepared and the blocking

temperature was estimated from zero field cooling (ZFC)

and field cooling (FC) magnetization measurements in a field

of 20 Oe.1 In Fig. 4, we show the results from uncapped Co

particles with different Co thicknesses. The blocking temper-

atures—defined to be the temperature where the ZFC curve

shows its maximum—range from 13.5 K for the smallest Co

particles of tCo¼ 0.52 nm effective thickness to above room

temperature for tCo¼ 1.56 nm. These results, showing a

FIG. 2. (a) TEM image of uncapped Co particles. Scale bar is shown at the

bottom. The white bars in the image indicate the roughly hexagonal order of

the Co nanoparticles; (b) histogram of Co particle area. Solid curve is a fit to

the distribution by a log normal plot.

FIG. 3. TEM images (top and middle

panels) and STEM (bottom panels) of

Co nanoparticles with tCo¼ 0.52 nm.

Column (a): uncapped Co NPs; column

(b): Co NPs capped with tCr¼ 0.14 nm;

column (c): Co NPs capped with

tCr¼ 0.35 nm; column (d): Co NPs

capped with tCr¼ 0.52 nm. The colored

border around each column corresponds

to the same color coding of the magnet-

ization measurements plotted in Fig. 5

and the blocking temperatures plotted

in Fig. 6.

233908-2 Ewerlin et al. J. Appl. Phys. 114, 233908 (2013)
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dramatic size dependence of the blocking temperature, con-

firm similar experiments by Ludwig and coworkers.10

Next, we concentrate on the thinnest Co nanoclusters

with tCo¼ 0.52 nm. Fig. 5 show M versus T curves taken

again after FC and ZFC for uncapped particles and particles

capped with (a) tCr¼ 0.0 nm, (b) tCr¼ 0.14 nm, (c)

tCr¼ 0.35 nm, and (d) tCr¼ 0.52 nm, respectively. All sam-

ples show superparamagnetic behavior independent of the Cr

capping thickness. This is different from capping Co NPs

with Pt films, where for Pt thicknesses larger than 1.4 nm a

transition from superparamagnetic to ferromagnetic behavior

is observed.10 In the present case, however, the blocking

temperature TB first drops from the uncapped value

TB¼ 13.2 K (Fig. 5(a)) to TB¼ 11.2 K for a capping thick-

ness of tCr¼ 0.14 nm (Fig. 5(b)). Increasing the capping

thickness, this trend is reversed and an increase of TB is

observed: TB¼ 14.2 K for tCr¼ 0.35 nm (Fig. 5(c)) and

TB¼ 19.2 K for tCr¼ 0.52 nm (Fig. 5(d)).

The blocking temperatures determined for all series of

samples are plotted in Fig. 6 as a function of the nominal Cr

FIG. 4. M vs. T curves after ZFC (red

circles) and FC (black squares) for vari-

ous Co nanoparticles: (a) tCo¼ 0.52 nm;

(b) tCo¼ 1.04 nm; (c) tCo¼ 1.3 nm; (d)

tCo¼ 1.56 nm.

FIG. 5. M vs. T curves after ZFC and

FC of Co nanoparticles with thickness

tCo¼ 0.52 nm and for various amounts

of Cr capping: (a) tCr¼ 0 nm; (b)

tCr¼ 0.14 nm; (c) tCr¼ 0.36 nm; (d)

tCr¼ 0.52 nm.

233908-3 Ewerlin et al. J. Appl. Phys. 114, 233908 (2013)
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thickness. The encircled data points belong to the samples

shown in Figs. 4 and 5 for reasons of recognition, whereas

the red line is a fit through the data points and serves as a

guide to the eye. Depending on the amount of Cr capping,

the behavior can clearly be divided into two regimes: for

small tCr up to tCr¼ 0.14 nm, a decrease of TB is observed,

whereas for higher amounts the capping leads to an enhance-

ment of TB.

We concentrate on the thin Cr thickness regime first. In

case of tungsten a reduction of the blocking temperature of

Co NPs has also been observed,20,21 which is due to alloying

with Co. However, Cr does not show an affinity to alloying

with Co.22 Thus, another mechanism must be responsible for

the reduction. It is well known that Cr at flat interfaces cou-

ples antiparallel to Fe and Co moments.23,24 It has to be

shown whether this is also the case for Cr covering Co NPs

and whether this can explain the reduction of the blocking

temperature. Therefore, we have carried out x-ray resonant

magnetic scattering experiments at the Co and Cr L3 and L2

resonance edges, respectively, as detailed in the Sec. III C.

For larger Cr thicknesses, we suppose that Cr starts filling in

the gaps between the NPs, providing an effective coupling

medium between the NPs that will increase the blocking

temperature. We will come back to this point in the

Discussion (Sec. IV).

C. X-ray magnetic circular dichroism

The polarization of Cr with respect to Co was confirmed

by means of x-ray resonant experiments at the Co and Cr L3

and L2 resonant absorption edges. Since the amount of Cr is

extremely small, x-ray magnetic dichroism measurements

(XMCD) in total electron yield detection mode (TEY) turned

out not to be sufficiently sensitive, similar to our earlier ex-

perience for determining the Cr polarization in Cr/Co/Cr tri-

layer heterostructures.24 Therefore, we have chosen to

perform the measurements in reflection geometry and to use

the x-ray resonant magnetic scattering configuration at small

incident angles of h¼ 4.6� and 4.96� for Co and Cr, respec-

tively. These were the angles of maximum contrast between

left and right circular polarized light or between positive and

negative applied fields. The measurements were performed

at a sample with tCr¼ 0.35 nm. Although this thickness is al-

ready in the ascending branch of the blocking temperatures,

it is still valid since the polarization at the interface is inde-

pendent of the total amount of Cr. The sample was cooled

down to 40 K in an applied field of 2700 Oe, and energy

scans were taken in positive and negative fields around the

resonant Co edges (Co L3: 0.788 keV; Co L2: 0.792 keV) and

the resonant Cr edges (Cr L3: 0.574 keV; L2: 0.584 keV),

respectively. The respective energy scans are plotted in

Figs. 7 and 8.

The upper part of the graphs shows the energy scans for

Co and Cr in positive and negative fields, respectively,

whereas the lower part shows the calculated asymmetry.

Both the energy scans and the asymmetry resemble respec-

tive XMCD scans in absorption geometry.25,26 This is prob-

ably due to the very thin film thickness such that interference

effects at small angles are negligible. The asymmetry for Co

is very well pronounced. A clear Cr asymmetry is visible at

the Cr L3 edge of 0.574 keV. This signal shows an opposite

sign as compared to the Co signal. Although the signal is

very low and noisy due to the small amount of material, a

polarization of Cr can be confirmed and gives evidence for

an antiparallel alignment of Cr magnetic moments with

respect to Co moments at the interface. This is in complete

agreement with a similar recent study by Br€ussing and co-

workers on Cr/Co/Cr heterostructures with extended Co/Cr

interfaces.24 We attribute the decrease of the blocking tem-

perature to this antiparallel alignment of the Co and Cr mag-

netic moments.

IV. DISCUSSION AND CONCLUSION

In this work, Co nanoparticles with an effective thick-

ness of 0.52 nm were covered with Cr capping layers of

increasing thickness. The aim was to determine the change

of the Co blocking temperature as function of the Cr capping

layer thickness. Unlike most other capping layers, the block-

ing temperature immediately decreases when covered with

FIG. 7. Top panel: energy scan in reflection geometry near the Co L3 and L2

edges taken in positive and negative magnetic fields of 2700 Oe at a temper-

ature of 40 K. The intensity is normalized to the monitor counts. Bottom

panel: asymmetry signal of Co derived from the reflectivity data.

FIG. 6. Blocking temperature of Co nanoparticles versus thickness of Cr

capping layer thickness. The encircled points correspond to the respective

measurements shown in Figs. 3 and 5.
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Cr and only increases slightly at capping layer thickness of

0.2 nm and higher. As in the first regime, the nominal Cr

thickness is extremely low, the reduction of the blocking

temperature can be explained as follows: Cr is polarized by

Co and aligned antiparallel with respect to the magnetization

of the NP as confirmed by our XRMS results. This leads to a

“compensation” of the magnetic moments at the interface

between Co and Cr and due to this to a decrease of the effec-

tive magnetic volume of each particle. The energy barrier

that the particles need to overcome in order to switch is pro-

portional to the anisotropy constant and the magnetic vol-

ume, i.e., DE�KV. Since the blocking temperature is

proportional to the energy barrier, a decrease of the effective

volume leads to a decrease of the energy barrier and thus to a

decrease of the blocking temperature, as observed.

For higher Cr capping thicknesses, i.e., tCr> 0.14 nm,

the blocking temperature increases again. Since the polariza-

tion also takes place in this regime, an additional mechanism

overcompensating the polarization effect needs to be

invoked to explain this increase. The TEM images shown in

Fig. 3 indicate the formation of Cr bridges between the Co

NPs with increasing capping layer thickness. This may lead

to a coupling of the NPs, although the nature of the coupling

is not well understood yet and needs further investigation in

future experiments. Luis and coworkers have shown that in

case of Cu and Au capping the polarization of the noble met-

als by the Co particles can mediate a Ruderman-Kittel-

Kasuya-Yoshida (RKKY) interaction between NPs.8 This

may also be the case for Cr. The average distance between

the Co NPs is about 2 nm. The period of the oscillatory

exchange coupling deduced from Fe/Cr multilayers is

1.7 nm.27 Because of the distribution of the NPs distances, a

unique ferro- or antiferromagnetic coupling among the NPs

mediated by the Cr capping is not obvious. Apart from

RKKY interactions, also magnetic dipolar interaction is of

immense importance. It was shown, that magnetic dipole

interaction dominates RKKY interaction for Co particles

with a diameter of about 2 nm.28,29 In the case of uncapped

NPs, the dipolar fields exhibited due to the single domain

state of the NPs are randomly distributed over the sample,

since the magnetization orientation is random. However, as

the paramagnetic susceptibility of Cr is positive,30 the dipo-

lar field lines are enhanced in the Cr film, which, in turn,

reinforces the dipolar interaction among the nanoparticles.

Hence, the coupling leads to an increase of the effective

magnetic volume and an increase of the blocking tempera-

ture as observed.

In conclusion, we have investigated the dependence of

the blocking temperature of Co nanoparticles on the thick-

ness of capping Cr films. Surprisingly, we found that the

blocking temperature first drops from 13.4 K to 11 K from

zero capping to a Cr thickness of 0.14 nm. Beyond this thick-

ness, the blocking temperature increases again and reaches

values of 19 K for a Cr capping thickness of 0.5 nm. The

dropping blocking temperature is assigned to a Cr induced

magnetic polarization that is opposite to the Co magnetiza-

tion, reducing effectively the total magnetic volume of the

nanoparticles. The reason for the subsequent increase of the

blocking temperature is mainly due to RKKY and dipolar

interaction between the Co nanoparticles mediated by Cr

bridges between the particles.
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