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Cr-doped core-shell Fe/Fe-oxide nanoclusters (NCs) were synthesized at varied atomic percentages

of Cr from 0 at. % to 8 at. %. The low concentrations of Cr (<10 at. %) were selected in order to

inhibit the complete conversion of the Fe-oxide shell to Cr2O3 and the Fe core to FeCr alloy. The

magnetic interaction in Fe/Fe-oxide NCs (�25 nm) can be controlled by antiferromagnetic

Cr-dopant. We report the origin of r-FeCr phase at very low Cr concentration (2 at. %) unlike in

previous studies, and the interaction reversal from dipolar to exchange interaction in

watermelon-like Cr-doped core-shell NCs. VC 2013 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4830434]

The giant magnetoresistance (GMR) effect,1,2 where an

antiferromagnetic (AFM) exchange coupling exists between

two ferromagnetic (FM) layers separated by a certain type of

magnetic or non-magnetic spacer,3 has significant potential

for application in the magnetic recording industry. Soon after

the discovery of the GMR, the magnetic properties of multi-

layer systems (FeCr) became a subject of intensive study.

The application of bulk iron-chromium (Fe-Cr) alloys has

been of great interest, as these alloys exhibit favorable prop-

erties including corrosion resistance, high strength, hardness,

low oxidation rate, and strength retention at elevated temper-

ature. However, the structural and magnetic properties of

Cr-doped Fe nanoclusters (NCs) have not been investigated

in-depth.

Of all NCs, Fe-based clusters have unique magnetic

properties as well as favorable catalytic characteristics in

reactivity, selectivity, and durability.4 The incorporation of

dopant of varied type and concentration in Fe can modify its

chemical ordering, thereby optimizing its electrical, optical,

and magnetic properties and opening up many new applica-

tions. The substitution of an Fe atom (1.24 Å) by a Cr atom

(1.25 Å) can easily modify the magnetic properties, since

(i) the curie temperature (Tc) of Fe is 1043 K, while Cr is an

itinerant AFM with a bulk Neel temperature TN ¼ 311 K,

and (ii) Fe and Cr share the same crystal structure (bcc) with

only 0.5% difference between their lattice constants.

In bulk, the mixture of Fe and Cr results in the formation

of different phases of FeCr with very significant temperature

dependence. As reported by Sumiyama et al.5 and Cieslak

et al.,6 the composition range for the formation of mixed

phase (bcc-Feþ r-FeCr) in thin film is greater than 30 at. %

and 35 at. % of Cr, respectively. Very few works have been

published on Cr-doped NCs compared to thin films. In the

NC samples, studied by Petrov et al.,7 very weak lines of

r-phase appeared only when Cr content exceeded the value

of 23.4 at. %. On the other hand, significant bcc a-FeCr

phase formation at low Cr concentration (Cr< 13.6 at. %)

was detected by Gich et al.8 and Racka et al.9 In our study,

we observed that the r-phase formation begins at 2 at. % of

Cr in core-shell iron/iron-oxide (Fe/Fe-oxide) NCs synthe-

sized by cluster deposition method. In particular, we

observed a drastic transformation from dipolar interaction to

exchange interaction at 8 at. % of Cr.

Fe/Fe-oxide core-shell NCs with variable Cr-dopant (0

at. %–8 at. %) were synthesized using a nanocluster deposi-

tion system: a combination of magnetron sputtering and gas

aggregation technique. The deposition method is described

in detail in our previous papers.10–14 Cr-dopant was added at

three nominal concentrations: 2 at. %, 5 at. %, and 8 at. %. Its

concentration was controlled by adjusting the relative surface

area of Fe and Cr within the sputtering area of the target. Four

low concentrations (0, 2, 5, 8 at. %) of Cr were used to prepare

Fe0%Cr, Fe2%Cr, Fe5%Cr, and Fe8%Cr samples. Five sam-

ples of each doping concentration were prepared, all of which

had constant NC film thickness of�1 lm. The concentrations

of Cr were kept lower than 10 at. %, because higher Cr con-

centrations cause complete alteration of the metal core to

FeCr alloy and the Fe-oxide shell to Cr2O3.

X-ray diffraction (XRD) patterns of the four NCs samples

(Fig. 1(a)) show the presence of two different phases: metallic

a-Fe phase, and an oxide with inverse spinel structure that can

be identified as Fe3O4 and/or c-Fe2O3. Observation of severe

peak broadening indicates that the oxide-shell is composed of

ultrathin crystallites with dimensions in the range 2–3 nm.

The peak broadening increases with Cr concentration, while

Fe5%Cr and Fe8%Cr samples indicate some extra shoulder

peaks along the metallic Fe (110) peak.

An average crystallite size of NC samples obtained

using the Scherrer formula falls in the range of �25 nm, with
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small variation. The lattice parameters were derived from

least squares fitting of diffraction peaks, including the (hkl)

peak near 2-theta where the relative precision is much

greater. It is observed that the unit cell volumes are enlarged

by 0.208% (Fe2%Cr), 0.424% (Fe5%Cr), and 0.629%

(Fe8%Cr) as compared to a-Fe (Fe0%Cr), and Fe (211) peak

shifts toward lower angle with Cr concentration. Our data

are statistically significant with respect to previously pub-

lished data.7 The unaltered lattice parameter of Fe-oxide

(�8.399 Å) indicates that most of the Cr remains in the metal

phase.

The extra novel peaks of Fe5%Cr and Fe8%Cr were rec-

ognized to indicate FeCr intermetallic phase; it is present in

Fe2%Cr, but the corresponding features are very weak due

to strong intensity from the Fe (110) plane. These features

become stronger with Cr concentration. It is assumed that

the cell is distorted slightly with Cr dopant because of the

core-shell microstructure, and it eventually forms another

phase, the r (Fe,Cr) phase.15 Neither pure Cr nor corundum

structured Cr2O3 was observed in the XRD patterns. Hence

the Cr-doped NCs consist of mixed phases containing both

a-Fe and r-FeCr.

The inset of Fig. 1(a) shows high resolution transmission

electron microscope (HRTEM) overviews of all NC samples.

A NC crystal axis oriented along the electron beam direction

shows two contrasts: a dark core corresponding to a-Fe and a

light-grey shell structure of the spinel phase of oxide

(c-Fe2O3 and/or Fe3O4). Detailed morphology, electronic

structure, and crystalline structure of core-shell Fe/Fe-oxide

NCs have been reported by our group in several

publications.16–18 The quantitative analysis of TEM-energy

dispersive spectroscopy (EDS) indicates that the Fe:Cr

atomic ratio consistently falls to 97:3 for Fe2%Cr, 95:5 for

Fe5%Cr, and 93:9 for Fe8%Cr samples (Fig. 1(b)). The EDS

line-scan from rim to center of each cluster shows that the Cr

concentration increases from the outer rim to the phase

boundary and then varies relative to the different grains

(Fe or FeCr) present in the core. This result indicates that the

core is made up of both bcc-Fe and r-FeCr. Here, the depth

profile is normalized as FeþCr¼ 100%. The differential of

atomic percentage of Cr-doped samples shows the alterna-

tive peaks of Cr (marked by circle), which elucidate the

distribution of FeCr seeds in the a-Fe core.

Since a small percentage of Cr is distributed on the sam-

ple surface, the exposure of NCs to O2 atmosphere (2 sccm)

in the deposition chamber does lead to the preferential oxida-

tion of Cr, forming Cr2O3, as detected by X-ray photoelec-

tron spectroscopy (XPS) analysis with Cr 2p3/2line at

576.6 eV. Given the fact that XPS is a surface sensitive tool,

Cr2O3 is present only on the NC surface. It is a well-known

phenomenon that the oxidation resistance of a superalloy

relies on preferential oxidation of Cr to form a Cr2O3 layer,

which prevents the oxidation of the underlying metal.19

In our case, the presence of min Cr2O3 on the NC surface

(oxide-shell) inhibits further oxidation of the cluster; hence,

the shell thickness decreases with Cr concentration (2.5 nm

(Fe0%Cr), 2.0 nm (Fe2%Cr), 1.5 nm (Fe5%Cr), 1.5 nm

(Fe8%Cr)), as confirmed by XRD and TEM.

Saturation magnetization (Ms), coercive field (HcÞ, and

exchange bias field (HEÞ of all samples increase with reduc-

ing temperature when the samples were field cooled (20 kOe)

from 300 K to 5 K. The following three observations were

extracted from the M-H curves (650 kOe) as the Cr dopant

increases: (i) Ms decreases, (ii) HE and Hc increase, and (iii)

the hysteresis curve shrinks near the zero field axis.

The dopant atom, Cr (4s1 3d5), with its smaller number

of valence electrons, couples antiferromagnetically to the Fe

(4s2 3d6) atom. The antiparallel alignment of Cr spin to Fe

spin is also observed between Fe and Cr layers.20 The AFM

spin coupling between Fe and Cr in r-FeCr leads to a

decrease of Ms from 132 emu/g (Fe0%Cr) to 75 emu/g

(Fe8%Cr) measured at 5 K.

FIG. 1. (A) XRD patterns and TEM images of (a) Fe0%Cr, (b) Fe2%Cr, (c) Fe5%Cr, and (d) Fe8%Cr NCs samples. The inset figure (b) indicates the weak fea-

tures of r-FeCr phase. (B) The variation of Cr concentration in terms of differential of atomic percentage (%) measured using EDS linescan from rim to center

of the cluster (shown with yellow line in TEM image) for all the samples.

202407-2 Kaur et al. Appl. Phys. Lett. 103, 202407 (2013)
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A small amount of AFM Cr2O3 (TN ¼ 307 K),21 which is

present with other oxides (Fe3O4 and c-Fe2O3) in the

oxide-shell enhances the net HE and might cause the M-H curve

to shrink near the zero field axis in Cr-doped samples.

Exchange bias is a coupling phenomenon at magnetic interfa-

ces (Fe and Fe-oxides) which manifests itself most prominently

in the shift of the hysteresis curve along the magnetic-field axis

and is quantified by the magnitude (HE) of that shift. In

Cr-doped samples, HE increases with the Cr concentration

(Table I). The increase of HE from 119 Oe (Fe0%Cr) to 253 Oe

(Fe8%Cr) and Hc from 793 Oe (Fe0%Cr) to 1293 Oe

(Fe8%Cr) is ascribed to variation of anisotropy due to incorpo-

ration of AFM Cr2O3 in the shell (detected by XPS). It is

hypothesized that the Cr present on the outer surface of a NC

oxidizes to Cr2O3 during the formation of the oxide-shell8,9 and

effectively contributes to the net anisotropy. The irreversibility

field22 (HirrÞ, where two curves of the hysteresis loop close,

measures higher for Fe8%Cr (Hirr ð5 KÞ � 8:5 kOe) than for

Fe0%Cr (Hirrð5 KÞ � 5:5 kOe). The higher value of Hirr

confirms the presence of unsaturated, highly anisotropic

component (Cr2O3) in Cr-doped samples.

Figure 2(a) shows the shrinking of the hysteresis curve

near the zero-field axis as the Cr concentration increases

from 0 at. % to 8 at. %. The curves are measured up to

650 kOe, but it is shown for 610 kOe in order to make the

area around zero-field axis more noticeable. How much the

curve shrinks is measured as % S ¼ Ha=Hb (Table I), where

Ha and Hb are the widths of the loop measured at the zero-

field axis and at remanent magnetization, respectively.

The undoped NC system consists of a-Fe and Fe-oxides,

and shows symmetric hysteresis with bias effect. As Cr is

doped into the NC system, the tight-waist of the hysteresis

curve appears. Hence the observed anomaly is linked to the

additional phases that arise with the incorporation of Cr into

this Fe/Fe-oxide NC system, which is recognized to be

r-FeCr (core) and Cr2O3 (shell). Therefore, the tight waist of

the curve originates either from r-FeCr and/or AFM Cr2O3.

Compared to pure a-Fe core in Fe0%Cr, Cr-doped sam-

ples consist of a mixture of a-Fe and r-FeCr. The paramag-

netic behavior of the r-phase could be the cause of shrink in

the hysteresis curve, because the observed anomaly is tem-

perature dependent and disappears at high temperature.

Considering the rotation of oxide-spins relative to core-

spins presents another possible explanation. In the core-shell

system, the FM core-spins easily rotate with the applied

field’s direction as compared to surface (frozen)/interface

(pinned) spins, which require extra energy to reorient. The

oxide-shell of doped samples consists of a mixture of AFM

Cr2O3 and ferrimagnetic (FI) Fe-oxides. Within a cluster, the

oxide-spins (AFM and FI) interact with each other as well as

with FM Fe-spins through an interface. A microscopic view

of spin configurations in the core-shell NC is shown in the

inset of Fig. 2(a). The interactions between the three differ-

ent magnetic phases (AFM, FI, and FM) increase the net

anisotropy and result in the increase of both Hc and HE

(Table I). Since AFM interaction is stronger than FI, the

sample’s surface/interface spins (AFM and FI) require addi-

tional energy after field-cooling compared to the unfrozen,

original FI-spins to switch from a positive to a negative field.

In other words, the surface/interface spins resist orientation

after switching the field direction. As the surface spins

reverse in the lower field, the core-spins rapidly rotate along

with them. Once the sample is saturated along the negative

field axis, it surmounts the same energy barrier to saturate

along the positive axis to complete the hysteresis curve. The

large difference between the fields required to reverse the

TABLE I. The cluster size determined from TEM; and the coercive field,

exchange bias field and % shrink of hysteresis curve measured for all sam-

ples at 5 K.

TEM (nm) T¼ 5 K

Sample Mean size Hc (Oe) HE (Oe) %S

Fe0%Cr 24 6 0.07 793 119 0.0131

Fe2%Cr 25 6 0.08 964 185 0.0128

Fe5%Cr 23 6 0.10 1156 227 0.0108

Fe8%Cr 24 6 0.08 1293 253 0.0086

FIG. 2. (A) Hysteresis curves of undoped and Cr-doped Fe NCs. The inset figure represents the micromagnetic view of spin configurations in core-shell nano-

structure. (B) Delta M plot for all samples at 5 K. The inset figure represents the Henkel plot.

202407-3 Kaur et al. Appl. Phys. Lett. 103, 202407 (2013)
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core-spins in comparison with the shell-spins causes the

curve to appear tight-waisted near the field axis.

Though the AC demagnetized state is not considered to

be a statistically random state, the DC demagnetized state is

considered to be a random state and is comparable with the

microscopically and randomly demagnetized states.23,24 In

the present case, the DC-demagnetized state has been

studied. Isothermal remanent magnetization (IRM) and

DC-demagnetization remanence (DCD) curves are used to

study the interactions between the clusters. These curves

describe the field dependence of the remanence; they were

measured as a function of applied field up to 650 kOe for

two different temperatures (5 K and 300 K). mDCD Hð Þ and

mIRM Hð Þ are the reduced terms with remanence saturation

value for DCD and IRM curves. A mean interaction field

ðHintÞ25 value of �375 Oe was obtained from the field deriv-

ative of mIRM and mDCD curves for Fe0%Cr. The value

decreased for 2 at. % (�357 Oe) and 5 at. % (�47 Oe), and

then increased and switched its sign for 8 at. % of

Cr (þ2689 Oe). This implies that the increase of Cr concen-

tration (0–8 at. %) in the NC system makes the dipolar inter-

action weaker and exchange interaction stronger. The

presented result is supported by the Henkel plot,26 mIRMðHÞ
versus mDCD Hð Þ, and the delta M ðDMÞ plot,27 DM
value versus reversible field (Hrev); both plots are illustrated

in Fig. 2(b). The straight solid-line (Henkel plot) is the theo-

retical Wohlfarth equation12 for non-interacting systems.

The Henkel plots of Fe0%Cr, Fe2%Cr, and Fe5%Cr lie

below this solid-line, indicating the dipolar (demagnetizing)

interaction, while the curve above the line for Fe8%Cr indi-

cates the exchange interaction.

The complex mixing of interactions (dipolar and

exchange) results in negative DM values ðDM < 0Þ in core-

shell NC systems (0–5 at. %) that indicate the systems’

demagnetized state.28,29 On the other hand, a positive DM
value ðDM > 0Þ favoring the exchange interaction is

observed in Fe8%Cr. At room temperature, the DM values

are negative for all samples. This demagnetized state under

unblocked regime decreases with Cr content but does not

show much deviation from the undoped NC system.

The origin of exchange interaction in the core with the

inclusion of Cr in the core-shell Fe NC is explained by con-

sidering the core-shell energy model, which is modified for

the Cr-doped NC. The total energy of NC assembly is writ-

ten as

ET ¼ g
X

i;j

ðŜi � ŜjÞ� 3ðŜi � R̂ijÞðŜj � R̂ijÞ
R3

ij

� Jinterf ace
X

hi;ji
ðŜi � ŜjÞ� Jcore

X

hi;ji
ðŜi � ŜjÞ

�Kcore

X

i

ðŜi � êiÞ2�Kshell

X

i

ðŜi � êiÞ2�h
X

i

ðŜi � ĤÞ;

where Ŝi is the magnetic moment direction of NC i, êi is

easy axis direction, and R̂ij is the center-to-center cluster dis-

tance. Jcore is the exchange constant between core spins and

Jinterf ace is counterpart to core-shell spins. Kcore and Kshell

are the core and surface anisotropy constants. The above

equation represents two exchange energy terms: one for the

interface interaction between the core and shell spins and

another for the core interaction between the FeCr and Fe

spins. Here, the magnitudes of the dipolar and exchange

energies are much greater than other energies. The sum of

the dipole energy (Ed), with dipole coupling constant g, and

the Zeeman energy (Ez), where hð¼MsVHÞ favors the dipo-

lar interaction; in the absence of Cr that dominates the

exchange energy and hence favors the net dipolar interaction

in Fe0%Cr. Similar behavior was also reported by Bianco

et al. in Fe/Fe-oxide granular system.30

With the inclusion of Cr in a core-shell system, r-FeCr

originates as an intermetallic phase with bcc-Fe. The struc-

tural model of a doped core-shell NC looks like a waterme-

lon as shown in Fig. 3. The seeds of melon act like r-phase,

spreading uniformly throughout the core (Fe pulp). The

grains of r-FeCr and bcc-Fe are exchange coupled across

their grain boundaries. Hence, there are two places in a NC

where the exchange interaction occurs: (i) at the interface

between the core and shell and (ii) in the core between the

seed (FeCr) and pulp (Fe).

The dipolar and exchange interactions are the primary

interactions present in Fe/Fe-oxide core-shell NC system. As

compared to other Cr-doped NC samples, the undoped NC

(Fe0%Cr) exhibits higher dipolar interactions due to the

higher magnetization (132 emu/g). Since the dipolar interac-

tion was much stronger than the exchange interaction, the

Henkel plot falls on the negative side of the Wohlfarth line,

returning a negative DM value. The dipolar interaction

decreases with the concentration of Cr and therefore the

magnitude of DM decreases for Fe2%Cr (DM ¼ �0:85)

and Fe5%Cr (DM ¼ �0:41) as compared to Fe0%Cr

(DM ¼ �1:01). It shows that the two types of interactions

compete strongly with each other as the magnitude of

exchange energy evolves. The extra exchange energy comes

from the exchange interaction that arises between the grains

of r-FeCr and bcc-Fe after Cr is doped into the NC. The num-

ber of r-FeCr seeds increases with Cr concentration, which

further enhances the exchange energy.

Competition between the interactions brings the DM
value closer to zero and towards positive values while the

Henkel plot approaches the non-interaction line. The strength

of both interactions appears nearly comparable for Fe5%Cr.

As the contribution of exchange energy becomes higher than

dipolar energy, both of the interactions compensate each

other and cross over the Wohlfarth line. It is observed that

for Fe8%Cr, when the strength of exchange interaction

FIG. 3. Watermelon model of Cr-doped core-shell NC. The r-FeCr grain

acts like melon seed which is exchange coupled with the surrounded bcc-Fe

(pulp).

202407-4 Kaur et al. Appl. Phys. Lett. 103, 202407 (2013)
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overcomes the dipolar, the DM (þ1.23) value is positive and

the Henkel plot is on the right side of the Wohlfarth line.

The significant contribution of interaction switching comes

from the exchange interaction between the r-FeCr and bcc-

Fe, because the interface interaction can’t stand alone to

compete with the dipolar interaction. Strong exchange cou-

pling in the core has a higher contribution to the overall

interactions than the interparticle dipolar interactions, espe-

cially in the Fe8%Cr. In this way, the magnetic interaction in

Fe core-shell NC system can be controlled by varying the

doping concentration of Cr. The femtosecond switching

from AFM to FM31 in Pr0.7Ca0.3MnO3 opens a new door to

Cr-doped Fe core-shell like nanostructured system for use in

the magnetic recording industry because smaller size and

faster switching speed are essential to the field’s continued

advancement.

In summary, we have demonstrated the formation of

r-FeCr phase with bcc-Fe at very low concentration of Cr

(2 at. %) in core-shell Fe NCs. The decrease of shell thick-

ness and increase of exchange bias field were caused by the

formation of Cr2O3 within the Fe-oxide shell. The exchange

interaction competed with the dipolar interaction upon inclu-

sion of Cr-dopant, which results in watermelon like

core-shell NCs and interaction reversal in 8 at. % of Cr.
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