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The spin-spin correlations in hollow (H) and full (F) maghemite nanoparticles (NPs) have been

studied by X-ray magnetic circular dichroism (XMCD). An unexpected XMCD signal was detected

and analyzed under the application of a small field (l0H¼ 160 Oe) and at remanence for both F

and H NPs. Clear differences in the magnitude and in the lineshape of the XMCD spectra between

F and H NPs emerged. By comparing XMCD measurements performed with a variable degree of

surface sensitivity, we were able to address the specific role played by the surface spins in the mag-

netism of the NPs. Published by AIP Publishing. https://doi.org/10.1063/1.5006153

Spinel iron oxide magnetic nanoparticles (MNPs)

have received increasing attention due to their expanding

application fields from catalysis1 to biomedicine as magnetic

hyperthermia therapy2,3 or enhanced magnetic resonance

imaging.4 The understanding of the spin state and dynamics

in such structures is a prerequisite to enable the manipulation

of their magnetic functionalities.

The magnetism of MNPs is dominated by a single domain

behavior for which both the temperature and the time-scale of

the measurements control the magnetic response. When a static

magnetic field is applied, a net remanent magnetization can be

detected if the temperature is lower than a critical value TB

(blocking temperature) above which the superparamagnetic

regime occurs. For T<TB, the MNP spins are blocked and,

according to the N�eel model, the TB depends on the volume of

the NPs. It is thus crucial that the synthesized NPs have suffi-

ciently narrow volume distribution in order to contribute simi-

larly to the collective magnetic behavior.

A crucial issue not taken into account in this oversimpli-

fied model is the magnetic behavior of the spins located at

the MNP surface. In particular the magnetic dynamics,

reflected in the blocking temperature, can be dramatically

different for the surface spins with respect to the core ones.

Surface spin dynamics depends on the uncompensated

atomic structure typical of the surface geometry and the

changes of the oxidation state due to adsorbates and contami-

nants. Remarkably, element sensitive techniques like x-ray

absorption spectroscopy (XAS) and x-ray magnetic circular

dichroism (XMCD) provide information related to both

phenomena.

Among the numerous MNP geometries, the hollow (H)

spheres are convenient nanosystems to explore the spin

behavior at the surface due to their enhanced surface to vol-

ume ratio.5–8 Moreover, they are promising for applications

as drug delivery vehicles9 thanks to their envisaged possibil-

ity to encapsulate the drug inside. Despite the growing inter-

est on this class of NPs, demonstrated by the large amount of

recently published works, there are no studies exploiting

XAS and XMCD measurements. The comparison with the

reduced surface to bulk ratio in full (F) NPs allows us to ana-

lyze the XMCD data, aiming to extract information on the

surface spin magnetic behavior.

XMCD at the L2,3 edges of transition elements is a spec-

troscopy technique widely employed in the study of ferri-

and ferromagnetic oxides. Reference XAS/XMCD data of

iron ferrites are usually used as a fingerprint of the oxidation

states of this class of materials.10,11 Moreover, the element-

specific spin and orbital magnetic moments can be deter-

mined from experiments12 by applying robust sum rules.13,14

Typically, the absorption spectra are recorded at low temper-

ature (where the NPs are magnetically blocked) while apply-

ing an external magnetic field of a few Tesla in order to

magnetically saturate the system.

In this work, we have conceived a low-field (160 Oe)

XMCD measurement procedure performing the spectra acqui-

sition both at remanence and applying the external magnetic

field in order to discern different magnetic components which

may not be detectable applying a high magnetic field. It is

worth highlighting that a significant XMCD signal has been

measured and analyzed in maghemite NPs under the applica-

tion of such a low magnetic field.

Three different specimens have been studied: two H and

one F NPs. F NPs have been synthesized using the protocol

proposed by Sun et al.15 The H NPs have been synthesized fol-

lowing a well-established procedure based on the Kirkendall

effect.16 Fe(Co)5 is decomposed in air free conditions at

around 220 �C in organic solvents.17 The resulting iron based

NPs are oxidized in solution by means of oleic acid. Due to the

self-diffusion for iron faster than oxygen ions, the iron oxide

NPs turn into H iron oxide nanostructures.

TEM analysis confirms the presence of H and F spheri-

cal NPs with external diameter log-normal distributed. Mean

values of the external diameter are 13 (2) nm and 7.0 (7) nm

for H NPs (samples will be labeled H1 and H2, respectively)

and 5.0 (5) nm for F NPs (F2). The inset of Fig. 1 shows the

STEM of the sample H2.

An accurate magnetic characterization performed on

the three samples has revealed a negligible interparticle
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interaction and a complex polycrystalline structure in the

H NPs with a consequence of high effective magnetic

anisotropy.18

The specimens are prepared for the spectroscopic charac-

terization dropping the NP solution on a Si substrate. The

XAS and XMCD measurements are performed at the APE-

High Energy beamline of IOM-CNR (www.Trieste.NFFA.eu)

at the Elettra-Sincrotrone Trieste facility19 in the total-

electron yield (TEY) detection mode at 70 K and an X-ray

beam incidence of 55� from the sample surface. The XMCD

spectra were measured at the Fe L2,3 absorption edges follow-

ing two different procedures. In procedure #1, while keeping

the external magnetic field fixed at 160 Oe (parallel to the

substrate surface), circularly polarized X-ray absorption is

measured reversing the light helicity: clockwise (rþ) and

anti-clockwise (r�). The unpolarized XAS is defined as the

sum of rþ and r–, whereas the XMCD is defined as the differ-

ence (rþ � r�). XAS and XMCD curves have been then nor-

malized to the sum of the two circularly polarized spectra. In

procedure #2, the XMCD spectrum has been measured at a

constant helicity of the X-ray but switching the applied mag-

netic field (switching time� 1 s) between plus and minus

160 Oe for each energy point of the XAS spectrum and mea-

suring at remanence.

In both the procedures, the spectra are normalized to the

incident beam intensity using the electron yield from a grid

placed after the last optical element of the beamline.

Figure 1 shows the XAS and XMCD spectra of the sam-

ple H2, collected through procedure #1 and representative of

all the three specimens. The XAS line shape is characteristic

of the c-Fe2O3 phase20–22 where the trivalent Fe ions distrib-

uted between tetrahedral and octahedral sites are identified

by a low energy shoulder of the main peak of the Fe L3 edge

and in a double peak structure at the Fe L2 edge. The antifer-

romagnetic coupling of the Fe3þ ions in tetrahedral and octa-

hedral sites is reflected in a XMCD spectrum with a typical

three-peak shape at the Fe L3 edge. The positive peak at

715 eV (marked as A) is mostly ascribable to the Fe3þ ions

in tetrahedral sites, whereas the two negative peaks at 714

(marked as B1) and 716 eV (marked as B2) originate from

Fe3þ ions in octahedral sites.23 The corresponding features at

the Fe L2 edge are difficult to observe due to the overall

small intensity, and thus, we will concentrate on the analysis

of the XAS/XMCD spectra in the Fe L3 edge henceforth.

By comparing the Fe L3 XMCD spectra (procedure #1) in

Fig. 2(a) for all the three samples, it emerges that the intensity

of the signal for the F NP system (F2) is about twice as large

as the one of the H NPs (H1 and H2). The larger XMCD signal

in the F NPs indicates a higher magnetic moment as compared

to the H NPs. These results are consistent with the SQUID

magnetometer measurements [Fig. 2(b)], where the F NPs

show the highest magnetic moment among the three samples.

The overall lineshape is similar for the three samples,

revealing a stable state of oxidation of the specimens’ batch

without significant uncontrolled oxidation processes taking

place.24 However, a closer inspection reveals a deviation of

the H2 spectrum from the other two samples (H1 and F2), in

particular in the energy region between 716.5 eV and 720 eV.

It is not possible to analyze the origin of this difference sim-

ply based on the convolution of the XMCD signal from the

Fe3þ ions in octahedral and tetrahedral sites. However, it is

possible to relate this different spectral shape to a variation of

the ratio of the number of tetrahedral and octahedral sites for

the H2 system compared to H1 and F2 samples. In order to

verify this hypothesis and clarify the observed differences,

additional investigation is required.

The same samples were analyzed also with procedure

#2 (Fig. 3): the signal is significantly smaller than the one

FIG. 1. XAS (open circles) and XMCD (solid circles) spectra at Fe L2,3

edges of the sample H2 at 70 K with a magnetic field of 160 Oe. The positive

peak at 715 eV is indicated as A, and the negative peaks at 714 and 716 eV

are indicated as B1 and B2, respectively. The inset shows the STEM of sam-

ple H2.

FIG. 2. XMCD spectra at the Fe L3 edge of samples H1 (open triangles), H2

(open circles), and F2 (full circles) following procedure #1 [panel (a)]; hys-

teresis loops of samples H1 (open triangles), H2 (open circles), and F2 (full

circles) at 70 K [panel (b)].
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measured with the applied field consistently with a reduced

magnetic correlation at remanence. Remarkably, the XMCD

signal at remanence is small but measureable for both F and

H c-Fe2O3 NPs. Unlike procedure #1, the XMCD recorded

with procedure #2 does not show differences between H and

F NPs. Thus, while the response to the applied field changes

with the shape of the NPs, the remanence seems to be unaf-

fected. It is also worth noting that the shape of the XMCD

measured at remanence (procedure #2) is different from the

one in the presence of the applied magnetic field (procedure

#1). This difference indicates that two independent magnetic

contributions are superimposed: the XMCD features mea-

sured at remanence may be attributed to mono-domain NPs

in the blocked phase, while the additional XMCD features

that add to the spectra when the applied field is on may be

attributed to an additional paramagnetic contribution. The

two contributions could arise from different environments in

the NPs, indicating the coexistence of two magnetically

active sites. This explanation could be in agreement with the

presence of two main NP populations where the bigger NPs

are blocked at 70 K and the smaller ones are in the superpar-

amagnetic regime.

In order to investigate if the surface spins play a distinc-

tive role in the F and H NPs, we have also performed partial

electron yield (PEY) XAS/XMCD measurements (applying

a positive potential of 200 V to the sample).

The PEY method is based on an electrostatic selection of

the range of kinetic energies of the detected electrons such as

to limit the retrieved signal from the uppermost layers of the

material. PEY data are therefore more surface sensitive than

TEY data.25 According to the literature, the TEY probing

depth is about 3.5 nm in Fe2O3,26 whereas the PEY attenua-

tion length can be estimated to be around 2 nm.27

Rescaling the spectra to the A peak, a reduction in the

relative intensity of the B2 peak is observed in the PEY

mode for one of the H NP systems (H1) compared to the F

NP one (F2) [Fig. 4(a)]. The same intensity reduction is

observed if we compare the rescaled XMCD spectra col-

lected with TEY and PEY modes for H1 [Fig. 4(b)]. Unlike

sample F2, where the TEY and PEY spectra overlap at all

the three Fe L3 edge peaks [Fig. 4(c)], in the H system H1,

still the negative peak B2 shows a reduced intensity when

measured in the PEY mode, i.e., when the sensitivity to the

external surface of the NP shell is the highest.

We attribute the reduction of the B2 peak intensity to a

reduced correlation among the spins of the external surface

of the NPs, consistently to what is reported in the literature.21

A previous study of maghemite NPs by means of a combina-

tion of XAS/XMCD and M€ossbauer techniques21 has evi-

denced a greater disorder of Fe3þ spins in octahedral sites

than for Fe3þ spins in tetrahedral sites under the application

of a low magnetic field.

It is important to highlight that also the negative peak

B1 should be affected by an intensity reduction, similar to

the B2 peak, but we are not able to experimentally observe

this variation. The reason may be related to the overall small

intensity of our signal due to the small magnetic field applied

which restricts the discussion to the more intense B2 peak.

Our PEY XMCD gives evidence of a weaker exchange

interaction among surface spins in the H NPs as compared to

FIG. 3. XMCD spectra at the Fe L3 edge of samples H1 (open triangles), H2

(open circles), and F2 (full circles) following procedure #2.

FIG. 4. XMCD recorded in the PEY mode for samples H1 (open triangles)

and F2 (open circles) at the Fe L3 edge [panel (a)]; XMCD recorded in PEY

(open triangles) and TEY (solid triangles) for sample H1 [panel (b)]; XMCD

recorded in PEY (open circles) and TEY (solid circles) for sample F2 [panel

(c)]. The spectra are rescaled according to the overlapping of the positive

peak A.
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the F ones, even if the overall electronic configuration is

reflected in identical XAS spectra, within the experimental

sensitivity. It could be found that the same reduction of the

magnetic correlation among the surface spins occur also in

the F NPs but only increasing the surface to volume ratio,

through the H geometry, this effect becomes detectable. Our

results are consistent with the accepted magnetic behavior

scenario5,28,29 of the H NPs, which is characterized by a

decrease in the magnetization of the system and an increase

in the effective anisotropy and the exchange bias effect.

However, the low magnitude of the applied magnetic

field does not allow addressing the saturation magnetization

or anisotropy energy, but it is appropriate to disentangle the

coexistence of a blocked superparamagnetism at 70 K and an

additional paramagnetic contribution, probably due to a

coexistence of a bigger (spin-blocked at 70 K) and a smaller

(superparamagnetic at 70 K) MNP population.

In summary, the analysis of the XAS spectra shows that

the oxidation state in the maghemite NPs is identical in both

the F and H structures. However, the XMCD spectra at a low

magnetic field reveal a reduced magnetization in the H

NPs compared to the F ones. The comparison between the

XMCD spectra measured at remanence and in the presence

of an applied (low) magnetic field of 160 Oe reveals the

coexistence of two NP populations with different sizes and

thus with a different magnetic response (spin blocked and

superparamagnetic regimes). Surface sensitive data indicate

that a reduced magnetic correlation among the spins occurs

at the external surface of the H NPs, different from the

F NPs. We show that XMCD can be measured in iron

oxide NPs even when applying a low magnetic field

(160 Oe). Combining the peculiar enhancement of the sur-

face to volume ratio given by the H geometry with the versa-

tility of the XMCD technique in probing a variable degree of

surface sensitivity, we conceived an experiment which

allows detecting the surface spin magnetic behavior.
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