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Abstract

Spin-canting in spinel nanoparticles of maghemite has multiple origins, among which surface effects, finite-size effects
or chemical disorder effects. XMCD at the Fe L, 3 edges allows to separate the contributions of the magnetic moments
of Fe** jons in tetrahedral and octahedral sites of y-Fe,O3. We investigate three powders of y-Fe,Oj3 synthetized via
aqueous precipitation: particles of average diameter 2.7, 8 nm and particles of average diameter 8 nm coated with
phosphoric acid. The relative contributions of the spins of the F e?g and the Fegﬁq ions are observed, varying the external
magnetic field. Under high magnetic fields, a reduction of the magnetic contribution of the Feg;}r1 ions occurs for § nm
phosphate-coated particles by comparison with the uncoated ones. A similar reduction appears at lower magnetic fields
for the small 2.7 nm particles.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction ranging from 0.5 to 10 nm have been investigated
for many years (for a review, see Ref. [1] and

Magnetic properties of nanoparticles of ferro- references therein). Knowledge of the magnetic
and ferrimagnetic materials with typical sizes behavior of fine grains is crucial as regard to their

numerous occurrences in technological applica-
£33 144273 785, tions. For instance, iron ox@e nan.opartlcles.are
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Magnetic nanoparticles are also research tools in
areas of physics, geology, biology and medicine.

Magnetic properties of fine particles strongly
depend on surface effects, finite-size effects and
interparticles interactions [1,3]. Magnetic proper-
ties of nanoparticles differ from those of the bulk
materials. Below a critical diameter of typically
10-100 nm, nanoparticles are single magnetic
domains, and exhibit a superparamagnetic beha-
vior [4]. Oxide nanocrystallites often have larger
coercivities than bulk materials, due to a reinfor-
cement of the surface magnetic anisotropy. A
reduction of the saturating magnetization gener-
ally occurs in ferro- or ferrimagnets such as y-
Fe,O; (maghemite), NiFe;O4 or CoFe;Oy4 [3]. On
the contrary, nanoparticles of antiferromagnetic
materials may have a non zero magnetic moment.
That is the case of hematite (a-Fe,O3) nanoparti-
cles, due to a canted antiferromagnetism [5]. The
origin of the magnetization reduction in spinel
nanoparticles is still unclear. It is generally
accepted that surface spins are canted, due to
competing exchange interactions in an incomplete
coordination shell for surface ions [6]. In the case
of y-Fe, 03, however, identical degrees of canting
has been found using in-field M&ssbauer spectro-
scopy in y-Fe,O; nanoparticles, with either °’Fe-
enriched surface or without it [7]. This tends to
prove that the canting could also be a finite-size
effect, and may affect the volume of the particles.
Morales et al. investigated a series of 7v-
Fe;0O3 nanoparticles of ~ 100nm with various
degrees of vacancies ordering and of chemical
disorder ascribed to the presence of hydroxide
groups in the structure [8]. Their results show
that spin canting can arise from structural
disorders in maghemite as well. In general,
modifications of the magnetic properties with
respect to those of bulk materials are very
sensitive to the way the particles are elaborated,
that is, to the surface and the local chemical
structure of the particles. Spin canting in nano-
particles is probably dramatically dependent on
chemical irregularities in the whole particle, and
more specifically at the surface. A precise knowl-
edge of the chemical state of the surface should be
valuable in understanding the magnetic properties
of fine particles.

X-ray magnetic circular dichroism (XMCD) at
the L, 3 edges of transition elements is now widely
used as a local probe for the site symmetry and the
magnetic moments of transition-metal ions in
ferro- and ferrimagnetic materials. The dichroic
signal is the difference between the absorption
cross-sections for right- and left-circularly polar-
ized X-ray under an external magnetic field
applied along the X-ray propagation vector. This
paper reports about the use of X-ray absorption
spectroscopy (XAS) and XMCD at the iron L,3
edges on v-Fe,O3 nanoparticles to study the
effects of the size of maghemite nanoparticles
both on their chemical and magnetic structures.

v-Fe, O3 has a spinel structure that belongs to the
space group symmetry Fd3m and can be described
by the following formula: Fefj[Feg/gD 131804 A
represents a tetrahedral site, B an octahedral site
and [0 a cationic vacancy on the octahedral
sublattice. y-Fe,O3 is the fully oxidized form
of magnetite (Fe3;O4). The nanoparticles of y-
Fe, 05 investigated here are synthesized by aqueous
precipitation of magnetite, followed by an oxidation
to maghemite under acidic conditions. Synthesis
details can be found in Ref. [9]. Samples of particles
with different average diameters are obtained,
depending on the ionic strength of the synthesis
medium. They have a mono-modal lognormal size
distribution. Due to the elaboration method, there
is no ordering of the vacancies. To vary the surface
to volume ratio of the particles, powdered samples
of small particles (denoted as S), with an average
diameter of 2.7nm, and of medium-sized particles
(denoted as M) with an average diameter of 8 nm
are studied. In-field Mdssbauer spectroscopy and
magnetization measurements were carried out to
characterize the magnetic properties of those
samples. >’Fe Mossbauer spectra in an applied
magnetic field of 6 T at 10K show indications of a
canted spin structure over a wide range of
temperature [9,10]. The spin canting increases as
the size of the nanoparticles decreases.

Since the surface state is likely to influence
strongly the magnetic properties of -
Fe, O3 nanoparticles, we also work on particles of
average diameter 8 nm coated with phosphoric acid
(denoted as MP). The binding mode of the ligands
at the surface of y-Fe,O3 has been determined,
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thanks to IR spectra in a previous work [9]. The
phosphate groups are bonded to Fe** in unidentate
and bridging bidentate coordination modes. Such a
coating modifies the surface state and alters the
magnetic order of the surface layer in comparison
with an uncoated surface. Indeed, X-ray diffraction
patterns exhibit two diffuse bands, that are likely to
be due to ferric phosphate complexes with a
distorted symmetry around the metal [9]. In
addition, zero-field and in-field M&ssbauer spectra
points out that MP particles consists of a vy-
Fe, O3 core surrounded by a magnetically totally
disordered phosphated iron shell.

We aim at clarifying the role of the chemical
structure of y-Fe,Os3 nanoparticles, especially as
far as the surface is concerned, in their magnetic
properties. To draw a link between the local
environment of atoms and the degree of alignment
of the spins along the external field at high
magnetic field on the three samples of nanoparti-
cles (S, M and MP), XAS and XMCD signals with
an external field of 2 T are recorded at the iron L, 3
edges at 4.2 K. In the following, the global lack of
alignment of either Fe}" or Fej' spins on the
external field will be designated as “‘spin canting”.
Previous measurements on those samples underline
that their static and dynamic magnetic properties
are consistent with a core—shell model [10]. At high
external magnetic fields (and low temperatures),
the magnetization of the surface shell is equal to
the core magnetization. At lower external magnetic
field, the magnetization due to the surface shell
reduces. Hence, XMCD data are also collected on
the S, M and MP samples, varying the external
magnetic field from 0 to 2T at 4.2 K. Thanks to the
thin probing depth in the soft X-ray range, surface
effects should be emphasized in absorption and
dichroism at the iron L, 3 edges. According to Ref.
[11], the probing depth at the L,3 edges of iron is
typically of 45 A in the case of iron oxides.

2. Experimental details and theoretical framework
2.1. HRTEM

High Resolution Transmission Electron Micro-
scopy (HRTEM) experiments have been carried

out on a Jeol 2010F microscope operating at
200kV, equipped with a high-resolution UHR
pole piece and a Gatan energy filter GIF 100.
Images are taken using elastically scattered elec-
trons. Maghemite particles are deposited on a
carbon film.

2.2. X-ray absorption and XMCD

We recorded the absorption spectra at L, 3 edges
of iron on three samples of y-Fe,O3 both on the
SU23 beamline of the storage ring Super-ACO at
LURE (Orsay, France) and on the BACH beam-
line (Beamline for Advanced diCHroic experi-
ments) at the ELETTRA synchrotron radiation
source (Trieste, Italy) [12]. The experimental end-
station on the two beamlines was identical. It is a
cryostat developed by Kappler and Sainctavit [13].
The sample temperature is set, thanks to a pumped
“He cryostat, reaching temperatures ranging from
1.5 to 300K. The external magnetic field is
generated by a superconducting coil and varies
from —7 to 7T. The magnetic field is perpendi-
cular to the surface of the sample holder, and
parallel to the X-rays propagation vector. Powders
are deposited on a copper plate to insure good
electrical and thermal conductivities. Absorption
spectra are collected in the total electron yield
(TEY) mode. The photocurrent is measured with a
Keithley 617 electrometer.

For circularly polarized X-rays, the absorption
cross-sections can be labeled as ¢®°. a denotes the
helicity of the photons. a =] when the photons are
right-hand polarized and a =1 when the photons
are left-hand polarized. b denotes the direction of
the magnetic field. b =% (resp. b =]) when the
magnetic field is parallel (resp. antiparallel) to the
propagation vector k. In the electric dipole
approximation, reversing the magnetic field is
equivalent to changing the helicity of the beam,
ie. o =¢" and o™ =¢'" [14]. A dichroic
spectra thus results from the difference of two
absorption  cross-sections, reversing  either
the photon helicity or the external magnetic
field. By convention, oxmcp =o'V — o' for a
100% circular polarization. The experimental
dichroic signal has to be normalized to a 100%
polarization rate, by taking into account 7,
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the experimental polarization rate: oxmcp =
1/l (™ — o).

On SU23 at Super-Aco, the X-ray beam is
produced by an asymmetric wiggler that delivers
elliptically polarized light above and below the
orbit plane. The focussing of the beam is
performed through a set of toroidal and spherical
mirrors. The elliptically polarized white beam is
monochromatized by a grating of a groove density
of 1800 lines/mm. The polarization rate of the
photons on the sample is estimated to be t = 42%.
The instrumental resolving power is E/AE ~
3500. Dichroic signals are obtained by flipping
the direction of the magnetic field between two
energy scans. On the BACH beamline, the inser-
tion devices are two APPLE-II undulators [12].
We used the first harmonic of the high-energy
undulator. The monochromator is a spherical
grating of a groove density of 400 lines/mm giving
an intensity of 7 x 10! photons~! on the sample
at the energy of the Lj; edge of iron. The
polarization rate is almost 100%. The resolution
power is estimated to be 1500. In the data
collection procedure, each dichroic signal is
derived from four spectra: for each magnetic field,
the sign of the phase of the undulator is reversed
between two spectra, giving the absorptions ¢t
and o''. The field is flipped after the first two
spectra, giving the absorptions ¢™ and ¢*¥. In this
case, oxmcp = 1/7 (¢*" + ™) — (6" + a¥))/2.
The ability to reverse the photons helicity allows
to compensate for systematic errors during the
measurement process.

2.3. Multiplet theory

In order to extract quantitative informations,
the XAS and XMCD spectra at the iron L, 3 edges
are simulated using ligand field multiplet (LFM)
calculations developed by Theo Thole [15]. We
expose here briefly the principles of multiplet
calculations. More details can be found in Refs.
[16-19]. Iron L,3 edges consist mainly of the
dipole allowed 2p®3d® — 2p°3d® transitions, as
the dipole allowed 2p®4s’ — 2p°4s' transitions
have a negligible contribution to the absorption
cross-section. In spherical symmetry, the 2p®3d’
ground state and the 2p33d® excited state energy

levels are split by the interelectronic repulsions and
the spin—orbit coupling. The radial integrals for
interelectronic repulsions and spin orbit coupling
are calculated using Cowan’s atomic Hartree—
Fock code [16]. One has to take into account for
the initial 2p%3d®> configuration, the direct
F*(3d,3d) and F*3d,3d) Slater integrals and the
3d shell spin—orbit coupling parameter {34, and the
excited 2p”3d° configuration, the direct F*(3d,3d),
F*(3d,3d), F*(2p,3d) Slater integrals, the exchange
G'(2p,3d), G’(2p,3d) Slater integrals, the 2p
shell spin—orbit coupling {5, and {34. The Slater
integrals are reduced using the x parameter. This
reduction accounts for the electronic delocaliza-
tion occurring through the chemical bonding in
the solid. The effect of the crystal field and of the
local magnetic field at the absorbing atom is
treated using Butler’s group subduction [17]. For
octahedral and tetrahedral sites of the spinel
structure, the O3—0Oy; and the O3;-T4 branchings
are used. The crystal field is then described
by a single parameter, 10 Dq. The local magnetic
field appears in the Zeeman hamiltonian:
Hzee = gugHS,.In ferro- and ferrimagnetic oxi-
des, the gugH parameter may typically range from
5to 100 meV [20]. The energy and the intensities of
the transitions are calculated in the electric dipole
approximation. To simulate the experimental XAS
spectra and XMCD signals, the transition lines are
broadened by a Lorentzian function to account for
the core—hole lifetime, and by a Gaussian function
to account for the instrumental resolution.

3. Results and discussion
3.1. HRTEM

Determinations of the size of the S, M and MP
particles have been carried out previously, using
X-ray diffraction and TEM pictures [21]. As spin
disorder in powders of y-Fe,Os; nanoparticles is
likely to arise from surface atoms, we are inter-
ested in characterizing the surface of the particles.
HRTEM pictures of the M particles have been
taken. Fig. 1 is representative of what has been
observed on several tens of particles. From this
image, it can be inferred that the nanoparticles are
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Fig. 1. HRTEM image of the 8 nm y-Fe,O3 nanoparticles (M sample), and the corresponding electronic diffraction pattern.

well-crystallized and exhibit well-defined faceted
edges. There is no preferential crystallographic
orientation of these faceted edges. One or several
preferential orientations could have informed on
the type of crystallographic sites at the surface of
the particles. Indeed, the tetrahedral to octahedral
sites ratio, denoted as A /B, can differ at the surface
from the ideal sites ratio of 3/5 = 0.6 in case of the
existence of preferential surface planes. HRTEM
images stand in agreement with former XRD
results since no shape anisotropy is observed.

3.2. Shape analysis of XAS and XMCD in the
multiplet framework

Fig. 2 shows the typical aspect of isotropic
absorptions XAS and XMCD obtained for the
three powders. Experimentally, isotropic spectra
are obtained by recording the absorption of the
sample with no applied field.

If the z-axis is choosen parallel to H, the right-
circular &, the left-circular ¢ and the linear &//
polarization vectors are defined as

1 |
3_—L —i s’L——i i
V2 T2 ’
V2 0 V2 0
0
d/=10
1

Absorption and dichroism (arb. units)

A

0.08 l /\

0 —
-0.08}- W \/
-0.16 B

! ' B ! ! I I
705 710 715 720 725 730 735
E (eV)

Fig. 2. Typical aspect of XAS and XMCD recorded on the
samples.

In the electric dipole approximation, the three
corresponding cross-sections are denoted as: 6~ =
oV =g, ¢t =™ =¥, and ¢//. The isotropic
cross-section is given by i, = (67 + 0~ 4+ a//)/3.
We know from the HRTEM study that the
crystallites are oriented at random with respect
to the applied magnetic field. In this case, the
magnetic linear dichroism is negligible, and ¢// ~
(67 +07)/2 [14]. Consequently, oo > (67 +
67)/2, and the experimental quantity (o' + o¥¥ +
o™ +6'1)/4 is a good approximation of ais,. For
each series of scans, this expression is used to
normalize the isotropic absorption to unity at the
maximum of the L3 edge.

XMCD experimental signals are characteristic
of the y-Fe,Os phase [22]. At the Lj edge, they
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consist of a positive peak (denoted A) and two
negative peaks (denoted Bl and B2). At the L,
edge signals are mostly positive. XMCD spectra at
the L,3 edges are mainly determined by the
strength of the spin—orbit coupling due to the
initial 2p core—hole and by the spin polarization of
the empty final localized 3d states [20]. The
core—hole spin—orbit coupling splits the edges into
the L; edge, resulting from the 2p;, — 3d
transition, and into the L, edge, resulting from
the 2p,, — 3d transition. XMCD allows to
separate and to quantify the magnetic contribu-
tions of Fe}" and Fe}" ions to the magnetization.
As shown by LFM calculations in Fig. 3, XMCD
is reversed in sign between L3 and L, edges for
Fej,” and Fel" ions. For atomic magnetic mo-
ments oriented parallel to the external magnetic
field, the XMCD is negative at the L3 edge and
positive at the L, edge. This is the case of
Fe}' ions. The spins of Fe" ions are coupled
antiferromagnetically with the spins of Fef;' ions,
as the main magnetic coupling is the antiferro-
magnetic coupling between A and B sites. Spins of
Fef;r ions are oriented in a direction opposite to

— XMCD calc.
L XMCD exp. ‘

|
710 720 730
E (eV)

.04} B2

Fig. 3. Multiplet calculation of isotropic absorption and
XMCD for Fe}' and Fe}" ions, along with the weighted
averages for A/B = 3/5. Comparison to experimental isotropic
spectrum and XMCD of 8 nm particles.

the external magnetic field. The sign of the
dichroic contribution of the Fei" ions to XMCD
is then opposite to the sign of the dichroic
contribution of the Fej" ions. The Fel"
contribution is positive at the L3 edge and negative
at the L, edge [23,22]. The XMCD signal of
v-Fe,O5 derives from the superposition of the
contributions of Fel" and Fe}" ions. The Bl and
B2 peaks come from Fej" ions and the positive A
peak from Fel" ions.

For Fei" and Fej" ions, one needs only the
10 Dq parameter to describe the symmetry and the
strength of the crystal field. Experimental data
extracted from reflectance spectra of maghemite
gives an octahedral crystal field of 10Dq = 1.9¢eV
[24-26]. Concerning the tetrahedral sites, experi-
mental values of 10 Dq are available for Fe’* ions
as impurities in various matrices [27-29]. In our
calculations, we use crystal field parameters close
to but slightly smaller than those extracted from
optical spectroscopy, due to 2p hole in the excited
state. For Fe%+ ions, 10Dq =1.5¢V, and for
Felt ions, 10Dq =0.7¢V. The value of the
octahedral crystal field is also consistent with the
values found in literature for Fe*™ multiplet
calculations on iron oxides [30-34]. For the 3d°
electronic configuration of Fe’* ions the orbital
part is fully symmetric (6A1g in Oy). Slight
symmetry distortions around the ion would induce
small modifications of XAS and XMCD signals.
Such effects could not be detected on the recorded
spectra. The above mentioned existence of distor-
tions around Fe’* ions with respect to perfect
octahedral or tetrahedral symmetries in the case of
MP phosphated particles is thus not detected from
XMCD measurements. Values of octahedral and
tetrahedral crystal fields are also dependent on the
value of k, that accounts for the covalency of the
Fe—O bond. k is defined by Racah parameters, k =
B/By, where By is the Racah parameter for an
isolated Fe** ion. Using Slater’s integrals, By =
(1/49)F*(3d, 3d) — (5/441)F*(3d,3d). For Fe’*,
we obtain By = 160meV. We used k = 55%, so
the B Racah parameter for Fe’* ions in the solid is
of 88 meV. This value is close to the 72 meV value
derived from reflectance spectra of y-Fe O3 [24].
For both the Fei™ and the Fe}" ions, {34 is fixed to
its atomic Hartree—Fock value of 74meV. To
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account for the experimental isotropic data, the
value of (5, is set to 8.4eV. We performed
calculations using an exchange-field parameter of
20meV, at 42K I' =0.2eV for the Lorentzian
broadening function at the L; edge, I' = 0.4eV at
the L, edge and o =0.25¢V for the Gaussian
instrumental broadening function [35,36,19].

Fig. 3 presents the calculated contributions of
Fej" and Fel ions to the isotropic absorption
(upper panel) and to the XMCD signal (lower
panel), and the experimental XAS and XMCD
recorded on 8 nm particles at 2T and 4.2K. The
isotropic cross-section of Feg™ ions is much
different from the isotropic cross-section of
Feg‘ ions. From the quantitative analysis of
Fej,™ and Fe}' isotropic contributions, it is possi-
ble to determine roughly the A /B sites-ratio of the
structure. Simulations of Fig. 3 are compatible
with the bulk maghemite A/B = 3/5 sites ratio,
with an absolute uncertainty of about 10%. The
weighted sum of the isotropic cross-sections using
this ratio is also represented. Nevertheless, from
the comparison of the experimental isotropic
cross-sections of the different samples, we estimate
that the difference in the A /B sites ratio between S,
M and MP particles is much smaller than the
simulations uncertainty.

The intensity of the experimental dichroic signal
of 8 nm particles measured between the maximum
of the positive A peak and the minimum of the
second negative B2 peak equals to 59% of the
isotropic absorption at the maximum of the L;
edge. We performed a simulation of XMCD
considering an ideal ferrimagnetic alignment of
the spins. The ratio of the magnetic contributions
of Fej™ and Fel' spins to XMCD (e.g. the
absolute value of their projections in the direction
of the applied field), denoted as ma and mg, is thus
equal to the bulk A/B sites ratio: ma/mp = 3/5. A
good agreement is obtained, except around 715¢V,
where features are known to be due to configura-
tion interactions. Consequently, the shoulder at
715¢eV in the dichroic signal is overestimated by
calculations. The B1 dichroic peak, as well as the
corresponding low-energy first peak of the iso-
tropic absorption at 711.3eV are not exactly
reproduced in width nor in intensity by our
calculations. A possible explanation might be that

the corresponding group of transitions might have
a core-hole broadening lower than I' =0.2¢V.
Indeed, the intrinsic broadening mechanisms for
each transition line are dependent on each final
state reached [15,37]. Although such an effect has
been observed at M,3 edges, it is usually con-
sidered negligible at L,3 edges [38]. A more
convincing explanation would stem from charge
transfer due to configuration interaction. At the L,
edge, the low-energy isotropic peak at 724.5¢V is
similarly too small compared to the main absorp-
tion peak. For ma/mp=3/5, the calculated
XMCD signal reproduces, nicely in shape and
intensity, the other parts of the dichroic signal of
the 8 nm particles. As discussed in the following,
the magnetic order in 8 nm particles at 2T and
4.2K is close to that of bulk maghemite. As a
consequence, the A/B sites occupation ratio and
the ma/mp magnetic contributions ratio are
identical.

The arrow in Fig. 2 indicates a small shoulder
on the first negative peak of the dichroic signal at
710.3eV. This shoulder is not observed on the
dichroic spectra of other bulk spinels, such as
NiFe;04, CoFe;04 or LigsFe, sO;, [23] and is not
reproduced by the multiplet calculations either. It
does not come from derivative effects and exists in
all the recorded dichroic signals. This shoulder
occurs at an energy matching with the chemical
shift of Fe’* jons. From multiplet calculations, we
estimated this Fe’* dichroic contribution to 4% of
the total iron ions that we detect. As we measure
XMCD in TEY, we are sensitive to the surface of
grains that may undergo a reduction under UHV.
Those traces may also be due to the synthesis
method. These Fe’™ ions were not seen in
Mossbauer because their concentration is below
the detection limit.

3.3. XMCD of S particles vs. M particles

At the L; edge, the positive tetrahedral peak and
the two negative octahedral peaks are, respec-
tively, proportional to the projection of the
magnetic moments of Fei" and Fej' ions along
the external field. As a result, the intensity of the
dichroic signal measured between A and B2 peaks
is proportional to the magnetization of the sample,
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as checked below. Magnetizations of the samples
can be compared more precisely using the
integrated absolute value of XMCD over Lj
and L, edges. This integral, denoted .« (of =
sz Ly loxmepld(hw)), 1s also proportional to
macroscopic magnetization.

A comparison of the dichroic signals of the S, M
and MP particles under a 2T field at 42K is
reproduced in Fig. 4. Variations of the XMCD
intensity of the different samples should be similar
to the variations of the macroscopic magnetization
measured by SQUID at the same field and
temperature. The upper panel of the Fig. 4 shows
the XMCD of the S and M samples. The peak-to-
peak XMCD intensity of S particles is found to be
equal only to 66% of the XMCD intensity of M
particles. From XMCD intensity, the ratio of the
magnetization of M particles to the magnetization
of S particles is therefore My;/ Mg >~ 1.5 under 2T
and at 4.2 K. This lowering traduces the average
greater misalignment of spins along the applied
field in small particles. Consequently, a rescaled
XMCD of S particles using a 1.5 multiplicative
factor is also represented in Fig. 4, to compare the
shapes of XMCD of M and S particles. The ratio
of integrated absolute value of XMCD is close to
the ratio of XMCD intensities: o/ /.o/s >~ 1.7. At
2T and 42K, SQUID measurements give a

_02F
2 01k
< 0.
E 0.0 P N eI\ R
Lg) -0.1+ H y 8 nm uncoated
< 02+ \ \ -===2.7nm
"""" 2.7nm x1.5
0.3 -(a) I I I I I
710 715 720 725 730
02F

0.1 |

8 nm uncoated
-~~~ 8 nm coated

1 1 1 1
710 715 720 725 730
E (eV)

Fig. 4. XMCD of the S (2.7nm), M (8 nm uncoated) and MP
(8nm phosphate-coated) nanoparticles recorded on SU23
(LURE) at 42K under 2T. (a): XMCD of S, M particles,
and XMCD of S particles scaled by a 1.5 factor (b): XMCD of
M and MP particles.

magnetization of 50 Am?kg~! for the S particles
[9] and 81 Am?kg~! for the M particles (unpub-
lished data). Magnetization of the S particles thus
equals to 62% of the magnetization of the M
particles, that is My /Mg = 1.6, in agreement with
ratios of XMCD intensities and integrated abso-
lute value of XMCD. At last, we noticed above
that calculated XMCD considering the bulk
structure of maghemite and experimental XMCD
on 8nm particles have close amplitudes. This
agrees with the fact that 8 nm particles have a
magnetization close to the bulk magnetization of
84 Am2kg .

XMCD spectra of 3 and 8 nm powders have
similar shapes and are both consistent with
ma /mp = 0.6. This result is confirmed by previous

Counts (10*)

(@)

Counts (10*)

-10 -5 0 5 10
(b) Velocity (mm/s)

Fig. 5. In-field Mossbauer spectra of (a): 4.6 nm and (b): 8§ nm
particles (10K, 6T).
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Table 1

Fraction of Fe’* ions at A (f,(%)) and B (f5(%)) sites, A/B sites occupation ratio, average canting angles of Fei+ ((0)o) and

Fej,"™ ((0)g) spins and the corresponding (f cos 0), /(f cos 0)g = ma /mp ratio for 4.6 and 8 nm powders of nanoparticles

Powder Ia (%) 5 (%) A/B (6)s () ( cos 0)5 /(f cos O)y
4.6 nm 3240.5 68 £0.5 0.47 27 £2° 48 £2° 0.63
8§nm 374+0.5 63+0.5 0.59 154+2° 17 £2° 0.60

in-field Méssbauer measurements on similar pow-
ders. Fig. 5 presents in-field Mdssbauer spectra
recorded at 10 K with a 6 T field parallel to the y-
ray on powders of 8 and 4.6 nm particles. The non-
vanishing 2,5 lines of sextets are characteristic of
spin canting [9]. Table 1 reports A/B sites ratio
and (0),, (0)p canting angles of Fef\+ and
Fe?;r spins deduced from Mdssbauer spectra.
From these data, we evaluate the ratio of
projections of Fef:r and Fe]3;r spins in the direction
of the applied field: ma/mp = (fcos0),/
(f cos 0)g. This ratio is found equal to 0.60 for
8nm particles and to 0.63 for smaller 4.6 nm
particles. This trend is fully consistent with
XMCD results, that give a constant mp/mp =
0.6 ratio going from M to smaller S particles.
In-field Mossbauer measurements indicate a si-
multaneous increase of A/B and (6)g/(0)4 as the
surface to volume ratio of particles increases,
resulting in a constant value of ma /myg despite an
increased spin disorder.

3.4. XMCD of M particles vs. MP particles

The lower panel of Fig. 4 compares the dichroic
signals of the M and of the MP nanoparticles. At
the L3 edge, the corresponding isotropic spectra
(not represented) are quite similar in shape and
intensity, which allows a direct comparison be-
tween the dichroic signals. The XMCD intensity of
phosphate-coated particles is 93% of the XMCD
intensity of uncoated particles. In a similar way,
the ratio of .o/ integrals for M and MP particles is
of o/mp/o/wm >~ 88%. This ratio is of the same
order than the ratio of XMCD intensities. At 2T
and 4.2 K, SQUID measurements give magnetiza-
tions of 81 and 71 Am*kg™' for the M and MP
powder samples [9]. The SQUID measurements
are given with a 10% experimental uncertainty,

due to the H,O content of the powders. Following
these results, the magnetization of phosphate-
coated particles equals to 88% of the magnetiza-
tion of uncoated particles. Magnetization reduc-
tions estimated from XMCD and from SQUID
are of similar magnitudes, on account of experi-
mental uncertainties.

In-field Mssbauer spectra on the MP powder at
10K show a strongly perturbed magnetic sub-
pattern [9]. It stems from the freezing of a
paramagnetic surface layer of Fe’* ions caused
by the phosphate ligands, in a totally magnetically
disordered shell. The relative area of the perturbed
magnetic sub-pattern and the magnetic sextet
measured by Mossbauer show that 21% of the
Fe atoms are bounded to phosphate groups and
are magnetically disordered [9]. Comparison of
XMCD of M and MP particles also points out this
magnetic disorder. As shown in Fig. 4(b), the
lowering of the dichroic intensity between M and
MP particles comes from the reduction of the
intensities of the two negative Bl and B2
octahedral peaks at the L; edge, without any
modification of the intensity of the positive A
tetrahedral peak that keeps the same intensity for
M and MP samples. Intensities of the two
octahedral peaks are reduced by 10% for MP
particles with respect to M particles. Thanks to
LFM calculations, the raise of the A/|B2| intensity
ratio resulting from this reduction can be linked
quantitatively to the increase of the ratio of
magnetic contributions of Fel" and Fe}" ions,
ma/mg. Fig. 6 displays results of multiplet
calculations with the parameters used above,
assuming a progressive reduction of the contribu-
tion of Fej' spins to the dichroic signal. The
ma /mp magnetic contributions ratio ranges from
the ideal bulk ratio (ma/mp = 0.60) to ma /mp =
0.75. The corresponding A/|B2| intensity ratio
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Fig. 6. Multiplet calculations of XMCD for several A/B site
ratios in y-Fe,Os.

ranges from 0.62 to 0.95. Variations of the ma /mp
ratio does affect the shape of the dichroic peaks at
the L3 edge. But the ratio of the intensity of the
second negative peak to the first negative peak
remains unchanged. Magnetic contributions ratio
variations only modify the relative intensity of the
A tetrahedral peak to the Bl and B2 octahedral
peaks. The 10% reduction of |B2| from M to MP
particles is reproduced by calculations using
ma/mp =~ 0.63 instead of 0.60 in the absence of
magnetic disorder. Differences in the intensities of
the B1 and B2 peaks going from M to MP particles
thus happen to be due to a reduction of the
magnetic contribution of Fe]3;r ions in phosphate-
coated particles. In the case of a phosphate-
modified surface, XMCD measurements indicate
that the surface disordered spins could be mainly
Fei™ spins.

3.5. XMCD field dependence

Apart from the preceding case of a modified
surface, the contrast between core and surface
magnetic behaviors shall become perceptible under
low magnetic fields, leading us to collect XMCD
signals at low applied fields. Hysteresis loops
presented in Ref. [10] for S and M powders show
that the closure field of the loops is of 2T for S
particles and of 0.5T for M particles, indicating a
surface-related irreversibility. To follow the hys-
teresis loops during XMCD measurements, we rise
the magnetic field up to a value of +2T, before
decreasing it to the required positive value for the
measurement. We apply an equivalent procedure

for negative fields. Fig. 7 presents the dichroic
signals of the S particles at the L3 edge, varying the
external field. On the left panel of the picture,
spectra are plotted as-obtained, the isotropic
absorption being normalized to 1 at the L;
maximum. On the right panel of the picture, they
are rescaled so as to get a same area for A peaks.
Scaling factors are specified on the figure. To
quantify XMCD signals, intensities of A, Bl and
B2 dichroic peaks as a function of the applied field
and A/|B2| intensity ratios are listed in Table 2.
The corresponding mpa /mg ratios deduced from
LFM calculations are indicated. This table also
give values of integrated absolute value of XMCD
over L3 edges.

When the applied magnetic field decreases, the
intensity of XMCD decreases as well, as indicated
by decreasing values of .7, reflecting a loss of the
average projection of the magnetic moments of the
particles along the applied field. The rescaled
spectra show that at 2 and 0.5T, the relative
intensities of the positive and the negative dichroic
peaks are similar. However, for data collected at
0.4 and 0.2T, the Bl and B2 peaks become clearly
smaller compared to the A peak, as shown by the
increase of A/|B2| when the applied field de-
creases. On the rescaled XMCD signals, the
intensity of the B2 peak is reduced by about
30% compared to its intensity at higher fields. In
the 2.7nm particles, this observation evidences a
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Fig. 7. (a): XMCD of the S (2.7nm) nanoparticles at the L;
edge recorded on BACH (Elettra) at 4.2K under 0.2, 0.4, 0.5
and 2 T. (b): Rescaled XMCD spectra. The positive tetrahedral
peaks all have the same area.
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Table 2

Characteristics of XMCD spectra of S particles for different external fields: intensities of A, Bl and B2 dichroic peaks at L3 edges,
A/|B2| intensity ratios, simulated ma /mp ratios and integrated absolute value of XMCD

Field (T) A Bl B2 A/|B2| NG o
2 0.21 ~0.16 ~0.38 0.55 0.57 1.00
0.5 0.15 ~0.094 —0.25 0.61 0.60 0.64
04 0.14 ~0.081 —0.17 0.83 0.69 0.54
0.2 0.10 ~0.052 ~0.12 0.83 0.69 0.38

preferential low-field spin disorder involving spins
of octahedral Fe** ions. LFM results show that
this reduction corresponds to mp/mp = 0.69
instead of 0.60 in the bulk material.

To check whether this canting has a surface
origin, we performed the same measurements on
the bigger M and MP particles. For M particles,
the B1 and B2 octahedral peaks are reduced by 4%
going down from 2 to 0.2 T, whereas, no reduction
is observed for tetrahedral peaks. This reduction is
weak (and lies in the uncertainty range) compared
to the 30% reduction of the intensity of the Bl and
B2 dichroic peaks in the case of S particles. As the
relative reduction of the intensity of dichroic
octahedral peaks with respect to the tetrahedral
peak is connected to a growing magnetic disorder
of spins of Fe%+ ions, the spins misalignment on
octahedral sites happens to be weaker in M
particles than in S particles, especially at low
magnetic fields. As a matter of fact, M particles
have a reduced surface to volume ratio, compared
to S particles. In S particles, 50% of the Fe’* ions
are located at the surface (e.g. in a 0.35nm thick
layer), versus only 20% in M particles. Surface
effects are therefore, expected to be weaker in M
particles than in S particles, in agreement with the
experimental result. A straight quantitative com-
parison Dbetween field-induced variations of
XMCD in S and M particles must take into
account the probing depth of 45 A[l 1], larger than
the 2.7 nm diameter of S particles and smaller than
the 8nm diameter of M particles. The surface
relaxation of M particles might be even smaller
than 4%, indicating an even more contrasted
behavior than with S particles.

No relative field-induced variations of the
contributions of the Fej" ions versus Fe}'™ ions
were observed for MP particles. As explained

above, at 4.2 K, surface spins of phosphate-coated
particles are frozen in a disordered configuration.
As a consequence, the magnitude of the external
field has almost no effect on their magnetic order.

4. Conclusion

The examination of the isotropic cross-sections
of 2.7nm, 8nm and phosphated 8nm particles
indicates that these three types of particles have
similar A/B site occupation ratios. Thanks to
XMCD signals recorded with decreasing values of
the applied field, we detected at low fields on 2.7
and 8 nm particles a greater disorder of Fef;’ spins
with respect to the field direction than for
Fel™ spins. Furthermore, this disorder is more
important for the smaller 2.7nm particles that
have the largest surface to volume ratio. This
observation agrees with the comparison of the
magnetic contributions of Fej,™ and Fel" spins in
8nm and phosphated 8 nm particles, the latter
presenting a magnetically disordered surface, as
shown previously by Mdssbauer. Indeed, we also
find a greater spin disorder of Fe]3;r spins in
phosphated 8 nm particles than in 8§ nm particles,
the magnetic contribution of F ef; spins remaining
unchanged.

These two results jointly proves the existence of
a preferential spin canting of Fef;r spins at the
surface. These results are consistent with the
core-shell model of the magnetic structure for-
merly proposed for the particles. A possible
explanation for this structure is that surface spins
experience weakened exchange interactions with
their neighbors, yielding to an increased disorder
of Fej" spins at low-magnetic fields, typically
below 500 mT for the small particles.
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