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Enhanced magnetism of Fe;0, nanoparticles with Ga doping
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Department of Physics, Montana State University, Bozeman, Montana 59715, USA

2Department of Chemistry and Geochemistry, Montana Tech, Butte, Montana 59701, USA

3Center for Advanced Supramolecular and Nano Systems, Montana Tech, Butte, Montana 59715, USA
*Advanced Light Source, Lawrence Berkeley National Laboratory, Berkeley, California 94720, USA

Magnetic (Ga,Fe;_,);04 nanoparticles with 5%-33% gallium doping (x=0.05-0.33) were
measured using x-ray absorption spectroscopy and x-ray magnetic circular dichroism to determine
that the Ga dopant is substituting for Fe** as Ga®" in the tetrahedral A-site of the spinel structure,
resulting in an overall increase in the total moment of the material. Frequency-dependent
alternating-current magnetic susceptibility measurements showed these particles to be weakly
interacting with a reduction of the cubic anisotropy energy term with Ga concentration. The
element-specific dichroism spectra show that the average Fe moment is observed to increase
with Ga concentration, a result consistent with the replacement of A-site Fe by Ga.

I. INTRODUCTION

Gallium doped iron oxide, (Ga,Fe;_,);0,, is interesting
as it exhibits an energy-dependent photoabsorption as a func-
tion of Ga concentration in bulk samples.! This property
could be advantageous in nanoparticles providing utility for
applications. Additionally, Ga-based mixed oxides have
shown interesting catalytic behavior, an application that nano-
particles are known to be exceptional for due to their large sur-
face-to-volume ratio.”™* Furthermore, the doping of magnetic
nanoparticles can have behaviors distinct from bulk alloys,
including changes in dopant site occupation and different varia-
tions of moment and anisotropy with doping concentration,
making them interesting from a purely scientific standpoint.

Bulk (Ga,Fe,_,)3;04 magnetic trends have not been fully
studied, but Ga is typically present as a 34 valence ion so it
is likely to be present as a 3+ valence ion given the two
options in the spinel structure.' The effect on the magnetic
properties of doping Fe;O, with other nonmagnetic transi-
tion metals of similar ionic radii, such as Zn, show that Zn
preferentially substitutes for Fe’™ as Zn>" in the tetrahedral
coordination. For bulk Zn doped Fe;0, the total moment per
unit cell increases as the tetrahedral sites become occupied
by the nonmagnetic transition metal.’> These substitutional
atoms no longer partially cancel the Fe moment in the octa-
hedral coordination. For Zn doping the average moment of
the octahedral Fe sites also slightly increases as charge neu-
trality requires that some of the octahedral Fe** convert to
Fe**. If Ga substitutes into the tetrahedral coordination as a
Ga>" ion (rather than Zn>"), it should produce a similar,
though slightly reduced effect.

Nanoparticles do not always follow the same trends as
the bulk. Properties are often size dependent where surface
effects and the relaxation of crystal lattice distortions can

cause nanoparticles to have distinctly different magnetic
properties.®” In addition, nanoparticles are notoriously syn-
thesis dependent, while a chemically gentle nanoparticle syn-
thesis process like protein encapsulation may generate one
behavior, a harsher chemical process may show an entirely
different behavior.® In particular, encapsulation of Zn nano-
particles in protein structures does result in substitution of
Zn to the tetrahedral A-site, but generates a distinctly differ-
ent magnetic behavior, characterized by a steep reduction in
nanoparticle moment with Zn concentration, opposite the
bulk behavior.” From simple crystal filling arguments, the
reduced ion radius of Ga®>" in comparison to Zn*" suggests
that the Ga dopant should more strongly prefer the tetrahe-
dral coordinated site than Zn, allowing for a further investi-
gation of the peculiar moment behavior.

Il. EXPERIMENTAL PROCEDURES

In this study, magnetic (Ga,Fe;_,);04 nanoparticles
with 5%-33% gallium doping (x =0.05-0.33) were synthe-
sized by mixing Fe(acac)3,1,2-hexadecanediol, benzyl ether,
oleic acid, and oleylamine under evacuated conditions. The
Fe;0,4 (magnetite) nanoparticles were synthesized by com-
bining Fe(acac); (0.5 mmol), oleic acid (1.5mmol), oleyl-
amine (1.5 mmol), 1,2-hexadecanediol (2.5 mmol), and
benzyl ether (5 mL) in a 50 mL roundbottom flask under
vacuum. The mixture was gradually heated to 200 °C and
allowed to anneal for 24 h. The reaction mixture was then
cooled to room temperature, and the particles were precipi-
tated in ethanol, centrifuged, and dried. Gallium doped mag-
netite nanoparticles, (Ga,Fe;_,);0, were synthesized by
substitution of Ga(acac)z for the Fe(acac);. TEM measure-
ments determined their size to be 8.5-9 nm.

Investigation of the composition, electronic structure, and
magnetic properties were accomplished using x-ray absorption
spectroscopy (XAS) and x-ray magnetic circular dichroism
(XMCD). These measurements, performed on beamline 4.0.2



and 6.3.1 of the Advanced Light Source (ALS) of the Law-
rence Berkeley National Laboratories, give element-specific
information with high sensitivity and strong magnetic contrast
and have been used to identify doping positions and electronic
valence of doped magnetic nanoparticles in the past.”"!

For these nanoparticles, samples were dried onto For-
mvar coated TEM grids and measured primarily in the elec-
tron yield configuration, though supplemental measurements
were done in the transmission geometry. XAS was per-
formed on the Fe and Ga L, ; edges to determine the valence
of the elements and the substitutional site of Ga. XMCD was
performed on the Fe L; edge to determine the moment per
iron atom. XMCD measurements were done both at room
temperature and at approximately 20 K with applied fields
ranging from 0.5 to 1 T using 90% polarized light. For com-
parison, measurements were done on f-phase Ga,Oj
acquired as a powder standard from Alfa Aesar.

To determine if the particles are interacting with one
another, temperature-dependent, alternating-current magnetic
susceptibility (ACMS) measurements were performed over a
range or frequencies from 178 to 10,000 Hz using a Quantum
Design Physical Property Measurement System (PPMS).

lll. RESULTS AND DISCUSSION

A standard Neel-Arrhenius plot of the frequency-
dependent ACMS data was created for various Ga concentra-
tions (not shown). The negative natural log of the frequency
was plotted as a function of the inverse of the blocking tem-
perature (the peak in the real part of the susceptibility curve)
over a range of frequencies from 178 to 101000 Hz. A
straight-line fit of the data was found to be unsatisfactory,
suggesting that these bare nanoparticles are slightly interact-
ing. The interaction is significant enough that it is not possi-
ble to reliably extract the quantitative anisotropy energies
and the attempt frequencies from the ACMS data, although
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FIG. 1. The Ga L;-edge XAS spectra for (Ga,Fe;_,);04 with (x=0, 0.05,
0.1, and 0.2). The points are single scans and the solid lines are the average
of multiple scans. The spectra are normalized to the Fe L;-edge XAS peak
intensity for each scan. Also shown is an arbitrarily normalized single scan
of the Ga Ls-edge spectrum for f-phase Ga,0; reference powder.

the trend of the ACMS data is toward reduced anisotropy
with increasing Ga content.

By comparing the evolution of the Ga L; XAS spectra to
that of a -phase Ga,0O3 reference powder (shown in Fig. 1),
the L; peak energies (dashed line at 1118.9 eV) are found to
correspond nearly exactly, suggesting that the Ga is substitut-
ing into the host lattice as a 34 cation. The Ga XAS of the
(Ga,Fe,_,);0,4 are normalized to the Fe L3 XAS intensity of
each scan so that the relative intensities can be used to con-
firm the target Ga concentration percentages. The [-Gay0;
reference spectrum is arbitrarily normalized to aid in the com-
parison. Although good agreement in peak position of a high
energy peak occurs (dashed line at 1128.2 eV in Fig. 1) differ-
ences of the Ga XAS of (Ga,Fe;_,);0,4 suggest that the actual
local Ga bonding is not identical to the $-Ga,O; structure, but
more likely a substitution into Fe sites in the host Fe;O,4 spinel
structure, similar to that determined in coprecipitation stud-
ies.! A definitive determination of the site occupancy of the
Ga cannot be made from the Ga XAS spectra alone.

Indirect evidence for preference of the A-site or B-site
substitution for the Ga dopant can be found in the Fe L3 XAS
and XMCD. In the top panel of Fig. 2, the spectra for 0% gal-
lium looks as expected for pure Fe;0,4.'? The primary peak at
709.25 dominates and the pre-edge is appropriately small. As
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FIG. 2. XAS (top panel) and XMCD (bottom panel) of the Fe L; edge for
0% (pure iron-oxide), 5%, 10%, and 20% Ga in Fe;O,. Bottom inset: The
extracted peak-to-peak Fe XMCD intensity as a function of Ga concentra-
tion with a straight-line guide to the eye.



the amount of gallium increases the shoulder peak at 707.8
grows with respect to the primary peak. The growth of the
shoulder peak at 707.8 is similar, indicative of an increase in
the Fe™? state in the octahedral coordination (B-site).lz’13
This means that as the Ga substitutes into the spinel structure,
it is not displacing the Fe*" in the octahedral configuration so
that the relative percentage of iron in this configuration is
increasing. Given that the Ga XAS spectra is consistent with
Ga in a 3+ valence (and in a tetrahedral coordination) and
the Fe XAS data evidence that the iron is not removed from
the octahedral 2+ coordination, the gallium appears to prefer-
entially substitute into the tetrahedral Fe> ™ A-site.

Dichroism spectroscopy (XMCD) is not only an excel-
lent method of obtaining element-specific magnetic informa-
tion but it also can be insightful in determining bonding
configurations.'>™'> Examining the Fe L3 XMCD spectra for
these nanoparticles (shown in the bottom panel of Fig. 2),
the shape of the Fe XMCD spectra initially starts out with a
mix of tetrahedral and octahedral coordination as one would
except of Fe;0,.">7'> As the Ga percentage increases the
central peak quickly reduces in prominence. As has been
noted,'*™'° the intensity of this central peak is representative
of the tetrahedral coordination, so the reduction of this peak
is evidence of increasing octahedral coordination of Fe as
opposed to the 1/3 tetrahedral to 2/3 octahedral mix of
Fe;0,. In addition, comparing the relative intensities of the
two downward peaks in the XMCD spectra, the lower energy
peak is becoming more prominent as the concentration
increases from 5% Ga to 25% gallium, which also indicates
that the octahedral Fe>" is becoming more dominant in the
spectra at higher concentrations.

The observed increase in the Fe XMCD intensity is con-
sistent with this picture. If the Ga is preferentially substitut-
ing into the tetrahedral A-site, then given the ferrimagnetic
nature of the Fe;O, structure, substituting into the down spin
site with a nonmagnetic dopant atom results in an overall
increase in the moment per unit cell (as observed in the bulk
for Zn doping). This is in fact observed as shown in the inset
to Fig. 2. As the Ga is introduced the peak-to-peak dichroism
signal increases up to 20% Ga. Due to the interplay between
the three features present in the Fe L; XMCD spectra, a
quantitative extraction of the moment per Fe atom must be
performed carefully with modeled spectra.

IV. CONCLUSIONS

Gallium doped iron oxide spinel nanoparticles of average
size 8.75 nm have been synthesized and demonstrate weak
interparticle interactions expected of such particles. The Ga is
found to preferentially substitute into the tetrahedral A-site of
the Fe;O, spinel structure as a 3+ ion. This can be seen
clearly in the Fe L3 XAS and XMCD spectra and is supported
by the observed magnetization trend. The doping of Ga as 3+
in the tetrahedral configuration causes the moment per iron
atom of the particles to increase with increasing Ga concen-
tration until 20% Ga, after which the nonmagnetic nature of
Ga causes the moment to quickly fall to 0 in a manner similar
to other dopant materials in bulk Fe;0,.
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