IOPSClence iopscience.iop.org

Home Search Collections Journals About Contactus My IOPscience

Spin disorder in maghemite nanoparticles investigated using polarized neutrons and nuclear

resonant scattering

This content has been downloaded from IOPscience. Please scroll down to see the full text.
2016 J. Phys.: Conf. Ser. 711 012002
(http://iopscience.iop.org/1742-6596/711/1/012002)

View the table of contents for this issue, or go to the journal homepage for more

Download details:

IP Address: 131.169.95.181
This content was downloaded on 08/06/2016 at 07:00

Please note that terms and conditions apply.



iopscience.iop.org/page/terms
http://iopscience.iop.org/1742-6596/711/1
http://iopscience.iop.org/1742-6596
http://iopscience.iop.org/
http://iopscience.iop.org/search
http://iopscience.iop.org/collections
http://iopscience.iop.org/journals
http://iopscience.iop.org/page/aboutioppublishing
http://iopscience.iop.org/contact
http://iopscience.iop.org/myiopscience

PNCMI 2014 IOP Publishing
Journal of Physics: Conference Series 711 (2016) 012002 doi:10.1088/1742-6596/711/1/012002

Spin disorder in maghemite nanoparticles
investigated using polarized neutrons and nuclear

resonant scattering

M. Herlitschke!?3, S. Disch®®, I. Sergueev!, K. Schlage!, E.
Wetterskog®, L. Bergstrom’, R. P. Hermann?38
! FS-PE, Deutsches Elektronen-Synchrotron, 22607 Hamburg (Germany)
2 JCNS and PGI, JARA-FIT, Forschungszentrum Jiilich GmbH, 52425 Jiilich (Germany)
3 Faculté des Sciences, Université de Liege, 4000 Licge (Belgium)
4 Department Chemie, Universitit zu Koln, 50939 Kéln (Germany)
® Institut Laue-Langevin, 38042 Grenoble (France)
6 Department of Engineering Sciences, Angstrém Laboratory, 75121 Uppsala (Sweden)
7 Department of Materials and Environmental Chemistry, Stockholm University,
10691 Stockholm (Sweden)
8 Materials Science and Technology Division, Oak Ridge National Laboratory,
37831 Oak Ridge, Tennessee (USA)

E-mail: marcus.herlitschke@desy.de, sabrina.disch@uni-koeln.de

Abstract. The manuscript reports the investigation of spin disorder in maghemite
nanoparticles of different shape by a combination of polarized small-angle neutron scattering
(SANSPOL) and nuclear forward scattering (NFS) techniques. Both methods are sensitive to
magnetization on the nanoscale. SANSPOL allows for investigation of the particle morphology
and spatial magnetization distribution and NFS extends this nanoscale information to the
atomic scale, namely the orientation of the hyperfine field experienced by the iron nuclei. The
studied nanospheres and nanocubes with diameters of 7.4 nm and 10.6 nm, respectively, exhibit
a significant spin disorder. This effect leads to a reduction of the magnetization to 44 % and
58 % of the theoretical maghemite bulk value, observed consistently by both techniques.

1. Introduction
Magnetic nanomaterials are nowadays used in a wide range of applications, e.g., spintronics,
cell labelling for magnetic separation, magnetic resonance imaging contrast enhancement, drug
delivery or magnetic hyperthermia[l, 2, 3]. A large number of these applications rely on magnetic
interparticle interactions or on intraparticle magnetism, motivating further investigation of the
intraparticle spin structure. The overall magnetic moment of small particles is typically lower
than the bulk value[4, 5], a phenomenon largely attributed to surface effects|6, 7, 8] with a surface
layer often thought of as a spin glass[9, 10, 11]. Whereas a core-shell model of spin canting is often
used for simplicity and conveniently reducing the number of free parameters in modelling[12, 13],
recent studies of the spatial magnetization distribution in magnetic nanoparticles suggest that
spin disorder in the nanoparticle core plays a major role for the magnetization of the particle[14].
Here, we present studies of reduced magnetization and the concomitant spin disorder in
iron oxide nanoparticles of different shape by application of two different techniques: Polarized
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Small-Angle Neutron Scattering (SANSPOL) and Nuclear Forward Scattering (NFS). These
methods give access to different information, as SANSPOL is sensitive to the spatially resolved
magnetization distribution and NF'S is indirectly sensitive to the spin orientation of iron atoms
influencing the nuclear hyperfine field in the nanomaterial. Our results indicate a significant
degree of spin disorder in the studied nanoparticles, observed with both techniques, in agreement
with macroscopic measurements and the literature.

2. Experimental

Particle Synthesis

Maghemite nanoparticles of spherical and cubic shape were prepared according to a thermolytic,
oleic-acid-assisted synthesis route described previously [15, 16, 17]. For preparation of ®"Fe-
enriched nanoparticles, the starting material 57FeCl3 was prepared by heating elemental *Fe in
an anhydrous Cl, gas stream[18]. Anhydrous Cl, gas was produced by oxidation of concentrated
hydrochloric acid with KMnO,. The evolving Cl,, gas stream was washed from excess HCI using
H,0O, dried over concentrated H,SO,, and subsequently passed over pieces of 5TFe (0.5 g, 8.8
mmol) heated to 250°C in inert atmosphere. "FeCl, (1.208 g, 7.4 mmol, 84 %) was collected as
a dry, but strongly hygroscopic, shiny violet powder which turned quickly into a yellow paste
when subjected to air. Maossbauer spectroscopy confirmed the high purity of the produced
nanoparticles, see the supplementary data.

Morphological Characterization

Transmission electron microscopy (TEM) images were obtained using a JEOL JEM-2100
microscope equipped with a LaBy filament operated at 200kV (f = 2.7mm, Cs = 1.4 mm,
Cc = 1.8mm, and point resolution 2.5A). Small-angle X-ray Scattering (SAXS) was carried
out at the B1 beamline of HASYLAB/DESY using an incident X-ray energy of 8.92keV. The
small-angle scattering was recorded using a Pilatus 300K detector set up at 0.935 and 3.635 m
distances from the sample position. The data measured by dilute nanoparticle dispersions in
toluene (7mg/ml) were averaged circularly and analyzed according to spherical particle form
factors.

SANSPOL

Polarized Small-angle Neutron Scattering (SANSPOL) data was collected at the D33 instrument
at the Institut Laue-Langevin, using 6 A neutron wavelength and 5.3 m detector and collimation
distance. Dilute dispersions (7mg/ml) of nanospheres and nanocubes in toluene (deuterated
by 80 %) were measured with a polarized incident neutron beam (P = 0.826) in a horizontally
applied magnetic field of 1T. Data correction to the scattering background of the pure solvent
and normalization to absolute intensities were carried out using the SANS data reduction
software GRASansP[19]. The purely nuclear (Iy) as well as the nuclear-magnetic (I(+) and
I(-)) scattering cross sections were radially integrated in 10° sectors oriented parallel and
perpendicular to the applied magnetic field, respectively.

NFS

Nuclear Forward Scattering (NFS) measurements were performed at beam line P01 of the large
scale facility PETRA III. The nanoparticles were dispersed in toluene with a concentration of
~ 14mg/ml and put into a sample holder with 8 mm thickness. The sample was inserted in
the pre-cooled cryostat, in order to obtain a rapid freezing of toluene, with the field-cooled
(FC) procedure and a magnetic field of 0.7 T, reaching a sample temperature of 15 — 30 K. The
FC procedure reproduces similar conditions as for the SANSPOL measurements, because the
particle easy axis will align parallel to the field at room temperature and the solution will freeze
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in this state on passing the solidification point of toluene. The magnetic field was sequentially
applied, through rotation of the magnet, along the x,y and z direction.

3. Theory

Nuclear Forward Scattering - Fitting Model

The spin canting can be studied in Mdssbauer spectroscopy by analyzing the ratio of different
lines in a spectrum, which gives an average direction of the local magnetic field. Here, we
introduce a similar approach to investigate the nuclear-forward-scattering time spectra, where an
average spin direction can be obtained without a preliminary introduced model. The amplitude
of the scattering consists of several components defined by the principal axis system of the
polarized synchrotron beam. The ratio of these components describes the relative orientation
of the hyperfine field to these axes. As shown in this section, the projections on x, y and z are
useful and enable to continuously interpolate between spins randomly oriented in 3D and spins
fully aligned in a specific direction.
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Figure 1. (a) Sketch of the coordinate system. The red arrow indicates the direction of an
arbitrary hyperfine field, determined by the angles @ and 5. The propagation vector of the
beam, k, is along the x direction, o and 7 polarizations are along y and z, respectively. (b)
Schematic representation of the G-terms, described in the text, for an iron nucleus in a hyperfine
field of 52T.

The NFS amplitudes for linear-polarised incoming radiation in case of a static hyperfine
magnetic field and thin samples can be derived from Ref. [20, 21]. These amplitudes, for the
chosen coordinate system depicted in figure 1, are:

Ao = 5(Go(r) + Gul() + [Golr) = Gi(7)] o3 25) (1
Apr = G (7) cos avsin 8 — (Go() — GS(T))% sin 28 sin @ ()
Go(1) = cos T(“Q_“’g) (3)
Gs(r) = 2 cos 7(3‘”"’2— “) 4 J cos T(”e; “) (4)
G(r) = 3 sin T Z00) L g Tl Hi) (5)

where Ay, is the amplitude without polarization change and A,, is the amplitude with
polarization change. The constants we = B-4.96 (us-T)™! and w, = —B-8.68 (us- T)~! are the
Larmor frequencies in the field B/pg of the 5"Fe 14.4 keV excited and ground state, respectively.
The perturbation factors G(7), depicted in figure 1, describe the nuclear transitions. Go(7)
corresponds to transitions with magnetic quantum number M = 0, and the G4(7) and G, (1)
correspond to M = +1. Transformed into the frequency domain, Gy reproduces the lines 2 and
5 of a Mossbauer spectrum, and G4 and G, reproduce the lines 1, 3,4 and 6.

The given scattering amplitudes enable the calculation of a time spectrum for any
configuration of the hyperfine field, by going from the amplitudes to the intensities with an
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Table 1. Selected hyperfine field orientations and the resulting scattering amplitudes. The
zt indicates nuclei with hyperfine field in the beam propagation direction, z* indicates an
equal number of nuclei with hyperfine fields parallel and antiparallel to the beam propagation
direction.

AO'O' AO'TF
Hpy | 2 Go 0
th || Yy Gs 0
Hyy || xt G, Gm
Hpyp || 2+ Gs 0
3D powder %(Gg +2G) | 0

additional exponential decay. Several orientations and the resulting amplitudes are compared
in table 1. For example, assuming a hyperfine field along z (8 = 0 and « = arbitrary), leads
to Ase = Go and A, = 0. If several directions of the hyperfine field exist, the total amplitude
will be the sum of partial amplitudes.

When this description of NFS is applied to the scattering signal of the nanoparticles, different
aspects have to be considered: the spins in the maghemite particles order ferrimagnetically
within one particle, forming a macro moment. But on the atomic length scale, spins are not
perfectly in the ferrimagnetic order but rather canted [5, 14, 11]. The corresponding hyperfine
field experienced by the ®"Fe nucleus is anti-parallel to the spin due to the Fermi contact term.
An applied magnetic field parallel to the z axis, see figure 1, leads to orientation of the particle
moment and the canted spins form a distribution that is symmetric around the applied field
direction. This symmetry around the field is not a unique behaviour of the canting effect
but rather a general observation, because the only present preferential direction in the sample
is the field direction. Thus, the orthogonal plane behaves powder-like and all directions are
energetically equal.

In order to describe this distribution of spins, a function f(8) is assumed with
foﬂ f(B)sin 3 dB = 1, expressing the hyperfine field orientation density in a particular direction,
with respect to the z axis. Introducing this function f(3) in the amplitudes Ay, and A, and

performing a volume integration leads to the averaged amplitudes Ag,i,) and AE,iE The resulting
Gy and G, terms can be separated:

2T
A= [ da [Tas (3)sing ey
vy

:Go/o ds  f(B)sinp 1(1—1—00825)

+ Gy / dg B)sin 8 1(1—00826)
=Gpa'® + G x G + Gecl?). (6)

The obtained parameters a(®) and b(*) are constant, since the integration over 8 can be performed

(2)

for a given f(f) leading to a scalar. The constant ¢y gives a quantitative description of the

function f(f), but more than one function f(f3) can lead to the same %) and thus to the
same scattering signal. The same procedure can be performed for the amplitude A,, leading

to AS}? = 0, due to vanishing integration over a. Comparing these amplitudes with table 1,
(2)

one can conclude that cy4 = 2 describes the 3D random case and c((f,) = 0 describes the perfect
alignment parallel to z. More generally, a sum of configurations from table 1 can be used in
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order to describe the scattering for an arbitrary function f(f3), since only the Gy and Gy terms
are necessary in order to represent f(f3).

The same procedure can be applied for other quantization axes, e.g., in case of an applied
magnetic field along y or x. For sake of simplicity, the coordinate system should be changed in
such way that the polar angle 6 is always between the hyperfine field and the externally applied
magnetic field. Consequently, the amplitudes need to be transformed to the new coordinate
system. The integration over « can always be performed due to the rotation symmetry around
the applied magnetic field and a description of the function f(3) will be obtained for the new
coordinate system. For the case of a magnetic field along y one obtains:

1
AZ) o )5 (Go + Gs) + G (7)
AW — 0. (8)

This case is different from the former in that a complete alignment of the hyperfine field along

the y axis results in A((,Zf,) x G, whereas the 3D random alignment is again A((,Z’f,) x Gy + 2GG.

The %(Go + G5) term represents a 2D alignment orthogonal to the field.

The case of a magnetic field parallel to the beam and thus along x is the most complex one,
because the scattering process is sensitive to the relative amount of hyperfine fields parallel and
anti-parallel to the applied field. The amplitudes are:

1
Al) cgﬂgﬁ(ao +Gs) + Gy (9)
A((;";}) ox c((,fr)Gm. (10)

A complete alignment of all hyperfine fields either parallel or anti-parallel to the beam correspond

to c((,a;,-) =0 and cE,“;E = 1. In case the observed hyperfine fields are parallel and anti-parallel to

the beam with equal amount, the constants will be c((ﬁ,) =0 and cE;’iE = 0. The 3D random case is

represented with cﬁ,’f} =2 and cf,“;) = 0. As a remark, the amplitudes can be scaled by a constant
factor in the analysis, as done before, but both amplitudes have to be scaled in the same way

in order to not influence the resulting fit with the scaling.
(z,9,2)

Summarizing, the constants cyo~ "’ were always defined such that a value of zero corresponds
to a complete alignment of all hyperfine fields and thus of all spins. A value of c((,‘f,’y’z) =2

correspond always to the 3D random case for all three field directions. In contrast, c((ﬁr) is

defined such that a value of zero corresponds to an equal number of the hyperfine fields parallel
and anti-parallel to the beam and a value of one denotes the case of either complete parallel or
anti-parallel alignment.

4. Results and Discussion
57Fe-enriched nanoparticles
Maghemite (y-Fe,O5) nanoparticles of spherical and cubic shape, enriched with 5TFe, were
prepared according to previously published synthesis routes [15, 16, 17]. Small-angle X-
ray Scattering (not shown) confirms the narrow particle size distribution inferred by TEM
analysis, yielding a spherical particle radius of 3.68(1) nm with a lognormal size distribution
of 0709 = 0.057(5). For the nanocubes, approximated with a spherical particle form factor due
to their orientation distribution in dispersion, a particle radius of 5.28(1) nm is obtained, along
with a slightly larger size distribution of ¢;,, = 0.070(1) resulting from the nonspherical shape
of the particles.

The purely nuclear SANS scattering cross section (Iy) was refined according to a core-shell
particle form factor, reflecting the iron oxide particle core and an oleic acid ligand shell covering
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Figure 2. SANSPOL by iron oxide a) nanospheres and b) nanocubes. Purely nuclear (Iy)
and nuclear-magnetic (I(+), I(—)) cross sections, obtained from radial integration in 10°
sectors oriented parallel and perpendicular to the applied magnetic field, are presented including
refinements of the core-shell nanoparticle morphology. Missing data points are due to the gap
between the two detectors at D33 (ILL). Insets: respective TEM images (scale bars: 100 nm)

the particle surface. The ligand shell thickness was determined as 1.5(1) nm and 2.0(1) nm
for the spheres and cubes, respectively, in reasonable agreement with the maximum oleic acid
ligand shell thickness of up to 2.1 nm. Moreover, quantitative analysis of the SANS cross sections
shown in figure 2 additionally enables determination of the 7—57Fe203 scattering length density
of 4.96(5) - 1076 A~2 which, consistently for both samples, indicates a degree of °"Fe enrichment
of 65(5) %.

Polarized Small-Angle Neutron Scattering

Polarized SANS (SANSPOL) was carried out in order to determine the magnetic morphology
of the samples via the magnetic form factor. For a dilute system of non-interacting particles
aligned in an external field, the nuclear and magnetic scattering amplitudes Fiy and Fj; interfere
according to

I(£)g.a = FX(Q) + [F}(Q) F 20" Fn(Q)Fu(Q)] sin’ a (11)
I(+)Qa = I(=)qa = —2(e* + 07 ) Fn(Q) Fu (Q) sin* o (12)

where « is the azimuthal angle between the scattering vector Q and the applied magnetic field
direction, and o7 = P, p~ = Pe with P = 0.826 being the degree of polarization of the incident
neutrons and € = 0.99 the flipper efficiency. The polarized SANS cross sections I(+) and I(—)
for the nanospheres and nanocubes are presented in figure 2 along with refinements according
to equation (11). Refinements of the nuclear-magnetic cross term according to equation (12)
converged to the same results, confirming self-consistency of the model.

Whereas previous studies on very similar nanoparticles revealed a small degree of surface
spin canting along with a significantly reduced magnetization in the entire nanoparticles
[14], refinements of the magnetic form factor of the ®"Fe-enriched nanoparticles consistently
converge to a magnetic particle radius equal to the nuclear particle radius, irrespective of the
starting model of either a core-shell magnetic particle or a particle with smoothly decreasing
magnetization towards the surface. Hence, our analysis suggests a homogeneous magnetization
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distribution with spin canting throughout the entire particle without any significant degree
of enhanced spin disorder close to the particle surface in either sample of the ®"Fe-enriched
nanoparticles. Quantitative analysis of the magnetic scattering length density yields an average
magnetization of 0.55(2) and 0.72(2) up per iron atom for the spheres and cubes, respectively,
i.e. significantly lower than the theoretical spin-only bulk maghemite moment of 1.25 up (0 K).
The room temperature maghemite moment can only be estimated, as the pure bulk material
is not stable. However, the value should be close to the 0K value, as, with T/T¢ ~ 0.3
(Tc ~ 900 K[22]), the room temperature measurement is far away from the magnetic transition.
Further, most theoretical models lead to values close to 1.25 up, e.g. mean-field theory gives
1.2 up and Bloch’s law value is between 1.0 up (~ T3/? for ferromagnet) and 1.2ug (~ T° for
antiferromagnet)[23].

For the nanocubes, the determined magnetization is in good agreement with our earlier
study on similar, but non-enriched, nanocubes of comparable particle size [14]. The smaller
magnetization determined for the nanospheres is in excellent agreement with the magnetization
of 0.50(5) up per iron atom determined by macroscopic magnetization measurements (not
shown). Our results are further in general agreement with reports on the particle-size-dependent
magnetization [10, 24].

Nuclear Forward Scattering
The nuclear forward scattering data with different directions of magnetic fields are depicted in
figure 3. In the data analysis, each of both crystallographic iron sites is associated with two

FL iy
0

Log Amplitude (a.u.)
wnowy ‘|oy

20 40 60 80 100 120 45 50 55
Time (ns) 1o Hesi (T)

Figure 3. Adjusted NFS data on nanospheres with the indicated applied magnetic fields and a
temperature of 15-30 K, depicted in logarithmic scale (left). The data were recorded at P01 with
a magnetic field applied in the vertical (z) direction, horizontal direction (y), and along the beam
(). The parallel effective fields at the nuclei of A and B site (boxes) and the corresponding field
distributions (Gaussian functions) are depicted for the A site in red and the B site in orange
(right).

components (magnetic field along z and y) or three components (magnetic field along x). These
components correspond to the relative spin orientation parallel or orthogonal to the external
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magnetic field. Thus, the orientation of arbitrary spins can be described with the ratio between
these components, as outlined in section 3. In contrast to the introduced projection model, the
hyperfine fields of the parallel and orthogonal components are not restricted to the same value.
The data fitting was performed utilizing the MOTIF code[25] with fixed values of isomer shift
and quadrupole interaction, taken from Md&ssbauer spectral results (see the supplementary data)
and in agreement with literature[22, 26].

The analysis revealed that the perpendicular components of both sites are not well
described with only one dedicated hyperfine field per site. Instead a Gaussian distribution
of hyperfine fields is needed. Omne Gaussian distribution per perpendicular component was
introduced, whereas the position and the width of the Gaussian are freely adjustable. The
discrepancy of the fit at latter times in all spectra is probably attributed to small contributions
of superparamagnetic relaxation, neglected in the analysis. Other free parameters in the
adjustment are the sample thickness, an overall scaling factor, a zero shift of the measured
signal, and an additional line broadening, assumed to be equal for all components.

The NFS intensities differ somewhat for different directions of the magnetic field, even for
0T measurements. This observation is explained by different effects: first, the sample was
frozen in the FC procedure leading to an alignment of the easy-axis of the nanoparticles along
the field direction and thus to a preferred orientation in different directions for the individual
measurements. Second, the temperatures are not exactly the same leading to slightly different
hyperfine field values and also to slightly different hyperfine field distributions. For example,
the temperature change between 15 and 30 K changes the hyperfine field by up to 1T. Third,
the sample thickness can slightly change between the freezing steps due to the remounting of
the liquid sample, which strongly influences the time pattern.

Table 2. Adjusted parameters of the A and B site obtained from analysis of the NFS data
leading to the constants ¢,, and ¢y, for different magnetic fields H in direction z, y or z. The
relative amount of the parallel components & = (A|| + BH) is related to these constants, as
described in the theory part.

£
/J'OH (T) Coo Corm §\|+H§L
Spheres 0.73-z 1.16(1) - 0.46(1)
0.00-2 2.24(3) - 0.31(2)
0.73-x 0.93(8) 0.20(4) 0.52(5)
0.00 -z 1.61(24) 0.11(3) 0.38(6)
0.73-y 096(2) - 0.51(1)
0.00-y 1.87(4) - 0.35(1)
Cubes 0.73-z 0.80(6) 0.28(4) 0.55(4)
0.00 - x 1.53(16) 0.21(4) 0.39(4)

The observed differences in the spectra with different field directions seem more distinct
than those in the same directions with and without applied field. However, the analysis reveals
the opposite. The 0T measurements correspond to very similar physical parameters and the
application of a magnetic field changes the hyperfine field orientation and thus the ratio of
aligned spins, depicted in table 2. The alignment of the spins leads to a decrease of the ¢y,
parameter and an increase of the relative fraction of parallel spins. The value ¢, /(€ I +&1) =1/3,
with §| the amount of the components with parallel hyperfine field and £, the amount of the
components with perpendicular hyperfine field, is expected for zero field measurements, because
it describes the complete 3D random case. The observed discrepancies between the obtained
values at 0T and the expected ratio of 1/3 is probably reasoned by preferred orientation of
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the particles due to the freezing process, remanent magnetization and time dependent macro
moment reorientation, as described by Sharrock’s formula[27].

In an applied field of 0.73T, the atomic moments of the nanospheres align up to 50 %,
whereas the variance is quite large with 46 — 52 %. This result is similar to magnetometry data
exhibiting only a magnetization of ~ 0.5 up in contrast to the theoretically expected 1.25 up for
bulk maghemite (0 K). But, §/(§;+&.1) gives only the fraction of parallel plus anti-parallel spins
and does not indicate the relative ratio between them. This ratio between parallel and anti-
parallel spins will influence the total magnetic moment significantly, as magnetometry measures
the macroscopic sum of all atomic moments. The hyperfine fields and thus the spins within the
larger nanocubes exhibit a stronger orientation with applied magnetic field of about 55 % as
compared to the nanospheres.

The ¢, constant is the most difficult and the most unstable parameter to adjust.
Furthermore, this component depends strongly on the applied model and can change drastically
by changing the degrees of freedom in the adjustment. The strong change is probably reasoned
by the frequency of the G,, term being equal to the frequency of the G5 term and thus allowing
the G,, term to compensate discrepancies in the adjustment. However, the main trend of an
increasing ¢, with application of a magnetic field and thus a non-equal orientation of spins
parallel and anti-parallel along the beam is obvious. Again, comparing the c¢,, parameter of
nanospheres and nanocubes, the cubes seem to be more aligned.

In a first, rough approximation, the canting of the spins observed with NFS can be compared
to the reduced magnetization obtained by SANSPOL. The canting determined by NFS relates to
0.62(6) pup and 0.69(5) up for the nanospheres and nanocubes, respectively, as the magnetization
is only the parallel fraction of the magnetic moments in the sample. This result is similar to
the moments observed with SANSPOL, however, the nanospheres magnetic moment determined
with NFS seems to be higher than observed with SANSPOL. Such difference is reasonable due to
the temperature dependence of the canting[28, 29], expected to decrease the room temperature
magnetization by a few percent. But this effect was not observed for the cubes, whereas the
large error bars of NF'S results may prohibit this observation. Another explanation for the larger
moment of the nanospheres is found in ¢,,. The smaller ¢, of the nanospheres indicates that
the relative ratio between parallel and anti-parallel spins is less pronounced, as compared to the
nanocubes. Thus, a further reduction of the nanosphere moment due to compensating parallel
and anti-parallel spins is possible, not considered in the rough approximation of the magnetic
moments.

Summarizing, both methods, namely SANSPOL and NF'S, confirm the reduced magnetization
commonly observed in maghemite nanoparticles in agreement with literature and macroscopic
measurements. The spatial sensitivity of the SANSPOL technique reveals a homogeneous
distribution of the reduced particle magnetization, corresponding to homogeneously distributed
spin disorder, with negligible effects of the particle surface. The SANSPOL results are similar to
the NFS analysis, indicating a random orientation of about half of the atomic moments. Thus,
roughly the half of the iron atoms are not in the perfect ferrimagnetic order.
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6. Supplementary data

Mossbauer spectroscopy was measured on the enriched spheres and cubes at 10 K without applied
magnetic field, see figure 4. The spectra are calibrated with respect to a-Fe. The fit model
assumes two crystallographic sites and a Gauss-distributed hyperfine field. The ratio of the A and
B sites are fixed to 1:1.75, in agreement with the NFS data. The obtained hyperfine parameters
are given in table 3. The maghemite spectra can contain different iron-oxide impurities, likely
wuestite. These impurities usually form additional peaks at the indicated energies (arrows).
For the samples used in this manuscript, such impurities are not adjustable in the Mossbauer
spectra.
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Figure 4. Adjusted Maossbauer data on nanospheres and nanocubes (left) with the
corresponding hyperfine field distribution (right). The ratio of the maghemite A site (pink)
and B site (blue) are fixed to 1:1.75, in agreement with the NFS data. Possible impurities, likely
other oxides like wuestite, commonly lead to peaks at the indicated energies (arrows) and their
presence can be excluded at the ~ 1% level.

Table 3. Obtained parameters from Mossbauer spectroscopy. The isomer shift §, the
quadrupole interaction AE(, the center value of the Gaussian field distribution H"™¢", and
the standard deviation of the Gaussian distribution ¢ are given for the A and B site of both
samples.

site § (mm/s) AEg (mm/s) puoH®“"" (T) o (T)
Spheres A 0.40(1) -0.03(1) 49.0(1) 2.0(3)
B 048(1)  0.00(1) 52.0(1) 1.2(1)
Cubes A 0.39(1)  -0.04(2) 49.6(1) 1.7(3)
B 048(1)  0.00(1) 52.3(1) 1.1(1)






