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The magnetic response of spindle-shaped hematite (a-Fe,Osz) nanoparticles was investigated by simul-
taneous small-angle and wide-angle X-ray scattering (SAXS/WAXS) experiments. The field-dependent
magnetic and nematic order parameters of the magnetic single-domain nanospindles in a static magnetic
field are fully described by SAXS simulations of an oriented ellipsoid with the implemented Langevin func-
tion. The experimental scattering intensities of the spindle-like particles can be modeled simply by using
the geometrical (length, radius, size distribution) and magnetic parameters (strength of magnetic field,
magnetic moment) obtained from isotropic SAXS and macroscopic magnetization measurements,
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respectively. Whereas SAXS gives information on the morphological particle orientation in the applied
field, WAXS texture analysis elucidates the atomic scale orientation of the magnetic easy direction in the
hematite crystal structure. Our results strongly suggest the tendency for uniaxial anisotropy but indicate
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1 Introduction

The response of magnetic nanoparticles (NPs) to applied static
and dynamic magnetic fields has tremendous technological
importance, e.g. for medical applications® in imaging® and
magnetic  hyperthermia,® sensor applications,”® and
nanorheology.®® Anisometric NP shapes, such as rods and
wires, introduce additional complexity by their reorientation
behavior resulting in new phenomena with modified pro-
perties. At a high volume fraction, anisometric particles readily
self-organize into liquid crystalline arrangements with a
nematic-isotropic phase transition as observed for the rod-like
tobacco mosaic virus.” Self-organization of shape anisotropic
NPs into oriented arrangements can further be directed by
electric or magnetic fields'®'" as well as shear flow'*"? result-
ing in materials with anisotropic physical properties.

“Large Scale Structures group, Institut Laue-Langevin, 71 avenue des Martyrs,
F-38042 Grenoble, France

bDepartment fiir Chemie, Universitdt zu Koln, Luxemburger Strasse 116,

D-50939 Koln, Germany. E-mail: sabrina.disch@uni-koeln.de

‘ESRF - The European Synchrotron, 71 avenue des Martyrs, F-38043 Grenoble,
France

dPhysics and Materials Science Research Unit, Université du Luxembourg, 162 A,
avenue de la Faiencerie, L-1511 Luxembourg, Luxembourg

tElectronic supplementary information (ESI) available. See DOI: 10.1039/
C8NR09583C

iPresent address: Large Scale Structures group, Institut Laue-Langevin, 71
avenue des Martyrs, F-38042 Grenoble, France.

This journal is © The Royal Society of Chemistry 2019

significant thermal fluctuations of the particle moments within the hematite basal plane.

The combination of anisometric shape with uniaxial mag-
netism leads to different reorientation characteristics depend-
ing on the relative orientation of the structural principal axis
and magnetization. As a result of dominant shape anisotropy,
elongated magnetic particles such as nickel nanorods,®'**?
Co,Fe;_,0, nanowires,'® or iron oxide nanotubes'’” are mostly
magnetized along their principal axis. However, due to
inhomogeneous demagnetizing fields, multidomain struc-
tures, and the related complex magnetization reversal includ-
ing the formation of vortices, the orientation of magnetization
within the particle may become ambiguous at a low magnetic
field."® Perpendicular magnetic and structural orientations are
accessible for few materials, including goethite (a-FeO(OH))
rods that align parallel to a small magnetic field below 0.35 T,
but re-align at high field with their long axis perpendicular to
the applied field due to diamagnetic susceptibility
anisotropy.’®! Due to strong magnetocrystalline anisotropy
above the Morin transition (Ty = 263 K),**** hematite
(a-Fe,03) nanospindles are magnetized perpendicular to their
long axis and thus align with their short axis along the exter-
nal field. In order to exploit competing morphological and
magnetic orientation towards applications, precise knowledge
of the orientation behavior of the magnetic director (e,) within
the particle is indispensable. With this study, we aim to give a
detailed account on the orientation of the magnetic moment
in hematite nanospindles with respect to both the anisometric
particle shape and the crystallographic lattice.

Hematite nanospindles are routinely synthesized**> with
the ¢ axis of the corundum structure along the long axis of the
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spindle, which is the main rotational axis. The strong magne-
tocrystalline anisotropy of hematite dominates over the shape
anisotropy even at large aspect ratios. In colloidal solution
hematite nanospindles exhibit a pseudo-superparamagnetic
behavior induced by Brownian motion with a spontaneous
magnetization that is typically reached in a low applied mag-
netic field of few tens of mT.”*® In large magnetic field, the
particle long axis is restricted to the plane perpendicular to
the applied field.””*® The field-dependent alignment of these
particles has been described by phenomenological approaches
for the orientational distribution function, considering
different susceptibilities along and across the particle axis.>
These approaches allowed the elucidation of the hindrance of
magnetic field-alignment resulting from particle-matrix inter-
actions in hydrogels.>® Boltzmann statistics was considered to
describe the magnetic order parameter of silica-coated nanos-
pindles in the applied field.*” In all previous SAXS studies, the
angular orientation distribution was subject to refinement.

Superparamagnetic relaxation of the magnetic moment
within the basal plane is possible, whereas high energy is
needed to tilt the magnetic moment out of the basal plane.’
Experimental evidence has been reported for relocation of the
magnetization vector within the basal plane of non-interacting
nanospindles®” > as well as a fixed easy magnetic direction in
the basal plane.** For hematite nanospindles with arrested
orientation by either deposition techniques or incorporation
into a gel-like matrix, uniaxial anisotropy is consistently
observed.”®** However, the morphological particle orientation
distribution obtained from the SAXS analysis alone does not
discriminate a magnetic easy axis within the basal plane from
a magnetic easy plane scenario. Precise knowledge of the
moment orientation within anisometric nanoparticles is
important for the development of new materials with direc-
tional magnetic anisotropies.®® It is further expected to
enhance the understanding of dipolar interactions in nano-
particle assemblies and aggregates. This will be particularly
useful in flow environments such as nanorheology or micro-
fluidics, where the competition of steric nanoparticle packing
and magnetic dipolar interactions is decisive for the materials
performance.**

Here we present a combined study of magnetic field-depen-
dent SAXS and WAXS measurements on hematite nanospin-
dles, giving insight into the structural, crystallographic and
magnetic orientation. We introduce an approach to fully
describe the alignment of anisometric NPs in a magnetic field
applied either perpendicular or parallel to the incident beam.
The simulation framework is analogously extendable to aniso-
metric particles with different magnetic anisotropies and
orientations of the magnetic easy axis. It may also take a
numerically calculated angular distribution function as an
input, e.g. from molecular dynamics simulations for shear
aligned systems. For non-interacting NPs in dilute dispersion,
we calculate the orientation distribution function based on the
Boltzmann statistics, and correlate the magnetic and nematic
order parameters. For the evaluation of particle orientation
based on the SAXS simulation, the magnetic orientation
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with respect to the crystal structure is obtained from the mag-
netic field dependent texture analysis of WAXS data.

2 Materials and methods
2.1 Synthesis

Hematite NPs with spindle shape were synthesized by the
hydrolysis method developed by Matijevi¢ and co-workers.>* In
brief, aqueous solutions of 70 mL of FeCl; (26 mmol) and
30 mL of NaH,PO, (0.8047 mmol) were mixed in 1 L of pre-
heated water at 90° C. The reaction was carried out under
reflux for 96 h, and the obtained orange dispersion of NPs was
purified by five cycles of centrifugation at 7000 rpm for 10 min
and redispersion in water. A water suspension with a final con-
centration of 14 mg mL~" was prepared.

2.2 Characterization

X-ray powder diffraction (XRPD) was measured using a
PANalytical X’Pert PRO diffractometer equipped with a second-
ary monochromator and a PIXcel detector. The sample was
dried to a powder and measured on a flat plate glass sample
holder in reflection geometry. Data were acquired using Cu K,
radiation (4 = 1.54 A) over a range of scattering angles 26 =
5-80° with a step size of 0.03°, corresponding to a Q range of
1-5 A™'. Rietveld analysis was carried out using the FullProf
software,® applying a pseudo-Voigt profile function. The
instrumental broadening was obtained from a LaB, reference
measurement (SR 660b, NIST).

Transmission Electron Microscopy (TEM) was performed
on a ZEISS LEO 902 microscope operating at 120 kV with a
LaBg cathode in bright field (BF) mode. The sample was de-
posited onto a coated copper grid. The mean particle diameter
was determined from more than 200 particles in different BF
images and the histogram was modelled with a log-normal dis-
tribution function.

Small-Angle/Wide-Angle X-ray Scattering (SAXS/WAXS)
measurements were done simultaneously in an applied mag-
netic field using the ID02 instrument (ESRF) at a wavelength
of 4 = 0.995 A. The SAXS data were collected on a Rayonix
MX-170HS CCD detector placed inside an evacuated 34 m
detector tube at two sample-detector distances of 30 and
1.5 m, and the WAXS data were acquired by using a Rayonix
LX-170HS CCD detector in air at a distance of 0.137 m from
the sample position. Aqueous dispersions of hematite NPs
were sealed air-tight in quartz capillaries, and scattering
experiments were performed in a static magnetic field up to
520 mT, applied either perpendicular or parallel to the incom-
ing beam, with the total length of the beam path in air being
0.24 m. SAXS data were normalized to detector efficiency, capil-
lary thickness, transmission, and background and calibrated
to absolute scattering intensity using water as the reference
material. The SAXS data measured at the short sample-detec-
tor distance were scaled to overlap with those measured at the
long sample-detector distance in order to correct for a
maximum 5% deviation in scattering intensity, most likely
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originating in a small degree of sedimentation of the particles
between the measurements. WAXS 2D data were polarization
corrected and 1D data were corrected to transmission, capillary
thickness and background. Starting with 120 mT, the Halbach
magnet setup (Fig. S1f) shadows the WAXS detector at the
corner. For this reason, WAXS measurements at higher fields
have been excluded from further analysis.

Vibrating Sample Magnetometry (VSM) measurements were
performed on an ADE EV7 Magnetics Vibrating Sample
Magnetometer (VSM). The dilute NP dispersion was sealed in
a Teflon crucible and placed on a glass sample holder. Room
temperature (298 K) magnetization data were collected in a
field range +2.2 T with a head drive frequency of 75 Hz.

3 Model

To simulate the SAXS pattern of hematite nanospindles with a
given orientation distribution, we apply the form factor of an
ellipsoid of revolution. The form factor amplitude K(Q, a) is
defined as®®

_ 3sin(QR) — gR cos(QR)

(QR)® (1)

K(Q,a)

R= \/ROZ -sin® a + Ry2 - cos? a, (2)

where R, is the equatorial radius and Ry, is the polar radius of
the ellipsoid. However, as our definition of the projection
angle a of the polar axis n towards the scattering vector Q on
the detector plane x-y is independent of the chosen form
factor, other anisometric form factors, such as a cylinder, can
be introduced.

In the following, the field-induced orientation distribution
of the projection angle o will be derived for anisometric NPs
with the structural main axis and magnetization both perpen-
dicular to each other. The magnetic moment of a NP with
sufficiently large magnetocrystalline anisotropy compared to
thermal energy is oriented in the magnetic easy direction of
the material. For freely dispersed NPs (Newtonian fluid), the
application of a static magnetic field will not change the
average orientation of the particle moment along the easy
direction, as Brownian motion enables the particle to rotate
in the energetically most favored orientation. The orientation
of the easy axis e, with respect to the applied field H is
described in a spherical coordinate system with a polar angle
y towards the applied magnetic field and a precession angle
71 (Fig. 1a).

The easy axis orientation e, is thus given by:

cos
siny -siny; |. (3)
sin y - cos y,

€\ =

In the case of hematite, the easy axis is located in the
basal plane, corresponding to the equatorial plane of the ani-
sometric NP. An arbitrary orientation n, of the particle polar
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Fig. 1 (a) Laboratory coordinate system introducing the angles y and y;
of the easy axis orientation e, with respect to the applied magnetic field
H and (b) the particle coordinate system with the polar particle axis n
oriented perpendicular to the easy axis with a precession angle y,
between n and ng.

axis with respect to the easy axis, as shown in Fig. 1b, is given
as

—sin y
cosy-siny; |. (4)
COS i - COS 7,

ny =

The description of all possible orientations in the plane
perpendicular to e, with a precession angle y, can be found
with

n =ny - cos y, + (g X €4)sin y,. (5)

The projection angle « of the polar axis n to the scattering
vector Q on the detector plane (Q,, Q)) is obtained with
Q

=n--=. 6
cosa=n 0 (6)

Finally, the particle form factor F(Q) of an oriented particle
ensemble is calculated according to

1 27 21 2 . 2
| | [ awsinvrwxear, )
T Jo 0 0

FQ) =

where K(Q, «) is the form factor amplitude, which is given by
eqn (1) for an ellipsoid of revolution. We assume free particle
precession in dispersion, i.e. isotropic distribution of y; and
72- The angular distribution P(y) of the easy axis e, towards the
applied magnetic field direction follows Boltzmann statistics
according to

£ exp(£cos v)
Ply)=>—"—=>"""7 8
W)= e ®
H
with the Langevin parameter f:ﬂ : OT . Here, u, is the per-
B

meability of free space, y is the integral particle moment, kg is
the Boltzmann constant, and 7 is the absolute temperature.
This approach directly connects experimental parameters, i.e.
the particle moment, the applied magnetic field and tempera-
ture, to the orientation distribution and hence allows simulat-
ing the corresponding SAXS cross section.
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Different order parameters have traditionally been used to
describe magnetically induced orientation and anisotropic
shape. The Langevin function represents the first moment of
the orientation distribution according to S; = (cosy) (¢f. e.g.
eqn (10)). It can be considered as the magnetic order para-
meter, relating the average orientation of the magnetic easy
axis towards the applied field and ranges from S;(H = 0) = 0
for the isotropic case to S;(H — o) = 1 for perfect alignment.
Regarding the structural order, the second moment of the

orientation distribution according to S, = 3 (3cos*(w) — 1) is

conventionally applied to describe the nematic order
induced in anisometric colloids. The easy axis order para-
meter S, ., considers the magnetic easy axis e, as the director
(w = y) and S, considers the polar particle axis n as the
director (w = w,). Both equivalent notations are used in the
literature and we provide both quantities for comparative
reasons. For the latter case, the angle w, between polar par-
ticle axis n and applied magnetic field direction x is derived
according to

cosw,=n-|0 |. (9)

In Fig. 2, the nematic order parameters are shown and com-
pared to the Langevin function for our example of hematite
nanospindles. Both magnetic order parameters, S; and S,,,
increase with increasing applied field, i.e. from isotropic distri-
bution at zero field (S;, S,., = 0) to the fully ordered state (S;,
Ss,e, = 1), albeit with a different slope as they are related to the
first and second moments of the orientation distribution,
respectively. The nematic order parameter S,, approaches
S, n = —0.5 for perfect alignment of the magnetic easy axis, as
the particle director will be aligned perpendicular to the
applied field. Consequently, the nematic order parameters are
related by S, , = —1/2 S, ¢,

1 T -
s1lSZ,eA
c05| .
N
0
oy
N
0]
4 0 ’
s2,n
05| -
0 20 40 60 80

3

Fig. 2 Comparison of Langevin function (S;) and nematic order para-
meters relating to the magnetic easy axis (S;¢,) and the polar particle
axis (S,,) as the particle director.
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4 Results and discussion

For our combined SAXS/WAXS study, hematite nanospindles
with a large aspect ratio were prepared by established synthesis
routes.” The spindle-like morphology is confirmed by TEM
data (Fig. 3a) revealing a particle length of 375(14) nm (o}, =
19.1%) and a diameter of 56(2) nm (o} = 18.7%). The corres-
ponding aspect ratio of 6.7(1) is in the larger limit of aspect
ratios obtainable by this synthesis approach.>* A particle
volume of Vigy = 5.0(3) x 107> m? is determined according to
the spindle shape.”® XRPD of the dried sample confirms the
pure hematite phase (Fig. 3b) with rhombohedral lattice para-
meters @ = b = 5.031(1) A, ¢ = 13.814(1) A (space group R3c),
which is in good agreement with bulk lattice parameters, a = b
=5.038(1) A, ¢ = 13.772(1) A.*” Using spherical harmonics®® in
Rietveld refinement leads to the coherent domain sizes of 73
(1) nm, 47(2) nm, and 288(3) nm for the (1 0 4), (1 1 0), and (0
0 6) reflection, respectively (for more information see Fig. S27).
The crystalline coherent domain size is in general good agree-
ment with the obtained size of 56(2) nm for the spindle dia-
meter obtained using TEM with a considerably larger coherent
domain size along the crystallographic ¢ direction.

The particle morphology is confirmed by the analysis of the
isotropic small-angle X-ray scattering (SAXS) obtained in a zero
applied field (Fig. 3c). Applying the form factor of an ellipsoid
of revolution and assuming isotropic distribution, the length

= 326(1) nm (610g = 15%) and diameter d = 54(1) nm (6jog =
15%) are obtained, which corresponds to a particle volume of

I(104 counts)

10t QA™
c) 5| d)
3
10
_ 102 P
- )
)
£
E 101 é 0
%100 s I
107" 5|
1072
1073 1072 107! -05 0 0.5
Q@A™ HoH (T)

Fig. 3 (a) TEM bright field micrograph. (b) Rietveld refinement (black
line) of XRPD data (red points), the blue line corresponds to the residuals
and vertical green lines denote Bragg's maxima of R3c. (c) Isotropic
SAXS data (red points) with the ellipsoidal form factor fit (black line). (d)
Isothermal magnetization curve with (red points) and without (blue
points) excess paramagnetic susceptibility, together with the Langevin
fit (black line).
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Vsaxs = 5.0(1) x 107> m®. Whereas the determined diameter
and volume are in excellent agreement with the TEM evalu-
ation, the considerably shorter particle length observed by
SAXS compared to TEM is understood as a result of the
non-perfect description of a spindle-type particle with an ellip-
soid of revolution. Indeed, the SAXS data presented in Fig. 3c
reveal a slight increase in scattering intensity in the lower and
upper Q range, which might be attributed to a small structure
factor contribution and to the deviation of the particle shape
from a perfect ellipsoid, respectively. For the description of
SAXS by nanospindles, the precise spindle form factor
was reported.”® However, to maintain reasonable computing
times for our orientation distribution model, the simpler ellip-
soid of revolution is applied here. This is justified by the
excellent agreement of data and simulation in the Q range
relevant for analysis of the orientation distribution (Q =
0.004-0.03 A™").

Magnetization measurements reveal a combination of two
individual contributions, ie. a Langevin-type magnetization
contribution and an excess magnetic susceptibility observed
up to a large applied field (Fig. 3d). The Langevin-type behav-
ior is typically observed for magnetic NPs in dispersion, and
related to Brownian rotation of the magnetically blocked NPs
towards the applied magnetic field. It is therefore relevant for
the orientation distribution of anisometric NPs. Excess mag-
netic susceptibility is commonly attributed to spin disorder. In
the case of hematite it is also observed as a result of exchange
between the magnetic sublattices.>® As this contribution is
intrinsic to the NPs and not related to the particle orientation
in the applied magnetic field, only the Langevin-type contri-
bution has to be considered for the description of the particle
orientation distribution function. The magnetization data are
corrected for the excess susceptibility and refined to the
Langevin-type behavior scaled by the spontaneous magnetiza-
tion o, according to

0L (&) = o5 (coth E— 1) . (10)

¢

The Langevin function £(¢) is identical to S;. An integral
particle moment of u = 6.6(1) x 107*° ] T™", corresponding to
7.1(1) x 10*ug, is obtained along with a spontaneous magneti-
zation of o, = 1566(1) A m~'. The spontaneous magnetization
corresponds to 78.3% of the bulk value for hematite of 2000
A m™,* which is in agreement with previous reports.*>*® The
integral particle moment relates to a magnetic particle volume
of Vinag = plos = 4.2(1) x 102> m?, which is significantly
smaller than the morphological particle volume, Vg = 5.0(3)
x 107> m® and Vgaxs = 5.0(1) x 102> m?, as obtained from
TEM and SAXS analysis, respectively. A reduced magnetic par-
ticle volume is commonly observed for magnetic NPs and
attributed to enhanced spin disorder towards the particle
surface. Already a slightly smaller equatorial diameter of 47(2)
nm, as derived for the structurally coherent grain size from
XRPD analysis, leads to a significantly smaller particle volume.
The magnetically coherent particle volume determined from

This journal is © The Royal Society of Chemistry 2019
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VSM measurements here is thus reasonable for a single-
domain NP with enhanced surface spin disorder.

SAXS data of the nanospindle dispersion under an applied
magnetic field are presented in Fig. 4a. Without the applied
field, the 2D SAXS pattern is isotropic and corresponds to the
randomly oriented particle ensemble. The elongation of the
scattering pattern parallel to the applied field corresponds to a
preferential orientation of the long (polar) axis perpendicular
to the applied field.

Application of a magnetic field parallel to the incoming
X-ray beam results in a scattering pattern that remains isotro-
pic, but reveals a decreasing scattering intensity with increas-
ing magnetic field. This confirms free particle rotation in the
plane perpendicular to the applied field (Fig. S3+).

To simulate the anisotropic SAXS patterns presented in
Fig. 4, we use the morphological parameters and particle
volume concentration determined from the isotropic SAXS
experiment and the integral particle moment by VSM.
Comparison of the experimental scattering data and simulated
2D patterns for different applied fields suggests good agree-
ment between the simulated and the real particle orientation
distribution in dispersion.

The anisotropy of the scattering pattern is clearly visible in
the azimuthal scattering intensity presented in Fig. 5. Field-
dependent azimuthal scattering intensities obtained for a
selected Q = 0.004 A™" reveal an excellent agreement between
data and simulation at different applied magnetic fields
(Fig. 5a). Exemplarily, for the scattering pattern measured at
the highest applied field of 520 mT, the azimuthal scattering
intensity data confirm the excellent agreement with our simu-
lation over a wide Q range (Fig. 5b). Sector analysis of the 2D
scattering data and simulation in horizontal (x = 0°) and verti-
cal (k = 90°) directions is presented in Fig. 6. In both cases, we
observe a good agreement between data and simulation for all
applied fields. The small discrepancy visible in the horizontal
sector at Q = 0.001-0.0035 A™" is attributed to the non-perfect
particle shape, i.e. simulation of an ellipsoidal as opposed to a
spindle-like form factor, as already discussed in section 3. The
vertical scattering intensity is less sensitive to field variation,
as expected from the azimuthal scattering shown in Fig. 5. It

0.006
i - ) =
<2

0,006

20mT somT 520 mT i
0006
< o0 =|
g
0,008

o 0.006 -0.006 [ -0.006 0 0.006
M (A ) (A QA QA7)

520 m [E

03

Fig. 4 Comparison of the (a) SAXS data and (b) simulations for a hori-
zontally applied magnetic field uoH (white arrows). Sectors for inte-
gration around an azimuthal angle of k = 0° and x = 90° are marked with
white and red lines, respectively.
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Fig. 5 (a) Field-dependent azimuthal scattering intensity at Q =

0.004 A%, (b) Azimuthal scattering intensity for different Q-values in an
applied magnetic field of 520 mT (experimental data are presented by
dots and simulation by full lines).
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Fig. 6 Comparison of 1D data (points) with simulation (full lines) of 10°
wide sectors around (a) x = 0° and (b) x = 90°.

reveals a small structure factor contribution, visible as a slight
intensity increase at lowest Q, which is not taken into account
by our simulations. Such a structure factor indicates a small
volume fraction of agglomeration of the spindles. Soft agglom-
eration may be caused by directional dipole-dipole
interactions,**** which are present in anisometric particles
depending on the particle moment and mean interparticle dis-
tance and may eventually lead to the particle assemblies.”*** A
variety of different ground states and field-induced particle
arrangements has been reported.*>***>™” However, as the
observed structure factor is very small and independent of the
applied field (see Fig. S4 in the ESI}), we conclude that dipolar
interactions in our sample are negligible.

The orientation of the atomic crystal lattice is accessible
using WAXS texture analysis. This allows the discrimination
between easy axis and easy plane anisotropy of magnetization
within the basal plane. 2D WAXS patterns are shown in Fig. 7a
and b. Next to broad scattering contributions (Q-range of
1.5-1.7 A™") resulting from the solvent, sharp Debye-Scherrer
rings are observed, corresponding to the hematite crystal struc-
ture. At high magnetic field the texture of Bragg reflections is
clearly visible giving direct information on the crystallographic
orientation of nanospindles in aqueous dispersion. With an
increasing applied field, (1 0 4) and (0 0 6) reflections, which
correspond to the lattice planes (preferentially) along the polar
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Fig. 7 2D WAXS data in applied magnetic fields of (@) 3 mT and (b)
120 mT (white arrows indicate the direction of the applied magnetic
field). (c) Field dependence of the radially integrated WAXS pattern. (d)
Magnification of (1 0 4), (11 0) and (0 O 6) reflections.

spindle axis, are pronounced in the vertical direction of the 2D
image. This is in agreement with the alignment of the long
spindle axis perpendicular to the applied magnetic field. The
radially averaged data over x = 0-180° reveal intensity changes
with the applied magnetic field for all reflections (Fig. 7c). The
integrated scattering intensity decreases for reflections near
the hematite ¢ direction ((1 0 4), (1 0 8), (0 0 6)) and concomi-
tantly increases with field strength for reflections within the
basal plane (1 1 0) with field strength (for more detailed infor-
mation see Fig. S51). The azimuthal scattering intensity of the
(1 1 0) reflection gives quantitative information on the field-
induced orientation of the crystal lattice (Fig. 8a). A strong
texture of the (1 1 0) reflection is observed at x = 0° and 180°.
From the WAXS texture we can extract the structural order
parameter according to

21 2
1 I(x) cos?*kdk
S_—~(3%—1>. (11)
2 Jo 1)
WoH (mT)
30 60 90 120
b)(110)
H .
g
@
S
g
San
0 50 100 150 0 5 10 15 20 25

x() €

Fig. 8 (a) Azimuthal-angle dependence of the WAXS intensity of (11 0)
reflection (dashed lines representing the theoretical position of the
texture at 60 and 120°). (b) Comparison of the field induced order para-
meter of the (1 1 0) reflection obtained from WAXS analysis (red dots)
with order parameters obtained from magnetometry (grey and orange
lines).
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The derived order parameter for the (1 1 0) lattice plane pre-
sented in Fig. 8b is in reasonable agreement with the morpho-
logical order parameter S,.,, which we obtained from SAXS
simulations. The observed deviations are attributed to the
different weightings depending on the applied technique.*®*
Intensity-weighted techniques such as SAXS and WAXS tend to
overestimate larger particles as compared to number-weighted
TEM and volume-weighted magnetometry. Therefore, the
order parameter derived from WAXS analysis increases faster
than the one simulated from Langevin behavior.

The WAXS texture of the (1 1 0) reflection gives additional
insight into the easy axis orientation within the hematite basal
plane. For a fixed orientation of the magnetic easy axis in the
basal plane, a strong texture at intervals of 60° is expected due
to the hexagonal symmetry of the hematite crystal structure. As
this symmetry is absent from the azimuthal scattering intensi-
ties, we surmise that the magnetic moment fluctuates due to
thermal activation around the fixed easy axis direction within
the basal plane. A similar, quantitative evaluation of the
texture in the hematite ¢ direction is desirable, but not accessi-
ble from our data due to the low intensity of the (0 0 6) reflec-
tion (Fig. 7c). Due to its significant deviation from the crystal-
lographic ¢ axis, the texture of the (1 0 4) reflection is not
directly correlated to the order parameter of the particle. The
pronounced scattering intensity in the sector perpendicular to
the applied field, however, agrees qualitatively with the orien-
tation of the polar particle axis perpendicular to the field direc-
tion (Fig. S61).

5 Conclusion

We have analyzed the orientation behavior of anisometric mag-
netic NPs in an applied magnetic field using SAXS and WAXS
measurements. The 2D SAXS pattern is simulated based on
information on morphological details, particle number
density and the integral NP moment obtained from pre-charac-
terization methods, without varying any free fit parameters.
The alignment in magnetic field is described by a Boltzmann
distribution and hence Langevin-like behaviour of the easy
axis inclination angle. In principle, the formalism allows the
implementation of any particle shape with prolate or oblate
symmetry and orientation behavior of the magnetic easy direc-
tion either parallel or perpendicular to the polar particle axis.
We demonstrate that our simulations coincide well with the
experimental results for the case of spindle-shaped hematite
NPs. The excellent agreement between experiment and simu-
lation supports the assumption that the easy axis lies always in
the equatorial particle direction. Texture analysis of the WAXS
data further confirms that the magnetic easy axis is located in
the basal plane of the hematite crystal structure. In conse-
quence, the crystallographic ¢ axis of the single-crystalline
nanospindles is parallel to the long particle axis. Moreover, the
WAXS results confirm the tendency for uniaxial anisotropy,
however, with strong thermal fluctuation of the magnetic
moment within the basal plane.

This journal is © The Royal Society of Chemistry 2019
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Our combined study of the orientation behavior on both
atomic and colloidal scales thus gives detailed insight into
the orientation of magnetization with respect to the magnetic
easy direction in the crystal lattice and the morphological
orientation of the spindles in the applied magnetic field.
These results highlight hematite nanospindles as a model
system to characterize orientational situations using either
SAXS, WAXS or macroscopic magnetization measurements.
Understanding the magnetization direction in anisometric
NPs is important for the development of new smart materials
and has the potential to enhance application in the field of
nanorheology, microfluidic devices such as micro-stirrers, or
in the field of sensors.
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