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Off-axis spin orientation in goethite nanoparticles
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Neutron diffraction is a powerful technique for determining the magnetic structure of antiferromagnetic
materials. However, for some of these, determining the detailed magnetic structure remains a challenge. In
goethite («-FeOOH) the antiferromagnetic unit cell coincides with the chemical unit cell and, consequently,
nuclear and magnetic diffraction peaks occur at the same positions. Analysis of diffraction data from goethite is
further complicated by finite-size peak broadening, resulting from goethite commonly occurring in nanocrystalline
form. For these reasons, determining the magnetic structure of goethite has been challenging, and few detailed
studies have been published. Even today, not all aspects of the magnetic structure are well established. Here,
we investigate the magnetic structure of three samples of goethite nanoparticles with polarized neutron powder
diffraction (xyz-polarization analysis). Two samples consist of acicular goethite particles that are approximately
40 nm long and with different thicknesses, and one sample consists of pseudo-spherical particles with a diameter of
approximately 5 nm. The larger particles consist of several crystallites whereas the 5-nm particles are mostly single
crystalline. The polarization analysis enables us to separate magnetic scattering from nuclear and spin-incoherent
scattering, resulting in data that can readily be analyzed. For the two samples with the larger particle size, we
find nuclear correlation lengths in the [100] direction that are approximately 3 nm longer than the magnetic
correlation lengths, indicating a magnetically disordered layer perpendicular to the antiferromagnetic modulation
direction. We find no evidence of a magnetically disordered surface layer in the 5-nm particles. We find the
magnetic structure to be antiferromagnetic but, in contrast to most previous studies, we find the spin orientation

in all three samples to make an angle of 28-30° with respect to the crystallographic b axis.
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I. INTRODUCTION

Despite the fact that antiferromagnetic materials do not
possess a net magnetization, they are of considerable impor-
tance in applications, usually in combination with ferro- or
ferrimagnetic materials exchange coupled to the antiferromag-
net. Of particular interest are nanocomposites, where different
types of magnetic materials are combined on the nanoscale,
e.g., in core-shell structures or by embedding one material in
a matrix of another. This is a promising and active field of
research [1-10].

The technique of choice for determining the magnetic struc-
ture of antiferromagnetic materials is neutron diffraction. The
antiferromagnetic unit cell is often larger than the chemical
unit cell and, therefore, the antiferromagnetic diffraction peaks
commonly appear at different diffraction angles than the peaks
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from the chemical structure. This facilitates magnetic structure
determination.

When the particle size is decreased to the nanoscale,
the magnetic structure can differ from that of the corre-
sponding bulk material because of broken exchange-bonds
at the particle surface and because of surface contributions
to the magnetic anisotropy [11-14]. The change in magnetic
structure as well as dynamics in magnetic nanoparticles
can be of crucial importance for their applications and,
hence, determining the magnetic structure of nanoparticles
is important. However, doing this by neutron diffraction can
be complicated due to overlapping diffraction peaks from
finite-size peak broadening [14]. Furthermore, neutron scat-
tering studies of nanoparticles are often hampered by a large
background from spin-incoherent scattering by hydrogen in
water adsorbed at the particle surfaces. This problem is further
exacerbated if the material under study has hydrogen in the
structure.

Goethite (¢-FeOOH) is a commonly occurring mineral
that crystallizes in the orthorhombic Pnma space group.
Below a Néel temperature of about 400 K, the Fe** spins
order antiferromagnetically. In nonstoichiometric goethite
and in goethite samples with small crystallite sizes, the
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Néel temperature is found to be reduced to somewhere in
the range 300 K—400 K [15-17] or even lower [18]. The
antiferromagnetic unit cell is congruent with the chemical unit
cell [15,19,20], and this has the consequence that the antifer-
romagnetic diffraction peaks occur at the same positions as
peaks from the chemical structure. This makes investigations
of the magnetic structure of goethite with neutron diffraction
particularly challenging, although a reasonable determination
can be achieved by comparing the intensities of diffraction
peaks [15,18-20] to models for the chemical and magnetic
structure.

Goethite commonly occurs in nanocrystalline form, with
the magnetic properties of even relatively large goethite
particles being dominated by fluctuations in weakly interacting
grains which are only a few nanometers in size [21,22]. Natural
as well as synthetic goethite samples exhibit varying degrees
of nonstoichiometry with resulting vacancies on the Fe sites
of potential importance for the magnetic structure [17,23].
Besides crystallinity, stoichiometry, and defects or impurities,
other sample-dependent factors such as particle size and
morphology could affect the magnetic structure differently
for different samples.

The difficulties associated with the magnetic structure
of goethite and, in particular, with sample-dependent con-
tributions, means that there is some discrepancy between
the findings in different studies of the magnetic structure
and dynamics of goethite. Zepeda-Alarcon et al. [18] used
Rietveld refinement of neutron powder diffraction data to
determine the magnetic structure of two natural samples of
goethite. They obtained good diffraction patterns of their
sample A, which consisted of well-crystallized particles with
a diameter of about 96 nm (assuming spherical particles), and
investigated the magnetic structure using Rietveld refinement
of the diffraction data. Their diffraction patterns from a sample
with a smaller particle size (= 10 nm) has a much lower
signal-to-noise ratio and substantial peak broadening, and
refining the details of the magnetic structure is probably less
reliable than for the sample with larger crystallites. This shows
that determining the magnetic structure of goethite with a
small particle size can be challenging using conventional
methods.

Polarized neutron diffraction can be used to study the
magnetic structure of antiferromagnetic nanoparticles by
separating magnetic and nuclear scattering and by further
removing spin-incoherent scattering, as has been previously
demonstrated [14]. The ability to separate the different
scattering contributions is even more useful in the case of
goethite because of the perfect overlap of the chemical and
magnetic structures and because of the hydrogen in the
structure. Here we use polarized neutron powder diffraction
to study the magnetic structure of three samples of goethite
in nanocrystalline form with different particle sizes. In the
sample with the smallest particle size, the particle diameter
(& 5 nm) is on the order of the crystallite size. In the
case of the two samples with larger particle size (length of
~ 40 nm thicknesses from &~ 3 nm to &~ 12 nm), the crystalline
size is smaller than the particle size, and the particles consist
of several interacting grains. For these samples, we thus study
the magnetic structure in interacting nanoscale grains of
goethite.
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TABLE 1. Approximate positions of Fe atoms in the goethite
structure.

Atom X y z Spin
Fe'" 0.146 2 0.952 +
Fe® 0.854 ! 0.048 -
Fe® 0.646 2 0.548 +
Fe® 0.354 : 0.452 -

II. CHEMICAL AND MAGNETIC STRUCTURE
OF GOETHITE

The goethite structure belongs to the Pnma space group'
with unit cell parameters a = 9.95 A, b~ 3.02 A, and ¢ ~
4.60 A. There are four formula units in the unit cell, with atoms
occupying positions £(¥,1,%) and +(3 — %,2,1 + 2), with ¥
and Z taking different values for Fe, H, O,, and Oy; atoms.
For the Fe atoms, ¥ ~ 0.85 and Z ~ 0.048 [15,18,20] lead to
the approximate positions given in Table I. The direction of
antiferromagnetic modulation is consistently found to be along
the crystallographic a axis with a (+ — +—) alignment of Fe
spins 1-4 as depicted in Fig. 1 [15,18,20]. In most studies,
the spins are found to be oriented along the b axis and the
magnetic space group is then Pnma’ [15,18,20]. However,
Coey et al. [19] found the antiferromagnetically ordered spins
to be oriented away from the b axis by an angle of 13°, resulting
in the magnetic space group P2/ /c.

'In some literature [16,18,20] the goethite structure is described in
terms of the equivalent Pbnm space group.

FIG. 1. Magnetic structure of goethite (¢-FeOOH). Only the four
Fe atoms in the unit cell (large orange balls) and their associated O
atoms (smaller red balls) and hydrogens (grey balls) are shown.
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TABLE II. The first six nonzero nuclear and magnetic structure
factors. The {hkl} indices refer to the orthorhombic Pnma structure.
The structure factors were calculated using Egs. (1) and (2) with b =
5.805 fm, by = —3.7409 fm, b, = 9.45 fm, and the atomic positions
determined from the 15 K data for sample A in Zepeda-Alarcon et al.
[18]. The uncertainty is on the last digit. Also given is the multiplicity
J of each reflection.

{hkl} g (A7 Fx Fu j
{200} 1.264 1.817 3.844 2
{001} 1.367 0 1.191 2
{101} 1.506 3.691 3.020 4
{201} 1.862 1.744 0.313 4
{010} 2.081 0 3.975 2
{301} 2.337 2.410 1.426 4

A. Structure factors

For a reflection with Miller indices hkl, the structure factor
for nuclear scattering is defined as

Fx(hkl) =Y " bjexp[2mi(hx; + ky; +1z))]. (1)

J

where the sum is over all atoms in the unit cell and b; is
the scattering length of atom j with coordinates (x;,y;,z;).
Similarly, the magnetic structure factor for a two-sublattice
antiferromagnet is

Fu(hkl) =" pjexpl2mi(hx; + ky; + 1zl (2)

J

where the sum is over the magnetic atoms and p describes
the sign of the spin. For goethite, the sum is over the four
Fe atoms in the unit cell and p takes the values +1, —
1, + 1, — 1 for atoms 1-4, respectively. Nuclear and magnetic
structure factors for goethite were calculated using the atomic
positions determined in Ref. [18] by Rietveld refinement of
neutron powder diffraction data from a goethite sample with a
97-nm crystallite size. Separate structure factors were cal-
culated using the atomic positions determined at 15 K and
300 K, and these were in turn used to analyze our data at low
temperature (1.5 K) and high temperature (150 K and 300 K),
respectively. The first six nonzero structure factors determined
from the 15 K data are given in Table II. Note that the {001}
and {010} reflections are purely magnetic, while the rest will
have both magnetic and nuclear intensities.

B. Scattering cross sections

For a nuclear ikl reflection, the cross section for scattering
of neutrons with wavelength A will be

)\3
ONpKl = — Jnkt P, 3)

Vo 4L Onkt

where N is the number of unit cells, Vy is the unit cell
volume, jjx is the multiplicity of the reflection, and Ly, =
sin(@pi;) sin(260,4;) is the Lorentz factor which depends on
the scattering angle 26y;. Similarly, the cross section for a
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magnetic ikl reflection will be [24]

N A
Vo 4L9hk1

2
. Yro
oM.kl = Jhkl(_) & LD Fu P IML a2,

2
)

where y = 1.913 is the gyromagnetic ratio, rp = 2.8179 fm is
the classical electron radius, g is the Landé factor, f(q) is the
magnetic form factor, and M| j; is the (unit less) microscopic
magnetization perpendicular to q. M, p; = [M pi| can be
found from the ratio of the measured magnetic and nuclear
cross sections at the same hkl:
2
Mi,hkl = : |Fthkzl| ) &)
ONmkl | Fyg | (52) 82 f2(qnia)

i.e., the size of the magnetic moment in the bc plane can
be determined from the {200} cross sections and the {101}
cross sections provide the size of the magnetic moment
perpendicular to [101]. If the spins are oriented along the b axis
[15,18,20], both the {200} and {101} cross sections give the
full size of the magnetic moment and we should expect to find
M 200 = M 101- In this case, we should find zero intensity
at the {010} position. The ratio between M, 590 and M o1
can be found directly from the ratio of the magnetic {200} and
{101} cross sections:

2 .
ME - M1 500 oum200 j101 /2 (qro)| Fa,io1|* Loy,
1,rel —

M3 o0 omao1 j200f2(q200)| Fa200* Loy,

(6)

If the measured M , is larger than unity, the spins must be
rotated away from the b axis in the bc plane (making M, 101
smaller while not changing M »q90). This is the structure
observed by Coey et al. [19]. If, on the other hand, M
was smaller than unity, the spins would have to be rotated
towards the a axis. Assuming that the spins are in the bc
plane, M 200 = M (M being the size of the full moment) and

M 01 = M(1 — sin®(@) cos*(y))?, )

where « is the spin rotation angle from the b axis and y is the
angle between [101] and [001], i.e., tan(y) = c¢/a. Now o can

be found from
Ny 2
,10
1 (i)
cos?(y)

where the fraction in the numerator is determined from the
measured cross sections through Eq. (6).

sinz(oz) =

®)

III. EXPERIMENTAL

A. Samples

Three powder samples of goethite with different par-
ticle sizes were obtained from NanoChemonics Inc.2

2The identification of any commercial product or trade name does
not imply endorsement or recommendation by the National Institute
of Standards and Technology.
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The samples, named GIl, G2, and G3 have previ-
ously been characterized by x-ray diffraction, transmis-
sion electron microscopy and Mdssbauer spectroscopy
[22,25].

The G1 sample consists of pseudospherical particles with
a diameter of about 5 nm. The crystallite size, determined
by broadening of x-ray peaks (3.9 nm, 8.0 nm, and 4.0 nm
along [100], [010], and [001], respectively [25]), is similar to
the particle diameter, confirming that the particles typically
consist of only one or very few grains, making the particles
nearly monocrystalline. This is also reflected in the magnetic
properties of G1, which were found to resemble single particle
behavior [22].

Samples G2 and G3 consist of significantly larger particles
with an acicular shape. The G2 and G3 particles are of
similar length (= 40 nm) while the thickness varies between
3-10 nm for G2 and 5-12 nm for G3. X-ray diffraction shows
that the crystallite size of G2 and G3 is significantly smaller
than the particle dimensions (7.6 nm x 23.9 nm x 6.7 nm
and 7.8 nm x 24.9 nm x 9.5 nm along the crystallographic
axes for G2 and G3, respectively [25]) and the particles thus
consist of several crystallites and the magnetic properties
can be expected to be characteristic of interacting goethite
grains.

PHYSICAL REVIEW B 96, 104426 (2017)

B. Polarized neutron diffraction experiment

Polarized neutron powder diffraction experiments were
performed at the D7 instrument at Institut Laue-Langevin,
Grenoble, France. The experiments were performed using
3.1 A neutrons and an instrument configuration identical
to that used in a recent experiment on NiO nanoparticles
[14] resulting in a ¢ range of approximately 0.26-3.82 A~'.
For more details about the D7 instrument see Refs. [26,27].
The three samples were loaded in hollow-cylinder aluminum
sample holders with 20 mm outer diameter, and 18 mm (G1
and G2) or 19 mm (G3) inner diameter. The sample masses
loaded in the holders were 1.881 g, 1.705 g, and 0.833 g
for samples G1, G2, and G3, respectively. The samples were
placed in a standard orange cryostat and measured at 1.5 K and
300 K. G2 and G3 were measured for approximately 9 h at
each temperature. The corresponding measurement times were
approximately 13 h for G1, which was also measured at 150 K
for approximately 9 h. Cadmium, empty can, vanadium, and
quartz were measured for background subtraction (cadmium,
empty), detector efficiency calibration and absolute scaling
(vanadium), and the imperfect polarization of the instrument
(quartz). The data was reduced and calibrated, and nuclear,
magnetic, and spin-incoherent scattering were separated.
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FIG. 2. Separated magnetic (o), nuclear (L), and spin-incoherent (x) cross sections for the three goethite samples measured at 1.5 K and
300 K. The dashed vertical lines show the position of the Al {111} and {200} reflections. The full black lines show the fits described later in
the text. The error bars (standard deviations) are smaller than the size of the points with the exception of a few points in the spin-incoherent

signal at the Al {111} position.
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IV. RESULTS

The separated nuclear-, magnetic-, and spin-incoherent
scattering cross sections measured at 1.5 K and 300 K are
shown in Fig. 2 for all three samples. Overall, the separation
of the three scattering contributions works well despite the very
high level of spin-incoherent scattering. The spin-incoherent
scattering is mostly smooth except for some structure at the

PHYSICAL REVIEW B 96, 104426 (2017)

position of strong nuclear reflections, most notably at the
positions of the Al {111} and {200} reflections from the
sample holder. This is an artifact of the correction for imperfect
neutron polarization. The spin incoherent scattering of goethite
comes almost exclusively from hydrogen, which has a spin
incoherent cross section of 80 barns, which translates to
6.4 barns/sr/f.u. (f.u. = formula unit). The measured levels
of spin-incoherent scattering is significantly larger, between
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FIG. 3. Voigtian fits to the polarized powder diffraction data. Fits to the nuclear cross sections obtained at 1.5 K are shown in the top row.
Fits to the magnetic cross sections are shown for the data obtained at 1.5 K in the middle row and at 150 K (G1) or 300 K (G2 and G3) in the
bottom row. The full black lines show the individual fitted peaks (plus background) and the red lines show the total fit. The Miller indices of
the peaks are indicated in the plots of the nuclear fits (note that {001} and {010} are purely magnetic). The error bars (standard deviations) are

smaller than the size of the points.
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7 and 14 barns/sr/f.u. and can be associated with excess water
in the structure or adsorbed on the surface of the particles,
leading to a larger spin-incoherent scattering for particles with
larger relative surface area, i.e., smaller particles.

The nuclear scattering has diffraction peaks at the expected
positions for the goethite structure as well as the two strong
reflections from the Al sample holder. The diffraction peaks
from the sample are significantly broadened due to the
finite crystallite size. The background in the nuclear signal
comes from nuclear-incoherent scattering due to variations
in isotopes and structural imperfections. Fe has an isotope-
incoherent cross section of 0.40 barns corresponding to
0.032 barns/sr/f.u., while the contributions from O and H
are insignificant [28]. The observed background level in the
nuclear scattering is somewhat higher at 0.5-0.8 barns/st/f.u.,
probably due to structural disorder which is commonly
observed in goethite [17,23].

We observe an increase in both the spin-incoherent scatter-
ing and the nuclear-incoherent scattering at 1.5 K compared
to 300 K. This could be related to inelastic or quasielastic
scattering from hydrogen, either in the interior of the particles
or on the particle surfaces, moving into the (Q, E) window of
the instrument at low temperatures.

The magnetic cross sections are well separated from the
other scattering contributions, which was the main objective
of the polarized neutron powder diffraction experiment. This
enables us to study the magnetic structure of goethite more
directly than with unpolarized neutron powder diffraction. The
magnetic cross sections show well defined {200} and {101}
diffraction peaks, which will be the basis of our analysis.
All samples have significant magnetic cross sections at
300 K indicating that the Néel temperature is higher than
300 K even for the 5-nm particles of G1. In all measurements
the magnetic spin-flip (SF) and nonspin-flip (NSF) cross
sections (not shown) are identical within the error bars. This
is expected for a randomly oriented powder of particles with
collinear antiferromagnetic order, but not for a powder with
preferred orientations. The similarity between SF and NSF
cross sections thus shows that no significant macroscopic
preferred orientation is present in the powders.

A. Modeling

The separated magnetic diffraction peaks sit on a flat
(almost zero) background and can be modeled well by
fitting the data with Voigtian peaks that take the Gaussian
instrumental broadening and a Lorentzian sample broadening
into account. The fits to the nuclear cross sections obtained at
1.5 K and the fits to the magnetic cross sections at 1.5 K and at
150 K (G1) or 300 K (G2 and G3) are shown in Fig. 3. The fits
were performed in a restricted g range of 0.7 Al_21A!
for the nuclear cross sections and 0.5 A1 — 2.0 A~! for the
magnetic cross sections. In this g range the peaks are well
enough separated and the background uniform enough to
produce good fits.

The fitted part of the nuclear diffraction patterns displays
the {200}, {101}, and {201} peaks as expected. The nuclear
scattering looks similar for the three samples with the obvious
difference that the peaks of G1 are broader than those of G2
and G3, due to its smaller crystallite size. The nuclear cross

PHYSICAL REVIEW B 96, 104426 (2017)

sections measured at higher temperatures (not shown) look
very similar to the 1.5 K data, except for a slight decrease in
background by less than 0.1 barns/st/f.u. The fitting function
for the nuclear data was a sum of three Voigtian peaks and
a sloping background. Fitting the width of both Gaussian
and Lorentzian components lead to Gaussian widths that were
in some cases smaller than the instrumental resolution. This
suggests that there is no significant Gaussian component to
the broadening from the sample, and the Gaussian widths of
the Voigts were fixed to the instrumental resolution, which
was determined from a Gaussian fit of diffraction data from
a well-crystallized yttrium iron garnet (YIG) sample, with a
linear interpolation of the Gaussian width between the YIG
peak positions. The model represents the measured nuclear
cross sections well in the fitted g range.

The magnetic cross sections (Fig. 3) are dominated by
the strong {200} and {101} reflections, especially at 1.5 K
where the cross sections could be fitted well with just two
Voigtian peaks. At 150 K for G1 and 300 K for G2 and
G3 the weak {001} reflection can be identified as a shoulder
between the two more intense peaks. The relative increase of
the {001} intensity with temperature suggests some degree of
spin reorientation. The magnetic cross section of G1 at 300 K
(not shown) has less than half the intensity at 150 K and the
{001} peak is no longer detectable. In some of the measured
magnetic cross sections there are signs of weak reflections at
the {201} and {010} positions, however, including peaks at
these positions did not improve the fits and did not produce
meaningful results. The fitted model thus consisted of three
Voigtians with Gaussian widths equal to the resolution plus
a flat background. In the fit, the position of the {001} peak
was fixed relative to the {200} and {101} positions, i.e.,

qool = ,/q1201 — q2200/4, and its Lorentz width was fixed to
the average of the two. The intensities of the fitted peaks were
extracted by numerical integration of the Voigt fits and the
uncertainties on the intensities were determined by a Monte
Carlo approach, i.e., they were determined from a distribution
of intensities created from integrating a distribution of Voigts

based on the uncertainties on the fit parameters.

B. Structural parameters

The a and c lattice parameters can be calculated from
the positions of the {200} and {101} peaks. The lattice
parameters determined from the nuclear cross sections at
300 K (Table III 3) are ~0.5% larger than the values
determined with x-ray diffraction [25], probably due to a

3The uncertainties on experimentally determined values (standard
deviations) are given in parenthesis.

TABLE III. The a and c lattice parameters determined from fits
to the nuclear {200} and {101} peaks measured at 300 K.

Gl G2 G3
a (A) 10.012 (7) 9.998 (2) 10.001 (3)
¢ (A) 4.6376 (8) 4.6493 (3) 4.6400 (4)
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small zero point offset of the diffractometer in our experiment.
Values determined from the magnetic peaks agree within
reason but have a larger uncertainty, in particular at 300 K.

Assuming a Gaussian instrumental resolution [27] and a
sample broadening that is Lorentzian and caused by finite size
effects only, the magnetic and nuclear correlation lengths in the
direction along qnk can be estimated from the fitted Lorentz
widths through

Ak = 270 K [ AqLotz,hii s &)

where Aqpor, i 18 the Lorentzian FWHM of the Voigtian
peak and K is the Scherrer constant, which typically takes
values between 0.7 and 1, depending on the shape of the
crystallites/domains. Because any strain contribution to the
peak broadening is neglected, the sizes determined through
Eq. (9) will be a lower limit. However, the strain contribution
is not likely to be very significant, as the broadening from the
finite particle size is substantial. The nuclear and magnetic cor-
relation lengths in the [100] and [101] directions determined
from the fits of the {200} and {101} peaks assuming K = 1
(approximately true for a spherical shape) are shown in Fig. 4.

Within the error bars the nuclear correlation lengths are
constant with temperature and taking a temperature average
we get [100] correlation lengths of 4.6 (3) nm, 13.6 (3) nm,
and 13.7 (8) nm for samples G1, G2, and G3, respectively.
Likewise, the temperature averaged nuclear correlation lengths
in the [101] directions are 6.14 (2) nm, 9.68 (3) nm, and
12.5 (6) nm. The magnetic correlation lengths determined
from the broadening of the magnetic {200} peak, on the other
hand, decrease with increasing temperature. For G2 and G3 the
magnetic [100] correlation lengths at 1.5 K are approximately
3 nm shorter than the nuclear correlation lengths. For G1
the [100] magnetic correlation length at 1.5 K and 150 K is
actually slightly (= 1 nm) longer than the nuclear. In the [101]
direction the magnetic and nuclear correlation lengths are very
similar. If it is assumed that the particle shape has the same
symmetry as the unit cell, the correlation length in the [001] di-
rection can be determined as dy go; = dp,101 COS Y, resulting in
5.57 (2) nm, 8.78 (3) nm, and 11.3 (6) nm for the three samples.

C. Magnetic structure

The magnetic moment perpendicular to ¢»g0 and gjo; was
calculated from the ratios of the measured magnetic and
nuclear intensities using Eq. (5). My 200 and M, 101 are
displayed in Fig. 5 (left). If the spins were confined to be
along the b axis, M, 00 and M j0; would be equal. Instead,
we see that M 5 is significantly larger than M o, for all
three samples and at both low and high temperatures, which
means that the spins cannot be confined to be along [010].
At 1.5 K, M 50 is the same for all three samples within
the uncertainty (2.21 (3) up for G1, 2.24 (2) up for G2, and
2.25 (2) ug for G3) and M 0, is also very similar between
the samples (1.89 (2) up for G1, 1.942 (15) up for G2, and
1.96 (2) up for G3). The magnetic moments decrease with
increasing temperature in a similar fashion for all three samples
with M| 200 & 1.4up and M 101 &~ 1.1pup at 300 K. Shown in
Fig. 5 (right) is the ratio between M 200 and M 101 (M rel)
as determined from Eq. (5) as well as directly from the ratio
between the measured magnetic cross sections through Eq. (6).
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FIG. 4. Correlation lengths in the [100] (top) and [101] (bottom)
directions determined from Lorentzian widths of fits to the diffraction
peaks. Open symbols are magnetic correlation lengths and filled
symbols are nuclear correlation lengths. The error bars representing
one standard deviation are in some cases smaller than the size of the
points.

At 1.5 K, M, 1 =~ 1.15 for all samples regardless of which
of the two normalization methods is used. For G1, the ratio
is increased at 300 K, however, the uncertainty on this point
is large because the magnetic cross section is close to the
background and not fitted well. The changes in the ratio for
G2 and G3 are small.

The spin angles with respect to [010] are calculated from
Eq. (8) using M ;. determined from the magnetic intensities
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FIG. 5. Left: Magnetic moment calculated from measured intensities using Eq. 5. Open symbols show the magnetic moment perpendicular
to [100] and the filled symbols show the magnetic moment perpendicular to [101]. Right: M, o = M 200/ M 101 determined from the measured
M, >0 and M 10, obtained by normalizing the magnetic cross sections to the nuclear cross sections (open symbols) and directly from the ratio
of the magnetic cross sections (filled symbols). The error bars represent one standard deviation and are smaller than the size of the points in

SOome cases.

through Eq. (6), and are are shown in Fig. 6. At 1.5 K, the
out-of-plane spin angles are o = 30(2)°, @ = 27.9(13)°, and
a = 27.7(14)° for samples G1, G2, and G3, respectively. For
Gl1, «a is 32(3)° at 150 K and increases to 52(5)° at 300 K.
For G2 and G3, the spin angles at 300 K are « = 26(4)° and
a = 39(3)°, respectively.

V. DISCUSSION

Polarized neutron powder diffraction allows us to sep-
arate the magnetic cross sections from the nuclear and
spin-incoherent cross sections. This enables an analysis of
the magnetic structure of goethite nanoparticles that would
be difficult with unpolarized neutron powder diffraction be-
cause of the overlap of nuclear and magnetic diffraction peaks.
The magnetic cross sections show us that the antiferromagnetic
order persists at temperatures up to 300 K even in the Gl
sample, which has a particle size of only about 5 nm.

In Mossbauer spectroscopy measurements, the magnetic
splitting of the spectra of Gl was previously found to be
collapsed at 260 K [22]. The fact that the magnetic cross
sections persist at 300 K confirms the hypothesis that the
collapse of the Mossbauer lines is due to superparamagnetic
relaxation on a time scale faster than Mossbauer spectroscopy
(& 107? s) but slower than neutron diffraction (= 10~'% s) and
not due to a reduced Néel temperature.

The G1 sample is known from TEM and x-ray diffraction
studies to consist of roughly spherical particles with a particle
size of about 5 nm and approximately the same crystalline
size [22,25]. The correlation lengths we determine from
the broadening of the nuclear diffraction peaks are in good
agreement with these studies. G2 and G3 are known to consist
of significantly larger elongated particles that consist of several

grains. The x-ray results [25] show that the crystallites (grains)
are elongated in the [010] direction but are of roughly equal
length in the [100] and [001] directions. We do not have
access to a well-separated reflection with a scattering vector
component in the [010] direction and can thus only determine
correlation lengths in the ac plane. We find that both G2
and G3 are slightly longer along [100] than along [001].
The nuclear correlation lengths we find for G2 and G3 are
significantly larger than the reported x-ray results. A reason
for this discrepancy could be a difference in the value used
for the Scherrer constant (in principle different values of K
should be used for elongated and spherical particles), or an
underestimated instrumental broadening in the reference [25]
or an overestimate in our analysis. Such a systematic error
would not affect the relationship between different determined
correlation lengths but only their absolute values. Any effect
on the determined intensities derived from an error on the
instrumental resolution would be small and is thus not expected
to influence the determination of the spin orientation. For G2
and G3, the magnetic correlation lengths at 1.5 K are similar
to the nuclear correlation lengths in the [001] direction, but in
the [100] direction, which is the direction of antiferromagnetic
modulation, the magnetic correlation lengths are approxi-
mately 3 nm smaller than the nuclear correlation lengths. This
can be explained by breakdown of the antiferromagnetic order
near the [100] faces of the crystallites but also by some particles
having multiple antiferromagnetic domains. A magnetically
disordered surface layer has been suggested by many authors
to explain the magnetic properties of magnetic nanoparticles,
such as the decreased magnetization of ferromagnetic mate-
rials [29,30] and the net magnetization of antiferromagnetic
materials [22,31-33] when the particle size is decreased to the
nanoscale. However, few direct measurements of a disordered
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particle shell have been performed [34,35]. For GI1, the
magnetic correlation length in the [100] direction is about 1 nm
longer than the nuclear at 1.5 K and 150 K, which can probably
be ascribed to a slight misfit of the nuclear {200} peak. In the
[001] direction, the magnetic and nuclear correlation lengths
are identical. The apparent decrease of the magnetic [100]
correlation lengths with increasing temperature could indicate
that the antiferromagnetic order further shrinks, however, it is
perhaps more likely to attribute the increase in peak broadening
to inelastic magnetic scattering.

The measured magnetic cross sections normalized to the
nuclear intensities were used to determine the size of the
magnetic moment perpendicular to the [100] and [101]
scattering vectors. At 1.5 K the size of the magnetic moments is
on average 2.24 (2) pupg perpendicular to [100] and 1.93 (4) ug
perpendicular to [101], with insignificant variation between
samples. Provided the spin orientation is confined to the bc
plane, the total moment in our samples is equal to the 2.24
(2) up perpendicular to [100]. If the spins have a component
along the a axis, the total moment will be higher. Earlier
studies have consistently found the Fe’* magnetic moment
in goethite to be lower than the Sug expected for high spin
Fe**, in particular in particles with a small crystallite size. For
example, Zepeda-Alarcon ef al. [18] finds a Fe3t magnetic
moment of 4.45 (3) up for a sample with a crystallite size of
96 (3) nm and 3.04 (13) up for a sample a crystallite size of
12.2 (6) nm. The reduced magnetic moment in goethite can be
attributed to magnetic disorder at the grain interfaces as well
as structural defects in the interior of the grains.

The difference between M 00 and M, jo;, which is
consistently about 15% for all samples at 1.5 K, clearly
indicates that the magnetic moment is not parallel to the b
axis and has some component parallel to the ¢ axis. The
P2} /c space group allows a tilt towards the a axis as well
as towards the c¢ axis, and our experiment cannot rule out
a spin component along the a axis. However, the very low
intensity of the {201} reflection shows that the main tilt is
towards the c axis. If the spin rotation is entirely in the bc
plane, as suggested by Coey et al. [19], the off-axis spin angle
can be calculated from Eq. (8), as shown in Fig. 6. The off-axis
spin angles of « = 27.7(14)° — 30(2)° at 1.5 K is significantly
larger than the 13° canting angle found by Coey et al. [19]. For
G1, which is the sample with ~ 5 nm particle size, the spins
are further reoriented to an angle of 52(5)° at 300 K. For G2,
there is no significant change in o with temperature, whereas
G3 shows a small increase to o = 39(3)° at 300 K. Further
evidence for a spin reorientation is found in the increasing
relative intensity of the magnetic {001} peak with increasing
temperature. However, this spin reorientation would have to be
in the ac plane in addition to the rotation away from the b axis.

With a spin component perpendicular to [010], the magnetic
{010} peak should have a nonzero intensity at g = 2.081 A™!,
and evidence of a weak reflection can be seen at this position
(especially for G1), although it is certainly too weak for any
quantitative analysis. If the spins are in the bc plane, the {010}
peak is expected to have an intensity that is approximately 13%
that of the {101} peak, which would indicate that it should be
detectable, albeit not much larger than the fluctuations in the
background. The fact that the {010} peak appears slightly less
intense than expected on the basis of the spin-angle determined
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FIG. 6. Spin angle with respect to [010] calculated from Eq. (8).
The error bars represent one standard deviation.

from the ratio of the two main peaks could suggest that the spin
angles are somewhat overestimated due to systematic errors.
This means that the values determined for « should perhaps
not be considered as precise values, but the nonzero value of
o remains significant, and is confirmed by the faint but visible
{010} reflection.

The spin orientation in goethite could depend on the size of
the crystallographic grains as well as the presence of impurities
or defects in the structure, and could thus be sample dependent.
Goethite usually occurs in nanocrystalline form and often
has defects, such as deviations from stoichiometry, and our
study of goethite nanoparticles of varying grain size show that
the spins cannot generally be assumed to be confined to the
crystallographic b axis.

In magnetic nanoparticles, the spins can both be conceived
to have an overall canting due to surface contributions to the
magnetic anisotropy and localized canting of spins near the
particle surface or defects in the interior of the particles [36].
Our studies determine the average spin orientation and does
not, as such, distinguish between these two scenarios.

The observed spin reorientation at 300 K could be due
to different temperature dependence of different spin popula-
tions, e.g., frustrated surface spins and spins in well-defined
antiferromagnetic surroundings [37].

VI. CONCLUSIONS

By using polarized neutron powder diffraction on nanocrys-
talline goethite powders, we find a significant off-axis spin
component in contrary to the usual assumed structure with
the antiferromagnetic spins confined to the b axis. Assuming
the spins to be confined to the bc plane, the spin rotation
away from the b axis is 30(2)° at 1.5 K, for a sample
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of 5-nm goethite particles, and 27.9(13)° and 27.7(14)° for
two samples of larger goethite nanoparticles. For the 5-nm
particles, the spins rotate to even larger off-axis angles at
300 K. Our results, as well as the results of Coey et al.
[19], clearly show that goethite can have a significant off-axis
spin component and that the conventionally assumed magnetic
structure cannot automatically be assumed to be correct.
For the two samples with the larger multigrain particles,
we find a magnetic correlation length in the [100] direction
of antiferromagnetic modulation that is 3 nm smaller than

PHYSICAL REVIEW B 96, 104426 (2017)

the nuclear correlation length. This is most likely a direct
observation of a magnetically disordered layer at the (100)
faces of the crystallites.
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