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Noncollinear magnetism in nanosized cobalt chromite
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Using a combination of neutron diffraction with XYZ polarization analysis and magnetization measurements,
the noncollinear magnetism in nanosized cobalt chromite, a potential multiferroic material, is revealed. For
noninteracting 26.9(1) nm nanoparticles, a bulklike behavior is identified, including a ferrimagnetic Curie
temperature of 99 K and a transition to the spin spiral magnetic phase at 27 K with a temperature-dependent,
incommensurate propagation vector. A lock-in transition towards a commensurate propagation vector is not
observed. Much smaller, 3.1(2) nm, nanoparticles reveal a strong cluster glass behavior, characterized by
ferrimagnetic behavior below the Curie temperature of 43 K and a transition to asperomagnetic behavior at
18 K, with the absence of any magnetic reflections at a base temperature of 5 K.
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I. INTRODUCTION

Multiferroic materials with coupling of two or more ferroic
properties attract great interest in terms of both fundamental
physics research and potential applications, e.g., spintronics
[1,2]. Many multiferroics, e.g., BiFeOs, are naturally fer-
roelectric with magnetic ions, with a subclass of coupled
materials such as RMnO; (where R = Tb, Dy, and Ho),
Ni3V,0gs, or TbMn,Os, which exhibit electric polarization in-
duced by magnetically ordered states, but without spontaneous
magnetization [3—7]. Multiferroic systems that exhibit strong
magnetoelectric coupling include spiral magnets, in which
ferroelectricity is induced by spin spiral magnetic order. The
onset of ferroelectric polarization appears with the transition to
a spiral magnetic phase due to strong geometrical frustration or
distortion [8]. A material with both spontaneous magnetization
in combination with electric polarization of spin spiral origin
is cobalt chromite (CoCr,04) [9-12]. In addition, a dielectric
anomaly below the spiral magnetic phase has been observed
in polycrystalline samples [13] as well as in single crystals
[9,10,14]. The ferroelectricity in CoCr,0y is affected by a
spin spiral magnetic phase evolved by strong near-neighbor
exchange interactions and magnetic geometrical frustration on
the spinel B site. Few reports exist on magnetic properties and
phases in nanoparticles (NPs) of CoCr, Q4 [15-18]. A magnetic
neutron diffraction study of the magnetic phase transitions
in nanosized CoCr,04 was done for CoCr,O4 mixed with
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0.1 of Fe [19] on octahedral site, as well as pure CoCr,04
NPs with substantial aggregate formation [20,21] revealing
bulklike behavior along with diffuse scattering for 10 nm NPs.
In the present work we report on the magnetic phase transitions
observed in cobalt chromite NPs with crystallite sizes in the
intermediate range between the amorphous disordered state
and polycrystalline regime, by means of polarized neutron
diffraction and macroscopic magnetization measurements.
Empbhasis is on the in-depth characterization of the spin-spiral
ordering and the evolution of the propagation vector by using
a conical spin model.

II. EXPERIMENT

Two samples of cobalt chromite NPs were synthesized
by the nonalkoxide sol-gel method [22] with an epoxide as
gelation agent as well as using the high temperature hy-
drothermal method [18]. In case of the sol-gel method, 0.87 g
(3 mmol) of Co(NO3), and 2.08 g (6 mmol) of Cr(NO;3);
were dissolved in 15 mL of ethanol, and 4.96 g of the gelation
agent (propylene oxide) was added. The dark green gel formed
after 21 min was aged in a closed vessel at 50 °C for 2 h and
dried in an open vessel at 50 °C for 24 h. After subsequent
annealing of the dried black-green gel at 600 °C for 5 h, a dark
green powder of crystalline cobalt chromite NPs was obtained
(sample S1). In high temperature hydrothermal synthesis,
cobalt(Il) and chromium(IIl) chloride precursors (0.95 g,
2 mmol, of CoCl, - 6H,O and 1.066 g, 4 mmol, of CrCl; -
6H,0) were used in order to prepare the corresponding metal
oleate complexes. Oleates were decomposed in an autoclave
in a water/ethanol mixture (1:2) at high pressure (47 bars) and
temperature (247 °C). The resulting NPs were washed three
times by dispersing in hexane and precipitating with ethanol.
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A powder of cobalt chromite NPs was prepared by evaporation
of the obtained blue-green dispersion (sample S2).

Transmission electron microscopy (TEM) was carried out
using a ZEISS LEO 902 operated at 120 kV with LaBg
cathode in a bright field (BF) mode. The sample was deposited
onto a coated copper grid. The mean particle diameter was
statistically determined from at least 200 particles in different
BF images and fitted with a log-normal distribution function.
Only isolated particles without overlap were counted in order
to obtain precise size determination.

Powder x-ray diffraction (PXRD) was measured using a
PANalytical X’Pert PRO diffractometer with Cu K|, radiation
(A =1.54 A) equipped with a secondary monochromator
and a PIXcel detector. The sample was measured in the
O range of 1-5 A~! with a step size of 0.003 A~!. The
particle diameter was determined by Rietveld analysis, using
the FullProf software [23]. The spinel structure was refined
by Rietveld analysis using a pseudo-Voigt profile function.
The instrumental broadening was determined using a LaBg
reference (SR 660b, NIST).

Macroscopic magnetization measurements were carried out
using a Quantum Design Physical Property Measurement
System (PPMS) equipped with a superconducting magnet
and a vibrating sample magnetometer (VSM) option. The
zero-field-cooled (ZFC) and field-cooled (FC) magnetization
measurements were done between 2 and 300 K with a heating
rate of 1 K/min in an applied magnetic field of uoH = 10 mT.
Isothermal, field dependent magnetization measurements were
carried out at 2, 10, 50, and 100 K. In the superparamagnetic
regime, a Langevin fit was performed according to

L(§) = coth(§) — 1/§,

with £ = "k"B“;I , where p is the particle magnetic moment, 1o
is the permeability of vacuum, kg is the Boltzmann constant,
and T is the temperature. A particle dispersion of the S2
sample was measured in a closed cycle measurement system
(CCMS) by Cryogenics Ltd. using a vespel® sample holder.
Temperature-dependent ac susceptometry was measured on a
Quantum Design MPMS 7XL device (SQUID) in zero external
magnetic field at frequencies of v =0.1, 1, 10, 100, and
893 Hz with an ac magnetic amplitude of 0.1 mT.

Polarized neutron scattering with X YZ polarization analysis
was carried out at the diffuse neutron scattering (DNS) instru-
ment [24,25] at Heinz Maier-Leibnitz Zentrum (MLZ). The
six axial polarization-resolved scattering contributions were
collected for S1 and S2 samples as well as a NiCr standard
and vanadium reference over a scattering momentum range of
0.5 < Q < 3.4 A~ The reference measurement of NiCr alloy
yields the flipping ratio correction and thus the real polariza-
tion of the incident neutron beam. Vanadium was measured
to calibrate the detector efficiency. The measurements were
carried out using aluminum sample holders in a temperature
range of 5-100 K using a neutron wavelength of A = 3.3 A.
The magnetic, nuclear coherent and nuclear spin-incoherent
contributions were separated from the total scattering cross
section by means of XYZ-polarization analysis [26]. Separa-
tion of the observed data was performed using polarization
analysis algorithm, implemented in the software dnsplot [27].
LeBail fits of the magnetic and nuclear coherent scattering
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FIG. 1. Bright field (BF) TEM micrographs of (a) S1 and (b)
S2 samples with the lognormal size distribution as insets. (c) and
(d) Rietveld analysis of prepared CoCr,O, NPs. The red points
correspond to experimental data, black line is Rietveld fit, the blue
line represents the residual, and green vertical lines correspond to the
Bragg peak positions of spinel CoCr,Oy structure.

cross sections were done using the Thompson-Cox-Hastings
pseudo-Voigt profile function [28].

III. RESULTS AND DISCUSSION

Cobalt chromite NPs were synthesized with two different
particle sizes according to the synthesis routes. Using the
alkoxide sol-gel method with a high temperature annealing
step, nearly spherical NPs with a mean particle diameter of
ds; = 26.9(1) nm are obtained [S1 sample, Fig. 1(a)]. The
large lognormal particle size distribution of oy, = 0.23 is
likely a result of the sintering process. X-ray powder diffraction
with Rietveld analysis [Fig. 1(c), Table I] confirms a normal
CoCr,0y spinel structure (AB,X4) within the cubic Fd3m
space group (227), where Co occupies the A sites and Cr
the B sites. The determined coherent grain size of 21.9(4)
nm is slightly smaller than the particle diameter from TEM,
indicating surface disorder. Significantly smaller NPs were
synthesized using a high temperature hydrothermal technique
[S2 sample, Figs. 1(b) and 1(d)]. A mean particle diameter of
dsy = 3.1(2) nm with a smaller lognormal size distribution of
o1 = 0.12 is obtained. The structurally coherent grain size
of 2.9(1) nm is in excellent agreement with the morphology
determined using TEM. From Rietveld analysis, a lattice
parameter of a = 8.351(1) A was obtained, which is larger
as compared to the S1 sample with a = 8.333(3) A, that
is in good agreement with bulk value of a = 8.33 A [11].
This suggests a significant degree of structural disorder in
the S2 sample which may be related to the considerably
lower synthesis temperature. These two samples of CoCr;O4
with clearly different particle sizes in the intermediate range
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TABLE 1. Refined parameters from Rietveld analysis. The
Lorentzian broadening is given by particle size broadening (Y). The
parameter BOV represents an overall isotropic displacement, u is the
oxygen site, and Co, and Cr, are relative occupancies. In total 20
parameters were refined.

Parameter Sample

S1 sample S2 sample
a(A) 8.333(3) 8.351(1)
u (32e) 0.26173(11) 0.2567(1)
Co, (8a) 0.99(1) 0.95(1)
Cr, (16d) 1.99(1) 1.90(1)
BOV (A?) 2.1(1) 3.68(5)
Profile function Thompson-Cox-Hastings pseudo-Voigt
Y (0.01°) 0.26(1) 2.74(2)
0(0.01°) 0.12(3) 0.2(1)
Background function Chebyshev polynomial (13 parameters)
Ry (%) 1.34 2.62
Rg (%) 1.62 2.68
Ry (%) 4.28 332
Rexp (%) 423 297
X2 1.1 1.3

between amorphous and nanocrystalline state are used for our
investigation of the particle size dependence of magnetic phase
transitions.

Temperature-dependent dc magnetization measurements
reveal three magnetic phase transitions for sample S1 with
a particle size of 26.9(1) nm [Fig. 2(a)]. Transition from the
paramagnetic to the superparamagnetic (SPM) state occurs
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FIG. 2. (a) and (b) Temperature-dependent magnetization and
(c) and (d) inverse susceptibility of the S1 and S2 samples. The
asymptotic paramagnetic temperatures 6c of 99(1) and 43(1) K,
respectively, were obtained from linear extrapolation of Ty, (1/x —
0) in the paramagnetic regime (indicated by an arrow).
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FIG. 3. Temperature dependence of (a) and (b) real and (c) and
(d) imaginary part of ac susceptibility recorded at various frequencies
of S1 and S2 samples.

at the asymptotic Curie temperature 6c = 99(1) K obtained
from extrapolation of the inverse magnetic susceptibility x '
[Fig. 2(c)]. This magnetic phase transition is reflected in
isothermal magnetization measurements [Supplemental Ma-
terial (SM) Fig. 1(a) [30]] by a transition of the linear, para-
magnetic behavior to a Langevin-like behavior. A Langevin
fit of the superparamagnetic (SPM) state at 95 K (corre-
sponding to a reduced temperature of 7, = T/T¢c = 0.98)
reveals a particle moment of u = 946(2) 1 g and a spontaneous
magnetization of M; = 10.4(3) kA/m. This is in reasonable
agreement with the bulk magnetization of 38.4 kA/m at 27
K (7, = 0.28), considering the rapid decrease of the order
parameter towards the Curie temperature (97 K [29]). Below
the blocking temperature 7, = 92 K, the particles are su-
perparamagnetically blocked with ferrimagnetic intraparticle
long-range order. This is associated with moderate hysteresis
observed in isothermal magnetization measurements with a
coercive field of uoHc =0.2 T at 2 K [30]. The excess
susceptibility in even a large applied magnetic field is attributed
to spin disorder, likely at the NP surface [31]. Transition
to the noncollinear spin structure is observed at Ty = 27
K, in excellent agreement with the bulk material [9-11]. It
is accompanied by increased coercivity (uoHc = 0.8 T at
2 K) in isothermal magnetization measurements [SM Fig. 1(b)
[30]]. In contrast to previous studies of polycrystalline cobalt
chromite samples, the so-called lock-in transition, a magnetic
phase transition to the ground state of magnetic order [11] is
not observed in our nanoparticle sample. The negative ZFC
magnetization at low temperature is attributed to a difference
in the temperature dependence of the A and B sublattices,
causing a change of sign of the resulting net magnetization
at the so-called compensation temperature [32].

Ac susceptometry measurements [Figs. 3(a) and 3(c)] reveal
a sharp peak at transition 7, = 92 K (blocked state). The
blocking temperature is frequency independent in both real
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FIG. 4. Polarized neutron scattering with XYZ polarization anal-
ysis recorded at 5 K for a) S1 sample and b) S2 sample. Separated
nuclear coherent (black dots), pure magnetic (red dots) and spin
incoherent scattering contribution (blue dots) are shown. The position
of fundamental (violet), satellites (green) and aluminum (black)
reflections are indexed with vertical lines.

and imaginary parts of the ac susceptibility, confirming the
absence of significant interparticle interactions in sample S1.

In order to elucidate the microscopic origin of the observed
magnetic phase transitions of the S1 sample, polarized neutron
scattering with XYZ polarization analysis was carried out.
Figure 4(a) presents the separated scattering contributions
obtained for S1 at a base temperature of 5 K. Data are presented
in absolute scale in order to highlight the relative amount
of the different scattering contributions. In S1 the magnetic
scattering cross section is comparable in intensity with the
nuclear coherent scattering cross section, accompanied by a
low amount of spin-incoherent scattering. The spin-incoherent
scattering cross section is nearly constant, confirming a suc-
cessful separation and reference calibration. The Bragg reflec-
tions observed in the nuclear coherent scattering cross section
are indexed according to the CoCr,0y4 spinel structure with a
lattice parameter of a = 8.32(1) A, in reasonable agreement
with the PXRD results. Additional Bragg reflections observed
at 0 = 2.7 and 3.1 Al correspond to the aluminum sample
holder. In the magnetic scattering cross section, the (1 1 1)
and (2 2 0) fundamental reflections are observed at the same
position as in the nuclear coherent scattering contribution
with the same width as nuclear coherent reflections (0.021(5)
A-")and comparable scattering intensity. In addition, satellite
reflections attributed to the spiral magnetic structure can be
observed at 1.41, 1.61, and 1.93 A-! The region from 2.6 to
3.1 A" was excluded from fit due to residual nuclear coherent
reflection of the aluminum container, which cannot entirely be
separated by polarization corrections.

The temperature-dependent differential magnetic scatter-
ing cross sections of S1 are presented in Fig. 5(a) for the
temperature range from 5 to 95 K. Magnetic fundamental
reflections are detected up to 97 K in agreement with the Curie
transition observed macroscopically. This corresponds to the
collinear magnetic order of the ferrimagnetic spinel structure.
The integral intensity of the magnetic fundamental reflections
diminishes and broadens towards Curie temperature of 97 K
[Fig. 5(d)]. Magnetic satellites are observed up to a temperature
of 25 K in agreement with the macroscopically observed spin
spiral transition at 7s = 27 K which is comparable to the
transition temperature of the conical spiral phase found for
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FIG. 5. (a) Magnetic scattering of S1 over a temperature range
of 5-95 K. Red points represent the measured data, black line
is LeBail fit, blue line shows the residual, and green and violet
vertical lines correspond to the positions of magnetic satellites and
fundamental reflections, respectively. (b) Temperature dependence
of the propagation vector t (red and blue circles correspond to
propagation vector for nanocrystalline (sample S1) and single crystal
cobalt chromite [11], respectively). (c) Temperature dependence
of 111(0) and 200(0) magnetic satellites with the black line as a
guide to the eye. (d) Temperature dependence of 111(F) and 220(F)
fundamental reflections from collinear magnetic structure. The black
line represents a guide to the eye.

bulk material [11,33]. The satellite reflections are broader than
the nuclear coherent and fundamental magnetic reflections,
suggesting short-range order of the spiral component in agree-
ment with results found by Nair ef al. [34]. In order to extract
the spin spiral propagation vector, the magnetic fundamental
and satellite reflection positions were determined using a Le
Bail fit according to the LKDM and Hastings and Corliss
models that have been applied to the bulk material [35,36].
In the structure factor for a _conical spin structure, magnetic
satellite scattering occurs at K + T and K corresponding to the
momentum transfer of the fundamental reflections. The model
provides a simple scheme for indexing satellite reflections,
which have nonintegral Miller indices expressed as hkI(N)
with N = hu 4+ kv 4+ [w. The lattice plane distance of the
magnetic satellite reflections is given by

1/d3=(K £ 7> =1/d% + t* £ (vV2|7|/ao) (hu+ kv +1w),

where &, k, and [ are the Miller indices of K, T is the
propagation vector with its components u, v, and w, 1/dy
and 1 /d;, correspond to the lattice plane distance of the
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nuclear and magnetic reflection, respectively, and ag is the
unit cell edge. The [1 1 0] direction of the propagation
vector has been chosen as this direction was observed in
bulk [33]. The incommensurate propagation vector of the
spiral component was determined as (t T 0) with T = 0.073(1)
A" at 5 K and a structural coherence length of the spiral
order of 7 /+/2t% = 3.0(1) nm. The propagation vector T is
strongly temperature dependent near the transition temperature
T, [Fig. 5(b)]. However, in contrast to the bulk material where t
locksin at T = 2/3 (Tipek.in = 14.5 K), the propagation vector
is significantly larger and incommensurate in the entire spin
spiral phase of the nanosized sample. The integral intensity of
the (200(0), 111(0)) magnetic satellite reflections [Fig. 5(c)]
decreases significantly towards the magnetic phase transition at
T, = 27 K as expected for the magnetic order parameter. Above
T, an enhanced diffuse scattering contribution is still observed
[Fig. 5(a)] that is attributed to magnetic spin fluctuations.

The sample S2 with smaller particle size of 3.1(2) nm
and coherent crystallite size of 2.9(2) nm (a = 8.358(1) A)
reveals strikingly different magnetic properties in comparison
to S1. Below 18 K [Fig. 2(b)], the ZFC/FC magnetization
measurements conform to a spin glass without long-range
order with a freezing temperature of 7; = 15 K (maximum of
ZFC) and asymptotic paramagnetic temperature of 6c = 43(1)
K [Fig. 2(d)]. In the spin glass state below Tt, hysteresis appears
with a large coercive field of 0.8 T at 2 K [SM Fig. 1(b) [30]].
The broad hysteresis is attributed to strong interparticle inter-
action. This is supported by magnetization measurements of
the same sample diluted in toluene, i.e., excluding interparticle
interactions. No hysteresis is observed in the dispersion even
at 5 K [SM Fig. 2(a) [30]], and temperature dependence of
magnetization [SM Fig. 2(b) [30]] shows lowering of both
the freezing temperature 7t = 9(1) K and the asymptotic
paramagnetic temperature Oc = 19(6) K in comparison with
powder measurements. The real and imaginary parts of ac
susceptibility measurements of the powder sample [Figs. 3(b)
and 3(d)] reveal a strong frequency dependence of the transition
temperature. According to Binder [37], this behavior generally
indicates an atomic spin glass with relaxation time in the
range of t ~ 10712-10~'* 5. Superparamagnetic and weakly
interacting NPs known as super spin glass reveal a slower
relaxation time of ¢t ~ 1077=1071" s in comparison with the
atomic spin glass, which was found for weakly interacting
CoCr,0, NPs [38]. Even slower relaxation times of r ~ 10—
107° s are attributed to a cluster glass behavior resulting from
strong interparticle interactions as established for maghemite
(y-Fe,03) NPs [39]. Applying the Vogel Fulcher law [40] a
relaxation time of ¢+ = 2.8 x 10~ s is obtained, indicating a
collective cluster glass behavior for our S2 sample.

In order to prove the suggested cluster glass behavior, po-
larized neutron diffraction with XYZ polarization analysis was
carried out. The diffractogram at 5 K [Fig. 4(b)] reveals a very
broad fundamental (1 1 1) reflection in the nuclear coherent
scattering contribution, corresponding to a small structurally
coherent grain size of 2.9(2) nm and a lattice parameter of
8.35(2) A, in excellent agreement with the results obtained
from PXRD. In contrast to the S1 sample, here the incoherent
scattering contribution is significantly higher, due to a larger
amount of organic ligand material. No magnetic scattering
contributions, neither fundamental nor satellite reflections, are

observed within the experimental uncertainties at the base
temperature. This information is only accessible with XYZ
polarization analysis, which allows us to efficiently separate
nuclear coherent, spin-incoherent, and magnetic scattering
contributions [41]. XYZ polarization analysis can be applied
in order to remove a strong incoherent scattering background
from a small coherent or magnetic scattering signal [42—44].
Similar behavior for spin glasses with no magnetic scattering
was found also for spinel Co,RuOy4 [45] and more recently
for LazNipyNbOg and La3;Ni, TaOg compounds [46]. For spinel
Co,Ru0y [45], the spin-glass behavior was attributed to a very
weak interaction of the ions in octahedral sites and strong
disorder of their occupancy. Structural disorder might also
be one of the reasons for the magnetic spin glass behavior
observed for the S2 sample. The larger lattice parameter
compared to the S1 sample and the bulk material indicates
strong structural disorder that is likely associated with a certain
degree of spinel inversion. Interparticle correlations as present
in a magnetic cluster glass, with magnetic short-range order
in the range of few nanometers, are expected to generate
diffuse magnetic scattering in the small-angle range that is not
accessible with our diffraction experiments. Both samples S1
and S2 have a comparable saturation magnetization [30], such
that magnetic scattering arising from a coherently magnetized
volume should have comparable magnitude as the observed
nuclear coherent scattering. Hence, no Bragg scattering is
observed, as there are no correlations at the atomic scale in
the magnetic cluster glass. The absence of any fundamental
magnetic reflections is in agreement with the existence of a
cluster glass magnetic phase (i.e., mictomagnet), where the
long-range ferromagnetic order is incipient at low temperature.

IV. CONCLUSION

By means of polarized neutron scattering and magnetization
measurements, the magnetic phase transitions in nanocrys-
talline CoCr, O, of two different particle sizes in the interme-
diate regime between polycrystalline and amorphous state are
investigated. For the S1 sample with a mean particle diameter
of 26.9(1) nm, magnetic phase transitions towards collinear
and spin spiral magnetic states are observed. The found
Curie and spin spiral transition temperatures are in excellent
agreement with the bulk material. However, no evidence for
the lock-in transition is found, and the spin spiral propagation
vector T remains significantly larger than in bulk material
and incommensurate throughout the entire phase range. The
incommensurability of the propagation vector is likely due to
varying magnitudes of the average magnetic moments and the
cone angles for each sublattice with temperature. In order to
resolve the origin of this incommensurability in more detail,
further experimental data on a series of grain sizes are required.
In contrast, neither ferrimagnetic order nor noncollinear mag-
netic order exists in the S2 sample with smaller CoCr,O4 NPs,
where cluster glass behavior is found. The absence of any
fundamental magnetic reflections at base temperature indicates
that spins are frozen randomly. Local structural disorder is
presumably the main source for this effect. The noncollinear
spin spiral phase cannot exist without collinear magnetic order
in the NPs and is consequently not found here. In order to verify
the impact of the particle size on the magnetic phase transitions
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more closely, the challenge of synthesizing CoCr,O4 NPs with
a series of grain sizes and good crystallinity needs to be met. In
this way, a potential correlation between the particle diameter
and the structural coherence length of the spin spiral structure
may be revealed, thereby paving the way towards understand-
ing the critical size limit for the onset of ferroelectricity and
thus multiferroic effects in nanosized CoCr,04.
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