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Ternary intermetallics, A2Co12As7 (A¼Ca, Y, Ce–Yb), have been synthesized by annealing mixtures of
elements in molten Bi at 1223 K. The materials obtained crystallize in the P63/m variant of the Zr2Fe12P7
structure type. The unit cell volume shows a monotonic decrease with the increasing atomic number of
the rare-earth metal, with the exception of Ce-, Eu-, and Yb-containing compounds. An examination of
these outliers with X-ray absorption near edge structures (XANES) spectroscopy revealed mixed valence
of Ce, Eu, and Yb, with the average oxidation states of þ3.20(1), þ2.47(5), and þ2.91(1), respectively, at
room temperature. Magnetic behavior of A2Co12As7 is generally characterized by ferromagnetic ordering
of Co 3d moments at 100–140 K, followed by low-temperature ordering of rare-earth 4f moments. The
3d-4f magnetic coupling changes from antiferromagnetic for A¼Pr–Sm to ferromagnetic for A¼Ce and
Eu–Yb. Polarized neutron scattering experiments were performed to support the postulated ferro- and
ferrimagnetic ground states for Ce2Co12As7 and Nd2Co12As7, respectively.

& 2015 Elsevier Inc. All rights reserved.
1. Introduction

Intermetallics formed by rare-earth (R) and transition
(T) metals represent a large family of compounds with many fas-
cinating properties. Arguably, one of the most important applica-
tions of these materials is their use as the strongest permanent
magnets, e.g., Nd2Fe14B and SmCo5 [1]. Other potential uses in-
clude magnetostrictive materials [2,3] and, more recently, mag-
netic refrigerants [4]. Despite the long-standing history of research
on R–T intermetallics [5–7], a wealth of new structures and
properties continues to be discovered every year. In this vein, an
important innovative aspect is the exploration of less conventional
synthetic methods that might allow access to new materials in the
vast parameter space offered by the diverse elemental composi-
tions and coordination numbers encountered in such structures
[8].

Reactions in molten metal fluxes remain somewhat underused
in the syntheses of R–T intermetallics, which are dominated by
arc-melting and direct annealing techniques. Nevertheless, the use
k).

Solid State Chem. (2015), h
of various molten metals as reaction media has been steadily ex-
panding, with the increased understanding that this method not
only offers access to new materials, but also affords lower reaction
temperatures and high-quality single crystals for physical property
measurements [9].

Synthesis in Sn flux has been used as the method of choice for
the preparation of materials in the ternary R–Co–P systems, af-
fording crystal growth of �100 compounds that crystallize in the
PbFCl, ThCr2Si2, HoCo3P2, YCo5P3, LaCo8P5, Zr2Fe12P7, and
Sc5Co19P12 structure types [10]. The availability of representative
single crystals allowed detailed insight into magnetic properties
and magnetically ordered structures for many of these materials,
especially RCo2P2 [11–27]. In contrast, until recently there has
been only scarce information on single-crystal growth in R–Co–As
systems. RCo2As2 (R¼La–Nd, Eu) [28], RCo5As3 (R¼Y, Gd–Er) [29],
and RCo12As7 (R¼Y, Gd–Er) [30] have been reported, but only for
EuCo2As2 was the structure established from the single-crystal
X-ray diffraction experiment. Attempts to prepare these materials
from Sn flux fail to produce phase-pure samples or representative
single crystals. In 2012, Sefat and co-workers managed to obtain
single crystals of EuCo2As2 by self-flux synthesis in CoAs melt and
performed single-crystal measurements to establish, for the first
ttp://dx.doi.org/10.1016/j.jssc.2015.08.038i
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time, magnetic properties of this material [31].
In an attempt to find alternative pathways to single crystals of

R–Co arsenides, we have recently reported the use of molten Bi as
an effective reaction medium for the crystal growth of RCo2As2
(R¼La, Ce, Pr, Nd) [32,33]. Furthermore, this method afforded
phase-pure bulk materials, thus allowing physical characterization
to be carried out on both powder and single-crystal samples. In the
present contribution, we describe a successful extension of reac-
tions in Bi flux to the synthesis and crystal growth of R2Co12As7
(R¼Y, Ce–Yb), as well as Ca2Co12As7. We also report investigation
of the crystal structure and magnetic behavior of these materials
by X-ray and neutron diffraction, transmission electron micro-
scopy, and magnetic measurements.
2. Materials and methods

2.1. Synthesis

All manipulations during sample preparation were carried out
in an argon-filled dry box (O2 content o1 ppm). Powders of La
(99.9%), Pr (99.9%), Y (99.6%), and As (99.99%), Ca dendritic pieces
(99.98%), and Bi granules (99.997%) were obtained from Alfa Aesar
and used as received. Eu metal chunks (499%) were acquired
through the Materials Preparation Center at Ames Laboratory,
which is supported by the US DOE Basic Energy Sciences. Ca and
Eu metals were cut into small pieces. Ce and all other rare-earth
metals were obtained by filing from metal chunks (Michigan
Chemical Corporation, 99.9%) stored under oil, which was washed
away with dry and air-free n-hexane before filing. Cobalt powder
(Alfa Aesar, 99.5%) was additionally purified by heating in a flow of
H2 gas for 5 h at 775 K. For the synthesis of A2Co12As7 (A¼Ca, Y,
Ce–Yb), starting materials were mixed in the A:Co:As:
Bi¼x:12:7:30 (x¼2–3) ratio (total mass¼5 g) and loaded into
10 mm inner diameter (i.d.) silica tubes, which were then sealed
under vacuum (o10–2 mbar). Carbonated silica tubes were used
during the preparation of Ca-, Eu-, and Yb-containing samples. The
mixtures were annealed at 1223 K for 8 days and cooled down
naturally within the furnace. The Bi flux was removed by soaking
the samples in a mixture of glacial acetic acid and 30% aqueous
H2O2 (1:1 v/v) for 2–6 days, followed by successive washings with
dilute HCl (1:1 v/v) and water. Hexagonal prism-shaped single
crystals were selected from the reaction mixtures. The largest
crystal was the one of Ca2Co12As7 (�1�0.2�0.2 mm3); it was
used for magnetic property measurement. The purity of bulk
samples was checked by powder X-ray diffraction (PXRD).

2.2. Powder and single-crystal X-ray diffraction

Room temperature PXRD measurements were performed on a
PANalytical X’Pert Pro diffractometer with an X’Celerator detector
using Cu-Kα radiation (λ¼1.54187 Å). The patterns were recorded
in the 2θ range from 10° to 80° with a step of 0.017° and the total
collection time of 1 h. The PXRD data were processed with the
HighScore Plus software package [34].

Single crystals of A2Co12As7 were mounted on a goniometer
head of a Bruker AXS SMART diffractometer equipped with an
APEX-II CCD detector for room-temperature data collection.
The data sets were recorded as ω-scans in steps of 0.3° and in-
tegrated with the Bruker SAINT software [35]. Crystal structures
were solved and refined using the SHELX suite of programs [36].
All structures of A2Co12As7 were solved in the P63/m (No. 176)
space group. A summary of pertinent information relating to unit
cell parameters, data collection, and refinements is provided in
Table 1.
ttp://dx.doi.org/10.1016/j.jssc.2015.08.038i
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2.3. Neutron scattering measurements

Neutron powder diffraction (NPD) experiments on Nd2Co12As7
were carried out using the HB-2A high-resolution neutron powder
diffractometer at the High Flux Isotope Reactor at Oak Ridge Na-
tional Laboratory (ORNL). The λ¼1.539 Å monochromatic radia-
tion was provided by a vertically focused Ge (115) monochromator.
Measurements were performed on a sample of �3 g held in a
cylindrical vanadium container placed in a top-loading closed cy-
cle refrigerator, covering a temperature range of 2–150 K. The data
were collected by scanning the detector array consisting of 44 3He
tubes in two segments, to cover the total 2θ range of 7–133° in
steps of 0.05°. Overlapping detectors for a given step served to
average the counting efficiency of each detector. More details
about the HB-2A instrument and data collection strategies can be
found in the original publication [37]. Rietveld refinements of the
structures were carried out using the FULLPROF software [38].

NPD experiments performed at HB-2A were complemented by
polarized neutron scattering measurements carried out using the
hybrid spectrometer HYSPEC at the ORNL Spallation Neutron
Source. The samples were prepared as compacted pellets, to avoid
crystallite reorientation in applied magnetic field. The pelletized
samples were loaded in Al cans and placed inside a 5 T vertical
field cryomagnet, or a cylindrical assembly of permanent magnets
that could be loaded in a closed cycle refrigerator to provide a
vertical magnetic field of 0.1 T at the sample position. HYSPEC is a
highly versatile direct geometry spectrometer that combines the
time-of-flight (TOF) spectroscopy with the focusing Bragg optics
[39]. The instrument was equipped with 3He linear position sen-
sitive tube detectors assembled into 20 sets of 8-packs that cov-
ered an angular range of 60° in the horizontal scattering plane and
a vertical acceptance of 15°. The entire bank could be rotated about
the sample, providing measurement at scattering angles of up to
135° depending upon the used incident energy (Ei). The polarized
neutron beam was obtained by reflection from Heusler mono-
chromator, and a Mezei flipper was used to flip the spin state of
the incident neutron beam. For these polarized measurements we
employed Ei¼15 meV (λ¼2.335 Å) that gave access to scattering
angles of up to 105 °.

The scattering intensity for the polarized neutrons is given by
the formula I7¼ |FN|

272P0 �D � FN � FMþ |FM|
2, where FN and FM are

the nuclear and magnetic structure factors, P0 is the incident
neutron polarization, and D represents the depolarization factor
that might occur in the sample. The nuclear-magnetic interference
term of the scattering cross-section (2P0 �D � FN � FM) allows to en-
hance the magnetic sensitivity and remove the impact of the
background on the peak-to-background ratio. With the incident
polarization parallel to the applied field and sample magnetiza-
tion, one can obtain the flipping difference spectra, Diff¼ Iþ – I�

¼4P0 �D � FN � FM, in the case of crystal structures with inversion
symmetry [40,41]. Note that the “flipping difference” technique
only applies to samples that are ferro- or ferrimagnetically ordered
under an applied magnetic field, where the incident polarization is
parallel to the magnetization of the sample.

2.4. Magnetic measurements

Magnetic measurements were performed on polycrystalline
samples and single crystals with a Quantum Design SQUID mag-
netometer MPMS-XL. DC magnetic susceptibility measurements
were carried out in the temperature range of 1.8–300 K in an ap-
plied field of 1 mT. Isothermal field dependences of magnetization
and hysteresis loops were measured with the magnetic field
varying between –7 and 7 T.
Please cite this article as: X. Tan, et al., J. Solid State Chem. (2015), h
2.5. X-ray absorption near-edge structure (XANES) spectroscopy

XANES spectra were measured at L3-R absorption edges in the
transmission mode. Eu2Co12As7 and Yb2Co12As7 spectra were
measured in the range of 92–294 K at the beamline mySpot of
BESSY-II storage ring (HZB, Berlin, Germany). Ce2Co12As7 spectra
were collected in the range of 80–200 K at beamline i811 of MAX
IV Laboratory (Lund, Sweden). Nitrogen cryostat was used to cool
down the samples during the measurements. The exact value of
valence was extracted from the experimental spectra using the
conventional fitting with the combination of Lorentzian, Gaussian,
and arctangent curves.

2.6. Transmission electron microscopy (TEM)

TEM analysis was carried out on a probe aberration corrected
sub-Å resolution JEOL JEM-ARM200cF microscope operated at
accelerating voltage of 200 kV. The TEM data were obtained from
thin electron-transparent pieces of a Ca2Co12As7 single crystal. The
sample was prepared by crushing the small single crystal with a
mortar and pestle in methanol and dropping the suspension onto
a carbon/formvar coated 200-mesh Cu TEM grid. Atomic resolu-
tion images along the major axis were obtained using scanning
transmission electron microscopy high angle annular dark field
imaging techniques (STEM-HAADF). STEM images were taken with
the JEOL HAADF detector using the 7 c probe size, 30 mm CL
aperture, 32 ms/pixel scan speed, and 8 cm camera length. The
STEM resolution of the microscope was 0.78 Å. The inner detector
collection angle was 76 mrad.
3. Results and discussion

3.1. Synthesis and crystal structure

The synthesis from Sn flux used for the preparation of R2Co12P7
[42] failed to produce R2Co12As7 (R¼Y, Gd–Er). The latter were
obtained by Stoyko and Oryshchyn by heating compacted pellets
of constituent elements for 10 days at 970 K, then arc-melting the
samples obtained, and finally re-annealing the ingots for 2 months
at 970 K [30]. This method, however, did not afford good-quality
single crystals. Moreover, the space group was assigned as P 6̄
based on PXRD data, but it will be shown below that the R2Co12As7
structures are better described in the space group P63/m. To
achieve the growth of single crystals and shorten the reaction
time, we turned to the synthesis in Bi flux, a method that proved
successful for preparation of a different family of ternary ar-
senides, RCo2As2. This method allowed the synthesis of A2Co12As7
(A¼Ca, Y, Ce–Yb) and the growth of representative single crystals
that were easily selected from the final products. The syntheses
were completed within 10–14 days and usually afforded single-
phase materials (Figs. 1 and S1), except for the samples with
R¼Gd, Tm, and Yb, which contained Bi or CoAs as impurities.
Numerous efforts failed to produce La2Co12As7, similar to the non-
existence of La2Co12P7 in the R2Co12P7 series [42].

Crystal structures of R2Co12As7 grown from Bi flux were de-
termined by single-crystal X-ray diffraction (Table 1). All com-
pounds are isostructural and crystallize in the space group P63/m,
in contrast to the earlier assignment of the space group as P6̅ from
PXRD data. The symmetry of the R2Co12As7 lattices is thus differ-
ent from that found for R2Co12P7 (P 6̅) but consistent with the
space group reported for Ca2Co12As7 [43]. In general, the unit cell
parameters and volume of R2Co12As7 decrease as the atomic
number of R increases (Figs. 2 and S2), as expected from the lan-
thanide contraction. Deviations to the smaller volume for R¼Ce
and to the larger volumes for R¼Eu and Yb suggest the tendency
ttp://dx.doi.org/10.1016/j.jssc.2015.08.038i
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Fig. 1. Powder X-ray diffraction patterns of A2Co12As7 (A¼Ca, Y, Ce–Eu).

Fig. 2. Unit cell volumes of R2Co12As7 (R¼Ce–Yb). In general, the error bars are
smaller than the symbol size.

Table 2
Atomic parameters of the crystal structure of Nd2Co12As7.

Atom Wyckoff site x y z s.o.f. Ueq

Nd1 2c 2/3 1/3 0.25 1 0.0071(2)
Co1 6h 0.0538(1) 0.4316(1) 0.25 1 0.0081(3)
Co2 6h 0.2770(4) 0.1538(6) 0.25 0.5 0.0081(7)
Co3 6h 0.2227(5) 0.1211(6) 0.25 0.5 0.0129(8)
As1 6h 0.29261(9) 0.40473(9) 0.25 1 0.0069(2)
As2 2a 0 0 0.25 0.5 0.0092(5)
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of these metals toward higher (þ4) and lower (þ2) oxidation
states, respectively.

Compounds R2Co12As7 are isostructural to Ca2Co12As7. A de-
tailed analysis of the latter and its relation to the Zr2Fe12P7
structure type was provided by Hellmann and Mewis [43] and
Jeitschko et al. [44]. Briefly, the change in the space group from P6̅
to P63/m converts the unique As site (Wyckoff position 1a (0,0,0)
in P6̅) to the 2-fold As site (Wyckoff position 2a (0,0,1/4) in P63/m)
with the (0,0,1/4) shift in the unit cell origin. In contrast to the P6̅
structure, where adjacent 1a sites are separated by the whole unit
cell period c in the [001] direction, in the P63/m structure this
separation is halved. Consequently, the space group change leads
to half-occupancy of the 2a site due to the impossibly short se-
paration between adjacent As2 positions along the c axis (c/
2�1.8 Å). Such atomic arrangement becomes physically possible
only if one consider the existence of domains, in which only one of
the two half-occupied 2a positions along the c axis is filled in
every unit cell. The existence of multiple domains with the As
atoms occupying either all (0,0,1/4) or all (0,0,3/4) positions in a
single domain results in the overall P63/m symmetry. In addition,
the disorder in the As positions, spaced at c/2 in the [001] direc-
tion, leads to the split of the nearby Co position 6h (x,y,1/4), which
is situated either closer (�1.8 Å) to the vacant As2 site or further
away (�2.3 Å) from the filled As2 site. It should be added that we
found the use of the P63/m space group to provide better refine-
ment quality for all A2Co12As7 structures. In contrast, refinements
in the P6̅ space group always led to substantially higher R-factors
and the Flack parameter consistently converged to �0.5, thus
supporting the domain model described above.

The Zr2Fe12P7 structure type, including its P63/m variant, was
Please cite this article as: X. Tan, et al., J. Solid State Chem. (2015), h
described in detail before [43,44], and therefore, we will review
only briefly the structure of Nd2Co12As7 as an illustrative example
(Table 2). The structure is built of Nd-centered As6 trigonal prisms
that share triangular faces along the c axis (Fig. 3a). The Nd–As
distances are 2.984(1) Å. Wrapped around these prisms are chains
of edge-sharing As4 tetrahedra built entirely of As1 atoms and
centered by Co1 atoms (Fig. 3b). The tetrahedra are slightly dis-
torted, with Co–As distances varying from 2.378(2) Å to 2.392
(2) Å. Each tetrahedron shares an edge with an NdAs6 prism, thus
forming an extended framework with hexagonal channels
(Fig. 3c). The nearest Co–Co distance between neighbor tetrahedra
is 2.758(2) Å. In the center of hexagonal channels are chains of
disordered As2 atoms, which are surrounded by a triangle of Co2
atoms at 2.270(3) Å each when the As2 position is filled, or by a
triangle of Co3 atoms at 1.823(4) Å each when the As2 position is
vacant. Due to additional coordination of three As1 atoms to each
Co2 atom at 2.300(6) Å and 2.382(3) Å, there are Co2-centered As4
tetrahedra that form triple-chains along the c-axis via vertex
sharing (Fig. 3d). The complete polyhedral projection of the
structure onto the ab plane is shown in Fig. 3e.

To obtain further insight into the local atomic structure of these
materials, TEM experiments were performed on thin single crys-
tals of Ca2Co12As7. Fig. 4a shows a STEM-HAADF image recorded
along the [0001] (c axis) direction, with the schematic of the
projected atomic structure as an inset. The white dots in these
images are projected atomic columns, and their intensity depends
on the number of atoms in the column and the atomic number (Z),
i.e. the higher intensity indicates the presence of more atoms and/
or a higher average Z. All the projected As and Co columns form a
shape of a flower with the As2 column residing in the center. The
crystallographic data show the interatomic distance along [0001]
is 3.728 Å for all atoms, except for As2 atoms that show the As–As
distance of 1.864 Å (c/2). A qualitative analysis of the image in-
tensity, however, suggests that the intensity of the As2 column is
similar to that of the As1 column, which agrees with the presence
of As2 vacancies in the crystal structure. In addition, the Co2/Co3
columns, which appear as six nearest columns around the As2
column, exhibit lower intensity than the Co1 columns, which also
implies the vacancies in the Co2/Co3 sites. Fig. 4b shows the
atomic image along the [101̅]/[ 21 13̅ ̅ ] direction. The higher in-
tensity columns are a mixture of As1 and Co1 atoms, which are at
the distance of 4.51 Å along the projected direction (circled col-
umns in the inset), whereas the lower intensity columns have
interatomic distances of 10.14 Å. The As2 and Co2/Co3 columns
with vacancies are seen as weak spots beside the higher intensity
columns, although it is hard to distinguish the vacancy positions
from this image.

To the best of our knowledge, this is the first reported TEM
study of the Zr2Fe12P7 family of structures. It reveals an interesting
aspect of the vacancy-containing structure variant that crystallizes
in the P63/m space group. The vacancy ordering can be seen in the
electron diffraction patterns (Fig. 4c, d) as streaks between the
major diffraction spots. The separation between the vacancies is
16.32 Å in the (0110̅ ) plane, which corresponds to doubling of the
ttp://dx.doi.org/10.1016/j.jssc.2015.08.038i
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Fig. 3. Polyhedral representation of the crystal structure of A2Co12As7 (A¼Ca, Y, Ce–Eu): Columns of face-sharing NdAs6 trigonal prisms (a) and edge-sharing CoAs4 tet-
rahedra (b) share edges to from a framework with hexagonal channels that contain rows of disordered As2 atoms (c). The channels are additionally filled by Co2 atoms that
surround the chains of As2 atoms and form triple-chains of vertex-sharing CoAs4 tetrahedra due to coordination to the As1 atoms from the walls of the channels (d). The
complete polyhedral build-up of the structure is shown in (e).

Fig. 4. STEM-HAADF atomic structure images taken along (a) [0001] and (b) [21 13̅ ̅ ] directions and single-crystal electron diffraction patterns recorded along (c) [0001] and
(d) [21 13̅ ̅ ] directions. The insets depict projected atomic structures with Ca atoms in brown, As atoms in blue, and Co atoms in turquoise. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 5. L3-R XANES spectra of R2Co12As7 with R¼Ce (a), Eu (b), and Yb (c) at 100 K, 92 K, and 294 K, respectively.

Table 3
Magnetic properties of A2Co12As7 (A¼Ca, Y, Ce–Yb).

Compound TC (Co), K T* (R),aK Mmax

(100 K),
μB/f.u.

Mmax

(1.8 K),
μB/f.u.

Mcalc

(R3þ),
μB

Co(3d)–R
(4f)
coupling

Ca2Co12As7 38 – – 1.83 – –

Y2Co12As7 115 – 2.07 3.78 – –

Ce2Co12As7 90 27 – 2.16 2.14 FM
Pr2Co12As7 107 20 2.71 6.44 3.20 AFM
Nd2Co12As7 113 50 2.73 4.40 3.28 AFM
Sm2Co12As7 110 25 2.66 3.21 0.72 AFM
Eu2Co12As7 136 136 4.95 6.49 0 FM
Gd2Co12As7 117 117 5.67 22.6 7 FM
Tb2Co12As7 131 84 7.73 18.5 9 FM
Dy2Co12As7 128 69 6.52 18.2 10 FM
Ho2Co12As7 139 45 8.25 21.6 10 FM
Er2Co12As7 116 46 6.37 19.1 9 FM
Tm2Co12As7 136 31 5.90 14.6 7 FM
Yb2Co12As7 60 – – 2.39 4 –

a T* was estimated as the point at which the magnetic susceptibility showed an
abrupt increase or decrease in the regime below the ordering temperature (TC) of
the Co sublattice.
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a or b axis. Based on this finding, it would be interesting to explore
the character of vacancy distribution in other R2Co12As7 structures
by TEM.

3.2. XANES spectroscopy

Based on the trend in unit cell volumes in the R2Co12As7 series
(Fig. 2), the valence of Ce, Eu, and Yb should deviate from þ3.
Therefore, these samples were studied by XANES spectroscopy at
the L3 edge of the corresponding R metal. As shown in Fig. 5, the
spectra of all three compounds contain two components that
correspond to Ce3þ/Ce4þ , Eu2þ/Eu 3þ , and Yb2þ/Yb3þ ions. In
each case, the component contributing to the þ3 oxidation state
dominates the spectrum. Fitting the spectra of Ce2Co12As7 resulted
in the average Ce oxidation state of þ3.20(1) in the range from 80
to 300 K (Fig. S3). The average oxidation state of Eu increased as
the temperature was lowered, from þ2.47(5) at 294 K to þ2.73
(1) at 92 K (Fig. S4), in accord with the higher chemical pressure
exerted on the Eu crystallographic site by the lattice contraction at
lower temperature [23]. Only slight mixed-valence was estab-
lished for Yb2Co12As7, with the average Yb oxidation state of
þ2.91(1) in the range from 150 to 294 K (Fig. S5).

The XANES results conclusively confirmed the mixed valence of
rare-earth metals in R2Co12As7 with R¼Ce, Eu, Yb. Only in the Eu-
containing compound, however, does the average oxidation state
exhibit the strong temperature dependence and the large devia-
tion from the integer value. The behavior of these materials is
distinctly different from that of their R2Co12P7 analogs, among
which only Ce2Co12P7 deviates from the uniform decrease in the
unit cell volume as the atomic number of R increases [13], while
Eu2Co12P7 and Yb2Co12P7 follow the general trend, which suggests
they exist in the þ3 oxidation state. These observations correlate
with the lower electronegativity of As relative to P, since Ce, Eu,
and Yb clearly exhibit the tendency to lower oxidation states in
R2Co12As7 as compared to those in R2Co12P7.

3.3. Magnetic properties

A2Co12As7(A¼Ca, Y, Yb). The magnetic properties of all studied
A2Co12As7 materials are summarized in Table 3. Since Ca2Co12As7
and Y2Co12As7 contain diamagnetic ions in the A site, they serve as
model compounds for evaluating the magnetic behavior of Co
sublattice. Both of them exhibit ferromagnetic (FM) ordering of Co
moments at 38 K and 115 K, respectively (Fig. 6a, b). The
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divergence of the zero-field-cooled (ZFC) and field-cooled (FC)
magnetic susceptibility curves obtained under applied field of
1 mT indicates some magnetic anisotropy in the Co sublattice. The
anisotropy was further confirmed by magnetic measurements on
an oriented single crystal of Ca2Co12As7 which revealed the strong
preference of Co moments to orient along the hexagonal c axis
(Fig. S6). For Ca2Co12As7, the field-dependent magnetization
measured at 1.8 K reached the maximum of 1.83 μB per formula
unit (f.u.) at 7 T, but did not saturate (Fig. 6a, inset), while for
Y2Co12As7, the Msat value of 3.78 μB per f.u. was reached under the
same conditions (Fig. 6b, inset). Thus, one can expect that (1) the
Co sublattice in A2Co12As7 will tend to exhibit FM ordering and
(2) the values of TC and Msat might show significant dependence
on the ionic size and charge of the electropositive metal, A, which
impact the separation between the Co atoms and the filling of the
Co 3d band, respectively.

Similar to the Ca- and Y-containing compounds, Yb2Co12As7
exhibits FM ordering at TC¼60 K (Fig. 6c). This phase transition is
also attributed to the ordering of Co magnetic moments. The
mixed-valent þ2.91 oxidation state established by XANES spec-
troscopy is dominated by the typically magnetic Yb3þ ion.
Therefore, one could expect that the Yb sublattice should also
contribute to the magnetic behavior of Yb2Co12As7. Nevertheless,
ttp://dx.doi.org/10.1016/j.jssc.2015.08.038i
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Fig. 6. Temperature dependence of zero-field-cooled (ZFC) and field-cooled (FC) magnetization at 1 mT and isothermal field dependence of magnetization (inset) for
Ca2Co12As7 (a), Y2Co12As7 (b), and Yb2Co12As7 (c).
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by comparing the magnetic susceptibility curves of Ca-, Y-, and Yb-
containing samples, no clear contribution from the Yb magnetic
moments can be discerned. In fact, the ZFC and FC susceptibility
and field-dependent magnetization curves for Yb2Co12As7 are very
similar to those found for Ca2Co12As7, suggesting the FM ordering
of Co moments at 60 K and negligible participation of Yb moments
in the magnetic behavior.

It is interesting to compare the magnetic behavior of Yb2Co12As7
and YbCo12P7. The FM ordering temperature of Yb2Co12As7 (60 K) is
much closer to the TC of Ca2Co12As7 (38 K) than to the TC of
Y2Co12As7 (115 K). In contrast, YbCo12P7 shows TC similar to the va-
lues observed for R2Co12P7 materials with R3þ ions. Such behavior of
YbCo12P7 is in line with its following the general trend for the
R-dependent unit cell volume observed in the R2Co12P7 series, which
Fig. 7. (a) Temperature dependence of field-cooled magnetization for R2Co12As7 (R¼Pr–
various temperatures. (c) Isothermal field dependences of magnetization for Pr2C
(d) Temperature dependence of field-cooled and zero-field-cooled magnetization for Ce
temperatures. (e) Isothermal field dependences of magnetization for Eu2Co12As7 and Gd
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suggests the oxidation state of Yb3þ . It is intriguing that even the
small deviation from this oxidation state in Yb2Co12As7 has such
pronounced influence on the FM phase transition temperature. In
this context, it would be interesting to compare the magnetic be-
havior of YbCo12P7 to that of Ca2Co12P7 and Y2Co12P7, but un-
fortunately, the latter compounds were reported relatively recently
[43,45], and their magnetic properties are unknown.

R2Co12As7 (R¼Ce, Pr, Nd, Sm, Eu, Gd). The temperature de-
pendences of magnetic susceptibility, measured on polycrystalline
samples of R2Co12As7 (R¼Ce, Pr, Nd, Sm, Eu, Gd), indicate the FM
ordering of Co moments with TC ¼ 90, 107, 113, 110, 136, and 117 K,
respectively (Fig. 7a, 7d, and S7). These values are similar to the
ordering temperature of Y2Co12As7 (115 K), although the TC ap-
pears to increase as the lanthanide ionic radius decreases. A
Gd) at 1 mT. (b) Isothermal field dependences of magnetization for Nd2Co12As7 at
o12As7 and Sm2Co12As7 at 100 K (empty symbols) and 1.8 K (filled symbols).
2Co12As7 at 1 mT. Inset: isothermal field dependences of magnetization at various
2Co12As7 at 100 K (empty symbols) and 1.8 K (filled symbols).
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deviation from this general trend is only seen for Eu2Co12As7,
which could be explained by modification of the electronic
structure of this material due to the mixed valence of Eu that
might promote stronger magnetic exchange. Similar magnetic
behavior in the Co sublattice was also observed for R2Co12P7, with
the Co FM ordering temperature varying in the range of 142–158 K
[13].

The magnetic susceptibility for R¼Pr, Nd, and Sm reaches the
maximum value at 20, 50, and 25 K, respectively, and then de-
creases as the temperature is lowered. Such behavior is char-
acteristic of AFM coupling between the R 4f and Co 3d magnetic
moments, suggesting the ferrimagnetic (FiM) ground state for
these materials. This finding is also in accord with the FiM beha-
vior reported for Pr2Co12P7 and Nd2Co12P7 [13], as well as for
PrCo2As2 and NdCo2As2 [33]. The AFM 4f-3d coupling is well il-
lustrated by the magnetization isotherms recorded for Nd2Co12As7
at different temperatures (Fig. 7b). The isotherms obtained at 100
and 50 K exhibit fast initial increase in low fields due to the FM
ordering of Co moments. The higher rise observed at 50 K is ex-
plained by the growth of Co FM domains as the temperature is
lowered. The isotherms obtained below 50 K, however, exhibit
gradual suppression of the low-field magnetization, and the curve
obtained at 1.8 K is essentially linear. Such behavior can be ex-
plained by the gradual ordering of Nd 4f moments in the direction
antiparallel to the magnetization of the Co 3d moments. It should
be emphasized that the Mmax value observed at 100 K (�2.7 μB) is
similar for all three materials (Fig. 7b and c) and slightly larger
than the value obtained for Y2Co12As7 at the same temperature
(Fig. 6b, inset). This observation is also in agreement with the in-
itial ordering of Co 3d moments around 110 K, followed by the
ordering of R 4f moments at lower temperatures.

The behavior of Ce2Co12As7 in the low temperature range is
quite different. While the increase in magnetic susceptibility at
90 K can be attributed to the FM ordering of Co moments, the
susceptibility shows a much more abrupt increase at 27 K (Fig. 7d).
This second magnetic transition can be ascribed to FM ordering of
Ce moments, given that the Ce oxidation state is close to þ3. The
isothermal magnetization measured at 75 and 50 K exhibits the
initial fast growth due to the ordered Co moments (Fig. 7d, inset),
but the observed moment is much lower than in the case of
R2Co12As7 with R¼Y, Pr, Nd, or Sm. At higher fields, a linear in-
crease is observed due to the response of paramagnetic Ce sub-
lattice. TheMmax values per f.u. are 0.72 and 1.09 μB at 75 and 50 K,
respectively. At 1.8 K, the magnetization is characteristic of a fer-
romagnet, but Msat remains relatively low, only 2.16 μB at 7 T. We
will return to the discussion of magnetic ordering in this com-
pound in the neutron scattering section.

In the case of Eu2Co12As7 and Gd2Co12As7, the magnetism of
the 4f7 Eu2þ and Gd3þ ions is only due to the spin component of
the total angular momentum. (Despite the mixed valence of Eu,
the contribution from the Eu3þ ion with a non-magnetic J¼0
ground state can be neglected.) Therefore, the effect of the mag-
netocrystalline anisotropy of rare-earth ion on the magnetic
properties should be small. Neither of these compounds exhibits a
discernable up or down turn in the FC magnetic susceptibility
curve at lower temperatures (Fig. 7a). This observation suggests
that the ordering of both 3d and 4f moments sets in simulta-
neously, at 117 K for Gd2Co12As7 and 136 K for Eu2Co12As7. The
isothermal magnetization curves measured for Gd2Co12As7
(Fig. 7e) clearly show a large difference between 100 K (Mmax

¼5.67 μB per f.u.) and 1.8 K (Mmax¼22.6 μB per f.u.). Taking into
account the theoretically expected contribution of 14.0 μB from
two Gd3þ ions, we can conclude FM coupling between Gd and Co
moments.

The situation is more complicated in the case of Eu2Co12As7,
because Eu exhibits mixed valence with strong temperature
Please cite this article as: X. Tan, et al., J. Solid State Chem. (2015), h
dependence (see Section 3.2). Given the isoelectronic nature of
Eu2þ and Gd3þ , we could assume that the 3d-4f coupling in
Eu2Co12As7 is also FM. Indeed, the isothermal magnetization
curves collected at 100 and 1.8 K exhibit typical FM behavior
(Fig. 7e). Nevertheless, the Mmax at 100 K is similar (4.95 μB) but
theMmax at 1.8 K is much smaller (6.49 μB) than the corresponding
values measured for Gd2Co12As7 at the same temperatures. This
difference can be attributed to the increase in the fraction of
nonmagnetic Eu3þ ions as the temperature decreases. At 100 K,
the average oxidation state of �þ2.7 gives the expectation mo-
ment of 2.1 μB per Eu center, although the moments are not fully
saturated at that temperature. A significantly higher saturation
magnetization could be expected at 1.8 K, but based on the trend
in the XANES data (Fig. S4), the average oxidation state of Eu be-
comes much closer to þ3 at low temperatures, thus diminishing
the Eu contribution to the total magnetization value. Therefore, as
the temperature is lowered, the magnetic behavior of Eu2Co12As7
should resemble more closely the behavior of Y2Co12As7 with
diamagnetic Y3þ ions.

R2Co12As7(R¼Tb, Dy). Both Tb2Co12As7 and Dy2Co12As7 show
very similar magnetic behavior, with FM ordering of Co moments
at 131 and 128 K, respectively, followed by ordering of R moments
at 84 and 69 K, respectively (Fig. 8). Interestingly, as the tem-
perature is lowered, the FC magnetic susceptibility reaches the
maximum, then decreases to a certain point, and then exhibits a
slight upturn at lower temperature. Such behavior, along with the
divergence of the ZFC and FC susceptibility curves, can be attrib-
uted to the magnetocrystalline anisotropy of the rare-earth ions.
The isothermal magnetization curves exhibit much faster initial
rise at lower temperatures, which is also in agreement with the
ordering of 4f moments. The Msat values reached at 1.8 K and 7 T
are 18.50 μB for Tb2Co12As7 and 18.16 μB for Dy2Co12As7, which is
close to the theoretically expected contributions of 18 μB and 20 μB

from two Tb3þ or two Dy3þ ions, respectively. Thus, it is difficult
to conclusively establish the type of 4f-3d coupling in these ma-
terials. Given the more complex behavior of temperature-depen-
dent magnetization at lower temperatures, further measurements,
such as neutron scattering or X-ray magnetic circular dichroism
spectroscopy experiments, are required to elucidate the magneti-
cally ordered states of Tb2Co12As7 and Dy2Co12As7. Nevertheless,
given the well-known trend for the reversal of the sign of 4f-3d
magnetic exchange at the middle of lanthanide series (for the half-
filled f-shell), we hypothesize that the 4f-3d coupling in these
materials should be FM in nature. This assumption is further
supported by properties of the later members of R2Co12As7 series.
It is also in agreement with our findings of AFM 4f-3d coupling in
RCo2P2 and RCo2As2 structures with early lanthanides [25,26,33].

R2Co12As7 (R¼Ho, Er, Tm). As expected, these three compounds
also exhibit FM ordering of Co moments at TC equal to 139, 116,
and 136 K, respectively (Figs. 9a and S8). The increase in the FC
magnetic susceptibility at lower temperatures suggests the FM
ordering of rare-earth moments, although the transition tem-
perature is less clearly defined. The ordering is likely gradual, as
also seen for the earlier compounds in the R2Co12As7 series. The
field-dependent magnetization measured at 100 K shows an initial
rise of �2–3 μB (Fig. 9b), which is similar to the value observed for
Y2Co12As7. The magnetization curves recorded at 1.8 K exhibit
much faster increase at low fields as compared to the magneti-
zation measured at 100 K. Furthermore, the Msat values observed
at 1.8 K and 7 T are 21.6 μB for Ho2Co12As7, 19.1 μB for Er2Co12As7,
and 14.6 μB for Tm2Co12As7, which exceed the contributions of 20,
18, and 14, respectively, expected for the corresponding R3þ ions.
Such observations support the FM coupling between the 4f and 3d
moments in these materials.
ttp://dx.doi.org/10.1016/j.jssc.2015.08.038i
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Fig. 8. Temperature dependence of zero-field-cooled (ZFC) and field-cooled (FC) magnetization measured at 1 mT for Tb2Co12As7 (a) and Dy2Co12As7 (b), and isothermal field
dependence of magnetization measured at 1.8, 25, 65, and 100 K for Tb2Co12As7 (c) and Dy2Co12As7 (d).
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3.4. Neutron scattering

To establish the structure of magnetically ordered states, neu-
tron scattering experiments were performed on powder samples
of Nd2Co12As7 and Ce2Co12As7.

Nd2Co12As7. Initially, this material was examined by non-po-
larized neutron powder diffraction (NPD). Since no magnetic or-
dering is expected at 150 K, the NPD pattern collected at that
temperature should be representative of the nuclear structure. The
unit cell parameters refined from the NPD data were in good
agreement with those obtained from the PXRD data (Table 4). The
Rietveld refinement was performed using the structural model
established from the single-crystal X-ray experiment and adding
Bi as the second phase. Satisfactory convergence was achieved,
indicating the molar fraction of Bi impurity as 5%.

Nuclear peaks (100) and (110), which were very weak at 150 K,
increased in intensity slightly at 50 K and dramatically at 2 K
(Fig. 10a). The pattern obtained at 50 K was refined similar to the
one at 150 K, but with the addition of a magnetic phase located at
the same atomic positions as the main nuclear phase, Nd2Co12As7.
Based on the magnetic measurements, we assumed only Co mo-
ments to be ordered at 50 K. The refinement resulted in magnetic
moments of 0.2(1) μB on Co1 atom and 0.53(9) μB on Co2/Co3
atoms. The total magnetic moment is 0.2�6þ0.53�6¼4.3 μB per
f.u., which is close to the value of 3.9 μB obtained from magneti-
zation data at 50 K.

The Rietveld refinement of NPD pattern obtained at 2 K was
carried out assuming magnetic ordering in both Nd and Co
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sublattices. The magnetic phase was located at the atomic posi-
tions of the main nuclear phase. A satisfactory refinement was
achieved only when Nd and Co moments were oriented anti-
parallel to each other, resulting in the FiM ground state (Fig. 10b).
Attempts to model the magnetic structure with Nd and Co mo-
ments coupled FM to each other led to significantly larger re-
finement residuals (Fig. S9). The magnetic moments derived from
the refinement were 1.6(2) μB for Nd, 0.22(7) μB for Co1, and
0.53(5) μB for Co2/Co3.

Polarized neutron scattering measurements were performed
on the Nd2Co12As7 sample placed in a vertical magnetic field of
0.1 T. The measurements were performed at 150, 50, and 5 K, for
the spin of the incident neutron beam aligned parallel and anti-
parallel to the magnetic field direction. The experimental data and
the calculated profiles are displayed in Fig. 11a. At 150 K, no
magnetic signal was observed, as expected for a paramagnetic
state. The spectrum obtained at 50 K confirmed the FM ordering of
Co moments, with the calculated moment at Co1 site approxi-
mately three times smaller than the moment at Co2/Co3 site, in
good agreement with the results of non-polarized NPD experi-
ments. The spectrum was satisfactorily simulated with μ
(Co1)¼0.1(1) μB and μ(Co2/Co3)¼0.3(1) μB. At 5 K, a strong scat-
tering component emerged in the opposite direction, suggesting
the ordering of Nd moments in the direction antiparallel to the Co
moments. The data were modeled with μ (Nd)¼–1.6 μB, μ
(Co1)¼0.2(1) μB, and μ(Co2/Co3)¼ 0.6(1) μB, which agree very
well with values obtained from the Rietveld refinement of the
non-polarized NPD pattern recorded at 2 K. We would like to point
ttp://dx.doi.org/10.1016/j.jssc.2015.08.038i
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Fig. 9. (a) Temperature dependence of field-cooled magnetization at 1 mT and
(b) isothermal field dependence of magnetization at 1.8 K (empty symbols) and
100 K (solid symbols) for R2Co12As7 (R¼Ho, Er, Tm).

Table 4
Unit cell parameters of Nd2Co12As7 refined from neutron and X-ray powder dif-
fraction data.

Compound Method T, K a, Å c, Å

Nd2Co12As7 X-ray 298 9.443(4) 3.7896(8)
neutron 150 9.4243(2) 3.7781(1)
neutron 50 9.4201(1) 3.7733(1)
neutron 2 9.4199(2) 3.7726(1)
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out that setting the moments at all Co sites equal did not provide a
satisfactory fit to either non-polarized or polarized neutron scat-
tering data. A similar effect was observed by Jeitschko et al. in the
analysis of neutron diffraction patterns of R2Co12P7 (R¼Pr, Nd, Ho),
and the difference in the magnetic moment of crystallographically
distinct Co centers was explained by their different coordination
environments [19].

Ce2Co12As7. Since the magnetic data suggested two successive
FM phase transitions in Ce2Co12As7, with rather weak saturation
moments, non-polarized NPD data were not acquired because they
would not have been sensitive enough to the magnetic order in
Please cite this article as: X. Tan, et al., J. Solid State Chem. (2015), h
this material. Initial polarized measurements were performed
under the same conditions as in the case of Nd2Co12As7, in vertical
magnetic field of 0.1 T. Measurements at 150 and 50 K did not
detect any magnetic signal. At 5 K, magnetic peaks were observed
in the difference scattering (Iþ–I–). Surprisingly, the pattern ob-
served suggests that the ordered Ce moment is very small,
�0.1(1) μB, and aligned parallel to the Co moments. Similar to the
Nd-containing compound, the moment on the Co1 site (0.2 μB)
was refined to be approximately three times smaller than that on
the Co2/Co3 site (0.6 μB).

Ce2Co12As7 was also examined by polarized neutron scattering
under magnetic field of 2 T. The data were collected at 150, 50, and
1.5 K. Similar to the data obtained under 0.1 T, no magnetic signal
was observed at 150 K. The spectra recorded at 50 K and 1.5 K
were satisfactorily simulated with magnetic moments (in μB) on
Ce, Co1, and Co2/Co3 sites equal to 0, 0.1(1), 0.2(1) and 0.1(1), 0.2
(1), 0.6(1), respectively (Fig. 11b).
4. Conclusions

This work demonstrates that Bi flux can be used as effective
reaction medium for the synthesis of ternary arsenides, R2Co12As7
(R¼Y, Ce–Yb). The reactions are usually complete within 7–10
days, and in the majority of cases single-phase products can be
obtained. All R2Co12As7 compounds crystallize in the P63/m variant
of the Zr2Fe12P7 structure type. The higher symmetry results from
the separation of the structure into domains characterized by the
short-range P 6̅ symmetry. The study of the materials with trans-
mission electron microscopy supported the structural model es-
tablished from the single-crystal X-ray diffraction data.

The successful synthesis of phase-pure R2Co12As7 materials
allowed investigation of their magnetic properties. In general, the
Co sublattice exhibits ferromagnetic ordering at 100–140 K, similar
to the behavior of R2Co12P7, in which the Co moments exhibit
ferromagnetic ordering at 140–160 K. The lower-temperature
magnetic behavior depends on the identity of lanthanide element.
The 3d-4f exchange coupling is antiferromagnetic for R¼Pr–Sm,
but changes to ferromagnetic for R¼Eu–Tm. This finding also
agrees with the results of earlier determination of magnetic
structures of R2Co12P7 (R¼Pr, Nd, Ho) by neutron diffraction,
which revealed antiferromagnetic Pr–Co and Nd–Co coupling and
ferromagnetic Ho–Co coupling [19]. Thus, we observe the change
in the character of 3d-4f magnetic exchange at half-filling of the 4f
shell. This is similar to observations made in other series of 3d-4f
intermetallics [46–48], although the sign of exchange (ferro- or
antiferromagnetic) can differ depending on the particular struc-
ture of a series [25].

Compounds with Ce, Eu, and Yb stand out from the general
trend in the magnetic properties of R2Co12As7, due to the mixed
valence of these metals, which at 294 K exhibit the average oxi-
dation states of þ3.20, þ2.47, and þ2.91, respectively, as estab-
lished by XANES spectroscopy. The deviation in magnetic proper-
ties is rather minor in the case of Eu2Co12As7, which only exhibits
somewhat higher ordering temperature than its Sm- and Gd-
containing neighbors. Ce2Co12As7, however, shows ferromagnetic
3d-4f exchange, which contrasts with ferrimagnetism established
for the other R2Co12As7 materials with the less than half-filled 4f
shell. The ferromagnetic exchange in Ce2Co12As7 and anti-
ferromagnetic one in Nd2Co12As7 were also confirmed by polar-
ized neutron scattering experiments. Finally, in the case of
Yb2Co12As7, we could not find a clear signature of Yb contribution
to the magnetic ordering. This effect might stem from delocaliza-
tion of the Yb electron density through the 3d-5d hybridization,
although further studies are required to understand the observed
behavior.
ttp://dx.doi.org/10.1016/j.jssc.2015.08.038i

http://dx.doi.org/10.1016/j.jssc.2015.08.038
http://dx.doi.org/10.1016/j.jssc.2015.08.038
http://dx.doi.org/10.1016/j.jssc.2015.08.038


Fig. 10. (a) Fragments of neutron powder diffraction patterns of Nd2Co12As7 emphasizing the growth of the (100) and (110) diffraction peaks with decreasing temperature.
(b) Rietveld refinement of the neutron powder diffraction pattern of Nd2Co12As7 collected at 2 K and 0 T, assuming antiferromagnetic 3d-4f coupling.
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It should be pointed out that the number of known ternary
structures in the R–Co–As systems is much smaller than the
number of known R–Co–P materials. Therefore, we believe the use
Fig. 11. Difference plots (Iþ–I–) of polarized neutron scattering profiles for (a) Nd2Co12As
spin polarization of the incident neutron beam was aligned parallel (Iþ) and antiparallel
the models discussed in the text. (For interpretation of the references to color in this fi

Please cite this article as: X. Tan, et al., J. Solid State Chem. (2015), h
of Bi flux will afford the synthesis of other rare-earth cobalt ar-
senides and the growth of single crystals of these materials, hence
detailed investigation of their physical properties. Efforts in this
7 at 0.1 T and 150, 50, and 5 K and (b) Ce2Co12As7 at 2.0 T and 150, 50, and 1.5 K. The
(I–) to the magnetic field direction. The red lines show calculated profiles assuming
gure legend, the reader is referred to the web version of this article.)

ttp://dx.doi.org/10.1016/j.jssc.2015.08.038i
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direction are currently under way in our laboratories.
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