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Single crystal magnetic structure and susceptibility of CoSe,Os5
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Abstract

The structure of CoSe,Os consists of one-dimensional ribbons of edge-sharing CoOg octahedra bound together by polyanionic
subunits of Se,Os. Previous work on polycrystalline samples reported a canted antiferromagnetic arrangement of the magnetic
moments below the ordering temperature of 8.5 K. Here, we report a single crystal investigation using variable temperature and
field magnetic susceptibility and low-temperature neutron diffraction to more precisely characterize the nature of the magnetic
ground state of CoSe,Os. Contrary to previous reports, we find that the single crystal magnetic structure shows no canting of
the antiferromagnetic ground state, and in the process have identified several field-induced changes to the magnetization. We
discuss these results in the context of the revised magnetic structure and highlight the importance of crystal growth for the accurate

characterization of these properties.
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1. Introduction

One-dimensional magnetic materials exhibiting a strong de-
gree of anisotropy in their superexchange interactions often dis-
play novel physical properties. [1, 2] Yet, this anisotropy can
present unique challenges when studying polycrystalline sam-
ples since only strongly averaged properties can be measured
without accurately orienting the magnetic field along each axis
of the unit cell. [3, 4] It is, therefore, critical that high quality
single crystals be used to study these kinds of compounds in or-
der to accurately evaluate and understand anisotropic physical
properties.

The structure of CoSe,QO5 consists of one-dimensional rib-
bons of edge-sharing CoOg octahedra bound together by
polyanionic subunits of Se;Os. These units consist of two
pyramidal SeO; groups that possess a stereochemically active
pair of 4s® electrons localized at the apex of each pyramid
and point in opposite directions. [5] Previous work on poly-
crystalline powders of CoSe,Os reported a canted antiferro-
magnetic ground state below an ordering temperature of 8.5 K.
Low-field magnetization measurements also indicated signs of
weak ferromagnetism, but no explanation for this behavior was
suggested. [6]

Here, we perform a detailed investigation into the anisotropic
magnetic properties of CoSe,Os. Using neutron scattering on
single crystals, we find no evidence for canting of the magnetic
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moments previously seen in powdered samples, but instead find
a uniformly collinear antiferromagnetic structure within and
between the chains with moments oriented along the a-axis.
Temperature- and field-dependent magnetic susceptibility re-
veal four distinct high-magnetic-field induced changes to ori-
entation of the moments, with two occurring along the a-axis
and two occurring along the c-axis. We discuss these observa-
tions in the context of the anisotropic superexchange pathways
that result from the chain-like topology of the crystal structure.

2. Materials and methods

2.1. Single crystal growth

CoSe, 05 was prepared following a previously reported hy-
drothermal procedure.[5] SeO, (5.0 g, Sigma-Aldrich, 99.8%)
was dissolved in 15cm® of water and combined with
CoS04-7TH,0 (2.0 g, Sigma-Aldrich, >99%). The mixture was
sealed in a 23-mL poly(tetrafluoroethylene)-lined pressure ves-
sel (Parr Instruments) and heated to 200 °C for 48 hours. The
resulting product consisted of dark purple single crystals aver-
aging 1.0mm x 1.0 mm x 0.5 mm.

2.2. Single Crystal Alignment

A prism-shaped crystal specimen, approximate dimensions
0.240 mmx0.362 mmx0.403 mm, was affixed on a CryoLoop
using Paratone N oil and mounted on a Bruker APEX DUO
single crystal diffractometer with the with the y-axis fixed at
54.74°. The diffractometer was equipped with an APEX II
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Figure 1: |F| |(2;b.y vs. |F |§alr plots from the refinement of the (a) nuclear and (b)

magnetic reflections against single crystal neutron scattering data obtained from
the HB-3A four-circle single-crystal diffractometer at the High-Flux Isotope
Reactor at the Oak Ridge National Laboratory. (c) |F| |2 vs. sin6/A plot for
the observed structure factors, calculated, and difference from the magnetic
refinement of 93 reflections. The Ry2,, = 7.2% for the nuclear refinement and
17.2% for the magnetic refinement.

CCD detector and an Oxford Cryosystems Cryostream 700 ap-
paratus for low-temperature data collection. The crystal ori-
entation matrix was determined from 36 omega scans (0.5°
width) that were collected in three orthogonal runs of 12 frames
each at 100 K using Mo Ke radiation (TRIUMPH curved-
crystal monochromator) from a fine-focus tube using the BIS
software package.[7] The final cell constants of a=6.806(4) A,
b=10.375(7) A, ¢=6.050(4) A, @ = 90°, B = 90°, y = 90°,
V = 427.2(8) A3, are based upon the least-squares refinement
of the XYZ-centroids of 113 reflections. The crystal faces were
then indexed with the Bruker APEX?2 software package[8] us-
ing a 360 ° phi crystal rotation video and the crystal orientation
matrix.

2.3. Physical Property Measurement

Temperature- and field dependent DC magnetization was
measured on oriented single crystals using a 14 T Quantum De-
sign PPMS equipped with a vibrating sample magnetometer. A
single crystal weighing 20.5 mg was selected and affixed to a
quartz rod using Duco® cement and kapton tape. The flat face
of the prism was measured by sandwiching the crystal between
two quartz rods within a brass sample holder and securing with
Duco® cement.

2.4. Neutron scattering

The single crystal diffraction measurements were carried out
on the HB-3A four-circle single-crystal diffractometer at the
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Figure 2: Illustration of the magnetic structure along the (a) b- and (b) c-axis.

High-Flux Isotope Reactor at the Oak Ridge National Labo-
ratory. The neutron wavelength employed was 1.003 A using a
bent perfect Si-331 monochromator. Nuclear and magnetic re-
flections were taken on a four-circle goniometer with the sam-
ple at 4.8 K using a closed-cycle helium refrigerator. To obtain
nuclear structural parameters and a scale factor, 346 nuclear re-
flections were measured up Q = 8.055 A~'. The 93 magnetic
reflections measured are those at k = 0 and appear at forbidden
positions for the nuclear structure. To check for any incommen-
surability of the magnetic structure, the [010] and [030] mag-
netic reflections were scanned at a Q-resolution high enough
to see any incommensurate structure with & = 0.002 in recip-
rocal lattice units. Refinements of both the nuclear and mag-
netic structures were carried out using the FullProf suite of pro-
grams. [9]

3. Results

3.1. Magnetic Structure Determination

The scans through the (010) and (030) reflections with the
highest-Q resolution available did not show any incommensu-
rate satellite reflections. Therefore, the magnetic structure can
be described as antiferromagnetic with the magnetic propaga-
tion vector k equal to zero.

The refinement of the nuclear structure lead to a good agree-
ment with the previously published orthorhombic Pbcn struc-
ture with the Co on the 4c site (0, y , 3/4). The fit to the nuclear
reflections are shown in the |F |§bs vs. |F |3alc plot in Figure la.
To gauge the size of the magnetic moment accurately, the scale
factor and the Co structural parameters of y and B, from the
nuclear refinement were used in the magnetic fit.

The method of representations was used for fitting the mag-
netic reflections. For the wavevector of k = 0, space group



Table 1: The character table of the eight irreducible representations for magnetic ordering in CoSe,Os with a magnetic propagation vector k = 0. The characters
for each representation are given for the eight symmetry elements found in the little group Gy. Since each irreducible representation is one-dimensional, they can
be related to their respective magnetic space groups. The best fit to the neutron data was performed with I's, which corresponds to magnetic space group Pb’cn.

Irreducible magnetic magnetic
representation 1 2, 2, 2, 1 my, m; my, spacegroup componentsallowed
I, 1 1 1 1 1 1 1 1 Pbcn (0, M,,0)

I, 1 1 1 1 -1 -1 -1 -1 Pbcw 0, M,,0)

I 1 1 -1 -1 1 1 -1 -1 Pbc'n M,, 0,M,)

Iy 1 1 -1 -1 -1 -1 1 1 Pben’ (M,, 0, M,)

s 1 -1 1 -1 1 -1 1 -1 Pben 0, M,,0)

Is 1 -1 1 -1 -1 1 -1 1 Pbc'n (0, M,,0)

Iy 1 -1 -1 1 1 -1 -1 1 Pbc'n M,, 0, M,)

Iy 1 -1 -1 1 -1 1 1 -1 Pbcen (M,, 0, M,)

Pbcn, and the magnetic Co ion on the 4c site, the BasiReps
routine within FullProf returned 8 one-dimensional represen-
tations within the little group Gy. A full listing of the irre-
ducible representations can be found in Table 1, and the 8th
representation I'g is the only one that led to a reasonable fit to
the neutron data. In the context of magnetic symmetry, each
irreducible representation corresponds to one of the maximal
magnetic space groups for the nuclear space group Pbcn. The
eight possible magnetic space groups and their relation to the
irreducible representations are also listed in Table 1; the MAX-
MAGN routine in the Bilbao crystallographic server was used
to find the corresponding magnetic space groups (Ref. Perez-
Mato here). The representation I'g corresponds to the magnetic
space group Pb’cn and constrains the magnetic moment to lie
in the ac-plane. The magnetic moments can then be calculated
using the Fourier method according to

m; = Z S!exp(iG,, - T;) (1)

J

where m; is the moment value for an atom at position r;, G,, is
the reciprocal lattice vector corresponding to a magnetic reflec-
tion, and S is the spin Fourier coefficient. These coeflicients
can be found through linear combination of the basis functions

si=> chp @)
A

where the basis vector Jﬁ belongs to the v irreducible repre-
sentation and is indexed by A. The coefficients C2 are the only
refined parameters with the neutron diffraction data set. More
on the Eq. 1 and 2 and the general approach of representa-
tional analysis can be found on the works by Izyumov (Refer-
ence Izyumov book here) and Bertaut (Reference Bertaut article
here). The Jg functions corresponding to I's, which fit the data,
are presented in Table 2.

Given the high accuracy of the scale factor from the 342 nu-
clear reflections, the magnetic refinement returned a moment
size of 3.0(1) up per Co cation, which indicates all high spin
Co?*. The resulting fits are shown in Figure 1 where both |F |§bS
vs. |F|falc and |F|? vs. sin6/1 plots are presented.

As seen in Figure 2, the resulting magnetic structure is one
in which the moments point only along the a-direction and are

Table 2: The basis functions J’Sl for each Co ion site. All basis functions are real
and correspond to the irreducible representation (the 8th irreducible represen-
tation) that best fit the magnetic reflections. The refined value for y = 0.939(1).

Co coordinates aﬁé l/_/%

0,y,3/4 (100) (©O01D)
1/2,-y+1/2,1/4 (100) (00-1)
0, -y, 1/4 (-100) (0O0-1)

1/2,y+1/2,3/4 (-100) (001

antiferromagnetically coupled along the chains parallel to the
c-direction. The chains are in turn antiferromagnetically cou-
pled to the nearest neighbor chains. The representations (irre-
ducible representations 1, 2, 5, and 6 in Table 2) that included
a moment along the b-direction all led to unstable refinements.
The other four representations always included two basis func-
tions for a moment along the a-direction and another along the
c-direction. Adding a moment along the c-direction did not im-
prove the fit to the magnetic peaks only. If zﬁ% had a component,
this would lead to slight canting of the moment along the c-
direction with antiferromagnetic coupling within the chain, but
ferromagnetic coupling between nearest neighbor chains. FEi-
ther way, the structure would be inconsistent with weak ferro-
magnetism. The invariance of the fit with respect to having a
coefficient on the zﬁé basis vector of Table 2 could be the reason
why the magnetic structure from the current analysis is differ-
ent from the one determined using powder methods in Ref. 6.
Both nuclear and magnetic reflections were therefore included
in order to fit any possible c-axis component. The refined value
along ¢ was less than 0.5 up with a standard uncertainty larger
than the moment size. While including a ¢ component did not
improve the fit, it did not raise the residual of the fit either.
However, a model which uses the least amount of parameters
to achieve the best fit is the best model, and our single crystal
diffraction data therefore supports a collinear antiferromagnetic
structure.

3.2. Temperature-dependent magnetic susceptibility

Figure 3 shows the temperature-dependent magnetic suscep-
tibility along each axis of a representative crystal under vary-
ing strength of the applied magnetic field. As expected for a



compound with a chain-like topology, a significant degree of
anisotropy can be seen between each of the axes. The a-axis
shows a pronounced jump in the field-cooled susceptibility be-
low 8.5 K when measured with fields of 50 and 100 Oe. This
jump is gradually suppressed in fields of 250 and 500 Oe, and
is completely suppressed in a larger field of 10kOe (Figure 4).
In contrast, the b- and c-directions both exhibit the traditional
cusp that is associated with the pairing of spins into an antifer-
romagnetic ground state.

Considering the magnetic structure illustrated in Figure 2
only exhibits a single component to the moment oriented
strictly along the a-axis, the observation of uncompensated mo-
ments below the ordering temperature is somewhat unexpected.
The magnetic structure is analogous to the G-type antiferro-
magnetic structures of the perovskites, [10] with all of the near-
est neighbor Co-Co interactions within and between the chains
pointing antiparallel to each other with no uncompensated mo-
ment observable within the unit cell.

Fitting the high temperature region (200K to 400 K) of the
magnetic susceptibility collected under a field of 10kOe to the
Curie-Weiss equation, y = C/(T — 0¢cw), provides insight into
the nature of the magnetic interactions. The resulting fits give
values for Ocw of -15 K, -16 K, and -62 K and effective moments
of 5.03up, 4.96u5, and 5.20up along the [100], [010], and [001]
directions respectively. The effective moments are all in close
agreement with the expected value of 5.20up typically observed
for octahedrally coordinated Co?* (§=3/2, L=3) with decou-
pled contributions from the spin and orbital components of the
magnetization (ups = V4S(S + 1) + L(L + 1)). [11] The neg-
ative sign for the fitted ¢y in all directions reflects the dom-
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Figure 3: Magnetic susceptibility at various small fields. The black, red, and
blue lines correspond to measurement with the field oriented along the a-, b-,
and c-axes of the unit cell. The field-cooled and zero-field-cooled data are rep-
resented by solid solid and dashed lines respectively. The pronounced splitting
of the zero-field- and field-cooled susceptibility along the a-axis is indicative
of a ferromagnetic alignment of the spins not seen in the zero-field magnetic
structure.
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Figure 4: Magnetic susceptibility of the title phase collected under a field of
10kOe. The red, black, and blue and lines corresponds to measurement with
the field oriented along the a-, b-, and c-axes of the unit cell. Note that in large
fields there is no splitting between the zfc and fc traces of the susceptibility.

inant antiferromagnetic coupling in all directions. The larger
value of fcy observed along the c-axis reflects the stronger
magnetic exchange that occurs through the shared edges of
the cobalt octahedra compared to the more complex super-
superexchange interactions that mediate the interchain interac-
tion through the diamagnetic Se,Os units. Interestingly, the
ratio of the O¢cy along the chain direction (the c-axis) to the
experimental ordering temperature is close to 7. This ratio, fre-
quently referred to as the frustration index, [12, 13] indicates a
moderately frustrated system and likely reflects a competition
between the nearest and next-nearest neighbor spins down the
length of the chain.

The observation of the ferromagnetic response was further
investigated by indexing the faces of the crystal in order to un-
derstand the nature of the exposed surfaces. The crystals adopt
a prism-like habit, shown in Figure 5 (a), with the b-axis com-
posing the major flat surface with the edges of the platelet com-
posed of a mixture of the [110], [111], and [112] planes. This
means that the magnetic chains are run from one corner of the
crystal to the next, with the terminating plane cleaving at an-
gle such that ferromagnetic chain ends are exposed along each
edge of the crystal as illustrated in Figure 5 (b). These dangling
chains at the edge of the crystallites are the most likely origin of
the observed ferromagnetic response in small fields with larger
fields forcing the chain ends to adopt the low-energy ground
expected for the bulk.

3.3. Field-dependent magnetic susceptibility

Figure 6 shows the positive quadrant of the isothermal mag-
netization along each of the principle crystallographic axes at
various temperatures Below the ordering temperature of 8.5 K,
a significant deviation from the linear response expected for an
antiferromagnetic ground state is observed. These deviations
are most prominent when the field is applied along the a- and
c- axes, with measurements along the b-axis, which is perpen-
dicular to the orientation of the moment and chain direction,
showing no significant changes with applied field or tempera-
ture. Inspecting the derivative of the magnetization curves re-
veals two separate sets of field-induced transitions along a and
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Figure 5: (a) Photograph of a representative crystal of the title phase. The two
edges of the diamond face are between 0.3 mm and 0.4 mm as stated in the text.
(b) Orientation of the structural topology with respect to the exposed crystal
planes. The black lines represent the morphology of the crystal formed when
the [110], [111], and [112] planes intersect. Note the ferromagnetic chain ends
that are exposed around the edges of the crystal.

c. When the magnetic field is applied along the a axis, an ex-
tremely sharp upturn is observed around 60kOe with a more
shallow point of inflection occurring near 86 kOe. Similarly,
applying fields of 100 kOe and 135 kOe along the c-axis results
in two sharp upturns in the magnetization.

When applying fields along the a-axis, there is a clear kink
in the magnetization data around 60 kOe that may be related to
the breaking of the effective §=1/2 ground state commonly as-
sociated with the Kramers doublet of octahedrally coordinated
Co?*. [14, 15] Applying larger fields causes a steep climb in
magnetization until a saturation of 3up is reached above fields

of 90 kOe, indicating the antiferromagnetic ground state is com-
pletely broken in favor of a ferromagnetic alignment of the
spins. In contrast, when the field is oriented along the c-axis,
the steep changes are most likely associated with a spin flop
transition of the magnetic moments away from the a-axis and
onto the c¢. Further neutron scattering experiments in the pres-
ence of strong magnetic fields are necessary to fully understand
the nature of these spins flops, and are currently being pursued.

4. Discussion

The complex magnetic behavior found in CoSe,Os can be at-
tributed to the highly anisotropic magnetic exchange pathways
in the crystal structure. The strength of the mean-field interac-
tions along the length of the chains only appears to be a factor
of three stronger than the interaction between the chains. This
is the most likely origin of the moderate magnetic frustration,
and could explain the complex magnetic-field dependence ob-
served in the isothermal magnetization measurements. When
the Curie-Weiss analysis is considered alongside the magneti-
zation data, it is clear that the dominant antiferromagnetic in-
teractions occur down the length of the cobalt chains as ex-
pected. However, the presence of multiple field-induced tran-
sitions indicates that the inter-chain superexchange interactions
may not be completely negligible, with larger fields destabiliz-
ing the ground state configuration in favor of a lower energy
arrangement that better minimizes competition from these in-
teractions. The presence of multiple high-field magnetic tran-
sitions suggest that further characterization of the temperature-
and field-dependent properties could yield greater insight in to
the interplay between all of the complex inter- and intra-chain
interactions.

5. Conclusions

We have reported the observation of several field-induced
changes to the magnetic order in CoSe;Os at low temperatures.
Four distinct field-induced transitions be seen in the 2 K mag-
netization curves, with two along the a-axis and two along the
c-axis, with no disruption to the antiferromagnetic being ob-
served for fields oriented along the b-axis. These observations



were not detectable in powder samples and serves to reiterate
the importance of crystal growth when studying complex mag-
netic properties like those reported here.
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