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CoSe2O5 has a crystal structure consisting of zigzag chains of edge shared CoO6 octahedra running along
the c axis with the chains separated by Se2O5

2− units. Magnetic-susceptibility measurements indicate a transi-
tion at 8.5 K to an ordered state. We investigate the nature of this magnetic order using magnetization and
specific-heat measurements, in addition to powder neutron diffraction. A transition to long-range antiferromag-
netic order is found below TN=8.5 K as identified by magnetic-susceptibility and heat-capacity measurements,
and the emergence of magnetic Bragg reflections with a propagation vector k=0. The low-field magnetic-
susceptibility data indicate the presence of weak ferromagnetism in the antiferromagnetic ordered state which
saturates in very small fields. Heat-capacity measurements at low temperatures indicate that only about half the
configurational entropy is released at TN. The functional form of the heat capacity below TN suggests the
presence of a gap of 6.5 K in the magnon dispersion. The refined magnetic structure shows that the moments
align perpendicular to the c axis, and tilting alternately by +14° and −14° with respect to the a axis.
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I. INTRODUCTION

Materials with reduced crystallographic dimensionality
are of great interest because their physics is dominated by
strong interplay between charge, lattice, and magnetic de-
grees of freedom.1,2 From the perspective of magnetism,
chains of spins are especially interesting because of the pos-
sibility of competing nearest- and next-nearest-neighbor ex-
change interactions.3 Examples of recently studied com-
pounds with magnetic chains include those showing
geometric frustration, magnetoelectric coupling, and possible
quantum tunneling of the magnetization, as exemplified by
Ca3Co2O6,4–6 MnWO4,7 and LiCu2O2.3,8

Here we report a detailed magnetic study of polycrystal-
line CoSe2O5, an orthorhombic compound crystallizing in
the Pbcn space group, comprising chains of edge sharing
CoO6 octahedra that zigzag along the c axis. Each chain is
bound together by Se2O5

2− units via shared oxygen atoms at
the corners of the octahedra. The diselenite units can be vi-
sualized as two trigonal pyramids of SeO3 which share a
corner and contain two lone pairs of electrons which point in
antiparallel directions. This compound and its structure were
reported by Harrison et al.9 but no reports on the properties
have been made so far. We were particularly interested in this
compound because of its chain structure and the presence of
symmetry reducing lone pairs.

We have used a combination of magnetic-susceptibility
and magnetization measurements, specific-heat measure-
ments, and low-temperature powder neutron diffraction to
characterize the nature of the magnetic ground state below
TN=8.5 K and at low-magnetic fields. We suggest the pres-
ence of more complex magnetic structures in the presence of
large fields and point to the presence of a 6.5 K gap in the
magnon dispersion from heat-capacity measurements.

II. EXPERIMENTAL METHODS

CoSe2O5 was prepared following the reported hydrother-
mal procedure.9 SeO2 �5.0 g, Cerac, 99.99%� was dissolved
in 15 cm3 of water and combined with CoSO4·xH2O �2.0 g,
Sigma-Aldrich, 98%�. The mixture was sealed in a 23 mL
poly�tetrafluoroethylene�-lined pressure vessel �Parr Instru-
ments� and heated to 200 °C for 48 h. The resulting product
consisted of dark purple single crystals averaging 1.5 mm
�1.5 mm�0.5 mm.

ZnSe2O5, a nonmagnetic analog to the title compound,
was also prepared in order to estimate the lattice contribution
to the specific heat. SeO2 �0.7317 g, Cerac, 99.99%� was
ground in an agate mortar with ZnO �0.2683 g, Sigma-
Aldrich, 98%�, sealed in a quartz tube and heated at 350 °C
for 48 h.10 The resulting product consisted of an off-white
polycrystalline powder.

Temperature dependence of the dc magnetization was
measured on well-ground powder samples using a Quantum
Design magnetic property measurement system �MPMS�
5XL superconducting quantum interference device magneto-
meter. Powders were preferred for magnetization measure-
ments since the shape and dimensions of the available single
crystals made them difficult to align with respect to the field
direction. The specific-heat data were collected on a 9.5 mg
single crystal using the semiadiabatic technique as imple-
mented in a Quantum Design physical property measurement
system, under zero applied field as well as under a 10 kOe
field. The measurement on nonmagnetic ZnSe2O5 was made
by mixing the compound with equal parts by mass of Ag
powder and pressing into a pellet in order to improve thermal
coupling. The contribution from Ag was measured separately
and subtracted.

Neutron-diffraction data were collected on a sample of
well-ground single crystals at the D2B powder diffracto-
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meter at the Institut Laue-Langevin �ILL�, France11 using a
wavelength of 1.5949 Å. The precise wavelength of the in-
cident neutrons was refined against the data obtained at 300
K by fixing the cell parameters to the values determined
from a room-temperature x-ray diffraction pattern collected
on a Philips XPERT MPD diffractometer operated at 45 kV
and 40 mA. In order to achieve a better fit to the lowest-lying
magnetic reflections, a diffraction pattern was also collected
at 2 K using a wavelength of 2.399 Å.

III. RESULTS AND DISCUSSION

The high-temperature region �350–400 K� of the inverse
susceptibility was fit to the Curie-Weiss equation, C / �T
−�CW�, to obtain the effective moment �ef f from the Curie
constant and the Curie-Weiss intercept �CW. A Curie-Weiss
temperature of −34 K and an effective moment of 5.19�B
were extracted from the fits to the data collected under a 100
Oe field. This effective moment can be compared to the
value of 5.2�B expected for octahedrally coordinated Co2+

�Refs. 12 and 13� �d7, t2g
5 eg

2, S=3 /2, and L=3� where the spin
and orbital contributions to the effective moment are com-
pletely decoupled from one another as obtained using the
relationship14 �L+S=�4S�S+1�+L�L+1�.

Using the values of C and �CW from the fit to the high-
temperature susceptibility, we display in Fig. 1 a plot of the
scaled field-cooled �FC� susceptibilty of CoSe2O5 in a man-
ner that emphasizes deviations from Curie-Weiss behavior.
The scaling is performed by plotting C / ����CW��−1 as a
function of T / ��CW�, for which Curie-Weiss behavior should
yield a straight line through the origin �indicated by the
dashed line�. The purpose of such scaling has been discussed
in prior work.15 Deviations from Curie-Weiss behavior start
at temperatures near 34 K �note that the frustration index16

f = ��CW� /T can be read from the inverse of the x axis�. At TN

near 8.5 K, there is a sharp transition to an ordered ground
state.

The ordering temperature of 8.5 K is smaller than �CW as
is commonly found in systems with reduced crystallographic
dimensionality. One of the advantages of the scaling used in
Fig. 1 is that systems with purely antiferromagnetic ordering
display positive deviations from the Curie-Weiss line. In
contrast, systems with ferromagnetic interactions or more
generally, uncompensated magnetic ordering, display nega-
tive deviations, reaching a limiting value of −1 for the case
�→�.15 While the FC susceptibility under a 10 000 Oe field
clearly attains a ground state that is completely compensated
and antiferromagnetic, the lower field measurement obtained
at 100 Oe while also resulting in a transition near 8.5 K,
results in a ground state that retains some uncompensated
moment rather than being purely antiferromagnetic.

To better understand the nature of the 8.5 K transition, we
show in Fig. 2 the temperature dependence of the magnetic
susceptibility for a powder sample of CoSe2O5 collected un-
der different magnetic fields. When measured in fields
smaller than 1000 Oe, a sharp jump in the susceptibility is
observed below 8.5 K. Such a jump would not be expected
for an antiferromagnet with complete cancellation of the
magnetic moment within the unit cell. Instead, we attribute
the jump to the presence of weak ferromagnetism that can be
found in systems with a canted antiferromagnetic spin
structure.17 The weak ferromagnetism is an intrinsic property
of the material since there is no change in the ordering tem-
perature as a function of field and no magnetic impurities
were detected in the powder neutron-diffraction data as will
be discussed in the following. Additionally, we find that the
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FIG. 1. FC dc magnetic susceptibility of polycrystalline
CoSe2O5 acquired under magnetic fields of 100 and 10 000 Oe.
The data have been scaled as indicated in the text to emphasize
deviations from Curie-Weiss behavior.
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FIG. 2. �a� FC �open symbols� and ZFC �closed symbols� mag-
netic susceptibility of a powder sample of CoSe2O5 acquired under
increasing strengths of the external magnetic field. At 8.5 K, the
system orders to an antiferromagnetic state. A weak-ferromagnetic
component is found in low-field data, suggested from the separating
ZFC and FC traces. Note also that the magnetic ordering tempera-
ture is not field dependent.
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contribution from the weak ferromagnetism can be mini-
mized by application of sufficiently large fields. Indeed,
magnetic measurements under fields ranging from 1000 to
10 000 Oe display the characteristic, somewhat rounded
downturn expected for a well-compensated antiferromagnet.

From Fig. 2 we see that the separation between the zero-
field-cooled �ZFC� and FC susceptibility corresponding to
the weak-ferromagnetic component is gradually reduced
with increasing field strength as the weak ferromagnetism
saturates and the antiferromagnetism begins to dominate the
susceptibility. By fitting a straight line to measurements of M
vs H at T=2 K and subtracting this straight line from the 2
K magnetization, we obtain plots of �M as a function of the
ascending and descending magnetic fields at T=2 K dis-
played in Fig. 3. The resulting trace shows a small maximum
near H=0, which indicates the ferromagnetic component has
a saturation value around 2�10−4�B /Co.

The temperature dependence of the specific heat Cp of
CoSe2O5 shown in Fig. 4�a� exhibits a �-type anomaly at
around 8.5 K corresponding to the transition to long-range
magnetic order observed in the susceptibility and in the

neutron-diffraction data. Measurements on nonmagnetic
ZnSe2O5 give an estimate of the lattice contribution using a
three-term expansion with the best fit yielding a Debye tem-
perature, �D, of 222 K. An estimate of the change in entropy
associated with the magnetic transition can be obtained by
integrating Cp,mag /T defined between the specific-heat data
of CoSe2O5 and ZnSe2O5 �Fig. 4�b��. The change in entropy
due to the magnetic transition, thus determined, was
5.3 J mol−1 K−1 which is smaller than the value of
11.5 J mol−1 K−1 predicted by the Boltzmann equation ��S
=R ln�2S+1� and S=3 /2�.

The relatively large temperature range �nearly 15 K� over
which the 8.5 K ordering takes place is consistent with the
large range of temperature over which the deviation from
Curie-Weiss behavior commences in the magnetic suscepti-
bility. This is also a characteristic of the reduced dimension-
ality of the system. In contrast, in three-dimensional antifer-
romagnets such as the rutile difluorides of Fe, Co, and Ni,
the � anomaly has a width of only a few Kelvin.18

TABLE I. Summary of the results of Rietveld structure refinement of variable temperature neutron-
diffraction data. The employed neutron wavelength � is indicated.

300 K ��=1.6 Å� 2 K ��=1.6 Å� 2 K ��=2.4 Å�

a �Å� 6.7920a 6.7923�3� 6.7928�3�
b �Å� 10.3687a 10.3566�4� 10.3578�5�
c �Å� 6.0759a 6.0550�2� 6.0556�3�
M ��B� 3.1�2� 3.3�2�
V �Å3� 427.899a 425.941�3� 426.063�4�
Rnuc. �%� 4.5 3.3 2.6

Rmag. �%� 5.5 4.5

aFixed from the room-temperature Rietveld refinement of laboratory XRD data. See text.
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FIG. 3. Isothermal magnetization curve as a function of the
applied field. The inset depicts �M which is obtained by subtracting
as explained in the text, at T=2 K. At low fields, the weak-
ferromagnetic component displays a somewhat S-shaped trace
which saturates quickly in fields near H=100 Oe.

FIG. 4. �a� Temperature dependence of the specific heat of
CoSe2O5 measured on a 9.5 mg single crystal under zero field, and
with a H=10 kOe field applied along the b axis of the crystal. A
nonmagnetic analog, ZnSe2O5, was also measured in order to ob-
tain the lattice contribution to the specific heat. Note the large width
of the ordering peak and the release of entropy well above the
transition temperature of 8.5 K. The inset depicts the fit �solid line�
to the experimental data �symbols� as described in the text. �b�
Entropy released due to the magnetic ordering, obtained by integra-
tion of the magnetic heat capacity.
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The specific heat was also measured with a field of
10 000 Oe applied along b axis. As seen in Fig. 4�a� there is
very little change in the character of the transition as might
be expected for a small reorientation of the spin axis. It
should also be noted that the entropy is slightly increased to
a value of 6.3 J mol−1 K−1, closer to the predicted value of
11.5 J mol−1 K−1.

A fit to the specific heat below the transition temperature
could not be obtained using only the T3 term as expected for
a typical insulating antiferromagnet. Instead, the best fit to
the data was found when an exponential term was included,
using Cp,mag�T3 exp�−� /kBT�.19,20 This result reflects the
presence of low-energy magnetic excitations in the magnon
dispersion with a gap, �, determined here to be 6.5 K in zero
field and 5.8 K under 10 kOe. The size of the gap in this
system is on the order of the energies associated with the
spin-orbit splitting of the lowest-lying electronic states of
octahedral Co2+ as determined by ab initio calculations,21

although other microscopic origins for the gap are also pos-
sible.

The nuclear and magnetic structure of CoSe2O5 were re-
fined using the Rietveld method as implemented in the
FULLPROF software suite.22 The peak shape was described
using the Thompson-Cox-Hastings pseudo-Voigt function,
and the background was fit by interpolation between regions
showing no Bragg reflections. The crystal structures were
analyzed based on the model proposed by Harrison et al.,9

although it should be noted that we use the standard setting
of space-group number 60 �Pbcn� instead of the alternate
Pnab description used in the original work. A summary of
key refinement results is shown in Tables I and II. For the
magnetic structure, group theoretical analysis was performed
using representational analysis as implemented in the pro-
gram SARAH �Ref. 23� to determine all of the possible spin
configurations which were compatible with the crystal sym-
metry.

The thermal evolution of the neutron-diffraction patterns
collected from 300 to 2 K are shown in Fig. 5. Three mag-
netic reflections appear below 10 K in the patterns obtained
at 2.4 Å at 8°, 17°, and 20°. These three peaks could only be
fit simultaneously by using the basis vectors of the irreduc-
ible representation 	4 �Table III�. The resulting magnetic
structure associated with 	4 refined from the 2.4 Å data is
illustrated in Fig. 6. The propagation vector consistent with
the neutron-diffraction data is k=0. Each chain of Co mo-
ments align antiferromagnetically down the length of the

chain and with respect to the neighboring chains. The mo-
ments tilt in the ac plane, forming alternately, angles of +14°
and −14° with respect to the a axis. The moments have no
component along b. The magnetic moment on every Co at-
oms refined to a value of 3.2�B at 2 K using the �
=2.399 Å neutron-diffraction data. This value corresponds
to the three unpaired spins per Co atom in the ordered anti-
ferromagnetic structure with a small contribution from the
orbital moment. Clarke and co-workers have described the
moment on other octahedral Co2+ containing compounds as
being composed of a spin moment which has been reduced
by covalency and some orbital contribution obtained by mix-
ing of excited states of Eg symmetry. While the refined mo-
ment is smaller than observed for other Co2+ containing
complexes, this may be explained by considering that the
irregular octahedral environment reduces the symmetry of
the octahedral environment from the T1g ground state and
thereby decreases the contribution from the orbital
moment.24,25

To summarize our understanding of CoSe2O5, we note
that magnetic-susceptibility measurements under small fields

TABLE II. Atomic positions from Rietveld refinements carried out on data acquired at 300 and 2 K using
1.6 Å neutrons. All error bars on the atomic positions were less than 4�10−4.

300 K 2 K

x y z x y z

Co 0 0.9395 3
4 0 0.9389 3

4

Se 0.6314 0.1544 0.9685 0.6312 0.1542 0.9686

O1 0.8060 0.2093 0.3420 0.8055 0.2089 0.3408

O2 1
2 0.9312 1

4
1
2 0.9317 1

4

O3 0.8402 0.9331 0.4519 0.8397 0.9333 0.4526
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FIG. 5. Top panel—low-angle region of the powder neutron-
diffraction patterns of CoSe2O5 �D2B, ILL� obtained for �
=1.5949 Å. Bottom panel—low-angle region of the powder
neutron-diffraction patterns for �=2.399 Å meant to emphasize the
fit to the magnetic reflections. Note the development of magnetic
Bragg peaks in the 5 and 2 K patterns.
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�less than 5000 Oe� reveal a ZFC-FC separation that suggests
weak ferromagnetism overlaid on the antiferromagnetic crys-
tal structure. The weak ferromagnetism is not expected from
the completely compensated antiferromagnetic structure that
we determine to be most consistent with the low-temperature
powder neutron diffraction data. However, we note that the
estimated saturation magnetization of the weak-
antiferromagnetic component O�10−4�B� per Co atom, is sig-
nificantly smaller than what can be resolved with powder
neutron diffraction. ZFC-FC separation of the kind observed
at low fields in Fig. 2 has been attributed to intrinsic weak
ferromagnetism in a number systems as a consequence of the
Dzyaloshinskii-Moriya interaction �DM�.26–30 Spin canting
leading to weak ferromagnetism in the absence of the DM
interaction has also been observed previously in
Ba2Cu3O4Cl2.31 The weak ferromagnetism could also arise
from local disordering of the spin structure as a result of a
combination of competing interactions and the reduced di-
mensionality. Such disorder would not necessarily generate
extra Bragg reflections in the neutron-diffraction data due to
the lack of long-range coherency.

IV. CONCLUSIONS

We have examined the magnetic properties of CoSe2O5
using neutron-diffraction, magnetization, magnetic-

susceptibility, and specific-heat measurements. We show that
below the magnetic ordering temperature, the magnetic
chains arrange their moments antiferromagnetically down
the length of the chain and with respect to neighboring
chains. The magnetic order in small fields is found to addi-
tionally exhibit signatures of weak ferromagnetism. We also
find evidence in the heat capacity of a gap of 6.5 K in the
magnon dispersion, that is unrelated, based on the energy
scale, to the weak ferromagnetism but may still be relevant
for understanding the magnetic ground state of CoSe2O5. All
evidence points to a rich H−T phase diagram.
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