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A new compound with one-dimensional spin chains, BagCo3Se;s, was synthesized under high pressure and high
temperature conditions and systematically characterized via structural, transport and magnetic measurements. BagCo3Se;s
crystallizes in a hexagonal structure with the space group P-6¢2 (No. 188) and lattice constants of a = b = 9.6765 A and
¢ = 18.9562 A. The structure consists of trimeric face-sharing octahedral CoSeg chains, which are arranged in a triangular
lattice in the ab-plane and separated by Ba atoms. The distance of the nearest neighbor of CoSeg chains is very large, given
by the lattice constant a = 9.6765 A. The Weiss temperature Ty associated with the intra-chain coupling strength is about
—346 K. However, no long-range magnetic order but a spin glass transition at ~ 3 K has been observed. Our results indicate
that the spin glass behavior in BagCo3Se |5 mainly arises from the magnetic frustration due to the geometrically frustrated

triangular lattice.

Keywords: one-dimensional chain, spin glass, high-pressure

PACS: 61.05.cp, 61.50.—f, 61.66.Fn, 61.82.Fk

1. Introduction

Quasi-one-dimensional (1D) system exhibits many exotic
physical phenomena due to the reduction of dimensions. It is
well known that for an ideal 1D spin chain, the thermal and
quantum fluctuations prevent the formation of a long-range or-
der at finite temperature.!!l However, for a system with quasi
1D spin chains, the inter-chain spin interaction usually results
in the long-range magnetic transition although it generally is
very weak. It is especially interesting when these spin chains
are arranged in a triangular lattice, which would induce geo-
metric magnetic frustration and give rise to rich ground states.
The prominent example is the composition ABX3 (A is alkali
metal, B is 3d transition metal, X is halogen atom), where
the infinite face-sharing BX4 octahedral chains are triangularly
arranged in the ab-plane.!”! For these ABX3 compounds, the
intra-chain exchange interaction is typically two to three or-
ders of magnitude larger than the inter-chain coupling, pre-
senting strongly 1D magnetic properties. Complex spin ar-
rangements in the ABX 3 compounds have been reported due to
the frustrated antiferromagnetic interaction. >~ To partially
relieve the frustration effect, the spins on the three sublattices
usually form 120° angles with the nearest neighbors on the
other sublattices for Heisenberg triangular antiferromagnets.
While for Ising triangular antiferromagnets (CsCoCl3 3! and

DOI: 10.1088/1674-1056/ab69%ea

CsCoBr3 10, the frustration effect becomes more acute and
leads to either partial ordered state or fully ordered ferromag-
netic state in the triangular plane.

Besides the triangular antiferromagnet of halogenides, the
isostructural chalcogenide BaVS3 with octahedral VSg chains
has been extensively studied.!''~'#1 A metal-insulator transi-
tion at 69 K driven by Peierls instability was observed and
in sequence an incommensurate antiferromagnetic transition
occurred at ~ 31 K.[''l When the S atoms in BaVSs were
replaced with Se, BaVSes; was reported to be a ferromag-
netic metal.['>! Recently, in order to further enhance the dis-
tance of the nearest neighbor chains to enhance the 1D nature,
BagV3Se s has been synthesized, which undergoes a ferrimag-
netic transition at 2.5 K and presents 1D ferromagnetic chains
properties, i.e., T''/2 magnetic specific heat above the ordered
temperature. 16l

Here, we report a new compound BagCo3Se s, which is
isostructural with BagV3Se;s, consisting of trimerized face-
sharing octahedral CoSeg chains. Although the Weiss tem-
perature associated with the intra-chain coupling strength is
about —346 K, no long-range order but spin glass ground state
is observed with the frozen temperature 7y ~ 3 K, which is
speculated to be caused by the magnetic frustration due to the

geometrically frustrated triangular lattice in BagCo3zSes.
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2. Experimental methods

The synthesis of BagCo3Se 5 was carried out under high
pressure and high temperature conditions using a DS 6 x 800 T
cubic anvil high-pressure apparatus. The fine powders of Co
(Alfa, 99.99% pure) and Se (Alfa, 99.999% pure), and lumps
of Ba (Alfa, immersed in oil, > 99.2% pure) were used as the
starting materials. The precursor BaSe was prepared through
the reaction of the Ba blocks and Se powder in an alumina
crucible sealed in an evacuated quartz tube at 700 °C for 24 h.
The mixture of BaSe, Co, and Se was homogenously mixed at
the molar ratio of 3 : 1: 2, pressed into a pellet with a diameter
of 6 mm, and then subjected to high-pressure synthesis under
5.5 GPa and 1000 °C for 40 min. The pressure was released
after the temperature was quenched to room temperature, af-
ter which the black polycrystalline sample of BagCo3Se 5 was
obtained.

The x-ray diffraction (XRD) was conducted on a Rigaku
Ultima VI (3 kW) diffractometer using Cu K, radiation gen-
erated at 40 kV and 40 mA. The Rietveld refinements on the
diffraction patterns were performed using the GSAS software
package.!!”l The chemical composition of the BagCo3Se;s
sample was determined through energy dispersive x-ray spec-
troscopy (EDX). The electrical resistivity p(7') and ac mag-
netic susceptibility measurements were carried out in a phys-
ical property measuring system (PPMS), and the dc magnetic
susceptibility was measured by a superconducting quantum in-
terference device (SQUID-VSM, Quantum Design).

3. Results and discussion

Polycrystalline sample of BagCo3zSe s was synthesized
under high-pressure and high-temperature conditions. The
chemical composition of BagCo3Se 5 was determined by EDX
as shown in Fig. 1(a). The inset shows the shining surface
of the sample with the grain size about 40 um. EDX mea-
surement was performed at several different areas on the sur-
faces, and the average atomic ratio of Ba: Co: Se is about
3.02: 0.95 : 5.01, which is very close to the stoichiometric
ratio of BagCosSe;5.

The powder XRD pattern measured at room temperature
is shown in Fig. 1(b). All the peaks can be indexed by a hexag-
onal structure with the lattice parameters of a = b = 9.6765 A
and ¢ = 18.9562 A. The crystal structure of recently discov-
ered compound BagV3Se;s with a hexagonal structure and
the space group P-6¢2 (No. 188) was adopted as the initial
model to refine the diffraction data of BagCo3Se;5. By using
GSAS software packages, the refinements were conducted and
smoothly converged to 752 =3.16, Ry = 3.24%, Ry, = 4.61%.
The obtained crystallographic data and some selected inter-
atomic distances are summarized in Table 1.
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Fig. 1. (a) Energy dispersive x-ray spectrum collected on BagCo3Se;s

polycrystalline samples. (b) Powder XRD patterns of BagCosSe;s

measured at 300 K and the refinement with the space group of P-6¢2
(No. 188).

Table 1. Crystallographic data of BagCo3Se;s and some selected inter-
atomic distances in BagCo3Ses.

Compound BagCosSe;s
Space group: P-6¢2 (No. 188), hexagonal
a=b=9.6765(2) A, c = 18.9562(6) A

V =1546.16(5) A3, Z=2

X% =3.16, R, = 3.24%, Ryp = 4.61%

Atom Label Wyck x/a y/b z/c SOF
Ba Bal 121 0.00688 0.36705  0.08638 1
Ba Ba2 6k 0.38548 0.38687 1/4 1
Co Col 2a 0 0 0 1
Co Co2 4g 0 0 0.16095 1
Se Sel 121 0.24526 0.25423  0.08187 1
Se Se2 6k —0.01531  0.20961 1/4 1
Se Se3 2¢ 1/3 2/3 0 1
Se Sed 4h 1/3 2/3 0.18645 1
Se Se5 4i 2/3 1/3 0.16786 1
Se Se6 4i 2/3 1/3 0.04253 0.5

Selected interatomic distances in BagCo3Se;s/A
Col-Co2 3.051 Co2-Co2 3.376
Se3-Sed 3.534 Se4-Sed 2.409
Se5-Se6 2.376 Se5-Se5 3.114

Figure 2(a) presents the sketch of the crystal structure of
BagCosSe;s. The structure consists of infinite face-sharing oc-
tahedral CoSeg chains along ¢ axis, and these chains are tri-
angularly arranged in the ab-plane and separated by Ba and
Se atoms, demonstrating the 1D structural character. The
CoSeg chains are trimerized, leading to two sites of Co(1) and
Co(2), as shown in Fig. 2(b). The distances between adja-
cent Co atoms in chains din_chain are 3.051 A and 3.376 A,
respectively, while the distance between nearest neighbor Co
atoms in the ab-plane diy plane is given by the lattice con-
stant a = 9.6765 A, significantly larger than din—chain. We
can compare the values of diy_chain and diy—plane With those
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of CsCoBr3, which has a similar chain structure with the in-
finite face-sharing octahedral CoBrg chains separated by Cs™
ions. For CsCoBr3, the in-chain distance din_chain is 3.162 A,
which is very close to that in BagCo3zSe;5, while the in-plane
distance diy—plane = 7.529 A is much smaller than the value
in BagCosSe;s.l'8 It was reported that the intra-chain cou-
pling strength (~ 6.7 meV) is more than fifteen times larger
than the inter-chain exchange interaction (~ 0.4 meV) in
CsCoBr3.[%! Thus, compared with CsCoBrs, the significantly
larger din—plane in BagCo3Se 5 suggests an even weaker inter-
chain coupling strength and makes BagCoszSe;s further ap-
proach to the nature of 1D spin chain in the view of crystal
structure. Besides the CoSeg chains, there exist Se-chains at
the center of the triangular lattice, where the Se atoms occupy
the Se(3)-Se(4) and Se(5)-Se(6) sites, respectively, as shown
in Fig. 2(c). The distances of the adjacent Se atoms in the Se-
chains range from 2.376 A to 3.534 A. The small distances
of 2.376 A and 2.409 A are very close to the Se-Se bond
length, which implies the formation of Se%* dimer in the Se-
chains. The similar Se%* (Te%f) dimer has also been reported
in BagV3Se;5[1%1 and BagSnsSe;s (BagSn3Te;s).[!9]

© Vodd P

1
1
i i
3.376 A13.051 A}3.051 A} 3.376 A|

®
Se(4) Se(4) Se(3) Se(4) Se(4) Se(3)

Se(3)—Se(4) chain

Se(3)

3114 A 2.376 A___ _
*——0---0—0 6—0 09
Se(6) Se(5) Se(b) ée-(G) Se(5) Se(5) Se(6)

Se(5)—Se(6) chain

Fig. 2. The crystal structure of BagCo3Se;s. (a) Top view with the
projection along ¢ axis for BagCo3Se;s. (b) and (c) The sketch of octa-
hedral CoSeg chains and Se chains in BagCo3Se;s.

The temperature dependence of resistivity in BagCozSe;s
is shown in Fig. 3(a). The resistivity increases with decreasing
temperature, demonstrating a semiconducting behavior. The
inset of Fig. 3(a) is the plot of Inp versus 1/T. The curve of

Inp(1/T) is a straight line in the whole measured temperature
range, which indicates that the semiconducting behavior can
be described based on the Arrhenius law for thermally acti-
vated conduction. By using the formula R o< exp(Ay/2kpT),
where A is the semiconducting band gap and kg is the Boltz-
mann’s constant, the resistivity curve is well fitted and A,
is calculated to be 0.748 eV, which is larger than those of
BagSn3Se;s (~ 0.5 V) and BagV3Se s (~ 0.2 eV).[10]
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Fig. 3. (a) The temperature dependence of resistivity, the inset shows
Inp versus 1/T. (b) The magnetic susceptibility  as a function of tem-
perature under ZFC and FC conditions and the reverse susceptibility
versus temperature. The red line is the fit of Curie—Weiss law between
200 K and 300 K. The inset shows the low temperature parts.
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In order to study the magnetic properties, the dc magnetic
susceptibility as a function of temperature was measured under
the magnetic field of 1000 Oe in both zero-field-cooled (ZFC)
and field-cooled (FC) modes, as shown in Fig. 3(b). The ZFC
and FC curves are overlapped and begin to bifurcate at about
5 K, which demonstrates a A-shape and suggests a spin-glass
ground state with the frozen temperature about 3 K, as shown
in the inset of Fig. 3(b). The inverse susceptibility versus tem-
perature is also plotted in Fig. 3(b). In the high temperature
region, the susceptibility shows a Curie—-Weiss paramagnetic
behavior. After fitting the susceptibility in this paramagnetic
region by using the Curie-Weiss law y = C/(T — Tp), the
Weiss temperature and effective moment can be obtained to
be Ty = —324 K and Usr = 5.2 up per Co ion, respectively.
The negative sign of Ty indicates that the predominant inter-
action is antiferromagnetic. The i value is typical for Co>*
(d’, S = 3/2), ranging from 4.3 up to 5.2 up."?>-23! The g fac-
tor calculated from the Curie constants (12 = g>S(S+1)) is
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2.70, and the large g factor for the Co’* systems is considered
to arise from the strong spin—orbital coupling and the large
anisotropy. 20211

To verify the spin-glass feature, we carried out the ac
magnetic susceptibility measurement. The temperature depen-
dence of the real part of the ac susceptibility ¥’ is shown in
Fig. 4(a). Four frequencies, ranging from 133 Hz to 6373 Hz,
are used to study the dynamic response of the macroscopic
susceptibility. All the ac susceptibility )’ curves display a
peak at the frozen temperature 7;, with the shape similar to
that of the ZFC curve of the dc susceptibility. The maximum
value of y’ decreases as the frequency increases. In addition,
the frozen temperature 7t is sensitive to the frequency, which
increases from 3.5 K to 4 K when the frequency increases from
133 Hz to 6373 Hz, confirming the spin-glass ground state of
BagCosSes. To characterize the spin glass, the response of
susceptibility on the frequency can be quantified by the coef-
ficient K = AT;/(TtAlog f), as shown in Fig. 4(b). Here, for
BagCosSe;s, K = 1.6 x 1072 lies in the range of 5 x 1073—
8 x 1072 for a typical spin glass system. >4

3:21 (a) =133 Hz
T 3.0t ——633 Hz
S 938l 4-1373 Hz
° 2.
Z 96l 6373 Hz
§ 24l
T 22}
< 2.0t
=~ 1.8}
1.6-I 1 1 1 1
2 4 6 8 10
T/K
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Fig. 4. (a) The temperature dependence real part of ac magnetic sus-
ceptibility (x) at different frequencies. (b) InT; vs. logf plot for
Ba9C03SC 15-

BagCo3Se s possesses a strong quasi 1D spin chain char-
acteristic and a triangular arrangement tending to induce ge-
ometric magnetic frustration. The octahedral CoSeg chains
are arranged in a triangular lattice in the ab-plane with a sig-
nificantly large distance, demonstrating a 1D chain structure.
Generally, there are two energy scales for a quasi 1D spin
chain system, one is the intra-chain spin coupling strength

Jintra associated with the Weiss temperature, and the other is
the inter-chain spin exchange interaction strength Jiyer, which
is usually much weaker than the intra-chain coupling and re-
lated with the temperature of long-range order formation. Us-
ing the Weiss temperature Ty obtained from the magnetic sus-
ceptibility measurement, we can estimate the value of Jip,
to be about 69 K via the equation kTp = %S (S+1)J, where
z="21s the number of neighbor magnetic ions in the spin chain
and S = 3/2 is the spin moment. The frozen temperature T in
BagCo3Se s with a spin-glass ground state is comparable with
the ferromagnetic transition temperature of 2.5 K observed in
the isostructural BagV3Se s, which hints that the inter-chain
exchange interaction Jiy, is very weak. Magnetic frustration
usually happens in the system with the antiferromagnetic cou-
pled spins on the triangular lattice, kagomé lattice, and py-
rochlore lattice.[>! To partially release the magnetic frustra-
tion of a triangular lattice, the spins on the triangular lattice
can form 120° angles with nearest neighbors for Heisenberg
triangular antiferromagnets, and the spins can be partially or-
dered or fully ordered with up—up—down arrangement for Ising
triangular antiferromagnets.'?l While for the other triangular-
lattice compounds of candidate of spin-liquid state, such as
YbZnGa0,4?® and x-(BEDT-TTF),Cuy(CN)3,?”! the spin-
glass ground state was recently confirmed for the former and
considered to be driven by the magnetic frustration and disor-
der, for the latter, no long-range order has been observed down
to 75 mK and the magnetic frustration was suggested to lead
to a spin-liquid state. Here, the observed spin glass behavior in
BagCo3Se;s is speculated to mainly arise from the geometric
magnetic frustration.

4. Conclusion and perspectives

The new quasi one-dimension spin chain compound
BagCo3Se;s has been synthesized under high pressure and
high temperature conditions. It crystallizes into a hexagonal
structure with the space group of P-6¢2 (No. 188). The in-
finite face-sharing octahedral CoSe¢ chains are arranged in a
triangular lattice and separated by a large distance. The com-
pound displays a semiconducting behavior with a band gap
~ 0.748 eV and a spin-glass ground state with the freezing
temperature Ty = 3 K. The Weiss temperature is deduced to be
—346 K, indicating that the predominant intra-chain exchange
interaction is antiferromagnetic. It is speculated that the spin
glass behavior in BagCo3Se 5 mainly arises from the magnetic
frustration due to the geometrically frustrated triangular lat-
tice.
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