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Abstract

A new member of the Descolizite family, a cobalt vanadate, SrCo(VO4)(OH) has been synthesized
as large single crystals using high-temperature and high-pressure hydrothermal methods. The
SrCo(V0O4)(OH) crystallizes in the orthorhombic crystal system in the space group of P212:2; with
unit cell parameters of a = 6.0157(2) A, b =7.645(2) A, ¢ =9.291(3) A, V = 427.29(2) A3, Z = 4.
It contains one-dimensional Co—O—Co chains of edge-sharing CoOe octahedra along the a-axis
connected to each other via VOs-tetrahedra along the b-axis forming a three-dimensional structure.
Magnetic susceptibility of SrCo(VO4)(OH) indicates an antiferromagnetic transition at 10 K as
well as unusually large spin orbit coupling. Single crystal magnetic measurements in all three main
crystallographic directions displayed a significant anisotropy in both temperature and field
dependent data. Single crystal neutron diffraction at 4 K was used to characterize the magnetically
ordered state. The Co?* magnetic spins are arranged in a staggered configuration along the chain
direction, with a canting angle that follows the tipping of the CoOs octahedra. The net
magnetization along the chain-direction resulting ferromagnetic coupling of the a-axis spin-

components in each chain, is compensated by an antiferromagnetic interaction between nearest
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neighbor chains. A metamagnetic transition appears in the isothermal magnetization data at 2 K
along the chain direction, which seems to correspond to a co-alignment of the spin directions of
the nearest neighbor chain. We propose a phenomenological spin-Hamiltonian that describes the
canted spin configuration of the ground state and the metamagnetic transition in SrCo(VO4)(OH).

Keywords: hydrothermal, crystal growth, vanadate, neutron diffraction, cobalt(ll)

1. Introduction

Magnetic materials with one dimensional (1D) chains built from edged sharing transition metal
octahedra have attracted much attention due to their diverse exciting physical properties. It is
well known that there are examples of crystals with no long range magnetic ordering at the lowest
observed temperatures in well isolated 1D magnetic materials made from spin % magnetic ions
such as Cu?* or V4410 A large number of 1D compounds display long range ordering due to
interchain interactions through non-magnetic linking groups. Thus, most of the 1D compounds are
categorized as pseudo-one-dimensional magnetic materials. The ordering temperatures of these
pseudo one-dimensional compounds largely depend on the spin state of the magnetic ions and the
competition between intra and inter-chain interactions in the structure. Additionally, the magnetic
anisotropy could also lead to complex magnetic phase diagrams in this class of compounds, leading
to interesting magnetic properties. '

Various mineral types with 1D magnetic chains are good candidates for such interesting
magnetic phenomena.'® The pyroxene class for example, has been studied in considerable detail.
Pyroxene has a common formula of AMX20g (A = Li, Na, M = Ti*, V3 Cr¥*, Mn*" and Fe**, X =
Si* or Ge*). The general structure consists of 1D zigzag chains of edged sharing MOs, with the

chains connected through XO4 units to provide a quasi 1D magnetic structure. These compounds
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display extremely rich magnetic properties depending on the A-site cation and the transition metal
cation. For example, Ti-based pyroxenes exhibit spin-Peierls-like transitions while V3*-based are
known to be perfect Haldane-chain compounds with spin S = 1 states.'®1” A complete summary
of pyroxene-type magnetic materials is given in Ref 11. Brackebuschite is another mineral type
that has been synthesized containing V3*, Mn®* and Fe** ions, and their bulk magnetic properties
have been characterized.’® These compounds possess completely isolated 1D chains made from
edged sharing transition metal octahedra. Bulk magnetic measurements of Ba;V(V0Oa)2(OH) (S =1)
reveals a broad maximum in magnetic susceptibility at ~100 K with no sign of magnetic ordering
down to 2 K suggesting spin-liquid behavior.l® On the other hand, Brackebuschite-type
PbaMn(VO4)2(0OH), (S = 2) exhibits a ferromagnetic transition at Tc = 14 K.'® Descloizite
(Pb(Zn,Cu)(V04)(OH)) is another mineral type where, in this case, divalent transition metal
cations form the 1D chains compared to the more common trivalent transition metal cations chains
in Pyroxene and Brackebuschite.'®?° Recently, we have examined the bulk magnetic properties
and magnetic structure of the Descloizite-type SrMn(VO4)(OH) compound with S = 5/2.2 The
magnetic study reveals a broad maximum at approximately 80 K in magnetic susceptibility before
antiferromagnetic order at Tn = 30 K.? Single crystal neutron diffraction of SrMn(VO4)(OH)
revealed that Dzyaloshinskii-Moriya antisymmetric exchange interaction leads to slight spin
canting that produces a weak ferromagnetism along the chain direction.

As discussed previously, mineral structures provide an excellent inspiration to investigate
new materials with exciting magnetic properties.!4, Detailed magnetic measurement of naturally
occurring minerals themselves is often complicated by the fact that the samples are usually
contaminated with magnetic impurities such as iron, which mitigates their interesting magnetic

properties. Therefore, a versatile synthetic method is essential to obtain clean samples and large
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single crystals of mineral based compounds. Consequently, we use high-temperature high-pressure
solution-based technigue to access these mineralogically inspired magnetic materials and as well
as other interesting related low-dimensional magnetic materials.'>?326 Recently we have been
devoting our attention to transition metal vanadates. In contrast to phosphate (PO%) and arsenates
(AsO4*), vanadium can possess several oxidation states including V3* (S = 1), V** (S = %) in
addition to the non-magnetic V°*. Additionally, vanadium can form different oxy anions such as
VOs*, V.07* and VOs*.2"° The vanadate (V°*) building blocks are non-magnetic but the
presence of empty d orbitals in the bridging group could modify the Goodenough-Kanamori-
Anderson super-exchange rules.*

This articles focuses on Descolazite-type SrCo(VO4)(OH) with edged sharing chains of
Co—-O—Co made from Co?"Os octahedra, (S = 3/2) and the Co—O—Co chains are interconnected
with tetrahedral vanadate groups to provide a 3D structure. Large single crystals of SrCo(VO4)(OH)
were synthesized using a high temperature hydrothermal method and anisotropic magnetic
properties were determined by magnetic susceptibility measurements. The magnetic structure was
determined by single crystal neutron diffraction. This compound exhibits a pronounced anisotropic
behavior in its magnetic susceptibility, with a field induced metamagnetic transition along the Co-
O-Co chain direction (the a-axis). Interestingly, neutron diffraction confirms that the magnetic
spins are arranged ferromagnetically along the chain direction, but are antiferromagnetic between

the chains.

2. Experimental Section

2.1. Hydrothermal Synthesis of SrCo(VOa.)(OH)
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Hydrothermal crystal growth of SrCo(VO4)(OH) was performed using 2.75-inch long silver tubing
that had an inner diameter of 0.375 inches. After silver tubes were welded shut on one side the
reactants and the mineralizer were added. The silver ampoules were then welded shut and placed
in a Tuttle-seal autoclave filled with water in order to provide appropriate counter pressure. The
autoclaves were then heated to 580 °C for 10 days, reaching an average pressure of 1.7 kbar.
Crystals were recovered by washing with de-ionized water. Synthesis of SrCo(VO4)(OH) single
crystals were achieved using a mixture of SrO, Co304 and V205 with CSOH mineralizer. A typical
reaction consist with 0.4 g of total reactants (SrO: 0.0788g; Co304: 0.1830 g; V20s: 0.1382 ) in
the stoichiometric ratio of 1 : 1 : 1 with 0.8 mL of 5 M CsOH. The single crystal specimen of
SrCo(VO4)(OH) in Figure 1a (4 mg) was used in both magnetic property characterizations and
single crystal neutron diffraction. The chemical reagents were used as they received from the

supplier: SrO (Alfa Aesar, 99.9%), Co304 (Alfa Aesar, 99.9%), and V.05 (Alfa Aesar, 99.6%).

2.2. X-Ray Diffraction

Crystals of SrCo(VOa4)(OH) were physically examined and selected under an optical microscope
equipped with a polarizing attachment. The crystals of SrCo(VO4)(OH) were mounted on a glass
fiber with epoxy. Room temperature single crystal X-ray diffraction data were collected using a
four-circle Rigaku AFC8 diffractometer equipped with a Mercury CCD area detector, MoKa. (A =
0.71073 A) radiation. Data collection, processing, and scaling were performed using CrystalClear
software suites.3* The structures were solved by direct methods and refined by full-matrix least-
squares on F2 using the SHELXTL software suite.*> All non-hydrogen atoms were refined
anisotropically. In the cases of OH group, hydrogen atom positions were identified from the

difference electron density map, and their occupancies were set to confirm to realistic geometries
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in accord with electroneutrality requirements. Table 1 provides the details unit cell parameters with
selected bond distances in Table 2. Further, crystallographic orientations were also determined
using the single crystal X-ray diffractometer.

2.2 Magnetic property characterization

Temperature-dependent and field dependent magnetic measurements were performed using a
Quantum Design Magnetic Property Measurement System (MPMS). Here, the single crystal
specimen was affixed to a quartz rod using GE varnish and the magnetic properties perpendicular
to the flat surface of the single crystal was performed by sandwiching the single crystal between
two quartz rods. The temperature dependent magnetization measurements were carried out along
all three crystallographic directions from 2 to 300 K in the applied magnetic field of 10 kOe and
40 kOe. Similarly, isothermal magnetization measurements were performed at 2, 50 and 300 K up
to 50 kOe magnetic field. Heat-capacity measurements of SrCo(VOa4)(OH) were performed using
Physical Property Measurement System (PPMS, Quantum Design) in zero and 40 kOe applied

magnetic field.

2.3 Neutron scattering

Single crystal neutron diffraction data were collected using the HB3A four-circle diffractometer
at the High Flux Isotope Reactor at Oak Ridge National Laboratory.3 For the data collection
SrCo(VOs)(OH) single crystal was glued to an aluminum pin and loaded into a closed-cycle-
refrigerator which provides sample temperature control within the window of 4-300 K. A

wavelength of 1.542 A was selected by a Si-220 monochromator.
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Table 1. Crystallographic data of SrCo(VVO4)(OH) determined by single crystal X-ray diffraction.

empirical formula

SrCo(VO4)(OH)

formula weight (g/mol)

278.50

crystal system

orthorhombic

Crystal dimensions, mm

0.16 x 0.10 x 0.08

space group, Z

P212121 (n0.19), 4

T, K 298

a, A 6.0157(2)

b, A 7.645(2)

c, A 9.291(3)
volume, A® 427.30(2)
D(calc), g/cm®) 4.329

i (Mo Ka), mm™ 18.323
F(000) 516

Tmax, Tmin 1.0000, 0.5158
20 range 3.382-26.050
reflections collected 3953
data/restraints/parameters 844/1/79

final R [1> 26(1)] R1, Rwe

0.0253, 0.0586

final R (all data) R1, Rw2

0.0239, 0.0578

GoF 1.107
largest diff. peak/hole, e/ A3 0.0696/-0.832
Flack parameter 0.38(2)

Table 2. Selected bond distances (A) and angles (°) of SrCo(VO4)(OH).
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Co(1)Os

Co(1)-O(1) 1.976(5)
Co(1)-O(1) 1.981(6)
Co(1)-0(2) 2.147(5)
Co(1)-0(2) 2.222(5)
Co(1)-0(3) 2.183(6)
Co(1)-O(4) 2.198(5)
V(1)O4

V(1)-0(2) 1.734(5)
V(1)-0(3) 1.730(5)
V(1)-O(4) 1.718(5)
V(1)-0(5) 1.687(5)
Co(1)-O(1)—Co(1) | 99.08(3)
Co(1)-0(2)-Co(1) | 87.13(3)
Co---Co 3.011(3)




3. Results and Discussion

3.1. Crystal structure of SrCo(VO4)(OH)

SrCo(V04)(OH) crystalizes in orthorhombic crystal system in the space group of P21212; (n0.19).
The room temperature unit cell parameters are a = 6.0157(15) A, b = 7.645(2) A, ¢ = 9.291(3) A
and V = 427.30(2) A3. Significant crystallographic parameters, bond distances and angles are
summarized in Table 1 and 2, respectively. The detailed crystallographic data including Wyckoff
positions and thermal parameters are given under Supporting Information, Table S1. The material
is isostructural with SrMn(VOs4)(OH)-dezscolazite. A detailed structural discussion of
SrCo(VOs4)(OH) given below, is important for the understanding of the magnetic structure
compared to SrMn(VO4)(OH). The structure is comprised of individual crystallographically
independent Sr?*, Co?* and V°* sites. The Co?* form distorted octahedra forming edge shared one-
dimensional (1D) Co—O—Co chains along the a-axis (Figure 1b and c). The VO4tetrahedra connect
the 1D Co—O—Co chains to each other along the bc-plan imparting a three dimensional nature to
SrCo(V04)(OH). The Co—O bond lengths vary from 1.976(5) to 2.222(5) A highlighting the
distortion in the CoOs octahedra, while the O—Co-O bond angles vary from 85.8(2)° and 97.1(4)°.
The CoOe units interconnected via O(1) and O(2) sharing edges. It is noteworthy that, Co—O(1)
and Co—O(2) form the shortest and longest Co—O bonds within the CoOs octahedra, respectively,
Figure 1c. The edged sharing O(1) are also bound to H generating the OH group in the structure.
The other oxygen atoms (O(2), O(3) and O(4)) connect with VO4 tetrahedral groups in an up and
down fashion along the cobalt oxide chains, Figure 1c. Each VOs tetrahedral group shares edges
with one Co—O—Co chain via O(3) and O(4) and is corner shared with another Co—O—Co chain via
O(2) along the bc-plan, Figure 1c. The V-O bond lengths in the VO tetrahedra range from

1.687(5) to 1.718(5) A.
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Since V°* is non-magnetic, the VO4 groups generate structurally confined 1D Co-O-Co
chains along the a-axis. However, interchain interactions are possible via the Co—-O-V-0O—Co
connectivity. Figure 2 highlights the distance between Co?* sites within the chain, which is
3.011(3) A, while the shortest interchain cobalt-cobalt distance is 5.951(5) A. Further, the Co-
0O(1)-Co and Co-O(2)-Co bond angles are 87.13(3)° and 99.08(3)°. Compared to
SrMn(VO4)(OH), the M—O-M angles are slightly larger in SrCo(VO4)(OH) (Mn—-O-Mn bond
angles are 86.68(8)° and 96.69(9)°), while the intrachain metal-metal distance is very similar.
Additionally, the shortest interchain Mn—Mn distance in SrMn(VO4)(OH) is 6.004(3) A. These

subtle structural changes and the different spin state lead to different magnetic properties for

SrCo(VOs4)(OH) compared to the manganese analog.

(a)

Figure 1. (a) Hydrothermally grown single crystal of SrCo(VOa4)(OH). (b) The view of
SrCo(VV0O4)(OH) projected along the a-axis, showing packing of Co—O—Co chains along the bc-
plane. The Sr?* ions reside between the channels made from CoOs octahedra (green polyhedra)
and VOq tetrahedra. (c) Partial structure of Co—O—Co chains made from edged sharing CoOs
octahedra along the a-axis. The VO tetrahedra (orange polyhdera) connect with Co—O—Co chains
in an up and down fashion along the chain. Hydrogen atoms connect to O(1) forming the only OH
group in the structure.
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Figure 2. (a) A fragment of the Co—O—Co chain along the a-axis showing the edged sharing
connectivity of the CoOs octahedra. The intrachain distance between two Co is highlighted by
purple dotted line, 3.011(3) A. (b) The interchain distances are highlighted in orange dotted lines.
The shortest distance between the chains is 5.951(5) A.

3.2 Magnetic Properties of SrCo(VO4)(OH)

Magnetic properties of SrCo(VO4)(OH) were examined by magnetic susceptibility (field cooling
mode), isothermal magnetization and heat capacity. Both magnetic susceptibility and the
isothermal magnetization were performed in three crystallographic directions. Figure 3 shows the
magnetic susceptibility measured at 10 kOe applied magnetic field along the a, b, and ¢, directions.
The magnetic susceptibility along the a-axis, which is the Co—O—Co chain direction, sharply rises
with lowering the temperature reaching to a maximum value at 10 K and then decreases rapidly,
suggesting antiferromagnetic ordering at Tn = 10 K. Compared to the a-direction, the susceptibility

along other two crystallographic directions do not exhibit a sharp increase with lowering

temperatures indicating a strong anisotropy, with the magnetic easy axis oriented along the chain
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direction. A significant anisotropic behavior of the susceptibility curves was observed even in the
paramagnetic regime. Similar behavior has been observed in BaCo2V20g and CoV20s, contain 1D
Co?* edge shared octahedra chains like the compound in this study. This behavior could be
attributed to the large single-ion anisotropy due to spin orbital coupling of Co?* and to the quasi-
one dimensionality nature of the magnetic interactions.®*-* Figure 3 inset shows the magnetization
as a function of applied magnetic fields of 10 kOe and 40 kOe in all three crystallographic
directions. Here, 10 kOe and 40 kOe temperature dependent magnetic susceptibility data along the
b- and c-directions almost overlap with each other indicating no field dependent. However, when
the applied magnetic field is oriented along the a-direction, in the higher field magnetic
susceptibility continuously increases without showing a peak at 10 K. This indicates a field
induced magnetic transition along the chain direction. The magnetic susceptibility measured in 10
kOe field was used for Curie-Weiss fits. The Curie-Wiess fits were performed for all three
crystallographic directions using the data between 200 and 300 K. The fits produced Ocw of 8 K,
-47 K and -181 K along a-, b-, c-axis, respectively. Additionally, effective magnetic moments in
three different directions are 5.4 pg, 5.2 pUg and 4.9 pg, respectively. These values are higher than
the spin only value of Co?* with S = 3/2, perr = 3.8 ps. This could be due to the significant orbital
contribution since orbital moments are unquenched for Co?" in octahedral environment (tzg°eg?, S
=3/2, L = 3). Similar higher values have been observed previously for 1D Co?* chains compounds
such as CoV20e (saturated moment: 4.4 ps) (BaCo2V20s (5.20 ps), CoSe20s (5.20 ps),
NasCoTeOs (5.14 ps) and NaCoSO4F ( 5.20 pg).3*3° Further, effective magnetic moments in all
three crystallographic directions do not deviate largely from each other. In contrast, a large
deviation was observed in the Curie-Weiss temperatures. Therefore, we fitted the average

magnetic susceptibility data obtained by averaging the magnetic susceptibilities along all three
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crystallographic directions. The fitted ©cw and effective magnetic moments are -36 K and 5.05
Ms, respectively which further confirms the dominant antiferromagnetic interactions of
SrCo(VO4)(0OH). 343538

Figure 4 displays the isothermal magnetization of SrCo(VO4)(OH) measured along three
different crystallographic directions. The data were collected at 2-50 K. Below the Ty, a significant
field dependence was observed in all three directions. An extremely sharp upturn (metamagnetic
transition) was observed along the a-directions which is the Co—-O—Co chain direction. This
metamagnetic transition along the a-direction occurs at approximately 27 kOe and it could be due
to the spin rearrangement from antiferromagnetic ground state to a ferromagnetic state. This
behavior agrees well with our magnetic susceptibility data observed along the a-axis. Additionally,
the change of magnetization (AM (H =0)) at the field induced transition is ~2 pug/Co which further
agrees with our refined magnetic moment projections obtained from our neutron diffraction data
(see discussion below). Above the metamagnetic transition, the magnetization continuously rises
approaching a 2.7 ug per Co at 70 kOe. At the same time, isothermal magnetizations measured at
other two directions below 10 K (Tn) do not show steep transition, however there is a slight
curvature associated in each. This suggests that, Co spins rotate towards the a-axis by producing
ferromagnetic state. It is worth noting that, the overall magnetism observed in SrCo(VO4)(OH) is
very similar to CoV20s where both compounds have 1D Co—O—Co chain made from highly
distorted Co?'Os octahedra.®® In CoV.0s, a large difference of magnetic susceptibility was
observed in different crystallographic directions (c-axis is the magnetic easy axis) even at room
temperature. Further, isothermal magnetization measured at 5 K exhibits a staircase magnetization
curve along the Co—O—Co chain direction (c-axis) and a linear behavior in other two directions (a-

and b-axis). A first jump in isothermal magnetization along the c-axis was observed at 16 kOe

Page | 13



reaching to 1.4 ps/Co, followed by a second jump at 33 kOe and a saturation of magnetization to
4.4 pg/Co at about 40 kOe. The saturated magnetic moment is much larger than the spin only value
of Co?* (3 pe/Co) which was described as an indication of large orbital contribution from distorted
CoOg oxygen environment,

Heat capacity (Cp) measurements of SrCo(VO4)(OH) were performed between 30 and 2 K
at zero applied magnetic field and the 40 kOe applied magnetic field. The results are shown in
Figure 5. Here field was applied along the c-axis of the single crystal. Zero field heat capacity
displays a sharp peak at 10 K that corresponds to the Tn observed in magnetic susceptibility. There
is a little effect from applying 40 kOe field along the c-axis with 0.3 K shift to the lower
temperature which is consistent with magnetization data and this could be due to a small
reorientation of the spin axis.®® To calculate the magnetic entropy, the heat capacity data of
SrCo(VO4)(OH) above 15 K were fitted by Cp = yT + 13+ p1T° + 1T where y = 0 for an insulator
and SiT3+ B1T° + B1T7 is the contribution form the lattice (C1). Therefore, magnetic contribution,
Cm, was calculated as the difference of Cp-Ci. The magnetic entropy, Sm, was estimated by
integrating Cmag/TdT. As displaying in Figure 5 inset, the magnetic entropy calculated is Sm = 4.43
J mol K. The expected entropy (AS) for Co?* in S = 3/2 spin state is 11.5 J mol K (AS =
RIn(2S+1)) and observed magnetic entropy is 38% from RIn(2S+1). This difference could be
attributed to the highly anisotropic behavior as we observed in magnetic susceptibility. Further, a
relatively smaller magnetic entropy has been observed in 1D compounds such as CoSe20s,

Pb2Co(V207)(OH)CI and SrMn(VO4)(OH).20:36:40
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Figure 3. Susceptibility data of SrCo(VO4)(OH) measured at 10 kOe in three different
crystallographic axes. Inset: Comparison of susceptibility data at 10 kOe and 40 kOe (open

symbol) in all three crystallographic directions. Susceptibility along the chain axis shows a
significant difference with the applied magnetic field (All the data collected in field cooling mode).
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Figure 4. Field dependent data obtained by applying the magnetic field along the a-, b-, and c-
directions. A sharp metamagnetic transitions was observed along a-axis at 27 kOe with slight
curvature observed along the other two directions at 2 K.
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Figure 5. Heat capacity measured at H = 0 and H = 40 kOe exhibiting a sharp anomaly at the
magnetic ordering temperature. The inset shows the magnetic entropy of SrCo(VO4)(OH).

3.3 Magnetic Structure of SrCo(VO4)(OH)

Single crystal neutron diffraction data was collected at two different temperatures, 15 K and 4 K,
above and below Tn. The determination of magnetic structure was done by modeling the intensities
of magnetic Bragg peaks measured below the ordering temperature. A survey of the reciprocal
lattice at 4 K revealed a magnetic order with the propagation vector k = (0, 0, 0). Thus, the
magnetic unit cell is of the same size as the chemical cell, and the intensities measured at 4 K
contain both nuclear and magnetic scattering contributions. A systematic search for magnetic
models was carried out using the subtracted intensities 4 K — 15 K, that allowed separation of the
magnetic and nuclear scattering, on a set of 34 unique reflections. Ultimately, refinements were
carried out using combined structural and magnetic model using the 4 K data. The extinction
coefficients and thermal parameters were fixed to the values obtained from the paramagnetic state,
measured at 15 K. The refined structural parameters at both 15 K and 4 K are similar to those
obtained from the x-ray data, listed in Table I. To understand further of the magnetic ordering

temperature, order parameters were determined by following the temperature dependence of (001)
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Bragg peak. Figure 6 displays the order parameter curves and it follows the power-law indicating
onset of magnetic long-range ordering at 9.4 K which is a good agreement with our magnetic

susceptibility and heat capacity data. The power-law equation used for fitting the order parameter

data is | < m(T)? o< (Tn — T )% and we found that S approaches to 0.25 for AT — 0, which is

closed to the expected value for 2D-XY model (f ~0.23) expected for layered magnetic

structures.*!

Representational theory and magnetic symmetry analysis have been employed to determine
of the symmetry-allowed magnetic structure models, derived from the crystal P2:2:2; symmetry
and the wave vector k = (0,0,0). Calculations were carried out using the program SARAh
Representational Analysis** and the MAXMAGN program available at the Bilbao
Crystallographic Server.*® The possible maximal magnetic space groups for the parent space group
P21212; and the propagation vector k = (0, 0, 0) are summarized in Table 3. The best fit to the data
is obtained using the magnetic space group P2:12:2:, which enable ferromagnetic spin orientation
inside the chain and antiferromagnetic alignment between chains. The Wyckoff positions and the
associated magnetic moments are: Col: (0.254, 0.243, 0.495 | ma, mp, Mm¢), Co2: (0.245, 0.757,
0.995| -Ma, -Mb, M), Co3: (0.745, 0.743, 0.005| -Ma, M, -mc), Cod: (0.755, 0.257, 0.505| M, -Mp, -
m¢). This spin configuration is different from that found in the case of Mn compound, where the
magnetic order was described by the monoclinic P2: magnetic space group that allowed the
existence of an uncompensated ferromagnetic component along the a- axis. The canted structure
was thought to be due to antisymmetric Dzyaloshinskii-Moriya (DM), interactions which arises
from the broken inversion symmetry in SrMn(VO4)(OH). Interestingly, no symmetry lowering is
required for the magnetic ordering in SrCo(VO4)(OH). In the latter, the magnetic moments are

canted (45 + 3 degrees) and follow rigidly the staggered rotation of CoOs octahedra, likely due to
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spin-orbit coupling. The spins are oriented along the shortest basal bond, Co—O(1) but the canting
follows opposite directions along adjacent chains. The refined moment projections are m, = 2.1(1)
Ms, mp=2.1(1) pe and m¢= 0.6(1) pe. The total Co ordered moment is 3.0(2) pg, which is consistent
with that expected for S = 3/2. The proposed magnetic structure model is depicted in Figure 7, in
the form of two distinct projections along the c-axis and a-axis directions. We note that a
comparable canted spin arrangement was reported for NaCoSO4F.>® The spin orientation was
associated with the strong magnetocrystalline anisotropy of the Co?* ion, which results from the

relatively strong spin-orbit coupling.

Based on the magnetization results one can reason that an applied magnetic field along the
chain direction (a-axis) could overcome the interchain antiferromagnetic coupling to flip the

canting direction towards the applied field. As such, the field-induced order in SrCo(VO4)(OH)

would be defined by another maximal magnetic space P21'2:'2, described as the forth spin

configuration in Table 3.
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Table 3. Maximal magnetic space groups and associated Wyckoff positions and magnetic
moments for the parent space group P2:2:2: and the propagation vector k = (0, 0, 0). The four
equivalent Co positions are defined as 1: (0.254, 0.243, 0.495), 2: (0.245, 0.757, 0.995), 3: (0.745,
0.743, 0.005) 4: (0.755, 0.257, 0.505).

Magn. SG Transformation Wyckoff positions and
matrix Magnetic Moments
P212121 (#19.25) 1000 X,Y,Z | Ma,Mp,Mc);
0100 (-x+1/2,-y,z+1/2 | -Ma,-mp,mc)
0010 (-x,y+1/2,-z+1/2 | -ma,Mp,-mc)
(X+1/2,-y+1/2,-z | ma,-mp,-mc)
P21'2:'21 (#19.27) 1000 (X,y,Z | Mma,mp,mc)
0100 (-x+1/2,-y,z+1/2 | -Ma,-mp,mc)
0010 (-x,y+1/2,-z+1/2 | ma,-mp,mc)
(X+1/2,-y+1/2,-Z | -ma,mp,mc)
P21'21'21 (#19.27) 100 1/4 (X,y,Z | ma,mp,mc)
00-11/4 (-x+1/2,-y,z+1/2 | ma,mp,-Mc)
0101/4 (-X,y+1/2,-z+1/2 | -ma,mp,-mc)
~ “ | (x+1/2,-y+1/2,-Z | -my,mp,Mc)
P21'21'21 (#19.27) 001 1/4 (X,y,Z | Mma,Mp,mc)
0101/4 (-x+1/2,-y,z+1/2 | ma,mp,-Mc)
100 1/4 (-X,y+1/2,-z+1/2 | ma,-mp,Mc)
~ | (X+1/2,-y+1/2,-7 | Ma,-Mp,-Mc)
® (001) Brag peak
1.04@ Y “.‘Q = === power law fit
"‘._Q Ty ~941) K
508 =
G R
z 0304 p>025
50'6_ L @ar=9 .“.
= - \
=04] + 5 °
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Figure 6. Temperature dependence of the (001) Bragg peak intensity and the fit using the power-
law model as described in the text. The inset shows the critical exponent f associated with the

magnetic order parameter as a function of fitting range (AT).
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Figure 7. Magnetic structure of SrCo(VO4)(OH) at 4 K and zero field. Left panel shows the view
along the c-axis, while the right panel presents a view along the a-axis (chain direction). The
magnetic spins are arranged in a staggered configuration with ferromagnetic alignment along the
chain and antiferromagnetic between chain, producing a fully compensated AFM ordered state.

3.4 Magnetic Transitions in SrCo(VOa4)(OH)

We now discuss the phenomenological theory of the magnetization observed in SrCo(VO4)(OH).
The system SrCo(VO4)OH consists of S = 3/2 Co(ll) chains that exhibit strong magnetocrystalline
anisotropy along the orbitals at approximately 45° from each chain. The zero-field ground state is
shown in Figure 8a where neighboring chains are coupled antiferromagnetically by J> < 0. Spins
along each a-axis chain are coupled ferromagnetically by J1 > 0. Strong orbital anisotropy is taken
along the n1 = (1,1,0)/A2 and nz = (1,-1,0) /N2 directions with single-ion anisotropy constant K.
Moreover, experimentally, the anisotropy K is much larger than the exchange J: since the spins
are close to the orbital directions. This could be due to strong spin-orbit coupling. As allowed by
the broken inversion symmetry around each Co—Co bond in the chain, we include alternating
Dzyalloshinskii-Moriya (DM) interactions between neighboring spins in the chain with constant
D.

With four spins in the unit cell, the energy E per unit cell is given by
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E/N=-2J1 {S1- Sz +Ss- Ss}

43,{S1 - S3+ S, - Sa}

-K{(S1 - n2)* + (S2 - n2)® + (S3 - nw)* + (S4 - n2)°}
+2Dc - {(S1x S2) + (Ss x Sa) }

-2usHmM . {S1 + Sz + S3 + Su},

where N is the number of unit cells. The factor of 4 in front of J; reflects the four neighboring
chains. A magnetic field H is taken to lie along direction m. For simplicity, we ignore the small
components of the spins along c.

If the anisotropy K is much larger than the exchange and DM interactions, then the spins can be
considered to lie along the n1 or n2 directions. Hence, the zero-field ground-state energy per unit
cell is given by

Ei/N = 8J,5% — 4DS? — 4KS?,

Now consider the energies of SrCo(VO4)(OH) in magnetic fields along a or b-axes. Above the
critical fields Hca and Hep, the spin configurations are pictured in Figure 8b and ¢ with energies

Eii/N = —8J,5% — 4DS? — 4KS?>~ 4\2ugHS,
Eii/N = —8J,5% + 4DS? — 4KS?— 4\21gHS.

In all cases, the nearest-neighbor exchange energy proportional to J; vanishes because neighboring
spins are perpendicular.
Setting Eii = E;j or Eiii = E;, the critical fields are

Hea = 2V2|J2|S/us,
Heb = 272|32|S/ps + V2DS/s
= Hea + V2DS/|g.
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Using the experimental result Hea = 2.7 T, we estimate that |J2| =~ 0.037 meV. Since Hep, > 7 T, we
conclude that D > 0.12 meV. The magnetization induced by the field along a or b below these
critical fields reflects the fact that K is not infinite. So this magnetization is proportional to small

contributions of order |J|/K, J1 /K and D/K. The components of the spin along c-axis may also

contribute below the critical fields.

Figure 8. Three magnetic phases of SrCo(VO4)(OH). Phase i (a) is stable at zero field and phases
ii (b) and iii (c) are stable above critical field Hea and Hep for fields along the a and b directions,
respectively.
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4. Conclusions

Single crystals of SrCo(VO4)(OH) was synthesized using the high temperature high pressure
hydrothermal method. The structure of SrCo(VO4)(OH) is another addition to the adelite-
descloizite mineral family which contain Co?" S =3/2 quasi one-dimensional magnetic chain.
These chains are connected with each other via nonmagnetic tetrahedral vanadate groups. Single
crystal structure was determined using X-ray single crystals diffraction technique and confirms
that SrCo(VOs4)(OH) crystallizes in noncentrosymmetric P2:12:2; space group. The high
temperature high pressure hydrothermal method allowed us to grow larger single crystals that can
be used to determine magnetic structure using single crystal X-ray diffraction. The macroscopic
magnetic measurements indicate a long-range magnetic ordering below Ty = 10 K with strong
anisotropy along the a-axis which is the Co?* chain axis. The isothermal magnetization data along
the a-axis directions exhibit a metamagnetic type transition at about 27 kOe. We noted that,
magnetic properties of SrCo(VO4)(OH) are different from the iso-structural SrMn(VO.)(OH)
compound. This could be due to the stronger spin-orbit couplings present in Co?* and to the subtle
structural difference associated with slightly smaller unit cell of SrCo(VO4)(OH) compare to the
SrMn(VO4)(OH) which eventually can affect the inter-chain interactions. Single crystal neutron
diffraction data revealed a magnetic structure that consists of ferromagnetic chain that are coupled
antiferromagnetically. Inside the chains, the Co moments are canted to follow the staggered
rotation of CoOs octahedra, and maintain the orientation along the shortest basal bond Co—O(1).
Applied magnetic field along the chain direction induces a spin realignment that likely results in
an order where the spin-canting direction is identical in all the chains. Additionally, a
phenomenological model was introduced to describe the magnetic ground state at zero applied

magnetic field and the field induced magnetic ground state. A very small but finite DM interaction
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between next nearest Co within the chain along the a-axis was essential to describe the
metamagnetic transition. The physical properties of this SrM(VO4)(OH) (M = Mn and Co) series
suggest that a complex intra-chain and inter-chain interactions are possible and provide a fertile
ground to investigate the interplay among the various magnetic ions inherited in the iso-structures.
Finally, inelastic neutron scattering experiments are essential to evaluate the spin-Hamiltonian of

SrM(VO4)(OH) series in further detail.
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Single crystals of SrCo(VO4)(OH) were synthesized using high-temperature high-pressure
hydrothermal method. The magnetic measurements exhibit a large magnetic anisotropy with a
field induced magnetic transition when the applied magnetic field along the a-axis (Co—-O—Co
chain axis). The magnetic spins are canted along the a-axis giving a net ferromagnetism along the
chain direction and couple antiferromagnetically between chains.
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