A ferrotoroidic candidate with well-separated spin chains

Jun Zhangt', Xia cheng Wangt*"*, Long Zhou', Gangxiu Liu'?, Devashibhai T. Adroja®*, Ivan da

Silva®, Ffanz emmel , Dmitry Khalyavin®, Jhuma Sannigrahi’, Hari S. Nair’, Lei Duan'?, Jianfa
Zhao1 2, l ng', Runze Yu', Xi Shen', Richeng Yu'? Hui Zhao'?, Jimin Zhao'*°, Youwen
Long . Hong-Ji Lin®, Ting-Shan Chan®, Chien-Te Chen®, Wei Wu*’ and Changqing
Jin*!>0

'Beijing Nagion aboratorjy for Condensed Matter Physics, Institute of Physics, Chinese Academy of
Sciences, Beijing 100190, China.

School mal Sciences, University of Chinese Academy of Sciences, Beijing 100190, China.

3ISI B STFC, Rutherford Appleton Laboratory, Chilton, Oxford, OX11 00X, UK.
* Highly d

Matter Research Group, Physics Department, University of Johannesburg, P.O.
Box 524, Auckland Park 2006, South Africa.
Depart%hyszcs 500 W. University Ave, University of Texas at El Paso, TX 79968, USA.
mn Lake Materials Laboratory, Dongguan, Guangdong 523808, China.
nstitute for Chemical Physics of Solids, Néthnitzer Str. 40, D-01187 Dresden, Germany.
8Nat:§hmtron Radiation Research Center (NSRRC), 101 Hsin-Ann Road, Hsinchu 30076,
Taiwan.

g Departmst 0; Physics and Astronomy and London Centre for Nanotechnology, University College
London, Gower Street, London, WCIE 6BT, UK.

O TThese authors contributed equally to this work.

Sspondmg Authors: wangxiancheng@iphy.ac.cn; wei.wu@ucl.ac.uk; jin@iphy.ac.cn

This is the :anuscript accepted for publication and has undergone full peer review but has not
been through t yediting, typesetting, pagination and proofreading process, which may lead to

This article is protected by copyright. All rights reserved.


https://doi.org/10.1002/adma.202106728
https://doi.org/10.1002/adma.202106728
https://doi.org/10.1002/adma.202106728
mailto:wangxiancheng@iphy.ac.cn
mailto:wei.wu@ucl.ac.uk
mailto:jin@iphy.ac.cn

The search of novel quasi one-dimensional (1D) materials is one of the important aspects in
the field of material science. Toroidal moment, the order parameter of ferrotoroidic order, can
be genwead-to-tail configuration of magnetic moment. It has been theoretically
proposed mmensional (1D) dimerized and antiferromagnetic-like spin chain hosts

ferrotoroi as the toroidal moment composed of only two antiparallel spins. Here,
we repert asfemetoroidic candidate of BagCr,S; with such a theoretical model of spin chain.
The struct ists of unique dimerized face-sharing CrS¢ octahedral chains along the ¢
axis. An aggife agnetic-like ordering at ~10 K breaks both space- and time-reversal
syrnmetriew‘1

(anti)ferro ic, ferroelectric and ferrotoroidic orders. Our investigation reveals that
Ba6Cr2810m ferrotoroidic candidate with quasi 1D spin chain, which can be considered

as a starti for the further exploration of the physics and applications of
ferrotoroidies

1

e magnetic point group of mm'2’ allows three ferroic orders in BagCr,Sio:

dll

Introd

Ferrotor er, which is one of the four primary ferric order forms, violates both space-

\

and time- reversal symmetries and thus favors magnetoelectric response!' ). As the order

parameter Of ferrotoroidic order, toroidal moment can be generated by a head-to-tail

f

. S T — .
configuration of magnetic moment with T = EZi 1; X M;, where M; is the local magnetic

moment a offition 7;. The classical toroidal moment can be realized by the currents
(4]

flowing on face of a torus along its meridians'™, as seen in Fig. 1(a). Also, it can

generally Be observed in the single-molecule-based compounds with unique architectures of
[6,7

h

wheel-shaped topelogy'™, such as Dy, wheels'® "', Dy, squares!™ and Dy triangles”, which

L

sketched in Fig. 1(b-d), respectively. In the system of crystalline solids, the spontaneous
toroidization of t@roidal moment, that is the ferrotoroidic order, has drawn increasing
attentions due to_fs novel asymmetry properties and potential applications'> '°'*!. Several

ferroto ndidates have been proposed" '), such as the orthophosphates of LiCoPOy,

A
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with olivine structure!'”! and the pyroxene structure type of LiFeSizO6[16]. LiCoPOy is the
prominent example in which hallmark evidences have been presented for its ferrotoroidicity.
LiCoPMdal domains have been detected by optical second harmonic generation

shown to mby a conjugate toroidal field with hysteretic behavior!'® '), In the spin

ordering s PO, two pairs of Co®" spins, which are located at the positions like

(1/4+¢,ui /4p=tymmmthe unit cell with the small displacements of € and & allowed by the

symmetryhpposite but unequal toroidal moments, and thus cause a net T.In addition,

LiFeSi,O4exhibifs polarization in all the off-diagonal tensor components, which suggests the
primary order parameter should be the toroidal moment!'®. Besides the experimentally
proposed widic candidates, it is theoretically predicted that an dimerized and

antiferro ic:like (AFM-like) spin chain, as shown in Fig 1(g), should host
ferrotoroidicitz[ls where the distance of spins a;#a;. In the model chain both the space- and
time-inversj metries are broken due to the “spin-pairing” and the toroidal moment
consists offonly two antiparallel spins. However, such a ferrotoroidic candidate with quasi 1D

structure has not been experimentally reported so far.

To date, of the ferrotoroidic candidates have been reported to be oxides with
high-di tructure. Quasi 1D structures are observed more frequently in the
chalcogenides Eause their chemical bonds are in general less ionic than those in oxides!""
To loo 1D ferrotoroidic chain in quasi 1D system, we turn to the HfsSn;Cu-anti
ternary compounds A3BX;s (A denotes the alkali earth metal, B the transition metal and X the
chalcogen§ which have been intensively studied due to their strong 1D structural
characteristigime . In present work, we successfully synthesized the new compound
under hig @ e and high-temperature conditions. It possesses dimerized face-sharing
octahedral ¢ hat are separated by 9.1228 A. BagCrS1o undergoes an AFM-like
at ~10 K. Sue to the dimerized characteristic, the AFM-like spin chains in BacCr,S) are
exactly the theorgtically proposed model of spin chains. In addition, the magnetic point group

is mm'2', which allows three ferroic orders in BagCr,S¢: (anti)ferromagnetic, ferroelectric
ferrotoroidic ordSSD]. Therefore, BagCr,S is considered as the rare 1D ferrotoroidic

candidate. :
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Fig. 1T ic toroidal moments generated by (a) the currents flowing on the surface of a

d

torus alonQit idians"!; (b-d) six, four and three head-to-tail configurations of magnetic
mom ely; (e, f) antiparallel spins with equal but opposite toroidal moments. (g)

dimerized an -like spin chain, in which the magnetic ions are paired with spin space a;#a,.

WV

Results and Discussions

I

Crystal str e. Polycrystalline samples of BagCr,S;( have been synthesized under

@ igh-temperature conditions, from which the needle-like single crystals

high-press
with the size of about 100 um can be selected. The chemical composition measured on the
single cry§als, as shown in Fig. S1, presents an average atomic ratioof Ba: Cr: S =

3.1(2):1.0¢0):4.9@), which is close to the expected stoichiometry of BagCr,S;.

-
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Table 1 The summary of the crystallographic data from the refinement of powder X-ray
diffraHred at room temperature for BacCr,S;

Q.

m Bewmmla: BacCrySio
hroup: P-62c¢ (No. 190); Temperature/K: 300;

@228(3) A,c=1236432) A;  a=p=90°, y=120°;
Z=2. V=2891.161(5) A*;

igal Bindexes [all data]: x° = 3.686, Rp = 2.68%, wRp = 4.25%

W
parameters

g wyck. x y z U(eq)
E 6g 0.6175(1) 0 0 0.012
m 6h 0.3926(7) 0.0195(2) 0.25 0.004
Cr 4e 0 0 0.1206(5) 0.013
E 4f 0.3333 0.6666 0.1521(2) 0.011
S2 6g 0.2083(4) 0 0 0.016
S 6h 0.2173(4) 0.2212(8) 0.25 0.008
4f 0.3333 0.6666 0.6302(1) 0.018

NOF

The
studies. T
describe b
Using the al parameters obtained by the single crystal XRD, a Rietveld refinement of

cture was solved by the combination of single crystal and powder XRD

L

ral model with the highest symmetry of space group that can satisfactorily

3

ingle crystal and powder XRD data is a hexagonal structure with P-62c.

A
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the powder XRD data was carried out as shown in Fig. 2(a). The refinement was smoothly
converged to * = 3.686, Rp = 2.68% and WRp = 4.25%. Table 1 shows the summary of the
partial thic data. The lattice constants @ = b =9.1228(3) A and ¢ = 12.3643(2) A.

The cre of BagCr,S1 1s sketched in Fig. 2(b-d). It consists of face-sharing

octahedral’chains along the ¢ axis, which are arranged in the form of triangular lattice in the
N
ab-plane gmd separated by Ba and S ions. In the unit cell, all the Cr sites are equivalent, such

within the spi in are dimerized. However, the distance (din-pianc) between the adjacent Cr
1ons in the ab—plge is 9.1228(3) A, which is significantly larger than di,-chain and thus,

demonstrates a characteristic of quasi-1D spin chains in the view of crystal structure. In fact,
the comp(snd Ba;CrSs has been reported already. However, it was proposed to crystallize in

a similar crystal structure with P6;cm space group, where the lattice constants @ and b are
approxim@ same as those of BagCr,S o, but the ¢ axis is the half'*!. The double ¢ axis

and the alterna spaced Cr atoms in the ¢ axis reveal that the CrSg chains in our sample of

BagCrSThusydimerized.

o
@,
e
-
-
<C
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Fig. 2 (a)m) pattern and the refinement for BagCr,Sy,. (b-d) The schematic map of the crystal

struct S10; (b) the top view with the projection along [001] direction and (c) the side
‘TiP‘XI Q]’\(\‘Xliﬂﬂ Qi‘n ctrmictnire: ((‘\ th‘ Q](Pf{‘]’l (\‘thp f‘ImPTi’7F‘f‘ nr‘fnhpdrn‘n FTQ, (‘]’\Q‘Iﬂ Q‘I‘h" Q_{‘hﬂ‘iﬂ
Dimer ter. To further confirm the dimerized structure, the STEM experiments

were performed on polycrystalline sample of BagCr,S). Fig. 3(a) shows the high-angle
annular dagk-field (HAADF) image along the [100] zone axis, where the bright dots indicate
the Ba atorpgese@lumns. In the HAADF image, the Ba ions are aligned periodically with a
zigzag arrgngemghnt along c axis, as marked by alternating red and blue lines. Also, Fig. 3(a)
displays th. atic map of the structure with the projection along the [ 100] zone axis for
Ba6Cr2810§ith dimerized P-62c space group, where the arrangement of Ba ions is zigzag-like

and 1s the game agthe HAADF image. While for a structure with non-dimerized P6;cm space

group, the should be straightly aligned along ¢ axis. Therefore, the HAADF image

presents a good c@nsistence with that of the dimerized structure solved from our XRD data.

This article is protected by copyright. All rights reserved.

7



Besides the CrS¢ chains, S-chains in the structure are located at the center of the
triangular lattice as shown in Fig. 2(b). It is noted that the distances between the adjacent S
ions in sare 2.420 A, 3.491 A t0 2.962 A, respectively (Fig. 2(d)). The small

distance o in the S-chains is very close to the bonded length of S ions, suggesting
2 Thus the valence state of S ions in the Szz' pairs should be -1. On the

f

the forma

contrany, femthemmon-dimerized structure, the S-S covalent bond in the S-chains should be

[

absent be S ions are aligned with equal distance of 3.097 A in the S-chain®®. To

further in\m the oxidation state of the S ions, we collected the sulfur K-edge absorption

spectra us 3 as the reference standard, as shown in Fig. 3(b). For BasCr, S, there are
two peaks #or r K-edge absorption centering at 2468.5 eV and 2469.8 eV corresponding
to S-S borda d Cr-S bonding, respectively, which confirms the formation of S,

Author Manu
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he HAADF image along the [100] zone axis and the sketch maps of dimerized
62¢) of BasCr,S;o with the projection along a axis. The large green circles denote Ba

ions. and blue dotted lines indicate a zigzag arrangement of Ba ions. (b) The sulfur K-edge

W

rements for BayCr,S,o sample with Cr,S; as the reference material. (¢c) The Cr L-edge

XAS spectra of BagCr,S, together with Cr,Os, CrO,, ErCrO,, Ag,Cr,0; as a Cr3+, Cr4+, Cr’’ and

[

Formg one would expect Cr* in Ba¢Cr,Si( in case of S* state. Thus, a formation of

@ d can be further confirmed by real valence state of Cr ion using the soft

systemi'cally ihift to higher energy from Cr,0; to CrO,, and ErCrOy further to Ag,Cr,0;

from bottom to top. The similar multiplet spectral feature and the energy position at the of
Cr L-edge of 5@@810 and Cr,Os1n Fig. 3(c) suggest a Cr*" valence state in BagCr;,Sq,
rm

therefore Ti confirming the formation of S-S bond. Both the sulfur K-edge and Cr L; ;
edge{rimems reveal the formation of S-S covalent bond and hint the dimerized

This article is protected by copyright. All rights reserved.

9



structure of BagCr,S19. We note that the dimerized structure should be retained at low

temperature because no abnormal corresponding structural transition has been observed in
the S}M data, as shown in Fig. S3. Based on the site symmetry and the analysis of

valence e molecular formula of Ba¢Cr,S;y can be rewritten as Ba2+6Cr3 +282'6 (Sz'z
S, w

rge balance is reached.
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Fig !

1000 ¢ inset is the M-H curves measured at different temperatures. (b,c) The Rietveld
refifiement of the neutron diffraction pattern collected at T=60 K (Rp,q0,=3.6%) and T=4 K
(Ragiee=2-9%0, Ripagneic=5.6%), respectively. The magnetic intensities appearing below ordered

This article is protected by copyright. All rights reserved.
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Magnetic properties and magnetic structure. Fig. 4(a) displays the temperature
dependence of dc magnetic susceptibility. The susceptibility increases sharply at low
temper“ presents a slightly canted AFM-like phase transition behavior. The inset
is the M-masured at different temperatures. At 2 K, the magnetization shows a

ferromag ehavior, evidencing the presence of FM component in this system.
When mcreasmgatcmperature to 10 K, the M(H) curve approaches a straight line, suggesting
a canted Awe transition occurs at ~10 K. The inverse of susceptibility as a function of
temperatugghis dgwn in Fig. S4. The 1/x(T) in high temperature region follows the
Curie-Wem

fitted, andghe ctive magnetic moment is estimated to be uer=4.04 up/Cr and the
Curie—Wem

with S=3ﬂrees with the results of Cr L-edge XAS experiments. The negative sign of

0, sugges

y using the formula y ! = (T — 6,)/C, the data can be well linearly
erature 6, = -714 K. The value of y.zis close to that expected for Cr’* ions

exchange interaction between the Cr spins within the chains.

To Samine the spin arrangement or magnetic structure of BagCr,S 0, the neutron

powder diftraction (NPD) was performed on BagCr,S|o and the results are shown in Fig.

4(b-e). BWthe NPD data provide the evidence of several additional magnetic Bragg
peaks at lower Thoment transferred Q, which can be indexed with magnetic propagation

vector , as shown in Fig. 4(b, ¢). Fig. 4(d) presents the magnetic Bragg peak
intensity ction of temperature, which demonstrates clearly that the long-range spin
orderin temperature is ~10 K. To solve the magnetic structure, we adapted a

symmetry-based approach implemented into ISOTROPY and ISODISTORT software. There
are four o&sional (/1=1-4) and two two-dimensional (73, i=5-6) irreducible

represent ) associated with magnetic propagation vector £=(0,0,0) and entering into
the magnmible representation on the 4e Wyckoff position of Cr. I'1- I'; have one basis
vector for them. /3 gives FM moments along the c-axis, while I, I, and Iy give FM
couplirﬂplanes and AFM coupling along the c-axis with spin configurations,

I M‘+--+’, respectively. I's and I have four basis vectors for each, indicating
an ordere ith magnetic moments FM in the ab-plane and with different AFM
coupling c-axis. All of these IRs were tested in the refinement procedure against the

experimenta ! The important experimental observation, coming from the magnetization
measu (Fig. 4(a)), is the presence of a spontaneous FM component (a canted AFM).
This article is protected by copyright. All rights reserved.
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The only solution which provides a good refinement quality and is compatible with the FM
component implies a magnetic Ama'2' symmetry. To a good approximation the magnetic
structulwar and involves AFM coupling along the chain between the

nearest-nej g spins, which are aligned along the a or b axis of the parent hexagonal
P-62¢ spa
Lz, whieh issmmeh smaller than the fully ordered moment (3 1) expected from the

shown in Fig. 4(e). The estimated Cr’* ordered state moment is 1.03(9)

susceptibiWurements. Since strong quantum fluctuation generally exists in low
dimensiongPsy. and prevent long-range ordering formation, the reduction of the ordered
moment i on phenomenon in the system with quasi 1D spin chains"**>%. This

symmetrymwo additional orthogonal modes as shown in Fig. S5(b, f), an AFM chain

with spin e@b-plane and a FM chain with spin along the c-axis. These modes, however,
are too s detected directly from our neutron diffraction data and the refinement of
the data m or resulted in values which were not statistically significant. Although Cr
cations in 10 take a single Wyckoff position in their paramagnetic space group, the
proposed E structure with the Ama'2' space group allows coupling of orthogonal
antiferro and ferromagnetic modes. That is, in this case, Dzyaloshinskii-Moria (DM)
antisymmange can be activated and lead to the canting and couple ferromagnetic
compo erved in magnetization experiments. An interesting observation is that the

magnetic sym y is polar (magnetic point group is mm'2") and the polar axis is
perpen e spontaneous magnetization. Thus, this compound is a rare example

where the magnetic ordering combines all three orthogonal ferroic order parameters;
o o . = la = o .
polarlzatl(Mgnetlzatlon M and toroidal moment T = ;Zi 1; X M;. In addition, the

energies o t possible magnetic ground states (Seen in Fig. S5(a-f)) were calculated.

G

The calcu sults show that the configuration of (T | T 1) with spin oriented along

the a axis owest energy, which agrees with the experimental results.

Auth
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Fig. 5 Fo
K an

crystalline sample of BasCr,S, (a) the pyroelectric current 7, poled from 2 K to 20

ric polarization P measured under 0 T, 1 T,3 T, 6 T and 9 T, respectively.

M

Pyroel ent and polarization. Since the magnetic symmetry is polar, polarization
should be expected under the magnetic state for the BagCr,S;¢ sample. Fig. 5(a, b) shows the
pyroelectrfe current 7, poled from 20 K to 2 K and the electric polarization P for the
polycrystmple of BagCr,S0. There is a peak centered at ~11.5 K in the /,(T) curve,
D
electric polafization is about 7.8 pC/m?. In addition, the sign of I, and P can be inverted

symmetriSily by changing the sign of poled electric field. When the applied magnetic field
to 9 T, the value of P is slightly changed while the /,(T) peak shifts

which is ¢ e long-range spin ordering (LRSO) temperature. The magnitude of the

increas
towards erature, as can be clearly seen in Fig. S6(a-c). For BacCr,S o, the magnetic
point grmm'Z . which allows the occurrence of polarization!®!. The observation of

polarizati he LRSO ordering temperature reveals that the polarization and the spin

orderin pled each other, and the shift of /,(T) peak suggests the external magnetic

This article is protected by copyright. All rights reserved.
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field should be against AFM coupling spin order. The /,(T) peak denotes the temperature
where polarized charges have the fastest decrease with increasing temperature. The
unreleawed charges above the LRSO (~10 K) might arise from the existence of

small pola@ins related with intrachain spin short-range correlation.

N
DiscussioMmSlo possesses a strong 1D characteristic. In the view of structure, the

CrSe spin m‘i >9 A apart, suggesting a very weak interchain coupling strength. In

addition, ality was observed in the specific heat data corresponding to the magnetic
transition , as shown in Fig. S3, which demonstrates a strong 1D property. For an
ideal spin m;tem, LRSO cannot occur in the finite temperature because of strong
thermal onﬂn fluctuation™. In a quasi 1D spin compound, although the inter-chain
exchange i on is much weaker than that in the intra-chain, it governs the long-range
magnetic 1361 Before the formation of LRSO, the intra-chain interaction has led to
the gradum

entropy hmleased far above the LRSO transition. As a result, the abnormality

opment of short-range order within the chains and thus, the magnetic

associatedWyi magnetic transition is usually small or even invisible in the specific heat

data in stem. Here, for our sample, no abnormality in the heat specific data related

with the mag transition reveals the strong 1D characteristic of BagCr,S,.

The studies of the crystal structure reveal that BagCr,So is composed of well-defined
quasi-1D iimerized CrS¢ octahedral chains. The magnetic measurements further prove that
below the

along the ection and FM coupled in the ab-plane. Thus, BagCr,So consists of
dimerized

neighk:Ems in the chain is a-26 = 2.9835(4) A and a+26 =3.1986(4) A, respectively.

Here, am A is the distance of neighboring Cr ions in uniform AFM chain as seen in

temperature the spins are oriented along the a (or b) axis, AFM coupled

-like spin chains as shown in Fig. 6(b), where the distance between

Fig. 6(“053 8(4) A is the displacement of Cr ion. The dimerized and AFM-like spin
chain conmoroidal moment with just two antiparallel spins, breaks both space- and

time-reve etries, and is proposed to be a simple ferrotoroidic model. We note that
the dimerize ture is necessary for the AFM-like chain to host ferrotoroidictiy. As shown
in Fig. uniform AFM spin chain is non-toroidal. First, the system cannot host a

This article is protected by copyright. All rights reserved.
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macroscopic toroidal moment because it keeps space-reversal symmetry according to the spin
arrangement and each spin site. The second, in fact, the uniform AFM spin chain also is
time-reMnetric. Although it breaks time-reversal symmetry microscopically under
the time i transformation, it can go back by translating all the spins by half a unit
length of mz

in the umifiommmAdEM spin chain. According to the study by Ederer!'”, for the uniform AFM

axis. Therefore, time-reversal symmetry is not broken macroscopically

. : e . 1 S A
spin chamh)wed toroidization values are centrosymmetric with T,, = _(E +n) 5V

where 7 isfany infeger number, S is the moment on the spin site. Analogous to the case of

electric polarization, the toroidization values allowed by centrosymmetry means a
nontoroid te M50, the uniform AFM spin chain does not host ferrotoroidictiy. Here,
ignoring tmg feature, we can estimate the spontaneous toroidization T, for a single

CrS¢ chai difference between its ferrotoroidic state and nontoroidic state, as shown in

Fig. 6. Th@f is T, = %;—6537 = 8.9 x 1073y /A%9, where S =1.03(9) 1z is the measured
1

[

ordering f Cr’" ion, =0.0538(4) A is the displacement of Cr ions and Q; =
m

2a=6.18 is the 1D unit cell. The positions 7; and the magnetic moment Mi of Cr

cations 12510 were shown in Table S1. For BagCr,S 9, the spontaneous toroidization is
given by @ — —1!26—6537 = 4.9 x 10™*uy /A?9, where the unit cell volume of BagCr,S1o is
2

Q,=891.161(5) A’.

Author
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0

ketch of the uniform AFM spin chain with the distance between neighboring spins a,

whicliiis -toroidal state; (b) the dimerized and AFM-like spin chain with the distance of a-20 =

al

2.9835@) d a+26 =3.1986(4) A, respectively, which hosts the simple ferrotoroidicity structure.

T chain with toroidal state can be obtained from the chain with non-toroidal state through

chiftino ne alango 7 axic hv the diegnlacement of +&

\i

As the fourth primary ferric order form, ferrotoroidicity violates both space- and

time-reveggal symmetries, which favors magnetoelectric response and thus provides potential

I

pathways cations such as in information storage. To our knowledge, BagCr,S) is the

rare exam onsists of dimerized and AFM-like spin chains, which can be considered

as a starting for further exploration of the magnetoelectric coupling from the point of

view of b undamental theory and potential application. In addition, because of the

i

dimeri ristic in BagCr,S ¢ structure, it is indeed a system with

[

alternat ge AFM-like spin chain. For this chain system with alternated AFM
[37,38]

3

coupling the ground state is predicted to be non-magnetic spin singlet state

which is s

U

from the excited triplet state by an energy gap. This energy gap can be

suppressed by external magnetic field or inter-chain exchange interaction, where

A
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Bose-Einstein condensation occurs and a long-range magnetic order transition is induced that
represents a quantum critical point. The exotic phenomenon has been observed in the system
with SpM9_43 1 Therefore, the long-range magnetic order in BagCr,S;¢ should be

induced bmn coupling and the collective excitation of spin, namely the behavior of

magnon s eresting for further studies.

N
Conclus(n )

Ins we discovered a new material BagCr,S;o under high pressure conditions.
The crysta re consists of dimerized CrS¢ octahedral chains, exhibiting strong 1D

structural charactgr. The spin order forms at ~10 K and the spins are confined within the

ab-plane, antiferromagnetically along the chain with the estimated ordered state
moment 1 for each Cr*". Our results reveal that, in the spin chains of BagCr,S 19, the
spins are y spaced and antiparallelly aligned and thus, BasCr,S is a rare quasi-1D
ferrotoroi ple, where the toroidal moment is only composed of two antiparallel spins.
What’s mote, agnetic point group of mm'2" allows three ferroic orders of AFM,

ferroel rrotoroidic, which offers an opportunity to further study the properties of
ferrotoroidicit

Experinhections
Sample s BasCr;,S1o samples were synthesized under high pressure and high

temperatur gtions. The starting materials are commercially available crystalline powders
of Cr (Alf&,>99.9% pure), S (Alfa, >99.999% pure) and lumps of Ba (Alfa, immersed in oil,
>99.2% pwre). The precursor BaS was prepared by heating the mixture of Ba blocks and S
powder in ina crucible sealed in an evacuated quartz tube at 700 °C for 20 h. The
obtained BaS poSder, Cr and S were homogenously mixed according to a molar ratio 3:1:2.

egnixture underwent a treatment under the conditions of 5.5 GPa and 1200 °C.
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of BagCr,S ;o was obtained, from which the single crystals with the size of 100 micrometers

can be selected.

Structmwrization. The chemical composition of the BasCr,S single crystal was
determine @ gy dispersive X-ray spectroscopy (EDX). The aberration-corrected
scanning transmission electron microscopy (STEM) was performed on a JEM-ARM200F
microsc-o mouble Cs correctors for the condenser lens and objective lens. The available
spatial rehor each of the STEM images is better than 78 pm at 200 kV. Single crystal
X-ray difffaction fXRD) measurements were performed at room temperature on an APEX III
CCD diffractomgeter using monochromatic Mo Ka radiation. The crystal structure was solved
by the Pat%ethods and refined by full-matrix least-squares fitting on F* within the
Olex2 cryiffnffjiphic software package. The structure was checked with PLATON for
missing symmetr§ elements. Powder XRD measurements were carried out on a Rigaku
Ultima VI (3KW) diffractometer using Cu Karadiation generated at 40 kV and 40 mA. The
XRD datagere collected with a scanning rate of 1° per minute and a scanning step length of

0.02°. The Rietveld mode in the GSAS software packages was used for the refinement of the

diffractiof{sp Soft x-ray absorption scattering (XAS) at the Cr L 3 edges and the sulfur
K-edge were mCasured at the beamline BL11A and BL16A, respectively, of the National
Synchr adiation Research Center (NSRRC) in Taiwan.

Magn port characterization. Neutron powder diffraction (NPD) measurements

were carried out using the time-of-flight (TOF) General Materials (GEM) diffractometer and
the OSIR l,! diffractometer at the ISIS Facility of the Rutherford Appleton Laboratory (UK)

41 The NPD
program.
(PPMS), and
interferﬂe (SQUID).

patterns were refined by using a multipattern Rietveld mode in FullProf

stivity was measured using a physical property measurement system

¢ dc magnetic susceptibility was measured using a superconducting quantum

Polari

the size o and 0.25 mm in thickness, before which the sample was electrically poled
ctric field £ of £6.6 kV at 20 K. The electric polarization P was obtained

t

acterization. The pyroelectric current /, was measured on the sample with

by applyi
via the integra@@® of /, as a function of time.
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Ferrother 1s one of the four primary ferric order forms. BasCr,S; is
reported@re ferrotoroidic candidate with well-separated 1D spin chain,
wheresthgsspins are dimerized and antiferromagnetic-like coupled and the

toroidal t is composed of only two antiparallel spins.

2
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