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Geometrically frustrated kagome-lattice antiferromagnets have received much attention because of their exotic
magnetic behaviors. Here we report the synthesis, structure, and magnetism of an S = 5/2 quasiclassical new
spin kagome compound. Polycrystalline compounds of Mg, Mny_,(OH)Cl,, with a nominal ideal chemical
formula of MgMn;(OH)sCl,, have been successfully synthesized by selectively substituting the triangular-
lattice-plane Mn?* with nonmagnetic Mg?*. The compounds studied crystallize in rthombohedral structure
in space group R-3m, in a similar crystal structure to the much-researched quantum spin liquid candidates
herbertsmithite ZnCu3(OH)Cl, and tondiite MgCu;(OH)sCl,. Antiferromagnetic transition below Ty ~ 8K
and a 120° nearest-neighbor spin ordering confined in the kagome plane with positive spin chirality have been
revealed by magnetic susceptibility measurements and neutron diffraction experiment. The obtained value of
critical exponent 8 = 0.35 agrees with a three-dimensional Heisenberg spin model. The present work suggests
the intrinsic nature of long-range order in classical Heisenberg kagome aniferromagnet and provides a classical

reference system to quantum kagome antiferromagnets.
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I. INTRODUCTION

Geometrically frustrated magnets have received intense
attention because of the unconventional macroscopic quan-
tum states such as spin liquids, spin ice, spin nematic, etc.
[1,2]. Central in the search for exotic quantum states are
kagome lattices—Ilattices of intersecting webs of corner-
sharing triangles—that are prized for large geometric frus-
tration and usefulness for studying the physics of frustrated
magnetism, as well as correlated and topological quantum
electronic states [3—-8]. However, the number of real materi-
als has been severely limited. Among them, herbertsmithite,
ZnCuz(OH)Cl,, is often discussed as the best realization of
the highly frustrated antiferromagnetic kagome lattice known
so far. No order has been found at any temperatures despite
its strong magnetic interactions. These results indicate that it
is a promising candidate for a spin liquid state expected for
S = 1/2 quantum spins on a kagome lattice [9]. A tremendous
amount of theoretical and experimental reports have been
published, yet many unanswered issues persist concerning the
intrinsic ground state of this § = 1/2 kagome antiferromagnet
[10].

On the other hand, the kagome lattice ZnCus(OH)sCl,
belongs to the atacamite family and can be obtained by selec-
tively replacing 1/4 of Cu with Zn in its parent compounds
of deformed pyrochlore lattice atacamite or clinoatacamite
Cu,(OH);Cl (or more properly expressed as Cus(OH)gCly).
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The pyrochlore lattice consists of alternatively stacked planes
of triangular lattice and kagome lattice, wherein selective
replacement was enabled due to the different chemical envi-
ronment for the Cu in the triangular lattice and kagome lat-
tice planes in Cuy(OH)eCl,. The deformed pyrochlore lattice
compounds of atacamite and clinoatacamite themselves were
found to be geometrically frustrated systems showing a disor-
dered ground state and order/spin liquid coexisting behaviors,
respectively [11,12]. In principle, other kagome lattice com-
pounds can be prepared from their parent compounds of tran-
sition metal hydroxyl salts M,(OH);Cl (M = Ni**, Co**,
Fe?*, Mn”*"), which all showed features of frustrated mag-
netism [13-17], establishing a precious real material system
ranging from the quantum limit to classical. Among them, the
Ising-like S = 3/2 kagome antiferromagnet ZnCo3;(OD)sCl,
and MgCo3(OH)eCl, showed short-range correlations with
persistent spin fluctuations in the vicinity of the ordered state
below T =2.7K [18,19]. The S =2 MgFe;(OH)cCl, be-
haved like a Heisenberg spin system showing a 120° nearest-
neighbor long-range order (LRO) with negative spin chirality
at Ty = 9.9K [20]. In addition, the same method was shown
applicable to synthesize MgMn3;(OH )¢Cl,, which showed an
antiferromagneticlike transition. There envisaged a distinct
tendency from spin liquid to LRO with increased magnetic
moment. However, concerns remained whether the LRO is
intrinsic for classical Heisenberg spin systems. Therefore,
we were motivated to further explore the evolution of mag-
netism in the spin-5/2 system MgMn3;(OH)gCl,—the end
classical spin compound in the transition metal hydroxyl
series.
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FIG. 1. X-ray powder-diffraction pattern (red circles) for kagome lattice compound Mg; ssMn, 45(OH)sCl, at room temperature and the
result of Rietveld refinements showing the calculated (black solid line) pattern and the difference between the experimental and calculated data
(thin violet solid line). The green bar represents the Bragg position of the present compound.

The § =5/2 kagome antiferromagnet was realized in
another material system of jarosite, i.e., potassium jarosite
KFG3(OH)6(SO4)2, plumbojarosite Pb0,5Fe3(OH)6(SO4)2,
and argentojarosite AgFe;(OH)(SOy4),, wherein a ¢ =0
LRO with positive spin chirality at a high 7Ty up to 65 K was
reported [21-23]. The presence of nonmagnetic defects and
weak ion anisotropy were tentatively supposed to explain the
unexpected LRO [21,23]. Experimental evidences suggested
an Ising nature for the jarosite compounds.

Till now, almost all theoretical studies predicted an ex-
tremely high degeneracy of the ground states for a classical
spin kagome antiferromagnet. For instance, the first-neighbor
Heisenberg antiferromagnet on the kagome lattice has an
extensive degeneracy without long-range order even at 7 = (0
[24,25]. A second-neighbor Heisenberg coupling J, leads to a
q = 0 Néel order for J, > 0 (antiferromagnetic interactions)
or a ¢ = +/3x+/3 order for J, < 0 (ferromagnetic interac-
tions) near 7 = 0 [26]. Extension of the J; — J, model to
ferromagnetic nearest-neighbor coupling (J; < 0) leads to
a Néel long-range order near T = 0 for J, > —J;/3 with
12 noncoplanar sublattices and incommensurate noncoplanar
structures for J, < —J;/3 [27]. More recently, the interplay
of dipolar interactions and geometrical frustration has been
discussed and long-range ordering has been shown to be sta-
bilized by consideration of both dipolar and nearest-neighbor
interactions [28,29]. Conversely, the classical model for an
Ising kagome antiferromagnet remains disordered even at
T = 0 [30,31]. A more recent Monte Carlo simulation study
has predicted long-range order for the classical dipolar Ising
kagome antiferromagnet [32]. While the quantum fluctuations
for a Heisenberg kagome antiferromagnet can lift the degener-
acy and lead to order from disorder at 7 = 0 [33], they fail to
induce magnetic order for the Ising model at any temperature
[34,35]. Despite these advancements, it is clear that the nature
of the classical low-temperature states for both Heisenberg
and Ising kagome antiferromagnets remains largely unknown.
Meanwhile, there is a much bigger discrepancy between the-
oretical prediction and experimental result for the classical
kagome antiferromagnets as compared to the quantum spin

kagome system. Therefore, the ground state of the kagome
antiferromagnet MgMn3;(OH)eCl, is of considerable interest
both as a quasiclassical kagome antiferromagnet as well as a
reference system for the spin liquid kagome antiferromagnets
ZnCu3(OH)Cl/MgCu3(OH)6Cl,.

II. EXPERIMENTAL PROCEDURES

For nonmagnetic ion substitution into Mns(OH)sCl,, Mg
was found more effective than Zn, which may be accounted
for by its smaller ion radius. Whitish polycrystalline powder
of Mg, Mny_,(OH)eCl,, with a nominal ideal chemical for-
mula of MgMn3;(OH)Cl,, as synthesized using a solvother-
mal reaction of water-ethanol solutions of MgCl, - 6H,0,
MnCl, - 4H,0, and NaOH in molar ratios of Mg/Mn =
0.5-3 at around 150-200°C for 120 h in a nitrogen at-
mosphere [dried MgCl, and MnCl,, NaOD were used for
Mg, Mny_,(OD)sCl,]. The product was washed to remove
unreacted MgCl, and NaCl using ethylene glycol and dried
in vacuum (exposure to air or water containing oxygen would
cause oxidation to change the powder to a brownish color
on the surface). Since site mixing seemed inevitable as well
known in herbertsmithite Mg, Mny_,(OH)Cl, with different
ratios of Mg/Mn were prepared to assess the effect of non-
magnetic defects on the magnetism of MgMn3;(OH)sCl,. A
powder x-ray diffraction (XRD) measurement was performed
using an x-ray diffractometer (Cu K«), and analyzed using
the Rietveld method with the computer program RIETAN-
FP [36]. The DC susceptibility measurements were carried
out using a commercial superconducting quantum interfer-
ence device magnetometer (MPMS; Quantum Design). A
neutron powder-diffraction experiment was performed on
MgMnj3(OD)eCl, using the superhigh resolution powder
diffractometer (SuperHRPD) in the time of flight (TOF) mode
at J-PARC, Japan. The TOF were analyzed using the Rietveld
analysis software for J-PARC [37]. The collected neutron
data were refined using the FULLPROF-suite software based
on Rietveld refinement [38], assisted by the representation
analysis program SARAh [39].
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TABLE I. Structural information of Mg; ssMn; 45(OH)¢Cl, refined from x-ray powder diffraction at 300 K (site 9¢ and 3b correspond to

the kagome plane site and triangular plane site, respectively).

Chemical formula

Mg, .5sMny 45(OH)Cl,

Cell setting Rhombohedral
Space group R-3m (No. 166)
a(A) 7.15420(4)
c(d) 14.80045(7)
a=p=90°y =120°
Ryp(S) 9.6 (1.2)
R, 6.9
Site Sym X y Z g B
Mgl 9e 2/m 0.5 0 0 0.19(1) 1.125(8)
Mnl 9e 2/m 0.5 0 0 0.81(1) 1.125(8)
Mg2 3b —3m 0 0 0.5 0.98(1) 1.428(3)
Mn2 3b —3m 0 0 0.5 0.02(1) 1.428(3)
Cl 6¢ 3m 0 0 0.2133(2) 1.0 1.975(2)
(0] 18h m 0.2015(3) 0.4030(6) 0.0730(2) 1.0 1.557(2)

III. RESULTS AND DISCUSSION

Analysis of the XRD pattern, as
Fig. 1 showed that the kagome-lattice compounds
Mg, Mny_,(OH)¢Cl, were successfully synthesized by
selectively replacing the Mn>* ions in the triangular-lattice
planes of its parent compound Mn,(OH);Cl. The parent
compound Mn;(OH)3;Cl crystallizes in orthorhombic
structure with lattice constant @ = 6.49 A, b= 7.11 A, and
¢ = 9.52 A in space group Pnma, No. 62 [17,40], whereas the
Mg, Mny_,(OH)sCl, was found to crystallize in a rhombohe-
dral structure with space group R-3m (No. 166). The structure
data on one sample of Mg; 55sMn; 45(OH)gCl, are summarized
in Table I and illustrated in Fig. 2(a). The triangular site (site
3b in the table) Mn ions were actually 98.0% replaced
by Mg?* ions; whereas 19.0% of the 9¢ kagome site Mn
were also replaced. The 81% Mn?* occupancy at the

exemplified in

kagome site is higher than the percolation threshold for
kagome (pi® = 65%) [41]. Since the nonmagnetic defects
may be a crucial factor to influence the magnetism on the
kagome lattice, we synthesized the compound using various
conditions to produce various Mg,Mny_,(OH)¢Cl, around
the nominal MgMn3;(OH)sCl,, which all crystallized in
an equivalent structure as summarized in Table II. The
present study revealed that Mg?* ions prefer to occupy the
octahedral triangular sites. For example, in the nominal
formula of MggooMn3 10(OH)sCl,, 66% of the triangular
Mn were replaced by Mg, but only 8% of the kagome Mn
were replaced. However, more Mg entered the kagome
sites when Mn is heavily substituted. This situation is
similar to that occurring in herbertsmithite ZnCu3(OH)¢Cl,,
(Mg/Zn)Co3(OH)sCl,, and MgFe3;(OH)(Cl,. Although an
ideal perfect kagome lattice cannot be realized, we can
get a plausible conclusion by investigating the magnetism

(b

Triangular plane
Kagome plane

FIG. 2. (a) Crystal structure of Mg; 5sMn; 45(OH)¢Cl, showing alternatively stacked layers of the kagome and triangular lattice planes
along the c-axis direction, wherein the yellow, violet, green, and red colored spheres represent Mg?*, Mn?*, CI—, and O®" ion, respectively.
(b) Local environment around the nonmagnetic Mg?* ion (yellow sphere) at the triangular site and the magnetic Mn?* ion (violet sphere) at

the kagome site.
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TABLE II. Summary of Mg,Mn,_,(OH)cCl, compounds with varied total substitution rate x, substitution rate in kagome plane, and

substitution rate in triangular plane.

Compound formula Substitution rate x

Substitution rate
in triangular plane

Substitution rate
in kagome plane

Mgo‘goMng'lo(OH)()Clz 0.90 008(1) 066(1)
Mg1|;Mn285(OH)6C12 1.15 010(2) 085(2)
Mg1_27M1'12_73 (OH)6C]2 1.27 0.11 (2) 094(1 )
Mg1A50MH2'50(OH)()C12 1.50 018(2) 096(1)
Mg15;Mn245(OH)6C12 1.55 019(1) 098(1)
Mg1A62Mn2,3g(OH)6C12 1.62 021(3) 099(3)

evolution in the Mg, Mn4_,(OH)Cl, samples with different
degrees of substitution of the triangular lattice Mn and defects
in the kagome lattice.

The local environments of Mg; ssMn; 45(OH)Cl, around
the kagome and triangular sites are illustrate in Fig. 2(b).
The Mn/Mg (Mnl) at kagome site is surrounded by four
0~ and two CI~ ions, whereas Mg/Mn (Mg2) in the trian-
gular site is surrounded by six 0>~ ions in the octahedral
environment. Therefore, selective replacement was enabled
due to the different chemical environments for the Mn in
the triangular lattice and kagome lattice planes. The Mn1-O,
and Mn1-ClI bond length around the kagome site are 2.174
and 2.724 A, respectively; whereas the Mg-O bond length
around the triangular site is 2.143 A. In the kagome plane,
each Mn?* ion is bridged with another Mn?** ion via O,
or Cl ions, with angles of /Mnl-O-Mnl = 110.7° and
ZMnl1-Cl-Mnl = 82.1°. Analogous to the herbertsmithite
ZnCu3(OH)¢Cl,, superexchange interactions should occur via
the Mn1-O-Mn1 bridge, with possible additional coupling
via Mn1-Cl-Mnl. The kagome Mnl and residual triangular
Mn2 is double bridged via two Mnl1-O-Mn2 bonds angled
/Mn1-O-Mn2 = 96.4°. These kinds of double bridges were
seen in antiferromagnetic CuOHCI, as well as in LiNiO; and
NaNiO, [42-45].

The refined lattice constants in relation to the substitution
rate x in Mg, Mny_,(OH)Cl, for x = 0.9-1.62 are plotted in
Fig. 3. More specifically, those in relation to the substitution
rates in the triangular plane x; and kagome plane Xy, re-
spectively, in Mg,uiMn;-1iMg3rkagMN3(1-xkag) (OH)6Cly are
presented. The tendency is well seen in relation to the xy;.
With substitution of Mn by smaller Mg, the c-axis length is
slightly reduced till xy; ~ 0.85. Meanwhile, the a-axis length,
which depends on the ions in the kagome plane, remains
almost unchanged. When x; exceeds 0.85, Mg also enters
the kagome plane, thus effectively reducing the a-axis length.
These consistent changes demonstrate the soundness of the
structural analyses.

All Mg, Mny_,(OH)¢Cl, (x = 0.9-1.62) samples showed
similar magnetic behaviors with slightly different 7y values.
The temperature dependence of DC susceptibility and inverse
susceptibility of Mg soMn; 50(OH)sCl, is shown in Fig. 4.
Antiferromagnetic transition at 7y = 7.9 K was observed,
which was much enhanced than that in its parent com-
pound Mn,(OH);ClI of Ty; =3.4K and Ty, =2.7K [17].
The low-temperature upturn in the susceptibility, similarly
observed for all samples studied, is similar to that observed
in MgFe3;(OH)eCl, [20], which is a common feature in geo-

metrically frustrated systems reflecting spin fluctuations. The
small anomaly at ~40K was suspected to be due to trace
impurity of manganese oxides formed on the powder surface
due to oxidation in air. Further measurements at zero-field
cooled (ZFC) and field-cooled (FC) conditions confirmed
that it agreed well with the T = 40 K ferromagnetic Mn3 Oy
[46-48]. Although glassiness was observed in the x = 0 com-
pound Mn,(OH);Cl, notable glassiness was not recognized
in Mg,Mny_,(OH)cCl, for x = 0.9-1.62, except the ZFC/FC
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FIG. 3. Changes of lattice constants related to Mg substitution
ratios of the total substitution x, kagome plane substitution xy,s, and
triangular plane substitution x,; in Mg, Mny_,(OH)sCl,.
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FIG. 4. Temperature dependences of dc susceptibilities y (left
axis, red open circles), and inverse susceptibilities 1/ (right axis,
open green squares) per mol Mn for Mg; sMn, 5(OH)¢Cl, measured
at H = 10kOe. The solid line obeys the Curie-Weiss law, with a
Weiss temperature Ocw of approximately —50 K. The inset plot is an
enlarged view of the x-7 showing the antiferromagnetic transition.

diverging starting from 40 K due to suspected partial oxidation
to ferromagnetic MnzQOy.

The Curie-Weiss temperature was estimated to be dw =
—50K, showing a much reduced geometrical frustration in-
dex of f = vw/In ~ 6.3, as compared to the f =17 in
Mn;(OH);Cl. Similar tendency of reduced frustration from
the pyrochlore parent compounds to kagome compounds was
seen in MgFe3;(OH)gCl, [20]. The effective magnetic moment
per Mn?* ion was estimated to be 5.5 g, which is slightly
smaller than the spin only moment ug%e = gup/S(S+ 1) =
5.92 pug for S = %Mn”. This value is close to the experi-
mentally reported %%, = 5.6-6.1 ug for normal type Mn>*,
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FIG. 5. Changes in transition temperature 7y related to Mg sub-
stitution ratios of the total substitution x, kagome plane substitution
Xiag» and triangular plane substitution xy; in Mg,Mny_,(OH)sCl,
(x = 0.9-1.62).

wherein the orbital contribution to the spin-only values for
ions of the first transition period lead to somewhat smaller or
larger effective magnetic moments. As shown in Fig. 5 in the

TABLE III. Structural information of kagome lattice compound Mg 34Mn; ¢;(OD)cCl, refined from neutron powder diffraction at 20 K
(site 9e and 3b correspond to the kagome plane site and triangular plane site, respectively).

Chemical formula

Mg 34Mn; 67(OD)6Cl,

Cell setting Rhombohedral
Space group R-3m (No. 166)
a(A) 7.06973(4)
c(A) 14.59632(2)
a=p=90°y =120°
Ryp(%) 4.9
R, (%) 3.7
Site Sym X y z g B
Mgl 9 2/m 0.5 0 0 0.15(3) 0.6342(2)
Mnl 9¢ 2/m 0.5 0 0 0.85(3) 0.6342(2)
Mg2 3b —3m 0 0 0.5 0.89(7) 0.9592(7)
Mn2 3b —3m 0 0 0.5 0.11(7) 0.9592(7)
Cl 6¢ 3m 0 0 0.2180(3) 1.0 1.1016(4)
O 18h .m 0.2079(1) 0.4158(2) 0.0719(1) 1.0 1.2140(4)
D 18h .m 0.1424(2) 0.2848(4) 0.0975(1) 1.0 1.1413(4)

134424-5



MD. MAHBUBUR RAHMAN BHUIYAN et al.

PHYSICAL REVIEW B 101, 134424 (2020)

20 K
Space group: R-3m

O observed

@ Cell Setting: Hexagonal —— calculated
8= a=b=7.06973 A — obs.-calc.
= c=14.59632 A | Bragg position
S Ry () =49
& | RyCh=37
B\ ]
B2
5
E J\.j\\.._.
{3 o
WMMWWMMW«JMN\A’V_ R
1 1 1 1 1
1 2 3 4 5
d(A)

FIG. 6. Neutron powder diffraction pattern (red circles) for MgMn;(OD)¢Cl, at 20 K and the result of Rietveld refinements showing
the calculated (black solid line) pattern and the difference between the experimental and calculated data (thin violet solid line). The vertical
green bars represent the Bragg positions of the present compound. The specimen contained some accidently included NaCl due to insufficient
washing during preparation, as indicated by the violet bars beneath the Bragg positions of MgMn;(OD)¢Cl,.

substitution range the 7y was enhanced by more completely
replacing Mn in the triangular plane with Mg. Nevertheless,
the Ty only slightly varied between 7.6-8.0 K, showing that
the nonmagnetic defects in the kagome site did not have a
substantial effect on the ordering.

The neutron powder diffraction data measured at 20 K
for Mg; 34Mn; ¢7(OD)sCl, and the Rietveld refinement re-
sults are presented in Fig. 6 and Table III wherein the
atomic position of D was added as compared to Table I
for Mg,Mny_,(OH)¢Cl,. Neutron powder diffraction exper-
iments were also performed at various temperatures to see
the temperature change of the lattice constants. No structural
transition was observed except a prominent increase of the
lattice constant ration c¢/a with decreasing temperature as
shown in Fig. 7.
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FIG. 7. Temperature dependence of lattice constant a (left axis,
filled red circles) and the ratio of c¢/a for MgMn;(OD)¢Cl, (right
axis, filled green squares).

Neutron diffraction patterns at 20 and 2.7 K, and their
difference, are plotted in Fig. 8. Long-range antiferromagnetic
order below 8 K developed in Mg; 34Mn; 67(0OD)eCl, and
the difference curve clearly demonstrates magnetic reflec-
tions at (0, 1, 1), (1, 0, 2), and (1, —1, 1) Bragg position
with propagation vector k = (0, 0, %). The critical exponent
B was estimated to be § = 0.35(3) using the relation, I =
Iy(1 — T/Ty)* by fitting the temperature dependence of in-
tegrated intensities of the (0, 1, %) reflection, wherein Ty =
7.5(1)K. This value is close to the 8 = 0.355(17) in its
sister compound of § = 2 Heisenberg spin MgFe3;(OH)Cl,
[20]. The theoretical critical exponents for several spin models
are $=0.253 for SO(2)xZ, in 3D, B =0.125 for a 2D
Ising system, and 8 =0.365 for a 3D Heisenberg system
[49-52]. The spin model of SO(2)xZ, corresponds to the
frustrated XY triangular lattice antiferromagnet, whereas the
other spin models are nonfrustrated systems. The critical ex-
ponents depend on symmetry of interaction, the dimensionally
of the system, and the existence of frustration. From the
comparison of the present experimental critical exponent to
the theoretical values taking into consideration the factor of
frustration, the present system can be viewed a Heisenberg
spin system. It is interesting to compare this result to the
small g of 0.19(1) in the S = 5/2 kagome antiferromagnet
KFe3(OH)6(SOy4),, wherein two-dimensional Ising symmetry
due to the anisotropy was reported [53]. Therefore, unlike the
present Heisenberg spin system of § = 5/2 MgMn3(OH)eCl,,
the S = 5/2 jarosites should be rather viewed as an Ising
system.

All symmetrically allowed magnetic structures were de-
rived using the irreducible representation program SARAh.
The possible magnetic structures for magnetic propagation
vectork = (0, 0, 3/2) in the R-3m (No. 166) space group were
found as I'mae = T'1(A1g) 4+ 2I'3(A2,) + 6I's(E,), wherein T';
indicates irreducible representations and there are one basis
vector for I'; two basis vectors for I'3, and six basis vectors
for I's. Fifteen magnetic models with the combination of two
basis vector given by ¢C, = 15 were tested for I's irreducible
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FIG. 8. Neutron powder-diffraction patterns of Mg, 34Mn, 7;(OD)¢Cl, at 2.7 and 20 K. The inset plot depicts the integrated intensity change
of the (0, 1, 1) magnetic peak with respect to temperature for Mg, 3,Mn; ¢;(OD)sCl,. The solid line is the power-law fit I = I,(1 — T /Ty)**.

representation. Out of 15 magnetic models for I's, only I's
(¢s + @9) has the lowest magnetic reliable factor of Ry, =
29.8. However, as shown in Fig. 9 the fitting is inconsistent to
the experimental data and it unreasonably produced different
magnetic moments of 4.5, 3.6, and 0.88 up for three crystal-
lographically equivalent Mn ions in the kagome plane. The
['3(¢2 + ¢3) produced a very poor fitting (Ryag = 53.2) with
equivalent magnetic moments of 4.5 g for the three Mn ions.
The previously reported chirality —1 structures as described
for MgFe;(OD)sCl, [20] gave even poorer fitting. The best
fitting was obtained with the irreducible representation I'y (¢;)
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FIG. 9. Observed magnetic reflections (red circles), calculated
intensities (black solid line) and the difference between the exper-
imental and calculated data (blue solid line) for: (a) I';(¢;), (b)
[3(¢2 + @3), and (c) T's (g6 + @) in Mg;34Mn,67(OD)sCl,. The
green bars represent the magnetic Bragg-peak positions.

with a small Ry, = 12.7 and an equivalent 4.7 ug for the
three Mn ions in the kagome lattice plane. Apparently, the
I'1 (1) with a 120° nearest-neighbor spin ordering confined
on the kagome lattice plane, as visualized in Fig. 10 should
represent the spin structure in Mg 34Mn; 67(OD)eCl,. Ac-
cording to the definition of spin chirality [50], which is
an important concept for kagome antiferromagnets, the spin
arrangement of I'{(¢;) has spin chirality of +1 (clockwise).
The 120° spin ordering at a relatively high 7y ~ 8K in
Mg 34Mn; 67(OD)6Cl, is similar to that in its sister com-
pound S =2 MgFe3;(OD)¢Cl, at Ty = 9.9K, although the
latter has an opposite spin vector chirality —1. Long-range
ordering at such high transition temperatures distinctly dif-
fer from those predicted for classical Heisenberg models
by most theoretical investigations. Although Mg and Mn
intermixing exists in the present Mg, Mny_,(OH)¢Cl, system,
we tend to conclude that long-range ordering is intrinsic
for the nominal MgMn3(OH)¢Cl, for reasons described be-
low. First, all Mg,Mny_,(OH)sCl, (x = 0.9-1.62) samples
with different Mg/Mn site intermixing showed similar mag-
netism, suggesting that the defects did not affect the ordering
in MgMn3(OH)¢Cl,. Second, the ordering in the present
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Ti(p1) [3(p2t ¢3)
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FIG. 10. Illustration of the magnetic structures of I'j(¢;),
I'3(@2 + @3), and T's (@s + @), respectively, for MgMn; (OD)¢Cl,.
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Heisenberg spin system Mg,Mny_,(OH)cCl, is strikingly
different from the S = 3/2 Ising kagome antiferromagnets
ZnCo3(OH)eCl, and MgCo3(OH)¢Cl,, which have similar
intermixing patterns but show partial spin liquid magnetism
[18,19]. All of these results are consistent, therefore they are
considered to support the intrinsic nature of the magnetic
ordering in MgMn;3(OH )¢Cl,.

For a classical Heisenberg kagome antiferromagnet, most
theoretical works predict a large ground state degeneracy or
particular spin arrangements near 7' = 0, as described in the
Introduction. The Dzyaloshinskii-Moriya (DM) interaction
may lead to ordering with the ¢ = 0 phase with the all-in all-
out structure [54], which was previously proposed to account
for the unexpected LRO in jarosites. Both planar and weak-
ferromagnetic (along the axis perpendicular to the kagome
plane) structures are obtained theoretically, which indeed
agree with the experimentally observed results in jarosites.
However, the Mn spin anisotropy in the present system ap-
peared small. In addition, the magnetization of the samples
did not show a DM-type weak-ferromagnetic property for
T < Ty. Therefore, that kind of DM effect is considered to be
absent. The high value of Ty ~ 8 K also appears too high to be
accounted for by the order from disorder theories [28,33]. Be-
sides, these models predicted tripled-unit-cell spin structures,
which are different from that in Mg, Mny_,(OH)eCl,.

It is interesting to compare the present regular kagome
lattice system to the so-called kagome—triangular (KT) lattice
of layered fluoride NaBa,Mn3F; [55]. In the latter, a kagome-
type array of regular triangles composed of Mn?* ions (spin
5/2) deforms much so as to generate a large next-nearest-
neighbor interaction J, in addition to the nearest-neighbor
interaction J;. This KT lattice compound showed a long-range
order at 2.0 K, which is shown to be in good consistency
with the unique noncoplanar magnetic orders predicted by the
extended J; — J, model [27]. Indeed, the critical role of the
next-nearest-neighbor interaction in inducing magnetic order
in this kind of KT lattices has been also demonstrated in a
triangular spin tube material CsCrF4, wherein ferromagnetic
kagome bond, single-ion anisotropy, and DM interaction play
key roles in the selection of the ground state [56].

Of the related theoretical models, the dipolar 4+ Heisenberg
interactions model proposed by Maksymenko et al. predicted
a three-sublattice long-range order with coplanar 120° spin
structure [29], which might be comparable to the present real
system. The main exchange interaction J, can be estimated
approximately to be J, = —2.14K from the Curie-Weiss
temperature 6,, using the mean-field theory by J, = %,
where z is the number of nearest neighbors. The dipolar
interaction energy D is estimated to be 0.46 K for the Mn?*

o 1 where R,, = 0.358 nm.

spin using the relation D = TR

The long-range order in the present Mg, Mny_,(OH)sCl,
compounds with D/J, ~ 0.21 may be qualitatively explained
by the dipolar+-Heisenberg interactions model. However, the
high Ty near 8 K seems not be readily explainable. Most
probably, dipolar+multiple Heisenberg interactions, includ-
ing some interkagome-plane couplings, would better describe
the magnetic order in MgMn3(OH)¢Cl,. Especially, both
MgFe;(OH)sCl, of spin chirality —1 and MgMn3(OH)eCl, of
spin chirality +1 have an ordering wave vector k = (0, 0, %),
suggesting weak interplane superexchange interactions.

IV. CONCLUSIONS

In summary, an § =5/2 classical Heisenberg kagome
antiferromagnet Mg,Mny_,(OH)Cl,, with a nominal ideal
chemical formula of MgMn3;(OH)¢Cl,, has successfully syn-
thesized. This kagome lattice compound crystallizes in rhom-
bohedral structure with space group R-3m, in a similar crystal
structure to the much-researched quantum spin liquid candi-
date herbertsmithite ZnCu3(OH)sCl,. Relative to its parent
compound of deformed pyrochlore Mn,(OH);Cl, magnetic
frustration was significantly reduced, as demonstrated by the
significant increase from Ty; = 3.4K and Ty, =2.7K in
Mn,(OH);Cl to Ty = 8.0K in MgMn3(OH)eCl,. A long-
range coplanar magnetic order developed below approxi-
mately 8 K in Mg 34Mn;¢7(OD)sCl,, which is strikingly
different from its Cu variant of the quantum Heisenberg
antiferromagnet ZnCu3(OH)¢Cl, in the same material series
of magnetic transition metal hydroxyhalogenides. Recently,
Merino et al. [57] reported theoretically rapid diminishing
of quantum fluctuation with increasing the spin moment
for honeycomb lattice. Our experimental verification of the
magnetic ordering of S = 5/2 Heisenberg spin on a regular
kagome lattice, and the previously reported S = 2 Heisenberg
kagome antiferromagnet MgFe;(OH)sCl,, provides simple
real systems for further theoretical and experimental studies
on classical kagome antiferromagnets.
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