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We study the relationship between antiferromagnetic order and the electronic properties of KCuMnS,
with the ThCr,Si,-type structure. We propose two magnetic structures for KCuMnS, with the ThCr,Si,-type
structure. Powder samples of KCuMnS, and KLiMnS, were prepared for structural studies and magnetization
measurements. In both compounds, the Mn>* site is alloyed by either Cu* or Li*. We also prepared single
crystals of KCuMnS, for x-ray and neutron-diffraction studies and resistivity measurements. We relate these
properties to the electronic structure calculated with density functional theory. Neutron-diffraction studies reveal
that KCuMnS, exhibits long-range magnetic ordering with a Néel temperature near 160 K and a moment of
0.92(2) up/Mn** at 6 K. In contrast, KLiMnS, never exhibits long-range magnetic ordering down to 3.5 K.
Both sulfides never display a crystallographic phase transition from our temperature-dependent x-ray and
neutron-diffraction studies. We discuss the magnetic phases in detail and how they relate to isostructural phases
such as iron-based superconductors and related chalcogenides. Electrical resistance measurements indicate that
while KCuMnS; is semiconducting, there is an anomaly around the Néel temperature, which indicates that
long-range magnetism influences its electronic structure.
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I. INTRODUCTION

The ThCr,Si,-structure type (Fig. 1), also known as the
122-type in the condensed-matter physics literature, repre-
sents a large collection of layered compounds that can in-
corporate much of the periodic table and therefore exhibit a
variety of physical phenomena [1,2]. For example, the 122-
type pnictides (Pn) and chalcogenides (Ch) with iron have
attracted a significant amount of attention because of their
superconducting properties. The BaFe,As, parent compound
can be either aliovalently or isovalently doped to a super-
conductor from an antiferromagnetic semimetal [3—6]. The
structurally related K,Fe;,_,Se; can also express superconduc-
tivity, although it is always mixed with an antiferromagnetic,
insulating phase due to the distribution of iron vacancies
[7-9]. The origin of superconductivity in both pnictides and
chalcogenides is still on-going research, and several implied
mechanisms including spin fluctuations and nematic elec-
tronic states have been proposed [10-14].

Due to the proximity to Fe, we first explore Mn chalco-
genides in the 122-type structure to find similar ground
states. The ACo,X, series (where X = Pn or Ch and A is
an alkali or alkaline-earth metal) tends to express long-range
ferromagnetic order [15-18]. For Mn, the magnetism of its
122-type pnictides, such as BaMn,As,, has been well stud-
ied, including by neutron diffraction [19-21]. However, the
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ternary 122-type Mn chalcogenides are unknown. Likely, this
arises from charge balance arguments. By replacing As®~ with
Se?~, one must reduce Mn below the +2 oxidation state,
which is difficult to do for the stable d° transition metal.
However, Mn”* can be incorporated into quaternary 122-type
chalcogenides by alloying it with a monovalent cation such
as Cu™ or LiT [22]. Indeed, ACuMnCh, and ALiMnCh,
have been reported in the pioneering work of Greenblatt
[23-27] and Bronger [28,29], respectively. Unlike the ternary
122-type pnictides, no long-range magnetic ordering was
found for ACuMnCh, compounds in earlier studies [23,24],
and no physical property measurements were carried out for
ALiMnCh, [28].

Due to the lack of neutron-diffraction data for these qua-
ternary Mn chalcogenides in previous studies, their under-
lying magnetic order remains unknown. Hence, more com-
prehensive studies are needed to elucidate their relationship
to structurally related Fe-based superconductors. This is cru-
cial for any attempt to find a new non-Fe-based system
that can exhibit superconductivity. We focus here on the
sulfides of Mn with the A cation being K*. Any future
studies on tuning the properties of quaternary Mn sulfides
through doping would require an understanding of (1) the
underlying magnetic order, (2) the ideal synthetic and crys-
tal growth conditions, and (3) the electronic and transport
properties. We therefore reinvestigate and present the prepara-
tion, single-crystal growth, chemical and magnetic structures,
and ground-state properties of these 122-type quaternary
phases.

©2019 American Physical Society
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FIG. 1. Chemical and plausible magnetic structure of KCuMnS,
from neutron powder diffraction. (a) Atomic structure with equal
occupancy of Cu/Mn sites (blue and magenta) forming two-
dimensional sulfide (yellow) tetrahedral layers separated by potas-
sium (purple) cations. (b) A proposed antiferromagnetic pinwheel
magnetic structure of KCuMnS,, showing only the magnetic Cu/Mn
site, with the moment in the ab plane. This is one of two magnetic
structures that fit equally as well to NPD data. (c) Rietveld refinement
fit to neutron powder diffraction data (R,,, = 7.211%) with magnetic
phase (bottom ticks), structural phase (middle ticks), and impurity
peaks (top ticks) indicated.

II. EXPERIMENTAL AND COMPUTATIONAL METHODS

The quaternary sulfides were prepared by heating a mixture
of pure metals with alkali metal carbonates under a flow
of argon charged with carbon disulfide (99.9% ACS reagent
grade, Aldrich). Depending on the desired product, stoichio-
metric amounts of Mn metal (99.95% —325 mesh, Alfa Aesar)
were mixed with either Cu metal (99.5% —200 + 325 mesh,
CERAC Inc.) or a 5% excess of lithium carbonate (98%,
Honeywell) to account for some Li evaporation, along with
a 10% excess of potassium carbonate (99% anhydrous, Alfa
Aesar). Powders were ground together in an agate mortar
and pestle as an acetone slurry to a homogeneous mixture
and allowed to dry. A typical synthesis of 12.5 mmol would
consist of 0.9502 g K,COs;, 0.4849 g Li,CO3, 0.7943 g Cu,
0.6867 g Mn, and approximately 15 mL of CS,.

The mixture was loaded as a powder into an alumina
crucible which was then placed into a tube furnace under a
flow of argon. The mixed gas flow pathway was set up to
flow into and out of a three-neck flask before entering the
furnace, exiting the tube furnace through a bleach solution.
The furnace was then heated at a rate of 180 °C per hour up to
800 °C. Once the temperature was reached, a 15-fold excess
of carbon disulfide was added via syringe to the three-neck
flask as a liquid and allowed to evaporate into the argon flow.
Following complete evaporation of the carbon disulfide, the
sample was cooled to room temperature at 180 °C per hour.

It is important to note that to impede the evolution of
toxic H,S, the end of the CS, stream was bubbled through
a bleach solution (concentrated Clorox germicidal bleach,
active ingredient: 8.25% sodium hypochlorite). The entire
apparatus was contained in a fume hood.

The powders that were recovered contained impurities of
potassium polysulfide as well as an additional impurity of
alabandite for the Li sample. This polysulfide impurity could
either be washed away with small amounts of water followed
by methanol, or used as the flux for single-crystal growth of
the Cu compound, described below.

Single-crystal growth was achieved by placing roughly
0.25 g of the unwashed powder into an evacuated quartz
ampule, which was then placed in a second evacuated quartz
ampule, heated at a rate of 50 °C per hour to 1000 °C. This
temperature was held for 10 hours before cooling at a rate of
6 °C per hour to 500 °C. The ampule was then cooled at a rate
of 30 °C per hour to room temperature. Single crystals were
then recovered manually.

Neutron powder measurements for KCuMnS, were per-
formed on the BT-1 diffractometer at the NIST Center for
Neutron Research (NCNR) with wavelength . = 2.079 A
(Ge 311 monochromator) at a base temperature of 6 K. The
temperature dependence of the magnetic peak centered at

approximately 1.24 A" was carried out on a single crystal
with the position-sensitive detector on the BT-7 triple-axis
spectrometer (NCNR) [30] with a wavelength A = 2.359 A
from 10 to 220 K. Neutron powder measurements for
KLiMnS, were performed on the HB-2A diffractometer at the
Oak Ridge National Laboratory, High Flux Isotope Reactor
(HFIR), with wavelength A = 2.4103 A (Ge 113 monochro-
mator). Temperature-dependent powder diffraction patterns
were taken starting from a base temperature of 3.5 K. Sym-
metry analysis was performed using ISODISTORT from the
ISOTROPY web-based software suite [31]. Rietveld refinements
of the neutron-diffraction data were carried out using the
TOPAS 5.0 software [32].

X-ray data were collected on a KCuMnS, single crystal
of approximate dimensions 0.29 x 0.13 x 0.04 mm in size
with Mo Ko radiation of A = 0.71073 A. The crystal was
measured every 20 degrees from 110 to 250 K using the
Bruker Smart Apex-II CCD system to uncover any possible
crystallographic phase transitions coinciding with the onset
of long-range magnetic order. The structure was solved and
refined with the SHELX software package [33].

Electrical transport measurements were preformed using a
9 T Quantum Design Physical Property Measurement System
(PPMS-9) with polycrystalline and single-crystal samples of
KCuMnS;. Polycrystalline samples were ground into a pow-
der and pressed into pellets utilizing < 2 ton uniaxial load
without sintering. Electrical resistivity was measured using
the four-probe method with gold wire and contacts made
with silver paste. The temperature and field dependence of
longitudinal electrical resistivity were measured in a range
from 300 to 1.8 K with applied current of 0.1 mA and
frequencies near 17 Hz.

Temperature-dependent dc (direct current) magnetic sus-
ceptibility measurements were carried out using a Quantum
Design Magnetic Property Measurement System (MPMS) on
powder samples of KCuMnS, and KLiMnS,. Field-cooled
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TABLE 1. Single-crystal x-ray diffraction data for KCuMnS,.

Space group 14 /mmm (No. 139)
a(A) 3.9442(8)
cA) 13.239(3)
Crystal system Tetragonal
Volume (A”) 205.96(9)
Z 2
Calculated density (g cm™>) 3.575

X, Mo Ko A 0.71073
No. reflections collected 1080
No. independent reflections 133
F(000) 210.0
R, wRy (%) 2.01,4.31
Temperature 110K

(FC) and zero-field-cooled (ZFC) measurements were taken
from 1.8 to 300 K with an applied magnetic field of 500 Oe.
Magnetization versus field loops were carried out using the
MPMS from —7 to 7 T on the powder samples at 2 and 50 K.

The initial density functional theory (DFT) [34,35] cal-
culations for a simple layered Néel-type magnetic structure
were performed by using the Vienna Ab initio Simulation
Package (VASP) [36-39] software with potentials using the
projector-augmented wave (PAW) [40] method. The exchange
and correlation functional was treated by the Perdew-Burke-
Ernzerhof generalized gradient approximation (PBE-GGA)
[41]. The cutoff energy, 450 eV, was applied to the valence
electronic wave functions expanded in a plane-wave basis set
for all chalcogenides. A Monkhorst-Pack [42] generated 21 x
21 x 7 k-point grid was used for the Brillouin-zone integration
to obtain accurate electronic structures.

In order to demonstrate the effects of the antiferromagnetic
(AFM) order on the electronic structure for KCuMnS,, the
nonmagnetic and magnetic DFT calculations are conducted
using VASP with the projector-augmented wave basis in the
generalized gradient approximation. The enlarged 2 x 2 mag-
netic unit cells are shown in Fig. S2 of the Supplemental Ma-
terial [43], which correspond to the stripelike and noncollinear
AFM order suggested by our neutron experiment. The cutoff
energy, 450 eV, was applied and the y-centered k mesh was
taken to be 9 x 9 x 7 and 21 x 21 x 7 for the magnetic and
nonmagnetic cases, respectively.

III. RESULTS

A. Crystal structure

Details of the x-ray measurement results on the KCuMnS,
single crystal are gathered in Table I, which shows that
the sample crystallizes in a body-centered tetragonal crystal
system. The lattice constants are a = 3.9442(8) Aand ¢ =
13.239(3) A at 110 K in space group [4/mmm (No. 139).
Structural parameters are presented in Table II. All occu-
pancies are refined to unity. The Cu and Mn atoms share
half of the 4d Wyckoff position, which has a site symmetry
of —4m2. No superlattice reflections that would imply any
ordering of the Mn and Cu atoms on the 4d site were observed.
The crystal was found to retain tetragonal symmetry at all
temperatures measured. The temperature dependence of the

TABLE II. Structural, lattice, and anisotropic displacement pa-
rameters for /4/mmm KCuMnS, from single-crystal data at 110 K.
All off-diagonal terms are equal to zero.

WkaOff U]l(Az) = U22 U33

Atom site Xy z (A% (A%
K 2a 0 o0 0.5 0.0118(4)  0.0158(7)
Cu/Mn 4d 05 0 0.75 0.0071(2)  0.0153(3)
d4e 0.5 05 035607(9) 0.0071(3)  0.0121(5)

lattice parameters from single-crystal data did not reveal any
structural anomaly from 110 to 250 K (see Fig. S1 in the
Supplemental Material [43]).

The structure obtained from the single-crystal x-ray results
(Tables I and II) was used to model and fit the neutron
powder diffraction (NPD) data. The NPD pattern revealed
extra reflections at base temperature, which we attribute to
antiferromagnetic ordering. These satellite reflections were
indexed with a propagation vector of k = (%, %, 1), and are
discussed in the next section.

The KCuMnS, neutron powder sample contained an un-
known impurity causing three broad background peaks in
the BT-1 data. Likely, the impurity in the powder sample is
either a poorly crystallined sulfide or elemental sulfur that
could not be washed away. These broad, and likely amorphous
peaks were fit with three Gaussian peak profiles that may
be attributed to the same impurity as they all possessed the
same peak profile parameters. Refinement of the structural
model shown in Fig. 1(c) with an R,,, = 7.211% indicates full
occupancy of all sites in the structure. From NPD, the lattice
constants were refined to a = 3.9405(2) A, ¢ = 13.215(1) A
at 6 K. From temperature-dependent NPD measurements, we
did not detect any break of the tetragonal symmetry.

Changing the monovalent cation from Cu to Li subtly
effects the crystal structure as obtained from Rietveld refine-
ment with the NPD data at 3.5 K (Fig. 2). The compound
retains the tetragonal structure but the a parameter length-
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FIG. 2. Rietveld refinement of the structure of KLiMnS, with
neutron-diffraction powder diffraction data at 3.5 K, R,,, = 7.019%.
Top tick marks are for KLiMnS, and bottom tick marks are for
the MnS alabandite impurity, with its magnetic peaks indicated by
circles.
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ens to 4.0312(2) A [from 3.9405(2) A in Cul, while the ¢
parameter contracts to 13.1453(8) A. Using isotopically pure
"Li, the NPD is fit nicely with the 122 structure along with
a <5 wt.% MnS alabandite impurity. At 200 K, without the
additional magnetic peaks to index, the occupancy of the 4d
site refines to 0.489(6) with Mn and 0.48(1) with Li, leading to
a site roughly that is 97% occupied. Likely, the loss of Li from
evaporation leads to the alabandite impurity. Nevertheless,
increasing the initial amounts of Li carbonate did not diminish
the amount of alabandite impurity.

B. Magnetism and magnetic structure

First, we report the results from the magnetization mea-
surements. For both powder and single-crystal samples of
KCuMnS,, the magnetic susceptibilities display similar fea-
tures. The susceptibility in Fig. 3(a) decreases as the tempera-
ture is lowered and no clear cusp in the curve is observed down
to 2 K. At 40 K, a Curie tail appears. However, the derivative
of the fits to both the zero-field-cooled (ZFC) and field-cooled
(FC) curves reveals a subtle feature near 160 K. When fit
to a polynomial between 100 and 250 K, the first derivative
[Fig. 3(a) inset] of the temperature-dependent magnetic sus-
ceptibility remained fairly constant (above 40 K). Therefore,
it is likely that the system displays some low-dimensional
magnetic coupling or competition between multiple magnetic
structures that almost completely flatten the cusp-type feature
typical of three-dimensional (3D) antiferromagnets [44—47].

In order to elucidate any possible magnetic ordering in
KCuMnS,, we performed temperature-dependent NPD and
single-crystal neutron diffraction (BT-7). As shown in Fig. 4,
the onset of long-range order occurs around 160 K from

the magnetic peak centered around 1.24 A" The peak was
fit to a Gaussian, and the parameters of the profile shape
were analyzed as a function of temperature. The integrated
intensity (/1) vs T is shown in the inset of Fig. 4. Fitting the
order parameter of magnetization M, which scales with \/I_I ,
yielded a Néel temperature 7y = 160.5(1) K and a critical
exponent of 8 = 0.334(3), which is close to the 8 of a 3D
Ising system (0.3264).

From the propagation vector of k = (%, %, 1), three plau-
sible space groups for the antiferromagnetic order were pro-
posed. First, the so-called striped phase is presented in Fig. 5.
Here, the moments on the Mn*? ions align in a stripe pattern
with alternating layers oriented antiferromagnetically. This
magnetic structure can be fit with magnetic space group
Cy/mmm (65.489). A view of the magnetic moments and Mn
sites from the ¢ axis (Fig. 5) shows that the magnetic unit
cell (blue solid line) can be thought of as a 2a x 2a cell of
the chemical unit cell (green short-dashed line). A further
simplified magnetic cell can be adjusted to a ~/2a x v/2a
cell, which then has the symmetry of magnetic space group
Cy /mmm.

The other two possible magnetic symmetries are non-
collinear ones and are presented in Fig. 6. Interestingly, these
two models give an identical fit to the NPD data to that of
the striped phase. Magnetic space groups Pc4mmm (123.349)
and Pcmmm (47.255) retain the same unit cell (v2a x v/2a)
as the proposed C4/mmm structure detailed above, but lead
to a noncollinear arrangement of the moments. The structures

KCuMnS:
4.0
(a) —
5
1 8 6 f‘\/
= %<4
o 120 160 200
QEJ 3.5+ T(K)
2 | 0 ZFC
g oFC
né 3.0 H=5000e
>¢
2.5 T T T T T
0 50 100 150 200 250 300
T(K)
KLiMnS2
(b) 1.75
1.50 1
3
E 1.25 1
o
S~
>
€ 1.00
NCI.)
=
= 0.75 1
0.50 1

0 25 50 75 100 125 150

T(K)

FIG. 3. Temperature-dependent magnetic susceptibility of (a)
KCuMnS, and (b) KLiMnS,. The inset of (a) is the derivative of
the susceptibility and shows a subtle feature around the Néel tem-
perature of 160 K. [Conversion to SI units: 1 Oe = (1000/47) A/m,
1 emu/(mol Oe) = 4 10~° m?/mol].

for Pc4mmm and Pcmmm provide identically good fits to the
NPD data, which is to be expected as they are ultimately
the same magnetic structure displaced by § + 5. However,
Pc4dmmm does preserve fourfold symmetry within the unit
cell, whereas the other does not. As with the striped structure,
the magnetic moments of the Mn cations lie only in the
ab plane and are antiferromagnetically coupled between the
alternating layers (i.e., along the c axis), as shown in Fig. 1(b).
When comparing the two possible magnetic structures to one
another, it is important to recall that the occupancy of the
magnetic site is only half Mn, with no evidence of long-range
ordering of Mn and Cu cations.

Since the system remains tetragonal below the magnetic
transition temperature, we can only measure the directional
cosine angle of the magnetic moment with respect to the ab
plane. For all three models, however, the moment is only
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FIG. 4. Temperature dependence of a magnetic Bragg peak in a
single-crystal sample of KCuMnS2 from neutron diffraction. Inset:
The integrated intensity of the peak is plotted vs temperature in order
to fit the magnetic order parameter. From the least-squares fit, we
extract a Néel temperature close to 160.5(1) K and a critical exponent
B of 0.334(3).

along the ab plane. At 3.5 K, the moment size refined to
0.462(9) up for the Cu/Mn site. Given that Cu' is a d'°
cation, we can infer that the moment is solely from the Mn
cation. Attributing for the occupancy of the site, the moment
therefore refines to 0.92(2) p/Mn**. This moment size is
still approximately 20% of that anticipated for a d> cation.
Upon changing the monovalent cation, the magnetic prop-
erties are dramatically altered. At low-temperature patterns of
the NPD data in Fig. 2, strong magnetic peaks were observed;
however, none of these actually belonged to KLiMnS,. All
could be successfully attributed to the magnetic peaks from
the alabandite rock-salt cubic structure, which is well known
for both MnS and MnO [48-52]. A broad hump that appears

e —1 -
centered around 1.25 A~ could indicate some short-range
ordering with a lack of long-range ordering of the magnetic
moments. However, this extra scattering could also arise

J

.

nun nons

4
A

2a

K

C;l/mmm

FIG. 5. Proposed striped phase, C, /mmm magnetic structure of
KCuMnS, with Mn atoms. The structural lattice is shown with a
green short-dashed line; the magnetic cell is shown as both the
2a x 2a (left) and the ~/2a x +/2a (right) of the structural cell with
a blue solid line.

FIG. 6. Alternate noncollinear magnetic phases for KCuMnS,.
The Pc4mmm (left) phase and the Pcmmm (right) magnetic structure
of KCuMnS, with Mn atoms. The structural lattice is shown with a
green dashed line; the magnetic cell is shown with a blue solid line
(rotated 45° from Fig. 5).

from inelastic scattering and we cannot therefore definitively
assign it to a spin-glassy state in KLiMnS,. Although powder
samples of KLiMnS,; [Fig. 3(b)] show a cusp in the magnetic
susceptibility below 11 K, this may not lead to long-range
order as evidenced by the NPD data. The known Néel temper-
ature for the alabandite found in NPD occurs at approximately
75 K [48], which rules out this 11 K feature as arising from
impurity.

C. Electrical resistivity and electronic structure

Measurements for the resistance of a pressed pellet and
resistivity along the ab plane of a single crystal of KCuMnS,;
are presented in Fig. 7. Both samples show primarily semi-
conducting behavior with a distinct transition near 150 K.
Below this transition, both samples exhibit metalliclike

—e— Single Crystal
—e— Pressed Pellet [1.55
500 -
e 1.50
v —_
G 400 =
£ -1.45 §
ey o
2 2
£ 300 r1.40 §
.é —— o
o 450
1.42 L 135
200 1400 & 1.40
r1.30
. 100 |125 1.50 17|5

0 50 100 150 200 250 300
Temperature (K)

FIG. 7. Temperature-dependent resistance of KCuMnS, pressed
pellet (blue, bottom), and resistivity for a single crystal of KCuMnS,
along the ab plane (red, top). Semiconductor-to-metallic behavior
is observed below 150 K, which is proximate to the onset of long-
range magnetic ordering (approximately 160 K), before resuming
semiconductor behavior.
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FIG. 8. Dispersion curves and DOS of the electronic states near
the Fermi level for (a) KCuMnS; and (b) KLiMnS, showing the
Fermi level on the edge of the valence band.

behavior since the resistance (resistivity) of both decreases
with temperature until semiconductor behavior resumes at
lower temperatures. For the polycrystalline sample, this oc-
curs near 30 K, and for the single crystal near 80 K. The
anomaly in the transport results is more distinct in the single-
crystal sample (Fig. 7 inset), which likely arises from powder
averaging, although the transition at lower temperature is
more distinct in the pressed-pellet sample.

The anomaly in the resistivity of the KCuMnS, single
crystal occurs near the Néel temperature of 160 K, indicating
that long-range magnetic order leads to an increase in the
conductivity of the sample. This is further supported by the
lower-temperature transition prominent in the powder sample
which resumes semiconductor behavior around 30 K at the
same time as the magnetic intensity from Fig. 4 begins to
saturate. We were not able to measure the resistivity along
the ¢ axis for the single-crystal sample of KCuMnS, due to
the sample morphology and were unable to obtain consistent
results for KLiMnS, samples.

Density functional theory (DFT) calculations were also
performed for both KCuMnS, and KLiMnS, to help gain
a better understanding of the electrical transport properties.
The dispersion curve of the electronic states near the Fermi
level along major symmetry directions and density of state
(DOS) from DFT for the simple layered checkerboard Néel-
type magnetic structure in Fig. S2 (see Supplemental Material
[43]) can be seen in Fig. 8 for both compounds. Unsurpris-
ingly, given that all the cations have either full or half-full
shells, the electronic DOS shows both to be semiconductors

with band gaps near 0.5 eV for KCuMnS, and 0.8 eV for
KLiMnS,. Since the Fermi level is on the edge of the valence
band for both compounds, these materials would be more
susceptible to hole doping to tune the electronic properties.

IV. DISCUSSION
A. Structure and bonding

With both sulfides crystallizing in the [4/mmm space
group, the only refinable structural parameter is the z position
for the 4e site of the sulfide anion. The effective ionic radii
of Lit (0.59 A) and Cu* (0.60 A) [53] are very similar,
yet the nature of the monovalent cation greatly affects the
z position of the sulfide anions and cell parameters. The
S-M-S tetrahedral bond angles better illustrate this drastic
change. While the CuS, tetrahedron has nearly ideal values of
109.22(4)° and 109.60(2)° for the S-M-S bond angles (from
single-crystal XRD at 250 K), the LiS, tetrahedron has bond
angles of 112.6(2)° and 107.94(8)° (from NPD data at 200 K).
Therefore, the ionic radii do not play a role in determining
the key structural parameter in this system, but rather the
electronics may be playing the larger role. A full 3d'° shell
as opposed to a full 1s? shell could more effectively hybridize
with the sulfur 3p levels due to better matching of the orbital
energy levels.

Because of the symmetry constraints of the crystal system,
there is only one unique M-S bond distance in this system.
Interestingly, while the S-M-S bond angles were drastically
changed by the nature of M, the bond distance is unaf-
fected. In KMMnS,, the M-S interatomic distance is given by
2.4270(7) A and 2.431(2) A for M = Cu and Li, respectively.
These distances are close to that of 2.439(3) A reported by
Bronger et al. [28]. Nevertheless, the change in the S-M-S
bond angle causes an increase of the a parameter and decrease
of the ¢ parameter for M = Li with respect to M = Cu. This
is due to the fact that the tetrahedral angle within the ab plane
increases, while that out of the plane decreases.

We conclude that the relevant structural changes from
diffraction patterns demonstrate that ionic radii are not the
only determining factor in these quaternary sulfides. The
nature of M is quite important due to the orbitals that are
engaged in bonding. The nearly ideal tetrahedron created by
the Cu™ will constrain the magnetic Mn>*, while this is not
the case for Li*. Covalent bonding is strengthened between
metal and sulfur for the case of M = Cu*. Undoubtedly, this
will have an effect on the crystal-field splitting energies for
the d° cations and the electronic structure, which we discuss
next.

B. Electrical transport and sample preparation

Although transport measurements indicate that both sul-
fides are semiconducting, only the M = Cu sample displayed
a sufficiently small band gap to measure resistivity down to
base temperature. It is apparent in the temperature dependence
of the single-crystal sample of KCuMnS, that the anomaly in
the resistivity is related to the antiferromagnetic transition. A
similar anomaly has been found in the parent superconductor
Fei . Te for x = 12%, whereby the Ty causes an anomaly
in the semiconductor-type resistivity measurement [54-59].
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This has been attributed to scattering from spin fluctuations
that persist below the ordering temperature, and a similar
phenomenon may be occurring with KCuMnS,.

The predicted band gaps in KCuMnS, and KLiMnS,; are
0.5 and 0.8 eV, respectively. Likely, the nearly ideal tetrahe-
dral environment in KCuMnS, causes more orbital overlap
between the Cu/Mn metal and S anions, thereby increas-
ing the bandwidth of the conduction band. Another notable
difference in the calculated band structure is that the Cu d
states create more electronic states between 0 and —2 eV as
evidenced by the dispersion curves in Fig. 8. Therefore, a
distribution of electronic DOS near the Fermi level is created
by these extra states in the Cu compound.

The similarity of our KCuMnS, structure with that re-
ported by Oledzka is in contrast with the noticeable dif-
ferences between the resistivity measurements reported here
and those of Oledzka et al. [23]. The previous results by
Oledzka are consistent with that of a highly doped or de-
generate semiconductor, with metallic behavior above 80 K,
but with resistances too high to be called metallic. While
the magnitude of the resistivity for each report is relatively
consistent, even with the differences between how the samples
were prepared for measurement (sintered vs pressed pellet
and single crystal), our results are more in line with the
ACuCoS, semiconductors also prepared by Oledzka et al.
[26]. Apart from the reduction in resistivity during the onset
of the magnetic moment, not seen in ACuCoS;, our resistivity
measurements show semiconducting behavior.

The difference in the resistivity measurements between the
two reports for KCuMnS; can be explained by the seemingly
trivial differences between our synthesis and that of previous
work. In Ref. [23], the as-recovered powders were washed
with water, whereas we washed the excess flux with methanol.
Washing with water could have removed some of the K*
ions in the structure, as can readily happen with other known
122-type chalcogenides such as KCo,Se, [60]. Removal of
K* from the lattice would oxidize the metal and therefore
effectively hole dope the system. With sufficient lowering of
the Fermi level into the valence band, the compound may
express metallic behavior. This semiconducting behavior is
also present in the ACuFeS, compounds by Oledzka, though
the values for resistivity were too great to measure below
200 K. The deviation from the predicted metallic behavior
from electronic band calculations are partially explained by
a nonideal tetrahedral environment for the Cu/Fe site.

C. Comparison of AFM models

Although we could not determine the definitive antifer-
romagnetic structure of KCuMnS, from neutron diffraction,
other evidence may point in favor of one structure over the
other. First, the stripe order would break fourfold symmetry
in the compound, as often happens with the 122-type iron
arsenides [61]. In those parent phases of the superconduc-
tors, the Ty is either coincident or near a tetragonal-to-
orthorhombic phase transition [62-66]. Likewise, the Fe,,Te
system displays a structural phase transition near the Néel
temperature. The above-mentioned compounds all display
either single-stripe or double-stripe antiferromagnetic order
[55,56]. However, this phase transition is clearly not the case

in the quaternary 122-sulfides studied here. The lack of a
structural transition upon AFM order strengthens the case
for the noncollinear structure. The critical exponent of 8 =
0.331(5) for the magnetization from the neutron measure-
ments is closest to the value found for an Ising spin system in
a three-dimensional (3D) lattice. A similar noncollinear struc-
ture was determined for the Mott insulator La,O,Fe,OSe,,
which was found to be a 2D Ising system [67].

Clearly, some AFM order is needed to explain the semi-
conducting behavior, and the DFT results offer guidance on
the true state in the KCuMnS, system. The band structure
and DOS in Fig. S3 (see Supplemental Material [43]) predict
KCuMnS, to be metallic if AFM order is excluded. The AFM
model (layered checkerboard) led to the electronic DOS of
Fig. 8, which shows KCuMnS; to be semiconducting. While
simple to construct, this model is obviously wrong according
to the neutron-diffraction results. Therefore, we performed
additional band structure calculations in order to understand
how other magnetic structures may influence the electric
properties. We constructed two additional AFM models. One
model has the Cu and Mn cations ordered in a double-striped
fashion in order to construct the striped AFM order on the
Mn site. The other model has Mn arranged so that it forms a
tetramer that would support the noncollinear AFM models of
Fig. 6. Both models have a 2 x 2 magnetic unit cell and are
illustrated in Fig. S2 (see Supplemental Material [43]).

In the case of KCuMnS,, the two types of AFM order
(striped and noncollinear) do not lead to qualitatively different
electric properties from each other. However, their electronic
DOS are quite different. As shown in the DOS of Fig. S3 (see
Supplemental Material [43]), for the striped model, it appears
that KCuMnS,; is not quite a semiconductor but instead a
metal with a very small Fermi surface. The Fermi level just
crosses the top of the valence band. In the noncollinear AFM
model, the same is true but there are some extra states near the
valence band that would suggest a smaller band gap if it was
a semiconductor. The total energies from the band structure
calculations are presented in Table S1 (see Supplemental
Material [43]), which shows the striped order to be the lowest
energy of all the AFM models. We must be careful in over
interpreting these results, however, in that the Cu and Mn
cations always remain disordered in KCuMnS,; and the DFT
results only reflect the case for particular types of cation
ordering. From these limited calculations, however, the striped
order would seem to be favored.

Determination of the correct magnetic structure could be
aided by future experiments on the system. The most straight-
forward approach would be single-crystal transport measure-
ments such as angle-dependent magnetoresistance and/or
angle-dependent magnetization measurements. Furthermore,
a comprehensive way to understand the structure would be
polarized single crystal or powder neutron diffraction, which
would definitively allow for the magnetic structure to be
solved.

D. Comparison with other 122 systems

Once again, it is interesting to compare the results here to
those found previously on KCuMnS,. Oledzka et al. observed
a broad plateau just below room temperature for KCuMnS,,
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which is attributed to short-range antiferromagnetic behavior
[23]. They proposed that the suppression of magnetic ordering
was due to the disruption caused by the Cu™ ions in the square
lattice, even though there may be strong antiferromagnetic
exchange between the Mn* ions. However, we did not find
such a divergence between the ZFC and FC curves in our
magnetic susceptibility measurements. Again, this may be
due to how we processed the sample after synthesis and the
spin-glassy behavior may arrive from vacancies rather than the
random distribution of Cu™ cations. The random distribution
of the M cations in the structure leading to clusters of Mn>* is
also noted as the cause for the reported divergence between
ZFC and FC below 38 K, and attributed to a spin-glassy
transition [23]. However, such divergence was absent from our
current measurements with the KCuMnS, system, suggesting
lack of the spin-glass phase.

We also consider the closely related KCuFeS, and
KCuCoS,, which are isostructural. Oledzka found KCuFeS,
to also be an antiferromagnet with a Ty of 40 K, although
no neutron diffraction was ever carried out to investigate the
possible order [23]. While a split in their ZFC and FC curves
at low temperatures may suggest some spin glassiness from
the random distributions of Fe and Cu cations, this explanation
would not be consistent with the case of KCuCoS,. In this
compound, the Co and Cu cations are also randomly dis-
tributed, yet the system undergoes a ferromagnetic transition
near 120 K [26].

Spin-glass behavior is not common for most of these 122-
type quaternaries. For KCuCoS,, despite having the same
random orientation of magnetic ions, the d® Co instead un-
dergoes a ferromagnetic transition around 120 K. In the case
of KCuCoS,, it is believed that c-axis interactions dominate
above the T;, while ab-plane interactions make the overall
order ferromagnetic below the T.. This T, can change due
to the temperature of synthetic conditions similar to ours,
dropping drastically to 50 K when the reaction temperature
is increased from 720 to 900 °C possibly attributed to changes
in the Co/Cu distribution, or sulfur vacancies.

Spin-glass behavior is also not observed in the AMn;Pn;
compounds that exhibit antiferromagnetic behavior, possibly
higher than room temperature [44,68—70]. Their G-type order
indicates Mn?" in the high-spin tetrahedral coordination. This
is in contrast to our NPD providing a 0.92(2) uz/Mn*,
which indicates low-spin Mn** in a tetrahedral environment.
Indeed, this leads our results to more similarly resemble the
class of isostructural AMn;Pn, compounds. BaMn,Sb, and
BaMn;As; have both shown themselves to be G-type collinear
antiferromagnets, with no ¢ component to the magnetic mo-
ment [44,68]. The magnetic susceptibility can also be highly
anisotropic with respect to the ab plane for these AMn;Pn;
compounds, demonstrating a clear feature in the susceptibility
at the Néel temperature when measured parallel to the ¢ axis,
that is much less pronounced when measured in the ab plane
[44,47]. A strong dominating ab-plane contribution to the
magnetic susceptibility could contribute to the presence of
only a subtle feature in our powder samples.

The notable difference here is that while BaMn,Sb, has
a Ty of 118 K, the Ty of BaMn,As, is well above room
temperature at 625 K [69]. While the magnitude of the
magnetic moments for the AMn,;Pn, compounds is less than

the nominal 5.0 uz/Mn for high-spin Mn?*, the values of
roughly 3.75u5/Mn are still well above that for KCuMnS,;
[45,71-74]. While this decrease for the pnictides is attributed
to the strong spin-dependent hybridization of the Mn 34 and
As 4p orbitals, the reduction for KCuMnS; is likely similar to
that of the Fe-122 compounds due to the itinerant nature of the
magnetism. It is this itinerant nature that could help KCuMnS,
resemble the high-7y pnictides. Our magnetic susceptibility
data hinted at a high (above our room temperature capabili-
ties) Ty antiferromagnet, though the lack of unindexed NPD
peaks refutes the presence of any long-range ordering above
160 K.

V. CONCLUSION

KCuMnS, and KLiMnS, were prepared through high-
temperature reaction from the respective K and Li carbonates
with pure metals under a CS, in Ar flow. Single crystals of
KCuMnS, were prepared via a melt of the unwashed powder
in an evacuated ampule. From neutron-diffraction data, we
have proposed a striped pattern magnetic structure, as well
as a noncollinear magnetic structure for KCuMnS,, with
alternating layers oriented antiferromagnetically with a Ty of
160.5 K. Both structures have their magnetic moment oriented
along only the ab plane and a moment that was refined to
0.92(2) j13/Mn”**. We have also shown that by substituting
LiT for Cu", long-range ordering of the magnetic moment
is destroyed. A feature of the KLiMnS, NPD pattern could
indicate some short-range ordering, though it is not definitive
as it could also be the result of inelastic scattering.

The magnetic susceptibility of KCuMnS, decreases with
temperature, showing only a small feature near 160 K, un-
til developing a Curie tail near 40 K. Single-crystal and
pressed-pellet powder samples of KCuMnS, show primarily
semiconducting behavior for resistivity /resistance measure-
ments, respectively, except around the 7y of 160.5 K. Im-
mediately below 160 K, KCuMnS, shows metallic behavior
until resuming semiconducting behavior when the moment
saturates, indicating that long-range magnetic order aids in the
conductivity of the sample. Band structure calculations show
that the Fermi level at the edge of the valence band for both
compounds would make them susceptible to hole doping.
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