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ABSTRACT: We report the synthesis, crystal structure, and basic properties of the
new intermetallic compound Sc;Mn;AlSi;. The structure of the compound was
established by single-crystal X-ray diffraction, and it crystallizes with a hexagonal
structure (Sc;Niy;Siy type) with Mn atoms forming the Kagome nets. The dc magnetic
susceptibility measurements reveal a Curie—Weiss moment of ~0.51 yz/Mn; however,
no magnetic order is found for temperatures as low as 1.8 K. Electrical resistivity and
heat capacity measurements show that this compound is definitively metallic, with a
relatively large specific heat Sommerfeld coefficient, indicating strong electronic
correlations. Intriguingly, these features have revealed Sc;Mn;AlSis as a possible
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quantum spin liquid. With chemical and lattice disorder introduced by doping, a spin
liquid to spin glass transition is observed in the highest Ga-doped compounds. The roles of the geometrically frustrated structure
and Mn-ligand hybridization in the magnetism of the title compounds are also discussed.

B INTRODUCTION

Geometrically frustrated magnetic (GFM) materials have
attracted much interest due to their unusual magnetic
properties. > A triangle of antiferromagnetically interacting
spins is the simplest example of geometrical frustration.
Antiparallel coupling among all three spins cannot be satisfied
simultaneously. This results in degenerate ground states, and
the system fluctuates among all the possible spin configurations.
Long-range magnetic order is suppressed by fluctuations among
these configurations, leading to the formation of exotic
magnetic ground states, like spin glass,* spin ice,” and spin
liquid."® Common to each of these states is the absence of
long-range order, although the presence of pronounced spatial
and temporal correlations among the moments also makes
them different from simple paramagnets, where the moments
are noninteracting. In a spin glass, the magnetically disordered
state is due to competing antiferromagnetic and ferromagnetic
interacting spins,* while the spin ice states are usually found in
particular frustrated lattices, as in the pyrochlore-type
materials,” where the local spin configurations follow the so-
called “ice rules”.” Spin liquid is a more generic term referring
to a highly correlated state that has no static order, where the
fluctuations of the spins could be classical or quantum, i.e.,
quantum spin liquid (QSL) if the spins do not order or freeze
down to the zero temperature."® The experimental realization
of QSL has been a long-sought goal not just because it
represents a novel state of matter but also due to its
connections to the superconducting state in the cuprates
proposed by Anderson.**’

The Kagome net, one of the archetypes of GFM systems, is
formed by corner-shared triangles of magnetic ions. Most
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Kagome compounds under study are insulating. They are ionic
or metal—organic compounds in which the magnetic moments
have a highly localized character, e.g, YCa;(VO);(BO;),,"
Cu;Mg(OH)¢CL,"" and ZnCu;(OD)Cl,.'>"* Strong magnetic
frustration was revealed in these compounds, and exotic ground
states were proposed for them. More excitement was brought
by ZnCu,(OD)4Cl,, when fractional spin excitations, a hallmark
of the quantum spin liquid state, have been observed."®

On the other hand, the physics of magnetic frustration and
spin liquid in metallic systems is relatively unexplored, largely
due to a lack of model systems. For instance, in the well-
explored RMngXs (R = rare earth ion, X = Sn, Ge) family"*
with Mn Kagome nets, all members order magnetically with
relatively high transition temperatures. Magnetic frustration
suppresses magnetic order via competing interactions, and so
conversely the observation of magnetic order at high
temperatures implies that frustration is ineffectual in these
compounds. LaRu;Si, also contains Kagome nets, formed by
the 4d transition metal Ru. While it is possible that electronic
correlations exist in this compound, this system has no
significant magnetic character.">'® The possible formation of
a metallic spin liquid state has been revealed in a few GFM
systems other than Kagome nets, e.g,, /-Mn,"” the pyrochlore-
type Y(Sc)Mn,,"® and In-doped YMn,Zn,,."* All these systems
exhibit strong electronic correlations related to the presence of
significant quantum spin fluctuations.”*"

In this article we report a new manganese-based intermetallic
compound, Sc;Mn;Al;Sis, in which the Mn atoms form
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Kagome nets. Our magnetic and electronic property studies
show that this material behaves like an itinerant spin liquid,
with no magnetic order above 1.8 K. Low values of the effective
Mn moment, an enhanced Sommerfeld coefficient, and a
metallic temperature dependence of the electrical resistivity are
consistent with the predominantly band character of magnetism
in this compound, suggesting Sc;Mn;Al,Si; is a rare example of
a frustrated system where the spin liquid state involves itinerant
electrons. We also show that by introducing Ga-doping, a spin
liquid to spin glass transition is observed in the Ga-doped
Sc;Mn;ALSis. These intriguing physical properties are dis-
cussed in the context of its GFM structure and complex
chemical bonding.

B EXPERIMENTAL SECTION

Single crystals of Sc;Mn;AlLSis were grown from a reactive aluminum
flux. The elements Sc/Mn/Al/Si with a molar ratio 3:3:30:5 were
loaded into an alumina crucible, which was then placed into a fused
silica tube and sealed under high purity argon. The reaction vessel was
heated to 1100 °C, maintained at that temperature for 8 h, and
subsequently cooled to 750 °C during a period of 70 h. The molten Al
flux was removed with a centrifuge at 750 °C. Bar-shaped crystals with
dimensions as large as 6—8 mm were observed upon opening the silica
tube (inset, Figure 1). Ga-doped crystals were grown from mixtures of

Figure 1. BSE (left) and SE (right) images of a crystal of
Sc;Mn;AlLSi, showing that the crystal is homogeneous. On top is a
photo of the ~3 mm X 2 mm X 2 mm crystal under an optical
microscope.

Al/Ga as reactive fluxes. As the Ga concentration in the mixture
increased, the amount of Ga included in the final composition
increased as well. For example, a mixture with 33% Ga was employed
to make the 15% Ga-doped crystals, and the 19% Ga-doped crystals
were actually made from a Ga:Al = 50%:50% flux. Further increasing
the Ga:Al to 66.7%:33.3% produced only crystals of a different phase:
ScMnSi,. >

The crystal structures of Sc;Mn;AlSis and its Ga-doped analogues
were established by single-crystal X-ray diffraction. The intensity data
were collected at room temperature using a Bruker KAPPA APEX II
diffractometer with Mo Ka radiation (4 0.71073 A). Data
integration/reduction and an absorption correction with a multiscan
method were performed with the Bruker APEX2 software suite. The
structure was solved by the direct method and refined by a full matrix
least-squares method against F* using the SHELX package.”® The
crystallographic data and the refinement parameters of Sc;Mn;AlSig
are summarized in Table 1. The atomic coordinates and equivalent
isotropic displacement parameters, as well as important interatomic
distances, are tabulated in Table 2 and Table 3, respectively. Further
details of the crystal structure investigation, including the CIF file, can
be obtained from the Supporting Information. The CIF file of
Sc;Mn;AlLSis was also deposited in Fachinformationszentrum
Karlsruhe, 76344 Eggenstein-Leopoldshafen, Germany (fax:
(49)7247-808-666; e-mail: crysdata@fiz.karlsruhe.de) with depository
number CSD-426711.

Several details about the structural determination of Sc;Mn;Al,Sig
need to be noted. Since Al and Si have similar scattering form factors,
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Table 1. Refinement Parameters and Crystallographic Data
of Single-Crystal X-ray Diffraction of Sc;Mn;AlSi

empirical formula Sc;Mn;ALSig
fw 629.01
temperature (K) 299(2)

A (A) 0.71073
space group, Z P6,/mmc (no. 194), 2
a (A) 83519(2)

¢ (A) 9.0845(4)

vV (A%) 548.78(3)
Paled (g/ em?) 3.807
goodness-of-fit 1.085

R, [I > 26(D)]* 0.0148

wR, [I > 26(1)]° 0.0458
largest diff peak/hole (e/A%) 0.476/-0.390

“R, = YIIF|
ZIw(E2) >

IFN/DIF L PwR, = [Y[w(F}? — F2)?/

Table 2. Atomic Coordinates and Equivalent Isotropic
Displacement Parameters (U,,“) for Sc;Mn;Al,Sig

atom site 03 y z Uy (Az)
Sc 6h 0.20041(2)  0.40082(5) 1/4 0.0093(1)
Mn 6g 1/2 0 0 0.0082(1)
All 12k 0.16318(2) 0.32637(S) 0.57937(4) 0.0102(1)
A2 2b 0 0 1/4 0.0127(2)
Sil 6h 0.55995(3) 0.11990(6) 1/4 0.0100(1)
Si2 4f 1/3 2/3 0.04029(6)  0.0089(1)

“U,q is defined as one-third of the trace of the orthogonalized Uj
tensor.

Table 3. Important Interatomic Distances (A) in
Sc;Mn;ALSi

Sc—Sil (2X) 2.8532(4) A2—All (6X) 2.8241(4)
Sc—Si2 (2%) 2.7068(4) Al2—Sc (3%) 2.8991(3)
Sc—All (2%) 3.0402(4) Mn-Sil (2X) 24311(2)
Sc—All (4x) 3.0881(3) Mn-Si2 (2X) 2.4386(2)
Sc—AL2 2.8991(3) Mn—All (4X) 2.5410(2)
Sc—Mn (4X) 3.1674(1) Mn—Sc (4X) 3.1674(1)
All-Mn (2X) 2.5410(2) Sil—Mn (2X) 24311(2)
All-Sil (2%) 2.6542(3) Sil—All (4%) 2.6542(3)
Al1-Si2 2.6907(4) Si1—Sc (2%) 2.8532(4)
All-All (2X) 2.7662(5) Si2—Mn (3X) 2.4386(2)
All-AI2 2.8241(4) Si2—All (3X) 2.6907(4)
All-Sc (2X) 3.0402(4) Si2—Sc (2X) 2.7068(4)

the assignments of Al and Si sites were based on their atomic sizes and
electronegativities; that is, the smaller and more electronegative Si
should have shorter distances between the more electropositive Mn
and Sc** Therefore, the 6k (0.55995 0.11990 1/4) and 4f sites are
assigned to Si, and the 12k and 2b sites to Al (Table 2). These
assignments resulted in reasonable distances between all the atoms.
The occupancy of each atom site was also checked by freeing the site
occupation factor (SOF) of an individual site while keeping the
remaining parameters fixed. All of the SOFs remained close to unity.
The resulting composition Sc;Mn;Al,Sis was consistent with the
composition determined from energy dispersive X-ray spectroscopy
(EDS). While it is certain that Sc and Mn sites are fully occupied and
without detectable site disorder, we cannot rule out the possibility that
Al and Si may be disordered among all four sites, with the 6k and 4f
sites more Si-rich and 12k and 2b sites more Al-rich.

Several bar-shaped crystals were crushed and ground into powder
for a powder X-ray diffraction experiment, which was carried out on a
Bruker D8 Advance diffractometer. The intensity data were collected
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Figure 2. (a) Combined ball-and-stick and polyhedral representation of the crystal structure of Sc;Mn;ALSis, projected approximately along the [1 1
0] direction. The unit cell is outlined (black solid line). (b) The coordination environment of Sc.

with 26 from 10° to 90° with an exposure time of 2 s. The collected
patterns matched very well with the patterns simulated from single-
crystal XRD data.

A ZEISS AURIGA 60 high-resolution focused ion beam and
scanning electron microscope equipped with an Oxford Synergy X-
MAXS80 detector was used to take images of the crystals as well as for
elemental analysis. The secondary electron (SE) and backscattered
electron (BSE) images of a Sc;Mn;ALSi crystal are displayed side by
side in Figure 1, showing that the crystal is compositionally
homogeneous. EDS was used to independently confirm the
composition of the new compound. Spectra were collected on
multiple crystals, and the results were then averaged. The determined
composition, Scsgo(s)Mny g7(6)Al70s(5)Sis02(16), agrees well with the
refined formula from single-crystal X-ray diffraction. The Ga
compositions in all doped samples were also independently
determined by EDS, which results were in good agreement with the
XRD refinements (details provided as Supporting Information).

Magnetic susceptibility measurements were conducted on single
crystals using a Quantum Design magnetic property measurement
system (MPMS) in the temperature range 1.8—300 K and for a
magnetic field of 0.1 T, which was aligned parallel and perpendicular
to the c-axis. Electrical resistivity measurements were carried out using
a Quantum Design physical property measurement system (PPMS) on
polished bar-shaped samples with a dc excitation current of 1 mA. Low
resistance electrical contacts were made using silver-filled epoxy. The
heat capacity C, was also measured using the PPMS for temperatures
ranging from 1.8 to 275 K.

B RESULTS AND DISCUSSION

A new intermetallic compound, Sc;Mn;Al,Si;, has been
synthesized from reactive aluminum flux. It crystallizes with a
hexagonal structure in space group P6;/mmc (no. 194, Pearson
symbol hP36), with six unique crystallographic sites in an
asymmetric unit: Sc (6k), Mn (6g), All (12k), Al2 (2b), Sil
(6h), and Si2 (4f). Several other intermetallic compounds are
also reported to adopt the same structure, e.g, ScsNiHSi4,25
Dy,Cu;,Si,,*® and the nonstoichiometric Y5104Mg1528Z060.65)
suggesting that this structure is capable of hosting a variety of
valence electron concentrations. Five Ga-doped compounds,
SC3MU3(A10.975G30.025(1))7515; SC3MU3(A10.938G30.062(1))7515;
Sc3Mn3(A10.907Ga0‘093(1))78i5, SCSMHS(AIO.SMGaO‘lsé(l))7Si5’ and
Sc;Mn; (Al g10Gag 190(2))7Sis, were also obtained, and their
structures were established by single-crystal X-ray diffraction
as well. We will first report the crystal structure, chemical
bonding, and physical properties of the parent compound
Sc;Mn;ALSig, followed by the structural characteristics and
magnetic properties of the doped samples.
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The crystal structure of Sc;Mn;AlSis is shown in Figure 2,
projected approximately along the [1 1 0] direction. As seen
from the figure, Mn atoms are surrounded by four Si atoms
arranged in a square, and these squares are further connected
by sharing Sil along the c-axis and by sharing Si2 within the ab-
plane, where Sil is 2-bonded and Si2 is 3-bonded to Mn. The
Mn—Sil and Mn—Si2 distances, 2.4311(2) and 2.4386(2) A,
respectively, are in good agreement with the sum of Pauling’s
single-bond radii of Mn and Si,** indicating strong hybrid-
ization between Mn and Si. The distances are also comparable
with those in binary and terna? manganese silicides such as
Mn,Siz,*® Mn,Si;,”® Sc,Mn,Si,,” and Ti,Mn,Sis.** Four Al
atoms are also found to be close to Mn with a Mn—Al distance
of 2.5410(2) A, which compares well with the distances in
Mn,Al, Mn;Aly,, and MnAlg.*® Including the closest Al atoms,
the Mn coordination is augmented as a distorted cube. Such a
cubic coordination environment has also been noted in other
intermetallic compounds such as CoMnSb®' and MnGa,.*> On
the other hand, All and A2 form Al cubes, in which Al2 atoms
are shared between neighboring cubes; hence they are fused
diagonally along the c-axis. The distances between Al atoms,
2.7662(5) and 2.8241(4) A, are slightly smaller than the
distance in Al metal, 2.864 A,*® suggesting a metallic bonding
character of the Al—Al contacts in the title compound.
Relatively short Al—Si distances are also found between All
and Si (Table 3); these contacts could be considered as at least
partial bonding, if not full. By sharing the common Al—Al
edges, the MnSi,Al, and Alg cubes are interconnected, forming
a complex three-dimensional structural network.

Sc atoms occupy the voids created by the MnSi Al, and Alg
cubes. The void or the cage-like coordination environment of
Sc could be described as a 15-vertex polyhedron, which is
composed of 20 triangular and two pentagonal faces (Figure
2b). With Sc atoms being the most electropositive element in
the structure (Pauling scale: yg. = 1.36, yym = 1.5S, ya = 1.61,
Zsi = 1.90%%), it is assumed that the interactions between Sc and
the other elements are more ionic (less covalent) than the
interactions among Mn/Al/Si. Indeed, it has been reported by
DFT calculations that for transition metal monosilicides TMSi,
the larger the electronegativity of the transition metal, the
higher the covalent character in the TM—Si bonds.*® The Sc—
Si, Sc—Al, and Sc—Mn distances (Table 3) compare well with
the distances in their binary phases with high Sc coordination
numbers, such as in Scan,34 ScAL* and ScSiZ.36

The most prominent feature of the structure is that Mn, as
the only magnetic element, forms corner-shared triangular nets,
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ie., the Kagome nets (Figure 3). The Mn—Mn distance within
the Kagome plane is found to be 4.1759(1) A, while these

T m—
4.1759(1) A

Figure 3. View of the crystal along the c-axis, in which the Kagome
nets of Mn (green atoms) are highlighted.

planes are separated from each other by Sc/Al/Si slabs at a
distance of 4.5422(1) A. The Mn—Mn distance within the
Kagome plane is more than 50% longer than those in the Mn
metal,”® and it is also significantly longer than those in the
above-mentioned RMn¢X, compounds, for example, 2.605 A in
YMnyGes,®” 2.745 A in LiMngSng*® and 2.758 A in
MgMn65n6.39 Such a long Mn—Mn distance in Sc;Mn;AlSis
most likely makes direct overlap of Mn 3d orbitals unimportant
for determining the electronic structure.

Following the descriptions of the structure and bonding, a
few aspects of the properties of Sc;Mn3Al Sis could be
expected. First, metallic bonding is most likely dominant in
Sc;Mn;ALLSig since the high coordination numbers of all atoms
would not be satisfied if only localized bonds were considered.
From this point of view, we expect Sc;Mn;Al Si to be a metal.
Also, with complex bonding and hybridization among atoms
extending three dimensionally, it is possible that the anisotropic
nature apparent in the crystal structure may not be reflected in
the physical properties of this system. Last, but probably most
interestingly, Sc;Mn;Al;Sis should feature frustrated magnet-
ism, as expected from the Mn Kagome net. Although direct
exchange of Mn is probably not plausible due to the large Mn—
Mn distance, magnetic coupling between Mn d electrons and
the conduction band is likely to play a significant role in
magnetism.

The temperature dependence of the electrical resistivity p of
Sc;Mn;AlLSis, measured with the current flowing along the c-
axis is shown in Figure 4. The resistivity is predominantly
metallic, decreasing from a room-temperature value of 250 p€-
cm to a minimum value of ~120 pQ-cm at ~30 K. An upturn
in resistivity is observed below 30 K. We have measured
resistivity of crystals from two different batches, and the
temperatures of the minimum and the upturn magnitude are
sample independent.

Figure S shows the temperature dependence of the magnetic
susceptibility y(T), measured in a 0.1 T magnetic field aligned
both parallel and perpendicular to the c-axis. The curves are
almost the same, revealing very weak anisotropy and strong
temperature dependencies for both field directions. The
susceptibility is featureless, with no indication of a magnetic
phase transition for temperatures as low as 1.8 K. We were able
to fit the 50—300 K temperature region to the modified Curie—
Weiss law:
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Figure S. Magnetic susceptibility of Sc;Mn;Al-Sis measured with a 0.1
T field parallel (filled circles) and perpendicular (open circles) to the
crystallographic c-axis. The inset shows the fits to a Curie—Weiss

expression for the temperature-dependent part of the inverse
susceptibility (y—yo) ™"

NI+ 1)

)((T) - 3kB(T - QCW) ){0

(1)

where Ocw, J, g kg and y, are respectively the Weiss
temperature, the angular momentum of the Mn moments,
the Landé g-factor, the Boltzmann constant, and a temperature-
independent contribution to the susceptibility. A least-squares
fit, performed above SO K (inset in Figure S), yielded an
effective moment pog = gug(JJ + 1))*° = 0.51(1)up/Mn in
both directions, 0oy = —38(1) K and y, = 23.5(1) X 107°
emu/mol Mn along the c-axis, and Oy = —39(1) K and y, =
21.7(1) X 10> emu/mol Mn for a magnetic field perpendicular
to the c-axis. All these quantities are very similar for both field
directions, suggesting that magnetic anisotropy is minimal in
this system, consistent with the complex 3D bonding in this
compound. The strongly reduced values of the effective
moments are consistent with a small polarized electron density,
establishing the itinerant character of the magnetism in this
system. We have measured magnetic susceptibility of crystals
from different batches, and the values of effective moments and
characteristic Ocy temperatures agreed within 5% with the
aforementioned values. As our single crystals are of high quality
and our structural analysis excludes the presence of Mn ions
outside the Kagome planes, it is likely that the observed
magnetic properties are intrinsic. Taking into consideration that
the nearest Mn—Mn distances are very large, and so direct Mn
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3d—Mn 3d hybridization should be insignificant, we infer that
in Sc;Mn;AlSis hybridization between Mn 3d and ligands,
most likely the s and p states of Al and Si, should play a
dominant role in the magnetic properties. This assumption is
consistent with the accepted picture of magnetism in Mn—Si
binary systems. Here, the Mn magnetism is suppressed with
increasing Si content, where Mn-rich Mn,Si,* MnSi;,*' and
MnSi* all order magnetically, whereas silicon-rich Mn,;Si;o
and Mn,Si,* do not. Sc;Mn;AL Sis, with highly coordinated
Mn with Si and Al ions, seems to correspond well to the latter
two silicides.

A special comment should be made regarding the values of
Ocw. According to the mean field theory, 10cy! sets the energy
scale for the onset of long-range magnetic interactions.** The
relatively high Weiss temperature (about —40 K) and the
absence of order for Sc;Mn;Al,Sis down to 1.8 K may be a sign
of a spin liquid state in this metal that the Kagome net suggests.
The measure of frustration is the f parameter, defined as f =
(10cw!)/ (T o), where T, 4 stands for the ordering temperature.
An f value bigger than 10 usually indicates strong magnetic
frustration in the system.” In Sc;Mn;ALSis, f is higher than 22
(taking the ordering temperature to be no higher than 1.8 K);
this renders Sc;Mn;Al;Sis as a strong frustrated material.

Figure 6 shows the temperature dependence of the heat
capacity ratio C,/T. As shown from the figure, no anomaly is

T g
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1.8 10 100

Figure 6. Sc;Mn;AlLSis C,/T ratio versus temperature. The dotted line
represents the Dulong—Petit limit.

found that would point to the existence of an electronic,
magnetic, or structural phase transition over the temperature
range 1.8—275 K. The dotted line indicates the Dulong—DPetit
limit Cpp/T = 3Rn/T, where R is the gas constant and n is the
number of atoms per formula unit. At 275 K, the total heat
capacity reaches 389 J/mol-K, which is only 86% of the
Dulong—Petit limit, indicating a relatively high Debye temper-
ature of the compound. Very intriguing behavior is noted in
C,/T for the low-temperature range. At T < 10 K, an additional
contribution to C, emerges, leading to the divergence of Cp/ T
and a relatively high Sommerfeld coefficient of 80 mJ/mol-K? at
1.8 K, suggesting strong electronic correlations.

The anomalous divergencies in both specific heat and
magnetic susceptibility indicate that the system is on the verge
of some kind of magnetic/electronic phase transition that
occurs below 1.8K. Two types of T = 0 instabilities are
commonly discussed. In the first, magnetic order is suppressed
to T=0 by increasing the hybridization between the magnetic
moment and the conduction electrons, leading to the vanishing
of the moment. This usually occurs in the f-electron based
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compounds via the Kondo effect. A second scenario is that the
magnetic moments are robust, but the magnetic order is
suppressed by quantum fluctuations, introduced via low
dimensionality or by competing interactions arising in a
frustrated lattice. Considering that the Mn moments lie on a
frustrated Kagome net, the second scenario seems to be more
plausible, although the possibility of moment compensation
cannot yet be ruled out. In the presence of strong magnetic
frustration, we speculate that the moments may potentially
form a highly degenerate magnetic ground state at T = 0,
resulting in a quantum spin liquid. Future experiments at lower
temperatures will be needed to explore this possibility.
Moving onto the five Ga-doped compounds, as we previously
pointed out, all of them adopt the same crystal structure as
Sc;Mn;AlLSis. Two interesting observations deserve discussion.
First, according to single-crystal XRD refinements, Ga
substitutes only for the Al atoms, leaving the Mn Kagome
layers intact from doping, which is understandable since Ga and
Al are from the same element group. The Mn—Mn distances
are only slightly shorter in the doped samples, decreasing from
4.1759(1) A in Sc;Mn;AlLSig to 4.1564(1) A in
Sc;Mn; (Al g10Gag 190(2))7Sis. Second, as seen from Figure 7,

9.10 : : : : 4.19
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@ 9.06 p \' 1+ £
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5 ) TT— 4.17
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= -—a \ e — 2}
g 654 '\ " M ] 416 &
3 ~ { 3
— 3
8.30 . . L . 4.14
0.00 0.04 0.08 0.12 0.16

Ga Concentration x

Figure 7. Dependence of the cell parameters a and ¢, as well as the
Mn—Mn distances on the Ga concentrations in Sc;Mn;(Al;_,Ga,),Sis.

dpinomny OF in general the cell parameters a and ¢, do not
decrease linearly for the whole doping range. While a and ¢
decrease linearly as the Ga doping concentration increases up
to 9.3%, they remain almost unchanged as Ga% further
increases. Looking into the details of the site occupancy reveals
a plausible explanation to this anomaly. From XRD refinements
(see Table S2), Ga has a clear preference for the Al2(2b) site,
as it occupies only the Al2(2b) site as its doping concentration
increase up to 9.3%. With higher Ga doping, it starts to occupy
both Al2(2b) and Al1(12k) sites, with 88.1% Ga occupancy at
the 2b site and only 3.5% at the 12k site for
Sc;Mn; (Al g44Gag 156(1))7Sis, and 93.6% Ga occupancy at the
2b site and 6.5% at the 12k site for Sc;Mn;(Alyg10Gag 190(2))7Sis-
We believe that the onset of the Ga substitution at the All site
(which is different from the AI2 site) has caused the deviation
of the cell parameters from linear decrease when Ga doping is
above 10%, since XRD refinements clearly suggest the
concurrence of them. Similar behaviors have been observed
in Garnet structure compounds Y;Al;_,Ga,O;, and
Y;Fe;_,Ga,0}, (0 < x < 5), where deviation from the Ve§ard’s
law is also related to the site preference of the dopants.**
The magnetic susceptibilities of the Ga-doped single crystals
have also been measured along their crystallographic ¢
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direction. As seen from Figure 8, the susceptibilities of the two
lowest doped samples (x = 0.025 and 0.062) remain almost the
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Figure 8. Direct current (dc) magnetic susceptibility of
SciMn; (Al _,Ga,),Si; measured with a 0.1 T field parallel to the
crystallographic c-axis. The inset shows ac susceptibility measured with
a frequency of 17 Hz at zero dc field.

same as the parent compound, i.e., the values are very close for
the whole measured temperature range and no anomaly is
observed down to 1.8 K. On the other hand, the susceptibilities
of the higher doped samples are enhanced. Fitting the data
from 50 to 300 K to eq 1, we obtain effective moments of 0.54,
0.69, and 0.79 up/Mn for Sc;Mn;(Algge7Gag g93(1))7Sis,
SCsMns(Alo.sszao.lsé(1))7Si5; and SCsMns(AlomoGao.190(2))7515;
respectively. Compared with the moment of 0.51(1)up/Mn for
the parent compound, the moments enhanced in the latter two
samples are noteworthy. As we previously discussed, Mn 3d-
ligand hybridization plays a dominant role in the magnetic
property of Sc;Mn;AlSi;. We speculate that the enhanced
moment in the Ga-doped samples could be attributed to the
weakening of Mn 3d-ligand hybridization, as Ga s and p states
should lie further below the Fermi level due to its higher
electronegativity than Al Indeed, the enhancement of magnetic
moments is found to be significant only in the two highest
doped compounds, in which Ga also occupies the Al1(12k) site,
leading to direct overlap of Mn—Ga. Similar scenarios are found
in the uranium compounds UX; and UTX (T = transition
metal, X = triel/tetrel), where Sfligand hybridization is
considered as the primary mechanism determining their
magnetic properties.4 8

At the lowest temperature range it is noted that the y-T
curves for the two highest Ga-doped compounds start to
saturate, indicating the possible onset of a magnetic phase
transition. These anomalies are more clearly shown in the AC
susceptibility measurements (Figure 8 inset), where peaks at
~2.5K are observed for Sc;Mn;(AlygGagse(1));Sis and at
~3.6K for Sc;Mn;(Alyg0Gag90(2))7Sis. In the presence of
strong geometrical frustration from the Kagome net, in
combination with the chemical disorder introduced by the Ga
doping, it is very plausible that these anomalies reflect a spin
glass transition. The spin glass is a ground state that often
occurs in systems with evident disorder, reflecting compro-
mised order on very short length scales. Upon doping the Mn
magnetic sublattice remains undisturbed and disorder is limited
only to p metalloid site, suggesting that Sc;Mn;(Al,Ga),Sis may
be classified as the nonmagnetic atom disorder (NMAD) spin
glass.*” We argue that the presence of the local magnetic order
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in doped samples is strong evidence of the intrinsic and
frustrated character of magnetism in the parent compound.

B CONCLUSIONS

We have synthesized high-quality single crystals of a new
intermetallic compound Sc;Mn;Al;Si; and its Ga-doped
analogues Sc;Mn;(ALGa),Sis. The crystal structures have
been established by single-crystal X-ray diffraction, and the
compositions have been confirmed with EDS measurements.
Sc;Mn;ALSig crystallizes in a hexagonal structure with the
Sc;Ni,Siy type. Two types of cubic motifs, MnSi,Al, and Alg,
are identified, and by sharing the common Al and Si atoms,
they are condensed into a 3D network, creating voids that are
occupied by Sc atoms. Intriguingly, we find that the Mn ions
bear a small moment, and they form geometrically frustrated
Kagome nets. No magnetic or other type of order is observed in
Sc;Mn;AlLSig for temperatures as low as 1.8 K. A large Weiss
temperature suggests that the moments are effectively coupled
and may collectively fluctuate down to the lowest temperatures.
The absence of magnetic order suggests that these interactions
are frustrated and thus cannot lead to magnetic order. This
material is definitively metallic, establishing it as a rare example
of a metallic Kagome system, where the absence of static
magnetic order may lead to the realization of a quantum spin
liquid ground state. The presence of short-range order in Ga-
doped samples is a direct evidence for the intrinsic character of
magnetism in Sc;Mn;Al,Sis and generic frustration within the
Mn triangular plane.
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