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ABSTRACT: Crystals of Lay; — sMngM,C;, (M = main group elements Ge/Al, Sn, Sb, Te,
Bi) were synthesized in La/Ni eutectic flux. The structure features tetrahedral manganese
clusters edge-capped by carbon atoms, Mn,Cs, embedded into a nonmagnetic La/M
network. The structures were determined from single-crystal X-ray diffraction (La,;Mng-
Geg,AlgsCra, Fm3m; a = 162259(3) A; Z = 4; Ry = 0.022). While most of the
La,;MngM,C;, analogues are completely ordered, the M = Te compound features partial
occupancy of one of the La sites, and the M = Ge analogue exhibits mixed Ge/Al occupancy
on one of the M sites. Lay;  sMngM,C;, with M = Sn, Sb, Te, Bi are paramagnets, but the
susceptibility of La,;MngGes,Alo5C1, exhibits ZFC-FC divergence at T; ~ 6 K and an
additional feature at T, &~ 3 K. Such behavior is indicative of frustration of antiferromagne-
tically coupled manganese magnetic moments within the Mn, tetrahedra. AC susceptibility
measurements confirm the presence of two cusps at T and T,; however, no frequency
dependence of cusp maxima was found. This differentiates La,; MngGes ,Alp sC1, from the

Fe analogue, La,;FegSn,C;,, where frequency dependence indicates spin-glass behavior. Electronic calculations on Lay;—
MngM,C;, confirm that the vacancy on one of the La sites in the La,oMngTe,C;, analogue stabilizes the phase by shifting the Fermi
level to a pseudogap in the density of states. >’Fe and ''*Sn Méssbauer spectroscopy of spin-glass compound La,;FegSn,C, and
paramagnetic La,; MngSn,C;, supports the presence of spin glass behavior in the Fe analogue and not in the Mn analogue.

KEYWORDS: La,;FegSn,C,, La/Ni flux, flux growth, spin-glass, carbide, Mossbauer spectroscopy

B INTRODUCTION

Ternary carbides of transition (T) and rare-earth (RE) metals
RE,T,C, exhibit wide-ranging structural diversity associated with
different connectivity within the zero-, one-, two-, or three-
dimensional [T,C.]"" complex anions. Also diverse are the
various types of carbon fragments, ranglng from monatomic C;
specimens to extended C, and C; units." The recent extensive
study of transition metal carbides is driven by their interestin
physical 3properties, for example, superconductivity in LaNiC,,
Y,FeC,,> and Sc;CoC,* and complex magnetic behavior
in RE,TC, (RE = Y, Ce—Nd, Gd—Tm; T = Re, O0s).>* In
most transition metal carbides the d-metals are either isolated
from each other (d > S A) or form infinite one or higher
dimensional fragments. So despite the increasing number of
multinary carbide phases, isolated clusters of transition metals are
not a common building block in transition metal carbides. An
interesting recent example is the planar Feq cluster in RE;s.
FesC,s (RE = Y, Dy, Ho, Er).*"

Recently, the novel compound La,;FegM-,C;, was reported,
featurmg perfect tetrahedral iron clusters edge-capped by carbon
atoms.® In its crystal structure, the Fe,Cg clusters are separated
from each other and surrounded by a nonmagnetic La/M
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network (M = Ge/Al, Sn, Sb, Te/Al, Bi). Isolated tetrahedral
clusters of magnetic atoms with equal antiferromagnetic (AFM)
exchange coupling is an example of an ideal spin-frustrated
system with a highly degenerate magnetically ordered ground
state and is of particular interest as a “toy problem” in computa-
tional chemistry.7 The compound La,;FegSn,C,, exhibits spin-
glass behavior associated with frustration of antiferromagneti-
cally coupled iron moments within the perfect Fe, tetrahedra.
This phase was synthes1zed utilizing an unconventional flux, La/
Ni eutectic (mp 532 °C),® which has proven to be an excellent
growth medium for preparation of millimeter size crystals of
phases containing carbon, boron, and transition metals.®

In this work we extended the study of phases with isolated
T,Cs clusters to T = Mn; this metal shows structural trends and
reactivity in La/Ni eutectic flux similar to iron. The new
quaternary carbides La,;—sMngM,C, (M Ge/Al, Sn, Sb,
Te, Bi) are isostructural to La,;FegM-C,. ¢ Their crystal struc-
ture pecuharltles, electronic structure, and magnetic properties
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Table 1. Data Collection and Structure Refinement Parameters for La,;sMngM,C;,"

composition La;;MngSn,C;, (I)  La,;MngBi,C;, (1)

space group

collection temperature, K

cell parameter, a, A 16.7435(2) 16.6072(5)

v, A 4694.0(1) 4580.3(2)

V4

density (caled), g cm ™ 6.13 7.20

4, mm " 24.3 48.0

data collection range, deg 4—30 2—35
absorption type numerical numerical
reflections collected 8892 11166
independent reflections 391 [Ryy = 0.060] 566 [Ryye = 0.064]
parameters refined 21 21

R 0.018 0.019

WR,® [E, > 40F, ] 0.037 0.037

Ry, wR, (all data) 0.022, 0.038 0.022, 0.038
largest diff. peak and hole, e/A®  2.64 and —1.03 1.30 and —1.07
goodness-of-fit 1.085 1.243

Lay;MngSb,C, (III)

Fm3m (No. 225)

295 K
16.4829(4)
4478.2(2)

6.46

25.8

2—35

numerical

11350

556 [Rine = 0.038]
21

0.018

0.038

0.019, 0.038
1.03 and —1.04
1.384

LayMngGeg ,Alp 5C1p (IV)

La

16.2259(3)
4272.0(1)

6.18

27.0

2—32
multiscan

9045

412 [Ryy, = 0.047]
22

0.020

0.042

0.022, 0.043
1.25 and —1.33
1.187

zo.oz(l)MnsTe7C12 (V)

16.4455(7)
4447.8(3)

6.36

254

2—3S
numerical
12751

553 [Riye = 0.031]
21

0.023

0.045

0.032, 0.047
2.29 and 1.72
1.055

“ Further details of the crystal structure determination may be obtained from Fachinformationszentrum Karlsruhe, D-76344 Eggenstein-Leopoldshafen,
Germany, on quoting the depository numbers CSD-422157, CSD-422154, CSD-422156, CSD-422155, and CSD-422153 for I, II, III, IV, and V,

respectively. bR, = 2||Fo| = |Fe||/Z|Fo|- “WR, = [Zw(F,> — F2)*/sw(E2)*V? w=[3*(F,%) + (A+p)> +B-p)

L p=(F,2 4+ 2F.2)/3; A= 0.0061 (1),

0.0037 (II), 0.006 (1II), 0.0118 (IV), 0.0156 (V); B = 169.5289 (I), 105.1632 (II), 101.1289 (III), 153.3339 (IV), 91.9764 (V).

were explored using X-ray diffraction, magnetic susceptibility
measurements, Mossbauer spectroscopy, and quantum-chemical
calculations. The change in the magnetic behavior by re-
placement of d-metal in La,;FegM,C;, by Mn, as well as
influence of p-elements M on the magnetic properties of Lay; —
sMngM,,C,, is revealed. This sheds new light on the effect of the
surrounding La/M network on the magnetic behavior of spin
frustrated T, clusters in this structure.

B EXPERIMENTAL SECTION

Sample Preparation. The synthesis of La,;—sMngM,C,, (M =
Sn, Bi, Sb, Ge, Te) was carried out following the procedure described for
La,;FegSn;Cy,. The starting materials were stored and handled in an
argon-filled glovebox. Powders of lanthanum (99.9%, Alfa Aesar),
manganese (Alfa Aesar, 99.6%), carbon (95—97%, Strem Chemicals),
tin (99.9%, Fisher Chemicals), bismuth (99.9%, Strem Chemicals),
antimony (99.5%, Strem Chemicals), tellurium (Ventron Alfa Products,
99.9%), germanium (Alfa Aesar, 99.999%), aluminum (99%, Strem
Chemicals), and ingots of La—Ni eutectic (88:12 wt %, Alfa Aesar
99.9%) were used as received. Starting materials La, Mn, C,and M (M =
Sn, Bi, Sb. Ge, Te), mixed in 21:8:7:12 molar ratio (total mass 0.43 g),
were sandwiched between layers of La/Ni eutectic (~14 g, broken into
small pieces) with slightly more flux in the top layer compared to the
bottom one. Subsequently, to check reproducibility of the synthesis of
Te- and Ge-containing compounds and study the possible doping by Al,
samples with molar ratios La:Mn:Te:C = 20:8:7:12, La:Mn:Te:Al:C =
20:8:4:3:12, La:Mn:Ge:C = 21:8:7:12, and La:Mn:Ge:ALl:C = 21:8:5:2:12
were reacted in La/Ni flux following the same procedure.

For each flux reaction, all the reactants were placed into an alumina
crucible (i.d. 6 mm) with a second alumina crucible filled with Fiberfrax
and inverted above the reaction crucible to act as a filter during
centrifugation. The alumina crucibles were placed into a silica tube,
which was fused under a vacuum of 10~ Torr; the ampule was then

Table 2. Atomic Coordinates and Equivalent Displacement
Parameters (AZ) for La,;MngSn-C;, (I), Lay;Mng.
Geg2Aly 5Cy, (IV), and LayeMn;Te,Cy, (V)

atom  Wyckoff s.o.f. x/a y/b z/c  Ug'
La,;MngSn,C,,
La(1) 48h 1 0 0.1708(1) y 0.012(1)
La(2) 32f 1 0.3657(1) « x  0.011(1)
La(3) 4 1 1/2 1/2 1/2 0.021(1)
Mn 32f 1 0.1972(1) « x 0.012(1)
Sn(1) 24e 1 0.2888(1) 0 0 0.013(1)
Sn(2) 4a 1 0 0 0 0.014(1)
C 48g 1 0.1078(5) 1/4 1/4 0.015(1)
L321Mn8Ges.17(2)A10.83(2)C12
La(1) 48h 1 0 0.1657(1) y 0.013(1)
La(2) 32f 1 0.3691(1) « x 0.011(1)
La(3) 4 1 1/2 1/2 1/2 0.038(1)
Mn 2f 1 0.1952(1) « x  0.012(1)
Ge(1) 24e 1 0.2910(1) 0 0 0.013(1)
Ge(2)/Al(2) 4a  0.17(2)/0.830 0 0 0.018(2)
C 48¢ 1 0.1047(5) 1/4 1/4 0.021(1)
Lay02(1)MngTe;Cy,
La(1) 48h 1 0 0.17067(2) y ~ 0.0094(1)
La(2) 32f 1 0.36465(2) « x 0.0090(1)
La(3) 4b  0.024(5) 1/2 1/2 1/2 0.0090(1)
Mn 2f 1 0.19537(5) « x 0.0082(2)
Te(1) 24e 1 0.28578(4) 0 0 0.0111(2)
Te(2) 4a 1 0 0 0 0.0335(5)
C 48¢ 1 0.1056(4) 1/4 1/4 0.021(1)

* Ueq is defined as one-third of the trace of the orthogonalized Uj; tensor.

1769

dx.doi.org/10.1021/cm1028595 |Chem. Mater. 2011, 23, 1768-1778



Chemistry of Materials

Table 3. Selected Interatomic Distances (A) in the Structures of La,;MngSn,C;, (I), Lay;MngBi-C;, (II), Lay;MngSb-C;, (III),

La,;MngGeg 2Aly 5Cy (IV), and LayoMngTe,Cy, (V)

bond La;;MngSn,C, La,;;MngBi,C;,

La—La 3.7484(9)—4.0455(5) 3.7276(8)—4.0077(4)
M(1)—La(1) x 4 3.4764(5) 3.4684(3)
M(1)—La(2) x 4 3.4302(4) 3.4202(3)
M(1)—La(3) 3.5356(8) 3.4701(4)
M(2)—La(l) x 12 4.0455(5) 4.0077(4)
Mn—Mn X 3 2.502(3) 2.534(2)

Mn—C x 3 1.949(7) 1.954(6)
Mn—La(l) x 3 3.360(1) 3.310(1)
Mn—La(2) X 3 3.1911(5) 3.1191(5)
C—La(1) x 2 2.602(6) 2.569(5)
C—La(2) x 2 2.776(2) 2.717(1)

Lay MngSb;C 5 La; MngGes ,Alp sC1p LayoMngTe;C;,

3.7505(7)—3.9563(2) 3.8011(5)—3.9654(3) 3.6903(8)—3.9692(4)

3.4374(3) 3.3709(7) 3.3854(4)
3.3758(3) 3.2607(5) 3.4047(4)
3.4454(6) 3.391(1) 3.5230(7)
3.9523(3) 3.8011(4) 3.9691(3)
2.515 (2) 2.514(2) 2.541(2)
1.951(4) 1.934(7) 1.948(5)
3.2900(8) 3.240(1) 3.264(1)
3.1264(4) 3.1829(5) 3.1142(5)
2.558(4) 2.575(6) 2.534(5)
2.724(1) 2.765(1) 2.711(1)

heated to 950 °C in 3 h, held at this temperature for 12 h, and then
cooled to 850 °C in 10 h. The reaction mixtures were subsequently
annealed for 48 h at 850 °C and then cooled to 600 °C in 84 h. At 600 °C
the ampule was removed from the furnace, quickly inverted, and placed
into a centrifuge to decant the molten flux. To separate the crystals from
residual La—Ni coating, samples were washed with ethanol and kept in
an argon-filled glovebox or stored in a refrigerator under paratone oil to
prevent further oxidation.

Elemental Analysis. Semiquantitative elemental analysis was
performed with energy-dispersive X-ray spectroscopy (EDXS) on a
JEOL 5900 scanning electron microscope equipped with PGT Prism
energy dispersion spectroscopy software. Crystals were affixed to an
aluminum sample puck with carbon tape, oriented with a flat face
perpendicular to the beam, and analyzed using a 30 kV accelerating
voltage and an accumulation time of 60 s. The carbon content was not
determined due to the limitation of EDXS with light elements. The
samples were also monitored for Ni and Al contamination, which may
stem from the flux or be leached from the crucible, respectively. No Ni
was detected, but small amounts of Al were found for all samples, which
might be due to the aluminum sample puck. To test for incorporation of
Al all site occupancies were allowed to vary in the single-crystal XRD
final refinement cycles (vide infra).

Single Crystal X-ray Diffraction. Selected single crystals were
mounted on glass fibers using epoxy. The X-ray intensity data were
collected at room temperature on a Bruker SMART APEX2 CCD
diffractometer equipped with a Mo-target X-ray tube (4 = 0.71073 A).
The data sets were recorded as w-scans at 0.3° stepwidth and integrated
with the Bruker SAINT software.'® Data were corrected for absorption
effects with either an analytical absorption correction using face-index-
ing of the crystal or by the multiscan method (SADABS''). The
structures were solved in the centrosymmertic space group Fm3m
(No. 225) and refined by full-matrix least-squares procedures on |F|
using the SHELX-97 software package.'” The positions of all atoms
except for carbon were found by direct methods. The position of carbon
was located after a series of least-squares cycles and difference Fourier
maps. The occupancy factors for all atomic positions were allowed to
vary and found to be close to unity in structures La,;MngSn,C, (I),
La,;MngBi,C;, (II), and Lay;MngSb,C;, (III) (Tables 1 and 2 and
Supporting Information Table S1). The larger ADP (atomic displace-
ment parameter) in the case of positions La(3) or M(2) can be
attributed to the “rattling” of these loosely bonded atoms."> The
refinement of these positions as split sites with higher multiplicity was
found to be unstable.

In the case of La;;MngGeg,AlysC1, (IV) (Tables 1 and 2), position
4a showed partial occupancy when set solely occupied by germanium.
Taking into account that EDXS analysis showed Al incorporation in the

case of (IV), this position was refined as mixed occupied by Ge(2)/
Al(2). For the structure of La,oMngTe,C;, (V) (Tables 1 and 2), the
refinement of occupancies showed that position 4b is partially occupied
by La(3). To exclude high correlations between ADP and sof and in
order to estimate the occupancy of this position correctly, the ADP for
La(3) was constrained to be equal to that of La(2) and the occupancy of
La(3) position was allowed to vary. This results in a 2.4(5)% occupancy
of La(3) position for the structure (V). Removing this atom completely
from the refinement leads to the appearance of a significant residual
electron density peak in the difference Fourier map in the vicinity of the
La(3) position.

The final refinement with anisotropic atomic displacement param-
eters (ADP) for all atoms converged to R, = 0.018, 0.019, 0.018, 0.020,
and 0.023 leading to the compositions La,;;MngSn,C,, (I), Lay;Mng.
Bi;Cy, (H); La,;MngSb;C 5 (HI), LaZIMHSGeé.17(2)A10.83(2)C12 (IV);
and Layg02(1)MngTe;Cy, (V), respectively. The details of the data
collections and refinements are summarized in Table 1, the atomic
parameters are given in Table 2 and Supporting Information Table S1,
and selected bond distances are listed in Table 3.

Magnetic Properties. Magnetic susceptibility data for Lay;—,
MngE,C;, (M = Sn, Bi, Sb, Ge/Al, Te) were measured over the
temperature range 1.8—300 K using a SQUID magnetometer
(Quantum Design MPMS system). Several single crystals (2—30 mg
each) were sealed into kapton tape and inserted into a plastic straw.
Field-cooled (FC) and zero-field-cooled (ZFC) measurements were
performed at various fields, while field-dependent measurements were
done at 1.8 K. AC-susceptibility data were collected from 1.8 to 15 K
with an applied AC-field of 5 Oe at four different frequencies.

Computational Details. Calculations of density of states (DOS)
were performed utilizing the tight binding—linear muffin tin orbitals—
atomic sphere approximation TB-LMTO-ASA program package.14 For
the calculations of DOS of La,;MngSn-C,, Lay;MngSb-C,», Lay;Mng._
Bi,C,, and LayoMngTe,C, the experimental room-temperature struc-
tural parameters (unit cell dimensions, space group, and atomic
coordinates) were used, while for the DOS of hypothetical La,;Mng.
Te,C,, the structural parameters of La,oMngTe,C,, with addition of
the fully occupied La(3) site were employed. The radial scalar-relativistic
Dirac equation was solved to obtain the partial waves. The calculation
was made for 145 k-points in the irreducible Brillouin zone. Integration
over the Brillouin zone was made by the tetrahedron method."> The
basis set contained La (6s, 5d, 4f), Mn (4s, 4p, 3d), Sn/Sb/Te (Ss, Sp),
Bi (6s, 6p), and C (2s, 2p) with La(6p), Sn/Sb/Te(5d, 4f), Bi(6d,
5f), and C(3d) functions being downfolded. The radii of atomic
spheres used for the calculations are listed in the footnote.'® Inter-
stitial empty spheres (0.61 A < r(E) < 0.90 A) were added to fill the
interstitial space.
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La(3)

Mn Cg@Layq

Figure 1. (a) Polyhedral representation of the crystal structure of La,; — sMngM;,C,, (M = Ge/Al, Sn, Sb, Te, Bi) in ab-plane; coordination polyhedra of
M(1) (green) and M(2) (yellow) by La atoms are emphasized. La atoms are drawn in blue, Mn atoms in orange, and C atoms in black. (b) Coordination
polyhedron for M(1) site (monocapped square antiprism) by La atoms. (c) Coordination polyhedron of M(2) site (cuboctahedron) by La atoms. (d)
The 16-vertex Frank-Kasper polyhedral cage of La atoms around the Mn,Cg cluster.

Mossbauer Spectroscopy. A *’Co/Rh and a Ca'**™S$nOj; source
were available for the >"Fe and ''”Sn Méssbauer spectroscopic investi-
gations, respectively. The samples were placed within thin-walled
plexiglass containers at a thickness of about 10 mg Sn(Fe)/cm”. In
the case of the '*°Sn measurements a palladium foil of 0.05 mm
thickness was used to reduce the tin K X-rays concurrently emitted by
this source. The measurements were conducted in the usual transmis-
sion geometry at 4.2, 77, and 298 K.

M RESULTS AND DISCUSSION

Synthesis. La,;—sMngM,C,, (M = Sn, Sb, Bi, Te, Ge/Al)
phases were synthesized by flux growth from La/Ni eutectic
according to the procedure described for Fe analogues
La, FegM,C;,.° The La/Ni eutectic mixture readily dissolves
carbon and transition metals and allows the growth of relatively
large crystals of complex intermetallics. The cubic phases La,; -
MngM,C;, (M = Sn, Sb, Bi, Te, Ge/Al) crystallize as silver,
reflective, well-faceted crystals having the form of truncated
cubes of up to 1 mm on a side or crystal agglomerates
(Supporting Information Figure S1). Despite the significant
yield of crystals of the cubic phase La,;—sMngM,Cy, (up
to 30%), the samples also contain well-crystallized specimens
of other phases, but in considerably smaller amounts.
These byproducts could be easily distinguished from the
Lay;—sMngM,C,, phase based on different crystal habits, color,
EDX analysis, and screening of the crystals on the X-ray single
crystal diffractometer. In the case of M=Sb and Bi the byproduct
was found to be carbide La;sMnCg'”'® The sample of
La,;MngSn,C,, contains crystals of a new quaternary carbide
La;4SnMn;Cg with crystal structure closely related to that of
La3.67MnC6.18

In the case of M = Te the formation of La,,MngTe-,C,,, where
one of the lanthanum positions is almost vacant (vide infra), was
proved to be reproducible, since the refinement of the crystal
structure of several crystals selected from two different samples
with starting composition La:Mn:Te:C = 21:8:7:12 or 20:8:7:12
gives the same result. The byproduct crystals of these reactions
include LasgMnCg and La,O,Te phases.'” The lanthanum
oxytelluride La,0,Te (anti-ThCr,Si, structure type) was

previously reported to form from reaction of lanthanum oxide
and tellurium in hydrogen flow'* or from reaction of lanthanum
metal and tellurium dioxide.'”® The strong reducing nature of
La/Ni eutectic leaches oxide from the alumina crucible used in
the synthesis and leads to in situ formation of lanthanum oxide.
Lanthanum oxide subsequently dissolves in La/Ni eutectic and
reacts with tellurium to form La,O,Te crystals. Since the Te
analogue with T = Fe consistently incorporated Al (forming
La, FegTe,Al;Cy,), this was also explored for the T = Mn
reactions with deliberate addition of aluminum with the starting
composition La, MngTe,Al;Cy, (similar to the Fe analogueé).
However, this did not lead to the cubic phase. Instead, crystals of
Las ¢;MnCg, La,0,Te and LaMn, —,Al, (Cu,Mg-structure type)
phases formed.

From the refinement of the single-crystal data for the M = Ge
analogue (vide infra), aluminum was shown to incorporate into
one of the sites in the structure. In the first set of syntheses
aluminum was not added deliberately but was leached from the
alumina crucible and incorporated into the crystal structure of
La,;MngGeg,AlggCqy. The incorporation of aluminum was
shown to be reproducible for this analogue; refinement of the
crystal structure for several crystals selected from two batches
prepared separately but with the same starting composition La:
Mn:Ge:C = 21:8:7:12 gives the same Ge/Al ratio within accuracy
of determination. The Al incorporation limit was studied by
preparation of the sample with aluminum deliberately added.
However, crystals selected from the sample with starting com-
position La:Mn:Ge:Al:C = 21:8:5:2:12 have the same Ge/Al
ratio. Thus, the incorporation of a specific amount of aluminum
might be necessary to stabilize La,;MngM,C;, in the case of M =
Ge; the preferred Ge/Al ratio was found to be 6.2/0.8.

Crystal Structure. La,;MngM,C;, (M = Sn, Sb, Bi) is
isostructural to La,;FesM,C, and features isolated manganese
tetrahedra edge-capped by carbon atoms (Figure 1). There are
eight Mn,Cg clusters in the F-centered cubic unit cell, which are
isolated from each other and embedded in the La/M (M = Sn, Bi,
Sb, Te, Ge/Al) network. The M atoms have two distinct
environments. The M(1) site is surrounded by nine La atoms
and is found in the center of a monocapped square antiprism,
M(1)@Lay. The M(2) site in the origin of the unit cell is
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Figure 2. Temperature dependence of field-cooled magnetic suscep-
tibility, x(T), collected at applied field of H = 100 Oe for Lay,_,
MngM,C;, (M = Ge/Al, Sn, Sb, Te, Bi) analogues. Inset: low-tempera-
ture part of y — yo vs T.

coordinated by 12 La atoms at a long distance of ~4 A in a
cubooctahedral fashion, M(2)@La;,. Six M(1)-centered anti-
prisms are linked with each other by sharing the capping La site.
Each of the antiprisms has a common square face with the
cuboctahedron centered by M(2). Thus, cuboctahedrons M-
(2)@Lay, are isolated from each other but are connected with
antiprisms M(1)@Lay forming an extended three-dimensional
La/M network with channels accommodating Mn,Cg clusters, as
shown in Figure 1. Each Mn,Cs cluster is surrounded by
lanthanum atoms forming a 16-vertex Frank-Kasper polyhedron
(tetracapped truncated tetrahedron with caps on the four
hexagonal faces). Within the ideal nondistorted Mn,-tetrahedra
the distance between Mn atoms is ~2.52 A, which is comparable
with the homoatomic distance in 0- and 5-Mn (2.26—2.63 A)
and TiMnSi,,*° UMnsAl,,>' ZrsMn,Sig,>> Er,MnC,,> and
Gd3Mn2C6.24 The Mn—C distance of 1.95 A lies in the range
seen for other carbides of manganese and rare-earth metals
(1.987 A for Er,MnC,,>* 1.843 A and 2.143 A for Gd;Mn,Cg>*
and 1.784 A, 1.824 A, and 1.943 A for Dy,;,MnsC5 )

Deviations from the ideal La/M framework are seen for two
analogues: aluminum incorporation in La,;MngGeg,AlosCia
and partial La occupancy in Layggy(1)MngTe;Cy,. In the case
of Lay;MngGeg,AlygC1,, incorporation of aluminum into the
M(2) site is evident from the refinement of single-crystal X-ray
data (83% Al). Similar behavior was seen for the Fe analogue,
La,;FegGe, 0Al, ;C o, where Al atoms mainly occupy the M(2)
position (84% of Alin M(2) site) but are also present in the M(1)
position (20.3%). The similar sizes of aluminum and germanium
may promote the incorporation of aluminum into the M = Ge
analogues for both the iron and manganese phases. For the
tellurium-containing compound Lay 05(1)MngTe;Cy,, the occu-
pancy of the lanthanum capping site, La(3), is only around
~2%; therefore, the coordination polyhedron of Te(1) is not a
monocapped square antiprism as for other analogues La,;
MngM,C, (M = Ge/Al Sn, Sb, Bi) but rather a square antiprism
with CN(Te(1)) = 8. The partial occupancy of the La(3)
position was also observed in a reinvestigation of the structure
of the iron analogue La20_71(4)Fe8Te4,34(9)A12_66(9)C12,26 where
the occupancy of capping the La(3) site is 69%. However, for the
iron analogue, incorporation of aluminum into the M(1) site is
observed, which is not the case for Mn analogue La;oMngTe,C .
Apparently, vacancy formation in one of the lanthanum positions
is needed to stabilize La,;_sTgTe,Cy, (T = Fe or Mn); this is
supported by electronic calculations (vide infra).

Table 4. Fitting Parameters of FC Magnetic Susceptibility, J,
Collected at Applied Field of H = 100 Oe with Modified Curie-
Weiss Law, ¥ = o + C/(T — 0), for the Different Analogues of
La,;—sMngM,C,, (M = Ge/Al, Sn, Sb, Te, Bi)”

Ge/Al Sn Sb Te Bi

Yo emu/mol  0.0134(2) 0.0238(4) 0.0634(1) 0.01116(1) 0.0199(1)

0, K —10(2) —3.0(1) —044(2) —1.62(3) —179(5)
C 3.46(8)  1.26(3)  1.033(5) 0.865(6)  0.871(8)
Uegper Mn  1.87 1.13 1.02 0.93 0.94

atom, Ug
“ The fitting for compounds with M = Sn, Sb, Te, and Bi was done in the
temperature range of 1.8—300 K; for the analogue with M = Ge/Al the
fitting was done for T = 100 K.

The replacement of Fe with Mn in La,;_sTgTe;C;, leads to
the concomitant increase of the size of the cubic unit cell, which is
in line with the larger atomic radius of Mn compared to Fe
(Supporting Information Figure S2). Moreover, the change in
the M element (M = Ge/Al, Sn, Sb, Bi, Te) leads to identical
trends in the unit cell parameter for both Mn and Fe analogues.
The cubic unit cell parameter, g, changes as follows: ag, > ap; >
agp > drte > dge reflecting the trend of atomic radius increasing
going down a Group and decreasing from left to right along a
Period (Supporting Information Figure S2). The compression of
the unit cell is mainly associated with the change in M—La
distances (Supporting Information Figure S3); Mn—Mn and
Mn—C distances are less affected (Table 3).

Magnetic Properties. The FC (field-cooled) magnetic sus-
ceptibility vs T data for La,y;—sMngM,C;, (M = Ge/Al, Sn, Sb,
Te, Bi) are shown in Figure 2. The compounds with M = Sn, Sb,
Te, Bi and are paramagnetic; data for the analogue with M = Ge/
Al have curvature not typical for a simple paramagnet at low
temperatures (T < 100 K). The y(T) plots were fitted with the
modified Curie—Weiss law: ¥ = yo + C/(T — ) (Table 4),
where C is the Curie constant, C = Nﬂzeff/ 3k, O is the Weiss
constant (or paramagnetic Curie temperature), and J, is a
temperature-independent term which includes the contributions
from Pauli and Van Vleck paramagnetism as well as core and
Landau diamagnetism. The fits were done in the temperature
range of 1.8—300 K for all analogues except for La,;Mng.
Geg Al sCy: for the latter, the fit was done at temperatures
above 100 K, well above the magnetic transition.

The relatively large and positive temperature-independent
contribution to ) (T) observed for all phases is indicative of Pauli
paramagnetism due to conduction electrons and may also
partially stem from traces of impurities such as residual flux
coating. The observed Pauli paramagnetism is typical for metals
and this is in agreement with the calculated density of states (vide
infra). The effective paramagnetic moment per Mn atom, g
derived from the Curie constant, C, and assuming that all Mn
atoms are magnetically equal is around ~1 pp for all analogues,
except for Lay; MngGeg ,Alg sC 5. Similar values for Mn magnetic
moments are seen in other Mn-containing intermetallics; these
magnetic moments are much lower than the values commonly
seen for ionic manganese compounds (4.9 g for Mn>* and 5.9
Uy for Mn”).27 The Weiss constant, 0, shows the strength and
type of coupling between neighboring magnetic centers and is
usually similar in magnitude to the ordering temperature. For
Lay;—sMngM,C;, (M = Sn, Sb, Te, Bi) the Weiss constant is
negative and its value is very small, which implies rather weak
antiferromagnetic (AFM) exchange interactions between Mn
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Figure 3. ZFC-FC magnetic susceptibility, x(T), collected at applied
field of H = 100 Oe for La,;MngGeg,Aly 3C5. Inset: low-temperature
part of y(T) shows ZEC-FC divergence.

—=— 1 Hz
—e— 10Hz |1
—a— 100 Hz

—v— 1000 Hz

1.6x107°F

T 1.2x10°°F
ey

=

8x107" |

T/K

Figure 4. Temperature dependence of the real component of AC-
susceptibility, /, for La,;MngGeg,AlysC 5 at different frequencies.

atoms. This contrasts with the much larger magnitude of the
Weiss constant in the case of the iron analogue, La,,FegSn,Cy5,
which indicates stronger AF exchange between Fe moments
compared to Mn. The dependence of the product of yT vs T for
Lay;—sMngM,C;, (M = Sn, Sb, Te, Bi, Ge) (Supporting
Information Figure S4) can be separated into two contributions:
linear decrease of T with decreasing temperature, which is due
to the temperature-independent part of the susceptibility, and
further negative deviations from this linear decrease at T < 100
K, which is a result of AFM coupling between magnetic centers.
In the case of M = Sb the temperature-independent term is
dominant and magnetic coupling is negligible. For the analogues
with M = Te or Bi the AFM coupling is also rather small, while for
M = Sn the coupling is larger. From the dependence of T vs T
substantial AFM interactions between Mn atoms are apparent for
the analogue with M = Ge. This enhancement of AFM coupling
between Mn centers in La,; - sMngM,C;, with changing of M in
the order Sb — Te — Bi — Sn — Ge is also reflected in the
change of Weiss constant values (Table 4). The compound
La,;MngGes,Alp5Cy, is characterized by the strongest AFM
coupling between Mn atoms (largest magnitude of ), highest
moment per Mn atom and deviations in ¥(T) from simple
paramagnetic behavior at low temperatures; therefore, additional
measurements were performed on this phase.

ZFC-FC magnetic susceptibility data sets for La;Mng.
GegAlpsC, collected at a field of H = 100 Oe exhibit splitting
at T; &~ 6 K, suggesting a significant irreversibility in the

alignment of magnetic moments (Figure 3). An additional cusp
in the ZFC susceptibility and change of slope for FC suscep-
tibility are seen at T, ~ 3 K. Such behavior was found to be
reproducible for crystals of La,;MngGeg,Aly gC;, selected from
several samples. The feature at 6 K is suppressed at applied field
above 0.1 T, which results in disappearance of the ZFC-FC
divergence, while the change of slope at 3 K remained even at
higher field (up to 1 T) (Supporting Information Figure SS). The
magnetization measured at 1.8 K as a function of field, M(H),
does not saturate up to the highest available field of 7 T and
exhibits a positive curvature with increasing field. The hysteresis
is found to be negligible (less than 0.005 T) (Supporting
Information Figure S6).

A spin glass state is usually indicated by ZFC-FC splitting at
TG together with a frequency dependence of the real part of ac-
susceptibility, ¥/, and a Mydosh parameter, ¢, in the range of
0.004—0.08, where ¢ = ATsq/[Tsg log w] (Tsg is the tem-
perature of the cusp, w is frequency).”® The Sn-containing iron
analogue La,;FegSn,C,, exhibits clear spin-glass behavior with
Tsc = S K. Since Lay;MngGeg Al sC, also exhibits ZFC-FC
divergence which might be indicative of spin-glassiness, AC-
susceptibility measurements were performed (Figure 4). The real
part of the AC-susceptibility, /, exhibits cusps at 3 and 6 K in
agreement with the dc-susceptibility data. However, no fre-
quency dependence is observed for either transition in La,;Mng_
GegAly sC1,, unlike the behavior seen for La,;FegSn,C,,. The
observed phenomena at T; &~ 6 K and T, ~ 3 K could be
attributed to the frustration of the antiferromagnetically coupled
magnetic moments within ideal Mny tetrahedra. However, the
weaker coupling within and between the Mn, tetrahedra in
La1MngGeg,Alp sC cannot produce the cooperative freezing
transition of a spin-glass such as that seen in the more strongly
coupled La,;FegSn,C;,. Among all the Mn analogues, only
La,; MngGeg,Aly5C, features mixed occupation of the M(2)
site by Ge/Al The associated disorder in the M(2) site may cause
perturbations of the lanthanum network and thus may influence
the local environment of the Mn4Cg cluster (Figure 1c), possibly
leading to slight distortions. This will lower the local symmetry of
the Mn, tetrahedral unit and thereby induce different exchange
interactions between neighboring manganese atoms, eliminating
frustration and leading to the appearance of two features in y(T)
at different temperatures.

Electronic Structure. The La,; TgM-C,, structure is stable for
two 3d-transition metals, T = Fe or Mn, and for a number of M
elements of groups 14—16, namely, M = Sn, Bi, Sb, Te/Al, and
Ge/Al The valence electron count (VEC) varies with the M and
T elements, so a straightforward correlation between the stability
of the La,;TgM,C,, analogues and VEC is not obvious. For
instance, the VEC for La,yMngTe,C;, is 206, but La,;Mng.
Te,C;, with VEC of 209 does not exist, even though VEC for the
existing Fe analogue La,;FegBi;C;, is 210. For more insight,
electronic structure calculations were performed with the TB-
LMTO-ASA program for the four analogues: La;;MngSn;Cy»,
LaZangsb7C12, LaZangBi7C12, LazoMngTe7C12, and a hy—
pothetical “La,;MngTe;C;,”. These four compounds are para-
magnetic; therefore, nonspin-polarized calculations were carried
out. The hypothetical “La,;MngTe,C,”, with a fully occupied
La(3) site, was studied for comparison to the experimentally
found composition LayoMngTe,C,,, where the La(3) site is
essentially vacant.

The density-of-states (DOS) plots for La;MngSn,Cs,
La,;MngSb,C;,, and hypothetical “La,;MngTe,C,” are presented
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Figure 5. Total (a) and partial (b—f) density-of-states plots for LayoMngSn,Ci,, LayoMngSb,Ci,, and hypothetical “Lay;MngTe,C,,”. Note the
different scale of the y-axis for (a) and (b—f) while the scale for the x-axis is the same.

in Figure S. The DOS plot for La,;MngBi,C, (Supporting
Information Figure S7) is similar to that of the Sb analogue. The
nonzero DOS at the Fermi level indicates that all the compounds
are metallic. Notably, the d-states of lanthanum contribute
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lanthanum considered asa La>"

significantly to the states near and below the Fermi level, which
indicates that the simple v1ew of charge distribution, with
ion, is not necessarily applicable
for this lanthanum-rich intermetallic. The states in the valence
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region between —S and 0 eV are composed of the p-states of C
and M and d-states of both Mn and La with minor contributions
from Mn-s, Mn-p, La-s, and La-f states.

The DOS for La,;MngM-C,,, where M are elements of the
same period (M = Sn, Sb, Te), are very similar; the main
difference is in the location of p-orbitals of M elements
(Figure S). For M = Sn the p-states contribute to the levels at
the Fermi level, while for M = Te these states are located well
below the Fermi level. This situation reflects that the p-orbitals in
the case of the more electronegative M = Te are more localized
compared to M = Sn, supporting the assumption about the
decrease of ionic contribution in La—M interactions along the
row Te — Sb — Sn. This shift of the M p-states results in
rearrangement of the electronic structure of Lay;MngM,C,
leading to the decrease of the La states contribution to the states
at the Fermi level along the row Te — Sb — Sn (from 15.3
states/eV cell for M = Te to 9.7 states/eV cell for M = Sn), while
the contribution of Mn shows the opposite trend (from 10.3
states/eV cell for M = Te to 16.4 states/eV cell for M = Sn).

The DOS of LayyMngTe,C;, and hypothetical “La,;Mng
Te,C,,” are very similar. However, in the case of the hypothetical

Table 5. Fitting Parameters of 57Fe and ''”Sn Mossbauer
Spectra of La,;FegSn,C, and La,;MngSn,C,"

compound  source T, K O, mm-+s | I, mm-s ' AEq, mm-s
Lay FegSn,C;, “Fe 77  —013(1)  0.32(1) 0.54(1)
208 —023(1)  035(1) 0.54(1)
Men 42 202(2)  1.58(6) 0.0"
77 202(2)  121(1) 0.0°
298 193(1)  1.07(2) 0.0
Lay FegSn,Cp,  'Sn 42 204(1)  115(2) 0.0°
77 200(1)  L11(2) 0.0°
298 196(1)  1.03(2) 0.0"

0, isomer shift; I, experimental line width; AEq, electric quadrupole
splitting parameter. Numbers in parentheses represent the statistical
errors in the last digit. ’ Fixed during the fitting procedure.

vacancy-free composition, the DOS exhibits a significant peak at
the Fermi level, which is in general considered a sign of
instability. This peak is mainly derived from La-d states as can
be seen in Figure 6b and Supporting Information Figure S8
(NL.(Eg) = 14 states/eV cell). In the DOS of the experimentally
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Figure 7. Experimental and simulated 1196 Mossbauer spectra of La,;FegSn,C,, (left) and La,;MngSn,C, (right) at 298, 77, and 4.2 K.

observed composition La,oMngTe,C,, this instability is re-
moved mainly due to the decrease of La contribution to the
states at the Fermi level (N (Eg) = S states/eV cell). Notably,
the contribution of Mn states to the states at the Fermi level for
both compositions is similar. Thus, the removal of one La atom
leads to the lowering of the DOS instability at the Fermi level,
and this is likely the reason for the experimentally observed
formation of La,yMngTe,C;,, where La(3) is almost vacant,
instead of La,;MngTe,C,,, where all lanthanum sites would be
fully occupied.

Mossbauer Spectroscopy. The isostructural Sn-containing
La,;FegSn,C, and La,; MngSn,C;, compounds were character-
ized by 196 Mossbauer spectroscopy, and La,;FegSn,C;, was
additionally characterized by °’Fe Mossbauer spectroscopy. The
corresponding fitting parameters are listed in Table 5. The *'Fe
Mossbauer spectra of spin-glass compound La,;FegSn,C,, (Tsg =
5 K)® at 77 and 298 K are presented in Supporting Information
Figures S9 together with transmission integral fits. In agreement
with the single iron site 32f,° we observe only one signal at an
isomer shift of —0.13 mm/s (77 K data) with quadrupole
splitting of 0.54 mm/s. This is a consequence of the low site
symmetry and nonsymmetric coordination of iron by three C,
three Fe, and additionally six La atoms. The slight increase of the
isomer shift from 298 K (—0.23 mm/s) to 77 K can be viewed as
asecond order Doppler shift (SODS). A negative isomer shift for
iron is indicative of a tetravalent iron in the case of oxide
compounds and inorganic complexes with large charge transfer.
However, in intermetallic compounds with complex electronic
structures, the negative isomer shifts cannot be directly corre-
lated with high iron oxidation states.”” Most likely, the negative
shift of Fe is caused by clustering of iron atoms as well as by their
surrounding environment of electropositive La atoms. The
uniqueness of the La,;FegSn,C;, crystal structure and lack of

1776

"Fe Mbssbauer data for similar compounds make comparison
rather difficult. Unfortunately, the data at 4.2 K (below the spin
glass transition) was too noisy to be fitted; this may be a
consequence of the distribution of hyperfine splittings in the
disordered spin glass state. A similar phenomenon in spin glasses
FeAl, and Zn;,Fe;Sc;4 causes extensive broadening of the S7Fe
Mossbauer data below the spin glass transition of these
compounds.®

The *Sn spectra of La,  FegSn,C, and La; ;MngSn,C , at 4.2,
77, and 298 K are shown in Figure 7. Although the structures
contain two crystallographically independent tin sites, that is,
Sn(1) in the 24e position (site symmetry 4mm) within a cubocta-
hedron and Sn(2) in the 4a position (site symmetry m3m) within
a monocapped square antiprism, all six spectra could be repro-
duced with a single signal. Most likely the electronic environments
of the two tin sites, both surrounded by electropositive La atoms,
are very similar, leading to comparable isomer shifts. Consequently
we observe an overlap of both signals. This is reflected by the
slightly increased experimental line widths. The tin isomer shifts at
77 K of 202 mm/s (LayFegSn,C;;) and 2.00 mm/s
(Lay;MngSn,C ;) are typical for intermetallic stannides. Usually
in such stannides the isomer shifts range between 1.6 and 2.2 mm/
s, for instance CeRhSn, (2.01 mm/s)>'* and CaRhSn, (1.96 mm/
s).3lb Notably, the LasCo;3Sn compound, where isolated Sn
atoms reside in the center of bicapped Archimedean antiprisms
formed by 10 La atoms, exhibits an isomer shift of 1.94 mm/s at 4.2
K.** Consequently, we can assume a substantial s electron density
at the tin nuclei in La,;FegSn,C;, and La,;MngSn,C;,. This
situation is in accordance with the systematic isomer shift studies
by Lippens,> for tin compounds ranging from tin halides,
chalcogenides, and pnictides to metallic tin to more anionic
tin in Mg,Sn; it also nicely parallels the electronic structure
calculations, where a decrease of the ionic contribution in the
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La—M interactions is observed in the sequence Te — Sb — Sn
(vide ultra).

Comparison of "'”Sn spectra at 4.2 K for the spin-glass
La,;FegSn;Cy, (Tsg = S K) and the paramagnetic La,;MngSn,C,
reveals significant line broadening in the case of the iron
analogue. This might indicate the presence of a distribution of
weak transferred hyperfine fields from frozen Fe spins, thus sup-
porting the spin-glass behavior in the case of the La,;FegSn,C,
compound.

Bl CONCLUSION

Reactions of Mn, C, and M in La/Ni eutectic flux result in
formation of the carbide phase La,;—sMngM,C, (M = Ge/A],
Sn, Sb, Te, Bi), isostructural to the previously reported
La,;FegM-,C 15.% The La/M network is fairly flexible and adapts
to the change of the M element with both mixed occupancy (M/
Al) and La vacancies being observed. The analysis of DOS shows
evolution of electronic structure with changing of M in Lay;
MngM,C}, (M = Sn, Sb, Te) and also indicates the necessity of
vacancy formation in the case of the Te-containing compound.
The nature of the 3d-metal has a strong influence on the
magnetic properties of Lay;—sTsM;Cy5 (T = Fe or Mn). The
replacement of Fe with Mn leads to change of the magnetic
properties from spin-glassiness for T = Fe and M = Sn to spin-
frustration behavior for T = Mn and M = Ge/Al. The frustration
is mitigated by the weak coupling between the Mn atoms and
local distortions of the Mn, tetrahedron caused by the Ge/Al
disorder. The magnetic properties of these carbide phases Lay;
TgM,C,, (T = Fe or Mn) are governed by magnetic interactions
solely between 3d-metals, since the La/M network is nonmag-
netic. However, the flexibility of the La/M network and its
influence on the T4 coupling introduces avenues to control the
nature of the spin-frustration in the tetrahedral T, unit. The
substitution of nonmagnetic La by other lanthanides with a
partially filled f-shell (e.g, Ce, Pr, Nd, etc.) may result in even
more complex magnetic phenomena originating from interaction
of 3d- and 4f-magnetic moments; these studies are the subject of
further investigation.
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