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Crystal, electronic and magnetic structures of a novel series of
intergrowth carbometalates R4C0,C3 (R=Y, Gd, Th)

Volodymyr Levytskyi, ? Olivier Isnard, ® Reinhard K. Kremer, ¢ Volodymyr Babizhetskyy, ¢ Bruno
Fontaine, ® Xavier Rocquefelte, ¢ Jean-Francois Halet®f and Roman Gumeniuk*?

A series of new ternary isostructural RsCo:Cs (R = Y, Gd, Tb) carbides was synthesized by annealing of arc-melted

stoichiometric samples. The crystal structure of ThaC0,Cs [space group P2/m, Pearson symbol mP18, a = 12.754(2) A, b =
3.6251(4) A, ¢ = 7.0731(9) A, 8 = 105.601(6)°] was solved by direct methods from neutron powder diffraction data
collected at 100 K. The room temperature unit cell parameters of the new phases were determined by X-ray powder

diffraction technique. The crystal structure of TbsCo.Cs is characterized as an intergrowth structure resulting from the

stacking of alternating TbCoC (YCoC-type) and Tb.C (anti-CdCl, type) fragments with a 2:1 ratio. TbsCo.Cs orders

ferromagnetically at Tc = 35(1) K, whereas the isostructural GdsCo.Cs reveals two magnetic transitions at Tc1 = 82(3) K and

Tc2 = 13(2) K. Density functional theory (DFT) calculations confirm that the magnetic moments of the R4C02Cs (R = Gd, Tb)

carbides are exclusively due to the rare-earth elements. Y4C02Cs is shown to be a Pauli-paramagnet by experimental and

theoretical studies.

Introduction

Carbides reveal a number of fascinating chemical and physical
properties and thus, have found their application in industry
and daily life. The most prominent examples are WC,
carborundum (SiC), TiC or B4C which are used as cutting tools,
in high-powered semiconductor devices, to obtain highly
porous carbon materials and as extremely hard refractory
material, respectively.’3 From the chemical point of view,
binary carbides can be considered as ionic (e.g. LaC;, CaC,,
Al4,Cs etc.), covalent (SiC, B4C) or metallic (TiC, ZrC)
compounds.* However, this simple classification fails in the
description of ternary or higher carbides, where a combination
of the above mentioned bonding types frequently occurs.
Therefore, ternary carbides with composition R,T,C, (R = rare-
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earth or actinides, T = transition metal) have been classified as
metal-rich carbides [i.e., (x + y)/z = 4] (e.g. R2T17C3-x, RT11Ca—,
R2T>2Ca-x, R11T60Cs, R2T14Cx) Or carbometalates [i.e., (x + y)/z <
2] (i.e., stoichiometric carbides containing covalently bound
[T,C.,]"~ complex anionic sublattice).>®

In crystal structures of carbides with high metal content
the isolated C# ligands are usually incorporated into the
octahedral or trigonal prismatic voids and can also occupy
partially their crystallographic sites, which frequently results in
the formation of a homogeneity range.”~® Such a situation is
met in about 20 of the 60 known structure types, while others
are characterized by the appearance of [C;]™ and/or [C3]""
entities.’0 In a classical approach the charge-balance formulae
of carbometalates is given as R™*,[T,C,]*"~. With rare-earths or
actinides here expected as R3* cations and isolated C* — or
[C2]4- entities (with double-bonded carbon atoms) — one could
expect the central atoms T of the complex anion [T,C,]" to
adopt zero or a slightly positive oxidation state. However, the
situation becomes much more complex if a combination of C4-,
[C2]m- and/or [C3]™ moieties occurs in a structure. This is the
casein eg., R4Ni2C511, Rlensclslz and R5R62C7.13

Recently, the new Tb,CoC, carbometalate fulfilling the
condition (x + y)/z < 2 was reported.®1* However, its crystal
structure was determined by X-ray powder diffraction only,
which did not allow to precisely localize the light C atoms. In
the present work we re-investigated the crystal structure of
this compound by means of neutron powder diffraction
technique. We find a slightly lower carbon content, i.e., the
composition ThsCo,Cs with a monoclinic crystal structure.
Other R4C02Cs (R = Y, Gd) phases were shown to crystallize
with this unique structure type, which can be considered as an



intergrowth of fragments of YCoC and anti-CdCl, types. The
results of our investigation on the synthesis and crystal
structure of these novel compounds R4C0,Cs (R =Y, Gd) as well
as their magnetic properties and electronic structures are
reported here.

Experimental

A series of samples with different stoichiometries around the
composition “RsCo,C4” [nominal composition used for Th,CoC,
synthesis by Levytskyy et al., 20164 (R = rare-earth metals)
was prepared by arc melting ingots of yttrium (Chempur, 99.9
wt. %), gadolinium (Strem Chemicals, 99.9 wt. %), and terbium
(Sigma Aldrich), cobalt (Chempur, 99.95 wt. %) and graphite
pieces (Chempur, 99.9995 wt. %). Heat treatment was
performed by annealing the as-cast buttons enclosed in
evacuated silica tubes at 800 °C for 2 months followed by rapid
quenching in water without breaking the ampoules. The new
phases were determined with the ~ 4:2:3 stoichiometry. To
perform neutron powder diffraction (NPD) experiments a
series of 5 batches with the same Tb4Co,C3 composition and a
mass of 1 g each were prepared as described above, powdered
and mixed together (i.e., total mass of ~5 g).

All synthesized specimens were characterized by powder X-
ray diffraction (XRD) using DRON-2.0M (Fe K, radiation),
Philips X’Pert-MPD and Bruker D8 Endeavour (Cu K, radiation)
diffractometers. Phase analysis and refinement of the lattice
parameters were performed with the program packages STOE
WinXPOW?15 and WinCSD.¢ Blind indexing of the powder XRD
patterns of Th,Co,Cs as well as assignment of the space group
were performed with the EXPO-2014 program.l’

NPD patterns of Th,Co,C; were collected at 100 K at the
high flux powder diffractometer D1B installed at the Institut
Laue Langevin (ILL, Grenoble, France),'® operated by the CNRS.
Neutrons with the wavelength of 1.28 A were selected by a
focusing germanium (311) monochromator. The polycrystalline
sample was loaded into a thin-walled vanadium cylinder of 6
mm in diameter. The structural model of TbsCo.C; was
obtained by direct methods procedure implemented in the
WinCSD program package. The final refinement of the
structure parameters was performed with the FullProf
program package.1%:20

Measurements of the magnetic susceptibilities were
performed in the fields of 0.1, 1.0, 4.0, and 7.0 T and in the
temperature range 1.85-300 K with a magnetic property
measurement system (Quantum Design, MPMS). Field
dependent isothermal magnetization curves were recorded at
different temperatures in the field range up to 10 T using the
extraction method in a homemade experimental set up that
has been described elsewhere.?! Specific heat capacity was
measured in a commercial system PPMS (Quantum Design).

Spin-polarized density functional theory (DFT) calculations
were performed on R4C0,Cs (R =Y, Gd, Th) compounds, using
the experimental lattice parameters and atomic positions
given in Tables 1 and S1t. The calculations were carried out
using the full-potential linearized augmented plane wave
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(FLAPW) approach, as implemented in the WIEN2K code.?223
The Perdew, Burke and Ernzerhof (PBE) functional?* and a
plane wave cut-off corresponding to RyrKmaex = 7 were used.
The radial wave functions inside the non-overlapping muffin-
tin spheres were expanded up to /max = 12. The charge density
was Fourier expanded up to Gmax = 12 A-L. The muffin-tin radii
were set to 2.36, 2.50, 2.50, 1.88 and 1.47 a.u. for the Y, Gd,
Tb, Co and C atoms, respectively. Total energy convergence
was achieved with a Brillouin Zone (BZ) integration mesh of
500 k-points, generating 56 k-points in the irreducible part of
the Brillouin zone (BZ). All electronic densities of states (DOS)
have been plotted considering the Fermi level as the energy
reference. To properly treat the localized 4f states of the rare
earth elements, the PBEO hybrid functional?> was used and the
spin-orbit coupling (PBEO+SO) included,?® with a
magnetization confined along the [010] direction for Gd,Co,Cs
and Tb4C02C3.

was

Results and discussion
Crystal structure

Main peaks in the powder X-ray diffraction (PXRD) pattern of
Tbh4Co,C3 sample could be indexed with the monoclinic [space
group (SG) P2/m] unit cell parameters (UCP) ao = 3.5485(3) A,
bo = 3.6395(3) A, co = 12.349(1) A, B0 = 90.42(1)° close to those
reported earlier.1* Further Rietveld refinement was
performed assuming the structure model proposed by
Levytskyy et al.'* However, despite it converged with the
relatively low reliability factors (i.e., R, = 2.50 %, Rp = 5.83 %),
some theoretically calculated intensities were strongly
underestimated as well as few weak reflections seemed to be
excluded from the refinement (Fig. 1b). This prompted us to
re-index the PXRD pattern of the ThsCo,Cs compound. The
new UCPs were found to be related with the old ones as the
following: a = /(a3 + c2) = 12.8149(6) A, b = by = 3.6425(2) A,
¢ = 2ap = 7.1023(3) A, whereas 8 = 105.601(1)°. The analysis of
the extinction conditions indicated three possible SGs, i.e., P2,
Pm and P2/m. In the next step, the centrosymmetric SG P2/m
was chosen for structural model determination by direct
methods. Further Rietveld refinement of the obtained model
converged with reliability factors R, = 2.37 %, Rp = 3.93 %,
which were comparable with the given above. Although some
additional weak peaks in the PXRD pattern of Th4Co,Cs could
be described and the theoretical intensities are now better
matching with the experimental profile (Fig. 1c), the atomic
coordinates and displacement parameters of carbon atoms
could not be refined. Therefore, to solve the crystal structure
of the new carbide correctly, neutron powder diffraction
measurements at 100 K (to reduce thermal motion of atoms)
were performed. The refinement confirmed the correctness of
the structure model obtained from the PXRD investigation. The
final refined and difference profiles are presented in Fig. 1a
(main characteristic range) and Fig. S1 (full pattern), and
crystallographic details of the refinement and atomic
coordinates are listed in Tables 1 and S1T, respectively.
Furthermore, we prepared and found Y4Co0,C3 and Gd4Co,Cs to
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be isostructural with the Th,Co,C; prototype (Fig. S2+, S31 and
Tables 1, S1%).
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Fig. 1 a) Neutron powder diffraction pattern of TbsC0.Cs collected at
100 K and A = 1.28 A. Magenta ticks indicate the positions of Bragg
reflections of the 8-Th.C impurity phase (~8.5 wt. %, NaCl structure
type, SG Fm3m, a = 5.0406(9) A, Rs = 3.65 %). b) Selected 29-range of
the refined PXRD pattern of TbaCo02C3 assuming a structural model
reported earlier'* (see text for more details). c) Refinement of the
PXRD pattern assuming the structural model presented in Tables 1 and
1St.

Table 1 Details on diffraction data collection and refinement of the
R4Co02C3 samples (R=Y, Gd, Tb)

Temperature 293(2) K 293(2) K 293(2) K 100(1) K
Amount of
Y4Co02C3 GdsCo2Cs TbsCo2C3 ThsCo2C3
R4C02C3 phase, ) N .
54(1) 94(1)i 97(1)i 91(2)v
w (wt. %)*
Structure type ThaC02Cs
SG (No) P2/m (10)
Pearson
mP18, 2
symbol and Z
UCPs
a, A 12.859(2) 12.9087(9) 12.8149(6) 12.754(2)
b, A 3.6404(5) 3.6592(4) 3.6425(2) 3.6251(4)
c, A 7.0330(8) 7.1797(5) 7.1023(3) 7.0731(9)
8,° 105.32(1) 105.803(4) 105.667(2) 105.601(6)
v, A3 317.5(5) 326.32(8) 319.20(5) 314.98(7)
Calculated
X 5.3(1) 8.0(3) 8.2(1) 8.3(1)
density, g-cm™
o o neutrons,
Radiation, A (A) Cu Ky, 1.54185
1.28
Mode of Full profile with constraints and .
) . Rietveld
refinement restraints*
29 max,
i 100; 0.49 110, 0.53 127,0.7
(Slnﬂ/A)max
Number of
i 438 493 487 1199
reflections
Number of free
3 3 19 47
parameters
Goodness-of- 1.01
. 2.34
fit, S
Req), in % 9.8 6.6 2.4 3.8
Rp, Rwp, in % 8.6,12.3 3.5;5.2 3.9;54 7.5;8.1
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* obtained from the full profile refinements; Y4Co.Cs as well as R.C are

air sensitive and continuously decomposed even in the paraffin oil

during XRD data collection (~ 6.5 h); their amounts could not be

determined properly.

i Impurity phases included into the refinement: YCoC [a = 3.6493(5) A,

c=6.8643(9)A; R = 4.2 %; w = 43(2) wt.%] and 8-Y,C [a = 5.096(1) A; R,

=36.9 %; w =4(2) wt.%].

i Impurity phase included into the refinement: 8-Gd.C [a = 5.046(1) A;
=41.6 %; w = 6(1) wt.%].

i |Impurity phase included into the refinement: 8-Tb,C [a = 5.031(1) A;

Ri=34.2%; w=3(1) wt.%].

vV Impurity phase included into the refinement: 6-Th.C [refined

composition TbCo7s); @ = 5.0406(9) A, Rs = 3.7 %; w = 8.8(7) wt.%)].

* Atomic coordinates for Y4C02Cs and Gd4Co.Cs were constrained to

those refined from NPD at 100 K for the TbhaCo.Cs structure type. Two

final cycles of the least-square refinement of atomic coordinates for

TbaCo02C3 were performed with a damping factor.

Interatomic distances of Tb4Co0,C;3 listed in Table S2t were
calculated using the unit cell parameters obtained from PXRD
at 293 K (Fig. S41) and the atomic coordinates obtained from
the refinement of the NPD data collected at 100 K. As one can
see from Table S21, these values are mainly smaller than the
sums of the respective atomic radii of the elements (rm, = 1.78
A, rco = 1.25 A, rc = 0.77 A)?7. A decrease of the interatomic
distances is noted: the shortest Tb1-C1 contact shrinks by ~7.6
%, and Tb3-Co2, Tb1-Tb1l and Co2-C4 by ~1.6 %, ~4.5 % and
~12.4 %, respectively (for atom labeling see Fig. 2 and Tables
S1t and S2t). The observed decrease of the interatomic
distances is comparable with that reported for TbCoC?® and
Tb,C.2° The exceptions are the shortest Tb-C contact [i.e., dirb1-
c1) = 2.355(9) A] which is almost equal to the sum of the atomic
radii of the elements in the case of TbCoC [d(rb-c) = 2.517 Al
and shortened by only ~3.4 % in the binary Tb,C [d(tb-c) = 2.463
Al, and the contraction of the Co-C distance which is ~¥9.0 % in
TbCoC [d(co-c) = 1.826 A] compared to 12.4 % in TbsC0,Cs [d(co2-
cay = 2.355(9) Al
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SG l4/mmm

Tb4COzC3
SG P2Im [Co2ThgCol <—-\

"
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- —
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| T b4TbGCOSC4]

Fig. 2 Arrangements of the coordination polyhedra in the structures of
the UalrC; (left) and ThaCo2Cs (right) types.

The coordination polyhedra in the structure of Th4Co,Cs
are shown in Fig. 2. All Tb-atoms are centered at distorted
cuboctahedra built of solely Tb atoms (e.g., Tb1). Those with
additional Th-vertices occur in front of the faces formed by Co-
atoms (e.g., Tb2-Tb4). Interestingly, the carbon atoms lie
nearly within the faces of the polyhedra without creating
additional edges. As it can be seen in Fig. 2 a similar situation
occurs for the cuboctahedra encountered in the structure of
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U,IrC,.39 Additionally, in both TbhsCo,Cs and UsIrC, types d-
elements adopt a cubic coordination with two C atoms lying in
the opposite Ths/Us faces as well as an octahedral
environment for carbon atoms. Interestingly, UaIrC, is
characterized by only one type of octahedra (i.e., [CUslIr]),
whereas in TbsCo,Cs, besides analogous octahedral units
[C1TbsCo], octahedra consisting either of solely Tb atoms (i.e.,
[C3Tbg]) or containing two Co vertices are observed, as in the
case for C2 and C4 atoms.

Fig. 3 Structural fragments in the related Th,C [SG R3m, a = 3.584 A, ¢
= 18.04 A]* (top), TbCoC [SG P4,/mmc, a = 3.6515 A, c = 6.8651 A]®
(middle), and Th4Co2Cs (bottom) structures. The unit cell for ThsCo.Cs
reported earlier as “Tb2CoC,”** is indicated in dashed line.

The crystal structure of TbsCo,Cs is closely related with
those of Th,C (anti-CdCl, type)?® and TbhCoC (YCoC type)?®
carbides (Fig. 3). The Tb,C structure consists of distorted edge-
sharing [Tbg] cubes in which the 6 edges are centered by C
atoms and wherein [CTbg] octahedra are incorporated. Similar
fragments (i.e., [Tbs] parallelepipeds with 4 Tb atoms centered
by C atoms edges incorporating empty [0Co4Tb,] octahedra,
where in the center of one edge a C atom is
occur in the TbCoC carbide. In conclusion,
structure can be considered as an alternation
mentioned fragments (Fig. 3).

again located)
the Tb4C02C3
of the above-

Physical properties

Temperature dependent magnetic susceptibility x(7) was measured
for Y4C0,C3, Gd4Co,C5 and TbsCo,C3 in magnetic fields between 1
and 7 T in both field-cooling (FC) and zero-field-cooling (ZFC) cycles
(Fig. 4). x(T) of Y4C0,C5 exhibits a weak field dependence at lower
temperatures (inset in Fig. 4). This is attributed to minute amount
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of ferromagnetic impurities, the magnetization of which saturates
with increasing magnetic fields. The weak temperature dependence
in x(T) of Y4Co,C; can be ascribed to ~0.2 % Gd atoms (spin S = 7/2)
per formula unit (f.u.), consistent with the purity level (99.9%) of
the Y metal ingots used for the syntheses. Extrapolating x(T) to T —
o (= 1/T - 0 in Fig. 4) and correcting by the diamagnetic
increments3?, one obtains a Pauli susceptibility of +690 + 20 x107°
emu mol-! per f.u. for Y,Co,Cs. This indicates that the cobalt atoms
are non-magnetic in the structure, similarly as it has been reported
for YCoC.32
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Fig. 4 Magnetic susceptibility of YisCo,Cs as a function of the inverse
temperature measured in different fields as indicated. The solid red line is a
fit to x = C/T + xo, with C = 0.015 emu K mol'. Inset: magnetic susceptibility
versus T.
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Fig. 5 Temperature dependence of the magnetic susceptibility of Gd4sCo2Cs
measured in different fields and ZFC and FC regimes. Inset: specific heat of
GdsCo,Cs (poH = 0 T) together with the graphical equal area approximations
(red lines) aiming the estimation of the transition temperatures

Temperature dependence of magnetic susceptibility and
specific heat for Gd4Co,Cs reveal two magnetic transitions at T¢; =
82(3) K and T = 13(2) K (Fig. 5 and inset therein). The high
temperature transition is preceded by a deviation of x(7) from
Curie-Weiss-like (i.e., hyperbolic) dependence below ~150 K




possibly due to short-range ordering. Additionally, x(T) of Gd4Co,Cs
could be affected by Gd,C and GdCo, impurities (Fig. S31), which
order ferromagnetically at Tc = 351 K33 and Tc = 398 K3
respectively. This could explain the slight field dependence
susceptibilities in the temperature range 200—300 K (see Fig. 5). The
transition at ~82 K is ascribed to a long-range ferromagnetic
ordering. As shown in Fig. S5t the magnetization of Gd;Co,Cs
displays typical ferromagnetic saturation behaviour with the low-
temperature high-field moment approaching tmax = 25.8 ps/f.u.,
which amounts to ~95 % of the full magnetic saturation for
gadolinium.35> A linear extrapolation of the M2 vs. H/M curves
(Arrott-Belov plots)3¢ for GdsCo,Cs shown in Fig. 6, crosses the
origin of the coordinate system for 80 K < T < 90 K, consistent with
the high temperature transition found at Tc; = 82(3) K. A detailed
plot of the curve parallel to the 80 and 90 K traces allows to
estimate a value of 84(2) K in perfect agreement with x(T) and Cy(T)
analysis. The nature of the second transition at ~13 K remains
unclear at the present time but could tentatively be ascribed to re-
ordering of the Gd moments. The field dependences of the
magnetization measured at 2 K and 10 K, i.e., below the transition
at Tc; = 13(2) K, almost coincide. The remarkably large neutron
absorption cross section of Gd nucleus hampers any further
investigation of the exact nature of the arrangement of the
magnetic moment in Gd4Co,C3 by neutron diffraction.

700 T T T T T T T T T
= T=2K
600 - e T=10K
T=20K -
500 v T=25K
- H W T=30K |
<400 b " <« T=40K |
=1 "
2 oo T=50K |
= 300 ¥ »* * TSR
et > o’ il * T=70K |
= 5 i e T=80K |
. 8 T=90K
T=98K
100 T=110K
0 wds‘-‘“rr‘: T e N BRI, (Gt | TRV Rt S O
00 01 02 03 04 05 06 07 08 09 1.0

H/M (T.u.lp,)

Fig. 6 Arrott-Belov plots for GdsCo.Cs. The dashed lines are linear
extrapolations.

The temperature dependence of the magnetic susceptibility of
Tb4Co,Cs is depicted in Fig. 7. Two magnetic transitions at Tc = 266 K
(due to Tb,C impurity phase)3’-3% and at Tc = 35(1) K corresponding
to the targeted TbsCo,C3 compound are observed. The latter
transition temperature is confirmed by measurements of the
specific heat (inset in Fig. 7) as well as by Arrott-Belov plots (Fig.
S6t). The ferromagnetic (or ferrimagnetic) nature of the ordering at
Tc = 35(1) K is evidenced by the strong magneto-crystalline
anisotropy (reflected in the significant change of x(7) while
performing measurements in ZFC and FC regimes?*®) as well as by
the pronounced hysteresis observed in the isothermal
magnetization loops (Fig. 8). So far, our attempts to refine the

magnetic structure of TbsCo,C3 assuming a commensurate

ferromagnetic phase from NPD pattern measured at 10 K, were not
successful. Additional studies addressing this issue are in progress.
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Fig. 7 Temperature dependence of the magnetic susceptibility of TbiCo.Cs
measured in different fields and ZFC and FC regimes. Inset: specific heat of
ThaCo2Cs (uoH = 0 T) together with the graphical equal area approximations
(red lines) aiming the estimation of the transition temperatures.
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Fig. 8 Magnetic hystereses at low temperatures for ThaCo2Cs.

In any case, the performed measurements indicate Th4Co,Cs to
be a weak permanent magnet for Tc < 35 K with a remanence of 9.4
and 3.7 pg/f.u. The coercive field of soH. is ~0.8 and 0.3 T at 2 and
10 K, respectively (Fig. 8). The magnetization value at the highest
reachable field of 10 T is pmax = 21.2 ps/f.u., which is ~70 % of the
full magnetic saturation for terbium.*’ Obviously, magnetic
saturation in the TbsCo,C; ferromagnet is not reached at 10 T,
which is also clearly visible from the magnetization isotherms
shown in Fig. 9. The difference to the theoretically expected
magnetic moment of 9 ps/Tb-atom could be due to crystal electric
field effects but also indicate strong pinning of the ferromagnetic
domains.*? Indeed, M(H) curves of Th4Co,C3 measured at 2 K reveal
an unusual stair-like behaviour (inset in Fig. 9) which has completely
disappeared at 10 K (Fig. 9).
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Fig. 9 Isothermal magnetization curves of ThsCo,Cs. Inset: curve at 2 K,
jumps in magnetization are indicated by red arrows.

Electronic structure and chemical bonding

The charge balanced formula for these rare earth transition
metal carbides suggests a description of these phases as
carbometalates with formal oxidation states as
(R3*)4[(C09%),(C#)3].6 The computed total and atom-projected
spin-polarized electronic DOS of R4C0,C3 (R = Y, Gd, Th) are
sketched in Figs. 10—12. The DOS of all compounds reveal a
rather high-energy dispersion, reflecting significant covalent
interactions between cobalt and carbon atoms in particular,
i.e., in the complex anionic sublattice [Co,C3]12". Interestingly,
the majority of the d-orbital projected DOS of the rare-earth
metals is found above the Fermi level, confirming their d°
character and their formal 3+ oxidation state. For cobalt
atoms, most of the d-orbital projected DOS are located below
the Fermi level. This confirms that the formal oxidation state
rather zero in these
compounds. These findings are in agreement with the charge
balanced formulation (R3*)4[(C0o°)2(C*")3] proposed above. The
presence of Co® in R4C0,Cs contrasts, for example, with the
partially oxidized cobalt atoms (Co*) observed in YCoC.4344 |n
the case of Y4C0,Cs, spin-up and spin-down total and projected
DOS are nearly identical (Fig. 10). This corroborates the
magnetic properties of this confirm
nonmagnetic cobalt atoms (see above). On the other hand, as
expected, the DOS of GdsCo,Cs and Th4Co,Cs highlight the
strong polarization of the unpaired 4f electrons of the Gd (Fig.
11) and Tb (Fig. 12) atoms. Spin polarization hardly affects the
other atoms. For Gd, the spin-up f-orbital projected DOS is
fully occupied whereas empty,
corresponding to a 4f7 electronic configuration. For Tb, the

of the transition metal atoms is

compound, which

the spin-down one is

spin-up f-orbital projected DOS is also fully occupied and the
spin-down f-orbital projected DOS is slightly partially occupied.
This corresponds to a 4f8 electronic configuration. Computed
magnetic moments confirm that the magnetization resides
almost entirely on the rare earth metal sites, and that they are
responsible of the magnetic properties of the R4C0,C3 phases
since that of Co vanishes in the three compounds — indeed, a

6 | J. Name., 2012, 00, 1-3

very weak polarization induced by the magnetism of R is
computed (us (Co) = 0.18 and 0.12 with Gd and Tb,
respectively) — whereas those of Gd and Tb are 6.85 ug (spin
component Uspin = 6.82 ug and orbital component Lo, = 0.03
us) and 7.31 pp (Uspin = 5.76 pg and Lo, = 1.55 ), respectively.
These values or, more specifically, the trend from the
calculated magnetic moments is consistent with the
experimental magnetic data that were discussed above.
Finally, metallic character is expected for all compounds with
the Fermi level crossing substantial peaks of DOS.
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Fig. 10 Total, atom- and orbital-projected spin-polarized DOS of
Y4Co02Cs. The dashed lines indicate the Fermi level (&f).
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Fig. 11 Total, atom- and orbital-projected spin-polarized DOS of
GdsCo,Cs. The dashed lines indicate the Fermi level (&¢).
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Fig. 12 Total, atom- and orbital-projected spin-polarized DOS of
Tb4Co2Cs. The dashed lines indicate the Fermi level (&¢).

Conclusions

A series of new ternary carbometalates R4Co,Cs (R =Y, Gd, Th)
were synthesized and their crystal structure, electronic and
magnetic properties were investigated. The crystal structure of
TbsCo,Cs was refined from the neutron powder diffraction
data collected at 100 K. Based on the powder X-ray diffraction
experiment the phases R4C0,C3 (R =Y, Gd) were found to show
the same structural arrangement. Tb4Co,Cs crystallizes with a
unique structure-type among the ternary carbides, which
consists of the stacking of alternating fragments observed in
the Tb,C (an anti-CdCl;) and TbCoC (YCoC type) structures.

Temperature and field dependent magnetic susceptibility
and magnetization measurements revealed Y4C0,C3 to be a
Pauli-paramagnet, whereas Gd4Co,Cs orders ferromagnetically
at Tc1 = 82(3) K. The anomaly in the heat capacity at Tez = 13(2)
K was tentatively ascribed to a second magnetic transition,
possibly due to re-ordering of the Gd moments. TbsCo0,Cs
orders ferromagnetically at Tc = 35(1) K. Electronic structure
calculations confirmed that the magnetic moments are
exclusively due to the rare-earth elements and that a charge-
balanced situation can be formulated as (R3*)4[(C0%)2(C*)s],
suggesting that the R4C0,Cs compounds belong to the group of
the carbometalates.
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