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Quenching of the magnetic moment of Cr in RCr,Si, compounds upon filling with carbon
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Structural and magnetic properties of the RCr,Si,C compounds (R=Y, La—Sm, Gd-Er) with the carbon-
filled CeMg,Si,-type structure (space group P4/mmm) have been studied by means of powder and single-
crystal x-ray diffractions, magnetic measurements, and neutron powder diffraction. The compounds with R
=Pr, Nd, Gd-Dy order ferromagnetically at low temperature (7-=35 K), whereas those with R=Y, La, Ce,
and Sm do not exhibit any magnetic ordering down to 2 K. On the contrary, the “parent” ThCr,Si,-type (space
group I4/mmm) RCr,Si, compounds (R=Y, Sm, Tb-Lu) exhibit strong antiferromagnetic properties (Ty
>600 K) linked to a large magnetic moment (~1.9 ug) on the Cr sublattice. In order to better understand the
role played by carbon on structural and magnetic properties in these systems, ab initio electronic structure
calculations of RCr,Si, and RCr,Si,C compounds with R=Y and La have been performed, using the Korringa-
Kohn-Rostoker (KKR) method, in the ThCr,Si,- and CeMg,Si,-types as well as their corresponding C-“filled”
types, with C atoms located in Cr (001) planes. This study has allowed elucidating the particular role of carbon
in the breakdown of the local magnetic moment on the Cr sublattice. KKR calculations clearly evidence that
strong hybridization between d states on Cr atoms and p states on C atoms leads to a marked decrease in the
density of states in the vicinity of Er (well below the Stoner limit). Since similar electronic structure modifi-
cations are observed whatever the crystal structure, we tentatively conclude that the Cr-C interactions are more
predominant in the disappearance of magnetism in RCr,Si,C than the effect of the rearrangement of Si and R
atomic planes when passing from the ThCr,Si, type to the CeMg,Si,-type structure. Moreover, KKR calcula-
tions with the coherent-potential approximation undertaken for the “model” RCr,Si,C, system (0=x=1) well
illustrate the evolution of the electronic structure and magnetic properties upon increasing carbon

concentration.
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I. INTRODUCTION

RCr,Si, compounds, where R=Y, Sm, Tb-Lu, crystallize
in the tetragonal ThCr,Si,-type structure (space group
I4/mmm), i.e., the ordered derivative of the binary
BaAl,-type structure. Remarkably, these materials exhibit
strong antiferromagnetic properties (Ty=600 K) due to a
large magnetic moment on the Cr sublattice (~1.96 ug),'™*
whereas the rare-earth sublattice orders antiferromagnetically
at very low temperature (7<<5 K). The origin of the mag-
netic behavior in these Cr-containing R7,X, compounds re-
mains a subtle subject for band theory analysis, since, for
example, the iron sublattice never orders magnetically in the
isotype RFe,X, silicides and germanides.'> Moreover, it was
earlier believed that magnetic moments on the transition-
metal sublattice may appear in R7,X, compounds only when
T=Mn.5

A magnetic ground state of YCr,Si, was theoretically pre-
dicted by means of nonspin-polarized electronic structure
calculations and applying the Stoner criterion.* The value of
the Cr magnetic moment experimentally deduced from
neutron-diffraction measurements has been supported by
electronic structure investigations, using the Korringa-Kohn-
Rostoker (KKR) method, accounting for the experimentally
observed magnetic structure.!’

Recently, new quaternary RCr,Si,C silicides have been
synthesized 8! We reported on crystallographic studies
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showing that insertion of carbon stabilizes RCr,Si,C com-
pounds with a “filled” CeMg,Si,-type structure (space group
P4/mmm). This structure differs from the ThCr,Si, type
only by the R and Si plane stacking along the ¢ axis; C atoms
being located within the Cr (001) planes.>!'” This structural
modification leads to lowering of point symmetry of atomic
positions and a tetragonal body-centered structure is replaced
with a primitive tetragonal one (with a two times smaller
lattice constant c).

The goal of this paper is to experimentally and theoreti-
cally investigate the structural and magnetic properties of C
inserted RCr,Si,C compounds (R=Y, La-Sm, Gd-Er) by
means of x-ray and neutron-diffraction experiments and
magnetic susceptibility measurements as well as by applying
the KKR method for electronic structure calculations (R=Y
and La) especially to investigate magnetic behavior of the
chromium sublattice.

II. EXPERIMENTAL PROCEDURES

Polycrystalline RCr,Si,C samples (R=Y, La—Sm, Gd-Er)
were prepared by direct combination of commercially avail-
able high-purity elements (yttrium and lanthanide ingots
>99.9%; chromium ingots >99.9%; silicon >99.99%; car-
bon >99.9%). Using a high-frequency induction furnace un-
der purified Ar atmosphere, stoichiometric amounts of the
starting elements were melted in a water-cooled crucible.

©2008 The American Physical Society
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TABLE I. Summary of data collection and structure refinement
conditions for LaCr,Si,C, SmCr,Si,C, and YCr,Si,C.

LaCrZSiZC SmCI‘zSiZC YCrZSiZC

Molar Mass (g mol™!) 311.10 322.54 261.10
Crystal dimensions (um) 70°40"15  60*30"10  70*40%15
Symmetry Tetragonal Tetragonal Tetragonal
a (A) 4.048(1) 3.985(1) 3.969(2)
c (A) 5.381(1) 5.279(2) 5.219(4)
V (A3) 88.17(6)  83.83(7)  82.21(15)
Z 1 1 1

p (gem™) 4.46 5.59 6.31
Space group P4/mmm  P4/mmm  P4/mmm
Radiation Mo Ka Mo Ka Mo Ka
Monochromator Graphite  Graphite ~ Graphite
Scan mode Oscillation Oscillation  Oscillation
0 range 5°-35° 5°-27° 1°-31°
Linear abs. coeff. p (mm™") 18.4 24.1 24.0
Number of intensities:

-recorded 372 160 239
-unique and nonzero 146 77 99
-kept [1>20(1)] 139 76 97

F (000) 139 144 121
Number of parameters 12 12 12
Final R value (%) 2.58 2.86 4.17

S (Goodness of fit) 0.977 1.205 1.197

Samples were remelted several times to ensure homogeneity.
The purity of the resulting samples was checked with the
powder x-ray diffraction technique (Guinier Co K,;), high-
purity silicon being used as an internal standard.

Single crystals of YCr,Si,C, LaCr,Si,C, and SmCr,Si,C
were extracted from the as-cast ingots and were mounted on
a Nonius Kappa-CCD area detector x-ray diffractometer (Mo
K, A=0.71073 A) at the Service Commun de Diffracto-
métrie de 1’Université de Nancy I. The conditions of data
collection (DENZO software'!) and structure refinements are
gathered in Table I. The cell parameters were determined
from reflections taken from one set of ten frames (1.0° steps
in ¢), each at 10 s exposure. The refinements were con-
ducted using the SHELX97 software,'? and the corrections for
absorption were made using the SORTAV program.'3

Macroscopic magnetic measurements were carried out on
powders between 4.2 and 300 K on a DSM8 MANICS mag-
netosusceptometer in applied fields up to 1.5 T. The poly-
crystalline sample was fastened to the end of a rigid rod and
then submitted to a horizontal force due to a magnetic-field
gradient perpendicular to the rod axis. An applied torque
then allowed bringing the rod back to its equilibrium posi-
tion, and the intensity of the corresponding current needed to
apply this torque was directly proportional to the magnetic
susceptibility of the sample.

Powder neutron-diffraction experiments were performed
at the Institut Laue Langevin (ILL, Grenoble, France). The
diffraction patterns were recorded with the one-dimensional
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curved multidetector of the high-flux D1B diffractometer
[A=2.524 A (Ref. 14)] in the temperature range 2-300 K
and analyzed by the Rietveld method using the FULLPROF
software."> In the case of DyCr,Si,C, a special double-
walled vanadium sample holder was used to minimize
absorption.

III. THEORETICAL DETAILS

Electronic structure calculations have been performed on
RCr,Si,C (R=Y and La) employing crystallographic param-
eters deduced from our neutron-diffraction refinements (at
T=2 K). We used the full-potential KKR method, whose
formalism has been widely discussed by many authors,'®
with technical details shown in Ref. 17. In our computations
we implemented the novel quasilinear algorithm'® which al-
lows for more precise and less time consuming band-
structure calculations compared to conventional techniques.
The full form of crystal potential was used (with no shape
restriction to the spherical part only) over the whole atomic
Voronoi cells, with / truncation on each atom up to /,,,,=3.
Within the local-density approximation (LDA) approxima-
tion, the Perdew-Wang formula'® for the exchange-
correlation part of the crystal potential was applied. For fi-
nally converged atomic charges (~107%¢) and potentials
(~1 mRy), the total, site-decomposed, and /-decomposed
density of states (DOSs) were computed using the integra-
tion tetrahedron method in reciprocal space (120 k points in
the irreducible part of the Brillouin zone). The Fermi level
(Er) was precisely determined from the Lloyd formula,?®
which appears to be particularly important in systems close
to magnetic instability. In all figures presented here, Ef is
located at zero, and nonspin-polarized DOS curves are given
in Ry~! per spin direction.

Spin-polarized KKR calculations have also been per-
formed for RCr,Si,C compounds. They confirmed a non-
magnetic ground state, predicted earlier from the spin non-
polarized DOS and the Stoner product analysis. To gain
better insight into the origin of magnetic ordering disappear-
ance upon inserting carbon into the RCr,Si, (R=Y and La)
antiferromagnets, KKR calculations incorporating the
coherent-potential approximation?' (CPA) have also been
carried out. In hypothetical YCr,Si,C,, for x=0.05, 0.25, 0.5,
0.75, and 0.90, the nonspin-polarized DOS curves are illus-
trated and the behavior discussed in both structural models
(the “filled” ThCr,Si,-type structure, space group I4/mmm
and the “filled” CeMg,Si,-type, space group P4/mmm).
Moreover, spin-polarized KKR-CPA computations of
YCr,Si,C, performed in the antiferromagnetic (AF) state al-
lowed determining the Cr magnetic-moment variation versus
C content.

In computations of existing structures, we have applied
the experimental values of lattice constants and atomic posi-
tions, whereas in the case of hypothetical structures, the crys-
tallographic parameters have been extrapolated from the
aforementioned data. In particular, all lattice constants were
linearly varied (i.e., a=b expanded ~2.3%, while ¢ shrunk
~1.1% for 0<x<1) when modeling the evolution of elec-
tronic structure and Cr magnetic moment in YCr,Si,C,.
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TABLE II. Lattice parameters of RCr,Si,C (R=La-Nd, Sm, Gd—
Er, Y) compounds.

a c \% cla
(A) (A) (A%)
LaCr,Si,C 4.048(1) 5.381(1) 88.2(1) 1.3293
CeCr,Si,C 4.012(2) 5.278(3) 85.0(1) 1.3156
PrCr,Si,C 4.0228(6) 5.351(2) 86.6(1) 1.3302
NdCr,Si,C 4.006(1) 5.320(1) 85.2(2) 1.3280
SmCr,Si,C 3.985(1) 5.279(2) 83.8(2) 1.3251
GdCr,Si,C 3.983(3) 5.263(3) 83.5(2) 1.3210
TbCr,Si,C 3.974(3) 5.244(3) 82.8(1) 1.3196
DyCr,Si,C 3.964(2) 5.214(4) 81.9(2) 1.3153
HoCr,Si,C 3.958(1) 5.213(3) 81.7(2) 1.3170
ErCr,Si,C 3.951(3) 5.191(5) 81.0(2) 1.3138
YCr,Si,C 3.969(2) 5.219(4) 82.2(1) 1.3149

IV. RESULTS AND DISCUSSION
A. Structural investigations of RCr,Si,C compounds

1. Powder experiments

Eleven RCr,Si,C compounds have been synthesized and
checked with R=Y, La-Sm, Gd-Er. The indexation of the
Guinier powder diagrams confirmed the space group
P4/mmm for all of these compounds. Lattice parameters,
refined by a least square procedure, are gathered in Table II.

Diffraction patterns show unambiguously that R, Cr, and
Si atoms occupy the 1(a), 2(e), and 2(h) crystallographic po-
sitions characteristic of the tetragonal CeMg,Si,-type struc-
ture. The latter can be obtained from the ThCr,Si,-type struc-
ture (space group I4/mmm) by a [% % 0] translation of
one X-R-X slab out of two (Fig. 1).

Thus, these two structural types differ only in the coordi-
nation of the transition metal, which is tetrahedral in
ThCr,Si, and rectangular in CeMg,Si,. Carbon atoms are
located at the 1(b) position at the center of deformed “CryR,”
octahedrons (or face-centered “SigCr,” square prisms). This
result, in good agreement with previous studies,®” was con-
firmed by single-crystal structure refinements and also by
powder neutron-diffraction experiments (see below). Evolu-
tion of the lattice parameters and of the unit-cell volume with
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FIG. 1. (Color online) Projection of ThCr,Si, and CeMg,Si,
structures along the [001] direction (black: y=%; white: y=0).
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FIG. 2. Evolution of the unit-cell volume of RCr,Si,C com-
pounds with respect to the R** ionic radius (R=La-Nd, Sm, Gd—Er).

respect to the trivalent R** ion radius (Fig. 2) suggests an
intermediate-valence state for cerium in CeCr,Si,C.

Comparison between lattice parameters of quaternary
RCr,Si,C  compounds and  corresponding  ternary
ThCr,Si,-type RCr,Si, compounds (R=Sm, Gd-Er) shows
that inserting carbon within the chromium (001) square
planes results in an increase of the lattice parameter a (from
0.5% when R=Sm up to 1.6% when R=Er). On the contrary,
the lattice parameter ¢ in RCr,Si,C always remains lower
than one half of the parameter ¢ in RCr,Si, (from 1.3% for
R=Sm up to 2.1% for R=Er), thus suggesting covalent R-C
bonds along the [001] direction.

2. Single-crystal experiments

In order to precisely determine crystallographic features
and especially the evolution of interatomic distances,
YCr,Si,C, LaCr,Si,C, and SmCr,Si,C compounds have also
been studied by means of single-crystal x-ray diffraction.
The main crystallographic data obtained are reported in
Table III.

Results unambiguously confirm all of the conclusions
made from the powder study. Moreover, the carbon localiza-
tion in 1(b) (0, O, ;—) has been precisely confirmed using a
Fourier difference procedure (FMAP 2 command in SHELX97
software'?). However, the weak atomic scattering factor of
carbon did not allow determining precisely, and unambigu-
ously, its occupation rate. As detailed in Sec. IV C, powder
neutron-diffraction data clearly showed that this occupation
rate is equal to 1 in all the measured compounds.

Analysis of the main interatomic distances and of their
relative dilatations A with respect to metallic radii (Table
IV), reveals short Cr-C (Aq.c=—11 to —12%) and R-C
(Ag.c=-3 to —4%) lengths, whereas Si-C distances are very
large (Agi.c>40%). These results suggest that the stability of
quaternary RCr,Si,C compounds is mainly linked to the ex-
istence of covalent Cr-C and probably R-C bonds (see Sec.
IV B).

It is important to note here that for R=Ho and FEr,
RCr,Si,C compounds were more difficult to obtain (and
never obtained pure) than for the other R elements. More-
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TABLE III. Atomic coordinates and thermal parameter of LaCr,Si,C, SmCr,Si,C, and YCr,Si,C.

Site Atom X y z B, (A?)
YCr,Si)C (R=4.17%)

1(a) Y 0 0 0 0.56(4)
2(e) Cr 0 3 3 0.62(4)
2(h) Si 3 3 0.2268(4) 0.61(4)
1(b) C 0 0 3 0.95(15)
LaCr,Si,C (R=2.58%)

1(a) La 0 0 0 0.50(1)
2(e) Cr 0 3 3 0.84(3)
2(h) Si : ] 0.2348(4) 0.58(3)
1(b) C 0 0 3 1.26(16)
SmCr,Si,C (R=2.86%)

1(a) Sm 0 0 0 0.69(6)
2(e) Cr 0 ] 3 0.69(6)
2(h) Si : ] 0.2279(7) 0.67(7)
1(b) C 0 0 3 0.71(30)

over, no RCr,Si,C compound could ever be stabilized with
R=Tm and Lu. This decreasing stability upon decreasing the
size of R may be explained by simple steric considerations.
Indeed, we observe that Cr-C distances decrease with the
size of R. So there may be a critical R size leading to too
short Cr-C bonds: for example, let us keep in mind that the
Cr-C distance is 2.02 A in the binary Cr;C, compound,
whereas Cr-C is as short as 1.98 A in ErCr,Si,C.

B. Electronic structure of RCr,Si,C and RCr,Si,
(R=Y and La)

The detailed analysis of all site contributions to the den-
sity of states (Fig. 3) can give some insight into chemical
bonding in RCr,Si,C compounds. The lowest bands (—0.9
<E<0.5 Ry) are formed from s states of C and Si atoms

TABLE IV. Interatomic distances (A) and their relative evolu-
tions in LaCr,Si,C, SmCr,Si,C and YCr,Si,C compounds.
Ay (%)=(100[d;j=(ri+r)])/ (ri+r;) with d; the interatomic dis-

tance and r;, 7}, metallic radius evaluated in Ref. 22.

LaCr25i2C SmCr2Si2C YCrZSizc

dinter A dinter A dinter A
(A) (%) (A) (%) (A) (%)

4R-R 4.048(1) +7.8 3.985(1) +10.6 3.969(2) +10.2
2R-C 2.691(1) =37 2.639(1) =29 2.6092) -4.0
8R-Si 3.129(1)  -2.1 3.064(2) -1.8 3.046(2) -24
8R-Cr  3.367(1) +4.0 3.307(1) +4.6 3.2792) +3.7
2Cr-C  2.024(1) -11.1 1.992(1) -12.5 1.985(1) -12.8
4Cr-Cr  2.862(1) +5.2 2.818(1) +3.6 2.807(2) +3.2
4Cr-Si 2.477(1) -=7.5 2456(2) -8.3 2.444(2) -8.8
Si-Si 2.527(5) -4.2 24006(7) -8.8 2367(5) -10.3

8Si-C 3.198(2)  +43  3.163(2) +41  3.148(4) +41

but the main s-C peak has lower energy than the correspond-
ing one detected on the Si site. This may indicate rather weak
s-like bonding between Si and C atoms. Conversely, p orbit-
als of C and Si, lying in the energy range —0.5<F
<-0.2 Ry, strongly overlap. These p states also overlap the

YCrZSi2C Lacrzsizc
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FIG. 3. (Color online) KKR total (top panel) and partial (for Y,
Cr, Si, and C) density of states in RCr,Si,C (R=Y and La). In lower
panels s, p, and d contributions to DOS are plotted with dotted,
dashed, and solid lines, respectively.
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TABLE V. Calculated electronic properties in RCr,Si,
(ThCr,Si, type) and RCr,Si,C (“filled” CeMg,Si,C type). Total
DOS at Ep, ni(Ep) (per f.u.), Cr d-DOS nc,.4(Er) Stoner product I
nerd(Ep) (I=0.032 Ry), as well as Cr magnetic moment in F and
AF state are given.

Compound  n(Ep) need(Ep) I need(Ep) por (F)  pee (AF)
Ry™) Ry (8) ()
YCr,Si, 133.6 548 1.75 0.96 2.01 (1.96)*
LaCr,Si, 1423 54.1 1.73 1.1 2.32
YCr,Si,C  61.3 23.6 0.75 0 0
LaCr,Si,C  64.7 25.1 0.83 0 0

Neutron-diffraction data (Ref. 1).
"Hypothetical but it can be stabilized with Fe, i.e., LaCr,_,Fe,Si,
(0.5<x<?2).

d states of the transition-metal sites (essentially on Cr). Note
that the two DOS peaks appearing on Cr and Si, in the en-
ergy range of —0.25<E<-0.15 Ry, reflect rather important
interactions between these atoms. It seems that the presence
of C in the RCr,Si,C structure enhances the Cr-Si interac-
tions with respect to those observed in the RCr,Si, structure.
This behavior is in line with the shorter distance between Cr
planes in RCr,Si,C than the corresponding one in RCr,Si,.

The electronic states observed in the vicinity of the Fermi
level are dominated by d states of Cr and R with some ad-
mixture of p states of C and Si. Notably, p states of C form
a two-peak spectrum linked by a broad DOS minimum (near
Er), which can be regarded as a bonding and antibonding
state separations (below and above the Fermi level, respec-
tively). Such an electronic structure behavior suggests strong
Cr-C interactions due to a short interatomic distance in the
a-b plane, presumably responsible for a substantial decrease
of the DOS near Ey in RCr,Si,C. Spin-polarized KKR cal-
culations have also been made in YCr,Si,C and LaCr,Si,C
and all these computations converged into a nonmagnetic
ground state (see also, Sec. IV E).

Comparing the DOS in YCr,Si,C and LaCr,Si,C (Fig. 3),
one can tentatively analyze the effect of interatomic distance
dilatation on electronic structure, since the unit cell of the
latter is expanded (see Tables I and IV).

At a first glance, we note that the valence bands in
YCr,Si,C are broader than those calculated in LaCr,Si,C.
This appears to be a consequence of stronger overlapping of
the wave functions in the former. However, the cell volume
increase (i.e., the Cr-C distance changes by about 1.4%) only
slightly influences electronic states in the vicinity of the
Fermi level, resulting in similar values of n(Ep)
~61 Ry and ~64 Ry~ in YCr,Si,C and LaCr,Si,C, re-
spectively (see Table V).

In contrast to RCr,Si,C, the electronic structure of
RCr,Si, is much narrower and the DOS peaks are more pro-
nounced, especially in the vicinity of the Fermi level. It also
differs in the lower energy range (—0.75<E<0.55 Ry),
where one can detect two energy gaps that are not present in
C-containing samples (Fig. 4).

The first gap separates two s-like DOS peaks, attributed
mainly to Si (also mixed with Y states), while the second one

PHYSICAL REVIEW B 78, 104419 (2008)
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FIG. 4. (Color online) Comparison of KKR total DOS in
RCr,Si, (ThCr,Si, type) and RCr,Si,C (CeMg,Si,C type).

lies just below the p-d block consisting of d states of Cr and
Y strongly hybridized with Si p states. The Fermi level was
found in a large and narrow peak of nonspin-polarized DOS
(Fig. 4), being formed essentially of d states from Cr. This
DOS feature suggesting a local magnetic instability on Cr
atoms was verified by the spin-polarized KKR calculations
of RCr,Si,. These computations resulted in the Cr magnetic
moment as large as 2.01 up, when assuming experimentally
detected AF structure [i.e., AF (001) planes coupled also AF,
see Fig. 5], while only 0.95 uj in the hypothetical F state.
Such interesting behavior presumably comes from mark-
edly different interatomic distance between the Cr atoms
with parallel magnetic moments. The Cr-Cr distance is about
2.76 A (dc.cr=12/2a) when considering ferromagnetic or-
dering. This interatomic distance is almost 6 A (dcy.c;
= %V’2a2+c2, a, and c are lattice parameters) in the aforemen-
tioned AF structure. The theoretical magnetic moment on Cr
(e ~2.0 up) remains in excellent agreement with reported
experimental neutron-diffraction data (pe,,~1.96 up).'

(a)

2 $$

o _® %

FIG. 5. (Color online) Magnetic structures at 2 K of (a)
RCr,Si,C (R=Pr, Nd, Tb, Dy) and (b) YCr,Si, compounds.
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FIG. 6. Thermal variations of the magnetic susceptibility be-
tween 300 and 2 K for LaCr,Si,C, CeCr,Si,C, and SmCr,Si,C
(applied field=5 kOe).

C. Magnetic study of RCr,Si,C compounds
1. Macroscopic measurements

Thermal variations of the magnetic susceptibility of zero-
field cooled RCr,Si,C compounds (R=La-Nd, Sm, Gd-Dy)
are displayed in Figs. 6 and 7. The main magnetic data are
gathered in Table VI.

Unfortunately, too many magnetic impurities (mainly R-C
and R-Si binary compounds) prevented us from studying the
magnetic properties of Ho and Er compounds.

Magnetic susceptibilities of YCr,Si,C, LaCr,Si,C, and
CeCr,Si,C (Fig. 6) are very weak and temperature indepen-
dent. Concerning CeCr,Si,C, the anomaly observed at 35(2)
K should be attributed to the antiferromagnetic ordering of a
CeC, impurity,”® which was present in a low amount in our
sample, as confirmed by the neutron-diffraction experiments.
These three compounds thus exhibit a Pauli paramagnetic
behavior in the whole temperature range. This result indi-
cates that chromium does not carry any magnetic moment
and confirms an intermediate-valence state of Ce in
CeCr,Si,C, in good accordance with conclusions made from
the lattice-parameter evolution.

Except for SmCr,Si,C, all other studied compounds (R
=Pr, Nd, Gd-Dy) order ferromagnetically at low temperature
(T¢-<35 K) as shown in Fig. 7. In their paramagnetic state,
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FIG. 7. Thermal variations of the magnetic susceptibility be-
tween 300 and 2 K for RCr,Si,C with R=Pr, Nd, Gd-Dy (applied
field=5 kOe).

the thermal dependence of the inverse susceptibility is well
fitted by applying a modified Curie-Weiss law x=x,+C/(T
—0p), where C is the Curie constant and 6p the paramagnetic
Curie temperature; the temperature independent term y, be-
ing close to 0.002 emu/mol. Effective magnetic-moment val-
ues are in good agreement with theoretical values for free
R3* ions. Paramagnetic Curie temperatures are slightly posi-
tive and very close to the ordering temperatures, indicating a
ferromagnetic character of the main interactions (Table VI).

These measurements thus confirm the absence of a mag-
netic moment on the Cr sublattice in the RCr,Si,C com-
pounds, contrary to what was previously observed with
ThCr,Si,-type RCr,Si, compounds (R=Y, Tb, Ho'73).

Isothermal field dependences of the magnetization mea-
sured at 7=5 K are displayed in Fig. 8.

Except for GdCr,Si,C (probably because Gd** is an
S-state ion), the shapes of these curves of first magnetization
are characteristic of ferromagnetic compounds with non-
negligible magnetocrystalline anisotropy: at low field (H
<3 kOe), the Bloch walls do not move easily, and the mag-
netization increases quite slowly with H, reflecting the rela-
tive influence of magnetocrystalline anisotropy with respect
to magnetic exchange. However, for all compounds, the co-
ercive fields H. remain quite low (Table VI).

TABLE VI. Main magnetic data of RCr,Si,C (R=La-Nd, Sm, Gd-Dy, Y) compounds (ncw is non-Curie-

Weiss behavior).

Compound To(£2 K)  Op(£5 K)  pegr (up/mol) My, at 5 K (ug/mol)  He (210 Oe)
YCr,Si,C - - - - -
LaCr,Si,C - - - - -
CeCr,Si,C - - - - -
PrCr,Si,C 30 40 3.7 24 200
NdCr,Si,C 26 28 3.7 2.9 350
SmCr,Si,C - ncw ncw - -
GdCr,Si,C 10 15 7.2 5.7 0
TbCr,Si,C 16 24 10.2 8.0 260
DyCr,Si,C 13 5 10.4 8.1 320
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FIG. 8. Field dependence of magnetization in RCr,Si,C (R=Pr,
Nd, Gd-Dy) at T=5 K.

2. Neutron-diffraction experiments

A powder neutron-diffraction study was undertaken in or-
der (i) to determine the carbon distribution in the crystallo-
graphic lattice, (ii) to confirm the absence of magnetic order-
ing of the chromium sublattice, and (iii) to determine the
orientations, couplings, and amplitudes of R magnetic mo-
ments when the compounds are magnetically ordered.

Thermograms have been recorded in the temperature
range 2-300 K, and long duration patterns have been re-
corded at 300 and 2 K. Neutron-diffraction patterns recorded
at 300 and 2 K unambiguously confirm the CeMg,Si,-type
structure for all compounds, as deduced from the x-ray study.

D. YCI'zsizC, LaCrZSiZC and CeCrZSiZC

In good accordance with the absence of a magnetic mo-
ment on the chromium sublattice, as deduced from macro-
scopic magnetic measurements, no magnetic contribution to
the intensities of the diffraction peaks could be detected over
the whole temperature range. This study also confirms the
absence of magnetic ordering of the cerium compound for
T=2 K (Fig. 9), which is consistent with an intermediate-
valence state of this element.
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FIG. 9. Neutron powder-diffraction pattern of CeCr,Si,C ob-
tained at 2 K. The dots represent the experimental data, and the
continuous curve is the calculated diffractogram. The small vertical
lines are the calculated Akl positions for nuclear cell and the bottom
trace is the difference plot.

The neutron-scattering length of carbon (b-=6.648 fm)
being of the same order of magnitude as the neutron-
scattering lengths of chromium (bc.=3.635 fm), silicium
(bg;=4.151 fm), and lanthanides (by=7.75 fm; by,
=8.24 fm; be.=4.84 fm),’* neutron diffraction allowed un-
ambiguously locating carbon in 1(b) (0, O, %) positions of the
CeMg,Si,-type structure, with refined values of occupation
rates very close to 1 for each compound, thus justifying the
RCr,Si,C formula (Table VII).

E. PrCr,Si,C, NdCr,Si,C, ThCr,Si,C, and DyCr,Si,C

In the whole temperature range studied, neutron-
diffraction patterns are quite similar for these four com-
pounds. Only the Bragg-peak relative intensities differ from
one compound to another due to different scattering lengths
of the lanthanide element and to different ordered magnetic-
moment amplitudes. For example, neutron thermograms re-
corded for PrCr,Si,C between 100 and 2 K are displayed in
Fig. 10.

TABLE VII. Refined parameters and reliability factors for RCr,Si,C (R=Y, La-Nd, Tb, Dy) compounds.

TK)  a ¢ i foec©  pr(uB) R,(%) R, (%) Ry (%) R(%)  fur
(A) (A)
YCr,Si,C 2 3.987(6) 5.238(1)  0.226(3) 0.98(2) - 8.80 - 12.2 2.61 1.23(2)
LaCr,Si,C 2 4.042(1) 5.372(2)  0.217(5) 0.99(1) - 8.65 - 11.0 2.34 1.18(1)
CeCr,Si,C 2 4.010(1) 5.273(1)  0.222(2) 0.98(2) - 6.16 - 8.71 1.58 1.11(1)
PICE,Si,C 100 4.008(1) 5.325(2)  0.230(4) 0.98(2) - 7.14 - 12.0 1.61 1.28(1)
2 4.007(1) 5.323(1)  0.227(7) 0.98(2) 2.76(9) 6.65 7.51 12.0 0.87 1.29(1)
NACr,Si,C 100 4.004(2) 5.309(3)  0.216(7) 0.98(2) - 3.80 - 10.0 3.59 1.14(2)
2 4.002(1) 5.306(1) 0.211(8) 0.99(1) 3.47(14) 4.15 6.70 10.7 2.13 1.12(1)
ThCrySi,C 75 3.972(1) 5.229(2)  0.202(4) 0.98(2) - 3.35 - 8.24 2.57 1.03(2)
2 3.973(1) 5.230(1)  0.190(5) 0.98(2) 8.93(17) 5.49 3.63 6.88 1.84 1.01(1)
DyCr,Si,C 145 3.963(3) 5.206(3)  0.228(9) 0.98(2) - 5.41 - 10.6 3.37 1.07(2)
2 3.962(1) 5.203(2)  0.223(9) 0.99(1) 9.14(30) 7.06 5.24 9.79 2.69 1.07(1)
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FIG. 10. Neutron thermogram of PrCr,Si,C between 100 and
2 K.

Patterns recorded at high temperatures (greater than Curie
temperatures) are very similar to those observed with the La
and Ce compounds and thus lead to the same conclusions.

At 2 K, diffraction patterns are mainly characterized by
the increase of some nuclear reflection intensities, indicating
the ferromagnetic ordering of the compounds. The absence
of any magnetic contribution to the intensities of (00/) reflec-
tions means that magnetic moments are orientated along the
¢ axis. The magnetic structure of the RCr,Si,C compounds
(R=Pr, Nd, Tb, Dy) is presented in Fig. 5. It can be de-
scribed as a stacking of ferromagnetic (001) R planes along
the ¢ axis.

Refined values of the magnetic moments at 2 K (up,
=2.76(Nup;  mna=34T(1Hpg;  prp=897(17)ug;  ppy
=9.14(30) up) are very close to the theoretical values for the
free R3* ions (=gJup). Their temperature evolutions (Fig. 11)
lead to deducing Curie temperatures equal to 33(1), 27(1),
and 18(1) K for R=Pr, Nd, and Dy, respectively, in good
accordance with the susceptibility results (Table VI).

In spite of the use of a special double-walled vanadium
sample holder and of longer counting times, too much back-

10 — T T T T T T T T T T

ThCr,Si,C
T.=18(1) K

NdCr,Si,C
T.=271) K

PrCr,Si,C
T.=33(1) K

My (1)

35 40
T (K)

FIG. 11. Thermal evolution of magnetic moments (ug) deduced
from neutron-diffraction experiments in RCr,Si,C compounds
(R=Pr, Nd, Tb).
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FIG. 12. Experimental Curie temperatures of RCr,Si,C com-
pounds plotted with respect to the R element. The dotted line rep-
resents the corresponding ordering temperatures as calculated with
the de Gennes rule (and normalized for R=Gd).

ground, due to the huge neutron absorption cross section of
Dy [994 barns at 0.0253 eV (Ref. 24)], and too incoherent
scattering unfortunately prevented us from precisely deduc-
ing the Curie temperature of DyCr,Si,C from this neutron
experiment.

Finally, it is noteworthy that, at 2 K, despite a nonzero
molecular field resulting from the ferromagnetic order of the
R sublattice, no magnetic contribution from the Cr sublattice
was ever detected.

F. Rare-earth magnetism in RCr,Si,C

RCr,Si,C compounds (R=Pr, Nd, Gd-Dy) are character-
ized by the ferromagnetic ordering of the lanthanide sublat-
tice at very low temperatures (7-<35 K). Figure 12 reports
the measured Curie temperatures with respect to the R ele-
ment.

From this plot, it is obvious that these temperatures do not
follow a de Gennes® scaling. According to the de Gennes
formulation, in the framework of the Ruderman-Kittel-
Kasuya-Yosida (RKKY) theory of indirect exchange interac-
tion, the magnetic ordering temperatures across a series of
isostructural lanthanide-based compounds should be propor-
tional to (g,—1)2J(J+1), where g, is the Landé factor and J
is the total angular momentum of R**. In this way, the high-
est ordering temperature should be observed with the gado-
linium compound, the total spin momentum S of Gd>* being
the largest among the lanthanides (S=J=7/2; g,=2). But
within the RCr,Si,C series, the Curie temperature of the Gd
compound is lower than for other compounds. Thus, strictly
speaking, the main interaction leading to the magnetic order-
ing of the R sublattice is not of the RKKY type.

Crystal-field effects may significantly affect ordering tem-
peratures deduced from de Gennes rule:? crystal-field terms
should then be added to the RKKY exchange Hamiltonian to
obtain a correct formulation. The magnetic properties of
RCr,S1,C compounds are likely influenced by crystal-field
effects, the R-R interaction still being correctly described in
the framework of the RKKY theory. Indeed, Gd** having a S
ground state (L=0), it remains unaffected by the crystal field,
to a first approximation, and the Curie temperature of the

104419-8



QUENCHING OF THE MAGNETIC MOMENT OF Cr IN...

corresponding compound thus remains proportional to the de
Gennes factor. On the contrary, T of the other compounds
may be enhanced under the effect of a crystal field.

It is interesting here to note that the ThCr,Si,-type
RCr,Si, compounds (R=Gd-Tm) exhibit lower ordering
temperatures for the R sublattice than the corresponding
RCr,Si,C compounds.! Indeed, e.g., in GdCr,Si,, the Gd
sublattice orders antiferromagnetically at Ty ~4.3 K and the
Tb sublattice orders at Ty~2.4 K in TbCr,Si,. Shorter R-R
distances across the Si-Cr,-Si (or Si-[Cr,, C]-Si) slabs may
explain higher ordering temperatures in RCr,Si,C. For in-
stance, at 300 K, Tb-Tb distances are equal to 5.675(1)A in
TbCr,Si, (Ref. 1) and 5.244(3)A in TbCr,Si,C. This short-
ening is due to the disappearance of the / Bravais mode when
passing from ThCr,Si, type to CeMg,Si, type, probably as-
sociated with the creation of R-C bonds along [001]. How-
ever, R-R magnetic interactions remain quite low for both
series of compounds.

Concerning the magnetocrystalline anisotropy, the easy
magnetization direction, deduced at 2 K from neutron dif-
fraction for R=Pr, Nd, Tb, and Dy, is always along the ¢
axis. Lanthanide atoms occupy 1(a) (0, 0, 0) positions, with a
tetragonal point symmetry 4/mmm (point group D). In te-
tragonal symmetry, the easy magnetization direction of the R
sublattice depends mainly on the sign of the second-order
term of the crystal-field Hamiltonian Bg, which is given by
BY=a,(r1)(1-0,)A}?" where a; is the second-order Stevens
coefficient for R**,*® o, a screening parameter, and Ag a pa-
rameter describing the electrostatic potential. An easy mag-
netization direction along [001] means a negative 32.27 Since
a; is negative for R=Pr, Nd, Tb, and Dy, we can deduce that
Ag is positive in RCr,Si,C compounds. Unfortunately, mag-
netic structures of Ho (a;<0) and Er («;>0) compounds
could not be determined during the present study due to the
many impurity phases within the samples. But considering
that Ag does not vary significantly across the RCr,Si,C se-
ries, we expect the magnetic anisotropy of HoCr,Si,C to be
axial (magnetic moments along [001]) and of ErCr,Si,C to
be planar [magnetic moments within (001) planes].

G. Origin of Cr magnetic-moment quenching in RCr,Si,C

The question concerning the disappearance of magnetic
ordering on the transition-metal sublattice in RCr,Si,C was
addressed to analyze the Cr-DOS (particularly d states) in the
vicinity of Ey. Table V gives the main electronic properties
of RCr,Si,C compared to the corresponding values calcu-
lated in RCr,Si, (R=Y and La). It is well established that the
Stoner parameter on Cr calculated within the LDA approach
provides predictions of a local magnetic moment onset on
the site in transition-metal compounds. As mentioned in Sec.
IV B, the carbon insertion in the Cr square planes leads to
strong Cr-C interactions and results in substantial lowering
of the DOS near Ey (Figs. 3 and 4). Indeed, the d contribu-
tion on Cr ne,4(Ep) was found well below the Stoner limit
[I ncEp)~0.75], with 1=0.032 Ry for d states from the
KKR method. Since the insertion of C brings about the crys-
tal structure transition, it was of interest to calculate the elec-
tronic structure and the Stoner product in the “filled”
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FIG. 13. (Color online) Evolution of the nonspin-polarized
KKR-CPA DOS in YCr,Si,C, (“filled” CeMg,Si, type) close to the
Fermi level. The rapid DOS decrease at Er is observed, when C
content increases and a local minimum is developed at high x. The
blue solid and red dashed lines represent d states of chromium and
yttrium, respectively.

ThCr,Si, type RCr,Si,C. Quite similar results were obtained
since ne,4(Er) ~27 Ry~ was also found below the border
of magnetic instability [/ nc(Ep)~0.85]. However, the
overall DOS shape as well as electronic structure details near
E are rather different in the two structural variants (see Figs.
13 and 14).

The DOS characteristics in both structure types allow
concluding that the electronic interactions between d-Cr and
p-C atoms (also with p-Si), manifested by the appearance of
bonding and antibonding DOS peaks on C and Si DOS, are
predominantly responsible for a strong decrease of the DOS
close to Ep, with respect to DOS characteristics detected in
RCr,Si,. As shown in Table V, the values of nc(Ep) in
RCr,Si,C are markedly lower than the corresponding ones
computed in RCr,Si, compounds (see also Fig. 4) and the
Stoner criterion is fulfilled exclusively in the latter. This elec-
tronic structure behavior presumably drives the magnetism
quenching in RCr,Si,C compounds and the arrangement of
the R and Si plane stacking along the ¢ axis, giving rise to
tetragonal simple or body-centered crystal structures, appears
to be less important as regards to the disappearance of a
magnetic moment on the Cr atoms.

To better illustrate the effect of the vanishing of local
magnetic moments in the AF ordering upon C filling in
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FIG. 14. (Color online) Evolution of the nonspin-polarized
KKR-CPA DOS in YCr,Si,C, (“filled” ThCr,Si, type) close to the
Fermi level. The rapid DOS decrease at E is observed when C
content increases but a broad maximum develops at high x. The
blue solid and red dashed lines represent d states of chromium and
yttrium, respectively.

RCr,Si,, electronic structures of “filled” ThCr,Si, type as
well as of “filled” CeMg,Si,-type YCr,Si,C, were calculated
using the KKR-CPA method (accounting for a chemical dis-
order). Noteworthy, within these simulations, the crystal
structure of YCr,Si, (ThCr,Si, type) or YCr,Si,C (filled
CeMg,Si, type) was real, whereas those of YCr,Si,C (filled
ThCr,Si, type) and YCr,Si, (CeMg,Si, type) were hypo-
thetical. In both cases, carbon atoms randomly occupied the
center of the Cr square in the unit cell and the C concentra-
tion was varied in a continuous way (0.05<x<0.95). Fig-
ures 13 and 14 present the evolution of the nonspin-polarized
electronic structure from “magnetic” YCr,Si, (high DOS
near Ep) to “nonmagnetic” YCr,Si,C (low DOS near Ey) in
both structural variants. We observe that even at small C
concentrations in YCr,Si,C, (x~0.25), the Cr-C and Si-C
interactions are so strong that the DOS at Ej dramatically
decreases and the Stoner condition for the magnetism onset
[I n(Eg)>1]1is no more fulfilled. At low C content, the DOS
modifications are quite similar in both structural variants,
except for the fact that the DOS near E decreases more
rapidly with x in the “CeMg,Si,-type” model. Subtle differ-
ences in electronic spectra appear in C-rich samples (x
~0.9) since one observes developing of a local DOS
minimum in the vicinity of the Fermi level in the
“CeMg,Si,-type” model (Fig. 13), whereas a broad DOS

PHYSICAL REVIEW B 78, 104419 (2008)

maximum in the “ThCr,Si,-type” one (Fig. 14). Finally,
YCr,Si,C exhibits the value of n(E)~61 Ry~ in the real
structure, which is much lower than n(Ez)~76 Ry™! com-
puted in the hypothetical structure. All these electronic struc-
ture calculations tentatively support the experimentally ob-
served change of the crystal structure when comparing
YCr,Si, and YCr,Si,C. The aforementioned analysis based
on the Stoner criterion and nonspin-polarized DOS was well
supported by the spin-polarized KKR-CPA computations in
the “filled” ThCr,Si,-type YCr,Si,C, (assuming AF state).
They showed that the magnetic moment on Cr rapidly de-
creased with C content, from 1.75 ug (x=0.05) to ~1 ug
(x=0.25) and it vanishes for x~0.5.

The comparison of the KKR total energy calculated in
YCr,Si,C and LaCr,Si,C in both structural types also sup-
ports the crystal structure transformation upon C insertion,
since conserving the same unit-cell volume in both structure
types, the “filled” CeMg,Si, type was favored. However, a
more reliable explanation of this structural transition could
be made if relaxing atom positions and a volume cell in
total-energy computations of disordered YCr,Si,C, were ob-
tained.

V. CONCLUSIONS

The experimental and theoretical results obtained during
the present study on the RCr,Si,C compounds allow a better
understanding of the carbon influence both on structural and
magnetic properties. The main conclusions are summarized
below.

(i) Carbon induces a structural transition from the
ThCr,Si, type (space group [4/mmm) to the “filled”
CeMg,Si, type (space group P4/mmm). This transition is
tentatively supported by the total-energy calculation favoring
the experimentally observed crystal structure upon compar-
ing both carbon “filled” ThCr,Si, and CeMg,Si,-type struc-
tures.

(i) Carbon insertion drastically affects the magnetic be-
havior since chromium does not have any magnetic moment
in RCr,Si,C compounds, in contrast to RCr,Si, compounds.
This is well explained from the KKR-CPA computations per-
formed for the YCr,Si,C, system (0.05=x=0.95), which
evidenced a strong lowering of the DOS near Er when the
carbon content x increased (whatever the structure type).
Consequently, the d-Cr states are rapidly found below the
Stoner limit when x increases. This behavior was confirmed
by the spin-polarized KKR-CPA calculations in antiferro-
magnetic YCr,Si,C, resulted in the Cr magnetic moment
vanishing for x>0.5. RCr,Si,C (R=Y and La) exhibit a non-
magnetic ground state, which is consistent with their Pauli
paramagnetic properties and neutron powder measurements.
On the other side of the system, YCr,Si,, as deduced from
the neutron-diffraction study, is a strong antiferromagnet
with the Cr moment as large as 1.96 up, which is in fair
agreement with the KKR calculated value of 2.01 .

(ii) Neutron powder-diffraction measurements performed
on the RCr,Si,C compounds (R=Pr, Nd, Tb, Dy) evidenced
a ferromagnetic ordering of the lanthanide sublattice at low
temperature, the highest 7 being close to 30 K for R=Pr.
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Thus, carbon also induces a change in the sign of the R-R
couplings, the latter being antiferromagnetic in RCr,Si, and
becoming ferromagnetic in RCr,Si,C.

(iii) The CeCr,Si,C compound is found to exhibit a Pauli
paramagnetic behavior (and thus no magnetic ordering down
to 2 K) linked to an intermediate-valence state of cerium.
This compound is thus of special interest from the more
fundamental point of view. Complementary experiments
should be considered on this compound, such as x-ray ab-
sorption spectroscopy, and especially electrical resistivity
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measurements (to show, e.g., a potential Kondo behavior) at
ambient as well as at high pressures.
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