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Abstract

The phase relations of the CeCog,5Sis—_s system have been studied by means of scanning
electron microscopy, electron microprobe analysis and x-ray diffraction. Essentially single
phase samples CeCog5Sis—s (structure-type LaFeqSiy with space group 14/mcm) are formed
in a narrow composition range —0.3 < 6 < 0.1, where stoichiometric CeCogSiy exhibits full
structural order in space group /4/mcm. The evolution of the ground state of correlated 3d and
4f electrons in the solid solution CeCog5Sis—s has been investigated by dc susceptibility,
magnetization, specific heat and resistivity measurements. Stoichiometric CeCogSis exhibits
paramagnetic Kondo lattice behaviour with a largely reduced Co 3d contribution to the
magnetic susceptibility as compared to nearly ferromagnetic LaCogSi4. Nonetheless, very
similar to the solid solution LaCog,sSis—s, weak ferromagnetism is observed in CeCog45Sis—s
for § > 0 and is attributed to substitutional disorder at the Si-sublattice.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Compounds RT9Xs (R =rare earth, T = 3d transition
metal and X = p-block elements) crystallizing in an ordered
tetragonal variant of the cubic NaZn;s-type (see e.g. [1, 2])
have attracted interest because they reveal a wide spectrum
of ground state features. These comprise, for example,
strong electronic correlations like in CeNigXy (X = Si and
Ge) showing Kondo lattice behaviour [3] as well as heavy
fermion non-Fermi liquid behaviour [4, 5]. Additionally
there is itinerant magnetism of 3d electrons in RCogSiy,
including weak itinerant ferromagnetism in YCo¢Sis [6],
ferrimagnetism in GdCo¢Siy [7] and, most interestingly,
strongly exchange enhanced Pauli paramagnetism and itinerant
electron metamagnetism in LaCogSi4 [8]. In the specific case
of CeCoySiy, where both 4f and 3d electrons are involved in the
formation of a ground state of strongly correlated electrons,
our previous studies revealed intermediate valence behaviour
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of Ce, causing a paramagnetic ground state in CeCogSis
with a rather weak cobalt sublattice contribution as compared
with other RCogSis compounds [9, 10]. As cobalt itinerant
magnetism has been reported to be very sensitive to the Co—Si
stoichiometry in the solid solution LaCoy3_,Siy, in particular
near the critical composition x = 4 [11, 12], we explored
the Co/Si solid solubility in CeCog;sSis—s and studied the
composition dependence of magnetic and electronic properties.

In this paper we report on a crystallographic charac-
terization of the fully ordered ternary compound CeCogSiy
and analyse the sublattice disorder in the solid solution
CeCog.45Si4—s. The evolution of the electronic ground state and
its relation to the Co/Si substitution at specific crystallographic
sublattices is discussed by means of magnetization, specific
heat and resistivity measurements.

2. Experimental details

Polycrystalline samples of CeCoj3_,Si, with nominal compo-
sitions varying from CeCo(Si3 to CeCogSis were prepared

© 2010 IOP Publishing Ltd  Printed in the UK & the USA
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Table 1. Results obtained from an EMPA investigation of samples
with nominal compositions CeCoy3_,Si,; s.s. = Co/Si solid solution.

Phase comp.
X Phases present  (at.% Ce—Co-Si)  Comments
3.0 bet 1:13 7-67-26 Majority phase
Ce,Coy7 s.8. 12-71-17
bet 1:11 8-74-18
3.6 bet 1:13 7-66-27
Ce,Coy7 s.8. 12-71-17 Minor phase
3.9 bet 1:13 7-64-29
Ce,Coyy s.8. 12-71-17 Traces
395 betl:13 7-63-30
398 bet1:13 7-63-30
4.0 bet 1:13 7-63-30
4.02  betl:13 7-63-30
4.1 bet 1:13 7-62-31
CeCo,Si, 20-39-41 Traces
4.3 bet 1:13 7-61-32
CeCo5Si, 20-39-41 Minor phase
4.5 bet 1:13 7-60-33 Majority phase
CeCo»Si, 20-39-41
Co,Si 0-65-35
5.0 bet 1:13 7-56-37 Majority phase
CeCo,Si, 20-39-41
Co,Si 0-65-35

by high frequency induction melting. The starting materials,
cerium ingots (Ames MPC [13], 99.95%), cobalt ingots (Umi-
core, 99.999%) and silicon chips (Alpha Aesar, 99.9999%),
were melted together in a two-step procedure: (i) Cobalt and
silicon were melted together four times. (ii) The required
amounts of Ce were melted together with the precursor CoSi-
alloys. To ensure homogeneity, the buttons were broken,
flipped over and melted several times, and finally sealed in
an evacuated quartz tube and annealed at 1050 °C for 1 week.
Samples were prepared with 0.01-0.02 f.u. cerium in excess to
prohibit their contamination with traces of the ferromagnetic
impurity phase Cog.9»Si~ 08 (see details in section 3).

In order to examine the phase formation of CeCoj3_,Si,
and the corresponding homogeneity regions we investigated
selected samples by scanning electron microscopy (SEM)
and electron microprobe analysis (EMPA) based on energy
dispersive x-ray spectroscopy.

Temperature dependent electrical resistivity measure-
ments were performed in a He-bath cryostat (2-300 K) and
for selected samples in a 3He-cryostat (0.4-300 K) on bar-
shaped samples applying a standard four-probe dc method
with gold pins as voltage and current contacts. The dc
susceptibility/magnetization measurements were performed in
a6 T SQUID magnetometer and a 9 T vibrating sample magne-
tometer (VSM). Specific heat measurements were carried out
on samples of about 1 g in the temperature range 2—-140 K
employing an adiabatic step heating technique.

3. Phase formation and crystal structure

The EMPA results for the polycrystalline samples prepared
along the composition line CeCoj;3—,Si, 3.0 < x < 5.0)
are summarized in table 1. EMPA and x-ray diffraction
studies reveal the presence of two branches in the ternary
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Figure 1. Tetragonal lattice parameters a (empty squares) and ¢ (full
circles) versus the composition parameter 6 of CeCog.5Si4—s.

phase diagram with Co/Si solid solutions slightly shifted in
Ce composition: the body centred tetragonal (bct) phase 1:13,
LaFeqSis-type and the bet 1:11, BaCd;;-type. Similar results
were reported for GdCoy3_,Siy [7].

The bet 1:13 phase forms in a composition range
CeCo94Si36 to CeCogSis, as evidenced by the phase
composition and the trend of the lattice parameters (see table 1
and figure 1). The alloys outside the range CeCog ;Sizg
to CeCog7Sis3, however, are not single phase and the bct
1:13 phase is present together with other minority phases.
The values of the lattice parameters of the phase 1:13, as a
function of the composition parameter § of CeCog,5Sis—s, are
displayed in figure 1. Whereas the lattice parameter ¢ decreases
linearly with increasing 8, the opposite trend is observed for
the lattice parameter a. These trends are very similar to those
reported for the analogous systems LaCog;sSis—s [12] and
GdCog45Sig—s [14]. Furthermore, the values of the lattice
parameters a = 7.7889 A and ¢ = 11.5273 A obtained
by Moze et al [15] for Ce,Co;7Sig (corresponding to the
composition point § = —0.5) and those determined earlier [12]
for CeCooSiy (a = 7.801 A, ¢ = 11.521 A) are in reasonable
agreement with the trend depicted in figure 1.

Room temperature structure investigation of CeCogSiy has
been performed on a small single crystal (80 x 50 x 50 pum?)
on a four-circle Nonius Kappa diffractometer equipped with
a CCD area detector. For the structure refinement we used
410 reflections >40 (Fp) out of 475. All details of the applied
methodology were recently summarized in the context of our
structure investigation on Ce- and LaNigSis [3]. Analogous
to LaNigSis and LaCogSis4, single crystal x-ray diffraction
reveals, for stoichiometric CeCogSiy, a fully ordered tetragonal
LaFeqSiy-type structure [2] (NaZnjs-derivative with space
group 14/mcm) as depicted in figure 2. The occupancies of all
crystallographic sites have been refined but did not reveal any
significant deviations from stoichiometry. Refining anisotropic
thermal displacement factors in the final run yielded R-values
as low as 0.023 (GOF = 1.083) confirming the structural
model with full atomic order. The results of the structure
determination are summarized in table 2.
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Figure 2. Crystal structure of CeCooSiy.

Table 2. X-ray single crystal data for CeCogSiy; space group
14/mcm; no. 140.

=3

Atom  Wyckoff p.  Coordinates
a =17.8014(2) A; c = 11.5206(4) A
Ce 4a 0,0, 1)
Co(l) 16k (x,y,0)
x = 0.06969(6); y = 0.20041(6)
Co(2) 16l (x,x+1.2)
x = 0.62843(4); z = 0.18061(5)
Co(3) 4d (0,3,0)
Si 161, (x,x+1,2)

x =0.17015(9); z = 0.12087(9)

Rietveld refinements of powder x-ray diffraction data of
the off-stoichiometric samples CeCog 4Si3 ¢ and CeCog7Si4 3
were carried out. The observed and calculated diffraction
pattern for the two compounds are depicted in figures 3 and 4,
respectively. Tables 3 and 4 summarize the results of Rietveld
refinements of powder x-ray diffraction data for the two off-
stoichiometric samples. The secondary phases detected by
SEM analyses (see table 1) were included in the refinements
in order to obtain indications of the weight fractions, although
their peaks are very small (see tables 3 and 4).

Starting from the ordered compound, which corresponds
to CeCog44Sis—s with 6 = 0 and with Si saturating the site
1615, in the range § > 0 some Co atoms are expected to replace
Si atoms at the same site 16l,. This assumption is corroborated
by the results of our Rietveld refinement of powder x-ray
diffraction data for CeCog4Si3¢ (see table 3 and figure 3).
Similar results for the structural properties of Co-rich samples
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Figure 3. Part of the experimental x-ray diffraction pattern of
CeCog4Si3 6 resulting from Rietveld refinement. The experimental
data are shown by the symbols, while the line through the data
represents the calculated diffractogram. The lower curve is the
difference curve. The ticks indicate the 26 values of Bragg peaks of
bet 1:13 and Ce,Coy7 (below).
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Figure 4. Part of the experimental x-ray diffraction pattern of
CeCog 7514 3 resulting from Rietveld refinement. The experimental
data are shown by the symbols, while the line through the data
represents the calculated diffractogram. The lower curve is the
difference curve. The ticks indicate the 26 values of Bragg peaks of
bet 1:13 and CeCo,Si, (below).

of the solid solution GdCo;3_, Si, were reported by Heiba et al
[14].

On the other hand, in the range § < 0, excess Si
atoms with respect to the ordered compound CeCogSiy are not
distributed randomly over the available crystallographic sites,
but share mainly the 16k site with Co (i.e. the Col site in
figure 2) as noted earlier by Moze et al in the case of the sample
with nominal composition Ce,Co;7Sig [15]. In fact, in our
Rietveld refinement (see table 4 and figure 4) the occupancies
of the other crystallographic sites of Co (161; and 4d which
are Co2 and Co3 in figure 2) were refined with respect to
Co/Si replacements but no significant deviations from full Co
occupancies were revealed.
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Table 3. Rietveld refinement results for CeCog 4Si36: space group
14/mem; no. 140. ‘Occ.” = occupation in %; residual values:

Rg = 0.0728, Rg = 0.0522, Ryp = 0.102, weight fraction of
C62C0]7 =2%.

Atom  Wyckoff p.  Coordinates Occ.
a=7.8124(1) A; c = 11.49152) A

Ce 4a 0,0, i) 100

Co(1) 16k (x,y,0) 100
x =0.0662(1); y = 0.1999(1)

Co(2) 16}, (xr,x+1.2) 100
x =0.6276(1); z = 0.1809(1)

Co(3) 4d O, % 0) 100

Si(1) 16l (x,x+3,2) 92

Co(4) 161, (x,x + %, 7) 8

x = 0.1737(2); 7 = 0.1197(2)

The composition at § = 0, i.e. stoichiometric CeCogSiy,
is then at the crossover between two kinds of disordered
sublattices and consequently, moving along the solid solution
through this point, a change in the physical properties of the
ground state can be expected (see next sections).

4. Evolution of magnetic and electronic properties in
CeC09+3 Si4_5

4.1. Experiment

Magnetic, thermodynamic and transport properties of CeCogSiy
and related samples CeCog45Sis—s with compositions —0.3 <
6 < 0.1 (i.e. the essentially single phase samples located
well within the limits of solid solubility of the LaFeqSis
structure-type) were investigated with respect to the magnetic
ground state resulting from 4f and 3d correlated electrons.
These results are compared with earlier studies on the ground
state properties of the related isostructural solid solution
LaCog4sSis—s with an empty 4f shell. The latter system
exhibits weak ferromagnetism for § > 0, itinerant electron
metamagnetism for § = 0 and exchange enhanced Pauli
paramagnetism for 6 < O [8, 12].

Low temperature isothermal magnetization measurements
of CeCog,5Sis—s at 2 K, are displayed as M (H) in figures 5(a)
and (b) and as Arrott plots, M 2 versus H /M, in figures 5(c)
and (d) for Si-rich (§ < 0) and Co-rich (§ > 0) samples,
respectively.

For CeCo¢Siy and Si-rich samples, M(H) data in
figure 5(a) and corresponding Arrott plots in figure 5(c)
reveal a paramagnetic ground state which is corroborated
by the temperature dependent magnetic susceptibilities of
these Si-rich samples, x(T) = M(T)/H, measured at 1 T
shown in figure 6(a). The analysis of the paramagnetic
susceptibilities x (7") in terms of a temperature independent
Pauli susceptibility xo plus a Curie—Weiss contribution

x(T) = xo+ (D

T-0

yields a rather composition independent xo =~ 5-6 X
1073 emu mol~! for CeCoySis and Si-rich samples, but a
significant variation of the Curie constants ranging from

Table 4. Rietveld refinement results for CeCog 7Si43: space group
14/mem; no. 140. ‘Occ.” = occupation in %; residual values:

R = 0.0838, Rp = 0.0681, Rywp = 0.128, weight fraction of
CeCo,Si; = 3%.

Atom  Wyckoff p.  Coordinates Occ.
a="779%112) A;c=11.5272(2) A

Ce 4a 0,0, 1) 100

Co(l) 16k (x,y,0) 93.6

Si(1) 16k (x,y,0) 6.4
x = 0.0705(1); y = 0.1996(1)

Co(2) 16l (x,x+1.2) 100
x =0.6277(1); z = 0.1891(1)

Co(3) 4d (0,1.,0) 100

Si(2) 161, (xr,x+1,2) 100
x = 0.1696(2); z = 0.1225(2)

C = 144 emuKmol! for CeCoySiy to C =

0.55 emu K mol~! for CeCog7Sis3 and paramagnetic Curie
temperatures ranging from ® = —27 K (CeCogogSis02)
to ® = —114 K (CeCo4Si4) and finally ® =~ —600 K
for CeCog7Sis3. The corresponding effective paramagnetic
moments e of 3.4 pg/fu. (CeCogSiy) to 1.77 up/f.u.
(CeCog7Sis3) are smaller than that of the isostructural
compound LaCogSis with empty 4f states. The latter exhibits
a high temperature effective Co moment per formula unit,
Uef == 3.58 up/f.u., and a positive ® =~ 428 K [7]. The
negative paramagnetic Curie temperatures of CeCogSiy and
Si-rich CeCog5Sis—s samples are attributed to a weakening
and over-compensation of ferromagnetic correlations in the
3d band by the strong Kondo coupling revealed by high-
energy electron spectroscopy [10] (see section 4.2 for further
discussion).

The substitution of cobalt by silicon is expected to weaken
the exchange enhancement of the 3d magnetic susceptibility,
and indeed for CeCogoSis3 the absolute value of the low
temperature susceptibility, x (2 K) ~ 10 x 1073 emu mol !, is
clearly reduced as compared to CeCogSiy with x (2 K) >~ 17 x
1073 emu mol™'. CeCog gSis o, and CeCogoSis 1, however,
exhibit slightly larger susceptibilities than stoichiometric
CeCo9Siy. In particular in the case of CeCogogSis gz, With
tiny off-stoichiometry towards the Si-rich side, substitutional
disorder pushes the ground state initially closer towards
ferromagnetism (see Arrott plots in figure 5(c)).

The weakly temperature dependent Pauli-like shape of the
susceptibility of CeCoySiy and especially CeCogoSiss (see
x (T) in figure 6(a)) clearly indicates an intermediate valence
of the Ce 4f states, i.e. strong Kondo screening of the Ce 4f
moments.

For all Co-rich samples, CeCog4sSis—s with § > O,
spontaneous ferromagnetic order is revealed by the 2 K
isothermal magnetization M (H) shown in figure 5(b) and
the corresponding Arrott plots in figure 5(d). For the sake
of clarity of the Arrott plots, all M (H) measurements were
carried out subsequent to field cooling in typically 0.1 T
to avoid the domain processes at fields below 1 T. Similar
composition dependent magnetic properties were reported
for LaCog5Sis—5 where weak ferromagnetism appears for
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Figure 6. Temperature dependent magnetic susceptibility y = M/H measured at 1 T for CeCog,sSiy_s with 6 < 0 in (a) and § > 0 in (b).

s > 0.

The Curie temperatures 7¢ derived from the

temperature dependent susceptibilities (see figure 6(b)) and
more precisely from the temperature dependence of the

remanent magnetization observed
(not shown) are about 20 K for

in M(H) measurements
CeCog (pSi3 93 and about

30 K for CCC09_05Si3_95.

These Curie temperatures are of

comparable magnitude to those of corresponding compositions
LaCogsSis_s, but with less sharply defined transitions in the
Ce system where intermediate valence of the 4f states may
amplify the effect of substitutional disorder at the Si-16l sites.
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The Arrott plot in figure 5(d) reveals an increase in the ordered
moment from 0.11 wg/f.u. in the case of CeCog,Sizog to
about 0.16 g /f.u. for CeCog ¢5Si3.95.

The temperature dependent electrical resistivity, p(7), of
CeCog45Si4—s is shown in figures 7(a) and (b) for Si-rich
(8 < 0) and Co-rich (6 > 0) compositions, respectively. For
the stoichiometric composition CeCogSiy single crystal XRD
reveals a fully ordered arrangement of Ce, Co and Si atoms
in the space group I4/mcm (see section 3), thus taking an
exceptional position in the solid solution CeCog45Sis—s. The
reduction of crystallographic order for all compositions with
6 # 0 is clearly indicated by the significant increase of the
residual resistivity pp as compared to pyp ~ 10 w2 cm of
stoichiometric CeCogSi4. Even tiny off-stoichiometry, e.g. § =
—0.02 with just 0.05 at.% Co replaced by Si at 16l sites,
increases pp to above 40 w2 cm. Similar trends of py(§)
were also observed for solid solutions GdCog,sSi4—s [7] and
LaCog4sSis—s [12]. Below 4 K the temperature dependent
resistivity of stoichiometric CeCogSis exhibits Fermi liquid
behaviour, p(T) = pyo + AT? with A >~ 0.046 u2 cm K2,
yielding the Kadowaki-Woods ratio, A/y? ~ 1.3(1) x
107° uQ cm (mol KmJ~")2. This figure is close to the
theoretical predictions for d electrons by Rice [16], yielding
A/y? ~ 0.9 x 107% 4Q cm (mol K mJ~!)? and also close
to the generalized Kadowaki—Woods ratio of Kondo lattice
systems yielding A/y2 ~ 0.7 x 107° £ cm (mol K mJ~—!)?
for sixfold degenerate Ce 4f moments [17].

Summing up, magnetic susceptibility and resistivity data
suggest that the ordered stoichiometric compound CeCogSiy
is a Kondo lattice on the verge of Co-ferromagnetism. The
latter, however, is owing to the fact that this compound takes an
exceptional position in the solid solution CeCog.45Sis—s where
CeCoySiy is at the frontier between Si-richer and Co-richer
sides where disorder occurs at different crystallographic sites
of the space group 14/mcm.

4.2. Discussion

A direct comparison of the susceptibility and specific heat
of stoichiometric CeCoSis with earlier results regarding

the itinerant electron metamagnet LaCo¢Sis [8] is shown
in figures 8(a) and (b). While heat capacity data
and, in particular, the linear coefficient of the electronic
specific heat of CeCoySiy and LaCoySiy are almost alike
(Sommerfeld coefficients ¥ near 200 mJ mol~' K=2 in both
cases), the corresponding paramagnetic susceptibilities, i.e. the
extrapolated low temperature values x(0) as well as the
temperature dependences, x(7'), are rather different. While
LaCogSis with empty 4f orbitals exhibits a three times larger
x(2K) ~ 40 x 1073 emu mol~! and a markedly temperature
dependent susceptibility with a maximum at about 20 K,
CeCoySiy with partly occupied 4f states shows evidence of a
weakly temperature dependent susceptibility with x (2 K) =~
17 x 1073 emu mol~!. The presence of intermediate valent Ce
obviously leads to a significant weakening of the ferromagnetic
exchange coupling in the Co 3d bands and, thus, to a reduction
of the Stoner enhancement of the d electron susceptibility
as compared to LaCogSis. The latter reveals a Stoner
enhancement factor of about 20 and almost fulfils the Stoner
criterion for the onset of ferromagnetism [8].

The minor difference in the specific heat of CeCogSiy
as compared to LaCogSiy is due to a compensation effect
by a Kondo contribution from Ce. Earlier results of high-
energy electron spectroscopy on CeCogSiy and CeNigSiy [10]
indicate that the Kondo temperature Tx ~ 400 K of CeCogSiy
is about four to five times larger than 7x ~ 80 K of
CeNiySiy, thus implying a 4f contribution to the Sommerfeld
coefficient y of about 20-30 mJ mol~! K=2 for CeCoySi, and
a contribution to the low temperature susceptibility x (2 K)
of about (1-2) x 1073 emumol~!. Accordingly, the Co
3d-subsystem contributes about 150 mJ mol~! K2 to Y,
which is just modestly reduced when compared to LaCogSiy.
The weakening of the ferromagnetic exchange coupling in
CeCoySiy obviously leads to a rather modest reduction of the
spin-fluctuation mass enhancement of d electrons, which is
about three in the case of LaCo9Siy.

The onset of weak ferromagnetism which is observed
in both solid solutions, CeCog5Sis—s and LaCog5Sis—s, for
8 > 0 is favoured by disorder at Si-16l sites and appears
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Figure 8. Comparison of the temperature dependent susceptibility (a) and specific heat (b) of CeCoySi, with LaCogSi4 (data taken from [8]).

unrelated to the specific strength of ferromagnetic exchange in
stoichiometric CeCogSi4 or LaCogSiy.

5. Conclusions

The investigation of the CeCoj3_,Si, system with nominal
compositions varying from CeCo(Si3 to CeCogSis by means
of microprobe analysis and x-ray diffraction revealed the
formation of the tetragonal LaFeqSi, structure-type, essentially
single phase samples CeCoyg,5Sis—s in a narrow composition
range —0.3 < & < 0.1, where stoichiometric CeCogSiy
exhibits a fully ordered arrangement of Ce, Co and Si atoms
in the space group /4/mcm. Rietveld refinements performed
on off-stoichiometric samples CeCog 7Sis3 and CeCog 4Siz g,
indicate that excess Si (for § < 0) and excess Co atoms (for
6 > 0) with respect to the ordered compound CeCogSi, are
not distributed randomly over the available crystallographic
sites. On the one hand, excess Si shares the 16k site with
Co, and on the other hand excess Co shares 161 sites with
Si.  The composition CeCogSis is thus at the crossover
between two kinds of disordered sublattices and, in fact,
when proceeding along the solid solution through this point,
magnetization measurements revealed the appearance of weak
ferromagnetism on the Co-rich side (§ > 0). These
results compare rather well with earlier studies on the system
LaCog4sSis—s5, even though the presence of intermediate
valence cerium in CeCogSiy clearly weakens the ferromagnetic
exchange in the Co 3d-subsystem as compared to nearly
ferromagnetic LaCogSis. The onset of weak ferromagnetism
is thus attributed to substitutional disorder at Si-161 and it is
not associated with any kind of a ferromagnetic critical point,
neither in stoichiometric CeCoySis, which exhibits Kondo
lattice features, nor in LaCogSi4, which shows spin-fluctuation
features of strongly exchange enhanced Pauli paramagnetism
and a metamagnetic transition at moderately high magnetic
fields.
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