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Antiferromagnetic order in Ce3Ni2+xSi8−x (x ≈ 1)
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Abstract

The structural, magnetic, thermodynamic and electrical properties of Ce3Ni2+xSi8−x (x ≈ 1) were investigated by means of X-ray diffraction,
magnetic susceptibility, specific heat and resistivity measurements. Structure determination by means of single-crystal X-ray diffraction, sup-
ported by elemental analysis revealed that Ce3Ni3.1(1)Si6.9(1) and its La-analogue La3Ni3.01(2)Si6.99(2) crystallize in the orthorhombic space group
Cmmm (No. 65) with unit cell parameters ofa = 4.0935(4)Å, b = 25.984(2)Å, c = 4.1746(4)Å; anda = 4.1257(3)Å, b = 26.167(2)Å
andc = 4.2186(3)Å, respectively. The comprehensive property measurements performed on single crystals indicate the existence of an onset
of antiferromagnetic order in Ce3Ni2+xSi8−x (x ≈ 1) atTN = 4 K and a Kondo-like resistivity with a Kondo temperature ofT ∗ = 75 K. These
results suggest a very light heavy-fermion behavior in the title compound with corresponding Sommerfeld-coefficientγ = 51 mJ/mol Ce K.
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. Introduction

The 4f electrons of rare earth compounds reveal a vari-
ty of characteristics including heavy fermion behavior and
agnetic order. A main goal of modern correlated electron
hysics is the search for new examples of these phenom-
na. Here, we report the result of one such search in the
e–Ni–Si ternary phase diagram. Specifically we discuss

he structure and the properties of Ce3Ni2+xSi8−x (x ≈ 1),
hich has been previously known as Ce3Ni2Si8 [1]. This
ompound and its isostructural La3Ni2+xSi8−x crystallize

n an orthorhombic structure with the space groupCmmm
1], and a schematic drawing of this structure is shown in
ig. 1. Structure determination by means of single-crystal
-ray diffraction revealed a disorder between Ni and Si on
ne of the crystallographic sites, resulting in actual composi-

ions of Ce3Ni3.1(1)Si6.9(1)and La3Ni3.01(2)Si6.99(2). The latter
ere confirmed by elemental analysis on single crystals and

herefore, Ce3Ni2+xSi8−x and La3Ni2+xSi8−x (x ≈ 1) will
e denoted as Ce3Ni3Si7 and La3Ni3Si7 hereafter.

∗ Corresponding author: Tel.: +1-505-665-7036; fax: +1-505-665-7652.
E-mail address:fritsch@lanl.gov (V. Fritsch).

2. Synthesis

All manipulations were performed under vacuum
in an inert atmosphere. The starting materials were
elements—La (ingot, Ames 99.9%), Ce (ingot, Am
99.9%), Ni (pieces, Alfa 99.9%), Si (lump, Alfa 99.9999%
Ga (lump, Alfa 99.99%), and Sn (shot, Alfa 99.99%) and t
were used as received. La or Ce, Ni and Si with the de
stoichiometric ratios were first arc-melted in an evacu
and back-filled with high purity Ar arc-melter over a cop
hearth. The buttons were flipped and arc-melted se
times in order to assure homogeneity. These arc-m
products were then crushed and loaded with a 50-fold e
of low-melting Ga or Sn, which serve as a crystal gro
media for the title compounds.

Ce3Ni3Si7 and La3Ni3Si7 were initially identified a
the major products of reactions set up with the in
tion to produce Ce3Ni4Si13 and La3Ni4Si13, Si-based
analogs of the Remeika phases (Pr3Rh4Sn13-type, Pear
son’s codecP40). For that purpose, stoichiometric m
tures of the elements in ratios 3:4:13 were arc-me
as described above. The powder patterns of the
melted products indicated that these were mixture
925-8388/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2004.07.007
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Fig. 1. Ball and stick representation of the crystal structure of Ce3Ni3Si7,
viewed along the direction ofa-axis. The crossed circles represent the dis-
ordered Si/Ni positions.

polycrystalline Ce3Ni3Si7 or La3Ni3Si7, unreacted Si and
Ni.

To obtain single crystals from these materials, the poly-
crystalline arc-melted mixtures were annealed with Ga and
Sn. The crystal growth reactions were carried out in 5 cm3 alu-
mina crucibles, which were then put in fused silica ampoules.
These, in turn, were closed under vacuum by flame sealing.
Further and more elaborate details on the flux-growth syn-
thetic procedures can be found elsewhere[2]. Reactions were
carried out in a programmable Lindberg muffle furnace using
the following temperature profile: quick ramping (250◦C/h)
to 1100◦C, dwell at that temperature for 24 h, followed by
cooling (−5◦C/h) to 850◦C, dwell at that temperature for
48 h, and subsequent cooling (−5◦C/h) to 650◦C. At that
point, the molten Ga (or Sn) was removed by centrifugation.
It was found that Ga is a better media for growth of Ce3Ni3Si7,
while Sn is a superior flux for growing crystals of La3Ni3Si7.
Plate-like crystals with silver-metallic luster, some of them
very large (up to ca. 8–10 mm) were isolated and used for the
structure determination work and for the physical properties
measurements. Both materials are stable in air and moisture,
but slowly dissolve in mineral acids.

3. Single crystal X-ray diffraction

c c-

tometer equipped with a low-temperature apparatus. A
hemisphere of data was collected using graphite monochro-
matized Mo K� radiation (0.3oω-scans, 2θmax ≈ 63o) for
(1) a crystal of Ce3Ni3Si7 (0.20 mm× 0.13 mm× 0.10 mm;
Tmin/Tmax = 0.0955/0.2154, 979 total reflections, 403
unique reflections,Rint = 2.39%); and (2) a crystal of
La3Ni3Si7 (0.09 mm× 0.05 mm× 0.04 mm; Tmin/Tmax =
0.2577/0.4918, 2143 total reflections, 465 unique reflec-
tions, Rint = 3.70%). Intensity data were collected using
the SMART software[3] and were subsequently corrected
for Lorentz and polarization effects and integrated in Laue
symmetrymmmwith the aim of the SAINT package[4].
Empirical absorption correction was applied with the SAD-
ABS software package[5]. Data were subsequently refined
onF2 (data to parameter ratio greater than 13) with the aid
of the SHELXTL V5.10 package[6]. All atoms are refined
with anisotropic displacement parameters with scattering
factors and absorption coefficients[7]. Data revealed that
the La3Ni3Si7 single crystal was of higher quality and
better diffracting than the crystal of Ce3Ni3Si7, in which the
mosaicity was considerably worse. Therefore, the following
discussion on the structure is based entirely on the data
from La3Ni3Si7. Further details of the data collection and
structure refinement, as well as positional and equivalent
isotropic displacement parameters for La3Ni3Si7 are given
in Tables 1 and 2.

The unit cell parameters for La3Ni3Si7 (a ≈ 4.1Å, b ≈
25.9Å, c ≈ 4.2Å), especially the very shorta and c axes
were closely examined by taking long exposure frames on
the SMART and were confirmed. The reflection conditions
for the observed reflections clearly confirmed the C-centering
and established only three possible space groups—the chiral
C222 (No. 21), the non-centrosymmetricCmm2 (No. 35),
and the centrosymmetricCmmm (No. 65). The latterCmmm
was chosen based on intensity statistics calculations and rel-
evant figure of merit, and the structure of La3Ni3Si7 was
subsequently solved by direct methods and refined to con-
vergence.

Table 1
Selected data collection and refinement parameters for La3Ni3Si7

Empirical formula La3Ni3.01(2)Si6.99(2) Ce3Ni3.1(1)Si6.9(1)

Formula weight 789.5 796.18

Space group, Z Cmmm (No. 65), 2
Radiation,λ (Å) Mo K�, 0.71073
Temperature (K) 90(3)

Unit cell parameters
a (Å) 4.1257(3) 4.0935(4)
b (Å) 26.167(2) 25.984(2)
c (Å) 4.2186(3) 4.1746(4)
V (Å3) 455.43(6) 444.03(7)

µ (cm−1) 206.75 223.44
ρcalc (g/cm3) 5.757 5.955
R1/wR2

a 2.83/6.38 5.50/12.80
a R1 = ∑ ||Fo| − |Fc||/

∑ |Fo|; wR2 = (
∑

[w(F2
o − F2

c )2]/
∑

[w
(F2
o )2])1/2, where:w = 1/[σ2F2

o + (A · P) + B · P ]; A andB are weight
coefficients,P = (F2

o + 2F2
c )/3.
Intensity data for both Ce3Ni3Si7 and La3Ni3Si7 were
ollected at 90(3) K on a Bruker SMART 1000 CCD diffra
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Table 2
Atomic coordinates and equivalent isotropic displacement parameters (Ueq)
for La3Ni3Si7.Ueq is defined as one-third of the trace of the orthogonalized
Uij tensor

Atom Site x y z Ueq

La1 2a 0 0 0 0.004(1)
La2 4j 0 0.3165(1) 1/2 0.004(1)
Ni1 4i 0 0.1333(1) 0 0.004(1)
Si1 4i 0 0.4075(1) 0 0.007(1)
Si2 4i 0 0.2240(1) 0 0.005(1)
Si3 4j 0 0.0933(1) 1/2 0.007(1)
M4a 4j 0 0.4542(1) 1/2 0.010(1)

a M4 is refined as a statistically distributed Si and Ni in ratio of
49.5(8):50.5(8).

Subsequently, it was realized that this structure type has
long been known and adopted by at least one other rare-earth
nickel silicide, Ce3Ni2Si8 (Pearson’s codeoC26, Cmmm,
a = 4.085(2)Å, b = 25.9558(8)Å, c = 4.1786(9)Å) [1].
However, careful examination of the published structure re-
vealed that at least one temperature factor was implausible,
providing even stronger motivation to study this somewhat
uncommon structure type. Hence, the unit cell axes and the
nomenclature for the atomic positions were assigned accord-
ingly (Table 1), as the Ce3Ni2Si8-type was adopted for the
initial structural model.

During initial refinement cycles, all atoms were refined
with isotropic atomic displacement parameters (U ’s here-
after). The refinement yielded somewhat poorR1 andwR2
factors, 6.87 and 30.24%, respectively, and it did not con-
verge. In the difference Fourier map there was a residual peak
of approximately 20.5 e−/Å3 at one of the Si atoms Si4—the
same Si position in the original report that had negativeU.
This suggests that there is extra electron density on that site
and implies the possibility for a heavier atom (e.g. Ni) to oc-
cupy it. Thus, Si and Ni were simultaneously refined with site
occupancy constrained to unity.R1 andwR2 factors dropped
to 3.87 and 12.47%, respectively. Convergence was easily
achieved and there were virtually no residual peaks in the
difference Fourier map (the highest peak was approximately
3 − ˚ 3 bu-
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karlsruhe.de) on quoting the depository numbers CSD-
413778 (Ce3Ni3Si7) and CSD-413779 (La3Ni3Si7).

4. Elemental analysis

Microprobe analysis on several freshly cleaved crys-
tals of La3Ni3Si7 from various batches was performed us-
ing a Cameca SX100 electron microscope equipped with
a wavelength-dispersive spectrometer. The microprobe was
operated at 15 nA beam current at 20 keV accelerating po-
tential. Potential flux inclusions were of particular interest,
but no evidence of any other elements besides La, Ni and Si
was found. Pure elements were used as standards, and the
analysis based on 15 spots (1�m in size, 30 s counting time)
from two different crystals, resulted in a very narrow range
of totals—from 99.3(3) to 100.3(3)%. From the data a ratio
of La:Ni:Si = 3.00(1):3.07(1):6.95(1) was established, which
agrees very well with that refined from single-crystal X-ray
data composition (Table 1). This also firmly suggests signif-
icant deviation from the previously reported stoichiometry
of 3:2:8, and provides a strong argument in support for the
presence of mixed Ni/Si site[1,8].
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.3 e /A ). This indicates that there is a statistical distri
ion of Si and Ni at this site (previously assigned as occu
y Si only, but with the reported implausibleU), and the re
ned composition of La:Ni:Si = 3:3:7 (Table 1) is in excellen
greement with microprobe analysis (below).

In the final refinement, all six crystallographically
ependent sites (two La, one Ni, three Si, and one m
i/Ni) were refined with anisotropic atomic displacem
arameters. The finalR1 and wR2 factors of 2.83 an
.38%, respectively, as well as a goodness-of-fit ind

or of 1.112 (based on 369F2’s (F2 > 2σF2) and 30 re
ned parameters) attest to the good quality of the s
rystal and the correctness of the structure determina
urther details of the crystal structure investigations
e obtained from the Fachinformationszentrum Karlsr
6344 Eggenstein–Leopoldshafen, Germany (fax: +49
08 666; e-mail: crysdata@fiz-karlsruhe.decrysdata@
. Experimental details of the physical property
easurements

The dc magnetic susceptibilityχ ≡ M/H measuremen
ere performed by means of a SQUID magnetometer (Q

um Design MPMS-5 model) in fields of 1 kOe in the tempe
ure range 2–350 K. The resistivity was measured with a
entional four-probe method in a home-build He4-cryosta
n the temperature range 1.3–300 K. The current was ap
erpendicular to theb-axis of the crystals. The specific h
as determined in a He4 cryostat using thermal relaxati

echniques in the temperature range 1.3–20 K. For the
erature range 0.4 K ≤ T ≤ 1.5 K the specific heat was me
ured in a commercial PPMS (Quantum Design).

. Results and discussion

A schematic representation of the orthorhombic struc
f RE3Ni3Si7 (RE = La, Ce) is shown inFig. 1. There are

wo crystallographically unique RE sites, one Ni site, thre
ites, and one mixed Si + Ni position (M4) in the asymme
nit of the RE3Ni3Si7 structure (Table 2). All of them lie in
irror planes and are in special positions in the space g
mmm (No. 65). Despite the apparent structural comple
nd some occupational disorder, all atoms have well-de
tomic displacement parameters. Only the M4 site, whic
nes as a 50:50 statistical mixture of Si and Ni has slig
longated thermal parameter (along theb-axis). This may
uggest that indeed there are only Si–Si and Ni–Ni inte
ions, which are modeled in the refinement as one statist
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Fig. 2. A fragment of the RE3Ni3Si7 structure (thermal ellipsoids are drawn
at 98% probability level). The elongation of the M4 thermal parameter along
the direction of theb-axis is clearly seen. The right hand-site shows slices
through the difference Fourier map atx = 0, when M4 is refined isotropi-
cally.

disordered site. Slices through the difference Fourier map
at x = 0 when M4 is refined isotropically reveal two well-
separated maxima (Fig. 2), which account for the elongation
of the thermal ellipsoid in the anisotropic refinement. Simi-
lar disorder between Co and Si on one crystallographic site
has been reported for CeCo1−xSi2+x [9] with the CeNiSi2-
type [10]. This orthorhombic structure is adopted by many
intermetallic phases of rare-earths and late transition metals
from the Co- and Ni-groups, with Si, Ge and Sn. The ma-
jority of these phases are identified from their X-ray powder
patterns[11]. However, there are refinement data, including
the single-crystal data of the archetype CeNiSi2 [10], which
show that one of the Si sites in the structure has considerably
smaller thermal parameter—a probable indication for dis-
ordered Si/Ni position. The rather complicated RE3Ni3Si7
structure could be regarded as an intergrowth between the
imaginary structures of RESi2 or rather RENixSi2−x (an or-
thorhombic distortion of the body-centered�-ThSi2 type)
and that of RENi2−xSi2+x (orthorhombically distorted BaAl4
type), two common structures types among intermetallic
phases that have been extensively studied over the years[12]
(Fig. 3).

The corresponding Si–Si and Ni–Si bond distances range
from 2.323(1) to 2.437(2)̊A. As it can be seen fromFig. 1,
the two RE atoms have quite similar coordination environ-
m nd
i oly-
h M4

Fig. 3. Coordination environment of RE1 (a), and RE2 (b). The viewing
direction is nearly parallel to thea-axis.

is refined as disordered Si/Ni,Table 2). The corresponding
RE1–Si1 and RE1–Si3 distances are 3.179(2) and 3.226(2)Å,
respectively. The RE1–M4 distance is 3.184(7)Å. RE2 coor-
dination polyhedron is similar, although RE2 is in Wyckoff
site with symmetry 4f, i.e. with only two mirror planes per-
pendicular to thea- andc-axis. RE2 has 14 nearest neighbors
(six Si2, two Si3, two Si1, and four Ni1 atoms) at distances
ranging from 3.134(2) (RE2–Si3) to 3.229(1)Å (RE2–Ni1).
The shortest RE2–RE2 distance is 4.048(1)Å.

Fig. 4shows the temperature dependence of the magnetic
susceptibility of Ce3Ni3Si7 measured with the magnetic field
along theb-axis, i.e. perpendicular to the sample plate, and
perpendicular to theb-axis, which is parallel to the sample
plate. These measurements reveal significant anisotropy. The
paramagnetic moments were determined from linear fits of
the inverse susceptibility to be 2.60µB per Ce-ion for field
parallel to the sample plate and 2.44µB per Ce-ion for field
perpendicular. A polycrystalline average of these values co-
incides well with the expected value for Ce3+ of 2.54µB. The
Weiss temperatureθ was calculated to be−21.6 K in the par-
allel and−140.2 K in the perpendicular measurement. Nega-

F -
n plate.
T

ents. RE1 (Wyckoff site 2a) lies on three mirror planes, a
s situated in the center of a highly symmetric 16-atom p
edron, built of four Si1, four Si3, and eight M4 atoms (
ig. 4. Susceptibility and inverse susceptibility of Ce3Ni3Si7 with the mag
etic field parallel (circles) and perpendicular (triangles) to the sample
he lines indicate linear fits to determine the paramagnetic moment.
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Fig. 5. Specific heat of Ce3Ni3Si7 (circles) and La3Ni3Si7 (triangles) in the
representationC/T vs. T 2. The lines indicate linear fits according to the
formulaC/T = γ + βT 2. Inset: magnetic entropy of Ce3Ni3Si7. Inset in
the inset: magnification of the specific heat of Ce3Ni3Si7 belowT = 3 K.

tive Weiss temperatures indicate antiferromagnetic coupling
between the Ce-ions. We note that the Weiss temperature is
surprisingly high compared to the Néel temperature, even in
the polycrystalline average withθ ≈ 60 K. Similar behavior
was found in CePd2Si2 (TN = 8.5 K, θ = −57 to−75 K) and
Ce0.5La0.5Pd2Si2 (TN = 4 K, θ = −49 K) [13]. The onset of
antiferromagnetic order is clearly observable in the measure-
ment with the field parallel to the sample plate (Fig. 4), the
Néel-temperature isTN = 4.0 K, consistent with the results
of the specific heat measurement, illustrated inFig. 5.

To estimate the lattice contribution to the specific heat,
we measured La3Ni3Si7, which is also shown inFig. 5. In
the chosen representation the specific heat of La3Ni3Si7 is
a straight line below 14 K, according to the formulaC/T =
γ + βT 2, whereγ represents the electronic contribution and
βT 2 the contribution of the lattice. The corresponding fits are
indicated as lines inFig. 5. From these data we estimated
the Debye-temperature of La3Ni3Si7 to beΘD = 313 K and
assume the same value for Ce3Ni3Si7 because of their nearly
equivalent molecular weight. This leads to an electronic spe-
cific heat coefficientγ = 51 mJ/K2 mol Ce extrapolated to
T = 0 K from aboveTN. Noguchi et al. have reported a simi-
lar value forγ and a similar Weiss temperature for a polycrys-
talline sample believed to have the composition Ce3Ni2Si8,
i.e. x = 0. Our results suggest that the composition of their
s

C g-
n -
o -
c of
t 69%
o taking
i ddi-
t y
s s or-
d .5 K.
M clar-
i

Fig. 6. Resistivity of Ce3Ni3Si7 (solid line) and La3Ni3Si7 (dotted line);
inset: magnetic resistivity of Ce3Ni3Si7.

Finally, we discuss the electrical resistivity, which is pre-
sented in the upper frame ofFig. 6. Starting from room
temperature the electrical resistivity of Ce3Ni3Si7 increases
slightly with decreasing temperature. It reaches a maximum
at 115 K and falls steeply below this temperature. Below 3 K
the resistivity saturates. The residual resistance ratioRRR =
1.91, together with the absolute value of the resistivity at room
temperatureρ(300 K) ≈ 300�% cm confirms the sample to
be a poor metal. Noguchi et al. reported a semiconducting
characteristic for the resistivity of their sample[8], probably
due to enhanced contact resistances at the grain boundaries.

The resistivity of La3Ni3Si7 shows a positive temperature
gradient over the entire temperature range. AtTC = 3.7 K
a superconducting transition due to Sn flux is observed.
The RRR (above the superconducting transition) is 11.8,
more than one order of magnitude higher than in the Ce-
compound. The improved conductivity of La3Ni3Si7 can be
explained by the lack of magnetic scattering centers in that
non-magnetic sample. This is reflected in the high absolute
values of the magnetic part of the resistivity of Ce3Ni3Si7,
which we obtained by subtracting the resistivity of the La-
compound from the resistivity of the Ce-compound. The re-
sult is drawn in the inset ofFig. 6. The maximum is shifted
down to T ∗ = 75 K. This maximum can be attributed to
the Kondo effect, i.e. additional scattering of the conduc-
t d
b ndo
t u-
r
C h
γ ea-
s

d mion
s
s cific
h the
p
o es
s e
j

ample probably is closer tox = 1.
From the magnetic part of the specific heatCm/T =
/T (Ce3Ni3Si7) − C/T (La3Ni3Si7) we calculated the ma
etic entropy, which is drawn in the inset ofFig. 5. The the
retical value of 5.76 J/mol K for aS = 1/2-system is indi
ated by the dashed line. At the Néel-temperature only 27%
his value is reached and the entropy saturates with only
f the expected value. These values are reasonable,

nto account the Kondo-effect present in the sample. A
ionally, there is an upturn inC/T below 1.5 K. This ma
uggest that the crystallographically inequivalent Ce ion
er separately at 4 K and at some temperature below 1
easurements to lower temperatures would be useful in

fying this issue.
ion electrons by the magnetic 4f -ions. This is supporte
y calculating the Sommerfeld coefficient from the Ko

emperatureT ∗, using the expression for a single imp
ity Kondo systemγ = (ν − 1)πR/(6T ∗) = 58 mJ/K2 mol
e, whereν = 2J + 1 [14]. The result coincides fairly wit
= 51 mJ/K2 mol Ce obtained from the specific heat m

urements.
The question arising from this data is can Ce3Ni3Si7 be

escribed as a heavy fermion system. For a heavy-fer
ystem the value of the Sommerfeld-coefficientγ is relatively
mall. On the other hand, the results of resistivity and spe
eat, from which the entropy was calculated, indicate
resence of the Kondo-effect. As pointed out in[15]. the
ccurrence of magnetic order in a Kondo-system reducγ
ignificantly. Thus, the description of Ce3Ni3Si7 seems to b

ustified in spite of the moderate value ofγ.
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7. Conclusion

We investigated the structural and magnetic properties of
Ce3Ni3Si7, using X-ray diffraction, magnetic susceptibility,
specific heat and electrical resistivity measurements. X-ray
diffraction and elemental analysis reveal that the compo-
sition of this compound is Ce3Ni2+xSi8−x with x ≈ 1,
with some Ni-atoms occupying Si-sites. Our single-crystal
work clarifies and corrects the older studies[1] and the
refinement, together with the elemental analysis, suggests
that the compound should be reformulated as Ce3Ni3Si7.
The susceptibility shows Curie-Weiss behavior above 200 K,
with an effective magnetic moment corresponding to the
expected moment for Ce3+. The onset of antiferromagnetic
order atTN is confirmed by specific heat measurements.
The Sommerfeld-coefficient, obtained from the specific heat
coincides fairly with the Kondo temperatureT ∗, determined
from the electrical resistivity. In summary, Ce3Ni3Si7 is
a very light heavy-fermion system with antiferromagnetic
order atTN = 4 K and possibly below 2 K.
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