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ABSTRACT: A new structure type of composition Ce6Co5Ge16
was grown out of a molten Sn flux. Ce6Co5Ge16 crystallizes in the
orthorhombic space group Cmcm, with highly anisotropic lattice
parameters of a = 4.3293(5) Å, b = 55.438(8) Å, and c = 4.3104(4)
Å. The resulting single crystals were characterized by X-ray
diffraction, and the magnetic and transport properties are presented.
The Sn-stabilized structure of Ce6Co5Ge16 is based on the stacking
of disordered Ce cuboctahedra and is an intergrowth of existing
structure types including AlB2, BaNiSn3, and AuCu3. The stacking of
structural subunits has previously been shown to be significant in the
fields of superconductivity, quantum materials, and optical materials.
Herein, we present the synthesis, characterization, and complex
magnetic behavior of Ce6Co5Ge16 at low temperature, including three distinct magnetic transitions.

■ INTRODUCTION

To study the intrinsic physical and anisotropic properties of
highly correlated quantum systems, the growth of single
crystalline intermetallics is critical. With our ongoing efforts to
grow single crystals of magnetic materials with competing
magnetic interactions,1 the opportunity exists to discover new
compositions or robust structure types enabling subsequent
substitution for correlation studies for compounds with
competing magnetic behavior. Following the discovery of
magnetically mediated superconductivity in CenMIn3n+2 (n = 1,
2, ∞; M = Co, Rh, Ir), we are focusing our efforts on the
crystal growth of structures with lanthanide-containing
cuboctahedra in an intergrowth series.2

Cerium intermetallics containing group 14 elements exhibit
a diverse range of physical properties.3,4 CePd2Si2

5 and
CeCu2Si2

6 for example exhibit magnetically mediated super-
conductivity. CeNiGe3 and Ce2Ni3Ge5 have been found to be
pressure-induced unconventional superconductors.7,8

Ce3Co4Sn13 is reported to have a large Sommerfeld coefficient9

indicating a heavy electron system (γ ∼ 4280 mJ/mol K2) with
possible charge density waves.10 A feature found in several of
the Ce−Co−Ge intermetallics is the intergrowth of AuCu3 and
CeNiSi2 with the noncentrosymmetric BaNiSn3 subunit.11

Several of the germanides, such as Ce3CoGe2, Ce2CoGe3, and
CeCoGe3, exhibit intermediate or valence fluctuation or
superconductivity upon application of pressure.12,13 More

recently, we reported the crystal growth and magnetic
properties of Sn-stabilized Ln3Co2Ge7 (Ln = Pr, Nd, and
Sm)14 adopting the La3Co2Sn7 structure type.

15 As part of our
investigations of Ce-based germanides, we discovered a new
structure type: Ce6Co5Ge16. In this manuscript, we present the
crystal growth, structure, and magnetic and transport proper-
ties of the Sn-stabilized structure Ce6Co5+xGe16−ySny. For
simplicity throughout the manuscript, the compound will be
referred to as Ce6Co5Ge16.

■ EXPERIMENTAL SECTION
Synthesis. Ce6Co5Ge16 was found while pursuing the Ge analogue

of the La3Co2Sn7 structure type.
15 The compound can be prepared by

combining Ce, Co, and Ge in a 6:5:16 stoichiometric ratio with 25
molar excess of Sn flux in an alumina crucible. This growth crucible
was combined with a catch crucible separated by a frit, as described by
Canfield.16 The crucibles were then sealed in a fused-silica tube under
∼1/3 atm of Ar gas. The sealed reaction vessel was placed inside a
programmable furnace at 300 °C and heated to 1000 °C at a rate of
100°/h. Upon reaching 1000 °C, the furnace was allowed to dwell for
120 h before slowly cooling to 815 °C at a rate of 2°/h. After cooling
to 815 °C, the reaction tube was quickly removed, inverted, and
centrifuged to remove the excess molten Sn. Upon cooling, a high
yield of >1 mm on edge, plate-like crystals were obtained, and residual
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flux was etched in dilute HCl and further sonicated. An example of a
Ce6Co5Ge16 crystal is shown in Figure 1.

Structural Determination. Silver plate crystals were cut into
appropriate sizes, and a crystal was mounted onto a glass fiber using
epoxy. Single crystal X-ray diffraction data were collected on a Bruker
D8 Quest Kappa single crystal X-ray diffractometer equipped with an
IμS microfocus source (Mo Kα, λ = 0.71073 Å), a HELIOS optics
monochromator, and a PHOTON II CPAD detector. The Bruker
Saint program was used to integrate the diffraction profiles, while the
scaling and absorption correction were performed using the Bruker
program SADABS 2016/2 (multi−scan method).17 Preliminary
models of Ce6Co5+xGe16−ySny were generated using intrinsic phasing
methods in SHELXT,18 and anisotropically refined using
SHELXL2014.19 The full collection parameters and crystallographic
data for Ce6Co5+yGe16−ySny are presented in Table 1. The atomic
positions for Ce6Co5+yGe16−ySny are presented in Table 2. Figure 2
shows the crystal structure of Ce6Co5+yGe16−ySny.

While evaluating the precession images, we observed periodic
reflections in the [h 0 l] plane, with an approximate vector of [1/2 0
1/2]. These reflections are very weak (<1% of the surrounding Bragg
reflections), so they were not indexed. Attempts to solve the structure
in lower symmetry space groups to account for these reflections were
unsuccessful, and so our best average structural model is presented.

Ce6Co5+xGe16−ySny consists of three Ce sites, four Co sites, nine Ge
sites, and one Sn site. Ce1 is in the center of an elongated

Figure 1. Photograph of a typical crystal of Ce6Co5Ge16. Crystals are
typically well-faceted square plates ranging in size from ∼0.2 to ∼10
mm on edge.

Table 1. Crystal Data, Data Collection, and Refinement
Parameters

formula Ce6Co5.472Ge15.376Sn0.624
space group Cmcm
a (Å) 4.3293(5)
b (Å) 55.438(8)
c (Å) 4.3104(4)
V (Å3) 1034.5(3)
Z 2
temperature (K) 298
θ (deg) 5.0−36.4
μ (mm−1) 39.79
reflections 71871
unique reflections 1532
data/restraints/parameters 1532/1/70
Rint 0.046
h −7 ≤ h ≤ 7
k −92 ≤ k ≤ 92
l −7 ≤ l ≤ 7
Δρmax (e Å−3) 5.75
Δρmin (e Å−3) −5.47
GoF 1.23
extinction coefficient 0.00013(3)
R1 (F

2 > 2σ(F2)) 0.037
wR2 (F

2) 0.109

Table 2. Fractional Atomic Coordinates and Isotropic
Displacement Parameters (Å2)

x y z Ueq occ. (<1)

Ce1 0 0.29456(2) 1/4 0.00984(13)
Ce2 0 0.11659(2) 1/4 0.00703(12)
Ce3 0 0.46949(2) 1/4 0.00726(12)
Co1 0 0.35451(2) 1/4 0.0090(2)
Co2 0 0.05661(2) 1/4 0.0056(2)
Co1C 0 0.23373(4) 1/4 0.0148(5) 0.623(3)
Co2C 0 0.1775(2) 1/4 0.0148(5) 0.117(2)
Ge2 0 0.83768(2) 1/4 0.00897(19)
Ge3 0 0.66232(2) 1/4 0.00944(19)
Ge4 0 0.75002(2) 1/4 0.0116(2)
Ge5 0 0.39565(2) 1/4 0.0080(2) 0.954(3)
Ge6 0 0.57375(2) 1/4 0.00742(18)
Ge7 0 0.92620(2) 1/4 0.0066(3) 0.964(6)
Ge8 0 0.01381(2) 1/4 0.00689(17)
Ge1B 0 0.19272(5) 1/4 0.0124(3) 0.623(3)
Ge2B 0 0.21879(18) 1/4 0.0080(2) 0.117(2)
Sn1A 0 0.20541(7) 1/4 0.0161(7) 0.260(3)
Sn2A 0 0.38464(4) 1/4 0.0161(7) 0.046(3)

Figure 2. Crystal structure of Ce6Co5Ge16 showing all of the Ce sites
and the corresponding subunits which build the structure. Ce, Co, Ge,
and Sn atoms are represented as orange, green, blue, and gray spheres,
respectively. Left: view down the a axis. Right: view down the c axis.
“D” denotes the disordered Ce1 site.
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cuboctahedron which contains disordered Co (Co1C, Co2C), Ge
(Ge1B, Ge2B), and Sn (Sn1A). These disordered sites are observed
above and below the equatorial plane of the Ce1 cuboctahedral
environment. The occupancy for each site (Sn1A, Ge1B, Ge2B,
Co1C, Co2C) was initially allowed to refine freely, and the
occupancies for Ge1B and Co1C were found to be similar, as were
the occupancies for Ge2B and Co2C. The occupancies of these atom
pairs were then constrained to be the same value, and the sum of the
site occupancies was constrained to unity. This results in a polyhedral
environment containing Sn1A only (case 1, 26%), Ge1B and Co1C
(case 2, 62.3%), or Ge2B and Co2C (case 3, 11.7%). Figure S1
depicts how the disorder is modeled in the Ce1 polyhedron, similar to
that of Pr3Co2+xGe7−ySny.

14

Additionally, the Ce2 site contains a disordered local environment,
with Ge5 and Sn2A being partially occupied. Ge5 is present in ∼95%
of unit cells, while Sn2A is present in only ∼5% of cells. Since Sn2A
has such a low occupancy, it is omitted from our figures for clarity.
X-ray Photoelectron Spectroscopy. Ex situ X-ray photo-

electron spectra (XPS) were obtained using a PHI Versa Probe II
Scanning XPS Microprobe (Physical Electronic Inc., Chanhassen
MN) equipped with an Al Kα X-ray source (Ep = 1486.7 eV). During
measurement the chamber pressure typically was lower than 5 × 10−10

mbar. High-resolution spectra were collected with energy step 0.2 eV,
analysis angle 45°, and pass energy 23.5 eV. Prior to data collection,
the sample was sputtered for 15 min using an argon gas-cluster ion
beam (Ar GCIB) to ensure any adventitious carbon, oxygen, or flux
species were removed. All spectra were acquired using a charge
compensation system equipped with both electron and ion beams
incident on the surface. The binding energies were calibrated using
the C 1s binding energy (284.8 eV).20 The spectra were analyzed
using CasaXPS 2.3.19PR1.0 (RBD Instruments, Inc., Bend, OR).
Physical Properties. After structural characterization, one large

crystal was selected for physical property measurements. The crystal
was oriented with respect to its crystallographic axes before
measurements. Additionally, a small fragment was cleaved from the
large crystal (after completion of the measurements) and charac-
terized by single-crystal X-ray diffraction in order to confirm the
structure of the measured crystal. Temperature- and field-dependent
magnetization data were collected using either the Magnetic
Properties Measuring System (MPMS) (1.8−300 K temperature
range and 7 T magnetic field) or the Vibrating Sample Magnetometer
(VSM) option of the Physical Properties Measurement System
(PPMS) (1.8−300 K temperature range and 14 T magnetic field). GE
varnish was used to secure the sample for the VSM measurements.
The crystal was mounted in between two straws for the measurements
in the MPMS. The PPMS was used to provide the temperature and
field environment for electrical resistivity and heat capacity measure-
ments. The electrical resistivity was measured using the standard four-
probe method, where the gold wires for electrical current and voltage
were attached to the sample using silver paste. Heat capacity
measurements were performed using a standard relaxation technique.

■ RESULTS
Structure of Ce6Co5Ge16. The unit cell is built by the

stacking of several subunits constructed from the three Ce
sites. The assignment of the subunits was guided by the work
of Bobev et al.21,22 These subunits consist of common
intermetallic structure types and Ce6Co5Ge16 can be thought
of as an intergrowth of these structural subunits. As shown in
Figure 2, Ce6Co5Ge16 is built (from top to bottom) of the
AlB2, BaNiSn3, D, D, BaNiSn3, AlB2, BaNiSn3, D, D, BaNiSn3,
and AlB2 structural type subunits. These intergrowth slabs are
interspersed by a slab of Ce1 atoms with a highly disordered
local environment, denoted as “D” as shown in Figure S1a. In
case 1, where only Sn is present on the cuboctahedron’s
equator (Figure S1b), the Ce1 environment adopts the AuCu3
subunit. In case 2 (Ge1B and Co1C; Figure S1c) and case 3
(Ge2B and Co 2C; Figure S 1d), the Ce 1 environment adopts

the BaNiSn3 type subunit. The bulk of the structure is built of
slabs consisting of Ce3 atoms adopting the AlB2 subunit
intergrown into mirrored BaNiSn3 type subunits of Ce2 atoms.
The mirrored pairs of BaNiSn3 subunits allows an inversion
center to be present in Ce6Co5Ge16.
The structure of Ce6Co5Ge16 consists of stacked Ce

environments along the b direction, giving rise to the long
lattice parameter (∼55 Å). There are three unique Ce sites
along the b axis, and it makes sense to describe the structure in
terms of the unique Ce sites. Ce1 resides in the center of a
face-sharing cuboctahedron made up primarily of Co and Ge
atoms. This cuboctahedron is characterized by disorder along
the edges above and below the equatorial plane, as shown in
Figure S1. The distance from Ce1 to the equatorial site (∼3.0
Å) is more suitable for Sn than Ge or Co, so it is reasonable to
model Sn at the equatorial positions with Ge (∼3.1 Å) and Co
(∼3.4 Å) above and below. The mixing of the larger Sn atom
serves to expand the lattice in order to accommodate the Ce in
its polyhedral environment. The Ce1 polyhedra pack in an AB
arrangement forming a staggered double-layer of Ce1 atoms.
There are two distinct Ce1−Ce1 interactions. In Figure S2, the
local Ce1 coordination environment is shown along with the
extended Ce1 slab. The first two interactions are between Ce1
atoms within the same [ac] plane which are moderately long at
4.3104(4) and 4.3293(5) Å. The third contact, which is
between the first and second “layers” of the double-layered
slab, is quite long at 5.809(1) Å.
As shown in Figure S3, the Ce2 atoms are surrounded by 12

Ge atoms and 6 Co atoms. Each polyhedral unit face-shares
with polyhedra in both the a and c directions forming a slab of
Ce2 atoms. The Ce2−Ce2 contacts are similar to the Ce1−
Ce1 contacts at ∼4.3 Å. Interestingly, the interactions between
the Ce1 atoms and Ce2 atoms is roughly the same as the long
Ce1−Ce1 contact at ∼5.80 Å. Although the Ce1 and Ce2
atoms reside in “closed units”, the Ce3 atoms can be thought
of residing in an “open” or “half-unit” like environment
consisting of 9 Ge and 4 Co atoms. Figure 3 shows the local
environment of Ce3 forming “CeCoGe2” of the CeNiSi2-type
along the b direction, similar to what is observed in
U3Co2Ge7.

21 Although Ce3 also forms a double-layer like
Ce1, the two different Ce3−Ce3 interactions are equal in

Figure 3. Polyhedral environment of Ce3, which is the AlB2 structural
subunit within Ce6Co5Ge16. Ce3−Ce3 contacts in the b direction are
close, with pairs of Ce3 atoms residing in a single polyhedron. Each
polyhedral unit forms channels down the c direction and are face-
shared in the a direction.
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length at ∼4.01 Å, giving rise to the potential for strong
interactions between Ce3 atoms. Together these Ce3 half units
form zigzag chains running in the c direction. These chains are
connected in the a direction forming Ce3 double-layer slabs. A
list of Ce−Ce distances are given in Table 3, ranging from
4.0110(14) to 5.6660(14) Å.

X-ray Photoelectron Spectroscopy of Ce6Co5Ge16.
Figure S4 displays high-resolution X-ray photoelectron spectra
of a Ce6Co5Ge16 single crystal. The Ce 3d photoelectron
spectrum shows a doublet corresponding to the Ce 3d5/2 and
3d3/2 states separated by 18.3 eV. Furthermore, the Ce 3d5/2
state can be fitted to two peaks at 881.4 and 885.2 eV which
are assigned to the v0 and v′ states of Ce3+, respectively.23,24
Similarly, the Ce 3d3/2 state can be fit to 899.9 and 903.5 eV
which are assigned to the u0 and u′ states of Ce3+, respectively.
No evidence of Ce in the 4+ oxidation state is observed.25,26

The Co 2p photoelectron spectrum indicates that the Co
present is primarily as Co (0) (2p3/2: 778.8 eV; 2p1/2: 792.8
eV).27 The data also show that there is a small amount of Co
present in a higher oxidation state, a mixed Co2+ and Co3+

state.27−30 Finally, we note that there is a small amount of Sn
present in the sample even after extensive sputtering using an
Ar GCIB. This suggests that a small amount of Sn is
incorporated in the crystal lattice. The data indicate that the Sn
is present as Sn(0) (3d5/2: 484.6 eV; 3d3/2 493.0 eV) and Sn2+

(3d5/2: 485.9 eV; 3d3/2 494.6 eV).31,32

Magnetic Properties. The temperature-dependent mag-
netization data of a Ce6Co5Ge16 single crystal is shown in
Figure 4a. From the Curie−Weiss fit of the data for H||a, H||b,
and H||c, and polycrystalline average H/M data above 150 K,
the effective moment is estimated to be μB

a = 2.34 μB, μB
b =

2.54 μB, μB
c = 2.34 μB, and μB

poly = 2.53 μB, which is consistent
with the effective moment of Ce3+ free ions, and the Weiss
constant is estimated to be θp

a = −152.8 K, θp
b = −82.4 K, θp

c

= −19.4 K, and θp
poly = −66.5 K, which indicates dominant

antiferromagnetic interactions. Because the effective moment
obtained is close to that of the Ce3+ free ion (2.54 μB), the
magnetism of Ce6Co5Ge16 is likely due to the 4f-electrons of
Ce. The compound orders magnetically at 7.5, 12.0, and 16.0
K. The ordering temperatures were determined from a plot of
d(M(T)T/H)/dT. The three magnetic transitions are clearly
seen in the zero-field cooled (ZFC) and field-cooled (FC)
susceptibility data for H||b, as shown in Figure 4a. Large
magnetic anisotropy between the crystallographic c-axis and a-
and b-axes indicates that the c-axis is an easy axis, as shown in
Figure 4a,b.
The large magnetic anisotropy is also clearly seen in the

M(H) data at ∼2 K. The M(H) data for H||a and H||b have
metamagnetic transitions below 2 T. The M(H) data for H||c
shows hysteresis. The steep rise of the magnetization for H||c
results in the extreme sensitivity of the measurement to the

remnant field and as can be seen in Figure 5a results in the
nonzero moment at H = 0 without proper demagnetization.
The hysteresis loops after demagnetization for H||c at 1.8 and
4.5 K, both in the ordered state below T1, are shown in Figure
5b. The coercive field is about 0.0265 T at 1.85 K. The
coercive field is almost 0 at 4.5 K.

Heat Capacity and Resistivity. Figure 6 shows the
temperature dependent heat capacity measured at H = 0 T.
The three magnetic ordering temperatures are clearly observed
in the heat capacity measurements. As seen in the inset, the
Sommerfeld coefficient of 80 mJ/(mol-Ce K2), estimated from
the linear fit if C(T)/T versus T2 above T3 indicates an
enhancement of the electron effective mass. Figure 7 shows the
temperature-dependent resistivity of a Ce6Co5Ge16 single
crystal down to 1.8 K. The sample is metallic down to 150
K followed by a broad feature down to 2 K, which is likely due
to the thermal depopulation of excited crystal-electric-field
levels. The superconducting transition seen at 3.7 K is due to
the elemental Sn that was used as flux for the crystal growth.

■ DISCUSSION AND CONCLUSION
Since the observed magnetic moment agrees quite well with
the calculated moment for the Ce3+ free ion,33 we can assume
that all magnetic ordering arises from Ce atoms in the
structure. As shown in Figure 4, the temperature-dependent
magnetization measured with the field applied parallel to the c-
axis is much greater than the with the field applied parallel to
the a- or b-axes, indicating an easy axis of magnetization. All
three crystallographic Ce sites have close contacts in the [ac]
plane, with bond distances which are identical across all sites.
Ce−Ce contacts along the a- and c-axis are 4.3293(6) and

Table 3. Ce−Ce Interatomic distances (Å)

Ce1−Ce1 (×2) 4.3104(4)
Ce1−Ce1 (×2) 4.3293(5)
Ce2−Ce2 (×2) 4.3104(4)
Ce2−Ce2 (×2) 4.3293(5)
Ce3−Ce3 (×2) 4.0110(14)
Ce3−Ce3 (×2) 4.3104(4)
Ce3−Ce3 (×2) 4.3293(5)
Ce2−Ce3 (×4) 5.6660(14)

Figure 4. (a) ZFC and FC temperature-dependent magnetization
data for H||a and H||b. The three magnetic ordering temperatures are
marked with the arrows. (b) ZFC and FC magnetization for H||b and
H||c. Here the M(T) data for H||b are repeated for comparison.
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4.3104(4) Å, respectively. T3 manifests as a local maximum at
16.0 K in the susceptibility data, indicating antiferromagnetic
interactions.
The transitions which occur at lower temperatures, T1 (7.5

K) and T2 (12.0 K), have contributing interactions in both the
a and b directions. There is only one type of Ce−Ce
interaction below the Hill limit34,35 with interatomic contacts
in both of the contributing directions: Ce3−Ce3 with a contact
of 4.0110(14) Å. Since the magnetic coupling constant, J, is
proportional to interatomic separation, it would make sense to
associate this relatively short interaction with the higher
temperature transition T2. T2 is accompanied by a sharp
increase in susceptibility, indicating ferromagnetic-like order-
ing. Despite this, no field dependence is observed above 4.5 K.
Since this is the only close Ce−Ce interaction along the

appropriate directions, we must assume that T1 also involves
this interaction. T1 occurs along with clear field dependence
observable in both the susceptibility and M(H) plots (Figure
5b). Given the stepwise increase in magnetization with H||c, we
attribute the transition to a spin reorientation.
We can also attribute the observed magnetic properties to

the structural subunits that build the structure. One such
subunit in Ce6Co5Ge16 is CeCoGe3 of the BaNiSn3 type
(Figure 2).36 We hypothesize that the CeCoGe3 sublattice is
contributing magnetic behavior to Ce6Co5Ge16. CeCoGe3
exhibits three magnetic transitions: T1 ∼ 7.75 K, T2 ∼ 11.75
K, and T3 ∼ 20.5 K.12,37 These transition temperatures are
quite similar to the transition temperatures we observe in
Ce6Co5Ge16: T1 = 7.5 K, T2 = 12.0 K, T3 = 16.0 K. The
magnetic properties of CeCoGe3 have been studied extensively
by techniques such as SQUID magnetometry, μSR, and
neutron diffraction.37 At 14 K, after the highest temperature
transition, the magnetic structure represents an antiferromag-
net, with a slight ferromagnetic contribution from one Ce
atom. As the temperature decreases, the structure becomes
modulated through T2 until settling into a 2-up, 2-down
antiferromagnetic structure at 2 K.37 Although the antiferro-
magnetic ground state presented for CeCoGe3 does not agree
with the more ferromagnetic-like Ce6Co5Ge16, it is possible
that a similar mechanism drives the magnetic ordering where
T2 observed in Ce6Co5Ge16 represents an intermediate
magnetic structure along the way to a canted antiferromagnetic
ground state below T1. Neutron diffraction studies would
provide insights into the magnetic structure of Ce6Co5Ge16.
With a careful examination of the structure and bond distances
of Ce6Co5Ge16 coupled with the magnetic data, we can make
physically reasonable assertions about the microscopic nature
of the observed magnetic properties in this new structure type.
We have presented a new structure type, Ce6Co5Ge16, and the
anisotropic magnetic and transport properties measured on
oriented single-crystals. Additionally, we have shown the
stacking of structural subunits can serve as a playground to
study the interactions of f-electrons with conduction electrons.

■ ASSOCIATED CONTENT
*S Supporting Information
The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acs.inorg-
chem.9b00350.

Figure 5. (a) M(H) data for H||a, H||b, and H||c. (b) Hysteresis loops
for H||c collected at 1.8 and 4.5 K.

Figure 6. Heat capacity Cp(T) of Ce6Co5Ge16 single crystal. The
three magnetic ordering temperatures are shown with the arrows. The
inset shows Cp(T)/T versus T2 data.

Figure 7. Temperature-dependent resistivity of Ce6Co5Ge16. The
superconducting transition is due to elemental Sn (Hc = 0.03 T) used
as a flux to grow single crystals. The inset shows enlarged low-
temperature part of ρ(T).
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