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Abstract: Asymmetry, such as non-centrosymmetry in the crystal or chiral structure and local symme-
try breaking, plays an important role in the discovery of new phenomena. The honeycomb structure
is an example of an asymmetric structure. Ce2Pt6Al15 is a candidate for a frustrated system with
honeycomb Ce-layers, which have been reported to show near the quantum critical point. However,
the ground state of Ce2Pt6Al15 depends on the sample, and analysis of the crystal structure is difficult
due to the presence of stacking disorder. We synthesized polycrystalline Ce2Pt6Al15 using arc melting
method (AM-Ce2Pt6Al15) and single-crystalline Ce2Pt6Al15 using flux method (F-Ce2Pt6Al15). The
prepared samples were characterized by electron probe micro-analysis (EPMA), single and powder
X-ray diffraction methods, measured magnetic properties and X-ray absorption spectroscopy (XAS).
The composition ratio of AM-Ce2Pt6Al15 was stoichiometric, although it contained a small amount
(i.e., a few percent) of the impurity Ce2Pt9Al16. Meanwhile, the composition ratio of F-Ce2Pt6Al15

deviated from stoichiometry. The X-ray absorption fine structure (XAFS) spectrum of AM-Ce2Pt6Al15

at the Ce L3-edge was similar to that of CeF3, which possesses the Ce3+ configuration, indicating
that the valence of Ce in Ce2Pt6Al15 is trivalent; this result is consistent with that for the magnetic
susceptibility. To determine the precise structure, we analyzed the extended X-ray absorption fine
structure (EXAFS) spectra of Ce L3- and Pt L3-edges for Ce2Pt6Al15, and found that the EXAFS
spectra of Ce2Pt6Al15 can be explained not as a hexagonal Sc0.6Fe2Si4.9-type structure but, instead, as
an orthorhombic structure with honeycomb structure.

Keywords: single crystal X-ray diffraction; heavy fermion; X-ray absorption; Ce2Pt6Al15; XAFS; EXAFS;
honeycomb structure; Sc0.6Fe2Si4.9-type structure

1. Introduction

Many curious physical properties have been observed in strongly correlated f electron
systems, such as non-Fermi liquid (NFL), unconventional quantum critical behavior, and so
on. The magnetic frustration effect is one of the most important properties for anomalous
phenomena. Quantum critical behavior due to the magnetic frustration effect in YbAgGe
with the distorted kagome lattice has been observed [1]. In YbRh2Si2, unconventional
quantum critical behavior has been observed [2,3], and the magnetic frustration effect was
considered as a candidate for the origin of the critical behavior [4]. CePdAl with the distorted
kagome lattice is a partially magnetically frustrated system: 2/3 of the Ce exhibits long-range
order, while 1/3 does not participate in long-range magnetic ordering [5]. These properties
have been observed around the quantum critical point with frustrated systems. Therefore,
searching for compounds presenting magnetic frustration may facilitate the discovery of
novel quantum phenomena.

One of the origins of this frustration is the geometric arrangement (e.g., a honeycomb
lattice) of the atoms of interest. In the system with non-centrosymmetric crystal structure,
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unconventional superconductivity has been observed [6]. Kitaev spin liquid [7] and current-
induced magnetoelectric effects in a toroidal magnetic ordered state [8] have recently been
observed in crystals possessing honeycomb structure.

The R2T6X15 (R = rare earth and actinide, T = Pt, Pd, Fe, Ni, X = Al, Ga, Si) system
is one of the candidates for determining frustrated systems with honeycomb structure.
Several rare-earth and uranium compound series belonging to this system, such as R-Pd-
X [9], R-Pt-X [10–25], R-Ni-(Ga, Ge) [26], and R-Fe-Si [27–29], have been reported. In the
early stages of research, this crystal structure was solved as the hexagonal Sc0.6Fe2Si4.9-type
structure (space group 194 (P63/mmc)) [19], as shown in Figure 1a,c. This structure consists
of R2X3- and TX2-layers. The occupancies of R and X(1) sites in the R2X3-layer are 2/3
and 1/3, respectively, indicating that these sites are only partially occupied. The nearest
R–R distance is about 4 Å. The distance between the R2X3-layer is about twice larger than
the R–R distance, indicating that the magnetic interaction is two-dimensional. In the recent
reports, superstructure reflections corresponding to a larger in-plane lattice parameters
have been observed, suggesting the formation of a superstructure of the original hexagonal
unit cell. Moreover, the existence of streak scattering along the [001]-direction indicates
stacking disorder in the superstructure. Overall observations have led to the conclusion of
the formation of R2X3 honeycomb layers with local orthorhombic symmetry (space group
63 (Cmcm)) [25], as shown in Figure 1b,d. Most of the research focused on this system has
utilized the X-ray diffraction method; however, X-ray diffraction is not sensitive enough for
analysis of the stacking disorder in the crystal structure. On the other hand, there has been
only one report on the use of X-ray absorption fine structure (XAFS) for Ce2Pt6Ga15 [19],
which is much more sensitive to the local symmetry. Therefore, one of the purposes of this
paper is to detail our XAFS measurements, which were made in order to clarify the local
structure of Ce2Pt6Ga15. In X-ray diffraction, only the averaged structure is observed. As
the local structure is averaged over the stacking disorder, it cannot be used to distinguish
whether the R and X sites in the R2X3-layer are randomly occupied or not.

There have been contradicting reports on the physical properties of Ce2Pt6Al15. The
polycrystalline Ce2Pt6Al15 prepared by arc melting (AM-Ce2Pt6Al15) was an antiferromag-
net with TN = 2.6 K [25], while Ce2Pt6Al15 prepared by unknown method [30] and the
single-crystalline [31] Ce2Pt6Al15 prepared using flux method (F-Ce2Pt6Al15) exhibited
NFL behavior. As a possible origin of the sample dependence, the difference in the local
crystal structure arising from different preparation methods was inferred. As such, a
further purpose of this study is to clarify the crystallographic difference between AM- and
F-Ce2Pt6Al15 samples and to discuss the existing contradicting physical data by detailing
the measured magnetic properties in well-characterized Ce2Pt6Al15 samples.
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Figure 1. The crystal structure of Ce2Pt6Al15 with (a) hexagonal structure (space group 194 (P63/mmc))
and (b) orthorhombic structure (space group 63 (Cmcm)). The Ce2Al3-layer of (c) hexagonal structure
and (d) orthorhombic structure. The black lines in (c,d) indicate the unit cell. The occupancies of
Ce and Al(1) sites in Ce2Al3-layer of hexagonal structure are 2/3 and 1/3, respectively, and the Ce
atoms coordinate the triangular structure. The Ce atoms with orthorhombic structure coordinate the
honeycomb structure.

2. Experimental

AM-Ce2Pt6Al15 was prepared by arc melting method under Ar atmosphere. The
purity of elements were 3N (99.9%):Ce, 3N:Pt, and 6N:Al. F-Ce2Pt6Al15 was prepared by
the aluminum self-flux method. Ce, Pt, and Al with the starting composition 1:3:30 were
loaded in an alumina crucible and then sealed in a quartz tube under high vacuum. The
sealed tube was heated to 1050 ◦C, soaked for 6 h, then cooled to 700 ◦C in 268 h. The
excess Al was spun off in a centrifuge. Figure 2 shows a photograph of the F-Ce2Pt6Al15.

1mm

Figure 2. The photograph of F-Ce2Pt6Al15.
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Powder X-ray diffraction measurements were performed using Rint 2100 (Rigaku)
using Cu Kα radiation at room temperature. The powder was prepared using a mortar.
Rietveld analysis was performed using the Rietan-FP program [32].

Single crystal X-ray diffraction measurements were performed with R-AXIS RAPID
(Rigaku) diffractometer using Mo Kα radiation at room temperature. Small pieces (~0.05 mm)
for single crystal X-ray diffraction measurements were prepared by cutting the sample with
a knife. The final atomic coordinates and occupancies were refined using the SHELXL97
program [33].

The compositions were determined by electron-probe micro analysis (EPMA; (JEOL
JXA-8230) with CeP5O14, Pt, and Al as a reference materials at room temperature. Samples
were polished using the emery papers to measure EPMA.

The magnetic properties were performed by a superconducting quantum interference
device (SQUID) magnetometer (Quantum Design MPMS) from 330 to 2 K under a magnetic
field up to 7 T.

XAFS measurements were performed using the BL11S2 at the Aichi Synchrotron
Radiation Center in transmission geometry at the Ce L-edge (L3 : 5723 eV) and Pt L-edge
(L3 : 11,563 eV) at room temperature. CeF3 and CeO2 were used as reference compounds
for Ce3+ and Ce4+ valency, respectively. The XAFS spectra were processed and analyzed
using ATHENA and ARTEMIS codes [34].

The extended X-ray absorption fine structure (EXAFS) analyses were performed using
the following equation,

χ(k) = S2
0 ∑

j

NjFj(k)
kR2

j
sin(2kRj + δj(k))e

−2(σ2
j k2+

Rj
λ(k) ) (1)

where χ denotes the EXAFS oscillation; k is the wavenumber of the photoelectron; S2
0 is

the probability of single-electron excitation; Nj, Rj, Fj(k), σ2
j , and δj(k) are the co-ordination

number, inter-atomic distance, back-scattering atomic form factor, Debye–Waller factor,
and phase shift of the neighboring atom j, respectively; and λ(k) is the mean free path of
photoelectrons.

3. Results and Discussion
3.1. EPMA

The compositions of the AM- and F-Ce2Pt6Al15 samples were analyzed by EPMA.
Figure 3 shows the back-scattered electron (BSE) images and the counter map images of
Ce, Pt, and Al in AM-Ce2Pt6Al15. The few black points and lines in the BSE images are
scratches that occurred during polishing. A clear gradation can be observed in the BSE
images, indicating that the sample possessed two phases. The compositions of Ce, Pt, and
Al of the bright area (phase 1) in the BSE image differ from those in the gray area (phase 2).
We identified phase 1 as the impurity Ce2Pt9Al16 phase and phase 2 as Ce2Pt6Al15. The
composition ratio of AM-Ce2Pt6Al15 (phase 2) was Ce:Pt:Al = 2.11(6):6:15.5(4).

(a) (b) (c) (d)

phase 2

phase 1

phase 2

Figure 3. (a) The backscattered electron (BSE) images, the counter map images of (b) Ce, (c) Pt, and
(d) Al of AM-Ce2Pt6Al15. Phase 1 is impurity Ce2Pt9Al16 phase and phase 2 is Ce2Pt6Al15 phase.
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There is no impurity phase in F-Ce2Pt6Al15. The composition ratio of F-Ce2Pt6Al15
was Ce:Pt:Al = 2.09(8):6:16.5(3), indicating that the ratio of Al in the F-Ce2Pt6Al15 is rich.

3.2. Powder X-ray Diffraction

We conducted powder X-ray diffraction on AM- and F-Ce2Pt6Al15 samples. Figure
4a shows the Rietveld plot of AM-Ce2Pt6Al15. The reliability factor-weighted pattern
Rwp and Goodness of fit S were 16.842 and 1.4555, respectively. Most of the Bragg peaks
were assigned according to the hexagonal Sc0.6Fe2Si4.9-type structure (space group 194
(P63/mmc), and we determined that the lattice constants a and c were 4.3082(3) Å and
16.5040(10) Å, respectively. The powder X-ray diffraction showed weak impurity peaks,
indicating the existence of a few impurity phases in the sample. These peaks were assigned
to Ce2Pt9Al16 with orthorhombic Ce2Pt9Al16-type structure [35,36]. The impurity was also
detected in the EPMA measurements.

Figure 4b shows the Rietveld plot of F-Ce2Pt6Al15. The Rwp and S values were 21.742
and 1.5068, respectively. Most of diffraction patterns were indexed by the hexagonal
Sc0.6Fe2Si4.9-type structure, and we determined that the lattice constants a and c were
4.3207(3) Å and 16.4776(8) Å, respectively. A small peak from Al was detected; this
impurity is likely to be the flux that could not be removed by the centrifuge.

Figure 4. The Rietveld plot of (a) AM-Ce2Pt6Al15 and (b) F-Ce2Pt6Al15 analyzed by RIETAN-FP [32].
The red dots indicate experimental data. The solid light blue line indicates calculated diffraction
patterns. The vertical bars indicate calculated peak positions for Ce2Pt6Al15. The blue line indicates
the residual error. The arrows indicate the impurity phase of (a) Ce2Pt9Al16 and (b) Al. 2θ around
the impurity peaks were not used for Rietveld analysis.

3.3. Single Crystal X-ray Diffraction

We performed single crystal X-ray diffraction measurements of AM- and F-Ce2Pt6Al15.
For this, we analyzed the crystal structure using hexagonal Sc0.6Fe2Si4.9-type structure, which
is the averaged structure of the orthorhombic ordered structure, as it is difficult to analyze
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the effect of stacking defects. Crystallographic data, structure refinements, fractional co-
ordinates, occupancy, and equivalent atomic displacement parameters Ueq for Ce2Pt6Al15 are
given in Tables 1 and 2. The lattice parameters of AM-Ce2Pt6Al15 were a = 4.3127(7) Å and
c = 16.5156(13) Å, and those for F-Ce2Pt6Al15 were a = 4.3322(4) Å and c = 16.4976(7) Å, indi-
cating that the uniaxial chemical pressure effect between AM-Ce2Pt6Al15 and F-Ce2Pt6Al15
can be expected. We fitted the site occupancies assuming the occupancy of Pt as 100%. The
occupancies of Ce and Al sites of AM-Ce2Pt6Al15 were close to the stoichiometric ratios. On
the other hand, the occupancies of Al sites in F-Ce2Pt6Al15 deviated from the stoichiometric
ratio; namely, the composition ratio of Al in the F-Ce2Pt6Al15 is rich. The composition ratios
estimated according to the results of the single crystal X-ray diffraction experiments were
consistent with those of EPMA.

Table 1. Crystallographic data and structure refinements for AM- and F-Ce2Pt6Al15 analyzed by
hexagonal Sc0.6Fe2Si4.9-type structure.

AM-Ce2Pt6Al15 F-Ce2Pt6Al15

Space group 194 194

Lattice constants (Å)
a = 4.3127(7) a = 4.3322(4)
c = 16.5156(13) c = 16.4976(7)

Formula units per cell, Z 1 1
Formula mass 1855.50 1855.50
Calculated density (g cm−3) 11.581 11.490
Absorption coefficient µ (mm−1) 87.809 87.114
Detector distance (mm) 127.40 127.40
θ range (deg.) 2.46–34.88 2.47–34.89

Range in hkl
−6 ≤ h ≤ 6 −5 ≤ h ≤ 6
−5 ≤ k ≤ 6 −6 ≤ k ≤ 6
−26 ≤ l ≤ 25 −26 ≤ l ≤ 25

Total number of reflections 3596 5905
Unique reflections 266 267
Reliability factor Rint 0.0258 0.0522
Goodness-of-fit 1.177 1.259
Reflections with I > 2σ(I) 243 253
Number of variables 21 21
R1 0.0109 0.0111
wR2 0.0146 0.0208
Residual electron density (∆ρmax/∆ρmin e Å−3) 0.73/−1.15 0.78/−0.94

We converted the lattice parameters from the hexagonal Sc0.6Fe2Si4.9-type structure to
an orthorhombic ordered model (space group 63 (Cmcm)) to analyze the EXAFS according
to the orthorhombic model; the results are shown in Table 3. We obtained the inter-atomic
distance and co-ordination number (N) of neighboring atoms around Ce, Pt(1), and Pt(2) sites,
which are given in Table 4. EXAFS analysis was performed using these parameters as initial
conditions. Figure 5 shows the Ce, Pt, and Al sites with their surrounding neighboring atoms.

(a) Ce (b) Pt (1) (c) Pt (2)

Figure 5. Near neighbor atoms in the orthorhombic structure of Ce2Pt6Al15 : Ce (a), Pt(1) (b), and
Pt(2) (c).
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Table 2. Fractional coordinates, occupancy, and equivalent atomic displacement parameters Ueq of
AM- and F-Ce2Pt6Al15 analyzed by hexagonal Sc0.6Fe2Si4.9-type structure.

AM-Ce2Pt6Al15

Atom x y z Occupancy Ueq (Å2)

Ce 1/3 2/3 1/4 0.6715(17) 0.00514(13)
Pt 1/3 2/3 0.60755(2) 1 0.00495(5)
Al(1) 0.5354(4) 0.0709(7) 1/4 0.337(5) 0.0064(8)
Al(2) 0 0 0.13147(7) 1.008(6) 0.0078(4)
Al(3) 1/3 2/3 0.04594(7) 0.993(7) 0.0061(4)

F-Ce2Pt6Al15

Atom x y z Occupancy Ueq (Å2)

Ce 1/3 2/3 1/4 0.6777(19) 0.00603(14)
Pt 1/3 2/3 0.60727(2) 1 0.00598(6)
Al(1) 0.5349(4) 0.0699(8) 1/4 0.343(5) 0.0092(8)
Al(2) 0 0 0.13227(7) 1.065(6) 0.0098(3)
Al(3) 1/3 2/3 0.04672(7) 1.074(7) 0.0091(4)

Table 3. Atomic parameters of Ce2Pt6Al15 for orthorhombic structure model. The lattice parameters
are a = 12.9381 Å, b = 7.4698 Å, and c = 16.5156 Å.

Atom x y z

Ce 1/6 1/6 1/4
Pt(1) 1/3 1/3 0.1076
Pt(2) 0 1/3 0.1076
Al(1) 1/6 1/6 0.0459
Al(2) 1/3 0 0.1315
Al(3) 0.3990 0.2678 1/4
Al(4) 0 0 0.1315
Al(5) 0 1/3 0.5459
Al(6) 0 0.4646 1/4

Table 4. Interatomic distance and coordination number (N) of neighboring atoms around Ce, Pt(1),
and Pt(2) sites for Ce2Pt6Al15 of orthorhombic model below 4 Å.

Ce Pt(1) Pt(2)
Site Distance (Å) N Site Distance (Å) N Site Distance (Å) N

Al(3) 3.098 1 Al(2) 2.521 2 Al(4) 2.521 1
Al(6) 3.099 1 Al(4) 2.521 1 Al(2) 2.521 2
Al(3) 3.099 1 Al(1) 2.535 1 Al(5) 2.535 1
Al(2) 3.167 4 Al(3) 2.549 1 Al(6) 2.549 1
Al(4) 3.167 2 Al(1) 2.690 2 Al(1) 2.690 2
Al(1) 3.370 2 Al(5) 2.690 1 Al(5) 2.690 1
Pt(1) 3.426 4 Ce 3.426 2 Ce 3.426 2
Pt(2) 3.426 2

3.4. X-ray Absorption Spectroscopy

Figure 6 shows the Ce L3-edge XAFS spectra of AM-Ce2Pt6Al15, CeF3, and CeO2. CeF3
and CeO2 were used as reference compounds for trivalent and tetravalent Ce, respectively.
A peak structure was observed around 5720 eV, which corresponds to the Ce L3-edge. In
all the spectra, a clear oscillation structure was observed above L3-edge. The XAFS edge
energy of Ce2Pt6Al15 was close to that of trivalent reference CeF3, while the edge energy of
tetravalent CeO2 had a higher value, as expected, given that edge energy increases as the
oxidation state of the absorber increases. Thus, the Ce valence in Ce2Pt6Al15 was determined
to be trivalent and Ce should possess the local magnetic moment. The peak of Ce2Pt6Al15
was broader than that of CeF3, implying that this system may be in a mixed valency state.
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Figure 6. Normalized XAFS spectra of Ce L3-edge of AM-Ce2Pt6Al15, CeF3, and CeO2.

We analyzed the EXAFS spectra for AM-Ce2Pt6Al15 around the Ce and Pt sites consid-
ering the orthorhombic structure. Although there was a slight difference, the Pt(1) and Pt(2)
sites had almost identical local structure and, therefore, we assume that their contributions
to the spectra were identical. Figures 7a and 8a show the XAFS spectra of Ce and Pt sites.
In the process of structural refinement, the data in the range of 1.57–4.00 Å for Ce, and
1.23–3.49 Å for Pt was considered as indicated by a blue line in Figures 7c and 8c. By
analyzing the spectra with respect to the Ce site, 9 first neighbor atoms located around 3.1
Å (Al(2), Al(3), Al(4) and Al6)) and 6 second neighbor atoms located around 3.4 Å (Pt(1)
and Pt(2)) were identified. On the other hand, the hexagonal Sc0.6Fe2Si4.9-type structure
model predicts the existence of Al atoms around Ce within a very short distance (i.e., 1.5
A). However, the corresponding peak structure was not observed in the XAFS spectra,
indicating the plausibility of the orthorhombic structure.
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Figure 7. (a) Ce L3-edge XAFS spectra of AM-Ce2Pt6Al15, (b) k2-weighted Ce L3-edge χ(k) spectra
of AM-Ce2Pt6Al15, (c) corresponding χ(k) spectrum of AM-Ce2Pt6Al15, and (d) inverse FTs of the
χ(R) spectrum. The fits of χ(R) and Re(χ(q)) spectra using orthorhombic model are shown by green
lines in (c,d). The k range used in the FTs was 3–9 Å−1 , as indicated by a blue line in (b). The R range
used in the inverse FTs was 1.57–4 Å, as indicated by a blue line in (c).
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Figure 8. (a) Pt L3-edge XAFS spectra of AM-Ce2Pt6Al15: Pt(1), (b) k2-weighted Pt L3-edge χ(k) spectra
of AM-Ce2Pt6Al15: Pt(1), (c) corresponding χ(k) spectrum of AM-Ce2Pt6Al15: Pt(1), and (d) inverse FTs
of the χ(R) spectrum. The fits of χ(R) and Re(χ(q)) of Ce2Pt6Al15: Pt(1) spectra using orthorhombic
model are shown by green lines in (c,d). The k range used in the FTs was 3–10 Å−1, as indicated by a
blue line in (b). The R range used in the inverse FTs was 1.23–3.49 Å, as indicated by a blue line in (c).

We did not consider the scattering term between Ce and Al(1) site in the EXAFS
analysis, as the corresponding intensity was expected to be weak. The first, second, and
third neighbor atoms around the Pt site were 5 atoms around 2.5 Å (Al(1), Al(2), Al(3), and
Al(4) ), 3 atoms around 2.7 Å (Al(1) and Al(5)), and 2 atoms around 3.4 Å (Ce), respectively.
The co-ordination numbers were kept fixed. The green lines in Figures 7d and 8d are
the results of the structural refinement fit with the inverse Fourier transforms (FTs) of the
experimental χ(R) spectra. The refined structural parameters are listed in Table 5, where
N denotes the number of neighboring atoms, σ2 is the Debye–Waller factor, and R is the
inter-atomic distance between Ce or Pt and the neighboring scatter atoms. The experimental
χ(R) spectra in Figures 7c and 8c are well-explained by the χ(R) spectra for Ce and Pt
sites calculated using the orthorhombic model, indicating that Ce2Pt6Al15 has a honeycomb
structure.

Table 5. The refined structural parameters for AM-Ce2Pt6Al15, where N is the number of neighboring
atoms, σ2 is the Debye-Waller factor, and R is interatomic distances between Ce or Pt sites and the
neighboring scatter atoms.

Neighbor N σ2 (Å2) R (Å)

Ce L3-edge 1st: Al 9 0.012 3.12
2nd: Pt 6 0.003 3.41

Pt L3-edge 1st: Al 5 0.005 2.54
2nd: Al 3 0.013 2.71
3rd: Ce 2 0.011 3.40

3.5. Magnetic Properties

Figure 9a shows the temperature dependence of the magnetic susceptibility of AM- and
F-Ce2Pt6Al15. The susceptibility of AM-Ce2Pt6Al15 at 0.1 T monotonously increased with
decreasing temperature, corresponding to its paramagnetic behavior at high temperature, and it
presented a broad maximum around 50 K. A broad maximum of susceptibility is often observed
in heavy fermion systems, such as CeRu2Si2 [37], Yb2Pt6Al15 [17], YbPd2Si2 [38,39], and so on.
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Below 20 K, the magnetic susceptibility increases with paramagnetic behavior again. It has an
antiferromagnetic-like anomaly at T∗ = 2.6 K. These susceptibility behaviors are similar to those
described by Radzieowski et al. [25]. According to the powder X-ray diffraction and EPMA
measurements, this sample contained Ce2Pt9Al16; notably, the T∗ value was in good agreement
with TN = 2.6 K obtained previously for Ce2Pt9Al16 [35,36]. The inset of Figure 9 shows the
temperature dependence of the susceptibility of AM-Ce2Pt6Al15 at low temperatures when
magnetic fields are applied (µ0H = 0.1, 0.5, 1, 1.2, and 1.5 T). T∗ shifted to lower temperatures
with increasing magnetic field and disappeared above 1.5 T. The magnetic field dependence
of T∗ showed the same behavior as that observed by Strydom for Ce2Pt9Al16, which vanished
around µ0H = 1.5 T [36]. The anomaly at T∗ and the paramagnetic behavior below 20 K are not
likely to be intrinsic properties and the ground state of AM-Ce2Pt6Al15 is non-magnetic. We
also estimated the impurity from the magnetic susceptibility. The susceptibility increased with
decreasing temperature below 20 K, and we assumed that the increase in magnetic susceptibility
below 20 K was due to the presence Ce2Pt9Al16. From this, we estimated that the impurity was
2–3% in the molar ratio.

Figure 9b indicates the inverse magnetic susceptibility of AM-Ce2Pt6Al15 at µ0H = 0.1
T. At high temperature, it linearly increased with temperature, indicating that it follows
the Curie–Weiss law. We fit the inverse susceptibility above 210 K using χ = C/(T − θP)
with the effective magnetic moment µeff and the Weiss temperature θP of 2.67 µB and −132
K, respectively. These values were similar to those obtained by Radzieowski et al. [25].
The observed µeff was close to the value of the Hund’s Rule expected for Ce3+, 2.54 µB,
indicating that the Ce2Pt6Al15 presents a magnetic moment derived from the 4 f electrons of
Ce at high temperature.

The magnetic susceptibility of F-Ce2Pt6Al15 at 1 T monotonously increased with de-
creasing temperature, down to 2 K. It is possible that the ground state is NFL or magnetic
order, as described by Manni et al. [30] and Suzuki et al. [31]. We fit the inverse susceptibil-
ity of F-Ce2Pt6Al15 above 210 K using the Curie–Weiss law and obtained µeff and θP values
of 2.90 µB and −17.4 K, respectively. The susceptibility behavior was quite different from
that of AM-Ce2Pt6Al15; this difference may have been caused by the difference in uniaxial
effect and the deviation from stoichiometry between AM- and F-Ce2Pt6Al15.

0.10

0.05

0.00

  
M

/H
 (

e
m

u
/m

o
l-

C
e

)

3002001000

  T (K)

   F-

AM-

0.007

0.006  
M

/H
 (

e
m

u
/m

o
l-
C

e
)

432
  T (K)

 

0.1 T
0.5 T
1.0 T
1.2 T
1.5 T

T*
600

500

400

300

200

100

0

  
H

/
 (

m
o

l-
C

e
/e

m
u

)

3002001000

  T (K)

 

(a) (b)

M

Ce2Pt6Al15

Ce2Pt6Al15

   F-

AM-Ce2Pt6Al15

Ce2Pt6Al15

AM-Ce2Pt6Al15

Figure 9. (a) The temperature dependence of the magnetic susceptibility of AM- and F-Ce2Pt6Al15.
The inset shows the temperature dependence of the susceptibility of AM-Ce2Pt6Al15 at low tempera-
ture when magnetic fields are applied µ0H = 0.1, 0.5, 1, 1.2, and 1.5 T. The arrows indicate the T∗.
(b) The temperature dependence of the inverse magnetic susceptibility of AM- and F-Ce2Pt6Al15.

4. Conclusions

We synthesized AM-Ce2Pt6Al15 using arc melting method and F-Ce2Pt6Al15 using
the Al-flux method. From the powder X-ray diffraction and EPMA results, the AM-
Ce2Pt6Al15 sample contained a Ce2Pt9Al16 impurity, while there was no impurity phase in
the F-Ce2Pt6Al15. Crystal structure analysis through the powder and single crystal X-ray
diffraction methods was performed according to the hexagonal Sc0.6Fe2Si4.9-type structure
(space group 194 (P63/mmc)). From the single crystal X-ray diffraction method, the lattice
parameters of AM-Ce2Pt6Al15 were a = 4.3127(7) Å and c = 16.5156(13) Å, while those
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of F-Ce2Pt6Al15 were a = 4.3322(4) Å and c = 16.4976(7) Å, indicating that the uniaxial
chemical pressure effect between AM-Ce2Pt6Al15 and F-Ce2Pt6Al15 can be expected.

We performed XAS measurements of the AM-Ce2Pt6Al15 sample. The magnetic
properties of the Ce L3-edge for the XAFS spectra of Ce2Pt6Al15 were similar to those of
CeF3 which possesses Ce3+, indicating that the valence state in Ce2Pt6Al15 is trivalent.
We analyzed the EXAFS spectra of Ce L3- and Pt L3-edges for Ce2Pt6Al15, and found that
the EXAFS spectra of Ce2Pt6Al15 cannot be explained by the hexagonal Sc0.6Fe2Si4.9-type
structure. As such, the orthorhombic structure with honeycomb structure (space group 63
(Cmcm)) is plausible.

We measured the magnetic susceptibility of the AM- and F-Ce2Pt6Al15 samples. Para-
magnetic behavior was exhibited at high temperature, while antiferromagnetic-like order
was observed at T∗ = 2.6 K in AM-Ce2Pt6Al15. These susceptibility behaviors are similar
to those described by Radzieowski et al. [25]. The anomaly at T∗ is likely to be caused
by the impurity Ce2Pt9Al16 and the non-magnetic ground state of AM-Ce2Pt6Al15. The
susceptibility behavior of F-Ce2Pt6Al15 was quite different from that of AM-Ce2Pt6Al15.
This difference may be due to the difference in the uniaxial effect and the deviation from
stoichiometry between AM-Ce2Pt6Al15 and F-Ce2Pt6Al15.
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