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The temperature and magnetic field dependence of neutron-scattering studies on the heavy fermion com-
pound Ce3Pd20Si6 are reported. Inelastic neutron scattering reveals two crystal-field excitations corresponding
to the environments of the two distinct rare-earth locations within this cubic compound. Surprisingly, the
ground states of the two individual Ce sites are inequivalent with the 4a site having a �7 ground state, while
the 8c site reveals a �8 ground state. This is in contrast to the situation found in the analogous compound
Ce3Pd20Ge6, where the �8 ground state is realized for both Ce sites. In addition, these results reveal an
interaction between the 8c and 4a sites previously believed to be absent. The ground state was probed with
uniaxial polarization analysis across the region in which field-induced quantum criticality has previously been
determined. In zero applied magnetic field no long-range magnetic order could be determined. However,
further evidence of field-induced quantum criticality is presented with the observation of diffuse scattering
consistent with quantum fluctuations due to nearest-neighbor spin correlations between the two Ce sites.
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I. INTRODUCTION

Interest in phase space close to a quantum critical point
�QCP� stems from the belief that novel phases may be un-
covered via zero-point quantum fluctuations inherent at a
QCP.1,2 It is therefore of great importance to understand the
static and dynamic spin order in compounds exhibiting quan-
tum critical phenomena. Quantum fluctuations that occur at a
QCP can induce substantial variations in the strongly corre-
lated electronic order of the compounds. As such it is not
surprising that QCPs are often associated with heavy fermion
behavior exhibiting non-Fermi-liquidlike properties. The
caged compound Ce3Pd20Si6 �CPS� is regarded as one of the
heaviest electron Kondo systems,3 with the low-temperature
specific heat reaching CP /T=8 J / �mol Ce K2� in compari-
son to the prototype Kondo compound CeCu6 in which
CP /T=1.6 J / �mole Ce K2�.4 Such high specific-heat values
are often interpreted as arising from strong electronic corre-
lations. Indeed a recent study on CPS uncovered a field-
induced QCP5 indicating a most unusual ground state that
originates from conduction electrons acquiring huge effec-
tive masses or, in the Kondo picture, from a very large and
sharp electronic density of states at the Fermi energy through
the Kondo resonance.

CPS is a member of the clathrate ternary intermetallic
series REPd20Ge6 and REPd20Si6, �RE=rare earth�, a fasci-
nating class of materials with potential for low-temperature
thermoelectric applications6 due to reduced thermal conduc-
tivity via rattling of the rare-earth atoms while maintaining
the electrical conductivity. Structurally the magnetic RE at-
oms are positioned at two cubic sites, Wyckoff 4a �face cen-

tered cubic� and 8c �simple cubic� of the structure Fm3̄m,7

see Fig. 1. The phase diagrams of the Ge-based compounds
show common features, with two antiferromagnetic transi-
tions observed at TL and TU, TL�TU in the Nd-, Sm-, Gd-,
Tb-, Dy-, and Ho-based compounds.8 These transitions ac-

company the ordering of the two rare-earth sites with 8c
ordering at TU into a k2= �1 1 1� structure and 4a ordering
at the lower temperature TL into a k1= �0 0 1� structure.9–12

The interatomic separation of the 8c and 4a sites are ap-
proximately 6.1 and 8.6 Å, respectively. It can therefore be
argued that the interatomic separation is responsible for the
temperature at which the order occurs, TL for the ordering of
the 8c atoms with 6.1 Å interatomic distance and the higher
temperature transition TU is due the ordering of the 4a sites
with interatomic distance of 8.6 Å. However it is unusual
that there is no intersite, 4a-8c, magnetic correlations since
the different sites are only separated by 5.4 Å and yet do not
couple magnetically in any of the above-mentioned
compounds.9–12

Replacing the heavier rare earths with Ce drastically alters
the behavior of these phase transitions. Ce3Pd20Ge6, the iso-
electronic compound to CPS, reveals a pair of magnetic
phase transitions by specific-heat measurements at TL=0.7
and TU=1.2 K.13 Only the lower transition, TL, presented an
anomaly in the ac-susceptibility data. Neutron diffraction
verified the antiferromagnetic ground state below TL corre-
lating the Ce 4a moments with wave-vector transfer
k1= �0 0 1�.14 However, the transition at TU was ascribed to
a quadrupolar transition due to the high value of the mag-

FIG. 1. �Color online� Crystal structure of Ce3Pd20Si6. For clar-
ity only the Ce atoms are shown. Green atoms show the Ce 8c sites
and yellow atoms show the Ce 4a sites.
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netic entropy.13 Ultrasonic and dilatometric methods deter-
mined TU to be the onset of ferroquadrupolar order accom-
panied by a tetragonal or orthorhombic distortion15 involving
a �8 ground state on both crystallographic sites.

The first indication of magnetic ordering in CPS was
based on the sharp cusp at TU=0.15 K from ac
susceptibility3 in a small applied field. At the same time, the
low-temperature phase transition was tentatively assigned to
spin-glass ordering due to the existence of a remnant mag-
netic moment.3 Initial exploratory studies of muon-spin reso-
nance ��SR� at intermediate temperatures16 sought to de-
scribe the magnetic behavior of CPS in terms of molecular
magnetism on account of the two interleaved Ce sublattices
in this compound. Strydom et al.5 clearly demonstrated two
distinct phase transitions in CPS at 0.31 and 0.5 K via
specific-heat measurements in zero field. The determined
high-temperature effective magnetic moment �ef f =2.6�B
was slightly greater than the free-ion moment of Ce3+,
� free=2.54�B, with a Weiss temperature of −21 K that indi-
cates antiferromagnetic correlations. The two transitions
show opposite behavior in applied fields. The transition at TU
shifts upward in temperature and becomes indeterminate for
fields above 8 T.5 TL, on the other hand, shifts downwards in
temperature and disappears in fields above 1 T. Around the
critical field of 1 T the electrical resistivity changes
from Fermi-liquid ���T��AT2� to non-Fermi-liquidlike
���T��T� which, together with the observed growth in the A
coefficient near the critical field, signals the onset of a field-
induced QCP.17

To date the spin-correlated behavior found in CPS has
been investigated by resistivity, specific-heat and ultrasonic
measurements. We have performed neutron inelastic scatter-
ing and polarized neutron-diffraction experiments to charac-
terize the ground state of CPS and to obtain spatial informa-
tion on the magnetic field dependence of the low-
temperature phases. Our results have a broader relevance to
the various open questions and fundamental issues of the
physics of quantum criticality that are presently receiving
wide-spread attention in the literature.

II. RESULTS AND DISCUSSION: INELASTIC AND
ELASTIC NEUTRON SCATTERING

The electrostatic potential arising from the electric-charge
distribution surrounding a rare-earth ion, the crystalline elec-
tric field �CEF�, splits the ground state and excited multi-
plets. In rare-earth systems, with the notable exception of
Eu3+ and Sm3+, the CEF splitting between the ground state
into the excited multiplets compared with the intermultiplet
energy separation is much larger. The CEF can therefore be
described by a perturbation on the �2J+1� degenerate eigen-
state of the ground-state multiplet which, in the case of a
Ce3+ atom sitting in cubic point symmetry, can written as

VCEF = B4O4
0 + 5B4O4

4, �1�

where O4 is the appropriate Stevens operator, given explic-
itly in,18–20 and B4 is the CEF strength surrounding the Ce
atom that can be estimated from the analysis of the inelastic
neutron-scattering data. Diagonalizing Eq. �1�, using the

Stevens operators for the Ce3+ atom, J=5 /2, gives a degen-
erate solution for �=120B4 and a second solution for
�=240B4 and thus �CEF= �360B4.

Inelastic neutron scattering �INS� is an experimental tool
that is uniquely disposed toward probing the CEF surround-
ing a magnetic atom.21 INS measurements have been per-
formed at the Institut Laue-Langevin, Grenoble, using the
thermal time-of-flight spectrometer, IN4 with an incident
wavelength of 2.6 Å providing an elastic peak with a full
width at half maximum �FWHM� of 0.60�1� meV and cov-
ering an energy range −20�E�10 meV. Data were col-
lected over a temperature range 60 mK�T�290 K. The
data were corrected for background and phonon contribu-
tions via the subtraction of the scattering from the nonmag-
netic isostructural compound La3Pd20Si6 scaled via the spin
incoherent scattering. The detector efficiency was calibrated
with a vanadium reference. The energy dependence of the
scattering cross-section was obtained by integrating the total
scattering cross-section, S�Q ,	�, across the detector angles
ensuring that elastic Bragg scattering was excluded.

Two CEF excitations, at 0.31�2� and 3.91�1� meV were
uncovered at 60 mK, see Fig. 2. The dependence of the
wave-vector transfer of this scattering, with data integrated
over energy, follows the Ce3+ magnetic form factor within
the dipole approximation22 as expected for CEF excitations.
No variation from the dipole approximation due to the onset
of the quadrupolar order, expected below 0.5 K, could be
detected. The inset of Fig. 3�a� shows the CEF excitation at
0.31�2� meV at 60 mK. The data have been corrected for
detailed balance. The dashed line in Fig. 3�a� is a fit to the
data with two Lorentzian curves. The existence of the low-
energy excitation was initially not clear since it sits very
close to the elastic line.23 Careful subtraction of the back-
ground contributions, including components of Bragg scat-
tering, was necessary to reveal the slight broadening of the
elastic line due to the CEF excitation at 0.31 meV. The inset
of Fig. 3�b� shows the higher energy excitation at 3.91�1�

FIG. 2. �Color online� Inelastic neutron-scattering data at 0.06,
100, and 290 K. The full line shows the crystal-field contributions.
The dashed line represents the Lorentzian quasielastic line contri-
bution centered at 0 meV.
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meV. The crystal-field strengths calculated from the observed
CEF transitions are therefore B4=0.00086�6� and 0.106�1�
meV for the two Ce sites.

The interaction of an impurity spin with the conduction
electrons gives rise to the unusual features of the Kondo or
heavy fermion compounds. The relaxation of the impurity
magnetic ion results in broad quasielastic scattering with
FWHM comparable to the Kondo temperature ��TK

24 for
T→0, an observation that is well documented.25–27 Resistiv-
ity measurements on CPS revealed the importance of the
incoherent Kondo effect through the ��T�
−ln�T� depen-
dence above 30 K.3,5 Accordingly the Kondo regime should
give rise to quasielastic scattering with �0=30 K
=2.59 meV. Figure 2 shows the variation in inelastic scat-
tering between 60 mK and 290 K. At 60 mK the quasielastic
contribution is small while at 290 K it is more obvious. The
full lines in Fig. 2 represent the scattering from the two CEF
excitations at 290 K while the dashed line represents the

quasielastic scattering at 290 K centered at 0 meV with a
FWHM of 5.23�1� meV. The contributions from the two CEF
peaks makes it difficult to determine the temperature depen-
dence of the quasielastic contribution with certainty. Higher
resolution data will be required to indicate whether the
�0�30 K expectation from electrical resistivity measure-
ments is indeed upheld in the quasielastic neutron scattering
of CPS.

The scattering cross-section of two excitations should
give an approximate 2:1 ratio corresponding to the number
of atoms on the Ce1 �8c� and Ce2 �4a� sites, respectively.
The ratio of intensities obtained from the data is approxi-
mately 3:1 possibly due to the strong feed through of the
elastic line shape to the low-energy peak. The order of mag-
nitude difference is, nevertheless, sufficiently resolved to in-
dicate that the low-energy peak corresponds to the 8c sites
and thus the high-energy peak is assigned to the 4a sites.
This is in accordance with results for Ce3Pd20Ge6 ascribing
the higher energy CEF transition to the 4a Ce sites.28

The temperature dependence of the integrated intensity of
the CEF peaks are shown in the main panels of Fig. 3 and
can be understood in terms of the ground-state and first-
excited-state population factors. The probability that an ex-
cited state, k, is occupied is given via the grand canonical
partition function for a system composed of fermions with 0
or 1 particles in a given state

f�Ek� =
1

1 + exp��E�/kBT
, �2�

where �E is the excitation energy, kB is the Boltzmann con-
stant, and T is the temperature. The ground state of a Ce3+

ion is split by the spin-orbit coupling to a 2F5/2 ground state
and, in the case of a cubic point symmetry, this is further
split into a quartet �8 or into a doublet �7 ground state by the
CEF surrounding the ion. The temperature dependence of the
CEF peaks will therefore correspond to either a �8→�7 or a
�7→�8 excitation and their corresponding probabilities are
thus given by

f�Ek� = �2 + 4 exp��E/kBT��−1, �7 → �8, �3�

f�Ek� = �4 + 2 exp��E/kBT��−1, �8 → �7. �4�

The dashed lines in Fig. 3 show the calculated probabilities
for both the �7 and �8 ground state with the integrated in-
tensities for the low-energy CEF peak at 0.31 meV in �a� and
the higher energy CEF peak at 3.91�1� meV in �b�. The
ground state of the Ce atoms sitting on the 4a and 8c sites
are therefore �7 and �8, respectively. This has profound im-
plications for the magnetic and multipolar order expected in
Ce3Pd20Si6 with a �7 doublet enabling dipole order only and
a �8 quartet enabling dipolar, quadrupolar, and octupolar or-
der. The onset of quadrupolar order is expected to produce a
splitting of the �8 CEF excitation. No such splitting was
observed, however, it is possible to estimate the upper limit
of the splitting in energy. Within statistical error a splitting of
approximately 0.24�3� meV or less would not be observed in
data. Further higher resolution neutron-scattering studies are

(a)

(b)

FIG. 3. �Color online� �a� Temperature dependence of the inte-
grated intensity of the low-energy �0.31�2� meV� excitation. Inset:
energy dependence of 0.31�2� meV excitation at 60 mK with data
corrected for detailed balance. �b� Temperature dependence of the
higher energy �3.91�1� meV� CEF transition. Inset shows the energy
dependence at 60 mK.
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called for to validate such a small-energy splitting at the
onset of quadrupolar order in CPS.

The temperature dependence of the energy at maximum
intensity of the higher energy CEF peak, with the �7 ground
state, is shown in Fig. 4. The position shifts by 0.1 meV
between 0.4 and 2 K and thus appears to be linked to the
higher temperature transition at TU=0.5 K. This peak has
been assigned to the 4a site with a �7 ground state which can
only order with dipolar symmetry. However, in comparison
with Ce3Pd20Ge6 this transition, TU, is due to the ordering of
the 8c sites and thus the onset of quadrupolar order. These
results therefore indicate a first signature of an interaction
between Ce atoms occupying the 4a and 8c sites in these
ternary intermetallic compounds.

The results of neutron-diffraction measurements, designed
to investigate coherent magnetic order-derived scattering as
well as a putative crystal-structure distortion at a possible
quadrupolar order in CPS, are shown in Figs. 5�a�–5�c�. The
experiments were performed at the ISIS Facility of the Ru-
therford Appleton Laboratories of the UK Science and Tech-
nology Facilities Council on the General Materials Diffrac-
tometer �GEM�, a high-resolution, high-intensity powder
diffractometer capable of resolving interplanar spacings of
�d /d�0.0025, and on ROTAX, a time-of-flight diffracto-
meter of effective d-spacing resolution �d /d=0.0035. The
three panels represent data collected over the temperature
range �a� from 300 K, �b� through 5.5 K, and �c� down to
0.04 K. The solid lines represent full-profile Rietveld refine-
ments of the data to the face-centered cubic space group

Fm3̄m �nr 225�. It is noted that the initial work of Gribanov
et al.7 gave Fm3m as the space group. The change in nota-
tion involves a shift in the unit-cell coordinate from
x�=0.11� to 1

2 −x for the 32f Wyckoff site in CPS so that the
atomic sites can be described using the values of Table I.
This is a permissible symmetry operation of this space
group29 which, in this particular case, turns out to be non-

trivial for predicting the powder diffraction spectrum of
REPd20X6-type compounds. The data in Fig. 5 reveal a
contraction in the cubic lattice parameter from

FIG. 4. �Color online� Temperature dependence of the central
energy position of the high-energy excitation at 3.91�1� meV. The
dashed line is a guide to the eyes. Inset: energy dependence of the
scattering at temperatures 0.06, 0.4, 2, and 30 K.

(b)

(a)

(c)

FIG. 5. �Color online� Powder diffraction data with the full-
profile Rietveld refinement �full line� of CPS at �a� 300 K, �b� 5.5
K, and �c� 0.04 K. The vertical markers in the low-temperature plot
�c� indicate the expected positions of magnetic Bragg diffraction, as
discussed in the text.
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a0=12.2780�1� Å at 300 K, to 12.2423�2� Å at 5.5 K, to
12.2414�1� Å at 0.04 K. However, no structural distortion
could be detected to within the instrumental resolution.

No magnetic scattering intensity could be resolved on the
low-temperature spectra. It is reasonable to expect a mag-
netic unit cell in the magnetic ordered region �below TL� of
CPS to be of similar structure to the one found in the
Ce3Pd20Ge6 with wave-vector transfer k= �0,0 ,1�.14

The vertical bars in Fig. 5�c� indicate the 2d-spacing val-
ues where magnetic diffraction peaks would be expected for
a magnetic propagation vector k= �0,0 ,1�. However, no co-
herent diffraction intensity could be resolved near these po-
sitions. The intensity resolution of the GEM spectrometer
puts an upper limit of �0.2�B on the size of an ordered
moment in CPS which is similar to the ordered moment
found Ce3Pd20Ge6 in by Dönni et al.14

III. RESULTS AND DISCUSSION: POLARIZED NEUTRON
SCATTERING

The temperature and magnetic field dependence of the
magnetic and nuclear Bragg scattering of the ground state of
CPS has been probed using uniaxial neutron polarization
analysis on the diffuse neutron spectrometer D7, in diffrac-
tion mode, at the Institut-Laue-Langevin in Grenoble.30 An
incident wavelength of 3.1 Å was chosen with a pyrolytic
graphite monochromator. The incident energy was set to
EI=8.5 meV ensuring complete integration over all CEF
transitions. The measurement was performed on a polycrys-
talline sample, 33.73 g, in applied magnetic fields, perpen-
dicular to the scattering vector, up to 1.5 T over a range of
temperatures 0.1�T�10 K. Additional measurements were
performed using a Vanadium standard to calibrate the detec-
tor efficiency and a quartz standard to correct the analyzer
efficiencies. The Vanadium standard also served as an abso-
lute measure of scattering intensity. A quartz calibration was
performed for 0.07, 0.7, 1.1, and 1.5 T. The quartz calibra-
tion for other fields was obtained via interpolation.

Uniaxial polarization analysis on D7 measures two scat-
tering cross-sections commonly referred to as nonspin flip
�NSF� and spin flip �SF� cross-sections representing an inci-
dent neutron polarized along the magnetic field direction
with an eigenstate �+� and detected with the same eigenstate
�NSF� or with an incident eigenstate �−� detected with a �+�
eigenstate �SF�. The spin-dependent energy integrated scat-
tering cross-section is given by

d�

d� �NSF�
z =

d�

d�
nuc +

1

2

d�

d�
mag +

1

3

d�

d�
SI, �5�

d�

d� �SF�
z =

1

2

d�

d�
mag +

2

3

d�

d�
SI. �6�

Manipulation of Eqs. �5� and �6� lead to the separation of
magnetic �MAG� and nuclear �NUC� scattering cross-
sections

d�

d�
NUC =

d�

d�
nuc −

1

3

d�

d�
SI, �7�

d�

d�
MAG =

d�

d�
mag +

4

3

d�

d�
SI �8�

from which the nuclear spin incoherent �SI� scattering cannot
be separated when performing a uniaxial measurement. In
CPS this is a small contribution which, indeed, turned out to
be comparably insignificant since the spin incoherent contri-
butions are 0.00�10�, 0.093�9�, and 0.004�8� barns for Ce,
Pd, and Si, respectively. The scattering discussed henceforth
will be the MAG and NUC scattering cross-sections from
Eqs. �7� and �8� indicating magnetic or nuclear scattering
including the minimal SI contribution. The data obtained on
D7 provided a temperature dependence at 0.07 T for
0.1�T�800 mK and a magnetic field dependence at 0.1 K
for 0.07�H�1.5 T. The nuclear scattering is shown in Fig.
6. We have applied the correct atomic sites according to the
symmetry operation explained in Sec. II, by which full in-
dexing of the coherent diffraction peaks in the spectrum is
achieved.

The temperature dependence of the magnetic scattering at
0.07 T did not reveal any long-range magnetic order down to
0.1 K. At first glance this is surprising due to magnetic neu-
tron evidence of the ordering found in the isostructural
Ce3Pd20Ge6.14 However the lack of detectable neutron evi-
dence of magnetic order in CPS becomes understandable
when the paramagnetic state is analyzed. Single-ion behavior

TABLE I. Structural parameters for Ce3Pd20Si6 as discussed in
text.

Atom Site �x , y , z� Occupancy

Ce1 4a �0, 0, 0� 1

Ce2 8c � 1
4 , 1

4 , 1
4 � 1

Pd1 32f �0.38370, x , x� 1

Pd2 48h �0, 0.176, y� 1

Si 24e �0.263, 0, 0� 1
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FIG. 6. �Color online� Separation of nuclear and magnetic scat-
tering at 60 mK and 0.07 T measured on D7 with incident wave-
length 3.1 Å. The inset shows the nuclear scattering at low wave-
vector transfer.
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in the paramagnetic state gives rise to magnetic neutron scat-
tering of the form

d�

d�
Para = 	

Q

2

3
NS�S + 1��r0�2f2�Q� , �9�

where 2
3 results from the powder average, N is the number of

spins, S=5 /2, for the magnetic ion Ce3+ per formula unit,
r0=−0.54�1012 cm and f�Q� is the magnetic form factor
of Ce3+.22 The paramagnetic state was probed at 20 K and
0.07 T, Fig. 7 with the black dots representing the magnetic
scattering observed while the red dashed line is the paramag-
netic scattering expected for the full Ce3+ single-ion moment.
It is clear that the magnetic scattering observed is not con-
sistent with the expected paramagnetic scattering and fur-
thermore the intensity observed can be accounted for by spin
incoherent scattering, thus no magnetic scattering is ob-
served. On D7 the energy window probed by the neutrons is
limited by the incoming energy of the neutrons,
Ei=8.5 meV in this case. The diffraction data is composed
of the integrated intensity over that energy window. If the
magnetic scattering is more dynamic than this energy win-
dow this magnetic scattering cannot be probed and will be
observed as missing intensity. It can thus only be assumed
that the missing scattering lies outside the window of energy
probed by D7.

In contrast, unusual magnetic field induced short-range
magnetic scattering appears at low temperatures, T=60 mK,
around the reciprocal space position Q=0.82�5� Å−1, Fig.
8�a�. There are a number of interesting features that can be
observed. First, the maximum intensity of the scattering in-
creases up to about 1.2 T which is close to the field which
drives CPS to a QCP.17 However, the correlation length de-
creases as a function of field with a correlation length
D=2� /�Q=213�14� Å at 1.1 T which diminishes by an
order of magnitude at 1.5 T.

At present it is not possible, due to experimental limits, to
ascertain whether the diffuse magnetic scattering is due to
magnetic quantum-critical fluctuations and is thus of an in-

elastic nature or whether it is due to static magnetic short-
range order. Short-range magnetic correlations in a powder
sample scatter according to the expression

d�

d�
mag � 	

n


S0 · Sn�
S�S + 1�

Nn
sin�QRn�

QRn
, �10�

where S0 and Sn are the spin magnitudes of the central
atom and the nth shell atom. Rn and Nn are the radii and
coordination numbers of the nth nearest-neighbor shell,
respectively.31 Figure 9 shows the calculated magnetic
correlations due to Ce1-Ce1�4a�, Ce2-Ce2�8c�, or
Ce1-Ce2�4a-8c� nearest-neighbor magnetic correlations
only, with a net antiferromagnetic order across the shell. By
comparing the calculated magnetic neutron-scattering cross-
sections of various origins in Fig. 9 with the observed scat-
tering shown in Fig. 8 we are able to identify Ce1-Ce1 inter-
actions, Fig. 9 blue line, as the least likely contribution to the
weighted magnetic scattering. A pure Ce2-Ce2 interaction,
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FIG. 7. �Color online� Paramagnetic scattering at 20 K and 0.07
T. The dashed red line is the paramagnetic scattering expected for
Ce3+, J=5 /2, single-ion behavior and the black dots represent scat-
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FIG. 8. �Color online� �a� Contour plot of the broad diffuse
magnetic scattering around the reciprocal space position of
Q=0.82�3� Å−1. �b� The maximum intensity as a function of ap-
plied magnetic field showing the most intense scattering close to the
critical field of approximately 1.1 T.
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Fig. 8 black line, is somewhat more likely, but from our
analyses the mixed Ce1-Ce2 interaction between the two dif-
ferent Ce sites, Fig. 8 red line, has to be considered as the
most probable magnetic interaction responsible for the
neutron-scattering cross-section at Q�0.82 Å−1 in CPS at
its QCP.

IV. CONCLUSION

This study, as well as former work, on the intermetallic
compound CPS has shown it to be an f-electron magnetic
system that is rich in physics and exceptionally complex in
the composure of its ground state. Here we have provided a
detailed study of its ground state by elastic, inelastic, and
polarized neutron scattering. In contrast to the other rare-
earth ternary intermetallic series, REPd20Ge6, the two in-
equivalent Ce sites in CPS �4a and 8c� also possess in-
equivalent ground states, �7 and �8, respectively. Symmetry

indicates that a �7 ground state can only lead to dipolar order
while a �8 ground state allows for multipolar order. The
transition at TU of Ce at the 8c sites might thus be a quadru-
polar transition, while the one of Ce at the 4a site at TL can
only be magnetic in origin. Furthermore, the transition at TU
was shown to affect the crystal field around the 4a magnetic
site indicating a sizable interaction between the Ce atoms at
4a and 8c.

Recent work32 hypothesized that the ground state of the
4a site may fall into a singlet state screened by conduction
electrons at low temperatures without long-range magnetic
ordering. Our work has also not obtained a direct observation
of long-range magnetic order. However, field-induced diffuse
magnetic scattering was observed at 60 mK with maximum
intensity at approximately 1.2 T, close to the field that in-
duces a QCP, with spatial correlations indicative of Ce1-Ce2
correlations. These observations lead to the conclusion that
long-range magnetic order does exist below 0.3 K and at 0 T
but have an energy scale greater than the energy measured on
D7, 8.5 meV.

Our analyses of diffuse neutron scattering furthermore
elucidates aspects of quantum criticality which we believe
may be of central importance in understanding the dynamics
of the suppression and eventual extinction of magnetic order
that leads to quantum criticality. The diffuse magnetic scat-
tering is shown to reach an apex right at the critical field of
the quantum critical point. Further studies are highly re-
quired to shed light on temperature and field scalings of the
diffuse magnetic scattering itself, as these may lead to further
significant probes of quantum criticality.
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