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Unconventional behavior of the Ce;Pt,3Si;; ferromagnet
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2 Institut Laue-Langevin, 6 rue Jules Horowitz, BP 156, 38042 Grenoble Cedex 9, France
(Dated: October 14, 2011)

It was recently demonstrated on high quality single crystal that CesPt23Sii1 orders ferromagnet-
ically at Tc = 440 mK. Extensive studies of the physical properties of this compound are reported.
In the paramagnetic phase, heat capacity and electrical resistivity measurements on a single crys-
tal confirm a good metal behavior with a residual resistivity of po = 12.17 u£2 cm, no Kondo-type
anomaly and a Debye temperature of 280 K, similar to the one of the the iso-structural non-magnetic
compound LasPt23Si11. In the ferromagnetic phase, the easy magnetization axis is the threefold one
with a spontaneous magnetization of 0.91 pp/Ce at 100 mK. This value differs from the expecta-
tions within a cubic crystalline electric field (CEF) model. More surprisingly, the inelastic neutron
scattering shows two CEF peaks while neutron diffraction experiments reveals that the structure
remains cubic down to 800 mK. These results are very reminiscent of those of CeAls. Using the
CEF formalism, the fits of the magnetic susceptibility lead to a quadruplet ground state which is not
consistent with the anisotropy found in the ferromagnetic state. This strongly suggests a splitting
of the ground state by a dynamical Jahn-Teller effect which retains the apparent cubic symmetry
for static measurements.

PACS numbers: 75.25.-j, 75.30.Cr, 75.10.Dg, 75.50.Cc
Keywords: ferromagnetism, cerium intermetallic compounds, crystal electric field, neutrons diffraction, neu-

trons scattering

I. INTRODUCTION

In the search of new cerium heavy fermion compounds,
the ternary Ce-Pt-Si phase diagram has been the focus
of great interest and generated extensive investiga-
tions. The existence of a new compound defined as
Ce3Pty3Si; was first reported by Tursina et al. who
have determined the crystal structure, Fm3m.! An
isothermal cross-section of the Ce-Pt-Si phase diagram
have shown that CezPto3Si;; is in equilibrium with
the non-centrosymetric heavy fermion superconductor
CePt3Si, when this last compound is deficient in cerium
composition.? CePt3Si orders antiferromagnetically at
Txy = 2.2 K and presents a heavy fermion supercon-
ducting state at T, = 750 mK. Many studies on the
superconductivity of CePt3Si reveal an extra transition
around 500 mK.?> Only very few studies on the role
of structural defects and of impurity effects have been
reported.®” It still leaves the question open whether the
transition around 500 mK is intrinsic to the CePt3Si
phase or due to an impurity phase. Ce3Pt23Si11, which
was first reported to order antiferromagnetically at very
low temperatures, was suspected to interfere with the
CePt3Si physical properties.® Indeed small amounts of
CezPt23Si11 could easily be present in CePt3Si samples.
It is therefore essential to have a better understanding
of the physical properties of this new Ce3zPto3Sii
compound.

Our recent studies on a very high quality single crys-
tal of CesPto3Si1; reveal a ferromagnetic transition at
T, = 0.44 K. Below T., a power law scaling fit of the
spontaneous magnetization vs. (T-Tc)? gives a value of
1.1 pp/Ce for Ms(0), the magnetic saturation moment

extrapolated to 0 K.8 This low value, compared to the
theoretical one of 2.14 up/Ce, is ascribed to the CEF
effects.

We report here extensive studies of bulk physical prop-
erties of Ce3Pto3Si;; and its non magnetic counter part
LagPt23Si;; together with studies at the microscopic
scale using neutrons scattering in order to get deeper
insight into the cerium behavior in CeszPto3Siy;. In
this paper, the crystallographic properties of the sam-
ples are presented in section II. The thermodynamic and
the transport properties are analyzed in section III. Sec-
tion IV contains the magnetization measurements and is
followed by the neutron studies, spectroscopy in the para-
magnetic phase and diffraction in the ferromagnetic state
(section V). The last section is devoted to the discussion
about experimental results.

II. SAMPLE ELABORATION AND
CRYSTALLOGRAPHIC ANALYSIS

High quality polycrystalline samples of CezPto3Siig
and LagPto3Si1; have been prepared in an induction fur-
nace. Stoichiometric proportions of the different con-
stituents: Ce or La (99.99%, Johnson Matthey), Pt
(99.95%, Alfa Aesar) and Si (99.9999%, Alfa Aesar), were
melted in a cold copper crucible under a high purity argon
atmosphere. Samples were melted several times to im-
prove the homogeneity. Mass losses during this first step
were less than 0.1%. The sample quality was checked by
conventional X-ray powder diffraction (Cu-Ka radiation
on a Philipps PW1730 diffractometer). CesPto3Si1; and
LagPt23Si1; crystallize in the same face-centered cubic
structure of the Fm3m space group, Ce®>* and La3* ions



are located on the 24d sites. Within the experimental
accuracy, no impurity phases are detected. The values of
the refined lattice parameter are ar, = 16.8953(2) A and
ACe = 168747(2) A for Lagptzgsill and Cegptggsill re-
spectively. These values are consistent with the volume
contraction in the lanthanide series.

From the polycrystalline batch of Ce3Pto3Si;; a sin-
gle crystal was grown using the Czochralski technique.®
Samples of different shapes were cut from the single crys-
talline Ce3zPto3Si1; ingot: a sphere of ¢ = 2 mm in di-
ameter for magnetization measurements, a long bar of
section § = 0.1 mm?* and length £j001) = 1 mm for re-
sistivity measurements and a truncated cone of sections
S1 = 0.93 mm?, Sy = 1.32 mm? and length ¢ = 4.86 mm
for neutron diffraction experiments. All these samples
were annealed at 900°C for 7 days in an ultra high vac-
uum furnace in order to relax the internal stresses. The
single crystalline samples were oriented using the back
scattering X-ray Laue diffraction technique on a PANan-
alytical PW3830 diffractometer.

III. THERMODYNAMIC AND TRANSPORT
PROPERTIES

The heat capacity and the electrical resistivity were
measured in the temperature range 0.38 - 300 K using
a Quantum Design-Physical Property Measurement
System (QD-PPMS). The measurement of the heat
capacity is based on the relaxation method. Samples are
glued with Apiezon N grease in order to be thermally
coupled to the puck platform. As both CezPts3Si;; and
LagPt23Si;; compounds are good metals they reveal
a weak heat capacity, even weaker than the addenda
contribution.  Therefore, to obtain the experimental
curves with the best accuracy, we used the following
procedure: a first measurement is made with the empty
puck and the grease and then a second measurement
is performed after having deposited the sample on the
previous setup. The heat capacity of the sample is then
obtained by subtracting the puck+Apiezon signal from
the total heat capacity measured with the sample. For
electrical resistivity measurements a 4-probe method
was used. For CezPto3Si11, the single crystalline bar
was used with a low current excitation of 1 mA along
the [001] crystallographic direction.

In the considered temperature range, the heat capac-
ity of a rare earth-based metallic material can be given
by C' = Ce; + Cpp + Cpag + Copr. The first two terms
represent the purely lattice contribution, C¢ = AT is
the contribution of the conduction electrons and Cj,, the
phonon contribution, which can be expressed in the De-
bye model as:

T\? [00/T xle®
Cpon = 9nR (0D> /0 dmi(em ~ 1y (1)

1000 T T T T T
a)
u}
800 |- : geme™ @ %% 7
® Ce;Pt,;Si;, o &%
1 [ad
_ o LaPt,5Si1,, %
< 600 L . ]
S ﬂt'
£ o
= oD 20
5/ 400 | o0 -
[u}
[ ]
o 10 | ]
200 | . -
o
a Ol
(m]
0 gt , . , 0.5 I1 1.'5 2
0 50 100 150 200 250 300
Temperature (K)
1 T T T
° b) (]
0.8 s 4
«@
e °
M i
i)
E
=
- J
@)
M 0 . , , . ,
o ) ‘010 20 30 40 50
0 50 100 150 200
Temperature2 (Kz)
FIG. 1. (Color online) a) Thermal variation of the spe-

cific heat of CesPt23Si11 (full dots) and LasPt23Sii1 (open
squares). The inset shows the low temperature data with
a large anomaly at the ferromagnetic transition (T¢ = 440
mK). b) C/T vs. T? for the same samples. For the non-
magnetic compound LagPt23Sii1 the Debye temperature and
the electronic coefficient are deduced from the linear fit shown
in the inset (solid line): p = 280+ 3 K and v = 18.4 £ 1.7
mJ/mol K2.

n is the number of atoms per formula unit (here
n = 37), R the molar gas constant and 6p the De-
bye temperature. Cp; tends asymptotically to 3nR for
T >> 0p (the Dulong and Petit law) while for T << 6p,

3
Cph = %nR (%

The crystalline electric field, Ccgp, contribution has

the following expression:

R
Ccpr = —— § B2 — § i E; 2
CEF (kpT)? - il Z p (2)

kp is the Boltzman constant and p; the Boltzman occu-
pation probabilities of the CEF energy levels E;. Cogpr



accounts for the Schottky anomalies arising from the
splitting of the J fundamental multiplet of the rare earth
ions by the crystalline electric field.

The contribution due to the purely magnetic ordering,
Cag can be deduced from the experimental data by sub-
tracting all the aforesaid contributions. Figure 1-a shows
the thermal variation of heat capacity of CezPt23Si;; and
LagPt23Si1;. For both compounds the evolution at high
temperature of the specific heat appears consistent with
the Debye law. At 300 K, C reaches about 91% of the
value at saturation 3nR i.e. 922.89 J/mol K. The inset in
figure 2 shows the measurement at low temperature. As
in Ref. 9, the heat capacity shows a minimum around 5
K. Below this temperature it starts increasing smoothly
down to 0.5 K and then initiates a steep upturn associ-
ated to the ferromagnetic transition. The value of T¢ is
in agreement with the value in Ref. 8. Unfortunately the
base temperature of the commercial device (380 m K)
is to close to T¢. This hinders the measurement of the
whole lambda-anomaly and thus a proper determination
of the magnetic entropy.

The curves C/T vs. T? at low temperature for the
La and Ce compounds are plotted in figure 1-b. For
LasPt93Si1; this evolution becomes linear from T? =
45 K? down to the lowest reached temperature. A
least squares fit with the function y+A7T? yields to
an electronic coefficient v = 18.4 £+ 1.7 mJ/mol K>
and a Debye temperature p = 280 + 3 K. From the
experimental curves of the specific heat (see Fig. 1) it
is clear that the lattice contributions are similar in the
Ce and La compounds. This is confirmed by the value
of Op = 280 K for Ces3Pto3Si1; deduced from that of
LagPt23Siy; using the procedure in Ref 10. The values
of p and v are fully consistent with those reported in
Ref. 9. The comparison of the heat capacity between the
Ce and the La compounds in the whole explored temper-
ature range (see Fig. 1) strongly supposes a negligible
CEF contribution. Calculations of this contribution
using the different CEF diagrams compatible with the
neutron scattering results (section V) have confirmed
this observation.

The electrical resistivity of both the CezPto3Si1; and
the LagPt23Si11 samples is characteristic of a good metal
(see Fig. 2). The ratio psoox/p1.8x for the La sample (=
3.25) is twice lower than that for the Ce sample (= 6.75).
This is due to the fact that the La sample is a polycrys-
tal. Therefore the magnetic resistivity cannot be deter-
mined by simply subtracting the La resistivity from the
Ce one. Nonetheless the residual resistivity (pp ~ 26.3
1) cm) of the La sample is four times smaller than the
value reported in Ref. 9. The comparative study of the
specific heat and electrical resistivity, between the lan-
thanum and cerium compounds, proves that the cerium
compound is neither a Kondo nor an intermediate valence
system.
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FIG. 2. (Color online) a) Electrical resistivity of the sin-

gle crystalline sample of CeszPt23Sii11 and of a polycrystalline
sample of LagPt23Si11 over 300 K - 1.8 K. b) Electrical re-
sistivity of the single crystalline sample of CesPt23Sii1 in the
temperature range 100 mK - 4 K. The ferromagnetic transi-
tion at 440 mK is indicated by the peak in the temperature
derivative dp/dT.

IV. MAGNETIC PROPERTIES

Magnetization measurements were performed at the
Néel Institute using different magnetometers based on
the extraction method. From room temperature down
to 1.9 K, the measurement of the magnetization M(T)
was carried out using a commercial Quantum Design
Magnetic Property Measurement System (MPMS) mag-
netometer. The absolute sensitivity is 10711 A m? at
0.25 Tesla and the accuracy is 0.1% for a cylindrical stan-
dard sample (¢ = 3 mm, h = 3 mm). Measurements
were performed using the reciprocating sample option
(RSO) under an applied field of 1 T. The signal was
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FIG. 3. (Color online) Thermal variation of the inverse of the
magnetic susceptibility for an applied field along the [001]
symmetry axis of the crystal. Full diamonds represent the
susceptibility deduced from the thermal variation of the mag-
netization in a field of 0.1 T measured using the QD SQUID.
Open circles represent the susceptibility deduced from the Ar-
rott plots. The lines represent the calculated curves using the
values of the CEF parameter W reported in the figure.

recorded with the sample oscillating around the center
of the SQUID pick up coils and fitted to an ideal dipole
response using a non-linear least-squares routine. The
M(T) curves have been measured on a polycrystalline
sample of LagPt23Si;1 and on the single crystalline sphere
of CesPto3Si;1. For CeszPto3Siy; the field was applied
successively along the [001] and [111] high symmetry axes
of the cubic structure. For both compounds the suscep-
tibility is given by x(T) = M(T)/H.

For CesPt23Sij;, magnetization curves M(H) have
been performed in the temperature range 2-75 K using
a in-house experimental setup that allows precise mea-
surements on oriented single crystals. The cryomagnet
can supply magnetic field up to £10.5 T and the sen-
sitivity of the measurement reaches 107 A m? in the
temperature range 1.5 - 300 K. The magnetization pro-
cesses have been measured up to 8 T applied along the
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FIG. 4. (Color online) Thermal variation of the susceptibil-
ity of LasPt23Sii1. The upturn at low temperatures can be
ascribed to a weak amount of paramagnetic impurities in the
diamagnetic matrix. The inset shows the curve x T = {(T).
From the linear fit (black line), and assuming a contamina-
tion by iron impurities (a-Fe, m = 2.2u5) one could estimate
that the upturn corresponds to 1.7 ppm.

[001] axis. The inverse of the magnetic susceptibility is
deduced from the Arrott plots!l: M? = f(H/M), at the
intercept between the linear part of the Arrott plot and
the x axis.

The thermal variation of magnetic susceptibility
deduced from the present measurements reveals no
anisotropy between the [001] and [111] axes as expected
for a cubic symmetry. For clarity, only the measurements
along the fourfold axis have been reported in figure 3 of
the inverse of the susceptibility, 1/x. The results con-
firm a Curie-Weiss-type behavior from room temperature
down about 100 K. A linear fit in this temperature range
gives an experimental Curie constant of 1.47 up K/T
in fairly good agreement with the theoretical value of
1.44 pp K/T. Below 100 K 1/y deviates from the Curie-
Weiss law and shows a downward curvature. In rare earth
based compounds this deviation is usually ascribed to
the crystalline electric field (CEF) effects. The 4f or-
bitals are coupled with the electric charges surrounding
the rare earth ions and this interaction partly or totally
removes the degeneracy of the ground state multiplet J.
For Ce?t ions in a cubic symmetry, the CEF splits the
6 levels of the J = 5/2 ground state multiplet into a I';
doublet and a I's quadruplet. This leads to a reduction
of the moment at low temperatures. Thus, for a fully
degenerate J = 5/2 ground state, the moment at 0 K is
1s(0 K) = g;J = 2.14 pup/Ce. For the isolated I'7 and
I's ground states its value is p5(0 K) = 0.714 pp/Ce and
1s(0 K) = 1.571 pup/Ce respectively.

The magnetic susceptibility of LagPto3Siy; shows a
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FIG. 5. (Color online) Magnetization curves measured with
the field applied successively along the three main axes of the
cube. Bottom part shows the measurements in the ferromag-
netic phase at 100 mK and upper part measurements at 4.2
K. The [111] direction is clearly the easy magnetization axis.

diamagnetic behavior with a slight upturn below 50 K,
characteristic of a weak amount of paramagnetic impu-
rities (see figure 4). From the linear fit of the curve
x T = f(T) (see inset fig. 4) an effective Curie constant
value of 1.76 10~*up K/T per formula unit is deduced.
Assuming a contamination by iron impurities (a-Fe, m =
2.2 pup) one could estimate that the upturn corresponds
to 1.7 ppm. This estimation is consistent with the cer-
tificate analysis of the initial components.

In order to study the ferromagnetic transition, a series
of measurements were made using the high field SQUID
magnetometers developed at the Néel Institute. It is
equipped with a miniature dilution refrigerator that can
cool the sample below 100 mK, and it has a supercon-
ducting magnet for fields up to + 8 T. A unique feature of
the setup is that absolute values of the susceptibility and
magnetization can be made by the extraction method
at very low temperatures. The experimental sensitiv-
ity is also of the order of 107''A m?. Figure 5 shows
the magnetization curves measured at 4.2 K and in the

TABLE I. Values of the spontaneous and the saturated mag-
netization deduced from the experimental curves in the ferro-
magnetic phase along the three main axes of the cube. The
last column reports the value of the magnetization at 4.2 K
and 8 Tesla.

Axis M., Maat M (8 T)
(pB/Ce) (uB/Ce) (uB/Ce)
100 mK 100 mK 42K
[111] 0.91:0.02 1.0540.02 0.96+0.02
[110] 0.760.02 1.0140.02 0.90-£0.02
00 1] 0.59+0.02 0.98+0.02 0.90+0.02

ferromagnetic phase, at 100 mK, along the three main
axes of the cube. In the ordered phase the easy mag-
netization axis is obviously the threefold [111] axis. At
low fields, the spontaneous magnetization M, (T) at 100
mK is deduced from the Arrott plots of the experimen-
tal curves. Mg/ 111) = 0.9140.02 pp/Ce. This value is
in rather good agreement with that previously deduced
from the power law scaling expression.® Increasing the
field, the magnetization rapidly saturates to the value
Mgqe = 1.0540.02 ;I,B/Ce. Ms//[uo] = 0.7640.02 MB/CG
and M, /001] = 0.5940.02 pp/Ce along the [110] and
[001] axes respectively. These values compare rather well
with \/ng//[lll] =0.74 ,uB/C’e and %Ms//[lll] =0.53
up/Ce expected from the Néel phase law. Along the
[110] axis the curve is in agreement with the theoretical
magnetization processes. When the applied field has pu-
rified the domains and the magnetization has reached its
spontaneous value, the magnetic moment of each atom
starts to rotate against the local anisotropy with increas-
ing the field until it becomes parallel to the field direction
(here around 3 T) and then, the magnetization saturates
at Mgqe= 1.02+0.02 pp/Ce. Along the [001] axis the
saturation of the magnetization is reached in fields larger
than 5 T, My, = 0.9840.02 p5/Ce. Along this direction
a small kink is observed around 1 T. The origin of this
kink is not understood yet, but it was carefully checked
that it is not an artifact due, for instance, to a slight mis-
alignment of the sample or to the sample quality. The
values of the spontaneous magnetization and the mag-
netization at saturation, ~ lupg/Ce, are consistent with
those expected for a fundamental doublet I'7, while the
observed anisotropy, though small, is not.

At 4.2 K, the magnetization curves are characteristic of
a paramagnetic behavior. Above 4 T, a weak but signifi-
cant anisotropy of the magnetization is observed between
the [111] direction and both the [001] and [110] axes. The
values of the magnetization at 8 T are reported in table I.
One remarks that at 4.2 K (= 10xT¢) these values are
very close to those of the magnetization at saturation in
the ferromagnetic phase at 100 mK (= T¢/4).
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FIG. 6. (Color online) Thermal evolution of the inelastic scat-
tering in Ce3zPt23Sii1 for incident neutrons of 36.7 meV. The
spectra have been treated averaging out all the detectors.

V. NEUTRON STUDIES

All neutrons studies were carried out at the Institute
Laue-Langevin (ILL) in Grenoble.

A. Neutron spectroscopy

The crystalline electric field (CEF) excitations were
measured on a 7g sample by using the inelastic neutron
scattering technique. Inelastic spectra were collected on
the IN4 time-of-flight spectrometer for two incident wave-
lengths (\; = 1.492 A and \; = 2.22 A) which correspond
to two different incident energies (E;= 36.7 meV and E;=
16.6 meV respectively) and two different instrument reso-
lutions characterized by their full width at half maximum
(FWHM) at the elastic position (FWHM = 1.65 meV and
FWHM = 0.85 meV respectively). The measurements
were conducted between 2 K and 150 K in order to dis-
criminate between the magnetic and phonon excitations.
The spectra were collected for scattering angles ranging
from 13deg to 135deg, and were normalized respectively
to incident flux and to a vanadium standard. The sample
holder used for this experiment consisted of a thin alu-
minum foil, thus reducing the contribution of the empty
cell to a minimum. The spectra were further grouped in
different sections of the angle range in order to highlight
either the energy dependence of the spectrum with max-
imum statistics (in that case all spectra are averaged out
in a single spectrum), or the dependence on the scattering
vector Q by grouping over a limited number of spectra.
In the latter case, the scattering by magnetic excitations
will be enhanced at low Q values (small angle sections)
compared to phonons excitations which will be dominant
at higher Q values.

Figure 6 shows the spectra collected between 2 and
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FIG. 7. (Color online) a) Inelastic intensities as function of
the scattering angle at 2 K: open dots show the low angle
detector averaging and full dots high angle detector averaging.
b) Inelastic intensities as function of the temperature at low
angle detector averaging: open dots show the spectrum at 2
K, full dots at 150 K.

150 K with an incident energy of 36.7 meV. These spec-
tra have been treated averaging out all the detectors.
At 2 K, three main inelastic structures are observed in
the down-scattering processes at 8.5+0.2, 12+0.2 and
19.61+0.2 meV respectively, together with a small bump
around 15.8 meV. When the temperature is increased,
no change is observed in the spectra up to 50 K. From
50 K up to 150 K, the intensity of the structure at
8.5 meV strongly increases and its corresponding de-
excitation is observed at -8.5 meV in the up-scattering
process. Though smaller than the peak at 8.5 meV, an
intensity increase in the down-scattering process is also
observed around 15.8 meV, while both intensities at 12
and 19.6 meV decrease. The thermal evolution of the
inelastic intensities is consistent with phonon excitations
at 8.5 and 15.8 meV and magnetic excitations at 12 and
19.6 meV. To check the Q-dependence of the inelastic
signal, the data have been re-treated by averaging out
the spectra in 5 groups whose mean scattering angles 0
are 24deg, 45.7deg, 66.3deg, 87.3deg and 109.1deg re-
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spectively. The evolution of the inelastic spectra with
increasing scattering angles is a progressive increase of
the intensity at 8.5 and 15.8 meV, together with a pro-
gressive decrease of the intensity at 12 and 19.6 meV.
This is well illustrated by figure 7-a, which compares the
inelastic spectra at #;=24deg and 05=109.1deg collected
at 2 K. The figure 7-b compares for the same scattering
angle, 0;=24deg, the evolution of the intensities in the
down-scattering processes between 2 and 150 K. It con-
firms the decrease at high temperature of the intensity
at 12 and 19.6 meV in agreement with figure 6.

It turns out that two inelastic excitations, E; = 12
meV (139.3 K) and E; = 19.6 meV (227.5 K), with a
magnetic-like behavior are observed in the paramagnetic
phase of Ce3zPto3Siy; while only one I'7-I's CEF' transi-
tion is expected for this cubic compound. The existence
of a second excitation could be due to transitions towards
the excited J' = 7/2 multiplet. Generally, such a behav-
ior is observed in very anomalous Ce compounds, like
for instance in CeRh3Bs, and the energies of the transi-
tions are one order of magnitude higher than those ob-
served here.'? A first observation of two CEF excitations
in a cubic Ce compound has been previously reported
in CeAly.'3 It was interpreted by Thalmeier and Fulde
(Ref. 14) and latter on by Thalmeier (Ref. 15) in terms of
an unusual magneto-elastic coupling that gives rise to a
bounding state between the CEF and low-lying vibronic
states. This will be discussed later.

B. Neutron diffraction

Neutron diffraction experiments were performed on
CesPto3Siy; single crystal using the four-circle diffrac-
tometer D10 at ILL with a neutron wavelength A =
2.36 A. The very low temperature T = 140 mK was
reached thanks to the unique four-circle dilution cryo-
stat available on D10. A set of 581 nuclear reflections
were collected in the paramagnetic phase at T = 800
mK. However due to the high symmetry of the nuclear
structure, this set reduces to only 34 independent reflec-
tions. The refinements of the integrated intensities were
carried out using the FullProf program'® and the CCSL
software'”. A good agreement between observation and
calculation is obtained with the cubic Fm3m space group
giving to RF2 and RF factors of 11.6% and 6.7% respec-
tively. At low temperature T = 140 mK, no additional
reflection is observed, however, the intensity of some nu-
clear peaks increases below T = 440 mK. The fcc-lattice
translations are also translations for the magnetic struc-
ture, the magnetic propagation vector is then Ez[OOO].
A set of 203 reflections were collected at T = 140 mK.
Figure 8 shows the temperature dependence of the 220
020 and 111 reflections. In the fec structure (Fm3m),
the magnetic Ce atoms occupy the 24d site. They are lo-
cated at the positions (0.25 0 0.25), (-0.25 0 0.25), (0 0.25
0.25), (0-0.25 025), (0.25 0.25 0), (-0.25 0.25 0) and num-
bered as Cep, Cey, Ces, Cey, Ces and Ceg respectively.
As shown on the figure, the magnetic contribution is ob-
served only on the top of nuclear reflections of the fcc lat-
tice with hkl all even, while no contribution is observed
for reflections with odd indices. The non-observation of
magnetic contribution on reflections with odd indices, is
a strong constrain on the magnetic coupling and leads
to a ferromagnetic coupling between Ce; and Ceq, Ces
and Cey, Ces and Ceg respectively. Group theory analy-
sis was used to determine the magnetic configurations of
Ce atoms in the Fm3m space group. The propagation
vector being k= 0, the relevant irreducible representa-
tions (IR) of the magnetic structure are those of the point
group m3m. There are ten irreducible representations la-
beled I'y, 'y, I's, I'y, of dimension 1, I's, I'g of dimension
2, I'7, T's, I'g and T'y¢ of dimension 3. The reduction of
the magnetic or induction representation of the site 24d
gives I'ogq= ['3+I16+2I's+3'1¢. The basis vectors which
span the space of a given irreducible representation are
obtained by the projection operator technique.'® The
only non-zero basis vectors of the site 24d are those of
I's, I's , I's and I'yg. The basis vectors of I's, I'g, I's
describe antiferromagnetic arrangements, while those of
T'p correspond to a ferromagnetic arrangement. The ba-
sis vectors for I'1g are written below:

Basis vector 1)1:

Vii=(Mcge1+Mcez) z

Va1=(Mgez+Mcea+Mees+Mees) z

Vii=(Mcez-Mces )y +(Mee1-Mee2) x
Basis vector s:

V12:(MC63+MC'64)X



Vao=Mce1+Mceea+Mees+Mees) x

Vso=(Mce1-Mce2 )y +Mces-Mces) z
Basis vector ¥3:

Viz=(Mges+Mces)y

Vas=(Mce1+Mce2+Mces+Mceea)y

Vas=(Mce1-Mce2) x +(Mces-Mcea) z

The basis vectors 11 , ¥2 and 13 describe a ferromag-
netic arrangement along [100], [010] and [001] axis re-
spectively, while a combination of the three basis vectors
leads to a ferromagnetic arrangement along the [111] di-
rection.

Due to cubic symmetry, the averaged observed inte-
grated intensities, lead to the same magnetic intensi-
ties when the magnetic moment direction is along the
principal axis. The refinement of the magnetic moment
from the measured intensity in the ordered state leads
to a value of 1.2(2) pup per cerium ion, which is close
to that deduced from the magnetization measurements.
The scaling factor and the structural parameters used in
the refinement are those deduced from the refinement in
the paramagnetic phase.

VI. DISCUSSION

Magnetic measurements in the ferromagnetic phase of
CezPt23Si11 show that a weak but significant anisotropy
exists with an easy magnetization axis along the three-
fold axes of the cube. As said above, the observation of a
magnetic anisotropy is not consistent with a I'7 doublet
CEF fundamental. On the other hand, the spontaneous
magnetization along the [111] axis, 0.914+0.02 pp/Ce, is
closer to the expected value for the I'; CEF ground state
than for the I's. An other intriguing point is the ob-
servation of two inelastic lines of magnetic origin in the
neutron spectroscopy spectra, while neutron diffraction
experiments confirm that, within the experimental accu-
racy, the crystallographic structure remains cubic at least
down to 800 mK. A similar feature has been reported for
the cubic Kondo compound CeAls and interpreted by the
existence of a very unusual and strong magneto-elastic
coupling that leads to a bound state between the CEF
and low-lying vibronic states.'> 15 In Kondo systems one
may expect a non negligible magneto-elastic coupling be-
tween an appreciable extended 4f orbital and the lattice
degrees of freedom, via the hybridization of the 4f elec-
tron and the conduction band. However, the existence of
a CEF-phonon bound state requires very peculiar con-
ditions. In a neutron scattering process, both magnetic
and phonon scattering are present but their contribu-
tions can be separated in most cases because they have
a different behavior as function of the momentum trans-
fer. In CeAly, the CEF-phonon bound state exists be-
cause of very peculiar conditions i.e. low-lying phonon
branches of the Ce sub-lattice peaking at the same en-
ergy than the CEF excitations. This is why such an effect
has been reported for only very few compounds, YbPOy4

and CeCug, besides CeAly.20 At the present stage of the
study, there is no experimental evidence of anomalous
magneto-elastic effects in CegPt235i11, except may be the
fact that in the neutron scattering spectra the phonon
peak intensities start increasing and the CEF peak in-
tensities start decreasing simultaneously only above 50
K (see Fig. 6). The bulk heat capacity of CesPto3Sii;
shows a standard behavior in the paramagnetic phase,
exactly similar to that of LagPto3Si;; with the same De-
bye temperature. Due to the stoichiometry, the Ce or La
ions are highly diluted in a matrix made up almost en-
tirely of Pt. Thus the contribution of the Pt sub-lattice to
the low-lying phonon spectrum can hardly be neglected
in Ce3Pt238111 or LagPtggsin contrary to CQAIQ.

The interpretation of the two inelastic lines in the
scattering spectrum of CeAl; by a CEF-phonon bound
state is strongly supported by the fact that the CEF
excited state, the I's quadruplet, can be split by the
magnon-phonon coupling during the scattering process.
A similar splitting for the I'; excited state is not possible.
We tentatively analyzed the magnetic measurements
in Ce3Pto3Si1; within the CEF formalism in order to
deduce the CEF ground state. For Ce3* ions in cubic
symmetry only fourth degree terms are effective in
the CEF Hamiltonian, thus only the parameter W =
+Ecrr/6 has to be considered in the Lea, Leask and
Wolf parametrization.?! Assuming a CEF splitting,
Ecpr = (E1 + E3)/2 ~183 K leads to W = £30.5 K.
A positive (negative) value of W selects a T'; (T's) as
CEF ground state. In rare earth compounds, quadrupo-
lar and/or magneto-elastic interactions may strongly
perturb the magnetic properties and in some cases may
change the easy axis. We thus included the quadrupolar
interactions in the calculations besides the bilinear
Heisenberg-type exchange.?? The basic Hamiltonian
given by the sum of the CEF, exchange, Zeeman and
total quadrupolar Hamiltonians, is diagonalized. The
bilinear exchange (n) and the total quadrupolar cou-
pling (G,,) that account for both the magneto-elastic
and purely quadrupolar couplings are treated within
the mean-field approximation. The bilinear exchange
parameter, n = 6,/C (6, is the paramagnetic Curie
temperature and C the Curie constant), has been
determined for each ground state as the value calculated
for the inverse of the susceptibility at T¢ = 440 mK:
n = 1265 T/up and 0.492 T/up for a I'7 and a I'g
ground state, respectively. A first series of calculations
has been performed taking into account only the bilinear
exchange. Figure 3 shows the thermal variation of
the inverse of the susceptibility calculated with W =
+30.5 K and compares it to the calculations performed
with W = 4+23 K (E;1/6) and W = +38 K (E»/6)
respectively. The best consistency between calculations
and experimental data is obtained for the negative
values of W i.e. for a I's quadruplet ground state. In
figure 9, the calculated magnetization curves with W
= £30.5 K are compared with the experimental curves
obtained at 4.2 K along the three main axes of the cube.



At first glance, the calculations give again a much better
agreement for the I's ground state. In the low field
region up to 2 T, the agreement is very good for the
three directions with no anisotropy consistently with
the susceptibility measurements. Under higher fields,
the calculations predict a weak anisotropy with a larger
magnetization along the fourfold [001] axis. Actually,
as shown in figure 5, the experimental anisotropy of
the magnetization is much weaker and would favor
the [111] axis. Systematically, the calculated values
are larger than the experimental ones for each axis.
The discrepancy between calculations and experimental
data is larger along the fourfold axis. We note that
calculations, not reported here, performed with W =
+23 K and £38 K lead to exactly the same behavior
and same values for the magnetization. Also it is worth
noting that the calculations of the Schottky anomaly
in the heat capacity lead to a contribution three times
smaller for a I's than for a I'; ground state, regardless
of the value of W. Thus a I's ground state would be in
a better agreement with the experimental heat capacity
reported in figure 1, which shows no anomaly.

We tried to reduce the discrepancy along the [001] axis
by introducing quadrupolar couplings. Along this axis,
only the tetragonal lowering symmetry mode (y mode)
has to be considered. The magnetization can be reduced
only for negative quadrupolar parameters. The best re-
sult is obtained with G, = -65 mK that leads to a reduc-
tion of about 16% for the magnetization along the [001]
axis. For values of G, <-65 mK the calculations become
unstable. As shown in figure 10 introducing a negative
quadrupolar coupling leads to a pronounced reduction of
the magnetization in the ferromagnetic phase. Though
the calculated values appear in better agreement with
the experimental data, calculations still predict a four-
fold easy axis. In both, the paramagnetic and ferromag-
netic phases, the quadrupolar coupling has no effect for a
I'7 fundamental no matter the value and the sign of G.

Within the conventional formalism used here, the mag-
netic properties in the paramagnetic phase and under low
magnetic fields: susceptibility and magnetization curves,
are consistent with a cubic ground state I's. However,
within the same formalism, a I's ground state leads in-
evitably to a fourfold easy axis contrarily to the observed
anisotropy in the ferromagnetic phase. Also group the-
ory analysis predicts a ferromagnetic arrangement along
the threefold [111] axis. The results would suggest siz-
able negative quadrupolar or magneto-elastic couplings
in Ce3zPta3Siyp. It is quite surprising that non negligible
antiferroquadrupolar couplings could exist in a ferromag-
netic compound. On the other hand, the apparent stabil-
ity of the cubic lattice makes questionable the existence
of strong magneto-elastic couplings. In any case, further
studies of the magneto-elastic properties, such as elastic
constants, magneto-striction and third-order susceptibil-
ity measurements are necessary to support the existence
of such strong couplings. Assuming a I's ground state,
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FIG. 9. (Color online) Comparison between calculated and
experimental magnetization curves at 4.2 K along the three
main axes of the cube. The Hamiltonian given by the sum of
the CEF, exchange, Zeeman and total quadrupolar Hamilto-
nians, is diagonalized. The couplings: the spin Heisenberg-
type exchange and the total quadrupolar coupling, are treated
within the mean-field approximation. The calculations have
been performed for two values of the CEF parameter W =
+30.5 K. W = -30.5 K selects the I's ground state and the
exchange constant deduced from the calculated susceptibility
isn = 0.492 T/up. In the figure, the full and dashed lines
represent the calculations with a total quadrupolar constant
G, = 0 and -65 mK respectively. For W = +30.5 K the
ground state is the I'; doublet and the exchange constant is n
= 1.265 T/up. In the figure the dash dot and short dash lines
represent the calculations with a total quadrupolar constant
G, = 0 and -65 mK respectively.

the two inelastic lines observed in the neutron spectra
cannot be accounted for, unless a strong lattice distor-
tion splits the quadruplet into two doublets. As said
above this is not observed by static experiments. More-
over the Thalmeier model can not apply in case of a I'g
ground state because the excited doublet I'; cannot be
split. The present analysis performed within a static cu-
bic symmetry fails in explaining coherently the different
properties and experimental observations in CegPta3Siy;.
A last possibility that could be considered is the split-
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FIG. 10. (Color online) Calculated (lines)and experimental
(dots) magnetization curves in the ferromagnetic phase along
the fourfold and three fold axes. The full and dashed lines rep-
resent the calculations for a I's ground state with a bilinear
exchange constant n = 0.492 T/up and a total quadrupolar
constant G, = 0 and -65 mK respectively. The dash dot and
short dash lines represent the calculations for a I'; fundamen-
tal with n = 1.265 T/up and a total quadrupolar constant
G, = 0 and -65 mK respectively.
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ting of the I's ground state via a Dynamical Jahn-Teller
effect, in which case the apparent crystal symmetry re-
mains cubic.2? Further experimental work is required to
explore this hypothesis.

VII. CONCLUSIONS

A large panel of experimental techniques has been
used to study the physical properties of Ce3Pto3Siig.
Heat capacity and electrical resistivity are in agreement
with a good metal behavior. In the paramagnetic phase,
the magnetic susceptibility presents a thermal variation
fully consistent with a normal trivalent cerium ion. In
the same paramagnetic phase however the neutron spec-
troscopy reveals very unusual inelastic spectra with the
existence of two magnetic excitations in this cubic cerium
compound. Attempts to determine the CEF ground state
within the CEF formalism let suppose that a I's quadru-
plet ground state would be more consistent with the mag-
netic properties at least in low fields. In the ferromag-
netic phase however, the anisotropy of the spontaneous
magnetization is no more consistent with a quadruplet
ground state. Also, along the three high symmetry axes,
the magnetization under high field tends to almost the
same value, &~ 1 up/Ce. This value is smaller than the
expected 1.571 up/Ce for the I's ground state and the ap-
parent isotropy let suppose a splitting of the quadruplet
into two doublets. This may be ascribed to a Dynamical
Jahn-Teller effect.
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