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The crystal-field ground state wave functions of the tetragonal, magnetically ordering Kondo
lattice materials CeM AlsSiz (M =Rh, Ir and Pt) are determined with low-temperature linearly
polarized soft x-ray absorption spectroscopy, and estimates for the crystal-field splittings are given
from the temperature evolution of the linear dichroism. Values for the dominant exchange field in
the magnetically ordered phases can be obtained from fitting the influence of magnetic order on the
linear dichroism. The direction of the required exchange field is || ¢ for the antiferromagnetic Rh
and Ir compounds, with the corresponding strength of the order of Aez ~ 6meV (65K). Furthermore
the presence of Kondo screening in the Rh and Ir compound is demonstrated on the basis of the

absorption due to f° in the initial state.

The tetragonal cerium families CeM5Sis and CeMIns
(or more generally Ce,, M ,Ing,,12,, where m and n are
the number of the Celng and M1Insy building blocks) are
prototypical heavy-fermion materials where the substitu-
tion of the transition element M or application of pres-
sure may drive the system from a well localized and
magnetically ordered state into a more itinerant, uncon-
ventional superconducting ground state. The systematic
investigation of the above mentioned substitution series
has contributed tremendously to the understanding of
the underlying physical mechanisms in ground state for-
mation. However, the proximity of magnetic order, in
most cases antiferromagnetic, and superconductivity is
still a fascinating and, despite great progress, not fully
understood puzzle in modern solid state physics.™®

It is accepted that in Ce based compounds the
hybridization of f and conduction electrons (cf-
hybridization) leads to the competition of the indirect
Ruderman-Kittel-Kasya-Yosida (RKKY) interaction and
the on-site Kondo interaction. This competition has a
great impact on ground state formation which is illus-
trated in the Doniach phase diagram,’ where the ex-
change interaction J, can be tuned by different control
parameters like doping, pressure, or magnetic field. For
small exchange interactions the RKKY interaction forms
a magnetically ordered ground state. With increasing
Jew the RKKY interaction increases at first before mag-
netic order is suppressed by the dominance of Kondo in-
teraction. The latter leads to a screening of the local
magnetic moments resulting in a non-magnetic singlet
ground state. Quantum critical points (QCP) and un-
conventional superconductivity have been reported when
going from one regime to the other.'®'2 More recent cal-
culations suggest that the dimensionality of the system
can be used to control the type of QCP'3'* and lowering
the dimensionality is believed to result in an increase of
the superconducting transition temperature.'® This calls

for new classes of f-electron materials in which the di-
mensionality can be systematically tuned.

Here the members of the tetragonal CelM,,Alg,115is
family with tunable dimensionality comes into focus,
in particular the recently synthesized n=1 members,
namely CeMAl;Si; with M = Rh, Ir, and Pt.1617 Ac-
cording to susceptibility measurements CeRhAl,Sis and
CelrAl4Sis order antiferromagnetically with two mag-
netic transitions at Thy=14K and Ty =9K and at
Tn1=16K and Te = 14 K, respectively and ordered mo-
ments aligned along the ¢ axis while CePtAl4Sis becomes
ferromagnetic at Tc =3 K with the moments aligned in
the basal plane. Neutron diffraction and Al1%2” NMR stud-
ies of the Rh and Ir samples confirm this; below T o
the magnetic order is commensurate and the moments
are aligned in ferromagnetic planes in antiferromagnetic
stacking along the c axis.'®'¥ Between Tyi and Tio
the magnetic order is incommensurate.!?2° The ordered
magnetic moments are much smaller than the full mo-
ment of the J=5/2 Hund’s rule ground state and the
magnetic and transport data are strongly anisotropic,
both suggesting the presence of crystalline-electric field
(CEF) effects. In addition, Maurya et al. suggest
that Kondo screening reduces the magnetic moments
further.'”

The goal of the present work is to determine the CEF
potential of CeM Al4Sis with M = Rh, Ir, and Pt. The
CEF ground state wave functions are investigated by
analysis of the low-temperature linearly polarized soft
x-ray absorption spectroscopy (XAS) data at the Ce®*
(f') M-edge and the CEF splittings are determined from
the temperature-dependent linear dichroism (LD). For
Rh and Ir samples, at low temperatures close to the mag-
netically ordered phases (T'<20K) a further change in
LD has been observed that cannot be accounted for by
population of excited CEF states. It turns out that this
is due to the impact of the exchange interaction Hey, in
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FIG. 1. Experimental low-temperature (T =20K) linearly polarized soft x-ray data of CeRhAl4Sis (left), CelrAlsSia (middle)
and CePtAl4Siz (right) at the Ce Ma s absorption edge. At the top of each panel the experimental data and in the middle the
simulations are shown. The green circles and black lines at the bottom represent the corresponding experimental and simulated
linear dichroism, respectively, and the corresponding spatial distributions of the 4f electrons are included as insets. The black
arrows indicate the position of absorption due to f° in the initial state.

addition to the CEF potential (Hcgr). An estimate for
the most important exchange field will be given. With
increasing cf-hybridization the f-electrons tend to delo-
calize increasingly so that the ground state becomes a
mixed state with some small amount of Ce** (f°). The
amount of absorption due to the f© contribution in the
initial state allows us to order the three compounds qual-
itatively according to their exchange interaction.

High-quality single crystals of CeMAl4Siy (M =
Rh, Ir, Pt) were grown out of Al/Si eutectic flux.'6
CeM AlySiy crystallizes in the KCuySs-type tetragonal
lattice structure (space group P4/mmm) with lattice
parameters of a=b=4.227, 4.233, and 4.271 A, and
¢=8.047, 8.035, and 8.060 A for M = Rh, Ir and Pt, re-
spectively. The sequential stacking of BaAl,-type Ce con-
taining layers separated by MAl, slabs along the c-axis.
The Ce-Ce distance in the ab-plane is ~4.2 A and ~8 A
along the c axis, albeit separated by the M Al, slab. More
details of the crystal structure and sample characteriza-
tion can be found in Refs. 1618 XAS and LD spectra at
the Ce M, 5 edges were measured at temperatures from 4
to 300K at the DEIMOS beamline?! in the synchrotron
facility SOLEIL. The spectra were recorded for E | ¢ and
E| ¢, E is the polarization vector of the soft x-ray. The
LD is defined as the differences of the absorption intensi-
ties Ipy1c—1Ip .22 Clean sample surfaces were obtained
by cleaving the samples in situ in the ac plane under
ultra high vacuum (UHV). All spectra were recorded in
the total electron yield (TEY) mode in the UHV cham-
ber with a pressure in the 1071° mbar range. The energy
resolution at the Ce My 5 edges (hv =~ 875—910eV) was
set to 0.10eV.

The XAS data were simulated with ionic full multiplet
calculations which include Coulomb (H¢) and spin or-
bit interaction (Hso) using the XTLS 8.3 program.?3
All atomic parameters are given by Hartree-Fock val-
ues, with a reduction of about 40% for the 4f — 4f
Coulomb exchange interactions and of about 20% for
the 3d — 4f interactions. These reduction factors ac-

count for the configuration interaction effects not in-
cluded in the Hartree-Fock scheme and compare well with
our findings for other cerium compounds.?4 2% Once the
atomic parameters were fine-tuned to reproduce best the
isotropic spectra (lisotropic = 2/p1c + Ig|¢), the po-
larization dependence in XAS was solely described by
the crystal-field Hamiltonian Hopp for the tetragonal
crystal-electric field.

Figure 1 shows the polarization-dependent XAS data
of CeRhAl,Siy, CelrAlsSis and CePtAl4Si; at the Ce
My 5 absorption edge. The main absorption is due to
the transition 3d'° f! — 3d°f? and only a small amount
is due to 3d0f% —3d°f' (see black arrows in Fig.1).
The data were taken at 20 K which is sufficiently low
to guarantee that only the ground state is probed since
according to macroscopic data the first excited CEF level
is expected to be at about 100K in these compounds.'®
The polarization of the M =Rh and Ir data look very
much alike suggesting similar ground-state wave func-
tions, whereas that of the Pt sample has an opposite
polarization. Because of the tetragonal symmetry the
probed state is either a I's=| £ 1/2) or one of the
two mixed states Tt =a| £5/2) £v1—a2 | F3/2) or
I'Z=v1-0a?£5/2) Fa | ¥3/2). In case of a mixed
state, the mixing parameter o needs to be determined.

Comparision of the data and the simulations of the
pure states (see Refs. [24] and [25]) excludes the |J,) =
| +1/2) as ground state, and the map of the polarization
changes of o between 0 and 1 as presented in Ref. [24]
shows that all three compounds have a I'7-type ground
state. This analysis further shows the |J.)=| + 3/2)
contribution is largest in the Pt compound. The fitting
yields

CeRhAl4Siy: [0) = 0.66] = 5/2) + 0.75| F 3/2)
CelrAl,Siy: |0) = 0.66| & 5/2) + 0.75| £3/2) (2)
CePtAl;Siz: [0) = 0.12] +5/2) +0.99| F3/2) (3)

as ground-state wave functions with an accuracy of
Aa = £0.02. The simulations of the M, 5 edges are

(1)
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FIG. 2. Temperature-dependent (20-300 K) linear dichroism of the Ce3t My 5 edge of CeRhAl4Sis (left panel) and CePtAlsSis
(right panel). The experimental data are shown in the upper part of each panel and the best fitting simulation of the LD
spectra are given in the lower part. The sequence of crystal-field states is shown as inset.

shown in the middle of each panel of Fig.1. The mea-
sured and simulated LD presented on the bottom of each
panel in Fig. 1 are in perfect agreement. Inset in each
panel shows the corresponding spatial distributions of the
4f electrons. The two antiferromagnetic compounds with
ordered moments along ¢ have oblate ground state f or-
bitals in contrast to ferromagnetic CePtAl;Ais with or-
dered moments in the basal plane which has a prolate
ground state orbital.

Temperature dependence of the measured and simu-
lated LDs of both absorption edges (Ce M5 and My)
for temperatures between 20 and 300K are presneted
in Fig.2. Temperature dependence of the polarization
arises due to thermal population of excited states, i.e. at
elevated temperature the superposition of the polariza-
tions of each thermally excited state is measured. The
polarization dependence (LD) should vanish when all
crystal-field states are equally populated because this sit-
uation reflects the isotropic, non crystal-field split Hund’s
rule ground state. The top panels show the measured
LD of CeRhAl,;Sis and CePtAl4Sis. The temperature-
dependent LD spectra of CelrAlsSis are quite similar
to those of CeRhAl;Sis and therefore not shown. For
CeRhAl4Sis the LD decreases successively with increas-
ing temperature, whereas in the Pt compound it increases
at first up to 50- 100 K before it also decreases with fur-
ther rising temperature. For all three compounds, such
a temperature dependence can only be explained with
a I'g as first excited and a I'Z as second excited state

(cf. discussion of temperature dependence of CePt3Si in
Ref. [25]).

Knowing the sequence of states from the above con-
sideration allows us to simulate the temperature depen-
dence by fitting the CEF transition energies to a suc-
cessively populating three level system. The bottom of
Fig. 2 shows the best fit to the temperature dependence
of the respective LDs. We find the first excited CEF en-
ergy (A1) =215+10K for CeRhAl;Sis (CelrAlySis) and
~195+10K for CePtAl4Si;. The second excited state
(A2) 22300 +15K.%” The values of the in-plane (g ) and
out-of-plane (g | ) components of the g factor can be cal-
culated based on the ground states: g, = gr(8a* — 3),
g1 = g1(2v5a/1 — a?), with the Lande g-factor g; of
6,7 for Ce®>*. Using the a value determined above, we ob-
tain the g factor as: g = 0.41, g1 = 1.90 for CeRhAl4Si,
and CelrAl;Sip samples, and g = 2.47,9; = 0.46 for
CePtAl4Sig.

Above 20 K the polarization-dependent spectra and the
temperature dependence of the LD are well described
with the CEF scheme described above. Such a CEF
scheme with levels at 200 and 300 K will not give rise to
any T-dependence between T'=4 and 20 K since at such
low temperatures thermal population has no impact. In-
terestingly, when comparing the data at T'=4K and 20K
[see dotted lines Fig. 3 (a)] there is a small but clear en-
hancement of the LD in CeRhAl4Sis (CelrAlySis). The
deviation of a CEF-only model from the true temperature
dependence of the LD can be seen clearly in Fig. 3 (c),
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FIG. 3. Influence of the exchange field on the LD intensity.
(a)Experimental LD spectra at 4 and 20K and simulations
with exchange field for CeRhAl4Sis. Hex || [0,0,1] 26 meV
are used in the simulations for CeRhAl4Si>. (b)Experimental
LD spectra at 4 and 20K for CePtAlsSis. (c)Temperature-
dependent LD intensity, with and without exchange field, for
CeRhAl4Si2. The LD intensity is modified at T' < 20 K when
an exchange field is considered. (d)Temperature-dependent
LD intensity of CePtAlsSiz can be well fitted at T < 20K
without the exchange field.

where the difference of maximum and minimum LD [re-
ferred to as LD intensity in Fig.3(a)] as function of
temperature is compared with the CEF-only simulation
(black line). The discrepancy is observed in the magnet-
ically ordered phase of CeRhAl,Sis (CelrAlySiz) but not
for CePtAl4Sis where all data were taken above the or-
dering transition temperature. It is therefore appropriate
to use an exchange field to account for the deviation from
the CEF-only LD and we apply the following Hamilto-
nian

H = HC + HSO + HCEF + Hex (4)

for the magnetically ordered phase of the Rh and Ir com-
pounds. Here the the exchange interaction Hgy acts on
the ion in addition to Coulomb, spin orbit and CEF
interaction. Hey leads to a Zeeman splitting of the
Kramers’ doublets and a reshuffling of the J, contribu-
tions via the excited states and consequently a change
in LD. We find that below 20K an exchange field || ¢
(Hex || [0,0,1] 26 meV) is required to describes the LD
well (see red line in Fig.3(c)). The resulting Zeeman
splitting of the ground state Kramers doublets is shown
in Fig.4. The J, =|=£5/2) contribution in the lower sin-
glet GST is enhanced so that the LD increases with re-
spect to Hex =0 at 20 K. In principle we expect that the
two levels of a Zeeman split Kramers doublet are identical
and that the LD remains unchanged. However, it turns
out the exchange/Zeeman split CEF states of the same

H
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FIG. 4. Impact of an exchange field on the CEF ground
state. For CeRhAl4Siz the Zeeman splitting of the ground-
state doublet amounts to 0.3meV, when an exchange field
field Hex || [0,0,1] 26 meV is active at 4K. The J, =|+5/2)
contribution is enhanced in the lower singlet with respect to
He=0.

irreducible representation mix with one another when the
exchange/Zeeman splitting is large enough with respect
to the CEF splitting. As a result the J, admixtures in the
magnetically ordered phase are slightly modified (reshuf-
fled) with respect to the paramagnetic phase and the
LDs differ accordingly. Note, the Boltzmann occupation
of the higher Zeeman split states have to be taken into
account when calculating the size of the LD. The effect is
therefore small. Also most measurements for CEF pur-
poses are performed well above the ordering transitions
(see e.g. Ref.s 28-31)so that this effect us usually not
observed.

The different CEF ground state wave function of the
Pt compound with respect to Rh (Ir) reflects the dif-
ferent magnetic behavior within the CeM Al4Siy family
and our CEF models reproduce the anisotropy of the
high temperature susceptibilities. As shown in Fig. 5,
the magnetic susceptibility along the easy axis is well de-
scribed with the CEF-only calculation, however, along
the hard axis, a better description requires additional
anisotropic molecular field A\, which are A\, = —60 and
Ae = —80 mol-f.u./emu for CeRhAl,Siy and CePtAlySis,
respectively. At low temperatures deviation between
the experimental and CEF-only calculation are observed
along the easy axis in both materials. It indicates
that magnetic correlations other than the CEF effect
start to dominate the magnetic anisotropy. The anti-
ferromagnetic spin structures of Rh and Ir compounds
(with spins parallel or antiparallel to the ¢ axis) deter-
mined from neutron diffraction'®'® require a strong ex-
change field || ¢ at low temperature, which is confirmed
by our results. The CEF-only magnetic moments which
are calculated at 20K for an infinitesimal small field
(~0.10¢) amount to 0.95up/Ce Lc (M =Rh, Ir) and
1.18 up/Ce || ¢ (M =Pt), respectively, i.e. they agree well
in size with findings from magnetization but at low T
the anisotropy is not reproduced by the CEF-only sim-
ulation, thus stressing again the impact of the exchange
fields.

We provide an estimate of the exchange field Hey in
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the ordered state for M=Rh and Ir based compounds
on the available experimental data presented here and in
Refs. 16, 17, and 19. A detailed theoretical model that
reproduces the magnetic phase diagram of CeMAl,Sis
will be published elsewhere.?? The interaction between
the Ce ions is of RKKY type and the Hamiltonian is
given by H = —Zuzayb’cqu?’J(Q)auSu(Q)Su(_Q)/za
where J(q) is the RKKY interaction, S(q) is the mag-
netic moment in the momentum space and a = (n,7,1)
accounts for the uniaxial anisotropy. For M=Rh, Ir there
is a strong easy axis anisotropy along the c¢ direction:
n > 1. For M=Pt, the anisotropy is of the easy-plane
type: 7 < 1. For n > 1, the mean field value of the or-
dering temperature, T1, is given by TMF = J.(Q,)S?,
where Q, is the optimal ordering wavevector that max-
imizes J.(q). According to the neutron scattering mea-
surement, we know that Q, &~ (0.02,0.02,0.5) at Ty for
M=Rh and Ir.'® The exchange field H., below T is
Hex = Jo(Q)(S)? where (S) is the thermally averaged
magnetic moment, and Q is the ordering wave vector at
a given temperature (Q = Q, at 7' = T1). Because Q
remains close to Q, at any temperature, we approximate
J:(Q) by J.(Q,). In addition, we have that (S) ~ S for
T < Tns-

The mean field analysis then identifies the exchange
field with mean field ordering temperature: He, ~ THE.
However, it is known that the actual ordering temper-
ature is significantly lower than the mean field esti-
mate, Tn1 < TAiEF, due to the effect of thermal fluc-
tuations, which are neglected in the mean field anal-
ysis. For instance, according to Omnsager’s solution,3?
TME ~ 21n(1 4 +/2)T. for a two-dimensional ferromag-
netic Ising model. This ratio increases upon including
competing exchange interactions (frustration), which en-
hance the effect of the thermal fluctuations. It can be
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FIG. 6. (a)Isotropic spectra of CeM AlySis for the absorption
due to f° in the ground state and (b) M = Rh f° spectral
weight for all temperatures. The isotropic spectra are con-
structed from the polarized data and normalized to the total
(f' and f°) integrated absorption intensity.

shown that the same competing interactions that induce
the observed incommensurate orderings in CeMAl,Sis
with M=Rh and Ir, can also enhance the T]%F /TNy ratio
to values between 3 and 4,3? in agreement with the LD
data for these compounds.

Finally, we compare the regions of absorption for the
transitions from the 3d'°4f° initial state for the 20K
data (see black arrows in Fig. 1). These regions are shown
for the isotropic data on an enlarged scale in Fig. 5. For
the Rh and Ir compounds (light green and orange lines)
the humps are fairly pronounced while they are barely
visible for the ferromagnetic Pt sample (purple line). We
can further state that the f° contributions are unaffected
by the magnetic order by comparing with the 4 K data
(see thin dark green lines) which fall on top of the 20K
data. Warming up to 300 K reduces the fO spectral
weight as expected when depopulating the Kondo singlet
state. However, here the temperature dependence of the
fO spectral weight does not appear to be well suited for
determining the Kondo temperature since excited CEF
states are becoming populated in the same temperature
interval.

Qualitatively, the weak f° humps in the Pt sample
and its lowest ordering temperature within the family
give rise to the assumption that it is far to the left in
the Doniach phase diagram, i.e. in the region of minor
Kondo screening. The ferromagnetic ordering (in con-
trast to the antiferromagnetic ordering) despite having
the largest Ce-Ce bond distance might be another indica-
tion for the weak exchange interaction in this compound.
The presence of more pronounced f° humps in Rh and Ir
compounds clearly show the presence of Kondo screening,
which puts them closer to the maximum of the ordering



temperature in the Doniach diagram — in line with the
reasoning presented in Ref. 16 on the basis of the fairly
high ordering temperatures. This makes the latter two
compounds ideal candidates for becoming quantum criti-
cal and/or superconducting under applied pressure, mak-
ing the CeMAl,Sis another model family for investigating
the interplay of magnetism and superconductivity.

To summarize, the CEF ground state wave functions of
the Kondo lattice Ce M Al4Siy (M =Rh, Ir and Pt) single
crystals have been determined with low-temperature lin-
early polarized soft XAS and the CEF splitting energies
were obtained from the temperature dependence of the
linear dichroism intensity. Furthermore, the impact of
the exchange field in the magnetically ordered state has

been detected and an estimate for the dominant exchange
fields acting on the Ce ions in CeM Al4Sis (M =Rh and
Ir) are given. The f° contribution in the ground states
of the Rh and Ir compounds points towards the presence
of Kondo screening, making them ideal candidates for
further investigations.
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