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We study the electronic structure of the skutterudite Ce;CosSn;3, which is known to exhibit a charge
density wave (CDW) transition, at temperature Tcpy ~ 160 K, coupled to a metal-to-metal transition. We use
temperature dependent hard x-ray photoemission spectroscopy (HAXPES) and x-ray absorption spectroscopy
(XAS) to investigate the occupied and unoccupied electronic states of Ce;Co4Sn;3. The Co 2p and Sn 3p core
level spectra show small but finite shifts in binding energy positions across T¢pw while Ce 3d core level spectra
do not show any change across the transition. The Ce M, s-edge XAS spectrum compared with calculations
indicate a typical trivalent ionic Ce*" spectral shape, ruling out Kondo screening in Ce;Co,4Sn,3. In contrast,
the Co L, 3-edge XAS spectrum compared with a calculated spectrum shows evidence for hybridization with
neighboring Sn atoms in a trigonal prismatic co-ordination. Temperature dependent XAS across the Co L, 3-edge
shows a small shift across T¢pyw, consistent with HAXPES results. Detailed XAS measurements as a function of
temperature show that the spectral shifts occur with a hysteresis across T¢pw, indicative of a first-order transition.
Valence band spectra show a normal Fermi edge above and below T¢pw. The Co 3d states are observed at a
binding energy of ~2 eV while the Ce 4 f states occur as a weak feature within 0.5 eV of the Fermi level. The

results suggest an unusual CDW transition coupled to a metal-to-metal transition in Ce;Co4Sn;3.
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I. INTRODUCTION

Since the original work on the theoretical prediction of
charge density wave (CDW) transitions by Peierls [1], and
its experimental confirmation in quasi-one-dimensional (1D)
materials [2,3] like Ko 3Mo005; and NbSes, the CDW transition
has continued to fascinate our understanding of temperature
dependent phase transitions [4]. While the early work concen-
trated on quasi-1D crystal structures [2,3], subsequent studies
showed that charge density wave order, or more generally,
charge ordering transitions, can occur in quasi-2D as well as
3D materials [4—12]. Charge ordering occurs in a variety of
materials such as quasi-2D transition metal dichalcogenides
(like NbSe,, TiSe,, TaS,, TaSe,, etc.) [5-9] and 3D oxide
systems (like BaBiOs, RNiO3, La;_,Ca,MnOs, etc.) [10-12].
Further, charge ordering transitions have recently attracted
significant attention in high-T, copper-oxide superconductors
[13-15], as well as materials like RTe;, R,Tes, and RTe,
(R = rare-earth element) [16-21].

The valence and conduction band electronic states of the
materials discussed above are derived from strongly cor-
related transition metal d-electron or rare-earth f-electron
states, bonding with ligand electrons. It is noted that even
for the nickel- and copper-based oxide families, which also
contain rare-earth (R) metal cations like La, Nd, etc., the
electronic states of the R ions are known to exhibit negligible
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contributions to the valence-band and conduction-band states
near the Fermi level. However, there are other series of materi-
als which exhibit CDW transitions and include both transition
metal d and rare-earth f electrons. These are intermetallics
such as the series R3M4Sn;3 (R = La, Ce, Pr, Nd, Gd,
Yb; M = Co, Rh, Ir) [22-27]. The R3M4Sn;; series in-
cludes materials which show low-T, superconductivity coex-
isting with CDW transitions; for example, La3;Co4Sn3 shows
low-T, superconductivity below 7, =2.85 K and a CDW
transition at Tcpw ~ 160 K [22,24,26,27]. This behavior is
reminiscent of 2H-NbSe,, which shows superconductivity
below 7. = 7.2 K and a CDW transition at Tcpw ~ 35 K
[8]. In contrast, Ce3Co4Sn;3 shows heavy fermion behavior
and a CDW transition at Tcpw ~ 160 K [22,24,25,27], but
no superconductivity. So the natural question arises, What is
the role of the rare-earth R ions and the transition metal M
ions in the superconductivity/heavy-fermion behavior and the
CDW transition. This is important because there are two more
ternary series of compounds, namely RsM4Sijg and RMC,
(R is a rare-earth element and M is a transition metal), where
metallicity is retained across CDW transitions.

Both the series RsM4Sijp and RMC, also show charge
density wave transitions (at 7¢ py ) with local moment behav-
ior, and coexisting magnetic order and/or superconductivity
at very low temperatures compared to Tcpw. For exam-
ple, in the RsM,4Sijo series [28-32], ErslrySijy shows an
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incommensurate CDW transition at 155 K, followed by a
commensurate CDW transition at 55 K, and local moment
antiferromagnetic order below 2.8 K. In contrast, LusIrsSijg
shows a commensurate CDW transition at 80 K, followed by
superconductivity below 3.9 K. More interestingly, the CDW
transition temperatures as a function of R decrease linearly
from Dy to Lu, except for Yb which does not show a CDW
transition. It was shown that both ionic size and disorder
effects play an important role in the CDW transitions in the
RsM,Si g series [32]. On the other hand, in the RNiC, series
[33,34] the CDW transition temperature shows a systematic
increase in T¢pw from Ce to Lu, and magnetic ordering at low
temperatures between 4 and 25 K, depending on the R ion. In
the RNiC, series, Yb and La do not show a CDW transition,
while only La shows superconductivity below 2.7 K. Interest-
ingly, while all the remaining R ions show antiferromagnetic
order, only SmNiC, shows ferromagnetic order below 17 K. A
recent study discussed the role of the band structure changes
associated with lanthanide contraction as a possible origin
for the increase in Tcpw in the RNiC, series [34]. Hence,
there are two more series of ternary rare-earth-containing
compounds, which show metallicity across CDW transitions
and local moment behavior, in contrast to the normal expecta-
tion of a metal-to-insulator transition accompanying a CDW
transition [4].

In this work, we study the electronic structure changes
across the CDW transition in the ternary intermetallic com-
pound Ce;Co4Sn;; using a combination of bulk-sensitive
hard x-ray photoelectron spectroscopy (HAXPES) and x-ray
absorption spectroscopy (XAS). Early studies revealed an
anomalous bump in the electrical resistivity of Ce3;Co4Sni3
around T ~ 160 K, but with metallic behavior above and be-
low the anomaly [22-24]. It was also shown that Ce3Co4Sn;3
exhibits an increase below 5 K in the specific heat with
a peak at 0.65 K. The authors estimated a specific heat
coefficient y ~ 75 mJ mol 'K~! as T — 0, and it was
4280 mJ mol~'K~! at the peak [23]. They concluded that
Ces;Co4Snj3 is a heavy electron system exhibiting Kondo
scattering and it undergoes a magnetic transition at 0.65 K.
However, the magnetic susceptibility did not show any change
at the high temperature resistivity anomaly at 7 ~ 160 K,
and the high temperature susceptibility indicated a Ce** state
with a perr = 2.56up, very close to the ionic Cet value of
2.54up.

Lue et al. predicted a CDW transition in Ce3Co4Sn3
based on specific heat studies and nuclear magnetic resonance
measurements as a function of temperature [25]. They based
their picture on the absence of a magnetic transition across
T ~ 160 K and the possibility of a structural transition driven
by electron-lattice coupling. Further, the nuclear magnetic
resonance (NMR) data were consistent with a reduced density
of states in the low temperature phase, which suggested a
partial Fermi surface gapping in the electronic structure. How-
ever, evidence for a structural transition or a superstructure
could not be observed from conventional laboratory based
diffraction experiments. This is mainly attributed to the fact
that the crystal structure is quite complicated [23,27,35].
At room temperature, the structure crystallizes in the so-
called Yb3;Co4Sn;3 cubic structure (space group Pm3n,
no. 223), and it has a large unit cell with lattice parameter

a = 9.6022 A. Tt consists of Sn icosahedra, Ce-Sn cuboctahe-
dra, and Co-Sn trigonal prisms. It is important to note that
although the CeSnj, cuboctahedrahave two types of Ce-Sn
distances, they are both large: 3.4080 and 3.3335 A [23].
Accordingly, Ce and Sn are expected to be weakly hybridized.
In contrast, the CoSng trigonal prisms exhibit a Co-Sn dis-
tance of 2.6210 A [23], and are expected to be relatively
strongly hybridized based on band structure calculations [36].
A synchrotron based hard x-ray diffraction study [27] revealed
the formation of a superstructure below T¢py ~ 160 K with
wave vector ¢ = (1/2, 1/2, 0) confirming the CDW transition
in the low temperature phase. In addition, the results [27]
suggested a chiral cubic structure (space group /2,3, no. 199)
for the CDW phase in Ce3Co4Sn;3. In a very recent inelastic
neutron scattering study [37] it was shown that the Ce 4 f
crystal field excitation spectrum shows features at 6 and
29 meV, which remain essentially unaffected across T¢pw,
suggesting that the Ce 4 f electronic states do not participate
in the transition. This is consistent with the fact that Tcpw is
similar for La;Co4Sn;3 compared to CezCoysSn3 [25,26].

Surprisingly, there are only two photoemission spec-
troscopy studies reported to date on R3CosSnj3 (R = La, Ce;
M = Co, Ru, and Rh) systems [38,39]. Both studies were
carried out using relatively surface-sensitive soft x-ray pho-
toelectron spectroscopy [38,39]. For Ce;Co4Sn;3, the authors
could not find any changes in the Ce 4 f and 3d states as well
as in the Co 3d electronic states, and observed changes only
in the Sn 4d core level spectra. Further, the Co 2p spectra
were not reported in their studies. The results are surprising
because, based on strong hybridization and nesting properties
predicted by band structure calculations [36], at least the
transition metal electronic states are expected to change across
the CDW transition. Hence we considered it important to carry
out bulk-sensitive HAXPES [40,41] of R3Co4Sn 3. Further, in
the recent study of Otomo et al. [27], using hard x-ray fluores-
cence spectroscopy across the Ce L3 edge and Co K edge, the
authors concluded there is negligible temperature dependence
for the Ce Ls;-edge spectrum, but showed that Co K-edge
spectra changed across the CDW transition [27]. In the present
study, we address this important issue regarding temperature
dependent changes in electronic structure for Ce3Co4Sn;3 by
investigating the Ce 3d, Co 2p, and Sn 3p core levels as well
as the occupied valence band using bulk-sensitive HAXPES,
and the unoccupied conduction band states using XAS.

II. SAMPLE PREPARATION, CHARACTERIZATION,
AND EXPERIMENTAL DETAILS

Single crystals of CesCosSn;3 were synthesized using a
Sn-flux method as reported earlier [26]. The samples were
characterized for the known cubic crystal structure at room
temperature using x-ray diffraction. Electrical resistivity mea-
surements confirmed the metal-to-metal transition at Tcpw ~
160 K, associated with the CDW transition [25]. The sample
showed a residual resistivity ratio RRR(p300k/p010x) ~ 1.47,
consistent with the value reported earlier in Ref. [25]. Tem-
perature dependent (7 = 20 and 170 K, i.e. below and above
the CDW transition) bulk-sensitive HAXPES (hv ~ 6.5 keV)
was carried out at the Taiwan beamline BL.12XU at SPring-8,
Japan. The energy calibration (accuracy of 10 meV) and
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FIG. 1. Ce 3d HAXPES core level spectrum measured at 7 = 20
and 170 K showing negligible changes across the CDW transition
at Tepw ~ 160 K. The labels f°, f', and f? mark the final states
as observed in CeCuAs, which is a Kondo system. The f 0 feature
shows negligible intensity in Ce;Co4Sn;3.

total energy resolution (270 meV) for the HAXPES measure-
ments were determined from measurements of the Fermi level
(EF) of gold film before and after the experiments. Clean
sample surfaces were obtained by cleaving the Ce;Co4Sn3
crystal in ultrahigh vacuum (UHV). Samples were aligned
in a grazing incidence (~5°) and normal emission geometry
for HAXPES experiments. XAS measurements were carried
out using normal incidence linearly polarized x rays in the
total electron yield (TEY) mode at BL-11A while partial
fluorescence yield (PFY) mode measurements were carried
out at the BL-08B1 beamline of the Taiwan Light source
(TLS), National Synchrotron Radiation Research Center, Tai-
wan. For the XAS measurements, the samples were mounted
with the [110] axis along the surface normal and with incident
polarization vector E parallel to [001]. However, since the
samples were cleaved in vacuum to obtain clean and reliable
XAS spectra, the cleaving resulted in nonuniform surfaces.
After cleaving the surfaces, we checked for spectral changes
by varying the incidence angle, from normal incidence to 60°
away from normal incidence. The spectra showed hardly any
changes in spectral shape as a function of incidence angle.
Temperature dependent XAS spectra were recorded for the
Ce My s and Co L, 3 edges. The energy resolutions at the Ce
M, 5 edge and Co L, 3-edge were ~0.2 eV in TEY mode and
about 0.45 eV in PFY mode. The Co L3 edge (~781 eV) of
CoO and the Ni L, edge (~870 eV) of NiO (since the Ni L,
edge is very close to the Ce Ms edge) were used as references
for accurate energy calibration for Co and Ce edge XAS data,
respectively.

III. RESULTS AND DISCUSSION

Figure 1 shows the Ce 3d core level spectra measured
using HAXPES at temperatures 7 = 20 and 170 K, above
and below the CDW transition at 7¢pw ~ 160 K. The spectra
show multiple features over the binding energy (BE) range of
~874 to ~930 eV and we assign their origins in the following.
The Ce 3ds,, main peak occurs at 884.6 eV binding energy

(BE) and the Ce 3d3,, main peak at 902.6 eV BE. The spectra
also show other features at ~898.4 and 924.6 eV. Based on
the Gunnarsson-Schonhammer model, it is well known that
Ce systems showing the Kondo effect exhibit three features
each in the Ce 3ds,, and 3d3/, energy ranges, namely the f 0
£, and f? final state features [42—44]. As a reference, we
show the Ce 3d core level spectra of CeCuAs;, a material
which shows the 9, f!, and f? spectral signatures of Kondo
screening [45]. For Ce3;Co4Sn;3, we find that the Ce 3d
spectra show only the f! and f? features, and the highest
BE Ce 3d;), f° feature expected at ~917 eV is missing.
This is consistent with the earlier soft x-ray photoemission
study of Ce;CosSnys [38,39]. The feature at ~924 eV BE
is the Co 2s core level. In fact, the relative intensity ratio
for the 3ds>:3d3/, main peaks is also significantly larger in
Ce3Co4Sn 3 compared to CeCuAs,. This gave us a hint to
check for other core level peaks occurring at the same energy,
and indeed we find that the Sn 3s core level is expected at
884.7 eV BE [46]. It overlaps with the Ce 3ds,, main peak
and results in the anomalous intensity ratio being larger than
the 3:2 ratio expected from the degeneracy of the levels. The
feature at ~898 eV is assigned to the 3d3;, f 2 feature, as
the 3ds;; f 0 feature should also be suppressed like the 3d; 2
counterpart.

The negligible intensity of the f° feature is known to occur
in other systems and is an indicator of reduced hybridization
and an increase of the attractive core hole potential [43,44]. It
was shown for the quantum critical system CeCug_,Au, that
the fO feature gets suppressed for x > 0.2 and corresponds
to a breakdown of Kondo screening, leading to the formation
of local moments [44]. The f-electron count changes from
ny=095 for x <0.1 to ny =0.99 for x > 0.2, ie., it
becomes very close to a pure Ce*" configuration. This also
leads to absence of the f! final state feature in XAS [47].
Our results confirm the expected behavior in the Ce My s-
edge XAS spectrum, which matches well with a pure atomic
Ce’* calculated spectrum, as discussed later (see Fig. 4). In
addition, the spectra show negligible temperature dependent
changes between T = 20 K and T = 170 K (Fig. 1), across
the CDW transition at T¢pw ~ 160 K. This is also consistent
with the soft x-ray photoemission study of Ce 3d core level
spectra [38,39].

Figure 2 shows the Sn 3p and Co 2p core level spec-
tra measured using HAXPES at T = 20 and 170 K. Panel
(a) shows that the Sn 3p3/,, level exhibits a main peak at
714.5 eV BE while the 3p;/, level shows a main peak at
756.5 eV BE. The main peaks show two satellites with equal
energy separation (labeled with asterisks) and progressively
reduced intensities, i.e., at ~14.5 and ~29 eV from the main
peaks. These are assigned to bulk plasmon features. For the Co
2p spectra, the Co 2p3/, level shows a main peak at 778 eV
BE and the 2p; level shows a main peak at 793 eV BE. The
BEs of the Co 2p spectrum match fairly well with reported
values of Co in intermetallic systems [48-50]. Since the BE
separation between Co 2p3,, and Co 2pj; is very close to
the plasmon energy, the Co 23, plasmon is hidden under the
Co 2py > peak, while for the Co 2p;/, peak a weak satellite
is observed at 807 eV (labeled with circled asterisks), i.e., at
an energy separation of ~14.5 eV from the main peak, and
confirms its plasmon character.
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FIG. 2. (a) Co 2p and Sn 3p HAXPES core level spectra mea-
sured at 7 = 20 and 170 K and normalized for area under the curve.
(b) Co 2p;3/, spectrum expanded on the binding energy scale to
show clear changes across the CDW transition at Tcpy ~ 160 K.
(c) Sn 3 p3, spectrum expanded on the binding energy scale to show
small changes across the CDW transition at T¢cpy ~ 160 K.

Figure 2(b) shows the Co 2p3,, peak on an expanded
scale at 7 =20 and 170 K. We observe clear changes for
the two spectra, with a shift of about 110 meV to higher
BE in the T = 20 K spectrum compared to the 7 = 170 K
spectrum. However, the peak widths show hardly any change.
Similarly the Sn 3 p3,, peak, which is fairly broad, also shows
a similar behavior with a shift to 100 meV higher BE but
hardly any change in the peak widths. This is in contrast to
expectations of a system undergoing a CDW transition, as
typical CDW transitions show a broadening or splitting of core
level peaks of metal atoms which are involved in the CDW
transition [51-54]. The results suggest a very weak charge
disproportionation across the CDW transition in Ce3Co4Sn;3,
although superstructure peaks were reported in diffraction
studies [27].

We next discuss the HAXPES valence band spectra of
Ce3Co4Sn 3 measured at 20 and 170 K and shown in Fig. 3.
The spectra are normalized for the area under the curve over
the plotted energy range. The spectra show two main broad
features: from E ¢ to about 5 eV BE and from 5 to 10 eV BE,
with a dip at 5 eV BE. Based on band structure calculations
[36], the broad feature between 5 to 10 eV BE is assigned
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FIG. 3. HAXPES Valence band spectra measured at 7 = 20 and
170 K and normalized for the area under the curve. The T =20 K
spectrum convoluted by a Gaussian function of 70 meV FWHM to
simulate the thermal broadening is overlaid (line) on the raw data
(circles). The data show evidence for sharpening of the Co 3d feature
at about 2 eV binding energy as well states within 0.5 eV of the Fermi
level in the 20 K spectrum compared to the 170 K spectrum.

to dominantly Sn 5s and Co 4s states, which have a high
cross section for HAXPES. The broad feature between Efr
and 5 eV BE consists of multiple character states: Sn 5p
states are spread over the full range, while the Co 3d states
dominate the feature centered at 1.8 eV BE. It is important
to note that there is a small feature just below Ey and within
0.5 eV BE, which is slightly enhanced and more clear in the
T = 20 K spectrum. We have carried out a simple Gaussian
broadening due to temperature increase from 20 to 170 K
(4kgT ~ 60 meV at 170 K) by convoluting the 7 = 20 K
spectrum with a Gaussian of 60 meV and overlaid (line) on
the raw data (symbols) in Fig. 3. As expected, the broadening
does not smear out the small feature extending up to 0.5 eV
BE. This feature is assigned to Ce 4 f states, which occurs
just at and above E ¢ in band structure calculations [36]. This
small feature straddling the Ef is considered responsible for
the enhanced specific heat coefficient reported at low temper-
atures below 5 K [23]. Here we note that the Ce 4 f cross
section using hard x rays of 6.5 KeV is very low compared
to soft x rays [55], and hence the Ce 4 f states are hardly
visible in HAXPES measurements. This was shown recently
by comparing the HAXPES valence band spectra of LaTe and
CeTe, where, in addition to HAXPES measurements, 3d-4 f
resonant photoemission spectroscopy was used to confirm this
assignment [56].

Figure 4 shows the Ce M, s-edge XAS of Ce3CosSny3
measured at 170 K using the TEY and PFY modes. Although
the resolution is lower in PFY (~0.45 eV) compared to TEY
(~0.2 eV), we get the advantage of more bulk sensitivity in
PFY spectra. Their comparison shows small differences in
relative intensities, and the features are smeared in the PFY
spectrum. The experimental TEY data are also compared with
a Ce’* multiplet calculation in Fig. 4 using the CTM4XAS
program [57]. We obtain good agreement using the broad-
ening values as determined by Thole et al. [58], i.e., the Ms
edge is broadened with a Lorentzian of 0.2 eV FWHM, and
for the M4 edge we use a Lorentzian of 0.4 eV FWHM with a
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FIG. 4. Ce M, s-edge XAS measured using TEY mode (170 K)
and PFY mode (70 and 170 K). For comparison with a system
showing Kondo screening, we also plot the Ce M, s-edge spectrum of
areference compound CeCuAs, which shows the f! feature (asterisk
marks), which is missing in Ce;Co4Sn3. The Ce;Co4Sn;; spectra
match fairly well with a Ce** atomic multiplet calculation. The PFY
data show negligible changes as a function of temperature.

Fano asymmetry factor of 8. We added a 10% contribution of
the 4 f7,, excited state to account for the combined effects of
the crystal field and charge transfer. It is noted that, while the
calculations reproduce all the features, the relative intensity
of the M, derived weak multiplets compared to the main My
peak are slightly higher in the experiment. This is suggestive
of weak saturation effects due to the low penetration depths
of about 20 nm at the Ce M, s edge. We have also checked
that the same calculated spectrum plotted with a Gaussian
broadening of 0.45 eV full width at half maximum matches
fairly well with the PFY data. In Fig. 4, we also plot the
XAS spectrum using TEY mode for CeCuAs, as a reference
material showing the Kondo screening f! feature (labeled
by asterisks). The f! feature has <2% spectral weight in
CeCuAs; [37] and the corresponding weight for Ce3Co4Sn i3
is even lower (<1%). The f! feature in XAS originates from
the f° contribution in the ground state and its negligible spec-
tral weight is consistent with the corresponding negligible £°
intensity in the Ce 3d core level HAXPES spectrum. Further,
the 7 = 170 Kand T = 70 K spectra show negligible changes
as a function of temperature across the CDW transition. Thus,
the results are consistent with the Ce 3d HAXPES spectra and
indicate that the Ce-derived electronic states do not participate
in the transition.

We then measured the Co L, 3-edge (2 p-3d) XAS to check
for details as a function of temperature using PFY and TEY
modes. Figure 5 shows the Co L-edge experimental XAS
plotted over a wide energy range covering the L3 and L,
range. It is known that PFY spectra can deviate from a genuine
x-ray absorption spectrum as measured by TEY or Auger
electron yield spectra due to self-absorption, saturation, or
if the fluorescence decay rate is not equal for all the final
states created in the absorption process [59-61]. This often
leads to a relative increase of the higher lying multiplets
and the spin-orbit split features compared to the main peak
in XAS. We have followed an empirical method [62-64] to
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FIG. 5. Co L,3-edge XAS measured using TEY mode (170 K)
and PFY mode (70 and 190 K). The TEY and PFY spectra are quite
similar except for the hump feature between 783-785 eV photon
energy, which is clearly identified in the PFY spectra. The experi-
mental spectra match fairly well with a CoSng cluster calculation. A
small but finite shift (~100 meV) to higher photon energy of the PFY
spectrum at 7 = 70 K compared to the 7 = 190 K spectrum can be
discerned in the data. See Fig. 6 for expanded scale spectra across
TC Dw ™~ 160 K.

compensate for the deviations in the PFY spectrum observed
in Co L;3-edge data. The method uses a measurement of
the TEY and PFY spectra of the sample under identical
conditions. The absorption coefficient can be approximated
as [62-04] w(E) = Aup(E)/[B — nr(E)] where pp(E) is
the PFY spectrum and A and B are constants. The measured
PFY spectrum [ur(E)] is then fitted by varying parameters
A and B to the corresponding TEY spectrum given by w(E).
The corrected PFY spectra are plotted in Fig. 5 along with
the TEY spectrum. The estimated error bar of this procedure
is <10% in the relative intensity of the spectral features. It
is noted that the Ce My s-edge PFY data discussed earlier did
not show significant deviations compared to the TEY data, and
hence did not need this correction.

The satellite or hump structure to the main Co L3 peak,
positioned at 783—785 eV photon energy, is resolved only in
the PFY spectrum in spite of the lower energy resolution. We
attribute this to the bulk sensitivity of PFY measurements. The
experimental spectrum is compared with a spectrum calcu-
lated using the QUANTY code [65-67] for a Co®*Sng cluster
in a trigonal prism geometry, corresponding to the known
structure at room temperature [23,35]. Cluster calculations
of the spectra were carried out by varying the electronic
parameters in order to match with experiment. For the best
match shown in Fig. 5, the charge transfer energy A = 1.0 eV
and the on-site Coulomb energy Uy, = 5.0. The relatively
large value of Uy, compared to A classifies Ce;CosSn ;3 as
a strongly correlated charge transfer metal in the Zaanen-
Sawatzky-Allen scheme [68]. The trigonal prismatic geome-
try of CoSng leads to a crystal field splitting with three states:
a highest energy doublet e, (d,;, d..), an intermediate singlet
aig (d32_,2), and the lowest energy doublet e, (d,y, dy2_y2)
states [69]. Here we note that the a;, and e,  levels can
be nearly degenerate or even inverted, depending on the
valency as well as the spin-orbit interaction of the Co ion. By
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FIG. 6. (a) Co Ljs-edge main peak PFY spectra measured at
T =150, 160, and 170 K showing the shift across T¢cpy during
warming across the CDW transition (b) Similarly, Co L;-edge main
peak PFY spectra measured at T = 160, 150, and 140 K showing the
shift across T¢cpw while cooling across the CDW transition. (c) The
relative energy shifts extracted from the XAS and HAXPES spectra
across Tcpw ~ 160 K.

comparing calculations with XAS spectra, it was shown that
for the case of Co** in CazCoRhOg the ag state was the
lowest energy level, while for Co*t in Ca3Co0,04 the egn
state was the lowest energy level [70]. The energy separation
between e, and a;, was taken to be Dy = 0.8 eV, while the
energy separation between a;, and e, was taken to be Do, =
0.4 eV and the hybridization strengths of the d levels with
the Sn ligand states were set to Vg1, = 0.5€V, Vo = 1.4 €V,
and V.o = 1.4 eV. The calculated spectrum matches fairly
well with the main peak and satellite structure observed in
experiment.

We next discuss the temperature dependence of the Co
L, 3-edge XAS. The spectra measured at 7 = 70 and 170 K
(Fig. 5) are quite similar, but we can discern a small finite
shift of ~100 meV in the spectra for the L3 and L, edges.
In order to check the detailed temperature dependence of the
spectral shift, we measured the Co L3 and L, edges using PFY
across the transition for several temperatures in PFY mode
(warming and cooling cycle) between 70 and 190 K. For a
few temperatures, we also measured the TEY mode while
cooling across the transition. The temperature dependent PFY
and TEY measurements showed reproducible spectra after
the cycling. The spectra are very similar in shape for all the
temperatures (not shown), quite like the spectra shown in
Fig. 5 for T = 70 and 170 K. However, the leading edge shifts
as a function of temperature across the CDW transition at
Tepw ~ 160 K, as shown for the L3 edge on an expanded
scale in Fig. 6. Figure 6(a) shows the PFY spectra across the

transition while warming and Fig. 6(b) shows PFY spectra
across the transition while cooling.

From the full data set measured between 70 and 190 K,
we extracted the relative leading edge shifts as a function of
temperature in the warming and cooling cycle, and the data
are plotted in Fig. 6(c). The data clearly show that the shifts
exhibit a hysteresis in the warming and cooling cycle. The
hysteresis matches with the hysteresis seen in the specific heat
data of Lue et al. [25]. This confirms that the transition is
a first-order transition, as was concluded by Lue et al. [25].
In contrast, a recent study by Otomo et al. carried out at the
Co K edge using x-ray fluorescence spectroscopy concluded
a second-order transition. While we do not understand the
origin of the difference between the present Co L, 3-edge
data compared to the Co K-edge data of Otomo et al.,
the comparatively higher energy resolution at the Co L, 3 edge
allows us to probe the 2p-3d excitations in a reliable way.
Further, the shifts of ~100 meV seen in Co 2p HAXPES
spectra are also plotted in the same figure and are consistent
with the Co L;3-edge XAS results. In the same figure, we
have also plotted the theoretical BCS gap function assuming a
weak-coupling transition at 7 = 160 K, which is considered
a valid order parameter for a typical Peierls-type CDW transi-
tion [4,71]. If the gap formation takes place and it is a second-
order BCS type transition, it implies the core levels can also
show the same gradual shift as the gap. Here, we are using the
comparison just to show that the shift that takes place has a
value larger (nearly twice the magnitude at low T) than the
BCS expectation, it is not gradual, and it shows a hysteresis.
While we do not observe a gap formation in the valence band
density of states, and the electrical transport also shows a
metal-to-metal transition, it is clear that the theoretical weak-
coupling BCS function (assuming 2A/kgTcpw ~ 3.5) also
does not match the experimentally observed shift in the Co
L, 3-edge XAS and Co 2p HAXPES spectra. Thus, although
the energy shift indicates changes across the CDW transition,
the results do not follow the BCS expectation, and instead
suggest an unusual first-order CDW transition in Ce3Co4Sn3.

In a recent optical spectroscopy study on La3;Co4Sn;3 and
Ce3Co4Sn 3, the authors also concluded the absence of a
charge density wave gap across T¢pw, but observed a spec-
tral weight depletion or pseudogap formation within 0.4 eV
coupled to a transfer of spectral weight up to 1 eV in the joint
density of states [72]. It is noted that in a recent angle-resolved
photoemission spectroscopy study [73] of the classic CDW
system NbSes, which is also coupled to a metal-to-metal tran-
sition, it was shown that the momentum resolved electronic
structure exhibits gaps occurring at binding energies away
from the Fermi level but which are connected by two different
incommensurate modulation wave vectors. Further, we have
checked that while the Co 2s spectra are not conclusive about
indicating a shift, the Co 3d densities of states do not show
a shift like the Co 2p core levels and the Co L-edge XAS
spectra. Hence a rigid shift of all Co related levels cannot be
concluded. While the Ce sites also show structural changes
and indicate two distinct sites in the low temperature CDW
phase [27], the Ce 3d HAXPES and Ce M, s-edge XAS
spectra do not show changes across the CDW transition. The
absence of a rigid shift could mean that the observed shifts
in Co 2p core level HAXPES and the Co L, 3 edge could be
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associated with a change in the core hole Coulomb interaction
U ,q. However, since we see a similar shift in the Co 2p and
Sn 3p core levels, we believe the results are more consistent
with changes in the ground state, as the crystal structure
data also involve changes in the Co and Sn sites across the
CDW transition [27]. We hope our study motivates further
work, specifically using resonant photoemission spectroscopy,
resonant inelastic x-ray scattering, and angle-resolved photoe-
mission spectroscopy, on Ce3Co4Sn;3 as well as other systems
in the R3M4Sny3, RsM4Sijg, and RMC, series which show
CDW transitions coupled to a metal-metal transition.

IV. CONCLUSIONS

In conclusion, temperature dependent HAXPES and XAS
were used to investigate the occupied and unoccupied elec-
tronic states of Ce3Co4Sn 3. While the Ce derived states do
not show any change across the transition, the Co and Sn
core level HAXPES spectra show small finite shifts in energy

across Tcpw. The comparison of the Ce M, s-edge XAS
spectrum with calculations indicate a trivalent ionic Ce"
and absence of Kondo screening in Ce;Co4Sn;3, consistent
with HAXPES results. The Co L, 3-edge XAS spectrum is
consistent with Co** surrounded by Sn atoms in a trigonal
prism coordination. The temperature dependent Co L, 3-edge
XAS shows that a small shift occurs with a hysteresis across
Tepw, indicating a first-order transition. Valence band spectra
show that the Co 3d states occur away from the Fermi level
while the tail of the Ce 4f states occurs within 0.5 eV of
the Fermi level, with a normal Fermi edge above and below
Tepw. The results suggest Ce;CosSni3 exhibits an unusual
CDW coupled to a metal-to-metal transition.
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