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We use high-resolution angle-resolved photoemission spectroscopy to investigate the electronic
structure of the antiferromagnetic heavy fermion compound CePt2In7, which is a member of the
Celns-derived heavy fermion material family. Weak hybridization among 4f electron states and
conduction bands was identified in CePt2Inz at low temperature much weaker than that in the other
heavy fermion compounds like Celrlns and CeRhIns. The Ce 4f spectrum shows fine structures
near the Fermi energy, reflecting the crystal electric field splitting of the 4f51/2 and 4]”71/2 states.
Also, we find that the Fermi surface has a strongly three-dimensional topology, in agreement with

density-functional theory calculations.

PACS numbers: 74.25.Jb,71.18.4y,74.70.Tx,79.60.-1

The physics underlying the formation of supercon-
ductivity out of a coherent heavy fermion (HF) state
has persisted as a central mystery despite more than
four decades of intensive experimental and theoreti-
cal studyl™®. HF superconductivity, similar to tra-
ditional BCS superconductivity, is more likely to oc-
cur in compounds with particular crystal structures®#,
and for magnetically mediated superconductivity, quasi-
two-dimensional (2D) compounds are likely to have a
higher transition temperature than a three-dimensional
counterpart®. This expectation appears to be borne out
in a family of tetragonal HF compounds Ce,,, M ,Ing,,2n
(M = Co, Rh, and Ir) in which the quasi-2D members
with m=1, n=1 have T.’s% up to an order of magni-
tude higher than the maximum pressure-induced T'. of
0.25 K found in cubic building block Celns”. Recent
polarized soft x-ray absorption and non-resonant inelas-
tic x-ray scattering experiments find that, in addition
to the crystal structure, details of anisotropic hybridiza-
tion of f and itinerant electrons play a non-trivial role
in determining the ground state of the m=1, n=1 fam-
ily members®. Understanding how superconductivity
originates from a strongly correlated ground state which
must be associated with structure, dimensionality, and
orbital anisotropy requires detailed high-resolution tech-
niques that allow studying quantitatively a system’s elec-
tronic structure.

Low-dimensional Ce-based systems hold a promise for
the successful angle-resolved photoemission spectroscopy
(ARPES) exploration of the HF electronic structure with
high momentum and energy resolution. Most prior

ARPES investigations of Ce-based HFs have been done
on 3D systems but significant k, broadening!?4! limits
the intrinsic accuracy of 3D band measurement. Low
photon energies produce high energy and in-plane mo-
mentum resolutions; however, the 4f signal is quite low
and sits atop a relatively large background. The part of
the reciprocal-space spectrum where the nearly-flat 4f
bands, split by spin-orbit interaction, intersect with con-
duction bands is the site of interest for detailed inquiry.
A Ce-based HF-system, as close to 2D as possible, is
needed to extract this information and that would pro-
vide a level of detail comparable to what is provided by
ARPES measurements on the cuprate high-temperature
superconductors.

The HF compound, CePtslny, is an antiferromagnetic
superconductor identified in 2008, It belongs to the
CepmM pIng,, o, (m=1, n=2) family. CePtsIn; bulk su-
perconductivity can be induced by applying pressure,
reaching a maximum of T, = 2.1 K near 3.5 GPaltl
Compared to other family members, such as Celng and
CeMTIns, the distance between adjacent Celns blocks
in CePtolny increases greatly and the f/spd hybridiza-
tion decreases’ ™7 making it towards the 2D limit in
Celng-derived HF material family'®19, The crystal struc-
ture of CePtslny, however, is body-centered tetrago-
nal (I4/mmm) in contrast to the primitive tetragonal
structure (P4/mmm) adopted by the m=1,n=1 family
members??. Though the separation between Celns units
is greater in CePtsIny, promoting a more 2D-like band
character, the insertion of a Ptlns layer between Celng
units modifies the f/d hybridization pathway and pro-



B
g
= £
< =
= 2
< =
E
E © —— Total DOS -
H — Ce 4f ]
=05 —— Pt 5d =
High —In 4 Z
£
£
Low g T T
-4 2 0 -6 4 2 0
E-Eg (eV) E-E; (V)
FIG. 1. (color online) (a) CePtoIn;y on-resonance valence

band structure at 10 K and 123 eV. (b) Angle-integrated pho-
toemission spectroscopy of the intensity plot in a. Inset: a
3D Brillouin zone with high-symmetry momentum points (red
dots) marked. The locations of I', M, N, and X points are
at the k. = 0 plane while the Z, A, and R points are at k, =
27 /c plane. (c) Calculated Ce 4f, Pt 5d, and In 4p density
of state (DOS) vs. energy E.

duces a notable 3D character that is absent in the simpler
m=1,n=1 member

Quantum oscillation®® and earlier ARPES measure-
ments at fixed low-energy (hv=21.2 eV )2 are consistent
with a complex Fermi-surface (F'S) topology composed of
sheets with both 2D and 3D character and with relatively
weak many-body renormalization effects implied from
optical spectroscopy?2. Commensurateé®? or coexistence
of commensurate and incommensuraté2#25 antiferromag-
netism orders were revealed by nuclear quadrupolar res-
onance as well as muon spin rotation/relaxation?5. None
of these earlier experiments, however, directly probed the
4 f-electron states that are essential to the physics of this
family of materials. Definitely, it is of great importance
to address the nature of 4f states and f/d hybridiza-
tion via on-resonance ARPES. Recent DFT/GGA calcu-
lations, which are in good agreement with ARPES mea-
surements, suggest that the FSs near the M (A) (zone cor-
ner) show a nearly 2D nature and FSs at other momenta
show a strong 3D naturé?!. The k. dispersion must
be considered when analyzing and interpreting ARPES
data. Here we report APRES at variable photon energies,
which allows us to probe both the 4 f states as well as the
rest of the electronic structure of CePtoln; at various k..

From these ARPES measurements on high-quality sin-
gle crystals CePtyIn72? and employing Ce 4d-4f on-
resonance spectroscopy, we have identified fine structures
of spin-orbit splitting and crystal electric field (CEF)
splitting of Ce 4f bands. Furthermore, we have deter-
mined the k, dependent band structures at various pho-
ton energies. We find that the experimental F'S topology
and band structures are in good agreement with our DFT
calculations.

The high-resolution ARPES experiments were per-
formed on SIS X09LA beamline at the Swiss light Source,
using a VG-SCIENTA R4000 photoelectron spectrome-
ter. All samples were cleaved in situ and measured in
an ultra-high vacuum with a base pressure better than
4x10~ " mbar. Ce 4f state characteristics were obtained
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FIG. 2. (color online) CEF splitting of CePt2Ins 4f states.
(a) High-energy resolution of on-resonance valence band
structure plot along [110] direction near Fermi energy is taken
at 10 K with 123 eV. (b) Measured structure reduced with
the 2D second-derivative to enhance the weak bands while
maintaining band dispersion. (¢) EDCs of the spectral show
in (a). The purple and aqua shadows are indicated the posi-
tions of the f§/2 and f71/2 states, respectively. The red curve
represents the EDC at the M point. (d) EDCs at different
momentum locations in a. The brown, cyan, black, red and
green curves are obtained by integrating the regions between
two brown, cyan, black, red and green dashed lines, as indi-
cated in (a), respectively.

by on-resonance spectra (hv = 123 €V) at a low temper-
ature of 10 K. A variety of photon energies were used
to investigate the 3D nature of the electron bands. An
angular resolution of 0.2° was used for all measurements.
High-quality single CePtsIn; crystals were grown from
In Alux??.

Tuning the photon energies towards 123 eV, a strength-
ening of Ce 4f spectral weight near the Fermi energy is
expected. Fig. 1(a) shows the on-resonance (4d — 4f)
spectra taken from a freshly-cleaved, single CePtqolny;
crystal as measured along the high symmetry [110] di-
rection at a temperature of 10 K with a total energy res-
olution ~ 30 meV. The energy distribution curve (EDC)
integrated over a momentum range along the measured
cut appears in Fig. 1(b). A high-intensity, non-dispersive
structure at around —2.5 eV corresponds to the f° final
statd12 1428130 Weak heavy quasiparticle bands close to
Epr correspond to the f! final state. These low energy
peaks originate from the spin-orbit splitting of the f' fi-
nal statdl2 142831 Tpe f; /2 final state is located near

Er. The f71/2 final state peak is located at about —300
meV. The Ce 4f on-resonance spectrum, even at these
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FIG. 3. (color online) FS and corresponding CePt2Iny band structure. (a) Symmetrized FS in the ks-k, plane of CePtsIns
measured at 10 K with 100 eV (close to I" point). The intensity is integrated over [-10 meV, 10 meV] energy window with
respect to the Fermi Level Ep. (bl - b3) Measured band structures along the N'~X'-~N’ direction, indicated by the dashed
yellow arrow in a. (cl - ¢3) Measured band structure along X’-I"-X’ direction, indicated by the dashed green arrow in a.
(b1l) and (cl) are the original data. (b2) and (c2) are second-derivative images from the original data with respect to energy.
(b3) and (c3) are second-derivative images from the original data with respect to momentum. Red dashed lines in (b2) and
(c2) represent DFT band structure. Green dashed lines represent DFT band structure along R-Z-R line.

intensities enhanced via 4d — 4f resonance, shows only
limited spectral weight in the vicinity of Fermi energy.

Our DFT calculations??33 suggest that most 4f states
are located about 0.5 eV above Ep, see Fig. 1(c). Only
a very small fraction appears below Er, which would ex-
plain why the intensity of f! state in CePtsIny is so low
compared to the U-based heavy fermions with different
f-occupations’®4. The EDC shows a structure similar
to the 4d — 4f resonant photoemission spectra of the
HF materials CeRhIng™® and CelrIng* 1329 These
spectral features observed in Celrlns compounds were
previously understood within a single-impurity Anderson
model (STAM) framework33, suggesting that the 4f elec-
trons are nearly localized! or dominated by the localized
character with a small itinerant component®, While re-
cent temperature dependence of f spectral weight studies
found a stronger ¢— f electron hybridization in CelrIns22.

According to SIAM, the f! peak intensity increases
as hybridization strength increases between f electrons
and conduction electrons. Our ARPES measurements
here reveal that the f! to f° intensity ratio is smaller for
CePtyIny than for either CelrIns or CeRhIng 2. This sug-
gests that hybridization between 4f electrons and con-
duction electrons in CePtyIny is significantly weaker than
in Celrlns and CeRhIns. This is consistent with prior
results?? and is in line with expectations™®™7, Attempts
to perform DFT calculations in 4! localized configura-
tion failed to stabilize such state, providing further sup-
port to observed reduced 4f! peak intensity.

We carried out higher energy resolution ARPES mea-
surements along the [110] direction at an overall en-
ergy resolution better than 20 meV in order to study
CePtoln, 4f state-related low-energy band structures.

As expected, the f; /2 and f71 /2 states become clearer in
Fig. 2(a), and their fine structures can be found if look
closely. Also, it can be found that the spectral inten-
sities of both the f51 /2 and f71 /o states show strong mo-
mentum dependence. Fig. 2(b) shows the band struc-
tures reduced with the second derivative to enhance the
weak bands while maintaining band dispersion. Four flat
bands can be seen in the figure, which means that both
the f51/2 and f71/2 states have undergone CEF splitting.
Fig. 2(c) shows the EDCs corresponding to Fig. 2(a).
The lower f71 /2 final state splits into two peaks. They are
located at about —325 meV and —270 meV. The upper
f3 /2 final state fine structures were resolved and consti-
tute two peaks: one at around —75 meV, the other at
—15 meV. The weak, but observable —75 meV feature
can be seen more clearly in Fig.2(d), as indicated by a
red arrow. Recently, 4 f71 /2 and ]"’51/2 peak splitting has

been detected by ARPESZ29 along with inelastic neu-
tron scattering® 38 in other Ce-based HF compounds.

In the HF system, due to the hybridization between the
conduction band and the Ce 4f state, it is expected that
a dispersive quasiparticle band can be observed near Er
at a position where the f band intersects the conduction
band. Fig. 2(d) display the integrated EDCs at differ-
ent momentum locations in Fig. 2(a), including cross-
ing high-intensity f band regions where the conduction
bands cross the Fermi level and adjacent low-intensity re-
gions where no conduction bands cross the Fermi Level.
From the top and middle sets of EDCs in Fig. 2(d), we
can found that the peak positions of EDCs near the Fr
that cross two different regions have shifted a little. The
observation of weak dispersive f band and locally en-



hanced f band intensity imply the possible hybridization
between f band and conduction band. Hybridization oc-
curs at where the conduction band crosses or approaches
the Fermi level (brown and red lines), whereas no band
hybridization is observed in other regions (cyan, green
and black lines). This indicates that dispersive and hy-
bridized 4 f-electron densities contribute to bonding and
FS formation. This has been suggested, too, by quan-
tum oscillation measurements!?. The hybridization be-
tween f31 /2 electron and conduction bands also has been

reported in other Ce-based heavy fermiongl314:29H51139

As shown in Fig. 2(d), the energy dispersion of the hy-
bridized band is about 5 meV, which is much smaller
than that of other HF compounds. The energy disper-
sion of the hybridized quasiparticle bands is more than
10 meV for Celrlng!3 and CeColnsl. According to the
periodic Anderson model, the stronger the hybridization
between the f electrons and the conduction electrons,
the larger the energy dispersion of the hybridized quasi-
particle band. Again, this means the hybridization be-
tween f bands and conduction bands in CePtsIn7 is weak
compared to Celrlns and CeColns. Comparison of the-
oretical band structures and Fermi surface contours for
CePtyIny and LaPtoIn, also support this point (see Fig.
S1 of the Supplemental Material* for more details).

Fig. 3(a) shows high-resolution FS mapping of
CePtoIn; measured at 10 K using a constant photon en-
ergy of 100 eV. This corresponds to a cut close to the
T point (k,~ 0.2 x 27/c), estimated based on an inner
potential of 11 eV’ . FS contours are drawn with false
colors. To compare to DFT calculations, the calculated
FS contours were overlaid on top of the experimental FS.
Here, the F'S contour at k, = 0 is selected to capture fea-
tures around X point, because the end of the final state
arc of 100 eV has already touched X point. Multiple
F'S sheets were revealed in the momentum space covered.
Three electron pockets can be found around the zone
corners, and a small hole pocket can be found located
around the X point, agrees well with the band structure
predictions. Fig. 3(bl) and (c1) show the detailed band
structures along the two high-symmetry directions as in-
dicated by dashed yellow and dashed green arrows in Fig.
3(a).

The EDC bands [Figs. 3(b2) and (c2)] and MDC bands
[Figs. 3(b3) and 3(c3)] were extracted by taking the
second-derivatives of the original ARPES data [shown
in Figs. 3(b1) and (c1)] with respect to energy and mo-
mentum, respectively. Possible band dispersions become
thereby easier to distinguish. Our calculated band struc-
tures (red-dashed lines) were overlaid onto the EDC band
[Figs. 3(b2) and (c2)]. It can be found that the mea-
sured and computed band structure are in good agree-
ment, especially along the N'-X’-N’ direction. Along
the N'-X'-N’ direction, where the FSs are nearly 2D
[Figs. 4(d)] (see Fig. S2 of the Supplemental Material
for more details?V), experimental data and calculated re-
sults are highly consistent (Figs. 3(b2)). While along
the X’-T"—X' direction, where the FSs show strong 3D

4

nature [Figs. 4(d)], the experimental results are more
complex than theoretical calculations (red dashed lines)
[Figs. 3(c2)]. It has been pointed out that there is a very
significant k, broadening in Ce-based HF materialst®. As
we know, the k, broadening has a great influence on the
3D FS, but little influence on the 2D FS. Dispersions
along R'-Z'-R’ direction (green dashed lines, k,= 27/c)
were also overlaid on top of Figs. 3(c2). It can be found
that some of the other dispersions are consistent with
the dispersion from R-Z-R. All these results strongly
suggest that the k, broadening should carefully be taken
into account when discussing the origin of photon energy
dependent spectral features.

Fig. 4 shows ARPES spectra measured at 10 K along
the N'-X'-N’ and X’-T"-X"' direction. The energy res-
olutions were set at 22 and 15 meV for 80 and 34 eV
photon energies, respectively. Fig. 4(al) and (a2) show
original and EDC band structure taken along N'-X'-N’
direction with 80 eV photon energy, respectively. Obvi-
ously at the zone boundary, although the measured k,
positions are different, the band structures for 80 and
100 eV [Fig. 3(bl)] are very similar, four bands cross-
ing or approaching the Fermi level. Fig. 4(bl) and (cl)
show original band structure measurements taken along
X'-T"-X' direction with 80 and 34 eV photon energies,
respectively. Fig. 4(b2) and (c2) are EDC bands from the
original data. The band structures show significant pho-
ton energy hr dependence, which indicates a very strong
k. dispersion. Thus, our ARPES measurements are con-
sistent with a strong 3D FS topology, in good agreement
with the DFT calculation [Fig. 4(d)]. And in the Supple-
mental Material?’, we display the detailed calculated FS
contours of CePtoIn; at different k.s. Similar to earlier
results from another research group?!, our experimental
and theoretical results show that the F'Ss near the M (A)
(zone corner) show a good 2D nature and FSs at other
momenta show a significant 3D nature.

In conclusion, CePteIn; FS topology and low-energy
band structures were investigated at 10 K using high-
resolution ARPES. We directly observed heavy 4f-
derived quasiparticle bands via on-resonance ARPES.
Our study show that the hybridization between 4f elec-
trons and conduction bands are weak, and the hybridized
4 f-electrons contribute to bonding and FS formation.
The CEF splitting of 4/ /o and 4 f7 /o States was directly
observed via on-resonant measurements. We also confirm
that the FS has a strong 3D topology, well supported
by DFT calculations. These findings provide key insight
into understanding the electronic structure of an uncon-
ventional superconducting Ce-based HF.
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