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We report an angle-resolved photoemission spectroscopy study of the antiferromagnetic Kondo
lattice CePdsAlsz, focusing on the quasi-two-dimensional k-space nature of its Fermi surface and,
tuning photon energy to the Ce 4d-4f on-resonance transition, the hybridization of the Ce 4f state.
A strong shoulder feature on the f° peak was detected, suggesting hybridization between conduction
and f bands. On-resonance spectra revealed narrow, yet hybridized quasiparticle bands with sharp
peaks and ~ 9 meV energy dispersion near the Fermi energy, EFr. The observed dispersive hybridized
f band can be well described by a hybridization-band picture based on the periodic Anderson model.
Hence, the 4 f electrons in CePdsAl; display a dual nature, with both localized and itinerant features,

but with dominantly localized character.

PACS numbers: 74.25.Jb,71.18.4y,74.70.T%,79.60.-i

Heavy fermion (HF) compounds have been studied ex-
tensively for their rich physical properties since being
discovered in 1975 [I]. Hybridization between itinerant
conduction band electrons and localized f-electrons (c-
f) plays a key role for several unique quantum states
and quantum phase transitions, including: unconven-
tional superconductivity [2], quantum criticality [3], an-
tiferromagnetism [4], non-Fermi Liquid [5], possible Weyl
fermion [6] [7], and topological nodal-line semimetal [§].
Many isostructural compounds RPd;Aly (R = U, Ce,
Y, Pr, Nd, Sm, Gd) have been successfully synthesized
[9HI3] since the neptunium-based HF superconductor
NpPdsAly was first discovered in 2007 [9]. This series
of HF compounds have a common tetragonal ZrNigAls-
type structure with the space group I4/mmm, in which
the RPds and PdyAls layers are stacked along its c-axis.
Several studies suggest that, except for the Y, Pr, and U
compounds [10] most of the family members undergo an-
tiferromagnetic (AFM) phase transitions at low temper-
ature [9HI3]. PrPdsAls compounds has a singlet ground
states [II], and UPdsAl, is a paramagnet [10].

CePd;Al, has lattice parameters: a = 4.156 A, ¢ =
14.883 A. It undergoes two magnetic transitions at T n1
=39 K (or 41 K) and Tne = 2.9 K [I2HIF]. Un-
like NpPd5Aly, which exhibits superconductivity near its
AFM ordering (T = 4.9 K) at ambient pressure [9], bulk
superconductivity of CePdsAl, was induced by pressur-
ization in the region of 9-12 GPa wherein it reached a

maximum T, = 0.57 K [I3]. An intermediate Sommer-
feld coefficient v, 60 mJ/(mol K?) for polycrystal [12] or
18 mJ/(mol K?) for single crystal [16]], was estimated by
specific heat experiments. This is greater than that of
uncorrelated metals [~ 10 mJ/(mol K?)] and less than
that of typical HF compounds [~ 400 mJ/(mol K?)].
This suggests that CePdsAls cannot be considered as a
conventional HF compound. Ce 4f electrons are consid-
ered to be localized due to the small Sommerfeld coeffi-
cient v [I6]. Specific heat experiments suggested that the
Ce®* ion crystalline electric field (CEF) ground state is a
Kramers doublet of well-localized 4f electron [13] [16] [17].
Inelastic neutron scattering measurements on a powder
sample showed CEF excitations at 21.3 and 22.4 meV
[15]. Single-crystal neutron diffraction observed an in-
plane modulated magnetic structure [Q = (0.235, 0.235,
0)] below T [14, [I5]. Resistivity measurements indi-
cated the presence of Kondo lattice and Fermi-Liquid be-
havior [12].

The electronic structure of CePdsAl, appears to have
quasi-two-dimensional (2D) characteristics [I3] due to its
layered structure and large interlayer distance. This is
unusual in HF materials. We present the first angle-
resolved photoemission spectroscopy (ARPES) data on
this compound, utilizing tunable photon energies with
high energy and momentum resolution on high-quality
single crystals of CePdsAly. Varying systematically
the photon energies, we mapped the three-dimensional
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FIG. 1. (color online) (a) and (b) Experimental 3D FS maps constructed cuts along k. in the I'M-A-Z plane and measured
with hv = 87-100 and hrv = 61-74 eV phonons, respectively. Band structure constant-energy contours are at Er, and at 200,
400, and 600 meV below EF, integrated over 20 meV. (c¢) and (d) DFT calculated Fermi contours in the I'-M-A-Z plane for
CePdsAly and LaPdsAls, respectively. (e) The 3D Brillouin zone (BZ) of CePdsAly with high-symmetry momentum points

marked.

Fermi surface (FS) of CePdsAly along the k., (per-
pendicular) direction. The FS topology is compared
to density-function theory (DFT) calculations. On-
resonance 4d—4f ARPES is measured to study the na-
ture of Ce 4 f-electrons.

Single crystals of CePdsAl; were prepared by arc-
melting stoichiometric amounts of the elements on a
water-cooled copper hearth under a UHP argon atmo-
sphere. The CePdsAls boule was crushed and small sin-
gle crystals were extracted. ARPES measurements were
carried out with VG-SCIENTA R4000 detectors at the
SIS X09LA beamline of the Swiss Light Source. All sam-
ples were cleaved in situ along the (001) axis and mea-
sured in an ultrahigh vacuum with a base pressure better
than 4 x 10~'' mbar. ARPES data were collected at T
= 10 K, which is above the AFM transition tempera-
ture T' 1. An angular resolution of 0.2° was used for all
measurements.

We used photon-energy dependent measurement to de-
tect the k, dispersion in the high-symmetry I'-M-A-Z
plane, to verify CePdsAls electronic structure dimension-
ality. The k, dispersions are shown in Figs. 1(a) and (b),
using a reasonable value for the inner potential Vj of 16
eV. Data were collected using two different photon en-
ergy ranges 87-100 and 61-74 eV, covering half a BZ and
including both I'" and Z points. The Fermi sheets show
overall quasi-2D characters even though the shape and
intensity of part of the Fermi sheets changed with photon
energy (see Fig. S1 of the Supplemental Material [I§] for

more details). The near Er spectrum is greatly affected
by the heavy f electron, which prevents clear F'S detec-
tion. Weak k. dispersion prevents an exact determina-
tion of the inner potential Vg. Figs. 1(c) and (d) display
the calculated F'S topologies of CePdsAl; and LaPdsAls,
respectively. The LaPdsAls band structure is calculated
using the same lattice parameters as CePdsAly, where
only the 4f occupation is varied. LaPdsAl, is a 4f° rare-
earth system with 37 valence. Itinerant and localized
model calculations suggest different electronic structures
along I'-M. Both of these calculations are somewhat con-
sistent with some of the experimental results, and some
calculated dispersions were not observed in the data.

ARPES measurements were performed at the Ce 4d -
4f transition to enhance the f-electron spectral weight
near Er by tuning the photon energies to 123 eV.
Fig. 2(a) shows the on-resonance spectra of CePdsAls.
Figs. 2(b) and 2(c) show the angle-resolved and angle-
integrated photoemission spectroscopy of the intensity
plot in (a), respectively. The high-intensity, dispersion-
less fY state is around -1.63 eV. This value is higher than
that of other Ce-based HF compounds. For example, it is
-2.5 eV for CePtqoIny [19], -2.3 eV for Celrlns [20], -2 eV
for Celns [21], and -1.9 eV for CeRhySiy [22]. This flat
band is generated by the pure charge excitations of the
trivalent Ce ion (4f1—4f%); it is commonly called the
“ionization peak” [23]. In Figs. 2(a) and 2(b), slightly
above the f° state, a weaker nondispersive structure was
observed at around -1.3 eV. A shoulder appears at the
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FIG. 2. (color online) (a) Raw data of a 2D image showing the
on-resonance valence band structure for CePdsAls. The total
energy resolution was set at ~ 30 meV. (b) Photoemission
spectra (energy distribution curves, EDCs) corresponding to
(a). (c) Angle-integrated photoemission spectroscopy of the
intensity plot in (a). Inset: A 3D Brillouin zone with high-
symmetry momentum points marked. I', M, N, and X are
at the k. = 0 plane while Z, A, and R points are at the k., =
27 /c plane. (d) Calculated Ce 4f , Pd 3d, and Al 3p density
of state (DOS) vs. energy E for CePdsAly. (e) The calculated
DOS of CePdsAly’s isostructural compound LaPdsAls.

front edge of the huge f° peak. It is indicated by the
arrow in Fig. 2(c). The calculation suggests that the va-
lence band does not have a flat band around this energy.
Such a shoulder of the f° peak probably originates from
hybridization spreading [21], 22].

The Ce 4f character is strongly enhanced, as demon-
strated by the heavy quasiparticle bands (f! state) close
to Er [Fig. 2(c)]. Spin-orbit splitting results in an f1
state that splits into two sharp peaks, f71/2 and f51/2.
The ]"71/2 state is located at ~280 meV below Er. The

f51 /o state is located near Ep. These characteristic fea-
tures are widely founded in Ce-based HF compounds
[T9H26]. The 4f! state intensity is much weaker than
that of other itinerant f-electron HF compounds such as
URu,Siy [27, 28]. It is stronger than that of partially
itinerant f-electron HF compounds such as CePtsIny
[19]. According to the single-impurity Anderson model
(SIAM), it is widely accepted that the f!-to-f9 intensity
ratio, [I1(f7,,)+1(f3,5)]/1(f°), can reflect the hybridiza-
tion strength. The CePdsAly fl'-to-f° intensity ratio
is about 0.11 (See Fig. S2 of the Supplemental Mate-
rial [I8] for more details). It is stronger than that of
CePtyIny [19], and much weaker than that of CeMIns
[20, 24]. It can be deduced that CePdsAly hybridization
strength is stronger than that of CePtyIn; and weaker
that of CeMIns.

Fig. 2(d) and 2(e) display comparisons of the calcu-
lated DOS of the isostructural compounds CePdsAls and
LaPdsAly, respectively. DFT calculations suggest that,

unlike LaPdsAly, where the La 4f electrons are well
above E, the Ce 4f electrons in CePdsAls are mostly lo-
cated just about 0.1 eV above Er, and a small amount of
Ce 4f electrons appears below Ep. The feature close to
E'r is considered to originate from the tail of the Kondo
resonance peak above Ef.

A comparison of spectra dominated by d-band spec-
tral weight with spectra having Ce 4f weight resonantly
enhanced provides insight in the basic localization or itin-
erant properties of the 4f electrons. The three spectra
range from off- to on-resonance are shown in Fig. 3. Close
to Ef, the off-resonance spectrum (hv = 115 eV) shows
a density of states of non-f orbital character dominated
by Pd 4d states [Fig. 3(a)]. The conduction band inten-
sity is weak, possibly due to the emission from Pd 4d
state which is strongly suppressed by the Cooper min-
imum around 115 eV [29]. Dominant Pd 4d emission
in the off-resonance spectrum is replaced by the Ce 4f
emission in the on-resonance spectrum as photon energy
changes [Fig. 3(c)]. A Fano resonance enhancement of
the Ce 4f emission at 123 eV photon energy reveals an
on-resonance spectrum which shows a gathering of Ce 4 f
spectra weight near Fr. The intense 4f character near
Er is seen in the angle-integrated spectra (Fig. 3(d)).
Two flat quasiparticle bands, f% /2 and f% /2 state, formed
by spin-orbital spitting, appear just below Er. The non-
resonance spectrum can also distinguish two Kondo res-
onance peaks having very weak intensity. They originate
from the Ce 4f electrons. The intensity of the two flat
bands shows an obvious momentum dependence. Flat
band spectral weight is markedly stronger around the f
and conduction bands intersection than that of other po-
sitions. The f51 /2 state strength is much weaker than that

of f1 /2 Suggesting that hybridization is weaker [30].

When hybridization occurs, in addition to the redis-
tribution of the f-electron spectrum weight, a dispersive
heavy quasiparticle band should be observed around the
intersection of the f band and conduction band. Thus,
we measured high energy resolution on-resonance spec-
tra were along the direction slightly deviating from I"-
M'. The c-f hybridization feature is easily detected as
shown by the dispersive heavy band near Er, and the
redistribution of the f-electron spectrum [Fig. 4(a)]. A
fraction of the Ce 4f electrons are itinerant and involved
in F'S formation. Note that this is different from a trans-
port measurement viewpoint [16]. Hybridization between
f; /2 and conduction electrons is a common feature in Ce-
based HFs [19H22] [24] 25]. No discernible dispersion was
observed for the 4f7 /2 State. This may be due to insuf-
ficient energy and momentum resolution of the measure-
ment, and that the intensity of the 4 f71 /o state is much
higher than that of the conduction band.

Fig. 4(b) shows the EDCs corresponding to Fig. 4(a).
The heavy quasiparticle band peaks near the intersec-
tions, indicated by open circles, vary with momentum.
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FIG. 3. (color online) (a)-(c) Raw band maps of CePdsAly along M’-I"-M’ directions taken at photon energies of 115, 119,
and 123 eV, respectively. This set of data shows the evolution of momentum resolved Ce 4f emissions across the Ce 4d-4f
threshold. (d) The angle-integrated EDCs for data in panels (a)-(c). The positions of the f51/2 and f71/2 states are indicated.

Fig. 4(c) shows the integrated EDCs at five selected mo-
mentum positions shown in different colors in Fig. 4(a).
This includes the conduction bands that cross the Er
region and adjacent regions where no conduction bands
cross the Er. EDC peak positions in these two regions
differ. EDC peak positions in the former regions shift ~
9 meV towards high binding energy. This value is similar
to that of CePtsIn; (5 meV) [19] and Celng (4 meV) [21],
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FIG. 4. (Color online) (a) On-resonance valence band struc-
ture of CePdsAlz measured along a direction slightly off T/~
M'. (b) EDCs of the spectra shown in (a). Aqua shadows
indicate f%/2 and f%/Q states positions. The open circles indi-
cate EDCs peak positions. (¢,d) Comparison of EDCs mea-
sured at different momentum positions. The black, green,
aqua, red, and grey curves were obtained by integrating the
regions between two black, green, aqua, red, and grey dashed
lines, as indicated in (a), respectively. (d) Photoemission
intensity near the Er. Squares and open circles represent
the conduction and hybridized f bands position, respectively.
The hybridized dispersion was fitted by the equation based
on the periodic Anderson model, as indicated by green lines.
The horizontal and parabolar yellow-dashed lines represent
the f-level and bare conduction band, respectively.

but significantly smaller than that of CelrIns (about 30
meV)[33]. EDCs peak positions in non-intersecting re-
gions are almost identical (black, aqua, and grey curves).
The periodic Anderson model suggests that, the stronger
the c-f hybridization, the greater the energy shift in the
f-level band. This means that the hybridization strength
between f-band and conduction band of CePdsAls is ob-
viously weaker than that of Celrlns.

Fig. 4(d) presents a zoomed view into the intersections
of the f band and conduction band, and the data has
been divided by the corresponding resolution-convoluted
Fermi-Dirac function. A weak dispersionless band is ob-
served between the f band and the conduction band in-
tersection. This could be due to the strong Kondo reso-
nance just below Er. The conduction bands represented
by the squares and the hybridized f band represented
by the open circles were obtained by fitting momentum
distribution curves (MDCs) and tracking energy distribu-
tion curves (EDCs) peak positions, respectively. Accord-
ing to previous work [20} 24} [30], although CePdsAl, is
not in a Fermi liquid state, its ARPES spectrum can still
be analyzed according to the hybridization band picture
based on the periodic Anderson model (PAM) [30] [31],
in which the hybridization build upper (E*) and lower
(E7) bands that are given by

B (k) = eo+ex /(0 —ex)? + 4|Vk|2’
2

where € is the renormalized f-level energy (Ce 4f3 /2), €k
is the bare conduction band, and Vj, is the renormalized
hybridization (half of the direct hybridization gap) [30].
A good fit result (solid green lines) is achieved [Fig. 4(d)].
This is accomplished by fitting, ¢g = -6.2 meV, and Vj
= 16£2 meV. This corresponds to a direct hybridization
gap of ~32 meV. This value is similar to that of 30 meV
in CeColns [24] and 36 meV in CelrIns [20]. The indirect
gap, obtained by a previous theory calculation, is A, ~
2V;2/D, where D (D > &) is the half-bandwidth of the
bare conduction band, and thus vanishingly small. The
fitted results show that the energy spacing between the



bottom of the ET band and the top of the £~ band
is quite small. The obtained negative ¢y value, similar
to that of y-Ce [32], indicates a ground state f-level of
CePd;Al; has a position just several meV below Ep.
To conclude, we investigated the 3D FS topology and
the properties of f-electrons in the antiferromagnetic
Kondo lattice CePdsAl,y at low temperatures using high-
resolution ARPES. A quasi-2D nature of FSs was de-
tected. Heavy 4 f-derived sharp quasiparticle bands, a
strong and sharp 4f° peak at -1.63 eV below Er, and
spin-orbit splitting of the 4f! final state into f71/2 and
f51 /2 final states were directly observed. Furthermore, a

shoulder of the fY peak, a redistribution of f! electrons,
and a weak dispersive heavy quasiparticle band with an
energy shift of ~ 9 meV just below the Er were ob-
served. The sharp heavy quasiparticle peaks ( fg /2 and

f7 /») near Ep and the hybridized f band indicate that
the f electrons are partially itinerant at low tempera-
ture, yet dominantly localized. This dual nature of the
4f state is derived here from its small but detectable hy-
bridization in CePdsAls,.
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