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Evidence for momentum-dependent heavy-fermionic electronic structures:
Soft x-ray ARPES for the superconductor CeNi,Ge; in the normal state
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We present clear experimental evidence for the momentum-dependent heavy fermionic electronic structures
of the 4 f-based strongly correlated system CeNi,Ge, by soft x-ray angle-resolved photoemission spectroscopy.
A comparison between the experimental three-dimensional quasiparticle dispersion of LaNi,Ge, and CeNi,Ge,
has revealed that heavy fermionic electronic structures are seen in the region surrounding a specific momentum.
Furthermore, the wave vectors between the observed “heavy spots” are consistent with a result of neutron scattering
reflecting magnetic correlations, which could be a trigger for the superconductivity in CeNi,Ge;.
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I. INTRODUCTION

The physics of strongly correlated 4 f-based heavy fermion
(HF) systems is a long-standing challenge, where many fas-
cinating phenomena are seen in the vicinity of the quantum
critical point (QCP), such as an enormous effective mass
enhancement [1-6], unconventional superconducting transi-
tions [2,5], and a competition or cooperation between mag-
netism and superconductivity [6—10]. HF behavior arising from
the hybridization between the mobile non-4 f and localized
4 f orbitals (cf hybridization) is macroscopically observed
through the Sommerfeld coefficient y, which is in proportion
to the Fermi-surface-averaged effective mass. Microscopically,
the effective mass m™* at the Fermi level (Er) can be probed by
angle-resolved photoemission spectroscopy (ARPES) through
the band/quasiparticle dispersion as

vp = h Y dE /dkl|iz, (1
l’f’l>k = hkF/UF, (2)

where vg, E, lik, and hikg denote the Fermi velocity, bind-
ing energy, momentum, and Fermi momentum, respectively.
Since ARPES is advantageous to investigate momentum-
dependent electronic structures compared to other probes, such
as quantum oscillation experiments, intensive studies have
been performed to reveal the quasiparticle band structures in
HF materials [11-24].

Nevertheless, only a few ARPES works have been reported
for the renormalized (heavy) bands of HF systems [12,13,21].
The lack of microscopic experimental information makes it dif-
ficult to reveal the origin of the quantum criticality for realistic
HF systems, which is proposed on the basis of several models
due to the spin fluctuation [25], Kondo breakdown [26-28],
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and valence fluctuation theories [29,30]. The HF phenomena
are complicated by the strong momentum dependence of a
HF nature arising from anisotropic cf hybridizations, which
reflect the 4 f charge distributions as clearly revealed by soft
x-ray absorption spectroscopy [31-33]. To tackle this problem,
it is essential to seriously investigate the band structures
along various directions in three-dimensional (3D) reciprocal
space.

A family of Ce-based ternary compounds with a tetragonal
ThCr,Si, structure is a benchmark system for the study of
such anisotropic electronic states with a rich variety of the
ground-state properties mentioned above. Here, we focus on
CeNi,Ge;, which shows non-Fermi-liquid behavior with a
superconducting phase transition at an ambient pressure below
0.2 K [5], suggesting that the ground states are close to QCP.
y is evaluated as 350 mJ/(mol K2) [3], which is comparable to
that of a typical HF material CeRu,Si; [4]. The satellite struc-
tures appearing in the Ce 3d x-ray absorption [34-37] spectrum
demonstrate a sizable cf hybridization in CeNi,Ge, [38].

In this paper, we present direct evidence for the formation
of momentum-dependent HF bands in CeNi,Ge, by using
soft x-ray ARPES, which is a suitable probe to select the
momentum not only within the k,-k, plane parallel to the
surface but also along the k. direction with relatively high bulk
sensitivity [39,40]. A renormalized band was successfully ob-
served along a specific direction in reciprocal space, which was
not seen in the ARPES spectra of the non-4 f system LaNi,Ge;
with almost equivalent experimental conditions to those for
CeNi;Ge;. Moreover, a direct comparison with LaNi,Ge;,
which is a non-4 f system with y = 14.5 mJ/(mol K?) [41],
gives quantitative evidence of the mass enhancement in
CeNi,Ge, from LaNi,Ge,.
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FIG. 1. FSslicesinthe (a), (b) k.-k, and (c), (d) k, -k, planes of CeNi,Ge, and LaNi,Ge,, which are obtained by integrating the photoelectron
intensity between the Fermi level and unoccupied —0.2 eV. The dashed lines represent the BZ boundaries. The dots with error bars represent
the kg’s estimated from each specific angle slice. The solid lines are guides to the eye of Fermi surfaces following the experimentally evaluated
kg’s. The dashed-dotted lines of (c) and (d) indicate incident photon energies.

II. EXPERIMENT BL23SU of SPring-8 [43]. The ARPES spectra were acquired
using a Gammadata-Scienta SES-2002 electron analyzer. The
energy resolution was set to about 70—130 meV for a photon
energy (hv) of about 580-780 eV for the angle-resolved
experiments. The sample temperature was set to 10 K (Fig. 1)

High-quality RNi,Ge; (R = Ce, La) single crystals were
grown by the Czochralski method [42]. The ARPES experi-
ments were performed at the twin helical undulator beamline
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FIG. 2. (a)—(f) ARPES intensity plots of RNi,Ge, (R = Ce, La) alongcutl (k, =0, '-X), cutll (k, = 7 /c), and cut lll (k, = 27 /c, Z-X).
The energy resolution of the data in (a) and (b) was set to 70 meV, and that in (c)—(f) was set to 130 meV while the sample temperature was set
to 8 K. The curved dashed lines represent guides to the eye. (g), (h) Energy distribution curves of CeNi,Ge, (solid lines) and LaNi,Ge, (dashed
lines) along the (g) ['-X and (h) Z-X directions. The labels k5* and kge in (g) represent the Fermi momentum of LaNi,Ge, and CeNi,Ge, along
the I"'-X direction, respectively. The label kg in (h) represents the Fermi momentum of both compounds. The peak positions corresponding to
the band structure are indicated by circles for CeNi,Ge, and triangles for LaNi,Ge;.
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and 8 K (Fig. 2), which is low enough to have a better chance
of accessing HF states [12]. The single-crystal samples were
cleaved in a base pressure of about 8.8 x 10~° Pa to expose
clean (001) surfaces. The sample qualities were examined on
the basis of the absence of O and C 1s core-level peaks caused
by possible impurities or surface oxidization [44].

III. RESULTS AND DISCUSSION

Figure 1 shows an evolution of the Fermi surface (FS) from
LaNi,Ge, to CeNi,Ge, obtained by hv-dependent ARPES,
which has an advantage of clarifying the bulk FS topology
in the 3D Brillouin zone (BZ) [17]. The FS topology in the
ky-ky plane is circular for LaNi,Ge,, as shown in Fig. 1(b), but
that for CeNi,Ge; in Fig. 1(a) is elliptical with the major axis
along the I'-X line. A difference in shape between LaNi,Ge,
and CeNi,Ge; is also observed in the k, mapping. The FS
of LaNi,Ge, only weakly depends on k, having a quasi-two-
dimensional shape, as indicated by the solid lines in Fig. 1(d).
This contrasts sharply with the FS of CeNi,Ge,, which shows
a strong k, dependence around the X points in Fig. 1(c).

This change is related to the increase in the 4 f electron
number from La to Ce as discussed below, and thus significant
4 f electron contributions to the band dispersion are expected
in the I'-X direction, labeled as cut I in Fig. 1 with k, =
11.0 in units of 4w /c, where ¢ stands for the out-of-plane
lattice constant of CeNi,Ge, with a body-centered-tetragonal
structure. Note that the resonance ARPES at the Ce 4d-4 f
and 3d-4 f edges cannot access the I'-X direction because
of a corresponding k, of 4.6 [equivalent to 10.6 in Fig. 1(a),
between cuts II and III] and 12.23 (equivalent to 10.77, cut II),
respectively.

Detailed k. -dependent band dispersions are displayed in
Figs. 2(a)-2(f), which show intensity plots along cuts I, II,
and III. In Fig. 2(a), the band of CeNi,Ge, becomes flat
upon approaching E¥, in contrast to the simple parabolic band
of LaNi,Ge, in Fig. 2(b). This gives direct evidence of the
formation of the HF electronic structure in CeNi,Ge, that
the itinerant conduction band hybridizes with the localized
4 f orbitals [45]. Such HF behavior is not observed in cuts
Il and III, in which a paraboliclike shape comparable to
that of LaNi,Ge, is observed, as shown in Figs. 2(c)-2(f).
This indicates that the heavy fermionic electronic structure is
present at only a specific momentum along the I'-X cut. Note
that the flatband at 300 meV as shown in Fig. 2(a) is not due
to the Ce 4 f states since it is also observed for LaNi, Ge, with
nominally no 4 f occupation, as shown in Fig. 2(b) [46].

The detailed differences in the electronic structure are given
by a comparison of the energy distribution curves (EDCs)
shown in Figs. 2(g) and 2(h). The spectral weights in the
vicinity of Ef along the I'-X direction from kL* (0.33 A~1)

to kge 0.52 10\") [47] (hereafter referred to as a “heavy spot”)
of CeNi,Ge; displayed in Fig. 2(g) are large and still maintain
the peak structures compared to those of LaNi,Ge,, indicating
alarger Fermi surface of CeNi,Ge;. This behavior is consistent
with the enlargement of the FS from LaNi,Ge, to CeNi,Ge,
along the I'-X cut in Fig. 1. On the other hand, the peak
positions of both compounds in EDCs along the Z-X direction
in Fig. 2(h) are comparable and the peaks disappear around
the equivalent momentum. Moreover, the energies of the band

EF HETN
(a)
100+ . ]
CeN1,Ge,
200" —
% m*>22m,
£ 300/ k= 0.52 A1
>
T — dE{dk <.0.18 .eV A{
g SRR RO SO SO SO SO
E
g2 "
el 3 E
-g 100 LaNi,Ge,
200
m'=2.1m,
300 kg = 0.33 A1
400 dE/dk=1.2eVA |

X 017020370405 0.6

—_— F
Momentum (A1)

FIG. 3. Obtained band dispersion near Eg of (a) CeNi,Ge, and
(b) LaNi,Ge, along the I'- X direction from the peak binding positions
of energy distribution curves (with error bars along energy) and
momentum distribution curves (with error bars along momentum).
The straight lines represent the estimated band slopes.

bottom are almost identical for both Ce and La systems, and
thus the simple rigid band model caused by the increase in the
electron number from La to Ce atom is ruled out. Therefore, we
stress that the anisotropic enlargement of the FS along the I'- X
direction indicates momentum-dependent HF behavior, which
is not predicted from density functional theories [42,48].

The effective mass of the observed bands of RNi,Ge,
(R = Ce, La) is estimated from the peak binding energies
in Figs. 2(g) and 2(h), using formulas (1) and (2). The peak
positions of EDCs and momentum distribution curves (MDCs)
along the I'-X directions are plotted in Figs. 3(a) and 3(b).
The band slope of LaNi,Ge, is estimated by the straight
line in the figure, which is determined by a least-square fit
to the data. The effective mass of LaNi,Ge, along the I'-X
line is m{, = 2.1mg (my is the free electron mass), which is
consistent with the results of a de Haas—van Alphen (dHvA)
experiment [49] and of the ab initio calculations with an all-
electron fully relativistic augmented-plane-wave method [48].

In estimating the effective mass of CeNi,Ge, along the
I'-X cut, we have used the peak energies of EDCs because
the peak momenta of MDCs do not simply represent the
quasiparticle dispersions due to the drastic change in the non-
4 f contributions in the spectra as a function of momentum
between kL* and kS°, which originates from cf-hybridization
effects. The MDC analysis can be effective when the orbital
character does not depend on momentum (Appendix A). Since
it is difficult to precisely estimate the effective mass, relatively
large |dE/dk|i=i. are estimated, as shown in Fig. 3(a), to
determine the lower limit of the effective mass, which enables
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TABLE 1. The effective mass of RNi,Ge, (R = Ce, La) along
three directions measured in this study.

Line LaNizGez CeNizGez
k., =0 (2.1 £0.4)my > 22my

k., =m/c (0.6 £ 0.4)my (1.2 £0.8)my
k, =2m/c (0.9 & 0.5)m, (1.5 £ 0.6)my

us to avoid an overestimation of the effective mass. The band
mass of CeNi,Ge, along the I'-X line is m¢, > 22mg, which
corresponds to a mass enhancement factor of m¢,/mj{, > 10.
According to the periodic Anderson model which reasonably
reproduces the experimental dispersion (Appendix B), the
m¢./my, is evaluated as 66. We have also estimated the
band mass of both compounds along the other directions, as
summarized in Table I (see also Appendix C). A 24 times larger
Sommerfeld coefficient [3,41] would be reasonable when we
consider a mass enhancement factor of mg,/mj, = 66 along
the I'- X line and a heavy (mg, /m{, > 2) fermionic electronic
structure is not observed in the other directions.

Our results of the estimated klg"‘ of 0.52 A~! correspond
to 50% of the I'-X period for CeNi,Ge, in the k.-k, plane,
as shown in Fig. 4. According to the neutron scattering
measurement [50], on the other hand, an antiferromagnetic
correlation modulated by a wave vector (% %O) has been
detected in CeNi,Ge,. Therefore, the wave vectors between
the heavy spots in the (001) plane correspond well to the anti-
ferromagnetic wave vector in Fig. 4. The states in the vicinity
of k& with a heavy mass are effectively enhanced, which leads
to a large energy gain of the Cooper-pair formation in the
superconducting phase. Thus, the spin fluctuation, which is
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FIG. 4. Schematic drawing of FS of CeNi,Ge, together with the
BZ, where a denotes the lattice constant. The dots represent the
observed HF kgs. The arrows represent the wave vectors between
kg’s in the (001) plane of HF electronic structure.
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FIG. 5. (a) Schematic drawing of the electronic structure in the
presence of cf hybridization. (b) Momentum distribution curves of
CeNi,Ge, (solid line) and LaNi,Ge, (dashed line) along the I'-X
direction.

proposed in several theories [25-27], should play an important
role in the superconductivity in CeNi,Ge,. The importance
of the spin fluctuation scenario is also confirmed by volume
thermal expansion and specific heat measurements [51]. Our
results propose the importance of detecting heavy spots for
the origin of quantum critical phenomena in heavy fermion
compounds.

IV. CONCLUSION

In conclusion, we have succeeded in observing clear exper-
imental evidence of an anisotropic large Fermi surface and the
momentum-dependent heavy fermionic electronic structure
of CeNi,Ge; by soft x-ray ARPES. This study provides
a promising approach to HF states; we should select the
momentum for the observation of HF states. The detected
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wave vectors of the heavy spots seem to be related to the
magnetic correlations, as discussed in high- 7, superconducting
cuprates [52].
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APPENDIX A: MOMENTUM DISTRIBUTION CURVES
ALONG THE I'-X DIRECTION

Figure 5 shows the MDCs of CeNi,Ge, and LaNi,Ge,
along the I'-X direction, together with a schematic drawing
of the electronic structure in the presence of ¢f hybridization.
Although the peak positions of CeNi,Ge, are close to those of
LaNi;Ge,, as indicated by the circles in Fig. 5(b), the MDC of
CeNi,Ge, at Ef is asymmetric and has a stronger intensity
towards the I'" point than that of LaNi,Ge,. The observed
asymmetry reflects a drastic change in the band structure, as
illustrated in Fig. 5(a). Generally, the orbital character of a
cf-hybridized band depends on momentum; it changes from
non-4 f to 4 f contributions with approaching Er. Since the
photoionization cross section for the Ce 4 f state is smaller
than the other orbitals in the valence band of CeNi,Ge, [53],
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FIG. 6. Comparison of the best simulated cf-hybridized dis-

persion by the periodic Anderson model (solid curve) giving

m¢./mf, = 66 with the experimentally obtained band dispersion

(circles with error bars) of CeNi,Ge, along the I'-X cut as shown in
Fig. 3(a).

the photoelectron intensity should be small with approaching
Ep. Although the peak positions of MDCs do not simply
represent the hybridized band dispersion, the asymmetry of
MDC implies a heavy fermion state.

APPENDIX B: PERIODIC ANDERSON MODEL

Figure 6 shows a comparison between the result of ARPES
and the theoretical calculation. The calculation is based on a
periodic Anderson model with the use of the leading order of
1/N expansion [54,55].

With the use of pseudoparticles, the infinite-U periodic
Anderson model is given by

N N, N
) + ©) ,+
H=3 3 6o cm, Cnk, + ) ) € i i
m=1 ky i=1 m=1

1 4
=Y (Ve kit fobt 4 He.), (Bl)
m Z kn

where m denotes the component of the spin-orbital degen-
eracy N = 2 of the I'; states in the crystalline electric field
scheme of CeNi,Ge,[56] in an f! configuration; Cmk,,, fnis
and b; represent the annihilation operator of a conduction
electron with wave vector k,,, spin-orbital component m, the
pseudofermion representing the f! state with m at the i site,
and the slave boson representing f* state at the i site; Vj,
represents the hybridization transforming from the f! state to
the conduction electron; and N, is the total number of lattice
sites. To guarantee a physical equivalence between the present
model and the original U = oo model, this Hamiltonian must
be treated within the subspace where the local constraint,

miky,

+ +
Qi =Y fofi fui + b b, (B2)
m
holds.
Ep
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100 A .
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FIG. 7. Obtained band dispersion near Er for RNi,Ge, (R = Ce,
La) along cut II (k, = 7 /c) and cut Il (k, = 27 /c, Z-X) from the
peak positions of the energy distribution curves (with error bars
along energy) and momentum distribution curves (with error bars
along momentum). The straight line represents the estimated band
slope.
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We use the perturbational expansion in powers of 1/N. By
including terms on the order of (1/N)°, the Green’s function
for the conduction electron Gy, (z) is given by

1

alVig, 2’
T — €k, — z—go

G, (2) = (B3)

where €, = 6,(3: — U, €p = 559) — W, where u is the chemical

potential, Ej is the binding energy of the slave boson and cor-
responds to the Kondo temperature Tx = D exp(—1/|J|NF)
in the impurity Anderson model, where D is the half width of
the band for the conduction electrons, J is the cf-exchange
interaction, and Nr is the density of states of the conduction
electrons, and a is the residue of the slave boson and cor-
responds to Tk /7 Ng| Vi, |? in the impurity Anderson model.

Ey and a are determined by solving the following coupled
equations,

1 —1
e~ Eo— - L WVil* [ defr

mky,

1
xIm G, (€ +i04) =0,

" (B4)

1 1 —1
- =14+ — E Vi, > | d —
a Ny Vi | / €f(© T

mky,
xIm G (6 +i0)———. B5
(€ 10— (BS)
To reproduce the result of ARPES along the I'-X direction,
we use 6}({0) = —Dcos(ka), and we choose the parameters

D=1, ¢ =-077, Vi, =0.13, and p = —0.722, which
leadto Eg = 1.11 x 1072 in units of the bandwidth, a = 0.475
in units of I"-X distance, and the mass enhancement factor
mg./my, = 66.

APPENDIX C: ESTIMATION OF THE EFFECTIVE
MASSES FOR CUTS II AND III

Figure 7 displays the peak positions of EDCs and MDCs
along cuts II and III. The effective masses of these cuts are
estimated by the peak positions of MDCs. The least-square
fitting was employed by assuming a linearly dispersive band
to obtain the band slope. The estimated effective masses along
each direction are summarized in Table 1.
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