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We performed a point contact spectroscopy study in an intermediate-valence heavy-fermion (HF) compound
EuNi2P2. Above the Kondo temperature TK, the differential conductance spectra show a broad peak due to the
Kondo resonance at the Eu site. Below TK, the broad peak splits into two peaks that can be reproduced by the
summation of two Fano curves with the same parameters, indicating the emergence of the indirect hybridization
gap in an Anderson lattice. With decreasing temperature, the separation between the two peaks increases and
saturates at very low temperatures. The results reveal the evolution of the electronic structure in the HF state due
to the development of the lattice coherence.

DOI: 10.1103/PhysRevB.103.L041113

The Kondo effect serves as a fundamental model for under-
standing correlated-electron physics. The localized moments
with degenerate degrees of freedom, e.g., spin [1–5], orbital
[6–8], charge [9–11], and quadrupole [12–14], are screened by
the conduction electrons, resulting in peculiar Kondo many-
body states at low temperature. The screening of the localized
moments has been detected by spectroscopic investigations
[2–8,11], enabling us to explore the properties of many-body
states through detailed analysis of the spectral shape near the
Fermi level.

In a crystal lattice composed of a periodic array of local-
ized f -electron moments referred to as an Anderson lattice,
hybridization between the localized moments and conduction
electrons results in a coherent electronic state with a heavy
electron mass upon decreasing the temperature. The initial
light conduction electron band splits into two heavy bands, in
which the heavy-fermion (HF) state is formed due to mixing
with a weakly dispersing f -electron band [15,16]. Intriguing
phenomena, such as unconventional superconductivity and
quantum critical behavior, often appear in HF compounds
[17,18], indicating the importance of understanding compos-
ite low-energy excitations in an Anderson lattice with a heavy
electron mass. According to theory, in addition to the direct
hybridization gap, a considerably smaller indirect hybridiza-
tion gap opens in the density of states (DOS) due to the
development of the lattice coherence, whereby the magnitude
of the energy gap is approximately TK [16,19]. These features
have been studied in Ce, Yb, and U-based HF compounds
using scanning tunneling microscopy (STM) or point contact

*shiga.masanobu.987@m.kyushu-u.ac.jp
†t.kawae.122@m.kyushu-u.ac.jp

spectroscopy (PCS) measurements [20–24]. However, spec-
trum shapes differ between compounds, indicating that the
precise characteristics of the indirect hybridization gap in an
Anderson lattice exhibiting HF behavior are still not well
understood. This is in contrast to extensive investigations of
bulk properties of HF compounds.

We focus on an intermediate-valence compound, EuNi2P2,
with an Eu valence value of ∼2.5+ at low temperatures [25],
which demonstrates a strong hybridization between well-
localized 4 f electrons and conduction electrons. In addition,
EuNi2P2 is considered to be an HF compound, despite the
presence of Eu systems, for the following reasons. Its elec-
tronic specific heat coefficient of ∼100 mJ/(K2 mol) [26,27]
is approximately 100 times larger than that of a normal Fermi
liquid. Electrical resistivity ρ(T ) decreases monotonically af-
ter a local maximum at approximately 100 K, and it shows a
Fermi liquid behavior with a T2-dependence below 10 K [27].
For the bulk crystal, the TK is evaluated to be approximately
∼80 K [27]. These features suggest that EuNi2P2 is a good
candidate for studying the evolution of the HF state in terms
of c- f hybridization. In fact, previous optical conductivity and
photoemission experiments below TK implied the existence of
an indirect hybridization gap [28,29].

Here, we report the temperature dependence of the differ-
ential conductance spectra in EuNi2P2 studied by PCS, which
reveals the evolution of the electronic structure in the HF state
due to the development of the lattice coherence. At higher
temperatures, the differential conductance spectrum exhibits a
broad peak, reflecting the Kondo resonance at the Eu site. The
broad peak splits into two peaks below TK of the bulk crystal,
showing the relevance between the two-peak structure and
HF coherence. With decreasing temperature, the separation
between the two peaks increases and finally saturates. The
evolution of the spectra with an asymmetric background can
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be well reproduced by the summation of two Fano curves
with the same parameters, demonstrating the formation of a
hybridization gap in an Anderson lattice screened by con-
duction electrons. The overall features of the spectra can be
successfully interpreted by tunneling-electron spectra in an
HF material proposed by the theoretical model [19].

We use PCS measurements to investigate the temperature
evolution of the electronic DOS near the Fermi level, which
can be recorded through the differential conductance dI/dV
measurements [30,31]. The PCS technique has been applied
to various materials, such as superconductors and Kondo
systems [5,22,23,32–35]. In URu2Si2, an asymmetric double-
peak structure was detected using PCS measurements, and it
was caused by an indirect hybridization gap [22], whereas
only a single-peak Fano curve was observed in the STM
investigation, although quasiparticle interference imaging in-
dicated the emergence of two heavy bands [36,37]. This can
be interpreted by considering the difference of the tunneling
probability of tip electrons into the localized 4 f band. Due to
direct contact between the tip and the sample in PCS experi-
ments, the tunneling probability is much higher than that for
the STM investigation.

A single-crystal sample of EuNi2P2 is grown using the
Sn-flux method, as detailed in Ref. [38]. After mechanically
polishing the sample’s (001) surface, it is mounted on a He
cryostat. A point contact is established using the spear-anvil
technique, in which two types of piezodevices are combined
to be able to change the contact size precisely from an atomic
size to dozens of nanometers. An attocube piezobased po-
sitioner (ANPz51 attocube systems AG) is installed for the
coarse movement of the probe tip, whereas a stacked-type
piezodevice is utilized to finely control the contact size. First,
to eliminate the effects of surface contamination, such as
an oxidation layer, the tip is brought into contact with the
sample surface with the contact resistance of below a few
milli-Ohms at low temperature using the attocube positioner.
Subsequently, the contact size can be finely regulated by con-
trolling the bias voltage of the stacked-type piezodevice with
a feedback loop. It is important that PCS spectra do not lose
contact during measurements, although the temperature and
contact size can change significantly. The differential conduc-
tance dI/dV spectra are measured using a lock-in technique
with the modulation frequency of ω = 1 kHz and an ampli-
tude of ∼0.9 mV. The sweep speed of the bias voltage is set
as ∼1 mV/s.

Figure 1(a) shows the dI/dV spectra. A tungsten (W)
wire is used as the probe tip for the PCS measurements.
The spectrum exhibits a two-peak structure at approximately
±15 mV, which is superposed on an asymmetric background,
as illustrated by the solid line in Fig. 1(a). A similar shape
appears in the spectrum when a platinum (Pt) probe tip is
substituted for the W wire, as illustrated by the broken line
in Fig. 1(a), in which the two-peak structure is clearly shown.
The conductance at −50 mV is always greater than that at 50
mV, indicating that, in addition to the two-peak structure, the
asymmetric background is also an essential feature in the PCS
spectra of EuNi2P2 probed using a normal metal tip.

Herein, we discuss the heating effect of the contact dur-
ing measurements. PCS measurements must be performed
in the ballistic or diffusive regime of electron scattering for

FIG. 1. (a) Solid line: Differential conductance (dI/dV ) of
EuNi2P2/W interface at 4.3 K; contact resistance is 60 �. Bro-
ken line: EuNi2P2/Pt interface at 6.0 K; contact resistance is 6 �.
(b) Differential resistance (dV/dI), which is the reverse of dI/dV
in (a). (c) Contact resistance dependence of differential conductance
(dI/dV ) of EuNi2P2/W interface at 4.3 K. The spectra are measured
with increasing contact resistance from 12 to 60 �. Broken lines
provide visual guidance.

investigating the spectroscopic features of a sample. Mean-
while, a voltage drop due to inelastic scattering of the
conduction electrons accelerated by the bias voltage occurs
at the overall junction in the thermal regime, thereby causing
local heating at the junction. As detailed in our previous paper
[35], the bias voltage dependence of the differential resistance,
i.e., dV/dI versus V , in the thermal regime should be similar
in shape to the temperature dependence of the resistivity ρ(T)
[31]. From Fig. 1(b), the dip structure is visible at approxi-
mately ±15 mV in the dV/dI curve, which is the reverse of
dI/dV . This clearly differs from ρ(T), which decreases mono-
tonically with decreasing temperature. From these results, we
conclude that the two-peak structure cannot be attributed to
the Joule heating caused by the measurements.

Furthermore, structural disorder at the contact can be ex-
empted as being the origin of the two-peak structure based on
the contact resistance (contact size) dependence of the dI/dV
curve. Figure 1(c) depicts the spectra obtained at T = 4.3 K
using the W tip. The spectra are measured by increasing the
resistance at the interface between the tip and EuNi2P2 from
12 to 60 �, which corresponds to a decrease in contact size,
while maintaining the contact during the measurements. The
two-peak structure at the position corresponding to ∼ ± 15
mV superimposed on the asymmetric background is repro-
ducible in all spectra, although the cross-section at the contact
is changed five times. These results demonstrate that the two-
peak structure with the asymmetric background is caused by
the electronic DOS in EuNi2P2 rather than having a structural
origin or a local charging effect at the contact. These facts
indicate that the measurements are carried out in the ballistic
or diffusive regime, enabling us to reveal the spectroscopic
feature of the DOS in EuNi2P2 using our PCS technique.
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FIG. 2. (a) The temperature dependence of differential conduc-
tance (dI/dV ) EuNi2P2/W interface below T ∼ 60 K in run 1, for
which the contact resistance is RC = 17 �. (b) Differential con-
ductance above T ∼ 60 K at RC = 17 � in run 2. (c) Temperature
variation of coefficient of determination 1 − R2.

Figures 2(a) and 2(b) show the temperature variations in
the dI/dV spectra between 5.3 and 56 K and between 61
and 92 K, respectively. It is difficult to record spectra over
a wide temperature range without losing contact; therefore,
the spectra shown in the two panels are measured in different
runs. At higher temperatures, an asymmetric broad peak is ob-
served, which is centered at around zero bias. Upon reducing
the temperature, the spectral shape changes significantly. The
broad peak splits into two peaks with increasing peak separa-
tion. Below 10 K, the spectral shape is almost independent of
temperature. The observed features are consistent with those
observed in HF compounds [20–24].

As described in the introduction, the experimental results
for the bulk sample of EuNi2P2 strongly suggest that the HF
ground state appears at low temperatures. Therefore, it is rea-
sonable to consider that the broad peak at high temperatures
is caused by Kondo resonance at the Eu ion [39]. In fact,
the spectrum can be reproduced based on a Fano function
expressed as follows [40–42]:

f (eV ) = S

π (q2 + 1)

(q� + eV )2

�2 + (eV )2
. (1)

Here, e, V , S, and q are the elementary charge, bias voltage,
spectrum amplitude, and Fano factor representing the ratio of
probabilities between two tunneling paths, respectively.

In contrast, the spectra below T ∼ 60 K cannot be fitted by
a single Fano function f (eV ) as shown in Fig. 2(c), indicating
that the deviation in the coefficient of determination 1 − R2

increases with decreasing temperature [42]. Therefore, we fit
the low-temperature spectra with two peaks by summing two

FIG. 3. (a) Fitting of spectrum at T = 5.3 K due to the summation
of two Fano curves, f1 and f2, as expressed in Eq. (2), where f1 and
f2 have the same parameters for S, q, and �(eV ) [42]. Two solid lines
correspond to f1 and f2. (b) Temperature dependence of the spectra
in Fig. 2(a) fitted by summation of two Fano curves. (c) Temperature
dependence of the peak separation �p between two Fano curves.
Dashed line shows

√
1 − (T/T0 )2 dependence.

Fano curves, expressed as follows [42]:

GF (eV ) = f1

(
eV − λ + �p

2

)
+ f2

(
eV − λ − �p

2

)
+ f0,

(2)
where f1 and f2 are defined by Eq. (1). Moreover, �p, λ, and f0
are the peak separation, peak position, and background with a
constant value, respectively. The two Fano functions GF (eV )
correspond to a single Fano function f (eV − λ) when �p = 0
[42].

To account for the quasiparticle broadening param-
eters in the PCS measurements [22,43], we introduce
an energy-dependent broadening parameter �(eV ) = �0 +
�1|eV |, where �0 and �1 are positive fitting parameters. The
fitting using Eq. (2) is plotted in Fig. 3(a). The overall feature
of the spectra, including the asymmetric background, can be
well reproduced by the summation of two Fano curves, where
f1 and f2 have the same parameters for S, q, and �(eV ), as
shown in Figs. 3(a) and 3(b). On the other hand, in the PCS
measurement on the valence ordered system YbPd with a Yb
valence value of 2.6+ and 3+, the spectra can be reproduced
by two Fano curves with different fitting parameters [35],
which is understood by considering the formation of two dif-
ferent Kondo resonance states at the 2.6+ and 3+ sites [35].
From these results, we consider that a spatially uniform state is
formed in EuNi2P2. Note that the shapes of two Fano curves,
f1 and f2, differ slightly, due to the bias voltage dependence
of �(eV ), as plotted in Fig. 3(a).

From these findings, it is reasonable to assume that the
two-peak structure originates from the indirect hybridization
gap in the DOS. The temperature dependence of the peak
separation �p between the two Fano curves is plotted in
Fig. 3(c); as shown, the peak separation is suppressed with
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FIG. 4. (a) Fitting of dI/dV spectra illustrated in Fig. 2(a) us-
ing the MDC model. (b) Temperature dependence of the indirect
hybridization gap evaluated by the MDC model. Dashed line
shows

√
1 − (T/T0 )2 dependence. (c) Temperature dependence of

broadening parameter �0. Solid line represents fitting by �0 =√
(αkBT )2 + (2kBTK )2, where α = 3.4 ± 0.4. (d) Temperature de-

pendence of renormalized 4f-electron level λ.

increasing temperature. By fitting the data based on the
empirical expression

√
1 − (T/T0)2, as shown by the bro-

ken line, the separation decreases at T0 = 80 ± 5 K. Ac-
cording to theory, the indirect hybridization gap appears
below the Kondo temperature in the Anderson lattice,
TAL, i.e., TAL ∼ 80 K. This is consistent with TK of the
bulk single crystal as determined via the thermal expan-
sion measurements [27], thereby strongly suggesting that
the formation of the indirect hybridization gap is inti-
mately associated with the emergence of bulk HF behav-
ior.

To evaluate the quantities associated with the indirect
hybridization gap �hyb, we analyze the spectra using a the-
oretical model proposed by Maltseva, Dzero, and Coleman
(MDC model), which is introduced to explain the spectrum
measured by the tunneling spectroscopy in HF systems [19].
Details of the analysis are presented in the Supplemental
Material [42], where TAL = 80 K is used in the analysis. The
MDC model is used to investigate the tunneling process of the
tip electron into an Anderson lattice, i.e., direct tunneling into
the sea of conduction electrons and cotunneling into a com-
posite combination of the localized moment and conduction
electrons. Therefore, once coherence develops in an Ander-
son lattice, the direct tunneling and cotunneling processes
interfere, resulting in a two-peak structure due to the indirect
hybridization gap. As shown in Fig. 4(a), the temperature
dependence of the spectra can be fitted using the MDC model
below T ∼ 40 K, indicating that HF coherence develops with
decreasing temperature. Above T ∼ 50 K, an error bar for the
fitting increases because of an enhancement in the single-peak
character, as shown in Fig. 2(c).

The temperature dependence of �hyb evaluated from the
MDC model is depicted in Fig. 4(b). The gap is suppressed

with increasing temperature and vanishes at T = 73 ± 19 K,
similarly to the two Fano analysis. Furthermore, the gap of
�hyb = 16 ± 2 meV at T = 5.3 K is consistent with that
observed in optical conductivity measurements, in which the
spectrum exhibits a shoulderlike structure arising from the
indirect hybridization gap at approximately 20 meV at T
= 6 K [29]. The value of �hyb ∼ 16 meV is smaller than
that from the two Fano analyses in Fig. 3(c). A similar
discrepancy was reported in the PCS spectra of UPd2Al3

[23].
Figures 4(c) and 4(d) illustrate the temperature depen-

dence of the broadening parameter �0 and the renormalized
4f-electron level λ, respectively, which are evaluated based
on the analysis of the indirect hybridization gap that evolved
using the MDC model. Localized characteristics of 4 f
electrons can be observed in both parameters. �0 shows√

(αkBT )2 + (2kBTK )2, a formula utilized for the fitting of
single-site Kondo resonance. Moreover, the fitting parameter
α = 3.4 ± 0.4 is consistent with α = π for the single-site
Kondo model [44,45]. In addition, �0/kB extrapolated to T =
0 K is estimated to be 79 ± 5 K, which agrees well with
TAL ∼ 80 K. Meanwhile, λ in Fig. 4(d) increases slightly with
decreasing temperature, starting from 100 K, suggesting that
the 4 f -electron level is not substantially affected while HF
coherence is being developing.

As discussed above, the observed spectroscopic features
can be successfully interpreted with the MDC model. Hence,
we conclude that a coherent HF state emerged in EuNi2P2.
Moreover, the temperature dependence of the two-peak struc-
ture reveals the evolution of the indirect hybridization gap
developed in the Anderson lattice. The two-peak structure has
also been observed in Ce-, Yb-, and U-based HF compounds
[20–23]. However, the results could not be reproduced using
the two Fano curves with the same fitting parameters, although
the compounds are typical HF compounds. This might be
explained by the following scenario. A uniform Anderson
lattice is not formed in Ce-, Yb-, and U-based HF compounds
due to the magnetic anisotropy of these compounds. On the
other hand, the origin of the HF state in EuNi2P2 is caused not
by spin fluctuation but by valence fluctuation, leading to the
formation of the uniform lattice [46,47]. Further studies are
necessary to examine the origin of HF behavior in EuNi2P2

[48,49] and to explain the differences in the spectroscopic
structures of HF compounds.

In summary, we investigate the dI/dV spectra of a HF
compound EuNi2P2 with an intermediate valence value of
the Eu ion using the PCS technique with a feedback loop.
The spectra exhibit a broad peak above TAL, arising from the
Kondo resonance of the localized 4 f moments. The broad
peak splits into two peaks that can be reproduced by the
summation of two Fano curves with the same parameters
below TAL, which agrees well with TK in the bulk single
crystal. With decreasing the temperature, the separation
between the two peaks increases. The overall features of the
spectra including the asymmetric background are interpreted
with the theoretical model. The results can be understood by
the temperature dependence of the indirect hybridization gap
in an Anderson lattice screened by the conduction electrons,
which demonstrates the evolution of the electronic structure
in the HF state with developing lattice coherence.
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