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This article reviews our recent point-contact spectroscopy (PCS) investigation in valence fluctuating Kondo 
lattice systems, EuNi2P2 and Ge-substituted EuNi2(P0.8Ge0.2)2, and YbPd. A heavy fermion (HF) compound 
EuNi2P2 exhibits a significant valence fluctuation owing to the intermediate Eu valence of 2.5+ at low tempera-
tures, leading to a strong hybridization between the conduction and f electrons (c–f hybridization). The electronic 
density of state measurements on EuNi2P2 by using PCS technique reveal that the HF behavior arises from the 
formation of the indirect hybridization gap with a double-peak structure near the Fermi level due to c–f hybridi-
zation. In EuNi2(P0.8Ge0.2)2, the valence fluctuation is suppressed by the Ge substitution, and the separation 
of the double-peak structure decreases. These suggest that the HF behavior is induced by the valence fluctuation. 
In YbPd, where two-dimensional (2D) layers of Yb3+ and Yb2.6+ are alternately aligned, a HF-like behavior with 
a large Sommerfeld coefficient appears at low temperatures in the specific heat. The PCS spectra represent 
a zero-bias dip structure with an asymmetric background, reproduced by the summation of two Fano curves 
with two different characteristic temperatures, meaning the formation of two Kondo resonance states for each 
Yb3+ and Yb2.6+ site. These suggest that a local coherence causes the large Sommerfeld coefficient in the 2D layers 
of Yb3+, which are screened by the conduction electrons provided by the valence fluctuating Yb2.6+ sites. The ob-
served results indicate that PCS is a powerful technique for examining the variation of electronic DOS in valence 
fluctuating Kondo lattice systems. 

Keywords: point-contact spectroscopy, electronic density of state, Kondo lattice, heavy fermion, valence fluc-
tuation. 

 
 

1. Introduction 

Rare earth compounds with Ce, Eu, and Yb exhibit 
fascinating phenomena, such as the Kondo effect, heavy 
fermion (HF) behavior, valence fluctuation, unconvention-
al superconductivity, and non-Fermi liquid behavior [1–3]. 
In these phenomena, hybridization between the conduction 
and f electrons (c–f hybridization) plays a key role. Accord-
ing to theory [4, 5], in a Kondo lattice system, in which 
localized f electron moments are periodically arranged, 
the electronic density of states (DOS) near the Fermi level 
changes significantly as the temperature decreases below 
the Kondo temperature TK. A sharp peak structure, referred 

to as Kondo resonance, is formed in the electronic DOS at 
the Fermi level owing to c–f hybridization. When the tem-
perature is considerably below TK, the Kondo resonance 
splits into two peaks owing to an indirect hybridization gap 
in the DOS [4, 5], in which the gap separation is smaller 
than the direct gap. Hence, the evolution of the indirect 
hybridization gap can be examined through an electronic 
DOS investigation near the Fermi level, which leads to 
a deeper understanding of the novel phenomena occurring 
in Kondo lattice systems. 

The electronic DOS investigation in Kondo system was 
performed firstly for single-magnetic impurity on a paramag-
netic metal, such as Co atom on Au (111) surface, using 
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a scanning tunneling spectroscopy (STS) technique. The 
Kondo resonance has been confirmed through the observa-
tion of the Fano resonance [6], which originates from inter-
ference between the two tunneling electron paths emitted 
from a probe tip to the continuous conduction band and 
localized level arising from the Kondo resonance. The STS 
technique was also employed to examine the indirect hy-
bridization gap in Kondo lattice systems [7–10]. According 
to the theoretical study, the indirect hybridization gap is pre-
dicted to be detected as an asymmetric double peak struc-
ture in the STS spectrum [11]. However, the double peak 
structure in the Kondo lattice systems has not been ob-
served clearly in the STS spectra, which is likely caused by 
the low tunneling probability of electrons emitted from a 
probe tip to the localized f orbital. The results indicate that 
another technique with a high tunneling probability into 
the localized f orbital is indispensable for detecting the 
indirect hybridization gap. 

For this purpose, particular attention has been paid re-
cently to a point-contact spectroscopy (PCS) technique, 
in which the differential conductance (dI/dV) is measured 
at a junction formed between a probe tip and sample surface. 
When the contact size d at the junction is smaller than the 
electron mean free path l (d ≲ l), the bias voltage dependence 
of dI/dV spectrum reflects the electronic DOS [12, 13]. 
Indeed, the PCS technique has been applied for evaluating 
the electronic DOS in various materials with high-energy 
resolutions [12–16]. It is significant that in PCS measure-
ments a probe tip touches a sample surface, which gives an 
essential difference between the PCS and STS investiga-
tion, because the latter keeps a gap between the probe tip 
and sample surface during the measurements. In the invest-
igation of Kondo lattice systems, therefore, the tunneling 
probability of electrons from a probe tip to the localized f 
orbital in the PCS spectrum is much larger than that in 
the STS spectrum. The difference between the two mea-
surements is confirmed in the spectra on URu2Si2 [17]. 
The PCS spectra represent an asymmetric double peak 
structure, which is understood as the emergence of the in-
direct hybridization gap in the electronic DOS predicted by 
the theory. In contrast, the double-peak structure is invisible 
in the STS spectra [7]. These imply that the PCS is useful 
to examine the evolution of electronic DOS owing to c–f hy-
bridization in Kondo lattice systems. 

The PCS investigation has been performed in a variety 
of Kondo lattice systems [12, 17–25]. Moser et al., per-
formed PCS investigation on CeAl3, CeCu6, and U-based 
compounds [18], which show an asymmetric dip structure 
at around zero bias in differential resistance dV/dI. They 
considered that the PCS spectra reflect the electronic DOS. 
In contrast, Naidyuk et al., and Paulus and Voss ascribed 
these spectra to heating effect at the point contact [19, 20]. 
In Kondo lattice systems, the electron mean free path is 
decreased by the formation of heavy-fermion state at low 
temperature. As a result, the transport property in the con-

tact is in the thermal regime (l < d), where the bias voltage 
dependence of PCS spectrum is similar to the temperature 
dependence of electrical resistivity due to Joule heating at 
around the contact. Indeed, many PCS spectra in Kondo 
lattice systems could be explained by considering that the 
spectra are measured in the thermal regime [12, 21, 22]. 

Recently, it is revealed that the electronic DOS of Kon-
do lattice systems can be measured by using PCS tech-
nique [17, 23–25]. For instance, PCS spectra for U-based 
compounds, such as URu2Si2 and UPd2Al3, exhibit an asym-
metric double peak structure arising from the indirect hy-
bridization gap, meaning that the measurements in the bal-
listic or diffusive regime (d ≲ l) are possible [12, 17, 24]. 
Nevertheless, the spectra for Ce-based HF compounds, such 
as CeCoIn5, Ce3PdIn11, and Ce2PdIn8, show an asymmetric 
dip or peak structure reproduced by the Fano resonance 
[23, 25], indicating the invisibility of the indirect hybridi-
zation gap. Generally, the magnitude of the c–f hybridiza-
tion in Ce-based compounds is smaller than that in U-based 
compounds, which suggests that the magnitude plays an im-
portant role for observing the asymmetric double peak struc-
ture due to the indirect hybridization gap. Hence, we focus 
on the valence fluctuating Kondo lattice systems with a strong 
c–f hybridization to reveal the relation between the spectrum 
shape and c–f hybridization. 

In this review, we present our recent PCS investigations on 
valence-fluctuating Kondo lattice systems, EuNi2P2 and its 
Ge-substituted EuNi2(P0.8Ge0.2)2 [26, 27], and YbPd [28, 29]. 
In EuNi2P2, the valence value of the Eu ion is ~2.5+ at low 
temperatures, resulting in strong c–f hybridization arising 
from significant valence fluctuations. The PCS spectra with 
an asymmetric double-peak structure at approximately zero 
bias voltage are well-reproduced by the theoretical model 
proposed by Maltseva et al. [11], demonstrating the emer-
gence of an indirect hybridization gap. In EuNi2(Ge0.2P0.8)2, 
in which the valence fluctuation is suppressed by Ge sub-
stitution, the indirect hybridization gap decreases. These 
results suggest that the origin of the HF state in EuNi2P2 
and EuNi2(Ge0.2P0.8)2 is caused by valence fluctuations and 
not by spin fluctuations. In YbPd, two Yb layers with va-
lences of 3+ and 2.6+ are alternately aligned at low tem-
peratures, exhibiting a large Sommerfeld coefficient for the 
specific heat. The PCS spectra show a zero-bias dip struc-
ture with an asymmetric background, which can be repro-
duced by the summation of two Fano curves at different 
Kondo temperatures. The large Sommerfeld coefficient can 
be explained by the Kondo effect at the Yb3+ sites screened 
by the conduction electrons provided from the valence-
fluctuating Yb2.6+ sites. 

2. Experimental 

Single-crystals of EuNi2P2, EuNi2(P0.8Ge0.2)2, and YbPd 
were grown by the Sn-flux [30, 31] and Yb self-flux me-
thods [32], respectively. The sample was placed in a cryostat 
immediately after the mechanical polishing of its surface. 
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A homemade PCS apparatus mounted in the cryostat com-
prised two types of piezo-devices: an attocube piezo-based 
positioner (ANPz51 attocube systems AG) and a stacked 
piezo-device. Using these devices, we can change the point-
contact size from atomic size to dozens of nanometers [33]. 
The contact size was maintained constant by controlling 
the stacked-type piezo-device with a feedback loop during 
the temperature variation, which enabled the tracking of the 
PCS spectra over a wide temperature range. A tungsten (W) 
or platinum (Pt) wire with the diameter of 0.2 mm was used 
as the probe tip. Differential conductance dI/dV spectra were 
measured using the lock-in technique. 

3. Experimental results 

3.1. EuNi2(P1–xGex)2 

In the case of x = 0, EuNi2P2 is a valence fluctuating 
system with a ThCr2Si2-type structure. The average Eu 
valence of EuNi2P2 monotonically increases from ~ 2.2 + 
to ~ 2.5+ with decreasing temperature, whereas most inter-
mediate-valence Eu systems show a first-order valence 
transition at finite temperatures [3, 34]. Hence, the c–f hy-
bridization arising from the valence fluctuation in EuNi2P2 
is larger than in other Eu systems at low temperatures. 
EuNi2P2 exhibits typical HF behavior owing to strong c–f 
hybridization, as described below. The electronic specific 
heat coefficient of EuNi2P2 is ~ 100 mJ/(K2·mol) [35, 36], 
indicating that the HF state is formed at low temperatures. 
As the temperature decreases, the electrical resistivity ρ(T) 
decreases monotonically after a local maximum at approx-
imately 100 K, exhibiting Fermi liquid behavior with a T2-de-
pendence below 10 K [36], which is similar to that of Ce- 
and Yb-based HF systems. The Kondo temperature TK was 
estimated to be approximately 80 K based on specific heat 
and thermal expansion measurements [36]. These results 
indicate that strong valence fluctuations and HF behavior 
coexist at low temperatures in EuNi2P2. 

In contrast, in the case of x = 1, EuNi2Ge2 with a stable 
divalent Eu state shows an antiferromagnetic order at TN ≈ 
≈ 30 K. Therefore, the valence value of the Eu ion with 
2.5 + is expected to be lowered by Ge substitution for P in 
EuNi2P2 owing to the decrease in c–f hybridization, result-
ing in the suppression of the valence fluctuation. Paramanik 
et al. grew EuNi2(P1–xGex)2 single crystals and revealed that 
an increase in the Ge concentration causes a gradual change 
in the ground state from a paramagnetic HF state to an anti-
ferromagnetic ordered state, suggesting that the valence 
fluctuation gradually decreases with increasing Ge concen-
tration [31]. To reveal the role of valence fluctuation in 
the emergence of HF behavior in EuNi2P2 from the view-
point of the electronic DOS, we performed a PCS investi-
gation on EuNi2P2 (x = 0) and EuNi2(P0.8Ge0.2)2 (x = 0.2). 

First, we present PCS results for EuNi2P2. Figure 1(a) 
shows the dI/dV spectra of the EuNi2P2/W interface at 
T = 5.3 K. The spectrum exhibits an asymmetric double-

peak structure at approximately ± 15 mV. A similar shape 
appeared in the spectrum when Pt is used as the probe tip, 
as illustrated in Fig. 1(b), indicating that the asymmetric 
double-peak structure is an essential feature in the PCS 
spectra of EuNi2P2 probed by a normal metal tip. 

We checked the local heating effect of the contact owing 
to the measurements. It is well-known that PCS spectra pos-
sess spectroscopic information when the electron scattering 
is in the ballistic or diffusive regime [12, 13]. In contrast, in 
the thermal regime, a voltage drop occurs in the vicinity of 
the point contact owing to the inelastic scattering of the con-
duction electrons accelerated by the bias voltage, thus re-
sulting in a temperature increase in the vicinity of the point 
contact. Consequently, the local temperature at the junction 
TJ is higher than the bath temperature Tbath owing to Joule 
heating [12, 19, 20]. In this case, TJ can be estimated using 
the following equation: 

 
2

2 2
bath  ,

4J
VT T

L
= +  (1) 

where V and L are the applied bias voltage and the Lorenz 
number, respectively. This equation shows that TJ is in-
creased by applying a bias voltage during the PCS meas-
urements. Additionally, in the thermal regime, the bias volt-
age dependence of the symmetric component of differential 
resistance dV/dI(V) is similar to the temperature dependence 
of the electrical resistivity ρ(T), as observed in the previous 
PCS investigation on Ce-based HF compounds [12, 21, 22]. 
We compared the dV/dI curve with the temperature depend-
ence of ρ(T), as shown in Fig. 1(c), which was calculated 
from the dI/dV spectrum depicted in Fig. 1(a). ρ(T) de-
creases monotonically after a local maximum at approxi-
mately 100 K, whereas the dV/dI shows an upturn below 
approximately 15 mV. The two curves were different, im-
plying that the local heating effect did not affect the exper-
imental results. From this analysis, we concluded that the 
measurements were performed in the ballistic or diffusive 
regime. 

The structural disorder at the point contact causes a zero-
bias anomaly in the PCS spectra [12, 37, 38]. If the zero-
bias anomaly originates from structural disorder, the dip struc-
ture should be changed as the point-contact size varies [38]. 
This means that structural disorder can be excluded as the 
origin of the double-peak structure by the contact resistance 
(contact size) dependence of the dI/dV spectra. Figure 1(d) 
shows the contact-resistance dependence of dI/dV spectra 
obtained at T = 4.3 K. The spectra were measured by in-
creasing the contact resistance from 12 to 60 Ω, which corre-
sponded to a decrease in the contact size. Using the stacked-
type piezo-device, PCS spectra were recorded by decreas-
ing the contact size without breaking the point contact. The 
position of the double-peak structure is independent of the 
contact size, demonstrating that the asymmetric double-
peak structure is not caused by structural disorder but by 
the electronic DOS in EuNi2P2. 
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Figure 2(a) shows the temperature dependence of the 
dI/dV spectra between 5.3 and 56 K. With increasing tem-
perature, the double-peak structure shifts to a lower bias 
side, and then the double-peak structure becomes unclear 
at 56 K, suggesting that the asymmetric double-peak struc-
ture originates from the indirect hybridization gap. Indeed, 
a similar behavior was observed in PCS investigations of 
U-based HF compounds [17, 24]. To evaluate the value of 
the indirect hybridization gap Δhyb, we analyzed the spectra 
using the theoretical model proposed by Maltseva, Dzero, 
and Coleman (MDC model), which estimates the electron 
tunneling spectra from a probe tip to a Kondo lattice [11]. 
The differential tunneling conductance G (eV) in Kondo 
lattice systems is given by 

 ( )
2

 1  
iΓ

qG eV
eV

∆ ∝ + − λ − 
  

 

2

1

2

2

iΓ 1iΓln  
Γ

iΓ
iΓ

eV D
eV

eV i
eV D

eV

 n
− + − − l −× + 

− l −n − − − − l − 

, (2) 

where Γ, Δ, λ, and ν are the broadening parameter, width 
of Kondo resonance, renormalized f level, and hybridization 
amplitude, respectively. q is the Fano parameter, which is 
defined as the ratio of the amplitude of two tunneling elec-
tron paths from a probe tip to conduction band and f band. 
Moreover, – D1 and D2 are the lower and the upper con-

Fig. 1. (Color online) (a) Differential conductance (dI/dV) of EuNi2P2/W interface at T = 5.3 K, where the contact resistance Rc = 17 Ω. 
(b) Differential conductance (dI/dV) of EuNi2P2/W interface at T = 5.3 K and Rc = 17 Ω (red circles). EuNi2P2/Pt interface at T = 6.0 K 
and Rc = 6 Ω (blue circles). (c) Temperature dependence of electrical resistivity ρ(T) (blue) and symmetric part of differential resistance 
dV/dI (red) for the positive bias voltage in the spectrum plotted in (a). The temperature of the horizontal axis for dV/dI curve is estimated 
from TJ (see text). (d) Contact size dependence of differential conductance (dI/dV) of EuNi2P2/W interface at T = 4.3 K. The spectra are 
measured with increasing contact resistance from Rc = 12 to 60 Ω. 

Th
is 

is 
the

 au
tho

r’s
 pe

er
 re

vie
we

d, 
ac

ce
pte

d m
an

us
cri

pt.
 H

ow
ev

er
, th

e o
nli

ne
 ve

rsi
on

 of
 re

co
rd

 w
ill 

be
 di

ffe
re

nt 
fro

m 
thi

s v
er

sio
n o

nc
e i

t h
as

 be
en

 co
py

ed
ite

d a
nd

 ty
pe

se
t.

PL
EA

SE
 C

IT
E 

TH
IS

 A
RT

IC
LE

 A
S 

DO
I: 

10
.10

63
/10

.00
19

70
1



Masanobu Shiga, Isao Maruyama, Akihiro Mitsuda, Hirofumi Wada, and Tatsuya Kawae 

964 Low Temperature Physics/Fizyka Nyzkykh Temperatur, 2023, Vol. 49, No. 7 

duction band edges, and 2D = D1+D2 is the band width. By 
fitting the observed PCS spectra using Eq. (2), we estimate 
the value of indirect hybridization gap, which is given by 
Δhyb = 2v2/D. The details of the analysis are presented in 
the Supplemental Material in Ref. 26. The PCS spectra are 
well reproduced by the MDC model as shown in Fig. 2(a), 
indicating that the asymmetric double-peak structure is caused 
by the formation of an indirect hybridization gap near 
the Fermi level in the electronic DOS. 

Figure 2(b) illustrates the temperature dependence of 
the broadening parameter Γ0, which was evaluated using 
the MDC model. The localized characteristics of 4f electrons 
can be observed in this parameter. With increasing tempe-
rature, Γ0 increases monotonically and can be fitted by 
the following equation: 

 2 2
0Γ ( ) (2 )B B Kk T k T= α + , (3) 

where α is a constant. This formula was utilized to fit the 
single-site Kondo resonance [39, 40]. The fitting parameter 
α = 3.4 is obtained from the present measurements, con-
sistent with α = π for the single-site Kondo model [39, 40]. 
Notably, Γ0/kB extrapolated to T = 0 K was estimated to be 
79 K, which is in good agreement with the Kondo tempera-
ture of EuNi2P2 obtained by transport measurements [36]. 

The temperature dependence of the indirect hybridiza-
tion gap Δhyb evaluated using the MDC model, is shown in 
Fig. 2(c). We fitted the temperature dependence of the gap 
Δhyb(T) using the following equation: 

 ( )
2

hyb 0
0

1 . TT
T
 

∆ = ∆ −  
 

 (4) 

Here, Δ0 is the peak separation at T = 0 K and T0 is the cri-
tical temperature at which the indirect hybridization gap 
appears. Figure 2(c) shows that the gap develops below 
T0 = 73 K, which is almost the same as the Kondo tempera-
ture of EuNi2P2 [36]. As the temperature increased, the peak 
separation increased, and Δhyb ~ 16 meV at T = 5.3 K. This 
value is consistent with that observed in optical conductivity 
measurements, in which the spectrum exhibits a shoulder-
like structure arising from the indirect hybridization gap at 
approximately 20 meV at T = 6 K [41]. 

As described above, the observed spectroscopic features 
were well-reproduced by the MDC model, demonstrating 
that the temperature dependence of the asymmetric double-
peak structure reflects the evolution of the indirect hybridi-
zation gap developed in EuNi2P2. In other words, as the tem-
perature decreases, the HF state develops with the formation 
of an indirect hybridization gap. 

Fig. 2. (Color online) (a) Temperature dependence of differential conductance dI/dV at EuNi2P2/W interface at Rc = 17 Ω. The solid 
lines show the theoretical fitting by using MDC model. (b) Temperature dependence of the broadening parameter Γ0. The solid line 
represents fitting by Eq. (3), where α = 3.4 ± 0.4. (c) Temperature dependence of the indirect hybridization gap Δhyb evaluated by 
the MDC model. The dashed line shows the fitting by Eq. (4). The error bars indicate the 90% confidence interval. 
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We propose that the origin of the HF in EuNi2P2 is 
caused by the valence fluctuation and not by the spin fluc-
tuation from the detailed analysis of the PCS spectra [26]. 
To examine this scenario, that is, the role of valence fluctu-
ation in the emergence of HF behavior, we performed a PCS 
investigation in a Ge-substituted EuNi2(P0.8Ge0.2)2. Figure 3 
shows the temperature dependence of the magnetic suscep-
tibility in EuNi2P2 and EuNi2(P0.8Ge0.2)2, in which the ex-
ternal magnetic field Bext = 0.5 T is applied in parallel with 

the (001) sample plane. The magnetic susceptibility of 
EuNi2P2 follows the Curie–Weiss law in the high-tempera-
ture region above 150 K. As the temperature decreases 
below 150 K, the magnetic susceptibility deviates downward 
from the Curie–Weiss law and then shows a hump structure 
at T ~ 40 K. The temperature dependence of the magnetic sus-
ceptibility in EuNi2(P0.8Ge0.2)2 is similar to that in EuNi2P2, 
whereas the hump structure in EuNi2(P0.8Ge0.2)2 is observed 
at T ~ 35 K. Namely, the hump structure shifts to lower tem-
peratures by Ge substitution, implying the suppression of 
the Kondo temperature. 

Figure 4(a) plots the dI/dV spectra on EuNi2(P0.8Ge0.2)2 
and EuNi2P2. The asymmetric double-peak structure is clearly 
observed in both spectra, while the peak position is slightly 
shifted to the lower bias side by the Ge substitution. The 
temperature dependence of the dI/dV spectra is depicted in 
Fig. 4(b). As the temperature increases, the double-peak 
structure shifts to the low bias side, which is blurred at 
around 36 K. To estimate the indirect hybridization gap Δhyb 
in EuNi2(P0.8Ge0.2)2, we analyze the spectra using the MDC 
model, as shown in Fig. 4(b). The spectra can be reproduced 
by the MDC model, indicating that the asymmetric double-
peak structure originates from the indirect hybridization gap 
formed in the electronic DOS. Figure 5 shows the temperature 
dependence of Δhyb(T) estimated by using the MDC model. 
The gap decreases with increasing temperature, similarly to 
that of EuNi2P2. We fit the temperature dependence of the 
gap Δhyb(T) by Eq. (4). As illustrated by the solid line in 
Fig. 5, the equation well-reproduces the experimental results, 
in which 6 meV and 58 K are used as the fitting parameters 

Fig. 3. Temperature dependence of the magnetic susceptibility in 
EuNi2P2 and EuNi2(P0.8Ge0.2)2. The external magnetic field 
Bext = 0.5 T is applied in parallel with the (001) sample plane. 
The solid arrows denote the hump position of the spectra, sug-
gesting that the hump position slightly shifts to low temperature 
by the Ge substitution. 

Fig. 4. (Color online) (a) Differential conductance dI/dV spectrum on EuNi2P2 (red circles) and EuNi2(P0.8Ge0.2)2 (blue circles) measured 
with a Pt- and a W-probe tip, respectively. (b) Temperature dependence of the differential conductance dI/dV spectrum at 
EuNi2(P0.8Ge0.2)2/Pt interface. The solid lines show the theoretical fitting by using MDC model. 
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for Δ0 and T0, respectively. Moreover, in the case of EuNi2P2, 
Δ0, and T0 are estimated to be 16 meV and 73 K, respectively, 
as shown as a dashed line in Fig. 5. As mentioned above, 
T0 corresponds to the Kondo temperature. Hence, the Kondo 

temperature decreases by the Ge substitution, which is con-
sistent with the magnetic susceptibility measurements, as 
shown in Fig. 3. The results demonstrate that the Ge sub-
stitution suppresses the Kondo temperature and the indirect 
hybridization gap Δhyb(T). 

As described above, the spectroscopic features of the PCS 
spectra of EuNi2(P0.8Ge0.2)2 are well-explained by the MDC 
model, similar to those of EuNi2P2, although Δhyb(T) is sup-
pressed. The results indicate that the suppression of the va-
lence fluctuation by Ge substitution reduces the c–f hybri-
dization, decreasing the indirect hybridization gap Δhyb(T). 
Recalling that a large Sommerfeld coefficient is confirmed 
up to x = 0.3 for EuNi2(P1–xGex)2 in the specific heat [31], 
the results strongly suggest the emergence of HF behavior in 
the present system is related to valence fluctuation. Further 
PCS investigations in samples with high Ge concentrations 
are indispensable for understanding the origin of HF behavior. 

3.2. YbPd 

YbPd with a cubic CsCl-type structure is a valence-fluc-
tuating system with an average Yb valence of 2.8+ [42]. 
As the temperature decreases, the cubic structure transforms 
to a tetragonal structure at T1 = 125 K. At T2 = 105 K, two-
dimensional (2D) layers composed of Yb2.6+ and Yb3.0+ ions 

Fig. 5. (Color online) Temperature dependence of the indirect hy-
bridization gap Δhyb evaluated from the MDC model. The blue 
and red circles depict the date for EuNi2P2 and EuNi2(P0.8Ge0.2)2, 
respectively. The dashed and solid lines are fitting using Eq. (4). 
The error bars indicate the 90% confidence interval. 

Fig. 6. (Color online) (a) Differential conductance (dI/dV) of Yb/Pt interface at T = 0.5 K, where the contact resistance Rc = 14 Ω. 
(b) Temperature dependence of electrical resistivity ρ(T) (blue) and symmetric part of differential resistance dV/dI (red) for the positive 
bias voltage in the spectrum plotted in (a). The temperature of the horizontal axis for dV/dI curve is estimated from TJ (see text). 
(c) Contact size dependence of differential conductance (dI/dV) of YbPd/W interface at T = 4.3 K. The spectra are measured with in-
creasing contact resistance from Rc = 14 to 83 Ω. 
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are alternately aligned along the c axis in the tetragonal struc-
ture, as confirmed by resonant X-ray diffraction [43]. This 
means that valence fluctuating Yb ions still exist in YbPd 
below T2. Additionally, magnetic phase transitions were ob-
served at T3 = 1.9 K and T4 = 0.5 K [42]. The transport pro-
perties of YbPd differ significantly from those of other va-
lence ordering systems, such as Yb4As3 [44, 45], Eu4As3 [46], 
and Eu3S4 [47], in which rare earth ions have integer valence 
values. The temperature dependence of the electrical resisti-
vity ρ(T) of YbPd shows metallic behavior even below T2, 
despite the valence ordering. Additionally, neutron diffrac-
tion experiments revealed that the magnitude of the magnetic 
moment of the Yb3+ site at low temperature is much smaller 
than that expected from the Γ8 crystal-electric-field ground 
state in addition to the zero moment of the 2.6+ site, imply-
ing the emergence of the Kondo effect [48]. The reported 
Sommerfeld coefficient for specific heat is large [49]. These 
results suggest the formation of a Kondo lattice below T2. 
To reveal the role of the valence fluctuation at Yb2.6+ sites 
in the suppression of magnetic moments of Yb3+ sites and 
the emergence of Kondo behavior in YbPd, we studied the 
electronic DOS near the Fermi level with PCS measure-
ments on YbPd. 

Figure 6(a) shows the differential conductance dI/dV 
spectrum of the YbPd/Pt interface at T = 0.5 K. The spec-
trum exhibits a zero-bias dip structure with an asymmetric 
background. To evaluate the local heating effect near the point 
contact, we compared the bias voltage dependence of the 
symmetric component of the differential resistance dV/dI to 
the temperature dependence of ρ(T), as shown in Fig. 6(b). 
As the temperature decreases, ρ(T) decreases monotonically, 
whereas the dV/dI spectrum increases monotonically. The two 
curves are entirely different, indicating that the local heat-
ing effect is negligible in the present measurements. In other 
words, the present PCS spectra contain spectroscopic in-
formation for YbPd. 

Figure 6(c) depicts the contact resistance dependence 
of the PCS spectra of the YbPd/W interface at T = 4.3 K, 
which was recorded by increasing the contact resistance, 
that is, decreasing the contact size. A zero-bias dip structure 
with an asymmetric background was clearly observed in all 
spectra, suggesting that the zero-bias dip structure with an 
asymmetric background is an essential feature in the PCS 
spectra of YbPd. Additionally, the half-width of the zero-
bias dip structure is almost the same for all of the spectra 
with different contact sizes, meaning that the zero-bias dip 

Fig. 7. (Color online) (a) Temperature dependence of differential conductance dI/dV at YbPd/Pt interface at Rc = 14 Ω. The solid lines 
show the theoretical fitting by two Fano curves [see text and Fig. 7(b)]. (b) Fitting of the spectrum at T = 1.9 K by two Fano curves, 
where Gf3 = A1Gf1 + A2Gf2. Gf1 and Gf2 are depicted by solid black line and dashed line, while Gf3 is solid red line. The experimental 
results of dI/dV spectra are plotted by circles. The fitting parameters for Gf1 and Gf2 are (Γ1, E01, q1) = (2.7 meV, 0.15 meV, 0.18), and 
(Γ2, E02, q2) = (70 meV, 5 meV, 0.52). (c) Temperature dependence of the Γ1 estimated by using two Fano curves as shown in Fig. 7(a). 
The solid line represents the fitting by Eq. (3). The error bars indicate the 90% confidence interval. 
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structure does not originate from structural disorder, as in 
the case of EuNi2(P1–xGex)2 described in Sec. 3.1. From these 
results, we conclude that the PCS spectra reflect the intrinsic 
features of DOS in YbPd. 

Figure 7(a) shows the temperature dependence of the 
dI/dV spectra at Rc = 14 Ω. A zero-bias dip structure with 
an asymmetric background appears at lower temperatures. 
As the temperature increases, the dip depth is suppressed, 
whereas the asymmetric part is unchanged. Moreover, the 
spectral shape unaffected by the magnetic transition at T3 = 
= 1.9 K. The neutron diffraction and specific heat results 
suggest that the PCS spectra should be discussed based on 
Kondo resonance, which has been detected in many Kondo 
systems, such as magnetic impurities adsorbed on a paramag-
netic metal [6, 50, 51] and HF systems [23, 25]. The Kondo 
resonance is reproduced by the Fano model, arising from 
the interference between the localized electron bands and 
continuous conduction electron bands. The Fano equation 
is expressed as follows [52]: 

 
2

2
( ) ,( )
1f
qG V + ε

∝
+ ε

 (5) 

where the parameter ε is defined as 

 0  
Γ

eV E−
e = . (6) 

Here, Γ is the half-width at half-maximum (HWHM), E0 is 
the center of the resonance, and q is the Fano factor, which 
represents the ratio of the probabilities between two tun-
neling paths. 

To reproduce the spectra, we suppose that the two Yb sites 
possess different Kondo temperatures based on previous 
scanning tunneling spectroscopy experiments [53, 54]. If there 
are two Kondo resonance states with different Kondo tem-
peratures, the tunneling spectra are reproduced by the sum-
mation of the two Fano curves given by Eqs. (5) and (6), 
respectively. We fitted the PCS spectra of YbPd by sum-
ming two Fano curves, Gf3 = A1Gf1 + A2Gf2, where Gf1 is 
the dip structure, and Gf2 is the asymmetric background. 
Figure 7(b) displays the fitting of the PCS spectrum measured 
at T = 1.9 K, where the fitting parameters for Gf1 and Gf2 are 
(Γ1, E01, q1) = (2.7 meV, 0.15 meV, 0.18), and (Γ2, E02, q2) = 
= (70 meV, 5 meV, 0.52), respectively. The spectrum is 
well-fitted by the summation of the two Fano curves, im-
plying the existence of two Yb sites with different Kondo 
temperatures. 

All the spectra in Fig. 7(a) were successfully reproduced 
by summing two Fano curves. With increasing temperature, 
the fitting parameters for Gf1 are varied, whereas those for 
Gf2 are the same as those at T = 0.5 K. A robust valence 
fluctuation due to the intermediate value of 2.6+ reflects 
strong c–f hybridization, meaning that the magnetic mo-
ment at the Yb2.6+ site is fully screened by the conduction 
electrons. In other words, the Kondo resonance formed 

at the Yb2.6+ site is independent of temperature. Meanwhile, 
the integer valence value of the Yb3+ site represents weak 
c–f hybridization. Based on these facts, it is reasonable to 
consider that the asymmetric background spectrum Gf2 is 
caused by the Kondo resonance formed at the Yb2.6+ site, 
whereas the zero-bias dip structure Gf1 originates from that 
at the Yb3+ site. 

As described in Sec. 3.1, the temperature dependence of 
the HWHM for the Kondo resonance is given by Eq. (3). 
Therefore, in the present case, we substitute 2Γ1 or 2Γ2 for Γ0. 
The Kondo temperature TK at the 2.6 + site was estimated 
to be Γ2/kB ~ 800 K, which is much higher than the experi-
mental temperature. Hence, the parameters for Gf2 are as-
sumed to be constant. In contrast, Γ1 increases monotonic-
ally with increasing temperature, which is well-reproduced 
by considering TK ~ 30 K and α ~ 9 in Eq. (3), as shown in 
Fig. 7(c). Figure 8 illustrates the temperature dependence 
of the dip depth, which increases logarithmically with de-
creasing temperature and saturates at approximately 1 K. 
These results also support Kondo resonance as the origin of 
the zero-bias structure [55, 56]. 

As presented above, the PCS results demonstrate that 
Kondo resonance is formed at both sites for Yb3+ and 
Yb2.6+ independently, where the Kondo temperatures are 
~ 30 and ~ 800 K, respectively. Recalling that the electrical 
resistivity in YbPd shows metallic behavior even below T2, 
it is reasonable to consider that the formation of the Kondo 
resonance at the Yb2.6+ site is responsible for the metallic 
behavior. However, the zero-bias dip is caused by the Kondo 
resonance at the magnetic moment of the Yb3+ sites screened 
by conduction electrons, which are provided from the me-
tallic Yb2.6+ sites. The observed results strongly suggest that 
the valence fluctuation at the Yb2.6+ site plays a key role in 
suppressing the magnetic moment of the Yb3+ site and the 
emergence of Kondo lattice behavior in YbPd. 

Generally, in HF systems, for example, EuNi2P2, the PCS 
spectra show a double-peak structure owing to the for-

Fig. 8. Temperature dependence of the dip amplitude obtained 
from Fig. 7(a). The solid and dashed lines show the – ln T de-
pendence and guide for eye, respectively. 
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mation of an indirect hybridization gap, as discussed in 
Sec. 3.1. However, the double-peak is invisible in the spec-
tra of YbPd. This is caused by the alternate arrangement of 
2D Yb layers with different valence values, preventing 3D 
HF coherence. Meanwhile, local coherence extends inde-
pendently in the respective 2D layers. As a result, the two 
Kondo resonances with different TK, that is, a single dip 
structure at zero bias overlapped by an asymmetric back-
ground is visible in the spectra. The similar features are re-
ported in the electronic DOS of a van der Waals itinerant 
magnet Fe3GeTe2, which exhibits Kondo lattice behaviors. 
In the STS and PCS measurements, the spectra are well re-
produced by the Fano curve, indicating the emergence of 
Kondo resonance [57, 58]. From these results, it is reason-
able to consider that the extension of 2D coherence sup-
press the development of indirect hybridization gap. 

4. Conclusion 

We performed a PCS investigation on a valence-fluc-
tuating Kondo lattice system, EuNi2P2, and its Ge-substi-
tuted system EuNi2(Ge0.2P0.8)2, and YbPd. In EuNi2P2, the 
PCS spectra with an asymmetric double-peak structure at 
approximately zero bias voltage are well-reproduced by the 
theoretical model of electron tunneling into the Kondo lat-
tice, demonstrating the emergence of an indirect hybridization 
gap. Moreover, the indirect hybridization gap decreased 
with increasing Ge substitution. From these results, we con-
clude that the origin of the HF state in EuNi2(P1–xGex)2 is 
related to the valence fluctuation. In YbPd, the PCS spectra 
exhibit a zero-bias dip structure with an asymmetric back-
ground, which can be reproduced by the summation of the 
two Kondo resonances at the Yb3+ and Yb2.6+ sites, where 
the Kondo temperatures are ~ 30 and ~ 800 K, respectively. 
The observed results strongly suggest that the indirect hy-
bridization gap is detected clearly in Kondo lattice systems 
with not only strong c–f hybridization, but also 3D coher-
ence. On the other hand, the absence of the indirect hybrid-
ization gap in the spectroscopic results for several Kondo 
lattice compounds could be caused by a weak c–f hybridi-
zation or development of anisotropic coherence. Moreover, 
we add that PCS is an effective method for examining the 
evolution of electronic DOS in Kondo lattice systems due 
to the realization of high tunneling probability of electrons 
from a probe tip to localized f orbital. 
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Густина електронних станів у валентно-
флуктуаційних ґраткових системах Кондо, 
яка досліджена методом мікроконтактної 

спектроскопії 
(Огляд) 

Masanobu Shiga, Isao Maruyama, Akihiro Mitsuda, 
Hirofumi Wada, Tatsuya Kawae 

Розглянуто наше нещодавнє дослідження методом 
мікроконтактної спектроскопії (PCS) валентно-флуктуа-
ційних ґраткових систем Кондо: EuNi2P2, Ge-заміщених 
EuNi2(P0.8Ge0.2)2 та YbPd. Важкоферміонна (HF) сполука 
EuNi2P2 демонструє значну флуктуацію валентності через 
проміжну валентність Eu2,5+ при низьких температурах, 
що призводить до сильної гібридизації між електронами 
провідності та f електронами (c–f гібридизація). Вимірю-
вання густини електронних станів EuNi2P2 за допомо-
гою техніки PCS показують, що поведінка HF виникає 
внаслідок утворення непрямої гібридизаційної щілини 
з двопіковою структурою поблизу рівня Фермі внаслі-
док c–f гібридизації. У EuNi2(P0.8Ge0.2)2 флуктуації ва-
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лентності пригнічуються заміщенням Ge, і розділення 
двопікової структури зменшується. Це свідчить про те, 
що поведінка HF зумовлена флуктуацією валентності. 
У YbPd, де двовимірні (2D) шари Yb3+ та Yb2.6+ роз-
ташовані по черзі, HF подібна поведінка з великим ко-
ефіцієнтом Зоммерфельда з’являється при низьких тем-
пературах у питомій теплоємності. Спектри PCS за 
структурою являють собою провал при нульовому змі-
щенні на асиметричному фоні, що відтворюється сумою 
двох кривих Фано з різними характерними темпера-
турами, та означає утворення двох резонансних станів 
Кондо для Yb3+ та Yb2.6+. Це свідчить про те, що локальна 

когерентність зумовлює великий коефіцієнт Зоммер-
фельда у 2D шарах Yb3+, які екрануються електронами 
провідності, створеними валентними флуктуаційними 
ділянками Yb2.6+. Одержані результати свідчать про те, 
що PCS є потужною методикою для дослідження ва-
ріації густини електронних станів у валентно-флуктуа-
ційних ґраткових системах Кондо. 

Ключові слова: мікроконтактна спектроскопія, густина елект-
ронних станів, ґратка Кондо, важкий ферміон, 
валентна флуктуація.

 

Th
is 

is 
the

 au
tho

r’s
 pe

er
 re

vie
we

d, 
ac

ce
pte

d m
an

us
cri

pt.
 H

ow
ev

er
, th

e o
nli

ne
 ve

rsi
on

 of
 re

co
rd

 w
ill 

be
 di

ffe
re

nt 
fro

m 
thi

s v
er

sio
n o

nc
e i

t h
as

 be
en

 co
py

ed
ite

d a
nd

 ty
pe

se
t.

PL
EA

SE
 C

IT
E 

TH
IS

 A
RT

IC
LE

 A
S 

DO
I: 

10
.10

63
/10

.00
19

70
1


	1. Introduction
	2. Experimental
	3. Experimental results
	3.1. EuNi2(P1–xGex)2
	3.2. YbPd

	4. Conclusion
	Acknowledgment

