
PHYSICAL REVIEW B 101, 235160 (2020)

Temperature dependence of the Kondo resonance in the photoemission spectra
of the heavy-fermion compounds YbXCu4 (X = Mg, Cd, and Sn)

Hiroaki Anzai ,1,* Kohei Morikawa,1 Hiroto Shiono,1 Hitoshi Sato,2 Shin-ichiro Ideta,3 Kiyohisa Tanaka,3 Tao Zhuang,4

Keisuke T. Matsumoto,4 and Koichi Hiraoka4,†

1Graduate School of Engineering, Osaka Prefecture University, Sakai 599-8531, Japan
2Hiroshima Synchrotron Radiation Center, Hiroshima University, Higashi-Hiroshima 739-0046, Japan

3UVSOR Synchrotron Facility, Institute for Molecular Science, Okazaki 444-8585, Japan
4Graduate School of Science and Engineering, Ehime University, Matsuyama, Ehime 790-8577, Japan

(Received 16 March 2020; revised manuscript received 9 June 2020; accepted 12 June 2020;
published 25 June 2020)

We report a temperature-dependent study of Kondo resonance in the heavy-fermion compounds YbXCu4 with
X = Mg, Cd, and Sn. A sharp peak of the Yb2+ 4 f7/2 state has been observed in photoemission spectra, and its
energy position in the limit of zero temperature is in agreement with the energy scale of the Kondo temperature
TK. The peak develops in the form of a dispersionless peak with large spectral weight at Tcoh well below TK. The
onset temperature of the robust Kondo state is comparable to the temperature at a local maximum in magnetic
susceptibility. This nontrivial development of changes in the Kondo resonance at Tcoh demonstrates the formation
of the coherent heavy-fermion state.

DOI: 10.1103/PhysRevB.101.235160

I. INTRODUCTION

In rare-earth compounds, the interaction between conduc-
tion electrons and localized-4 f electrons (c– f hybridization)
causes a loss in strength of the local magnetic moments and
forms a correlated Fermi-liquid state with large effective elec-
tron mass at low temperatures. This heavy-fermion behavior
is characterized by a resonant state near the Fermi energy
(EF). According to the single-impurity Anderson model, a
sharp resonance peak in the electronic excitation spectrum
appears at the energy scale of Kondo temperature TK, which
is a criterion for the magnetic response to a single magnetic
impurity [1]. For ytterbium-based compounds, the spin-orbit
split Yb2+ 4 f7/2 state is interpreted as the Kondo resonance
state [2,3]. Its intensity is enhanced when the temperature
varies from well above to well below TK [4,5]. Therefore,
studying the temperature dependence of the Kondo resonance
over a wide temperature range will provide important insights
for understanding the heavy-fermion state.

The periodic Anderson lattice model suggests a distinct
temperature scale Tcoh, which is associated with the onset
of coherent screening at the lower temperatures and a cri-
terion for the collective magnetic response to a lattice of
local moments [6–8]. At temperatures above Tcoh, the screen-
ing of a single local moment by conduction electrons is
dominant. At temperatures T < Tcoh, the collective screening
results for coherent excitations of the heavy quasiparticles
forms hybridized bands near EF. Transport investigations
have long provided evidence for the existence of Tcoh in the
Yb-based heavy-fermion systems. For example, the magnetic
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susceptibility changes from Curie-Weiss behavior to being
essentially independent of temperature at approximately Tcoh

[9,10]. It is generally accompanied by a drop in electrical
resistivity, indicating the onset of coherence and the emer-
gence of a Fermi-liquid behavior far below TK [11,12]. Such
a crossover towards the coherent states in the heavy-fermion
systems has been rarely studied from microscopic measure-
ments.

Photoemission spectroscopy is an excellent tool for study-
ing the structure of single-particle excitations and allows
direct observation of the characteristic resonant states in
the heavy-fermion materials. We focus on the spectroscopic
signature of YbXCu4 (X = Mg, Cd, and Sn) with the same
AuBe5-type (C15b) crystal structure [10–13]. The compounds
with X = Mg and Cd have large linear coefficients of spe-
cific heat ∼62 and ∼175 mJ K−2 mol−1, respectively [11,12].
The fascinating property of YbXCu4 is a variety of Kondo
temperatures: TK for X = Mg is approximately four times
larger than TK = 287 K for X = Cd [11,12]. In our previous
report, the Kondo temperature for X = Sn was determined
to be TK = 503 K, indicating a strong hybridization of the
Yb 4 f states with the conduction bands [10]. The values of
TK are summarized in Table I. Coherent transport generally
develops at well below TK of the material [14]. Thus, the
spectroscopic information at the experimentally accessible
temperature of Tcoh contributes to the understanding of the
incoherent-coherent crossover in the heavy-fermion systems.

In this paper, we report the temperature dependence of the
Kondo resonance in photoemission spectra of YbXCu4 with
X = Mg, Cd, and Sn. A sharp 4 f7/2 peak is observed clearly
near EF and exhibits a clear material dependence. Quanti-
fying the energy position and spectral weight of the 4 f7/2

peak, we demonstrate the development of the coherent Kondo
state in the form of a sharp and dispersionless peak at low
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TABLE I. Characteristic temperatures in YbXCu4 (X = Mg, Cd,
and Sn). The Kondo temperature TK is calculated by using the
Wilson’s formula TK = 1.29T0, where T0 is the temperature scale
determined from the susceptibility at zero temperature [15,16]. The
values of T0 and χ (0) are reported in Refs. [10–12]. The temperatures
at the local maximum in the magnetic susceptibility T max

χ for X = Cd
and Sn are determined from χ (T ) in Fig. 1(a). The value of T max

χ for
X = Mg is given in Refs. [11,12]. The onset temperatures Tcoh are
estimated from the temperature dependence of the Yb2+ 4 f7/2 peak
in Fig. 3(a).

X TK (K) T max
χ (K) Tcoh (K)

Mg 1109 130 122
Cd 287 35 60
Sn 503 40 59

temperatures much lower than TK. This observation enabled
us to obtain the consistent and reasonable spectroscopic data
of the YbXCu4 compounds.

High-quality single crystals of YbXCu4 with X = Mg, Cd,
and Sn were synthesized by the flux method [13]. The mea-
surements of photoemission spectroscopy were performed
on BL7U of the UVSOR Synchrotron Facility. The energy
resolution was 16 meV. The data were collected with photon
energy of hν = 24 eV and in a wide temperature range below
TK of the samples. The samples were cleaved in situ and
maintained under ultrahigh vacuum (8×10−9 Pa) during the
measurements. Energies were calibrated with the Fermi edge
of polycrystalline gold.

II. RESULTS AND DISCUSSION

Figure 1(a) shows the temperature dependences of the
magnetic susceptibility χ (T ) for X = Cd and Sn on a

FIG. 1. (a) Temperature dependence of magnetic susceptibility
χ (T ) for YbXCu4 with X = Cd and Sn. The original data are
reported in Refs. [10,13]. Arrows represent temperatures at the
local maximum in χ (T ). (b) The photoemission spectra of YbXCu4

measured at T = 8 K. The vertical bar indicates the characteristic
energy state.

logarithmic scale. The original data are reported in our pre-
vious publications [10,13]. The susceptibility deviates from
the Curie-Weiss law with decreasing temperature and then
exhibits a broad peak at low temperatures. A small upturn
below 20 K may be due to the presence of impurity phases
of Yb2O3 [13].

The ratio χ (T )/χ (0) is a universal scaling with respect
to T/T0, where T0 is the temperature scale deduced from
the magnetic susceptibility at zero temperature within the
Coqblin-Schrieffer model [15,16]. For the data in Fig. 1(a), it
is difficult to determine χ (0) due to the upturn at T < 20 K.
Here, we estimated the temperature at the local maximum
T max

χ as a characteristic temperature. The temperature is in-
dicated by arrows in Fig. 1(a) and summarized in Table I. The
value for X = Mg has been reported in the literature [11,12].
We note that the weak peak in χ (T ) for X = Cd causes large
error bars in T max

χ . It is revealed that TK is proportional to T max
χ

by a factor of ∼9.5.
In Fig. 1(b), the photoemission spectra of YbXCu4 mea-

sured at T = 8 K are presented. The spectra consist of a spin-
orbit doublet of the Yb2+ 4 f states: the 4 f5/2 and 4 f7/2 states
are peaked at |ω| � 1.35 eV and near EF, respectively. These
assignments are in agreement with the previous photoemis-
sion studies [17–20]. The full energy width at half maximum
0.107 eV of the 4 f7/2 peak for X = Mg is much narrower
than the results obtained by using a He discharge lamp [17],
indicating the high-quality data in this paper.

A shoulder structure is seen at the high-energy side of the
4 f7/2 peak as indicated by the vertical bar in the spectra of
X = Sn. The relative intensity and energy difference coincide
well with the those of the spin-orbit partner of the 4 f5/2

state, suggesting the 4 f -derived electronic states. A similar
structure has been observed in the spin-orbit split states of
YbInCu4 [18,19]. For the case of X = Mg and Cd, the 4 f5/2

and 4 f7/2 peaks exhibit an asymmetric line shape. We consider
that a shoulder of the 4 f7/2 peak also exists in the spectra of
X = Mg and Cd, but its small spectral weight may be smeared
due to the high-energy tail of the main peak and the limitation
of the experimental energy resolution.

A candidate for the origin of the shoulder structure is the
4 f states of the subsurface region that intervenes between the
surface and the bulk regions of the crystal [18–21]. The elec-
tronic state of the subsurface region exhibits characteristics
intermediate between those at the surface and those in the
bulk [21]. The observed shoulder is, indeed, located between
the surface-derived state at |ω| � 1.1 eV and the bulk-derived
4 f7/2 state near EF [20]. It is, therefore, reasonable to assign
the shoulder of the 4 f7/2 peak to the 4 f -derived states in the
Yb subsurface atomic layers.

The temperature dependences of the 4 f7/2 peak for X =
Mg, Cd, and Sn, respectively, are shown in Figs. 2(a)–2(c).
The peaks at T = 8 K are located away from the energy width
of the thermal broadening 4kBT in the neighborhood of EF,
where kB is Boltzmann’s constant. Therefore, we can rule
out the possibility that the intense peak near EF, such as the
Kondo resonance in the Ce compounds, is observed due to the
cutoff of the Fermi-Dirac function [22]. The enhancement of
the peak intensity with decreasing temperature is essentially
consistent with the predictions of the Anderson impurity
model [1].
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FIG. 2. (a) Temperature dependence of the Yb2+ 4 f7/2 peak in photoemission spectra for X = Mg. The spectra are normalized to the
intensity at |ω| � 0.3 eV. (b) and (c) The same spectra as in panel (a) but for (b) X = Cd and (c) X = Sn. (d) Temperature dependence of the
symmetrized spectra for X = Mg. The spectra at six characteristic temperatures are selected from panel (a). An offset is used for clarity. (e)
and (f) The same spectra as in panel (d) but for (e) X = Cd and (f) X = Sn. The vertical bars denote the energy positions of the 4 f7/2 peak.
The colored area indicates the low-energy spectral weight WLE. The area in the neighborhood of EF is also shaded in gray.

A key finding from the raw spectra is a distinct temperature
evolution of the 4 f7/2 peak. The peak intensity of X = Cd
and Sn decreases rapidly with increasing temperature. The
intensity of X = Mg, however, is maintained even at the high
temperature of T � 190 K. Furthermore, the peak positions
of X = Mg are less sensitive to temperature compared with
those of X = Cd and Sn as shown in Figs. 2(a)–2(c). This is
consistent with the robustness of the Kondo singlet state in
X = Mg, where TK is larger than that of X = Cd and Sn.

To quantify the energy and intensity of the 4 f7/2 peak
precisely, we have symmetrized the photoemission spectra
with respect to EF. This method can remove the effects of
the Fermi-Dirac cutoff on spectra near EF and provides a
clear view of temperature dependence of the photoemission
spectra [23]. The symmetrized spectra are shown with a
constant offset in Figs. 2(d)–2(f). We have determined the
energy positions of the peak and plotted them as a function
of temperature in Fig. 3(a), which reveals a universal trend
in YbXCu4. The peak energy of X = Mg decreases with
decreasing temperature from T = 187 to 122 K and then
saturates at low temperatures. The similar saturation is seen
in the results for X = Cd and Sn.

It is noteworthy that the onset temperatures, which start
to approach saturation, are comparable to T max

χ shown in
Fig. 1(a) and Table I. The consistency of the spectroscopic
data with the magnetic susceptibility data indicates that the
dispersionless feature of the 4 f7/2 peak at low temperatures is
relevant to the coherent excitations of the heavy quasiparticles
below Tcoh. We have estimated the onset temperatures of the
peak saturation as Tcoh and summarized them in Table I.

The appearance of the Kondo resonance at kBTK in the limit
of zero temperature represents the formation of the Kondo
singlet state [4]. In this context, we have applied the average of
the peak energy over the region of the saturation to the energy
scale of the Kondo temperature. As shown by the dashed line
in Fig. 3(a), the average energies for X = Mg, Cd, and Sn are
determined to be approximately 69, 30, and 42 meV, respec-
tively. These energy scales are in agreement with the sample’s
TK shown in Table I. Therefore, the observed 4 f7/2 state is
responsible for the heavy-fermion behavior of YbXCu4.

The intensity of the Kondo resonance indicates the strength
of the c– f hybridization [4,5]. We have checked the temper-
ature dependence of the spectral weight at low energies. As
shown in Figs. 2(a)–2(c), the line shape near |ω| � 0.3 eV
is identical within the noise level. Thus, we have subtracted
the constant intensity at ∼0.3 eV from each spectrum and
displayed them as colored areas in Figs. 2(d)–2(f). The
spectral weights for X = Cd and Sn are rapidly suppressed
with increasing temperature. In contrast, the spectral weight
for X = Mg remains largely unchanged even at T � 190 K.
These results indicate the robustness of the Kondo state in
YbMgCu4.

In the research of high-Tc superconductors, a decrease in
the dip minimum intensity at EF is interpreted as an increase
in the energy gap in the neighborhood of EF [23,24]. For
the spectra of YbXCu4 in Figs. 2(d)–2(f), the 4 f7/2 peak
shifts to higher energy with keeping the same dip minimum,
demonstrating no gap opening at EF. Previous Hall effect mea-
surements, indeed, reveal metallic behaviors of the YbXCu4

compounds with a healthy density of states [25]. Therefore,

235160-3



HIROAKI ANZAI et al. PHYSICAL REVIEW B 101, 235160 (2020)

FIG. 3. (a) Temperature dependence of energy positions of the
Yb2+ 4 f7/2 peak. The arrows represent the onset temperature for the
saturation of peak energy. The dashed lines indicate the average of
the peak energy over the region of the saturation. (b) Temperature
dependence of low-energy spectral weight WLE, which is determined
by the integration of peak intensity over the colored area of the
symmetrized spectra in Figs. 2(d)–2(f). The weight is plotted as a
percentage of the total weight at T = 8 K. The shaded area indicates
the crossover region in WLE. The error bars derived from statistical
and reflected by noise in the data.

the characteristic dip in the symmetrized spectra is indicative
of the shift in energy of the Kondo resonance.

The low-energy spectral weight WLE is determined by
integrating the peak intensity over the energy window of the
colored areas in Figs. 2(d)–2(f). This method is simple and
reasonable for extracting WLE from different samples with
different types of spectral shapes [26]. Another method for the
background subtraction and its consistency are discussed in
Appendix A. Figure 3(b) shows the temperature dependence
of WLE as a percentage of the total weight at T = 8 K. We
note that WLE for X = Sn reflects mainly the development of
the 4 f7/2 peak because the background-subtracted intensity of
the shoulder structure is insensitive to temperature. As tem-
perature increases, WLE for X = Cd and Sn rapidly decreases
and is less than 30% at T � 150 K. For X = Mg, in contrast,
the weight of 65% persists at the same temperature. These
results suggest strong hybridization of the 4 f electrons with
the conduction electrons in YbMgCu4 [10,11].

The rate of decrease in WLE changes at ∼78% as indicated
by the gray-shaded area in Fig. 3(b). The ratio is quantitatively
similar to the temperature region where the saturation of the
peak energy occurs in Fig. 3(a). Therefore, these remarkable
changes in the Kondo resonance demonstrate the emergence
of a crossover between the two regimes of Kondo screening
at the higher scale and coherent screening at the lower scale.
The crossover temperature is considered to be Tcoh shown in
Fig. 3(a) and Table I. The two relevant energy scales of Tcoh

and TK in the heavy-fermion compounds are consistent with
the protracted screening behavior predicted by the periodic
Anderson lattice model [6,7].

We next discuss the electronic band structure near EF.
The crystal-field splitting of 4 f states in YbRh2Si2 has been
observed by angle-resolved photoemission spectroscopy [27].
The hybridization of the 4 f states with the conduction band
locally deforms the band structure at their crossing point in
momentum space [27–31]. Thus far, the energy dispersion
of the crystal-field-split 4 f states as well as that of the
conduction bands has not been observed in YbXCu4. The
eightfold degenerate Hunds rule ground state of Yb3+ with
J = 7/2 splits into two Kramers doublets and one quartet
in the cubic site symmetry of the C15b structure [32]. The
overall splitting energy is estimated to be ∼8 meV [33,34].
This value is within the error bars of the data in Fig. 3(a).
Even though the low-energy and high-energy tails of the 4 f7/2

peak in Fig. 2 may be related to the energy dispersion of the
conduction bands, the observed 4 f7/2 peak in the momentum-
integrated spectra reflects the essential features of the Kondo
resonance.

Under these circumstances, the Kondo resonance develops
in the form of a sharp and dispersionless peak below Tcoh

as demonstrated by the peak position and spectral weight in
Fig. 3. Moreover, we have confirmed the consistency of the
peak width of X = Cd in Appendix B. Such an evolution
of the Kondo resonance indicates the formation of coherent
heavy quasiparticle bands, which are accompanied by the
opening of a hybridization gap at the crossing point of the
conduction and 4 f bands [27–31]. We assume a reconstruc-
tion of the Fermi surface at Tcoh of YbXCu4, such as the
change from small to large Fermi surfaces with increasing the
strength of c– f hybridization [28–30]. The Fermi surfaces and
their orbital characters are key ingredients for understanding
the low-energy physics. Further investigations, such as
angle-resolved photoemission spectroscopy measurements
are required to fully describe the electronic band structure of
YbXCu4.

III. CONCLUSION

We have revealed the temperature dependence of the
Kondo resonance in the heavy-fermion compound YbXCu4

by synchrotron radiation photoemission spectroscopy. The
intense peak of the Yb2+ 4 f7/2 state is observed near EF in
all spectra. The 4 f7/2 peak shifts closer to EF and becomes
sharper with decreasing temperature. Below Tcoh, the peak
with a large spectral weight does not show temperature de-
pendence. The peak positions in the limit of zero temperature
are quantitatively consistent with the energy scales of Kondo
temperature, demonstrating that the observed 4 f7/2 peak is
certainly the Kondo resonance in YbXCu4. It is interesting
to note that Tcoh is comparable with the crossover temperature
T max

χ to the ground-state Fermi liquid with coherent transport.
Our results suggest the development of the coherent heavy-
fermion state below Tcoh.
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FIG. 4. (a) The Yb2+ 4 f7/2 peak in the photoemission spectra of
X = Cd is taken from the original data of Fig. 2(b). The black curve
represents the temperature-independent integral-type background.
(b) The difference spectra between the raw data and the background
in panel (a). (c) Comparison of the low-energy spectral weight
obtained by two different methods for background subtraction. The
open diamonds represent the results extracted from the subtraction
of the integral-type background W IBG

LE . The same data of WLE for
X = Cd in Fig. 3(b) are shown as filled diamonds.

APPENDIX A: BACKGROUND SUBTRACTION

In Appendix A, we compare the low-energy spectral
weight WLE with that obtained by another method for the
background subtraction. Figure 4(a) shows again the 4 f7/2

peak in the photoemission spectra of X = Cd at T = 8 K.
Here, we adopted the temperature-independent integral-type
background (IBG) for extracting W IBG

LE and plotted it as the
black curve [35]. This method is widely used for the evalua-
tion of the photoemission spectra [17,18,20,21]. The differ-
ence between the raw data and the background is depicted
by the open circles in Fig. 4(b). The high-energy tail of the
difference spectra may be derived from the energy dispersion
of the conduction band as discussed in the main text.

We integrated the intensity of the difference spectra over an
energy window of 0 � |ω| � 0.3 eV and then normalized the
spectral weight as a percentage of the total weight at T = 8 K.
The temperature dependence of W IBG

LE is shown by the open di-
amonds in Fig. 4(c) together with WLE extracted from the sub-
traction of the constant background. One clearly sees that the
rate of decrease in W IBG

LE and WLE changes at the same temper-
ature. This consistency demonstrates that the choice of back-
ground subtraction does not affect the results of our analysis.

APPENDIX B: PEAK WIDTH

We now examine the peak width of the 4 f7/2 state
as a function of temperature. Figure 5(a) shows the

FIG. 5. (a) Temperature evolution of peak width for X = Cd
plotted on a relative energy scale ε. The intensity of difference
spectra is normalized to the highest intensity of each spectrum.
The energy position of spectral midpoint, defined as energies where
the spectral peaks become half in intensity, is shown by the ar-
row. (b) Temperature dependence of peak width 2 × HWHM. The
HWHM is determined by the half width at half maximum in the low-
energy region (ε � 0 eV). The arrow indicates the onset temperature
for the saturation of the peak width. The dashed line represents the
average of the peak width over the region of the saturation.

difference spectra of X = Cd plotted on a relative energy
scale ε with respect to the 4 f7/2 peak. The intensity is
normalized to the highest intensity of each spectrum. The
spectra in the high-energy region (ε < 0 eV) have an al-
most identical shape. On the other hand, the spectra in
the low-energy region (ε � 0 eV) exhibit a clear tempera-
ture dependence: The energy position of spectral midpoint
rapidly shifts above T � 60 K as shown by an arrow in
Fig. 5(a).

We have determined the peak width by using the half
width at half maximum (HWHM) in the low-energy region
because the full width at half maximum does not yield the
correct width due to the asymmetric line shape. The peak
width 2 × HWHM is plotted in Fig. 5(b) as a function of
temperature. The width decreases with decreasing temper-
ature from T = 242 to 60 K and then saturates at low
temperatures. This trend is in good agreement with the tem-
perature dependence of the energy position of the 4 f7/2 peak
in Fig. 3(a). The average of the peak width over the region
of the saturation is estimated to be 40 meV, which is com-
parable to or larger than the energy scale of TK = 287 K for
X = Cd.

The experimental and thermal broadenings have a non-
negligible effect on the width of the Kondo resonance [36].
Moreover, the effect of a repulsive term describing d– f
Coulomb interaction and the scattering processes of pho-
toelectrons to phonons or electron-hole excitations make
a broadening of spectral features [36,37]. We emphasize
here that the development of the Kondo resonance at Tcoh

is not only evident from the peak position and spectral
weight in Fig. 3, but also evident from the peak width in
Fig. 5.
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