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Electronic structures of the quantum critical superconductor �-YbAlB4 and its polymorph �-YbAlB4

are investigated by using bulk-sensitive hard x-ray photoemission spectroscopy. From the Yb 3d core level

spectra, the values of the Yb valence are estimated to be �2:73 and �2:75 for �- and �-YbAlB4,

respectively, thus providing clear evidence for valence fluctuations. The valence band spectra of these

compounds also show Yb2þ peaks at the Fermi level. These observations establish an unambiguous case

of a strong mixed valence at quantum criticality for the first time among heavy fermion systems, calling

for a novel scheme for a quantum critical model beyond the conventional Doniach picture in �-YbAlB4.
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Rare-earth compounds possess rich f-electron physics
such as heavy fermion formation, magnetic transitions,
valence fluctuation phenomena, and quantum criticality
[1–8]. In particular, near the quantum critical point
(QCP: a non-thermal-parameter-induced phase transition
point at absolute zero), a quantum fluctuation can lead to
unusual behaviors such as a non-Fermi liquid ground state
and unconventional superconductivity; therefore, quantum
criticality is one of the most active problems in the study of
correlated electrons. Around the antiferromagnetic QCP,
exotic superconductivity is actually found in many Ce-
based heavy fermion systems, which is considered to be
mediated by magnetic fluctuation [3,5,7,8]. Recently, on
the other hand, the valence fluctuation-mediated supercon-
ductivity around the valence transition quantum critical
end point has also been discussed in CeCu2ðSi;GeÞ2 [9–
11]. Thus, f-electron systems exhibit complex exotic
superconductivity, providing a variety of examples for
the study on other unconventional superconductivity in-
cluding high-temperature superconductivity.

The magnetic QCP is frequently explained by the
Doniach picture [12], considering the competition between
two different energy scales of Rudermann-Kittel-Kasuya-
Yosida (RKKY) exchange interaction and Kondo screen-
ing effect. The former causes the local moment magnetism
of f electrons, while the latter induces the itinerancy of f
electrons accompanying heavy effective mass via the hy-
bridization with the conduction band (c-f hybridization).
The c-f hybridization involves the valence fluctuation in
rare-earth ions, raising the deviation from the integral
valence of 3. In the case of Yb-based systems, the
4f-electron configuration fluctuates between 4f13 (Yb3þ)
and 4f14 (Yb2þ). The Yb2þ component gives the direct
measure of the c-f hybridization strength, which can be
quantitatively evaluated using high-energy spectroscopic

methods [13–19]. Preceding studies have revealed intrigu-
ing aspects of QCP and valence fluctuation in some Yb-
based heavy fermion systems. In the chemically tuned
quantum critical YbCu5�xAlx, for example, the Yb valence
increases to 3 approaching the antiferromagnetic region.
Nevertheless, the small deviation from the trivalent con-
figuration is known to remain at the antiferromagnetic QCP
[13,14]. In such systems, the role of the valence fluctuation
in the quantum critical phenomena is under active discus-
sion [13,14,20], which is not considered in the conven-
tional QCP’s picture.
A newly discovered polymorph of LnAlB4 system [21]

has special attraction in heavy fermions. �-YbAlB4 shows
non-Fermi liquid behavior under zero-field and ambient
pressure, indicating the immediate existence of a QCP
without any external tuning (i.e., pressure, magnetic field,
or chemical doping) [22]. Furthermore, this compound
shows superconductivity with the transition temperature
Tc of 80 mK, which was found for the first time in Yb-
based systems [22,23]. In terms of the electron-hole par-
allelism between Ce3þ (4f1; one electron) andYb3þ (4f13;
one hole),�-YbAlB4 is a unique model compound to study
the superconductivity and its relation to the QCP in heavy
fermion systems. In addition, the Curie-Weiss temperature
j�CWj and the crossover temperature T� where the hybri-
dized f-electron coherence emerges show relatively higher
values of order of 100 K, suggesting that the RKKY and
Kondo energy scales compete at a higher energy [22]. The
susceptibility shows the Curie-Weiss behavior with the
effective moment �eff � 2:9�B=Yb, and its temperature
dependence over the entire T range can be fit by a crystal-
line electric field scheme, suggesting a local nature of 4f
moment [21,24]. In contrast, a quantum oscillation study
confirmed that heavy 4f electrons contribute to the Fermi
surface below large T� [25]. The origin of the quantum
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criticality and superconductivity occurring in �-YbAlB4 is
not yet clarified. It has been recently discussed whether the
QCP can be fully explained by the conventional Doniach
picture or not [24,26]. The particular quantum critical
behavior in �-YbAlB4 motivates us to reveal the Yb
valence state as an indicator of the Kondo effect’s suprem-
acy over the RKKY interaction and to discuss its role for
quantum criticality and superconductivity.

The progress of hard x-ray photoemission spectroscopy
(HX-PES) in recent years has enabled us to probe the bulk-
sensitive core level and valence band electronic structure
[15]. A photoelectron with kinetic energies of 5–8 keV
attains an escape depth of 50–100 Å from a crystal surface
[27]; thus HX-PES can reveal the bulk electronic structure
of f-electron systems, which are known to exhibit strong
surface effects. In particular, quantitative estimations of the
valence state have been reported by HX-PES [16–
19,28,29]. Since �-YbAlB4 exhibits a QCP without exter-
nal parameter tuning, this is an appropriate compound for a
photoemission study related to quantum critical
phenomena.

In this Letter, we report the bulk-sensitive HX-PES
measurements of �-YbAlB4 and its polymorph
�-YbAlB4. In contrast to �-YbAlB4, the ground state of
�-YbAlB4 is a heavy Fermi liquid without QCP behavior
and superconductivity, though the values of T�, �CW, and
�eff are very similar [21,30]. In order to understand the
essential difference between �- and �-YbAlB4, the mea-
surements of both polymorphs should be beneficial. Yb3þ
and Yb2þ components were observed in Yb 3d spectra for
both �- and �-YbAlB4, which is direct evidence for the
valence fluctuation. The valence band spectrum of
�-YbAlB4 also clearly shows the Yb2þ 4f peaks contrib-
uting to the electronic state at the Fermi level. Our results
suggest the breakdown of the conventional Doniach picture
in �-YbAlB4. We discuss the possible relationship be-
tween the strong valence fluctuation and superconductivity
at the QCP in �-YbAlB4.

High-quality single crystals of �- and �-YbAlB4 were
grown by the Al-flux method as described in the literature
[21]. HX-PES experiments were performed at the undula-
tor beam line BL29XUL of SPring-8 synchrotron facility
using a Scienta R4000-10kV hemispherical electron spec-
trometer [31]. We chose the photon energy of h� ¼
7:94 keV. We obtained clean surfaces of the samples by
fracturing in situ under the base pressure of �10�8 Pa at
room temperature. Data acquisition was carried out at
20 K. The energy resolution �E was set to �250 meV.
The Fermi level EF was determined by the Fermi edge of
an evaporated Au film connected electrically to the sample.

Figure 1 shows Yb 3d core level spectra of �- and
�-YbAlB4. The obtained spectra are very similar to each
other. The Yb 3d level is split into 3d5=2 and 3d3=2 levels by

the spin-orbit coupling. The sharp peak at 1560 eV is the Al
1s level, while the weak broad peaks at 1550 eV and

1600 eV may be due to plasmon satellites of Yb 3d5=2
and 3d3=2 core levels, respectively. The 3d

94f13 final state

(corresponding to Yb3þ) multiplets are found at the energy
region of 1524–1538 eV for the 3d5=2 component and at

1572–1587 eV for the 3d3=2 component. The 3d94f14 final

state (corresponding to Yb2þ) lines are also observed at
1520 eV and 1567.5 eV as 3d5=2 and 3d3=2 components,

respectively. This result, showing the coexistence of Yb2þ
and Yb3þ levels, is clear evidence of the valence fluctua-
tion in �- and �-YbAlB4. Note that all Yb sites in these
compounds are crystallographically equivalent [21]; there-
fore, we can exclude the possibility of spatial separation of
divalent and trivalent Yb sites.
To evaluate the values of Yb valence, we analyzed Yb

3d5=2 level spectra which are not affected by the Al 1s peak

and its satellite as shown in Fig. 2. Yb3þ peaks were
reproduced by the result of the atomic multiplet calculation
[32]. To consider the electron lifetime and the asymmetric
spectral shape due to the conduction electron scattering,
each calculated line was broadened using the Doniach-
S̆unjić line shape [33]. For the broad plasmon satellites
and the background components, we assumed a Gaussian
peak and the Shirley-type integral background [34], re-
spectively. The instrumental energy resolution effect was
considered as the Gaussian convolution with the full width
of �E. We can estimate the value of the Yb valence as the
ratio of peak intensity areas (shown as shaded areas in
Fig. 2) of Yb2þ and Yb3þ components, thus obtaining
2:73� 0:02 and 2:75� 0:02 as Yb valences for �- and
�-YbAlB4, respectively. These values, significantly devi-
ating from 3, are consistent with high T� reflecting the
strong c-f hybridization in both compounds. Considering
the similarity in Yb valence, T�,�CW, and�eff , the ground
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FIG. 1 (color online). HX-PES spectra of Yb 3d and Al 1s core
levels in �-YbAlB4 (upper) and �-YbAlB4 (lower).
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state of the YbAlB4 system seems sensitive to the differ-
ence of the crystal structure. The strong deviation of Yb
valence is also qualitatively consistent with local density
approximation calculations for �-YbAlB4 (the 4f-electron
number of nf � 13:4) [24,25], though electronic correla-

tions should also be considered to make a more precise
comparison.

This valence fluctuation behavior in�- and�-YbAlB4 is
also clearly found in the valence band spectrum shown as
Fig. 3. The observed peaks at EF and 1.3 eV correspond to
the J ¼ 7=2 and 5=2 levels of the 4f13 final state (Yb2þ)
split by the spin–orbit coupling, respectively. This split
width of 1.3 eV is a typical value in Yb-based compounds
[16,18]. The J ¼ 7=2 level is peaked at EF and is hybri-
dized with the s-p derived conduction band states, thus
acquiring itinerancy, and participating in the Fermi surface.
This indicates that Yb 4f electrons become itinerant and its
number fluctuates via the c-f hybridization, which is con-
sistent with the core level spectra in Fig. 1.

Now we discuss the valence fluctuation behavior in the
vicinity of the QCP in �-YbAlB4. Since the Yb valence
reflects the degree of 4f-hole localization, the valence
fluctuation suggests a strong hybridization effect of Yb

4f holes with the conduction bands for both �- and
�-YbAlB4. Here, we should note that the valence value
of �2:75 in the non-Fermi liquid �-YbAlB4 is similar to
�2:73 in �-YbAlB4 with normal heavy Fermi liquid be-
havior [30]. Indeed, the amount of the divalent component
in �-YbAlB4 is very large in comparison with other quan-
tum critical Yb-based compounds such as YbCu5�xAlx
(Yb�2:95þ) [13] and YbRh2Si2 (Yb

�2:9þ) [35]. We should
also note that other comparable valence fluctuation sys-
tems such as YbInCu4 (Yb�2:74þ) [16] and YbAl3
(Yb�2:71þ) [18] show Pauli paramagnetic Fermi liquid
behavior at low temperature [36,37], indicating disappear-
ance of the magnetic moment of localized Yb 4f electrons
due to complete Kondo screening. Since the magnetic
susceptibility of the quantum critical �-YbAlB4 indicates
the existence of the local moment with Ising anisotropy
along the c axis [22], such a strong valence fluctuation
indicative of the itinerant 4f electrons is very unique in
�-YbAlB4.
This unprecedented dual character of f electrons in

�-YbAlB4 confronts us with difficulty in the conventional
scheme. In the conventional Doniach phase diagram de-
scribed by the competition between Kondo screening and
RKKY interaction, the valence fluctuation gets suppressed
on approaching QCP. Here, we conclude that the simple
Doniach picture cannot be applied to the quantum critical
phenomena in �-YbAlB4. It is worth noting that such
strong mixed valence has been unambiguously established
for the first time in heavy fermion compounds, thus show-
ing its possible relation to the unique superconductivity.
Our finding in �-YbAlB4 raises the question of how one
can microscopically describe the superconducting mecha-
nism where the f-electrons have both itinerant and local-
ized character. Furthermore, it is an interesting question to
check whether �-YbAlB4 also show QCP behavior and the
dual localized-itinerant character, varying an external pa-
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FIG. 2 (color online). Comparison of experimental spectra for
Yb 3d5=2 core level with calculation in (a) �-YbAlB4 and

(b) �-YbAlB4. Experimental data and fitting results are shown
as upper and middle spectra, respectively. Dashed curves repre-
sent the integral background. Lower spectra represent calculated
Yb 3d5=2 multiplet lines and the broadened (shaded curves) and

plasmon satellites (solid curves).
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FIG. 3 (color online). HX-PES spectra of the 4f13 final state in
the valence band of �- and �-YbAlB4.
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rameter such as pressure or magnetic field. To uncover the
nature of the QCP and superconductivity in YbAlB4 sys-
tem, further investigations using detailed magnetic and
theoretical studies across the global phase diagram are
highly desired.

In summary, we have investigated the electronic struc-
ture in quantum critical �-YbAlB4 and the Fermi liquid
system �-YbAlB4 using bulk-sensitive HX-PES with
h� ¼ 7:94 keV. Both Yb2þ and Yb3þ components were
clearly observed in the Yb 3d core level spectra, providing
direct evidence for the noninteger valence values of�2:73
and�2:75 for�- and�-YbAlB4, respectively. The valence
band spectra of these compounds also show the Yb2þ
peaks at the Fermi level. We have found the unique valence
fluctuation feature at the QCP with the superconductivity
in �-YbAlB4, thus indicating the possible role of the
valence fluctuation in addition to the magnetic fluctuation,
requiring the novel quantum critical scheme beyond the
Doniach picture.
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[34] D. A. Shirley, Phys. Rev. B 5, 4709 (1972).
[35] C. Dallera as discussed in Ref. [20].
[36] J. L. Sarrao et al., Phys. Rev. B 54, 12 207 (1996).
[37] A. L. Cornelius et al., Phys. Rev. Lett. 88, 117201 (2002).

PRL 104, 247201 (2010) P HY S I CA L R EV I EW LE T T E R S
week ending
18 JUNE 2010

247201-4

http://dx.doi.org/10.1103/RevModPhys.48.219
http://dx.doi.org/10.1038/27838
http://dx.doi.org/10.1103/RevModPhys.73.797
http://dx.doi.org/10.1143/JPSJ.76.051003
http://dx.doi.org/10.1143/JPSJ.76.051003
http://dx.doi.org/10.1103/RevModPhys.79.1015
http://dx.doi.org/10.1038/nature06480
http://dx.doi.org/10.1038/nature06480
http://dx.doi.org/10.1038/nphys892
http://dx.doi.org/10.1038/nphys892
http://dx.doi.org/10.1126/science.1091648
http://dx.doi.org/10.1103/PhysRevB.69.024508
http://dx.doi.org/10.1103/PhysRevB.69.024508
http://dx.doi.org/10.1088/0953-8984/19/12/125201
http://dx.doi.org/10.1016/0378-4363(77)90190-5
http://dx.doi.org/10.1143/JPSJ.76.124705
http://dx.doi.org/10.1103/PhysRevB.80.035120
http://dx.doi.org/10.1103/PhysRevLett.93.246404
http://dx.doi.org/10.1103/PhysRevB.75.035113
http://dx.doi.org/10.1143/JPSJ.74.2880
http://dx.doi.org/10.1103/PhysRevB.78.195118
http://dx.doi.org/10.1143/JPSJ.75.114709
http://dx.doi.org/10.1016/j.physb.2006.01.140
http://dx.doi.org/10.1016/j.physb.2006.01.140
http://dx.doi.org/10.1021/cm062244%2B
http://dx.doi.org/10.1038/nphys1002
http://dx.doi.org/10.1103/PhysRevLett.101.137004
http://dx.doi.org/10.1103/PhysRevLett.102.077202
http://dx.doi.org/10.1103/PhysRevLett.102.077202
http://dx.doi.org/10.1103/PhysRevLett.102.216402
http://dx.doi.org/10.1103/PhysRevLett.102.216402
http://dx.doi.org/10.1038/nphys1299
http://dx.doi.org/10.1063/1.1595714
http://dx.doi.org/10.1143/JPSJ.73.2616
http://dx.doi.org/10.1103/PhysRevLett.98.156402
http://dx.doi.org/10.1016/j.nima.2005.05.010
http://dx.doi.org/10.1016/j.nima.2005.05.010
http://dx.doi.org/10.1016/j.nima.2005.05.011
http://dx.doi.org/10.1088/0022-3719/3/2/010
http://dx.doi.org/10.1103/PhysRevB.5.4709
http://dx.doi.org/10.1103/PhysRevB.54.12207
http://dx.doi.org/10.1103/PhysRevLett.88.117201

