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The origin of the partial suppression of the electronic density states in the enigmatic pseudogap behavior,
which is at the core of understanding high-7'. superconductivity, has been hotly contested as either a
hallmark of preformed Cooper pairs or an incipient order of competing interactions nearby. Here, we report
the quasiparticle scattering spectroscopy of the quantum critical superconductor CeColns, where a
pseudogap with energy A, was manifested as a dip in the differential conductance (dI/dV) below the

characteristic temperature of 7,. When subjected to external pressure, T, and A, gradually increase,

following the trend of increase in quantum entangled hybridization between the Ce 4f moment and
conduction electrons. On the other hand, the superconducting (SC) energy gap and its phase transition
temperature shows a maximum, revealing a dome shape under pressure. The disparate dependence on
pressure between the two quantum states shows that the pseudogap is less likely involved in the formation
of SC Cooper pairs, but rather is controlled by Kondo hybridization, indicating that a novel type of

pseudogap is realized in CeColns.

DOI: 10.1103/PhysRevLett.130.076301

The pseudogap, reminiscent of the energy gap from the
depression of the density of states or a partial gap near the
Fermi level, is of great interest because of its potential
connection to the intertwined quantum states emergent in
strongly correlated systems [1-8]. Attractive, yet puzzling,
is the observation of the pseudogap in various unconven-
tional superconductors, indicating that understanding its
microscopic origin is crucial to resolving the mysteries of
high-temperature superconductivity [4,9—13]. Although
extensive studies have been conducted to elucidate the
origin of the pseudogap, its relationship with unconven-
tional superconductivity is still controversial owing to the
disorder inherent in chemical substitution, close proximity
to other intertwined quantum states, and large thermal
fluctuations [3,6,7,14].

In the prototypical unconventional superconductor
CeColns, which is located near a quantum critical point
in its stoichiometric form, a pseudogap feature in the
normal state above the superconducting transition temper-
ature (7.) has been reported from spectroscopic and
transport measurements [9,15-17]. The precursor state of
Cooper pairs was proposed as the origin of a pseudogap
from scanning tunneling spectroscopy (STS) measure-
ments, where depletion in the differential conductance
(dI/dV) near the Fermi level was observed below 3.0 K
with an energy scale of 1 meV [15]. Deviating from the
T-linear non-Fermi liquid behavior, the electrical resistivity
was suppressed below 3 K, which was ascribed to a
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decrease in the scattering rate owing to the preformed
Cooper pairs [16]. In contrast, the close proximity to the
antiferromagnetic quantum critical point (AFM QCP) of
CeColns suggests that a new form of competing orders may
be realized in the normal state, requiring further study on
the nature of the pseudogap in CeColns [7,16,18].

Here, we report the hybridization-controlled novel
pseudogap state in the quantum critical superconductor
CeColns. A dip overlaid with the Fano-resonance line in
differential conductance dI/dV is observed via quasipar-
ticle scattering spectroscopy (QSS) at temperatures higher
than T, indicating the appearance of a pseudogap with
energy A, in the normal state. In stark contrast to the dome-
shape pressure dependence of the superconducting (SC)
transition temperature, A, and its emerging temperature
(T ;) monotonically increase under pressure and follow the
trend of the transport Kondo coherence temperature (7 ).
The Fano-resonance asymmetry in dI/dV under pressure
increases with decreasing temperature and reveals a scaling
behavior against the reduced temperature (7/T,) in the
high-temperature regime, signifying that 7'y, is the onset of
Kondo lattice coherence. With a further decrease in temper-
ature, it deviates from the scaling and shows a peak or kink
at T,.«- When plotted together with pressure, the character-
istic temperatures of T, Ty, and T follow the same
pressure dependence with the pseudogap energy A, but is
different from that of 7'.. These discoveries reveal that the
nature of the pseudogap in CeColns is not related to
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formation of Cooper electron pairs, but is pertinent to
Kondo hybridization.

Figure 1(a) shows the generic temperature-pressure phase
diagram of CeColns, where 7. peaked at 1.5 GPa shows a
dome shape and the transport Kondo coherence temperature
determined from the resistivity maximum monotonically
increases under pressure [16,19]. The dashed line is the
projected pseudogap temperature based on a preformed
Cooper pair scenario, which decreases under pressure and
disappears near the end of the SC dome [16]. The inset
shows a schematic view of the point-contact junction
surrounded by a pressure medium; see the Supplemental
Material for the details [20]. In QSS obtained from the
point-contact technique, two distinct paths of the trans-
mitting electrons to heavy-fermion metal are considered:
tunneling into the conduction band (¢ channel) and the
heavy-electron band (f channel) [34-36]. Quantum inter-
ference between these two paths produces the Fano line in
dI/dV with a peak centered at the Kondo resonance
energy (&), which can be described by the generalized
Fano resonance model for the Kondo lattice [34]:

dl df(E-V.,T)|q— E|?
—(V,T) = _

The term |q — E|?/1 + E? represents the simple Fano line,
where E = (E —¢)/[(aV)? + y*]"/? is a phenomenologi-
cally modified expression. The Fano parameter ¢ = ¢, + ig,
reflects the tunneling ratio between the two paths. Here,
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FIG. 1. (a) Generic P —T phase diagram of CeColns. The
green dashed line is a pseudogap boundary predicted from
previous works [16]. The inset shows the schematic view for
the quasiparticle scattering spectroscopy under pressure, where
the junction is made on the a — b crystallographic plane.
(b) Differential conductance (dI/dV) of CeColns at representa-
tive temperatures and at ambient pressure. The solid lines are the
best fits using the Fano resonance model (see the main text for
details). The arrow at 3.0 K indicates a dip feature near the zero-
bias voltage. All the curves are rigidly shifted for clarity.

g, describes the direct tunneling into the ¢ — f coupled
state around ¢ without interference, which could lead to the
destruction of the Fano interference. The variables f(E, T),
go» and y are the Fermi function, background conductance,
and scattering rate at the zero-bias voltage within the f
channel, respectively (see Sec. C in the Supplemental
Material for more details [20]).

The temperature evolution of dI/dV for CeColns at
ambient pressure is selectively displayed from 70 (top) to
1.5 K (bottom) with a rigid offset for clarity in Fig. 1(b).
The two-peak structure with spacing of ~2.4 meV at 1.5 K
is ascribed to the Andreev reflection (AR), which is the
hallmark of superconductivity [37]. At temperatures above
T. of 2.3 K, the AR is completely suppressed, whereas a
dip feature in dI/dV is observed near zero-bias voltage, as
indicated by the arrow at 3.0 K. The solid lines are the best
fit of the Fano resonance model, showing good agreement
with the experimental data (see Fig. S3, S7, and S8 in the
Supplemental Material for the detailed analysis for the full
range of pressure and temperature [20]). The Kondo
resonance peak near ¢ = 3.05 meV is gradually suppressed
as the temperature increases, and is hardly noticeable at
temperatures above T, ~ 45 K, which is consistent with
previous results [34,38]. In contrast, the asymmetry in
dl/dV still holds even at 70 K.

The differential conductance of CeColns divided by the
Fano contribution, dI/dV/dI/dV|gano, 1s plotted for
several temperatures with an offset for clarity in Fig. 2(a),
where the evolution of the dip feature as a function of
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FIG. 2. (a) Temperature-dependent normalized differential
conductance, dI/dV /dI/dV|gsnos at ambient pressure, where
dI/dV|gano 1s the best fit of the Fano resonance model. The
dependences on the magnetic field of dI/dV /dI/dV |pano at 2.2
and 3.0 K are plotted in (b) and (c), respectively. The shaded area
highlights the minimum near the zero-bias voltage. For clarity, all
the curves are rigidly shifted against the bottom curves of 2.2 K,
0 T, and O T for panel (a), (b), and (c), respectively. In (c), the
spectra at 0 and 1 T are multiplied by a factor of 0.5 for
comparison.
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temperature is highlighted by the color shades (see Fig. S4 in
the Supplemental Material for raw data [20]). With increas-
ing temperature, the amplitude of the dip is suppressed and
completely smeared out above the characteristic temperature
of Ty, whereas the width of the dip (A ) does not decrease as
observed in a normal order parameter. The magnetic field
dependence of the dip feature in dI/dV of CeColns at 2.2
and 3.0 K at ambient pressure is summarized in Figs. 2(b)
and 2(c), respectively. At 2.2 K, which is slightly below T,
the AR peak is observed at O T and is suppressed under a
magnetic field. When the field is larger than the upper
critical field, the AR is completely suppressed, but a dip
feature is introduced instead. However, at 3.0 K, which is
slightly higher than T',., a dip feature appears, while AR peak
is absent. The dip is gradually suppressed with the increas-
ing field and is not apparent above 4.0 T. The energy width
A, (~0.8 meV), which is determined as the half of the
full width at half maximum (FWHM) at just above T, is
comparable to that of the pseudogap reported in STM
on CeColns [9,15,17]. As increasing temperature, the
dip was filled up smoothly and almost independent of
temperature, as observed in numerous high-7',. cuprates [39].
These features suggest that the dip in dI/dV arises from the
opening of the pseudogap of CeColns near the Fermi level.

The dependence on temperature at O T and magnetic field
at 3.0 K of the normalized differential conductance,

(a) P=0.00 GPa

dl/dV/dl/dV|gano, are depicted as a color contour
plot for representative pressures in Figs. 3(a)-3(e) and
Figs. 3(f)-3(j), respectively. The plume shape within the
energy gap A, near the zero-bias voltage describes the
pseudogap feature, where the pseudogap regime is enlarged
with increasing pressure on both the temperature and
magnetic field vs. bias voltage planes. The onset temper-
ature T, is determined using the criteria of —0.2%
boundary in dI/dV /dl/dV|gsno for all pressure ranges
(see Fig. S4 in the Supplemental Material for more
details [20]). The application of pressure changes the
gap feature systematically: T, of 5.5(£1.0) K at 0.00
GPa increases to 12.5(4+2.1) K at 2.34 GPa, whereas
2A, of 1.60(£0.21) meV at 0.00 GPa increases to
3.96(+0.71) meV at 2.34 GPa. In addition, the critical
field required to destroy the pseudogap feature at 3.0 K
increases from 3.0 T at 0.0 GPa to a field higher than 8.0 T
at 2.34 GPa (see Fig. S9 and S10 in the Supplemental
Material for details [20]). The suppression of the gap
amplitude under a magnetic field, as shown in Fig. 3, is
different from that of temperature, implying that the
magnetic field not only fills the gapped feature, but also
suppresses the onset temperature of pseudogap feature.
The degree of Fano asymmetry in dI/dV can be defined
by the ratio of the differential conductance value at a
specific energy of positive and negative bias [38]. We select
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FIG. 3. Color contour plot of dI/dV /dI/dV|gano at (2) P = 0.00, (b) 1.00, (c) 1.52, (d) 1.80, and (e) 2.34 GPa in the temperature (7')

vs bias-voltage (V) axes. Color contour plot of dI/dV /dI]dV |gano under magnetic field at 3.0 K and at (f) P = 0.00, (g) 1.00, (h) 1.52,
(1) 1.80, and (j) 2.34 GPa in the field (B) vs bias-voltage (V) axes. Dark brown and blue in the color scale describe positive values,
whereas green represents negatives. All the contour plots are shown with the same scale for comparison and the dashed lines are guides

to the eye.
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10 mV as a criterion to define the degree of asym-
metry, i.e., A(%) =100 x (dI/dV|_y v —dI/dV| 1o mv)/
(dI/dV|,19mvy) (see Fig. S10 in the Supplemental Material
for the results with different criteria [20]). Because Ce 4f
electrons are localized at high temperatures, the ¢ — f
coupling strength is expected to be suppressed with
increasing temperature, resulting in a decrease in A and
saturate to zero above the characteristic temperature, 7'gy.
The temperature dependence of A(T) follows the semi-
phenomenological relation of the two-fluid model, depicted
as a dashed line in Fig 4(a) in the high-temperature
regime [40]:

s () o)) oe

Here, the first term is an order parameter that characterizes
the collective coherent phenomenon, while the second term
is the average effective mass of heavy quasiparticle that
increases logarithmically. At ambient pressure, the asymp-
totic temperature 7', is approximately 150 K, which is
much higher than the transport coherence temperature
Teon ~45 K [40-42], but comparable with the onset
temperature of the collective ¢ — f hybridization gap
reported by angle-resolved photoemission spectroscopy
(ARPES) and ultrafast optical spectroscopy [43,44]. In
the low-T regime far below T, A(T) starts to deviate from
the two-fluid description and shows a maximum (or kink)
at the characteristic temperature T, indicated by the
arrows in Fig 4(a). We note that such discrepancy between
energy-resolved spectroscopy and transport measure-
ment on T, was also reported in other Kondo lattice
YbRh,Si, [45].

When subjected to external pressure, the magnitude of
Fano asymmetry A decreases in the low-7 regime, but
collapses onto a single curve in the high-7 regime as a
function of the reduced temperature of 7/T, for different
pressures. As shown in the inset of Fig 4(a), both T, and
T max linearly increase with pressure; this can be ascribed to
the enhanced ¢ — f coupling strength. The maximum Fano
asymmetry at T,,,, may be used as a possible indicator of
the complete transition in a broad crossover from the
Kondo incoherent to the entangled quantum coherent state.
Supporting this interpretation, ARPES measurements show
that the saturating behavior of the f-electron weight occurs
near T, (~20 K) in CeColns [43,44].

Figure 4(b) summarizes the comprehensive P — T phase
diagram of CeColns overlaid with the normalized zero-
bias-conductance (ZBC) color contour plot, where the ZBC
is normalized to its value at T',. for clarity. The characteristic
temperatures of Ty, Teons Timaxs> T, p» and T gss are plotted
on the left ordinate. Here, T, and T, are multiplied by a
factor of 0.1 and 0.3, respectively, for comparison with
other temperature scales. The width of the suppressed
dI/dV, which is attributed to the opening of a pseudogap
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FIG. 4. (a)Fano asymmetry, determined at 10 mV, as a function
of reduced temperature, 7/T,. The dashed line is the universal
temperature dependence curve estimated from the two-fluid
model (see the main text for details). The arrows indicate
T\ax» Where A(T) has a maximum or kink. Pressure-dependent
Ty and T, are shown in the inset, where the dashed line is a
guide to the eye. (b) Comprehensive P — T phase diagram
overlaid with the color contour plot of the normalized zero-bias
conductance, (ZBO/(ZBC at T.). Ty, Teon» Tmax> Tecp» and
T, qoss, plotted on the left ordinate, stand for characteristic
temperatures for pseudogap, transport Kondo coherence, maxi-
mum Fano asymmetry, and SC transition determined from
resistivity and QSS, respectively, where T, and T, are
consecutively multiplied by a factor of 0.1 and 0.3 for comparison
(see Fig. S14 in the Suppleemntal Material for more details [20]).
The pseudogap width 2A, is plotted on the right ordinate. The
dashed lines are visual guides. Errors represent uncertainty in
determining the characteristic temperatures as well as the
pseudogap based on the standard deviation of each definition.

2A,, is plotted on the right ordinate. All the temperature
and energy scales that characterize the low-energy physics
in the normal state nearly triple as the pressure increases
from 1 bar to 2.34 GPa and follow the linear-in-P trend (see
the dashed line). The pressure dependences of both 7, and
A, which characterize the pseudogap, deviate significantly
from that of 7', implying that the pseudogap in CeColnjs is
not involved in the Cooper pair formation process. Instead,
the pseudogap temperature and its amplitude closely follow
the pressure dependence of T, (see Fig. S13 in the
Supplemental Material [20]), suggesting that the depletion
of the density of states in the normal state originates from
the collective behavior of ¢ — f hybridization.

In high-T, cuprates, a pseudogap determined from the
depletion in the quasiparticle density of states below T*
(>T,) has almost a temperature-independent energy width,
and the SC gap-to-T* ratio (2Agc/kgT™*) is approximately
4.3 for various members of high-7. cuprates [39].
Similarly, the pseudogap of CeColns is distinct from the
temperature response of the ordinary order parameter and
shows filling-up behavior with increasing temperature
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(see Fig. 3 and Fig. S5 in the Supplemental Material for
more details [20]). The SC gap-to-T, ratio of CeColns,
contrarily, is approximately 2.6(4+0.98) at ambient pres-
sure, which is substantially smaller than those of high-T.
cuprates. Furthermore, the response to doping concentra-
tion (or pressure) is disparate between the two families of
unconventional superconductors. With increasing doping
level, the onset temperature as well as the size of the
pseudogap in the cuprates decrease and disappear at the
critical concentration above which the SC phase is sup-
pressed [4,39]. In CeColns, in striking contrast, the
pseudogap behavior continuously increases even in the
high-pressure regime, where superconductivity is sup-
pressed. These contrasting behaviors against the SC tran-
sition temperature indicate that the origin of the pseudogap
of CeColns is different from that of the high-7',. cuprates,
emphasizing the importance of more comprehensive tests
to elucidate the nature and mechanism of pseudogap
phenomena in strongly correlated superconductors.

A few prior spectroscopic studies on CeColns surface
have observed the smooth evolution of SC gap with
lowering temperature, suggesting preformed Cooper pairs
above T, [15,46]. Since both the SC gap and pseudogap
feature is revealed as a dip structure in the dI/dV probed by
tunneling spectroscopic method, it is difficult to determine if
the pseudogap behavior is intertwined with the super-
conductivity below bulk 7. or continuously evolved into
SC gap. Even though such a smooth dI/dV evolution across
T, also has been widely observed in high-T. cuprates,
the origin of pseudogap still awaits an answer [39].
Taken together with a theoretical explanation that pseudo-
gap behavior in STS of CeColns can be explained using an
electronic structure of heavy quasiparticle, the pseudogap
in CeColns is also controversial [47]. We finally note
that several recent STS studies emphasized the importance
of ¢ — f entanglement on the pseudogap development in
CeColns, as is our study (see Fig. S6 in the Supplemental
Material [20]) [9,17].

In summary, the f electron delocalization and the nature
of pseudogap in CeColns have been studied via energy-
resolved spectroscopy and systematic pressure control. The
evolution of dI/dV reveals the Fano asymmetry even at
temperatures much higher than the transport Kondo coher-
ence temperature, 7..,. Signifying the onset of itinerant
heavy quasiparticles at T, the Fano asymmetry under
pressure shows a scaling behavior as a function of the
reduced temperature of T/T, in the high-T regime. With
decreasing temperature, a dip feature in dI/dV is observed
around the zero-bias voltage in the normal state owing to
the opening of the pseudogap. Applied pressure gradually
increases both the pseudogap width A, and onset temper-
ature T, which is opposite of the pressure dependence of
the SC gap, but is similar to that of T'..;,. These discoveries
underline that the origin of the pseudogap in CeColns is not
related to the formation of SC Cooper pairs, but arises from

the collective Kondo hybridization effects. The successful
demonstration of the energy-dependent transport spectros-
copy under pressure is not only pertinent to the analysis of
the pseudogap in the quantum critical compound CeColns,
but is also expected to play a pivotal role in elucidating the
origin of pseudogap and their connection to superconduc-
tivity in other families of unconventional superconductors,
such as high-T'. cuprates.
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