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Abrupt change in hybridization gap at the valence transition of YbInCuy
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The valence transition of 4 f electron states in rare-earth compounds is accompanied by a discontinuous change
in the Kondo temperature, an energy scale tied to the interaction of the 4 f states with the conduction-band states
(c-f hybridization). The c-f hybridization causes the formation of heavy quasiparticle bands and produces a
hybridization gap. Whether the hybridization gap develops at the valence-transition temperature 7y is one of the
key questions in the 4 f-electron systems. In our angle-resolved photoemission spectroscopy performed using
synchrotron radiation, we observed such a hybridization gap of the valence-transition compound YbInCu,. We
found that the gap increases below 7y and has a momentum dependence. Notably, the gap enhancement occurs
along with a substantial energy shift of the conduction bands. We suggest that the c-f hybridization and the
enhancement of the density of states at Eg should be incorporated in the scenarios of the valence transition in

YbInCuy.
DOI: 10.1103/PhysRevResearch.2.033408

I. INTRODUCTION

The mixed-valence behavior is one of the most intriguing
physical phenomena in 4 f-electron systems. For the Ce- and
Yb-based compounds, adjacent 4f configurations are nearly
degenerate in energy, and consequently a mixing between
the different 4f electron states occurs by small changes
in external parameters of temperature, pressure, and mag-
netic field [1,2]. This valence mixing is closely related to
the interaction of the localized 4f states with the itinerant
conduction-band states (c-f hybridization) [3,4]. Their mu-
tual relationship and strength of the electron interaction are
fundamental to the appearance of unusual physical properties
of the Ruderman-Kittel-Kasuya-Yosida interaction and Kondo
effect [3]. According to the periodic Anderson model, the c-f
hybridization gives rise to the formation of heavy quasiparti-
cle bands and produces an energy gap (hybridization gap) at
the crossing point of the 4f states and the conduction bands
[5,6]. Hence, studies in terms of the hybridization gap provide
important clues to the driving force for the mixed-valence
behavior.

Among the mixed-valence systems, the first-order valence
transition at 7y = 42 K in YbInCuy has attracted significant
attention for a long time. It has been reported from Mdssbauer
measurements that the Yb valence changes from z >~ 2.9 in
the high-temperature phase to z > 2.8 in the low-temperature
phase [7]. The valence transition at 7y is accompanied by a
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discontinuous change in physical properties of magnetic sus-
ceptibility and electrical resistivity [7-9]. A notable feature is
that the Kondo temperature Tk, which is a measure of the hy-
bridization strength, varies from ~25 K (T > Ty) to ~400 K
(T < Ty) [9]. A key question is whether the magnitude of the
hybridization gap in the band dispersions shows a temperature
dependence across Ty. To understand the mechanism of the
valence transition in YbInCu4, we must detect the fingerprints
of the c-f hybridization.

Angle-resolved photoemission spectroscopy (ARPES) is a
direct technique to measure the electronic excitation as a func-
tion of energy and momentum. The momentum dependence of
4f states near the Fermi level Er has been attributed to their
hybridization with valence bands [10—12]. From the recent
ARPES studies of YbInCuy, it was revealed that the Yb 4 f-
derived band exhibits a momentum-dependent behavior [13].
The evolution of this band in the momentum space and with
varying temperatures is still unclear. An extensive dependence
study is required to clarify the driving factor involved in the
valence transition in YbInCuy.

Here we report on ARPES studies of a typical valence-
transition compound YbInCuy. The 4 f-derived band at |w| ~
0.13 eV is observed in a wide momentum region and tem-
perature range from well below to well above Ty. This band
shows a strong momentum-dependent evolution in the two-
dimensional Brillouin zone of the projected (111) surface.
From the calculation using the periodic Anderson model, we
demonstrate an enhancement in the hybridization gap below
Ty, along with an energy shift of the conduction band. We
propose the possible scenarios for the valence transition in
YbInCuy.

II. EXPERIMENTAL DETAILS

High-quality YbInCuy single crystals were synthesized us-
ing the flux method [14,15]. Angle-resolved photoemission
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FIG. 1. Angle-resolved photoemission spectroscopy spectrum of
YbInCuy at 7 = 10 K in the low-temperature phase. (a) ARPES
intensity plot I(k, ) taken along the T-K direction (cut 1) of
the surface Brillouin zone, as marked by a green line above the
image. (b) Second energy derivatives of the ARPES spectrum,
8%1(k, w)/dw?, for the data in (a). (c) Momentum-integrated spec-
trum of the data in (a). The vertical bars indicate the characteristic
energy states.

spectroscopy experiments were performed at BL-9A of the
Hiroshima Synchrotron Radiation Center (HSRC). The to-
tal energy resolution was set to 17 meV. The samples were
cleaved in situ along the (111) crystal plane and kept under an
ultrahigh vacuum (3.8x 10~ Pa) during the measurements.
All the data were taken using circularly polarized hv = 24 eV
photons. It is known that YbInCu, exhibits a structural change
from the cubic structure in the high-temperature phase to the
tetragonal structure in the low-temperature phase. The change
in the ratio c¢/a of the lattice constants is extremely small
(c/a = 1.0000004 at 30 K) [16]. For simplicity, we hereafter
use the same surface Brillouin zone with hexagonal shape for
both the phases in accordance with the arrangement of Yb
atoms on the (111) plane.

III. RESULTS AND DISCUSSION

Figure 1(a) shows the ARPES intensity plot /(k, w) along
the T-K direction (cut 1) of the surface projected Brillouin
zone. The data were taken at T = 10 K in the low-temperature
phase. For a better view of the band dispersions, we plot the
corresponding second derivative of the ARPES intensity with
respect to the energy, 8> (k, )/dw?, in Fig. 1(b). Two intense
flat bands are clearly seen at |w| ~ 0.05 and 1.35 eV, which
can be assigned to the spin-orbit split Yb*" 4f;, and Yb*"
4f5,, states, respectively [17-20]. The momentum-integrated
photoemission spectrum is depicted in Fig. 1(c). A broad
hump at approximately |w| >~ 1.0 eV is derived from the con-
tribution of the Yb*" states at the topmost surface layer [17].

In Figs. 1(a) and 1(b), two additional bands can be iden-
tified at the high-energy side of the spin-orbit split Yb 4f
states. At |w| =~ 1.44 eV, the band exhibits a dispersionless
feature, which is reflected by the shoulder near the 4fs,,
state in Fig. 1(c). At |w| >~ 0.13 eV, the other band shows
appreciable momentum dependence: The band is flattened at
|k| > 0.4 A= and curved around the T point. This feature
is demonstrated by the double peaks near the 4 f;,, state in
Fig. 1(c). The splitting width and relative intensity of the flat
band with respect to the 4fs,, peak coincide well with those
of the spin-orbit partner of the 4 f7,, peak. Therefore, the two
bands at 0.13 and 1.44 eV originate from the Yb 4 states.

The magnified view of the spectrum in Figs. 1(a) and 1(b)
are depicted in Figs. 2(a) and 2(c), respectively. We found the
splitting of the 0.13-eV band: One branch is shifted downward
in energy to || 2~ 0.21 eV and the other is shifted upward in
energy to |w| >~ 0.12 eV, as seen from the peaks in the energy
distribution curves (EDCs) of Fig. 2(e). At momentum cut 2 in
the region intermediate to the zone boundary, the momentum-
dependent behavior of the 0.13-eV band significantly changes.
The band exhibits parabolic dispersion at [k| < 0.15 A~", as
shown in Figs. 2(b), 2(d), and 2(f). Such a dentlike shape in
4 f-derived bands has been observed in Yb compounds and is
assigned to hybridization phenomena [10,11]. This similarity
implies the hybridization between the 4 f-derived states and
conduction bands in YbInCuy.

For a quantitative analysis, we now compare our observa-
tions to the periodic Anderson model [6,10]. In this model,
the two reconstructed bands (Ek+ and E,") due to the c-f
hybridization are described by form

Ef = 1{ep+ec£/(ef —e)> +4V2} (1)

where ¢, and 7 denote the conduction-band and f-band en-
ergies, respectively. The hybridization energy 2V represents
the strength of orbital hybridization and it is reflected by the
size of the energy gap at the crossing point of &. and &;.

Figures 3(a) and 3(b) display the calculated spectral func-
tion A(k, w) with hybridization energies of 2V, = 0.04 and
0.12 eV, respectively. We note that the spectral weight of the
spin-orbit split 4 f7, state at |w| >~ 0.05 eV is not included in
this calculation for simplicity. The peak width of the simulated
spectrum is set to be comparable to that of the EDCs in
Figs. 2(e) and 2(f). Our simulations are in excellent agreement
with the shape of the 0.13-eV band shown in Figs. 2(a)-2(d).
A threefold enhancement of 2V in the intermediate region
indicates the effect of momentum-dependent hybridization
in YbInCuy. The parameter set for the conduction band ap-
proximately reproduces the shape of the dispersions obtained
from the band-structure calculation including the effect of the
on-site 4 f Coulomb interaction [21,22].

The temperature dependence of 821 (k, w)/dw”* along mo-
mentum cuts 1 and 2 is depicted in Figs. 4(a 1)-4(a 3)
and 4(b 1)-4(b 3), respectively. The band remains at |w| =~
0.13 eV far above Ty = 42 K. We observed an abrupt change
in the energy of the band bottom of the lower branch at Ty .
As seen from the peak positions (vertical bars) of the EDCs
at k =0 A~! in Figs. 4(c) and 4(d), the energy of the peak
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FIG. 2. Momentum dependence of the ARPES spectrum in the
low-temperature phase. The ARPES intensity plot /(k, ®) is taken
along momentum cuts (a) 1 and (b) 2, as marked in the inset of
(d). (c) and (d) Second energy derivatives of the ARPES spectrum,
8% (k, w)/dw?, for the data in (a) and (b), respectively. (e) and (f)
Energy distribution curves for the data in (a) and (b), respectively.
The vertical bars represent the peak positions of EDCs, except for
the peak of the Yb*" 4f;, state at |w| ~ 0.05 eV.

exhibits a clear steplike increase near 7y and tends to saturate
above Ty. The peak positions are plotted in Fig. 4(e) as a
function of temperature. The total shifts in the energy are
estimated to be A; >~ 0.03 and A, >~ 0.04 eV in cuts 1 and 2,
respectively. The steplike variation in the physical properties
at Ty is a typical behavior of the valence-transition system
[7-9]. Therefore, the observed bands are associated with the
valence-transition phenomenon in YbInCuy.

2Vk=0.12 eV
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FIG. 3. (a) and (b) Spectral function A(k, ®) calculated using
the periodic Anderson model in Eq. (1). The solid curves represent
the upper, E;, and lower, E, ", branches. The hybridization energies
are (a) 2V, = 0.04 eV and (b) 2V, = 0.12 eV. The conduction band
is assumed to be an electronlike parabolic dispersion a + bw?. The
parameters are (a) a = —0.21 and b = 1 and (b) a = —0.14 and b =
20. The linewidth broadening of the spectrum is set to be comparable
to the peak width of the EDCs in Figs. 2(e) and 2(f). The energy of
the spin-orbit 4 f7, band is excluded in this calculation for simplicity.

We here examine the possible evolution of the hybridized
bands. In the spectrum along momentum cut 1, the energy
shift of the band bottom due to the effect of the c-f hy-
bridization is negligible, because the hybridization gap opens
at |k| ~0.27 A~!, where the conduction band crosses the
4 f-derived bands. As discussed in the Appendix, the band
bottom energy remains almost unchanged irrespective of the
opening and closing of the hybridization gap. We therefore
consider that the energy shift in cut 1 results from the energy
shift of the electronlike conduction band at 7v,. This band shift
enhances the density of state at Ef, leading to the reduction of
the electrical resistivity below Ty [8,9].

For the spectrum along cut 2, a large hybridization gap of
2V, = 0.12 eV is formed below Ty, as shown in Fig. 3(b).
Considering a rigid-bandlike shift, the conduction band shifts
by the same amount of 0.03 eV that is observed in cut 1.
However, the peak shift of the EDCs in cut 2 is 0.04 eV,
as shown in Figs. 4(d) and 4(e). Therefore, a change in the
hybridization energy is required to explain our experimental
data.

Figures 4(f) and 4(g) show the calculated spectral function
with hybridization energies of 2V; = 0.12 eV (T < Ty) and
2V, = 0.07 eV (T > Ty), respectively. We note that the for-
mer is the same datum presented in Fig. 3(b). The conduction
band with a parabolic dispersion in Fig. 4(g) is shifted toward
Er in accordance with the rigid-bandlike shift of 0.03 eV.
We have obtained a consistency that a 0.05-eV change in
the hybridization energy reproduces the momentum- and
temperature-dependent behavior of the 0.13-eV band shown
in Figs. 4(b 1)-4(b 3). These data provide the evidence that
the enhancement of the hybridization gap, as well as that of
the density of states at EF, is crucial for the valence transition
of YbInCuy4. This concept is supported by the recent resonant
inelastic x-ray-scattering and ultrafast pump-probe measure-
ments [23,24].
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FIG. 4. Temperature evolution of the electronic band structure. (a) Second energy derivatives of the ARPES intensity, 321 (k, w)/dw?, at
various temperatures measured along the T-K direction: (a 1) 30 K, (a 2) 50 K, and (a 3) 145 K. (b) Same data set as in (a), but along
momentum cut 2, as marked in the inset of (e): (b 1) 30 K, (b 2) 50 K, and (b 3) 145 K. The temperature dependence of the EDCs at k = 0 At
were taken from momentum cuts (c) 1 and (d) 2. The vertical bars represent the peak positions of the lower branch of the hybridized bands.
(e) Peak energies shown in (c) and (d) as a function of temperature. The error bars stem from the natural broadness of the EDC peaks. The
thick curves are guides for the eye. (f) Same data as in Fig. 3(b) with the hybridization energy 2V, = 0.12 eV. (g) Calculated spectral function
A(k, w) with 2V, = 0.07 eV. The band parameters for the electronlike conduction band a + bw? are set to a = —0.11 and b = 20. The solid

curves represent the upper, E;, and lower, E,”, branches in Eq. (1).

We next discuss a possible origin of the 0.13-eV band.
In a previous ARPES study of YbRh,Si,, the crystal-field
splitting of 4f states has been observed near Er [11]. For
the case of YbInCuy, the eightfold degenerate Hund’s rule
ground state of Yb** with J = 7/2 splits into two doublets
and one quartet. The overall splitting energy is approximately
8 meV [25,26]. This value is 10 times smaller than the energy
difference between the band at |w| >~ 0.13 eV and the 4f7,,
state at |w| >~ 0.05 eV. Therefore, the 0.13-eV band cannot be
assigned to the crystal-field-split 4 f states.

It is conceivable that the 0.13-eV band originates from the
Yb 41 states in the subsurface region that intervenes between
the surface and bulk regions of YbInCuy [18-20]. The elec-
tronic state of the subsurface region exhibits characteristics
intermediate between those at the surface and those in the
bulk [20]. The band is indeed observed between the surface-
derived state at |w| 2~ 1.0 eV and the bulk-derived 4 f7/, state
at |w| ~ 0.05 eV, as shown in Fig. 1(c). On this basis, we infer
that the 0.13-eV band is derived from the Yb 4 f states in the
subsurface region of the crystal.

The contribution of the In 5 p states to the valence transition
has been identified by comparing the spectra of YbCdCuy and
YbSnCuy [27-30]. Furthermore, the resonant inelastic x-ray-
scattering measurements has revealed an energy shift of the

itinerant Yb 5d states and an increase in the density of states
at Ep below Ty [23]. Therefore, the In 5p and Yb 5d states are
responsible for the hybridization with the Yb 4 f states [4]. We
emphasize that the steplike variation of the hybridized band
results from the energy shift of the bulk conduction band. This
energy shift may be attributed to the structural phase transition
at Ty [16].

Regarding the spin-orbit split 4 f7/, state at || >~ 0.05 eV,
a gaplike feature has not been observed thus far. The intense
intensity of the 47/, state eliminates the fine feature of the
band dispersion near Er. However, it is reasonable that the
4f7,, state also hybridizes with the conduction band, as is
the case for YbAI, [31]. Further experiments are required
to clarify the landscape of conduction bands such as Fermi
surfaces. Irrespective of this question, our results provide ev-
idence for the abrupt change in the hybridization gap at Ty,
highlighting the hybridization of the 4 f-derived band with the
bulk conduction band in YbInCuy.

IV. CONCLUSION

In conclusion, our APRES measurements on YbInCuy
have revealed a strong momentum-dependent behavior of the
4 f-derived band at |w| ~ 0.13 eV. A threefold increase in the
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FIG. 5. (a) Spectral function A(k, w) calculated by the periodic
Anderson model. The hybridization energy of Eq. (1) is set to
2V, =0eV. (b) EDCs at k =0 A~! taken from (a) and Fig. 3(a).
The red and blue lines are EDCs without and with the hybridization
energy, respectively. The vertical thick and dashed lines denote peak
positions of the EDCs with 2V, = 0 and 0.04 eV, respectively.

hybridization energy in the momentum space is demonstrated
by the comparison of the experimental observations with the
periodic Anderson model. Notably, the band bottom of the
lower branch exhibits the steplike energy shift at 7y. Such a
nonlinear evolution is a typical behavior of valence-transition
phenomena. The temperature dependence of the band dis-
persions can be explained by the fact that the hybridization
energy increases by 0.05 eV along with a substantial energy
shift of the electronlike conduction bands below Ty,. We sug-
gest that the c-f hybridization and the enhancement of the
density of state at E are essential parts of the mechanism for
the valence transition of YbInCuy.
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APPENDIX

One of our important findings is the observation of a
shift of the conduction band at the valence-transition tem-
perature 7y. This behavior can be seen in the spectrum of
821 (k, w)/dw” along the T-K direction (cut 1) of Figs. 4(a 1)
and 4(a 2) and in the EDCs of Fig. 4(c). However, one might
argue that this energy shift is alternatively interpreted as a
change in the strength of c-f hybridization. In this Appendix
we show that the band bottom energy along the cut 1 direc-
tion remains almost unchanged regardless of the opening and
closing of the hybridization gap.

Figure 5(a) shows the calculated image plotted without the
hybridization energy (2V;, = 0 eV) of Eq. (1). A flat band at
|w| = 0.13 eV and a parabolic band of —0.21 4+ w? intersect
at |k| ~0.27 A~'. We plotted the EDC at k=0 A~ in
Fig. 5(b), together with the EDC (2V;, = 0.04 eV) of Fig. 3(a).
The energy of the band bottom remains approximately at the
same energy. This is inconsistent with the experimental obser-
vation shown in Figs. 4(a 1), 4(a 2), 4(c), and 4(e). Therefore,
we consider the energy shift of the conduction band at 7y to
be a reasonable explanation for the temperature dependence
of ARPES spectra.
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