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We report an optically induced reduction of the f-d hybridization in the prototypical heavy-
fermion compound YbRh2Siz. We use femtosecond time- and angle-resolved photoemission spec-
troscopy to monitor changes of spectral weight and binding energies of the Yb 4f and Rh 4d states
before the lattice temperature increases after pumping. Overall, the f-d hybridization decreases
smoothly with increasing electronic temperature up to ~ 250 K but changes slope at ~ 100 K. This
temperature scale coincides with the onset of coherent Kondo scattering and with thermally pop-
ulating the first excited crystal electrical field level. Extending previous photoemission studies, we
observe a persistent f-d hybridization up to at least ~ 250 K, which is far larger than the coherence
temperature defined by transport but in agreement with the temperature dependence of the non-
integer Yb valence. Our data underlines the distinction of probes accessing spin and charge degrees
of freedom in strongly correlated systems characterized by spin-charge separation.

Strong electronic correlations in rare-earth intermetal-
lic compounds lead to a series of remarkable properties
such as the Kondo effect [1], heavy-fermion (HF') behav-
ior [2], quantum criticality [3, 4], and unconventional
superconductivity [5]. The Kondo effect is one of the
quintessential observations involving strongly correlated
electrons. The single-ion Kondo effect describes the spin-
flip scattering of itinerant valence electrons on localized
f-electron magnetic moments that leads to the formation
of new composite quasiparticles. In a Kondo lattice f-
electrons are periodically arranged and these composite
quasiparticles form renormalized bands near the Fermi
level (Ew) with extremely high effective masses [2, 6].
In turn, a renormalized so-called large Fermi surface de-
velops as a result of the interaction between conduction
electrons and f local moments. This spectral weight
transfer to Er is accompanied by an intermediate valence
configuration with a non-integer f-occupation [7, 8]. A
complimentary spectroscopic signature of the Kondo lat-
tice effect is the hybridization band gap A between the
renormalized f-band and the valence electron band [9-
11]. Despite much work, the strong electronic correla-
tions in Kondo lattice systems pose serious challenges
for theoretical calculations. In particular, it is still de-
bated how the Kondo lattice effect emerges and how the
electronic band structure evolves as the temperature is
lowered [8, 12, 13].

YbRhsSiz (YRS) is considered a prototypical Kondo
lattice system in which itinerant Rh 4d electrons scatter
on a lattice of localized Yb 4 f moments. The lowest lying
J = 7/2 multiplet of the Yb 4f states is split by the crys-
tal electric field (CEF) into four Kramers doublets [14].
Different experimental probes distinguish several cross-

over temperature scales in YRS: The single-ion Kondo
temperature Tx ~ 25K is defined as the characteris-
tic spin fluctuation temperature and is experimentally
determined by neutron scattering, specific heat measure-
ments and an extremum in the thermopower [15-17]. The
Kondo effect is related to spin-flip scattering, which be-
comes coherent in Kondo lattices, resulting in a maxi-
mum of the resistivity at Teon &~ 100K [16]. This resis-
tivity maximum can be influenced by the CEF splitting
[18] and departs from the conventional expectation that
Teon < Tk [19]

While thermodynamic and transport properties in
Kondo system are dominated by spin degrees of freedom,
angle-resolved photoelectron spectroscopy (ARPES) is
sensitive to charge degrees of freedom. Accordingly,
ARPES observes a renormalized f-band close to EF,
a hybridization gap in the electronic band structure
[10, 11, 20], and a large Fermi surface [21, 22]. Tunneling
spectroscopy correlates the hybridization gap to spectral
signatures which disappear above 25K [12]. However,
temperature dependent ARPES shows no change of the
large Fermi surface and the expected transition to a small
Fermi surface was not observed up to 100K [8]. Conven-
tional ARPES studies at even higher temperatures are
challenging due to thermal broadening [8].

Here, we study the hybridization and spectral weight
of d- and f-states in YRS with femtosecond time-
resolved ARPES (trARPES) [23, 24]. Optical excitation
of electron-hole pairs raises the electronic temperature
while the lattice remains largely unperturbed preventing
spectral broadening at short time scales. We analyze the
spectral weight and binding energy changes and observe
a continuous decrease of f-d hybridization as function of



electronic temperature. The hybridization gap remains
finite up to the highest measured electronic temperature
of 250 K. This temperature dependence is consistent with
the change of Yb valence but is disconnected from the
smaller Tk and T¢.n temperature scales. We explain this
difference by the sensitivity of transport and thermody-
namics measurements to spin degrees of freedom while
photoemisssion accesses charge degrees of freedom. Ad-
ditionally, the temperature dependence of the f spec-
tral weight suddenly changes slope at 100K, which co-
incides with two comparable temperature scales: popu-
lating the first excited CEF level and T,,,. This kink is
distinct from the smooth temperature dependence of the
hybridization gap and the Yb valence and thus points to
physics beyond a mean field description.

Our trARPES setup [25] is based on an amplified
Ti:Sa laser system operating at 312 kHz repetition rate.
Samples are optically excited with 35fs pump pulses at
hv = 1.5eV photon energy. Electrons are photoemitted
as function of pump-probe delay with probe pulses at
4hv = 6 eV and collected in a hemispherical electron ana-
lyzer as sketched in Fig. 1(a). The total energy resolution
is 22meV; the time resolution is 160fs. Single crystals
of YRS have been grown in the body-centered tetragonal
structure using the high temperature Indium flux method
as described in reference [17]. Samples are cleaved in situ
and oriented parallel to the crystallographic a-b plane.
The pressure was < 1 x 1071% Torr and the base temper-
ature was 20 K for all measurements.

Fig. 1 shows trARPES spectra recorded near the I'-
point at 1 ps before (a) and during optical excitation (b).
We observe three electronic bands below Ef, labeled (1),
(2) and (3). According to high resolution ARPES mea-
surements [8, 10, 11, 21, 26, 27] and DFT slab calcula-
tions [21, 24, 27], bands (1) and (2) are assigned to hole-
like Rh 4d,;, and Rh 4d,,,. bands, respectively. Band
(3) corresponds to the renormalized Yb 4f level. Our
22 meV energy resolution and the low cross section for
4f-states at a photon energy of 6 eV [24, 28] prevents
us from resolving the CEF splitting of the 413 states.
Optically excited electrons populate bands (4) and (5),
which originate from Rh 4d orbitals according to slab
calculations [24, 27].

To understand how hybridization mixes orbital char-
acters and changes band dispersions it is instructive to
consider the periodic Anderson model (PAM) [2, 29]. A
simplified version was successfully applied to equilibrium
ARPES results on YRS [10, 11] and other heavy fermion
compounds [13, 30-32]. In a mean-field hybridization
approach to the PAM the dispersion relations

p=(r) = ATy \/ (= )2 a2

describe the hybridized Rh 4d and Yb 4f band in the
Kondo lattice state. A hybridization gap A separates
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FIG. 1: Band structure of YRS at 20K measured with
trARPES at 6eV photon energy near the I'-point, (a) 1ps
before and (b) during the presence of a 0.5mJ/cm? infrared
pump pulse. (c) EDC taken at kj = —0.1 A7". In addi-
tion to the bands (1)-(3) below Ep, bands (4) and (5) are
transiently populated by optically excited electrons. Inten-
sities are rescaled exponentially as a function of energy for
enhanced visibility of the transient features above Er. Inset
in (a) sketches the trARPES geometry.

the renormalized Yb 4f band from the Rh 4d,, and Rh
4d, /. bands. €;(k) and e refer to their dispersions be-
fore hybridization. We approximate €;4(k) by a quadrat-
ically dispersing band and €y by a momentum indepen-
dent band. A is the mean-field hybridization gap which
we assume to be momentum independent.

We begin by assessing the equilibrium situation before
optical excitation. E*(k) are plotted in Fig. 2(d) using
A = 40 meV, ¢; = —55meV, ¢4(k = 0) = —85meV
and an effective mass of —0.85m,. Our choice of values
is consistent with previous ARPES results [8, 11, 21] as
long as the CEF splitting, which we cannot resolve, is
neglected. E1 matches the observed dispersion of band
(3) in Fig. 2(a). Hybridization leads to admixture of
4d-character into the 4 f band and introduces dispersion
to the 4f band around I'. E~ (k) matches band (2) in
Fig. 2(a) and admixture of 4f states decreases the pho-
tolonization cross section for low photon energies [24, 28].

We compare the band structure 1 ps before and 0.2 ps
after optical excitation in Fig. 2(a). The corresponding
energy distribution curves (EDCs) are shown in Fig. 2(b).
Fig. 2(c) is a difference plot of ARPES intensity be-
fore and after pumping based on the data in Fig. 2(a).
We highlight two observations: First, the photoemission
yield increases within the hybridization region and close
to T (region I1), and band (2) shifts towards Ep. Second,
the photoemission yield of band (3) decreases as seen in
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FIG. 2: (a) Band structure of YRS measured 1 ps before and
0.2ps after optical excitation with 0.5 mJ/cmz. The solid
lines are the dispersions derived from EDC fits and the dotted
lines show E*. (b) Solid lines are EDCs taken from (a) at
three different momenta. Dashed lines are fits to the EDCs.
Bands (1), (2) and (3) are indicated. (c) shows the difference
between the spectra. Region I integrates the photoelectron
yield above Er; region II integrates the spectral weight within
the hybridization region; region III integrates the intensity
of the hybridized 4f-band. (d) The band dispersion E* (k)
from Eq. 1 is plotted for A = 40meV and A = 0meV.
Shading represent the calculated admixture of d-(f-)character
to ET(E7).

the EDCs in Fig. 2(b) and in region III in Fig. 2(c). This
effect is most pronounced close to the I'-point and dimin-
ishes for larger momenta.

We explain the pump-induced changes of the photoe-
mission yield by dehybridization within the mean-field
approximation: Optical excitation of electron-hole pairs
around Fp reduces the gap A, which in turn renormal-
izes E* (k) according to Eq. 1: First, the effective mass
of band (2) decreases and the band apex shifts towards
FEr. This shift and the the decreasing f-admixture to
the d band increases the photoemission yield in region
II. Second, band (3) regains f character and hence loses
intensity in region III. The observed momentum depen-
dence qualitatively follows the calculated admixture of
d character to the f states as shown in Fig. 2(d). We
conclude that the pump-induced spectral changes quali-
tatively mimic those induced by raising the equilibrium

temperature.

To quantitatively analyze how optical excitation af-
fects the band structure, we introduce the concept of a
transient electronic temperature T, and distinguish elec-
tronic and lattice heating effects. In thermal equilib-
rium, electrons and lattice are at the same temperature.
This is markedly different after ultrafast optical excita-
tion, which solely couples to the electronic subsystem
and initially leaves the lattice temperature unchanged.
Electron-phonon coupling transfers energy from excited
electrons to the lattice at later times, typically on a ps
time scale. This behavior is commonly approximated
in the 2-Temperature Model, which treats electrons and
lattice as two coupled heat baths with distinct elec-
tronic and lattice temperature [33]. trARPES directly
accesses T, by measuring the width of the Fermi Dirac
(FD) distribution at EFg. In practice, we determine an
effective temperature Teg by fitting a FD distribution
to the EDCs. The finite energy resolution of our sys-
tem of AE = 22meV is accounted for by extracting
T, = (T2 — (AE/4kp)?)V/2 [34].

Notably, the line shapes of the EDCs in Fig. 2(b)
remain unchanged upon optical pumping for energies
outside of the hybridization region. In contrast, the
linewidth doubles in temperature-dependent ARPES be-
tween 12 to 110K [20]. We attribute this distinction to
different lattice temperatures: ultrafast spectral changes
of hybridization features are related to changes of T
while the lattice temperature remains unaffected. Con-
versely, the overall broadening of the spectra in temper-
ature dependent ARPES is induced by increasing lattice
temperature. Thus, trARPES allows us to single out
electronically driven spectral changes without blurring
the spectra due to elevated lattice temperatures, pro-
vided that the band structure is probed at small enough
delays after excitation.

We proceed to study the delay dependence of the ultra-
fast dynamics to identify the time scale on which effects
of an elevated T, dominate. Fig. 3(a) shows the dynamics
after pumping with an incident fluence of 0.6 mJ/cm? in
a difference plot of photoemission spectra with respect to
equilibrium conditions at 20 K recorded at kj; = 0.06 A~".
The broadening of the FD after pumping leads to an in-
crease (decrease) of photoemission intensity above (be-
low) Er and is also visible in the EDCs in Fig. 2(b). The
photoemission intensity at £ — Ep =~ —0.1eV increases
after pumping as band (2) gains d-character which in-
creases the photoemission cross section.

We analyze the dynamics in the spectral regions I-II1
and of T, in detail in Fig. 3(b). The overall time resolu-
tion of our experiment of 160 fs is given by the width of
the cross correlation (XC) at E — Er = 0.3eV. Region I
tracks the intensity increase above Er and is expected to
be proportional to T, for a thermalized electron distribu-
tion [35]. Indeed, both quantities track each other closely
and peak at 0.2ps before decaying on a ps time scale.
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FIG. 3: (a) Changes in the photoemission spectra with respect
to equilibrium conditions at 20 K as function of pump-probe
delay, recorded at k| = 0.06 A~! along T-X at an incident
fluence of 0.6 mJ/cm?. (b) Traces I-IIT correspond to the in-
tegrated photoelectron yields as function of pump-probe delay
from the corresponding areas in Fig. 2(c). The transient T,
values are extracted by FD fits. The photoelectron intensity
0.3eV above Er yields the cross correlation (XC).

We attribute the ps relaxation dynamics after 0.2 ps to
cooling of the electron distribution as electron-phonon
coupling transfers energy to the lattice subsystem, and
subsequent heat transport.

The decrease in region III tracks the decreasing ad-
mixture of 4d states. The increase in region II is related
to the shift of band (2) toward Er due to the reduced
hybridization, and the increased photoemission yield due
to decreasing 4f character. Recording these observables
simultaneously allows us to correlate the dehybridization
dynamics as monitored in regions II and III with 7, and
the intensity in region I. The minimum of the intensity
in region III coincides with the maximum of T, and the
maximum of intensity in region I. The spectral weight
in region II initially also follows the rise of T,. After
0.2 ps the increase slows down and the intensity peaks
at ~ 0.5ps. The fast rise tracks the optically induced
dehybridization, while the later rise until 0.5 ps can be
explained by spectral broadening of bands (1) and (2)
due to the delayed rise of the lattice temperature [36].
This demonstrates that the optically induced ultrafast
dehybridization is driven by the initial fast increase of T,
within 0.2 ps.

Consequently, we can study the dehybridization with-
out significantly changing lattice degrees of freedom by
controlling T, as the optical excitation density is var-
ied. The spectra in Fig. 4(a) are recorded at a delay of
0.2 ps, after which a thermalized FD distribution with a
well defined T, is established, but before elevated lattice
temperatures broaden spectral features. The excitation
density ranges from 0.2 to 1.4mJ/cm? which corresponds
to T, = 56 — 249K at a fixed delay of 0.2 ps.

Fig. 4(b) shows that the intensity in region I above
E¥ increases linearly with increasing Te, confirming the
expected linear relationship for a thermalized electron
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FIG. 4: (a) EDCs at k| = 0.06 A~', measured at 0.2ps as
function of optical excitation density which is mapped onto
T by fitting FD distributions. (b) Spectral weight of band
(3) integrated in region III and region I above Er plotted as
function of T.. (c) and (d) show the dispersion of bands (2)
and (3), respectively, determined from EDC fits as function of
excitation density at 0.2ps. (e) The energy difference of the
maxima of bands (2) and (3) is extracted from the dispersions
in (c) and (d) 1ps before and 0.2 ps after optical excitation
and plotted as function of T, at 0.2 ps.

population [35]. In the discussion of Fig. 2 and Fig. 3 we
identified that direct spectral signatures of dehybridiza-
tion are observed in region III. Accordingly, the photoe-
mission yield in region III decreases smoothly with in-
creasing T, as the f admixture to the d states decreases.
However, at T, ~ 100 K the slope changes visibly.

In addition to the spectral intensities, we analyze the
dispersions of the 4 f band and the 4d band as function of
excitation density in Fig. 4(c) and (d) at a constant delay
of 0.2 ps. The energy difference F3 — E5 of the maxima
of bands (2) and (3) is plotted in Fig. 4(e). For nega-
tive delays, before arrival of the pump pulse, E3 — Eo
remains constant as function of excitation density, evi-
dencing that pump-induced sample heating before time
zero is avoided. At a fixed delay of 0.2ps, F3 — Fy de-
creases linearly with increasing 7.

In Fig. 4, the intensity in region III and the band sep-
aration E3 — F5 continue to decrease linearly up to the



highest measured T, ~ 250K. For a fully dehybridized
band structure, we expect the intensity in region III and
the energy difference E3 — E3 =~ 30 meV to be constant
as function of temperature. Therefore, we conclude that
YRS shows spectral signatures of hybridization up to
250 K. Our observation agrees with the persistence of the
large Fermi surface up to 100K in equilibrium ARPES
[8]. We corroborate our conclusion by considering that
the renormalized f spectral weight at E is directly con-
nected to an intermediate Yb valence [7]. In the temper-
ature range of our measurement, the Yb valence increases
smoothly from 2.96 to 2.98 [8] but remains non-integer.
This confirms that f spectral weight at Fg is present
and can hybridize with the d-band. Likewise, ARPES
studies of the heavy fermion compound CeColns detect
signatures of hybridization up to the highest measured
temperature of 200K [13]. Our findings are in contrast
to tunneling spectroscopy, which observes signatures of
the hybridization gap only below 25K [12].

Tk Teon  Tcrr Tiink
YbRhoSioc 25K 100K 200K 100K
[15-17] [16] [11, 14] this work
CeColns 2K 40K 100K 50K
37 [37,38] [39]  [13]

TABLE I: Characteristic temperature scales in YbRh2Si2 and
CeColns

We can speculate that the hybridization gap vanishes
at temperatures as high as 600 K when we assume a linear
temperature dependence of A and extrapolate eqn (1) to
a vanishing gap. Similarly, the Yb valence only assumes
an integer value of 3 at an extrapolated value of more
than 1000 K [8]. Likewise, the temperature below which
a large Fermi surface forms in CeColns was estimated to
be 270K [13]. The temperature scale of 600K in YRS
can only serve as a rough estimate as it is obtained within
a mean-field PAM without including CEF levels. At such
high temperatures, excited CEF levels are populated and
contribute to incoherent Kondo scattering.

The slope of the temperature dependent intensity in re-
gion IIT changes at T, = 100 K, while E3 — E5 evolves lin-
early as function of temperature. The f spectral weight
and hybridization gap are connected smoothly in the
mean-field PAM. Thus, the deviation from the linear,
smooth temperature dependence of both quantities in-
dicates that physics beyond the mean-field PAM is re-
quired to describe the Kondo lattice state. Our obser-
vations are similar to the change of slope of the f spec-
tral weight around 50K in CeColns [13]. In both com-
pounds, the kink temperature Tii, coincides with two
comparable temperatures scales (Table I): the coherence
temperature Teo, and the temperature at which the first
excited CEF level, which is separated from the ground
state by kgTcgr, starts to be populated. On one hand,

the thermal population of the first excited CEF level can
be assumed to be a smooth function of temperature and
is unlikely to lead to a sudden change in the f spec-
tral weight. On the other hand, a change of the Kondo
scattering from incoherent to coherent affects the spec-
tral line shape which can abruptly change the f spectral
weight in a fixed energy range.

In summary, we monitor ultrafast light-induced
changes of spectral weight and binding energies in the
heavy Fermion compound YbRhsSi; and provide evi-
dence for dehybridization of localized f- and itinerant
d-states. We extend the (electronic) temperature range
of previous ARPES studies to 250 K by recording spec-
tral changes 0.2 ps after optical excitation. In this non-
equilibrium state, the lattice remains cold and only the
electronic subsystem increases in temperature. We find
that the hybridization of 4f and 4d states persists up to
at least T, = 250K, which is considerably higher than
Teon- The formation of the large Fermi surface and of
the hybridization gap are therefore not coupled to the
onset of coherence as accessed by experimental probes
sensitive to spin degrees of freedom. However, our obser-
vation is consistent with the temperature dependence of
the non-integer Yb valence and highlights the sensitiv-
ity of ARPES to charge degrees of freedom. We identify
an intermediate temperature scale of Ty,x = 100K at
which the spectral intensity of the hybridized 4f band
changes discontinuously. This fine structure could be
connected to the onset of coherence and hints towards
physics beyond a mean-field PAM. Our work introduces
a novel time domain approach for studying the emergence
of heavy quasi particles in a Kondo lattice system with-
out the influence of increased lattice temperatures. Fu-
ture studies can extend the electronic temperature range
further and may observe a full dehybridization and study
its functional form to aid theoretical descriptions beyond
mean field theory.
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