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We present ultra-high resolution angle-resolved photoemission data of prototypical Kondo lattice
system YbRh2Siz, using 7eV laser photon source. Detailed temperature dependent measurements
reveal the development of coherent states, in the form of sharp weakly dispersing peaks at the
lowest energy of single-electron spectra, below a characteristic temperature. The characteristic
temperature, obtained from angle-resolved photoemission, is intriguingly of exactly the same scale

as the energy and the lifetime of the coherent state.

PACS numbers: 71.20.Eh, 71.27.+a, 79.60.-1

The single-ion Kondo description of the heavy fermion
phenomena provides a theoretical background to under-
stand the spectroscopic and thermodynamic properties
of a number of Ce, Yb and U based intermetallics [1-
3]. The interaction between the local magnetic moments
of the f-electrons and the conduction electrons results
in a many-body singlet ground state, the Kondo reso-
nance, with binding energy kpTxk, which accompanies a
loss of the local moments below Tk and the enhancement
of the quasiparticle effective mass. The single-ion Kondo
temperature, Tk, is the only relevant temperature scale.
Connecting the single-ion description to a more realistic
theory that accounts for the array of local moments in a
crystal, the Kondo lattice, has been proven to be a chal-
lenging problem due to the complex interplay between
the local Kondo interaction and the intersite Ruderman-
Kittel-Kasuya-Yoshida (RKKY) coupling. Various the-
oretical studies [1, 4-8] suggest the existence of a char-
acteristic temperature T that assumes the role of Tk.
However, the relationship between T* and Tk, and the
details of changes in the electronic structure across 7%
has not been completely clear. This difficulty has been
compounded by the lack of spectroscopic data with suffi-
cient resolution and covering wide range of temperature
to address these issues.

Photoemission spectroscopy (PES) has played a crucial
role in the development of the single-ion Kondo scenario
by directly measuring sharp Kondo resonance peak, ex-
tracting interaction parameters and comparing them to
thermodynamic properties [3, 9, 10]. An analogous ap-
proach to the Kondo lattice problem demands a fully mo-
mentum resolved single-electron spectral function, mea-
sured by angle-resolved PES (ARPES) [11], in the vicin-
ity of very low binding energy comparable to kgT™, typ-

ically within 10 meV below Er. Given the typical low
temperature scale involved in a heavy fermion system,
measuring such a small dispersion of coherent states close
to Er has been a challenge due to insufficient energy and
momentum resolution. So far, literature is sparse and
they typically show only the intensity variation for near
Ep peaks [12, 13] or the hybridization features deeper
in binding energy [14]. They were generally measured
with photon energies larger than 100 eV at the 4d-4f
edge [15, 16], at which the momentum resolution is in-
trinsically limited and the energy resolution is limited by
the performance of synchrotron sources. More impor-
tantly, not many high-resolution temperature dependent
data is available except across the hidden order transition
in URUQSiQ [17]

To gaining further insight into the Kondo lattice prob-
lems in the energy-momentum space within the energy
scale of the kpT™*, this Rapid Communication reports
ultra-high resolution laser ARPES data using photons
with an energy of 7 eV on YbRhySis, a Kondo lat-
tice compounds [18] in the vicinity of quantum critical
point [19] (QCP). 7 €V laser photon source is ideal and
essential for exploring such small dispersions due to the
markedly better resolutions compared to previous stud-
ies, with energy resolution of 3 meV and momentum res-
olution of 0.003 A~!, and with hitherto unexplored sen-
sitivity of f spectral weight at extremely low photon en-
ergies. YbRhsSis is a particularly appropriate system for
such investigations because the heavy coherent state in
Yb compounds lies right below Erand thus reachable by
photoemission [4, 9, 10], not above as in Ce equivalents.
Furthermore, the main f-related features in ARPES lie
near the I'-point [20-22] that can be reached within the
accessible momentum-(k-)space for such small photon en-
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FIG. 1: (Color Online) Angle resolved photoemission spectra
of YbRh3Sis measured with 7 eV laser. (a) ARPES data were
taken along the I'-X direction of the projected body centered
tetragonal Brillouin zone at T' = 12 K with a geometry shown
in the schematic diagram. Circularly polarized light was used
and the cut direction is depicted as a strip. Bands are labeled
as 1 -4 in (a). Energy distribution curves from the same data
set as in (a) are shown in (b). The red (dark gray) dashed
lines are added to guide eyes to bands 1 - 3. The red (dark
gray) dots follow the band 4. The blue (gray) dashed line
shows the position of the binding energy of the flat part in
band 4.

ergy.

Single crystals of YbRh5Sis have been grown using the
flux method as described in Ref. [23]. ARPES measure-
ments were carried out at Stanford University equipped
with 7 eV laser photon source and a SES 2002 electron
analyzer. The total energy resolution was set to be 3
meV and the angular resolution was 0.2°. The latter
corresponds to less than 1% of the length of the Bril-
louin zone. Well-oriented single crystals were cleaved
in situ and measured with a base pressure better than
3x107!! Torr. The quality of the sample surface was
monitored by continually measuring reference spectra.
All the data presented here were measured within 24
hours after cleave and showed minimal surface degrada-
tion.

Fig. 1 shows the overall ARPES spectra along I'-X.
The dispersing features labelled as 1 - 3 agree very well
with those shown in the data taken with 55 eV syn-
chrotron light in a similar geometry [21], albeit not with
LDA calculations [24]. Even though calculation is not
available for low excitation energy, it has been shown ex-

perimentally [25, 26] that photoionization cross-sections
of 4f states are sufficient for low photon energy stud-
ies. The features dominating the low energy spectrum
(band 3 and 4) locates at consistent energy positions as in
Ref. [22], although we do not clearly observe the crystal-
field split sub-bands between these two states. Also sup-
pressed are the near Er features found in Ref. [21] away
from T-point (k 2 0.15 A=1). We attribute these to the
unique matrix elements of our experimental setup and
the use of very low photon energy of 7 eV. The nearly
flat feature at the lowest energy (band 4) is nonetheless
very clear and it is our main focus for this paper. Fig.
1(b) shows the energy distribution curves (EDCs) along
the same cut shown in Fig. 1(a). The sharp quasiparti-
cle (QP) peaks are evident and their peak positions are
right below Er. They are rather dispersionless near the
I'-point with peak positions roughly at 4 meV and start
dispersing to higher binding energy from k ~ 0.03 A=,
One also notice that the peak positions farther away from
the I'-point, though the intensity is heavily suppressed,
are back at 4 meV.

The dispersion relation of the QP peaks is better shown
in Fig. 2, where we present the second derivative of the
intensity map and dispersion relation extracted from the
peak positions obtained from EDCs using the data shown
in Fig. 1. There exists a sharp crossover, within a single
band, from a dispersionless region around the I'-point to
dispersing peaks away from it. As shown in the fitting
lines in Fig. 2(c) and schematic diagrams in Figs. 2(d),
the natural way to explain this rather disjoint disper-
sion in a single band is that we observe the dominating
f-branch, which is very flat and lies slightly below Ep
around the I'-point. It hybridizes with the more disper-
sive band seen in higher binding energy, consequently
mixing partial f-weight into the Fermi surface for the
other branch observed for k& > 0.05 A~! though its weight
is heavily suppressed.

We now turn our attention to the temperature depen-
dence of the ARPES data. Fig. 3 shows the ARPES
data along the same high symmetry line as in Fig. 1(a)
for a few selected temperatures. A full data set with more
temperature steps is available as supplementary informa-
tion. The data shown here are reproducible with minimal
sample surface degradation during a low-high-low tem-
perature cycle. The QP peaks are clear at T'= 12 K, but
their intensity become weaker as temperature increases.
At T = 45 K, the QP peaks become hard to distinguish
from the Fermi edge, and they get completely washed
away by the thermal broadening at 7" = 110 K. While
the QP peaks becomes weaker with increasing tempera-
ture, the previously identified high energy peaks around
30 meV and 110 meV do not show much change besides
the trivial thermal broadening.

For more detailed analysis, we have picked out EDCs
at k ~ 0.03 A=, the onset of the flat part of the QP
band, as shown in Fig 4(a). It is clear the peak height
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FIG. 2: (Color Online) Energy vs. momentum dispersion from
2nd derivatives of the intensity map and EDC fits. (a) The
2nd derivative of ARPES data shown in Fig. 1 to enhance
the visibility of weak features away from the I'-point, par-
ticularly for k > 0.05 A~!. The white dashed box indicates
the blown-up region shown in (c), where the dispersion rela-
tion extracted from EDC fits of Fig. 1(b), as exemplified in
(b), is presented. The fits are made with 2 Lorentzian peaks
added by exponential background to account for the tail from
high binding energy peak, which is then multiplied by Fermi
function and convoluted by Gaussian to include experimental
resolution. Samples of the fit are shown in panel (b) for k
= -0.10, -0.05 and 0.02 A~'. In panel (c), blue (gray) and
green (light gray) shades are added as guides to eyes for the
flat and dispersing features, respectively. Blue (gray) lines
show the best fit of the dispersion relation using slave boson
treatment of the periodic Anderson model (Ref. [16]). (d)
Schematic diagram explaining energy-momentum dispersion
relation of f-d hybridized state (red curves) close to Er under
periodic Anderson model (See, for example, Ref. [4] and [15]),
with schematic representation of spectral weight of states of
f-character. Thicker part of the curves implies higher inten-
sity in the spectral function. E} denotes the energy level of
the renormalized f-state and e(k)q (black dashed line) is the
bare dispersion of the original d band. Note that the position
of the E’ lies below Er following the electron-hole symmetry
of Ce and Yb systems.

and the peak weight decreases with increasing tempera-
ture. However, it is hard to distinguish the temperature
dependence with the thermal broadening since the QP
peaks are well within the 4kpT range. To separate the
trivial thermal effect from the temperature dependence
of the spectral function, the Fermi-Dirac divided spectra
are shown in Fig. 4(b). The spectra are essentially flat
close to Ex for T' > 45 K, indicating that the sharp peak
close to Er emerges only below this temperature. More
importantly, we observe that the uprise of Fermi-Dirac
divided weight above Er is only observed below the same
temperature, which may indicate another branch of the
QP peak above Er also follows the same temperature de-
pendence. This overall change in the spectral structure
(blue (gray) to red (dark gray) shade in Fig. 4(b)) pro-
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FIG. 3: (Color Online) Temperature dependence of the

ARPES spectra along I'-X direction. (a) - (d) Intensity plots
at T' = 12, 30, 45 and 110 K. The color scale is the same
as in Fig. 1. (e) - (h) EDCs corresponding (a) - (d). The
temperature was cycled from low to high and back to low
temperatures to verify that changes in spectra are not due to
a trivial surface degradation.

vide us the way to define the characteristic temperature
of YbRh5Sis obtained by ARPES. We have repeated the
same measurements and analysis with 3 different sam-
ples of YbRhsSis and the results are consistent except
minor differences in the onset temperature at which the
QP peaks start to get suppressed. Fig. 4(c) summarize
the whole data set by showing the relative weight of the
QP peaks. The weight has been evaluated from a sim-
ple integration for the energy window of the QP peak,
i.e. energy above the dip between the QP peak and the
next high binding energy peak, since the fitting procedure
shown in Fig. 2 is not possible for high temperature data,
for which the QP peaks are completely washed out.

The general trend qualitatively agrees with the pre-
diction from Ref. [5] and [27], a logarithmic decrease in
peak height as temperature increases with an onset tem-
perature ~ T*. This rather dramatic temperature de-
pendence is much different from that of crystal field split
excitations [28]. The onset of the QP peak development
is estimated as T*arprs = 50 £+ 10 K, which is much
higher than Tk ~ 25 £ 5 K from thermodynamic mea-
surement [8, 23, 29]. A small decrease of the peak inten-
sity caused by the minor sample degradation over time,
in the same direction as increasing temperature, makes
T* ArpEs a lower bound estimate. It is interesting to note
that our T* srpgs value is in good agreement with that
estimated from spectroscopic and thermodynamic mea-
surements combined with a simple scaling theory [8]. Re-
cent scanning tunneling spectroscopy measurement [30]
also finds the lowest energy excitation follows a similar
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FIG. 4: (Color Online) Detailed analysis on temperature de-
pendent ARPES spectra. (a) EDCs at the same k-point, k ~
0.03 A7!, the onset of the flat part of the dispersion in Fig.
2, at different temperatures. (b) The spectra in (a) divided
by Fermi-Dirac function convolved with Gaussian of width
comparable to experimental resolution to remove the thermal
broadening contribution in the spectral change. The panel
shows wide range data set. The inset focuses on most in-
teresting temperature and energy ranges. (c) The relative
quasiparticle spectral weight calculated by integrating spec-
tral weight only for the energy window for the quasiparticle
peak (-15 meV and above) and divided by the weight from
high temperature value of 7" = 110 K data. The measure-
ment was repeated with three different samples of YbRh2Sis
with slightly different temperatures and the results are highly
reproducible as shown in the Figure. T" arpgs is indicated as
red shade.

temperature dependence.

Our data show a non-trivial development of changes
in the low energy electronic structure of YbRhySis, at
an onset temperature well above Tx. More interestingly,
the peak position and the width of the QP states corre-
sponds approximately to kT arpEs ~ 4 meV, just as if
T* replaces Tk in the conventional single-ion description
of the spectral function for heavy fermion systems. How-
ever, the important difference is that this energetics even
applies to a single EDC at a particular k-value, not just
to the k-integrated PES spectra as in the single-ion case.
Most importantly, this provides a rare spectroscopic evi-
dence in a Kondo system where three aspects of the spec-
troscopic energy scales, the binding energy, the width and
thus the lifetime, as well as the coherence temperature,
collapse into a single temperature scale. The emergence
of a coherent state with such a unified scale for many
aspects of the physical properties is likely a consequence
of profound underlying physics.

Another important aspect of our data is that it shows

the development of QP states even in the vicinity of a
QCP, where thermodynamic properties show non-Fermi
liquid behaviors at low temperatures [19]. This furnishes
intriguing insight for the systems that have been studied
in relation to QCP, such as high-T,. cuprates [31], in which
the emergence of QP like peaks can still be observed near
the underlying Fermi surface despite the non-Fermi liquid
property exemplified by T-linear resistivity.

In summary, we have discovered a dramatic temper-
ature dependence of the lowest-lying excitations in the
single-particle spectral function of a Kondo lattice sys-
tem YbRhsSis. The characteristic temperature obtained
from the ARPES measurement scales very well with other
two energy scales of the system, the peak position and
the width of the peak. Our discovery provides signifi-
cant insight into the low energy electronic structure of
a Kondo lattice going beyond the single-ion model. It
also sets informative constraints in the future develop-
ment of Kondo lattice understanding of heavy fermion
compounds.
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