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;z The heavy-fermion behavior in intermetallic compounds manifests itself in a
;2 quenching of local magnetic moments by developing Kondo spin-singlet many-body
27 states combined with a drastic increase of the effective mass of conduction electrons,
;g which occurs below the lattice Kondo temperature Tx. This behavior is caused
g? by interactions between the strongly localized 4f electrons and itinerant electrons.
§§ A controversially discussed question in“this context is how the localized electronic
g: states contribute to the Fermirsurface upon changing the temperature. One expects
36 that hybridization between, the local moments and the itinerant electrons leads to a
;7; transition from a small Fermi surface in a non-coherent regime at high temperatures
zg to a large Fermi surface once the coherent Kondo lattice regime is realized below
2; Tr. We demonstratepusing hard X-ray angle-resolved photoemission spectroscopy
22 that the electronic structure of the prototypical heavy fermion compound YbRhoSis
45 changes with température between 100 and 200 K, i.e. far above the Kondo temper-
2? ature, I = 25 K, of this system. Our results suggest a transition from a small to
22 a large Fermi surface with decreasing temperature. This result is inconsistent with
2(1) the prediction of the dynamical mean-field periodic Anderson model and supports
§§ the idea of an independent energy scale governing the change of band dispersion.
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I. INTRODUCTION

The low-temperature physics of strongly correlated electron systems is governed by ‘elec-
tronic states near the Fermi surface and their interactions with other low energy excitations!.
In contrast to superconductors, where the many-body electron correlation causes'a gap; i.e.
a depleted density of states, near the Fermi surface, Kondo systemssrevealhan increased
density of states at the Fermi surface at low temperatures®*. In this case, the interaction of
localized moments and itinerant valence electrons results in a gorrelated state. This corre-
lated state originates from the formation of Kondo singlets, avhere valence electrons screen
localized magnetic moments. This screening occurs below a chatacteristic temperature,
which is called the Kondo temperature. Similar to Coeper pairs the Kondo singlet states
do not show up in the single particle density of states as measured by single-particle exci-

tations. However, the hybridization of localized and itinerant states leads to the increased

single-particle density of states®.

In a translational symmetric lattice ofi\loealhmoments the Kondo coupling also leads
to the formation of coherent quasisparticle states at the Fermi energy, being the analog
of the Kondo resonance for a local magnetic impurity site®. In such a lattice not only
the density of states at the Fermi surface jis increased due to the Kondo effect but also
the momentum dependence of the states reacts on the formation of correlated states and
changes its topology’. Conduction electrons acquire a huge effective mass, which coined
the name heavy fermion gystem) The localized f-electrons involved in the hybridization

6. If the moments

are then included in the Fermissurface encompassing all occupied states
become unscreened, whichhmay be provoked by a magnetically ordered state at very low
temperatures or by lifting the coupling of conduction electrons with the local moments
above the Konde, temperature, the underlying f-electrons become localized and are thus
excluded fromAhe Fermi surface. The Fermi surface is therefore increased in the Kondo

lattice state with respect to the uncorrelated state. These two situations are also known as

the large and simall Fermi surfaces, respectively®?.

An unsolved question is at which temperature the transition from the large to the small
Fermi surface occurs. At very low temperature the occurrence of an antiferromagnetic order
in some Kondo lattices should quench the screening of localized moments. For the case of

YbRh,Si; one expects this to happen below the Néel temperature of 70 mK. On the other
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hand, the large Fermi surface should also become small at temperatures above the Kondo
temperature of T = 25 K, associated with the loss of coherence of the heayy fermion
quasiparticles. Indeed, the periodic Anderson model predicts the loss of coherence in close
proximity to Tx!'". In contrast, dynamical mean-field theory calculations predict a contin-

11

uous change of the Fermi surface above Tx''. Angle-resolved photoemission spectroscopy

(ARPES) on YbRh,Siy provides a direct experimental access to thetFermi sturface®!? 14,
revealing a temperature-independent Fermi surface in a wide temperature range between 1
and 100 K%,

Coherence loss and change of band structure are likely different propérties'®. In YbRh,Si,
coherence sets in below 100 K as observed in resistivitys%, while the formation of the 4f-
derived flat band sets in at temperatures above 120 Kgas seen by spectroscopic features in
scanning tunneling spectroscopy'® and ARPES!. Thus, the current picture is that starting
from room temperature the 4f-derived bands fermpalready at higher temperature, while
coherence sets in when the higher crystalline electric field induced levels are depopulated
and only the ground state is occupied!®.

Up to now, experimental evidencé for.the large-to-small Fermi surface transition in heavy

20-23

fermion systems and for the suppression of the Kondo state?* with increasing tempera-

ture is still weak and indirectiyRecently, technological advances of hard X-ray sources and

2528 epabledihigh energy angle-resolved photoemission spectroscopy

photoelectron detectors
for bulk states of complex compounds. In this article, we demonstrate strong indication
of temperature-induced changes of the Fermi surface in YbRh,Si; accompanied by changes
of the band dispersion/in thestemperature range between 100 and 300 K, i.e., across the

high-temperature (single impurity) Kondo energy scale.

II. METHOD

Single crystals of the heavy fermion compound YbRh;Si; have been fabricated using a
high-temperatiire indium-flux technique as described in Ref.?. The single crystals were
glued using epoxy resin onto the sample holder with the (001) plane parallel to the sample
holder plate. Prior to the transfer into the vacuum chamber, the crystals were cleaved using
aswire cutter. The samples are inserted into a He-cooled (20 K) sample stage on a high

precision 6-axis hexapod manipulator of the time-of-flight momentum microscope.
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The experiments have been performed at beamline P22 of the storage ring PETRAJII at
DESY in Hamburg (Germany). Owing to the high energy (6.0 GeV) and large size'(2.3 km
circumference) of PETRA, P22 provides hard X-rays with the highest brilliance/ worldwide in
an energy range from 2.4 to 15 keV. Present conditions were 2 x 10'* photons/$at 5.297% keV
in a spot of about 10x 10 pm? using a Si(311) double-crystal monochromator®’. At 5.297 keV
the overall energy resolution is determined by the photon band width@ef 155 meV.

A key benefit of angle-resolved photoelectron spectroscopy in the hard X-ray range is
the significant increase of the inelastic mean free path of the esdaping:photoelectrons?53%:31,
Therefore, the present results represent true bulk properties:

To resolve the challenge of low cross section and low&ignal-to-background ratio in the
hard X-ray regime we applied time-of-flight momentd#in.microscopy?®, allowing for high-
efficiency 3-dimensional data acquisition of the photoelectron intensity I(Eg,k,, k,) as a
function of binding energy, EFp, and momentum.  The large momentum field of view of
12 A~! simultaneously yields five adjacent Brillouin zones, where larger parallel momentum
results in decreasing perpendicular momentum. This allows us to resolve the perpendicular
momentum k,, covering a range offAk,. = 0:5Ggp; in one experimental run, The parallel
momentum resolution of the instrumentidepends on the field of view. For the large k-fields
of 12 A~! in diameter we estimate a resolution of 0.04 A~1. Data processing for noise
suppression limits the resolution to10.08 A~! for the results presented in the following.

Data have been acquired at 20 K and 300 K for 8 hours in each case. During cooling,
data acquisition at four intermediate temperatures has been limited to 30 minutes in each

case. Details of the dath evaluation procedure have been described in Refs.?6:27,

IIT. RESULTS

The Fermiysurface sum rule provides a fundamental principle for strongly correlated
systems%. Theysum rule states that the Fermi surface area is conserved in the presence
of interactions as long as the interactions do not give rise to a phase transition. Thus,
if the local orbital magnetic moments are quenched by the Kondo effect, the underlying
localized electrons must be included in the conduction bands, whereas they are excluded

from it in the unscreened state?. The corresponding changes of the electronic bands for

YbRh,Si, near the Fermi energy are sketched in Fig. 1. Fig. 1(a,b) shows the calculated
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FIG. 1. (a) Calculated Fermi surface sheets D (Doughnut) and (b) J (Jungle Gym) for YbRhySis
according to Ref. 32. (c¢) Schematic representation of a cut through the Doughnut in the Z-Y-X
plane for low temperature (blue) in‘thescorrelated, state and for high temperature (red) without
electron correlation. (d) Schematic band dispersion along the Z-YX-I" momentum direction for low

(blue) and high (red) temperatures.

Fermi surface of YbRhySiy with the ThCrySis-structure type (space group I4/mmm) from
Ref.??. The Fermi surface eomiprises two bands forming the compact Doughnut sheet D
near the Z point |[Eigel(a)jiand the fractional Jungle-Gym sheet J [Fig. 1(b)]. The planar
cut at the high gymmetry plane Z-»-Y through band D for the cases of large and small
Fermi surfacess depicted in Fig. 1(c). The difference of the calculated Fermi wave vectors
between the low and high temperature phases is larger along the Z-3 direction as compared
to the Z{Y direction. Fig. 1(d) illustrates how hybridization of the localized moment with the
condugtionmband electrons enlarges the size of the hole-like Fermi surface. The hybridization
with the localized states increases the Fermi wave vector along the Z-Y direction by an
upward bending of the band close to the crossing point of itinerant and localized states.
In addition to the hybridization, the formation of Kondo states extracts itinerant electrons

from the D band leading to a lower band filling, i.e. to a shift of the band to higher energy



oYU b WN =

AUTHOR SUBMITTED MANUSCRIPT - JPCM-117865.R1

with respect to the Fermi energy. If the strong coupling is released, the liberated eleetrons
will fill the band and thus shift band D as depicted in Fig. 1(d) to lower energy with respeet
to the Fermi level.

First, we discuss the experimentally determined YbRh,Si, bulk electronie structurein. 3-
dimensional momentum space. The photon energy of hrv = 5297 eV results in k, = NGy,
with an integer number N=29, assuming that the final state can be'described by a free
electron state?”. Note that the photon momentum shifts the direction of mormal emission
away from the I' point, corresponding to the initial state with momentum zero, by more
than the size of one Brillouin zone. At the large photon energy of .the present experiment,
the change of the perpendicular momentum across the Brilleuin zone section close to normal
emission, i.e. with small parallel momentum, amountsso.less than 0.05 A~*. This value is
less than 0.06 Ggp1. We have neglected this variation and symmetrized the data from this
Brillouin zone section according to the crystal symmetry with I(k,, k,) = I(—ky, k) and
I(ky, ky) = I(ky, —ky,). The result represénts a cut along the central I'-X-X plane through
the Brillouin zone. Compared to the highkinetic energy of several keV, a few eV binding
energy do not notably change k,. Aceerdingly, the dispersion of bands F(k,, k,) along the
parallel high symmetry directions through the I' point is also captured by this procedure.

At hard X-ray energies the final states are predominantly of free-electron type and
therefore the transition matrix“elements vary to a lesser extent as compared to photon
energies used in conventional ARPES/ Consequently, the measured photoemission intensity
I(Eg, ky, ky, k.) approximates thé spectral density of states p(Ep, ks, ky, k.). Note, however,
that I(Eg, ks, ky, k.) does notiexactly represent the spectral density because of different cross
sections for different.orbitalieharacters of the initial states.

Surfaces of constant energy in three-dimensional k-space result from cuts of the four-
dimensional array p(Eg,k,, k,, k.). The cut for Ep = 0 then represents the Fermi surface.
Note, that the‘cut of p(Fp, ks, ky, k. = NGgp) not only covers the central I'-X-X section
but also the Z-X-Y plane of the Brillouin zone, due to the repeated Brillouin zone scheme in
reciprocal space. The latter is divided into four triangles in the corners of the square that
embraces the central Brillouin zone cut. The analogous situation for the Z point placed in
the center of the square is shown in Fig. 1(c).

Due to the translational symmetry, we will discuss the results in the reduced zone scheme

and obtain p(Eg, ky, ky, k. = NGoo1) = p(Ep, ks, ky, k. = 0). Exploiting the simultaneous
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data acquisition of a large field-of-view, comprising more than 25 adjacent Brillouin zones,
we derive similar cuts at different k, values, p(Eg, k,, k,, k. = 2Go1), from Brillouin,zones
centered at larger parallel momentum. In the extended zone scheme the_final-state sphere
cuts different Brillouin zones in different sectional planes (for details, see Fign6 in Ref.>?).
With this procedure we determined 8 distinct cuts in the interval frompax = 0 to x =0.5.
Note that the cuts near 0.25 Gy average over a larger k, intervalvof 0.19Gog; due to
the decreasing value of k., with increasing parallel momentum. Thus, using the symmetry
relation p(Eg, k;, ky, k.) = p(Eg, ky, ky, —k.) we obtain data for/the complete Brillouin zone

from one data set taken at a single photon energy.

Fig. 2(a) shows the Fermi surface of YbRh,Sis at 20 K iia three-dimensional color coded
intensity map. The Doughnut (D) can be identified near the Z points. The Jungle Gym
(J) surface appears fractionated due to the matrix element induced intensity variations.
Figs. 2(b-d) depict the constant energy surfaces atphigher binding energies. Due to the
hole-like dispersion of bands D and J the spectral densities retract towards the Brillouin
zone edges. At higher binding energy lower lying bands appear near the Z and X points
(Fig. 2(d)).

For the discussion of correlation-indueed changes of the band dispersion we focus on the
square area of the Brillouin zone near the Z point, which has been previously identified as
the decisive k-space section to address the question of variation from the small to the large
Fermi surface®®. The low temperaturé constant energy map shown in Fig. 3(a) reveals the
cut through the band D (Doughnut) as schematically depicted in Fig. 1(a,c). Here, the Fermi
surface extends beyond. the first Brillouin zone along the Z-Y direction. A higher spectral
density, likely stemming from' the so-called pill-box band?®?, appears close to the I' point in
the corner of the'map, which lies in the center of the adjacent Brillouin zone. At higher
binding energy“Er = 0.4.¢V,[Fig. 3(b)] the high intensity near the I" point has vanished. In
this case, band D has an almost circular shape, indicating a reduced wave vector below the
average 4 f binding energy. Apparently, this happens despite the band dispersion being hole-
like, i.e. withsdncreasing wave vector for increasing binding energy. The hole-like dispersion
of band D becomes obvious from the constant energy cuts at Fg = 0.9 eV and Eg =15V
(Figs. 3(c,d)), where the D-band contour appears with increasing radius. Fig. 3(d) also
indicates the appearance of a second band at 1.5 eV binding energy with a maximum at the

Z-point.
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FIG. 2. (a) Three-dimensional representation of the measured spectral density of states of
YbRhySiy at the Fermi level. p(Ep = 0, kg, ky, k) (Fermi surface) with indicated Brillouin zone
and high-symmetry points extracted from hard X-ray photoemission excited by a photon energy of
5297eV at a temperatureef 20 K. (b-d) Corresponding constant energy surfaces at binding energies
Fp=04¢eV,09 eV, and 1,5 eV.

The, energy dispersions Eg(k) of the bands are visualized by cuts along the high sym-
metry directions Z-Y and Z-¥ in Figs. 3(e,f). Here, the intensity has been normalized to
the momentum-integrated intensity, In(Ep, ka, ky) = I(Ep, ko, ky)/ [5, I(EB, ks, ky)dkdk,.
The normalization removes the variation of the photoemission intensity due to the localized

4f-states and due to quasi-elastic phonon scattering. This processing suppresses the high
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FIG. 3. (a) Constant-energy map of the spectral density of electronic states after re-normalization
(see text) p(Ep = 0, ks, ky, k. = 0.5 Goo1) in the Z-Y-¥ plane measured at 20 K. Note that the
plane extends to the I'-X-X plane of the'adjacent Brillouin zones towards the corners of the image.
(b-d) Corresponding constant energy maps at binding energies Ep = 0.4 eV, 0.9 eV, and 1.5 eV. (e)
Energy dispersion along Z-Y and (f)ralong Z-3, respectively. The color code for (a-f) is indicated
in the upper right panel. (g) Integrated spectral density (without normalization) representing the
density of states versus binding energy. This data is used for the normalization processing in (e,f).

(h-n) Analogous data ebtained for 300 K.

momentum-independent intensity stemming from the localized 4f states. Thus, the nor-
malization emphasizesithe dispersion of electronic bands on the expense of suppressing the

signal from themon-dispersive part of the localized 4 f-states

The ¢orrespending color code (in percent of the average value) is shown to the right of
Figs. 3(b,d):+The remaining large momentum-independent background intensity, which is
suppressed by the choice of the color code, is a result of quasi-elastic scattering of photoemit-
ted eleetrons with phonons. Such scattering events almost conserve the kinetic energy of
photoemitted electrons (maximum phonon energies are of the order of tens of meV), but

randomize their momentum distribution. Due to this background intensity the signal, carry-
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ing the information of electron momentum, presents only a few percent of the total aeguired
photoelectron intensity.

The solid blue lines shown in Figs. 3(e,f) for positive momentum values'indicate the
position and dispersion of band D at 20 K. Due to the finite energy resolution, the dispersion
map does not capture the hybridization of band D with the Yb 4f states.

The integrated photoelectron intensity (here without normalization)is shown'in Fig. 3(g),
revealing two intensity maxima indicating the spin-orbit split Yb 4 fistates. Their splitting
of 1.3 eV, smaller binding energy of Fz = 0.15 eV and their energy widths are in good
agreement with earlier results®!°.

The corresponding results obtained at 300 K are shownfin Figs. 3(h-n). At high tempera-
ture the constant background intensity has significantly‘iniereased compared to the 20 K case
due to the Debye-Waller factor?®. This is accounted for by the different color map. Again,
band dispersion can not be resolved within the/energy interval covering the hybridization
energy close to the Fermi energy. As a consequence; the Fermi surface map (Fig. 3(h)) does
not clearly show the shape of the Doughnut se¢tion. The intensity maximum near the I’
point appears more pronounced compared.to the low temperature data, shown in Fig. 3(a),
revealing a decrease in energy of the corresponding electron-like band. At larger binding
energy g = 0.4 eV (Fig. 3(i)),band D appears with a cross-like shape. Compared to the
corresponding low-temperature/datayFig. 3(b)), the wave vector of band D is substantially
reduced along the Z-¥ directions, This observation is supported also by the comparison of
Figs. 3(c) and (j) for Ep = 09 eV.. Here, the circular-shaped band D at 20 K is transformed
into a square-like shape at 300/K.

The correspondingyenergy dispersion Ep(k) of the bands visualized by cuts along the
high symmetry directions Z-Y and Z-¥ in Figs. 3(1,m) reveal a similar behavior to the low-
temperature data. A ¢lose inspection shows that band D is shifted at 300 K to higher
binding energies. In/order/to emphasize this effect, the dispersion of the band is depicted by
solid red/lines in Figs. 3(1,m) in comparison to the low-temperature dispersion, indicated by
blue lines'in.the same plots. The energy shift amounts to about 100 meV. Bands at larger
binding energies Ep(k) > 1 eV are broadened due to the phonon scattering, yet they appear
to be unehanged with respect to the 20 K data within the error bars.

The integrated photoelectron intensity (without normalization) shown in Fig. 3(n) is

similar to the one measured at low temperature. The energetic position and spin-orbit
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splitting of the Yb 4 f states has not changed at 300 K. The density of states maximum near
the Fermi level has slightly decreased at 300 K with respect to the average spectral density,
which is in good agreement with earlier results®®.

For a more detailed analysis we discuss momentum distribution curves (MDC) along,the
Z - ¥ direction. Raw data and the corresponding processed constant-energy maps utilizing
Gaussian smoothing are shown in Figs. 4(a-d). We compare the MDES at selected binding
energies extracted from the raw and processed images at 20 K and 300 K in Figs. 4(e,f). At
Ep = 1.1 ¢V one observes a maximum in intensity at 0.9 A~! (Thismaximum corresponds
to band D, dispersing towards the Z point with decreasingtbinding energy. At 20 K the
maximum lies at £0.8 A~ for a binding energy of 0.84eV. Theé same maximum lies at
4+0.7 A=1 at 300 K. At a binding energy of 0.5 eV, thesmaximum has dispersed at 20 K to
4+0.7 A~1. The same maximum lie at 300 K at +0.5'A_!. For a range of binding energies,
the corresponding maxima lie at larger momentum walues for 20 K as compared to 300 K.
The momentum distribution curves reveal a significant difference of the band dispersion of
band D between 20 K and 300 K in a binding energy range from Ep = 0.4 eV to 1.1 eV.
This result suggests a shift of banddDyte higher binding energy for 300 K.

To gain further insight into the temperature-driven changes in the electronic structure,
we compare MDCs in Fig. 5 @s.a function of temperature. To determine the temperature
range, where the change from the large to the small Fermi surface occurs (using the changes
in the D band as a fingerprint)y, we performed a series of measurements at intermediate
temperatures while slowly ceoling the sample. The momentum distribution curves along
the Z - ¥ direction reveal a significant variation with temperature between 200 K and 100 K
as shown in Fig. 5. At Fp=0.4 eV [Fig. 5(a)], the distance of the trailing edge of band D
from the Z point pk 75, shows an increase of 0.15 A~! between 200 K and 100 K. Similarly,
the momentunmof theintensity maximum of band D increases from 0.55 A~! to 0.65 A~
with decreasing temperature.

Moméntum distribution curves at the Fermi level (Eg = 0 eV) also suggest temperature
induced changes at the Fermi surface [Fig. 5(b)]. Here, the intensity monotonously increases
along the trace from Z over X to I' for 300 K. In contrast, the intensity shows a plateau or
even deereases at X for T' <= 100 K. The 200 K data at the Fermi energy suffers from poor
statistics. The comparison of results for 20 K and 300 K is compatible with a difference

of the electronic structure at the Fermi level. For the data obtained at the Fermi level
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FIG. 4. (a,b) Comstant-energy maps of the spectral density of electronic states after re-
normalization qmeasured at. 30 K; (a) raw data and (b) processed with a Gaussian smoothing
with a radius 6f.0.08/A ! il momentum space. (c,d) Similar data measured at 300 K. (e,f) Mo-
mentum (ispersion curves for indicated binding energies recorded at 20 K (e) and 300 K (f). Open
circles: are: obtained from the raw data according to the yellow-shaded profile in (a,c). Solid lines

are obtained from (b,d).
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50 FIG. 5. (a,b) Momentum distribution curves along the Z - ¥ direction kzx at binding energies
of 047eV (a) and 0.0 eV (b) during slowly cooling the sample. The photoemission intensity
53 In(Ep, kygky) has been normalized to the band D intensity maximum (a, colored mark), and to
55 the.intensity maximum at I' (b), respectively. The distance of the trailing edge of band D from

57 the Z point, Ky, is indicated at the half-maximum value, marked by a black line.
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FIG. 6. Distance between the Z peint and band D, Kzy, along the Z-> symmetry line that
crosses the Z-Y-X plane ata binding energy of 0.4 eV. The solid red line indicates the distance
between Z and . The data at intermediate temperatures were recorded during slow cooling.
The horizontal barsdndicate the range of temperatures during which the corresponding data were
recorded. Constant energy maps for the corresponding temperatures are shown as insets (white

means high infensity).

the statistical evidence for this difference is lower than for EFg = 0.4 eV. Note that the
momentumpatthe half-maximum value of the photoemission intensity does not indicate the
actual band position at Er but rather reveals the temperature-induced change of the band
position.

Based on the aforementioned observations we have chosen the D band dispersion at a

binding energy of 0.4 eV as the most characteristic change The series of constant energy
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maps at Fg = 0.4 eV, shown in Fig. 6, depicts the temperature-dependent behavior, of band
D. As a measure of the characteristic wave vector along the Z-3 direction we detérmine the
distance K x, from the central Z point to the half maximum intensity at the/trailing edge
of the photoemission intensity [see Fig. 5(a)]. At 20 K this distance is significantly larger
than the distance between the Z point and the ¥ point, while at 300 K Ky, is close to Z%,
therefore indicating the decrease from the large to the small wave veetor to oecur between
100 K and 200 K. The characteristic temperature 7™ for the change of the elegtronic structure

is thus considerably larger than the Kondo temperature of this/compeund, i.e. T% > 4T.

IV. DISCUSSION

Our experimental result of a continuous change of the electronic band dispersion at
temperatures far above Ty indicates a crossover Hehayvior in the 4 f-derived band dispersion
when decreasing the temperature from room temperature to 100 K, instead of a more abrupt
onset close to T. This finding is at odds with standard models of heavy fermion systems and
must be discussed in relation to previously obtained experimental and theoretical results.

For YbRhySi, the resistivity maximumm,occurs at 100 K!7. As pointed out in Ref.?® crystal
field effects may shift the resistivity maximum to higher temperatures above Tk . Therefore,
one expects the change of the Fermi surface to take place below 100 K, where electron waves
scattered from individual Konde,ions/interfere coherently to form a narrow band of heavy
electrons. While some models obtain a coherence temperature far below Tx3*, others discuss
the existence of a further indepéndent energy scale in addition to Ty,

The Kondo lattieesmodels predict an abrupt change of the electronic structure with
increasing temperature. Instead, the single impurity model reveals a Kondo resonance that
gradually loosesispectral weight and becomes broader with increasing temperature but does
not vanish. Therefore, the resonance can be observed up to T' > 10 T>1?.

Thermodynamic properties, revealed by specific heat and inelastic neutron scattering,
suggest, that.the properties and energy scales of Kondo lattices and single ion Kondo sys-
tems are very similar to each other®. For the case of the analogous Kondo lattice CelrIns
(Tx =28 K*), dynamical mean-field theory calculations propose a continuous change of the
Fermi surface between 10 and 80 K!!. This prediction thus suggests that the Fermi surface

change occurs considerably above Tx. To test this prediction in the case of YbRh;Siy, Kum-
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mer et al.'® have explicitly shown by ARPES that the Fermi surface remains temperature-
independent in a wide temperature range between 1 and 100 K. This observation 48 ifeonsis-
tent with the dynamical mean-field periodic Anderson model. Instead, a renormalized band
structure approach®® could explain the absence of changes of the Fermi surfaceup to 100 K.
In the latter case the low temperature state is formed via a slow crosgever similar to the
single-impurity behavior and the large Fermi surface remains present«intil at least 100 K.

Our experimental result supports this theoretical prediction. In particular, we observe
an indirect hint of the anticipated transition from localized to itinerant 4f states with
decreasing temperature via the change of band positions. While the/energy resolution of
155 meV in our experiment prohibits a direct observationfoef the band hybridization seen in
Ref. 15, shifts of band D suggest the change of the Fermiisurface to take place between 100
and 200 K.

While this finding is inconsistent with the predietion of the periodic Anderson model, it
is in good agreement with the experimentally obsetved changes in core level spectra, reso-
nant X-ray electron scattering!® and scanning timneling spectroscopy'®. The temperature-
dependent changes of the optical corduetivity spectra®’ also indicate that band modulations
occur at much higher temperature than¥ly. Moreover, pronounced changes in optical con-
ductivity are observed over a/large energy scale of about 500 meV, consistent with our ob-
servations. Finally, our results agreeswith recent time-resolved ARPES experiments, where
it was found that the f — d hybridization decreases smoothly with increasing electronic

temperature up to 250 K?. In fact, early systematic studies of carrier relaxation dynamics

3841 38,39,42,43

in a series of heavy fermions and Kondo insulators suggest the presence of a

hybridization gap to.temperatures far above their respective Kondo temperatures.

V. CONCLUSION

We investigated the temperature-dependent electronic band dispersion of the model
Kondo latticesystem YbRh;Si; in the temperature range of 20 K to 300 K. Specific heat mea-
surements'? and inelastic neutron scattering data** indicate its prototypical Kondo heavy
fermion behavior with a Kondo temperature of Tx = 25 K. The heavy fermion behavior has
been attributed to the many-body electron correlation of the localized Yb 4f electrons with

the itinerant conduction electrons. The question how this correlation changes the electronic
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quasi particle states and in which temperature range this takes place, has been ecentro-
versially discussed. From transport measurements and in accordance with thes/dynamical
mean-field Anderson model one would expect that increasing temperature suppresses the
correlation in a similar temperature range as the heavy fermion behavior vanishes. Tancon-
trast, a single impurity many-body model suggests a persistent electron correlation effect
up to much higher temperatures. Using bulk-sensitive angular resolvediphotoemission spec-
troscopy in the hard X-ray regime, we demonstrate that the electronie structure of YbRh,Si,
changes with increasing temperature between 100 K and 200 K, i.e..far above the Kondo
temperature T = 25 K of this Kondo lattice system. Our present/study suggests that
the Fermi surface change occurs at a much higher temperature than the loss of coherence.

Therefore it seems that these two phenomena are not directly linked.
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