
PHYSICAL REVIEW B 103, 115126 (2021)
Editors’ Suggestion

Visualizing the Kondo lattice crossover in YbRh2Si2 with Compton scattering
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With the breakdown of coherent Kondo scattering with rising temperature, the Fermi surface (FS) in rare-earth
Kondo lattices is expected to transition from the large FS counting the 4 f moments, which form entangled
quasiparticles with strongly enhanced effective masses with the conduction states, to the small FS with decoupled
and localized 4 f moments. A direct observation of this transition with temperature has, however, remained
elusive, because conventional probes of the FS in Kondo lattices require high magnetic fields, which might
reconstruct the FS or cannot work reliably at elevated temperatures. Using high-resolution Compton scattering,
we overcome these limitations and show that the FS topology in the prototypical Kondo lattice YbRh2Si2

undergoes pronounced changes between 14 and 300 K in zero magnetic field. In particular, we present clear
evidence for a largely restored small FS at room temperature. Our results suggest the relevant energy scale of the
complex Kondo crossover phenomenon in YbRh2Si2.

DOI: 10.1103/PhysRevB.103.115126

I. INTRODUCTION

Rare-earth Kondo lattices belong to the most fundamen-
tal examples of strongly correlated electron systems. With a
wealth of intriguing phenomena ranging from heavy-fermion
behavior, competing exotic order, quantum criticality to un-
conventional superconductivity, they offer an inexhaustible
playground to explore and model correlated states of mat-
ter [1–8]. Common to most of these systems is the central
role of the rare-earth f orbitals, which reside in a paramag-
netic lattice of localized moments at high temperatures and
gradually start to couple to the itinerant valence states upon
cooling. In a heavy-fermion Kondo lattice, the quenched f
moments hybridize with the itinerant states and form heavy
quasiparticle bands with strongly renormalized masses. The
f -moment hybridization has a huge impact on the topology,
volume, and effective mass of the Fermi surface (FS) and
strongly determines the exotic transport properties in Kondo
lattices. The central question arises, how the interactions be-
tween the itinerant states and the localized f -orbital moments
affect the FS and what is the relevant energy and temperature
scale, where these interactions come into play.

*Corresponding author: monika.guettler@tu-dresden.de
†denis.vyalikh@dipc.org

According to Luttinger’s sum rule, the FS volume
should accommodate the additional local f moment in the
strong-coupling limit, when it is quenched by the Kondo
screening and couples to the conduction bands [9,10]. This
accommodation is realized by the formation of dispersive
heavy quasiparticle bands at the Fermi level and the crossover
from a small to a large FS. Conversely, the f moment should
be released from the Fermi volume in the weak-coupling limit
at elevated temperatures restoring the small FS. In spite of
the general acceptance of this concept, clear experimental
evidence of how and at which temperature scale the f -electron
degrees of freedom decouple from the Fermi surface, is still
lacking up to now for any Kondo lattice material. Numerous
evidence has been found for a small-to-large Fermi surface
transition in mostly Ce-based Kondo lattices at very low tem-
peratures as a function of pressure or magnetic field, although
some of these findings had to be reconsidered as Lifshitz tran-
sitions due to Zeeman splitting [11–15]. At the same time, no
such transition as a function of temperature could be clearly
traced to date experimentally. However, the formation of com-
posite quasiparticles and the related temperature and energy
scales is at the core of the physics of strongly correlated
materials in general and Kondo and heavy-fermion systems
in particular. It is especially noticeable that the emergence of
the bound states between localized moments and conduction
electrons in Kondo lattices shows a strong analogy to the
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formation of Cooper pairs in superconductors [16,17]. But
while the emergence of superconductivity with temperature
and its implications for the Fermi surface has been exhaus-
tively studied, the formation of the composite quasiparticles in
Kondo lattices starting from independent localized moments
at high temperatures and the emergence of the heavy-fermion
state is yet poorly understood and experimental insight is
notably scarce.

Until now, only few and indirect experimental evidence
of a temperature-driven FS transition in Kondo lattices
could be obtained [18–22]. There are two examples of a
direct observation of the large FS by angle-resolved pho-
toemission spectroscopy (ARPES) in CeCoIn5 [22] and
YbRh2Si2 [23,24]. For Ce-based heavy-fermion systems a
transition from itinerant to localized f moments could be
observed in the FS derived from high-resolution Compton
profile measurements in CeRu2Si2 [25]. Yb-based heavy-
fermion systems are the holelike equivalents to their Ce-based
counterparts and as such should exhibit a similar itinerant-to-
localized transition of the Yb 4 f hole. However, Yb-based
Kondo lattices are not as numerously studied as their Ce
equivalents and no such observation could experimentally be
made up to now in Yb systems. Here, we present evidence of
a temperature-induced Kondo lattice crossover and the associ-
ated FS reconstruction in a prominent Yb-based Kondo lattice
system, the prototypical heavy-fermion compound YbRh2Si2.

Recent ARPES results have revived the debate on the
outstanding issue of the temperature scale, where the
localized-to-itinerant crossover takes place [21,24]. While
from thermopower and resistivity measurements [26] the lo-
cal Kondo effect in YbRh2Si2 was found to set in around
80–100 K involving all crystal electric field (CEF) levels
of the Yb3+ ions, tunneling spectroscopy [27] points to an
onset of spatial coherence of the Kondo singlets at TL ≈ 30 K
coinciding with the Kondo temperature TK of the lowest
ground-state CEF Kramers doublet. Unexpectedly, the spec-
tral weight at the Fermi level probed by ARPES reflects a large
FS even at a temperature of about 100 K, which is substan-
tially higher than TL [24]. Time-resolved ARPES showed that
f -d hybridization in YbRh2Si2 persists even up to 250 K [28].
Likewise, Jang et al. report ARPES and dynamical mean field
theory (DMFT) studies on CeCoIn5 showing that f -spectral
weight and enhancement of the effective mass survive at
temperatures of at least ∼200 K [21], which is substantially
higher than 45 K, where the onset of spatial coherence has
been deduced from transport measurements. They suggest
that the thermally populated higher CEF levels play a sig-
nificant role in the formation of the Kondo lattice far above
the transport coherence temperature. Furthermore, they point
out that coherence develops not just at the resistivity max-
imum but already at higher temperatures, where deviations
from the − ln T resistivity start to appear and then increase
upon cooling. This would shift the expected onset of Kondo
lattice coherence and thus the increase of the FS volume in
YbRh2Si2 to temperatures around 200–300 K, i.e., well above
∼100 K where the resistivity maximum was observed [6,29].
The central question arises, at which temperature scale the
crossover from the large to the small FS finally takes place.

Angle-resolved photoemission spectroscopy and the ob-
servation of quantum oscillations are the most common
techniques to map the FS of a metallic system. However,

these methods impose certain restrictions on the experimental
conditions and the accessible phases of the material. Quantum
oscillations require very low temperatures and high mag-
netic fields of several Tesla, but YbRh2Si2 is already driven
through the quantum-critical point (QCP) at a small field of
∼60 mT [30]. Quantum oscillations are thus inherently not
able to access the FS of YbRh2Si2 on the antiferromagnetic
(AFM) side of the QCP and to explore its temperature evo-
lution. ARPES, on the other hand, gives well resolved results
only below temperatures of approximately 100 K due to ther-
mal broadening effects.

A well suited and complementary method to derive the
FS topology at zero field and room temperature is the mea-
surement of high-resolution Compton profiles (HRCP) for
the construction of the electron occupation number density
(EOND) [25,31]. HRCP measurements are photon-in photon-
out experiments employing high-energy photons of about
100 keV. Hence they give truly bulk-sensitive information
on the electron momenta in the solid, which is in contrast
to ARPES, for instance, where the short electron–mean free
path is strongly limiting the probing depth. Furthermore, pho-
toemission matrix element effects in ARPES may attenuate
excitations from electronic states of certain symmetry and
orbital character and thus give an incomplete picture of the
FS. Compton scattering (CS), by contrast, probes all electrons
on an equal footing giving a full account of the electron mo-
mentum density (EMD) in the sample, from which the shape
of the FS can be derived. In a Kondo lattice like YbRh2Si2,
the FS is defined by subtle hybridization of itinerant electrons
with localized 4 f moments. Any changes of the FS topology,
which are attributed to the interplay of these two distinct sets
of electronic states, should thus be detectable by CS, a method
equally sensitive to all electrons.

In the present study we have performed HRCP measure-
ments to visualize the evolution of the FS of YbRh2Si2

with temperature. As a reference, we have additionally car-
ried out HRCP measurements on the well-studied compound
YbCo2Si2 and compared the reconstructed EOND to ab
initio band-structure calculations. Our experimental results
show pronounced changes in the Fermi surface of YbRh2Si2

between 14 and 300 K. The persistence of the large Fermi sur-
face in YbRh2Si2 up to temperatures of 100 K was previously
demonstrated with ARPES [24]. In line with these earlier
results we find that the EOND of YbRh2Si2 at 14 K strongly
deviates from that of YbCo2Si2, the reference compound for
the small Fermi surface. By contrast, going to room tempera-
ture the EOND of YbRh2Si2 strongly evolves now resembling
that of YbCo2Si2. For the well-localized reference system
YbCo2Si2 we observe no significant changes of the FS topol-
ogy between 14 and 300 K in agreement with expectations.
This long-sought direct observation of the temperature-driven
Fermi surface reconstruction in YbRh2Si2, and in Yb Kondo
lattices in general, sets a frame for the temperature scale of
the reconstruction process and will help to further advance
our theoretical understanding of the complex Kondo crossover
phenomenon.

II. METHODS

The HRCP measurements were performed on beamline
BL08W at the SPring-8 synchrotron in Japan on high-quality
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YbRh2Si2 and YbCo2Si2 single crystals [32,33]. We used
linearly polarized x-rays of 115.56 keV energy and set the
scattering angle to about 165.5◦. The Compton-scattered
x-rays were resolved energetically with a Si(620) bent crys-
tal analyzer and detected by a position-sensitive detector,
which combines an image intensifier with a CCD camera. The
analyzer and detector were arranged on the same Rowland
circle.

Each Compton profile in an HRCP measurement results
from a Compton-shifted line, which is broadened by the
Doppler effect due to the motion of the electrons along the
scattering direction. From the Doppler broadening, the mo-
mentum density of the electrons in the crystal can be derived.
As each HRCP reflects the EMD projected onto a single line
along the scattering vector, a series of measurements along
equally spaced directions is required to reconstruct the EMD.
The EMD essentially represents the momentum density in
the extended zone scheme. It can be transformed into the
electron occupation number density by folding all higher-
momentum components into the first Brillouin zone [34]. The
EOND integrates over all occupied states in the first BZ and
as such undergoes its most pronounced changes at disconti-
nuities in the transition from occupied to unoccupied states,
i.e., at the FS. CS is thus the method of choice to probe
the bulk FS of single crystals at conditions not accessible by
common fermiology techniques such as ARPES or quantum
oscillations.

To reconstruct the two-dimensional (2D) EMD, five di-
rectional Compton profiles were measured at evenly spaced
intervals from the [100] to the [110] axes. Each HRCP was
collected for 20 h. The measured HRCPs were carefully
corrected for scattering cross section, background, multi-
ple scattering, and x-ray absorption in the sample. X-ray
fluorescence from a mixture of Bi and Tl was used for
energy calibration. The fluorescence lines were corrected
for CCD image distortion. The energy scale was converted
to the momentum scale with a momentum resolution of
0.096 (0.113) a.u. full width at half maximum for YbRh2Si2

(YbCo2Si2) determined by the energy resolution of the spec-
trometer and monochromator and by the angular resolution.
Prior to reconstructing the momentum density, each HRCP
was normalized by the electron number within the measured
momentum range, which was estimated by using Hartree-
Fock profiles. From the five normalized HRCPs, the 2D
EMD was reconstructed using the direct Fourier-transform
method [35,36] and expanded according to the crystal sym-
metry. Finally, the EOND obtained by Lock-Crisp-West
folding [34] was projected onto the kx-ky plane resulting in
the projection of the Fermi volume from all contributing FSs
onto a grid of 23 × 23 k points within the first 2D BZ.

III. RESULTS

A. Small Fermi surface in YbCo2Si2

YbCo2Si2 is isostructural and isoelectronic to YbRh2Si2.
Residing far on the AFM side of the QCP in the Do-
niach phase diagram, the onset of AFM order (TN = 1.7 K)
outruns the rather weak Kondo effect (TK < 1 K) [33]. Al-
though signatures of weak 4 f hybridization show up at lowest

(a) (b)

(c)

FIG. 1. Fermi surface of YbCo2Si2. (a) Three-dimensional rep-
resentation of the calculated FS. The blue and yellow sides point
towards occupied and unoccupied states, respectively. Consequently,
D is a hole surface and J a largely interconnected sheet. The square
marked by the dashed line indicates the projected 2D BZ. (b) Upper
half: projected FS obtained by ARPES from a Si-terminated crys-
tal [39]. Lighter shades correspond to higher photoemission intensity.
Lower half: theoretical projected FS from a pure bulk calculation
corresponding to the FS in (a). The D FS sheet is highlighted in
red. (c) Calculated EOND for YbCo2Si2 projected onto the kx-ky

plane. Except for the upper left quadrant, the 2D-EOND has been
convoluted with the experimental resolution of 0.13 2π

a full width
at half maximum. The color scale denotes the number of electrons
(holes) per ( 2π

a )
2
. The integral of the EOND over the projected

BZ, which reflects the FS volume, adds up to one hole. The solid
and dashed contour lines mark the levels of −0.01 (just below
the maximum value of the plateau) and −1 electrons (+1 holes)
per ( 2π

a )
2
.

temperatures, they do not lead to a coherent Kondo lattice
formation with renormalized heavy quasiparticle bands leav-
ing the FS small [37–39]. Therefore, YbCo2Si2 is an ideal
reference system for a comparison with YbRh2Si2, with well-
localized 4 f electrons without sizable Kondo interaction [40].

Before we start the discussion with our theoretical and
experimental results on the reference compound YbCo2Si2,
it is helpful to recall the topology of its bulk FS, which has
already been published earlier [39] and is shown in Fig. 1(a).
The electronic structure of this material was calculated within
density functional theory (DFT) in the generalized-gradient
approximation using a full-potential local-orbital code [41].
To account for the well-localized paramagnetic 4 f moments,
we used a fixed, nonmagnetic 4 f 13 configuration within
a frozen-core approximation. In our calculation, the FS is
formed by two distinct bands: the doughnut D, a large hole
pocket centered around the Z point in the bulk Brillouin zone
(BZ), and the jungle-gym J , a largely interconnected sheet
across the whole k space. Depending on the employed zSi pa-
rameter for the Si atoms, an additional, small electron pocket
around �, the so-called pillbox P , can be present [42]. In
our band-structure calculations we used the Wyckoff position
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component zSi = 0.379, for which the band forming the pill-
box is pushed above the Fermi level and does not contribute to
the Fermi surface. This value for the zSi parameter is motivated
by the results of previous quantum oscillation experiments and
single crystal structure refinement [43] and, as shown below,
also yields the best agreement with our experimental results.
In Fig. 1(b), a previously obtained UV-ARPES map of the
FS measured from a Si-terminated crystal at 10 K is depicted
for reference and compared to the projection of the calculated
bulk FS along kz, the crystal momentum component parallel
to the surface normal [39].

The frozen-core approach proved to lead to a perfect agree-
ment between the calculated and ARPES-derived electronic
structure of the valence bands, as can be seen in Fig. 1(b).
Note that we projected the pure bulk FS in the lower part of
the panel omitting any surface-related states. Thus the sharp
diamond-shaped band within the projected gap around the M
point in the ARPES results, which has been shown to be a
Shockley surface state [39,44,45], is not reproduced in the
calculation. Furthermore, the ARPES experiment could not
verify whether the pillbox P is part of the FS at � or not,
because this region is masked by a strong surface resonance
giving rise to the bright ring-shaped intensity around � in the
ARPES map. Apart from these two surface-related states, the
calculated bulk FS agrees remarkably well with the FS ob-
tained by ARPES. As hybridization of the purely spd-derived
valence band with the frozen 4 f core states is suppressed
in our calculation, the FS does not count the localized 4 f
hole and is consequently small. The ARPES experiments thus
demonstrated the existence of the small FS with a localized 4 f
moment in YbCo2Si2. The band-structure calculation clearly
traces the topology and size of the FS of YbCo2Si2 with high
accuracy and can be used as a reliable starting point for the
calculation of its EOND.

In Fig. 1(c) we show the calculated EOND of paramag-
netic YbCo2Si2. The band-structure calculation used for the
construction of the EOND is the same as the one underlying
the projected FS in Fig. 1(b). The EOND sums up all occupied
states from the two contributing FS sheets. With a trivalent Yb
ion YbCo2Si2 is an uncompensated metal, i.e., the electron
and hole contributions to the Fermi surface do not add up
to zero. The holelike character of the doughnut D and the
jungle-gym J is evident from the total number of occupied
states contained in each band, which amount to 1.75 for D
and 1.23 for J , summing up to a total FS volume of one
hole [46]. These numbers are in perfect agreement with the
values obtained in Ref. [47] for YbRh2Si2 with localized 4 f
states. The theoretical EOND in Fig. 1(c) shows a large area
of unoccupied states with increasing negative contribution
towards the BZ center from both D and J and a small circle
of elevated electron occupation at � from the topological hole
in D. The integral of the calculated EOND over the projected
BZ corresponds to the FS volume and amounts to one hole
or −1 electrons. The electron density reaches a maximum
plateau around the M point, where it vanishes, as no bands
cross the Fermi level in this region. As the calculated elec-
tronic structure has already proven to be in good agreement
with the ARPES results, the calculated EOND can reasonably
be assumed to be a valid reference for the EOND of the
small FS.

B. EOND in YbCo2Si2 at low and room temperature

From the measured HRCPs of YbCo2Si2 and YbRh2Si2

we reconstructed the EONDs at 300 and 14 K as described
in the Methods section. The lower temperature is sufficiently
below the single-ion Kondo temperature of the CEF ground
state in YbRh2Si2 and the observed onset of spatial coherence
in tunneling spectroscopy [27], which are both about 30 K.
The experimental results are depicted in Fig. 2. Note that
the experimentally obtained EONDs include a large isotropic
background from Compton scattering by core electrons and
valence electrons from fully occupied bands [48]. Due to the
different number of total electrons per unit cell, this back-
ground contribution is different for YbCo2Si2 and YbRh2Si2.
In Fig. 2 we account for this background and thus make the
EONDs of the two systems comparable by showing them
with respect to the experimentally observed mean electron
density for each compound, which is independent of the
temperature.

The EONDs of YbCo2Si2 at 300 and 14 K in Fig. 2, left
column, are very similar and, apart from a constant offset,
in good agreement with the theoretical EOND in Fig. 1(c).
The experimental EONDs are dominated by two contribu-
tions. The first contribution can be found in the corners of
the projected BZ, where mostly occupied states pile up. These
fully occupied parts are well reproduced in the calculation.
The large, light diamond centered around the � point and
reaching up to the X points can be attributed to the cumulated
holelike contributions of the doughnut D and the jungle-gym
J . A more quantitative comparison with the calculated EOND
can be achieved, when the isotropic contributions from fully
occupied bands and core levels are removed from the exper-
imental EOND. To this end, we removed a constant offset
from the experimental EONDs of YbCo2Si2 such that the
integrated EOND adds up to one hole, i.e., the same value is
in the calculations. The resulting EONDs are shown in the left
column of Fig. 3. With this normalization, the similarity be-
tween the experimental EOND map of YbCo2Si2 at 14 K and
the calculation in Fig. 1(c) becomes more evident due to the
matching electron density scales. An important observation is,
that the YbCo2Si2 EOND does not significantly change upon
increasing the temperature to 300 K and essentially retains its
shape corresponding to the underlying small FS. The slight
changes in electron density observed between 14 and 300 K
are within the experimental uncertainties.

There could be some physical reasons why the CS re-
sponse in YbCo2Si2 may not exactly be the same at low
and room temperature. In a previous resonant x-ray emis-
sion spectroscopy experiment [49] minute changes in the Yb
valence between low and room temperature even in the nom-
inally stable trivalent YbCo2Si2 were observed, which were
about a factor of 10 smaller than, for instance, in YbRh2Si2.
Hence it is possible that even the FS in YbCo2Si2 shows
very small changes from low to room temperature. A second
aspect is that at room temperature the FS is not a well-
defined concept anymore. The separation between occupied
and unoccupied states is washed out by about 4 kBT , which
should have a small effect on the CS profiles. The important
point is, however, that if there are differences in the low-
and high-temperature EOND of YbCo2Si2, they are only very
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FIG. 2. Projected experimental 2D EOND of YbCo2Si2 and YbRh2Si2 at 300 and 14 K. Each EOND map has been reconstructed from five
directional HRCPs as described in the Methods section. To ease comparison between the two systems the maps are shown with respect to the
mean electron density indicated above the colorbar for both compounds.

small demonstrating an essentially temperature-independent
situation. We will show that YbRh2Si2 behaves very differ-
ently and displays a strongly changing EOND between 14 and
300 K.

In Fig. 4, we show the cut along M-�-X for all EOND
maps normalized to both the mean electron densities and to
the Fermi volumes, which corresponds to the display in Figs. 2
and 3, respectively. A calculated EOND profile of YbCo2Si2

broadened with the experimental resolution is added for com-
parison. We note that the shape of the calculated profiles
around � and X varies with zSi and that best agreement be-
tween theory and experiment can be obtained for zSi = 0.379.
In the Supplemental Material [50] we compare the experimen-
tal data to a range of calculated profiles obtained for different
positions zSi of the Si atom within the unit cell.

The profiles for YbCo2Si2 at both temperatures show very
similar shapes within our experimental accuracy and also
agree qualitatively well with the calculated profile except
around the high-symmetry points M and �. In the calculation
the EOND around M has a flat plateau indicating constant
electron occupation with no bands crossing the Fermi level
along kz, whereas the measured EOND immediately drops
with an almost constant slope from M towards �. This de-
viation around M might be caused by residual overshooting
effects due to the band limitation in the reconstruction algo-
rithm (see Supplemental Material [51]). Around the � point,
only the 300 K EOND of YbCo2Si2 agrees well with the
calculation. However, from error maps of the reconstructed
EONDs shown in the Supplemental Material [51] it is evident
that the experimental error is typically largest around the BZ
origin. We therefore conclude that the agreement between the

experimental and calculated EOND profiles for YbCo2Si2 is
reasonably good.

To summarize, according to our CS experiment, the FS
of YbCo2Si2 does not change in shape and volume from
300 K to the lowest measured temperature of 14 K. From
the temperature independence of the experimental EOND and
its similarity to the calculated EOND, we conclude that our
CS experiment detects a stable, small FS in YbCo2Si2 at
low and room temperature, in agreement with previous low-
temperature ARPES results [39].

C. EOND in YbRh2Si2 at low and room temperature

From our data on YbCo2Si2 we have established the shape
of the EOND, which can be expected for the small FS. We
now turn to the CS results for YbRh2Si2, which were ob-
tained in exactly the same way as for YbCo2Si2. The two
resulting EONDs normalized to the mean electron density are
shown in the right column of Fig. 2. Comparing the EOND
at 14 K with the 300 K result, the EOND and thus the FS in
YbRh2Si2 appears to undergo drastic changes between these
two temperatures. We stress again that at T = 14 K we are
sufficiently below the single-ion Kondo temperature of the
lowest lying Kramers doublet and the transport coherence
temperature TL ≈ 30 K, where the Kondo lattice formation
should be well established. At room temperature we are well
above this regime (T ≈ 10TL).

Starting at 14 K, the YbRh2Si2 EOND considerably de-
viates from that of YbCo2Si2 in Fig. 2. First, the width of
the bright diamond shape formed by negative electron density
becomes notably larger around the X points, with broad necks
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FIG. 3. Projected experimental 2D EOND of YbCo2Si2 and YbRh2Si2 at 300 and 14 K normalized to the expected Fermi volume. For
YbCo2Si2 (300 and 14 K) and YbRh2Si2 at 300 K the zero level is set to result in an integrated value of −1 electrons, i.e., one hole. The large
FS of YbRh2Si2 at 14 K is known to be nearly compensated and the zero level of the EOND is, therefore, set to give an integrated value of
zero. In all EOND maps, solid and dashed lines trace the 0 and −1 electrons per ( 2π

a )2 contours.

opening at the BZ border. From a qualitative comparison with
the calculated small FS of YbCo2Si2, one can expect these
necks to arise from both the D and the J EOND (compare
Fig. S2 in the Supplemental Material [52]), as the unoccu-
pied parts of the electron density increase in size and extend
towards the second Brillouin zone. This observation is in line
with the open necks in the D sheet of the large FS of YbRh2Si2

seen by ARPES up to 100 K [24]. A striking difference in the
YbRh2Si2 EOND at 14 K compared to YbCo2Si2 is a strong
reduction of electron density close to the M points, while it
increases in the BZ center. It appears as if electron density
is redistributed from the M and X points towards the center,
which results in an overall flattening of the EOND across the
entire projected BZ. These effects are even more evident in
the EOND profiles shown in Fig. 4(a).

Upon raising the temperature to 300 K, the EOND in Fig. 2
strongly changes and resembles qualitatively the experimental
result obtained for YbCo2Si2. Both the size and overall shape
of the diamond structure as well as the strongly occupied
corners of the projected BZ are in good qualitative agreement
with the EOND seen in YbCo2Si2. The absolute values of
the electron densities normalized to the mean values are in
remarkable agreement as well. This is also evident from a
comparison of the EOND profiles in Fig. 4(a). Consequently,
the YbRh2Si2 EOND at 300 K also shows good qualitative
agreement with the small-FS EOND calculated for YbCo2Si2

[Fig. 1(c)]. Note, that for a hypothetical small FS in YbRh2Si2

the calculated EOND would be virtually identical to that of
YbCo2Si2 (see Supplemental Material [53]).

From Fig. 4(a), a minor difference between the EONDs of
YbRh2Si2 at 300 K and of YbCo2Si2 is evident in the presence
of an additional dip in the YbRh2Si2 EOND halfway between
� and X . A similar dip can be found in the EOND profile of
YbRh2Si2 at 14 K around 0.4 2π/a along �-X . These dips
might therefore be related to each other by having a similar
origin in the Fermi surface. However, their amplitude barely
exceeds the propagated statistical error of the experiment.
We discuss this feature in more detail in the Supplemental
Material [54].

Hall effect measurements combined with renormalized
band-structure calculations on YbRh2Si2 have shown that the
holelike contributions from the doughnut and the electronlike
contributions from the jungle-gym FS sheets nearly compen-
sate each other in the Kondo lattice regime [47]. This result
reflects the working of the Luttinger theorem, which requires
the hybridizing 4 f moment to be counted in the Fermi vol-
ume. Starting from a prototypical small FS such as the one
of YbCo2Si2 with one hole, the additional 4 f hole gives a
count of two modulo the BZ volume resulting in an effectively
compensated FS with a total Fermi volume of zero. We thus
know that the integrated EOND of YbRh2Si2 at low tempera-
tures should sum up to zero. In Fig. 3, we therefore show the
experimental EOND of YbRh2Si2 at 14 K after subtraction
of its mean value, i.e., such that its integral over the BZ is
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FIG. 4. EOND cuts along M-�-X for YbCo2Si2 and YbRh2Si2 at 300 and 14 K. In (a), the EOND is normalized to the mean electron
density. In (b), the same k-independent offset has been subtracted as in Fig. 3, i.e., for YbCo2Si2 (300 and 14 K) and YbRh2Si2 at 300 K
the zero level is set to result in an integrated value of −1 electrons, i.e., one hole. For YbRh2Si2 at 14 K, the EOND is normalized to add up
to zero electrons. The errorbars have been estimated by propagating the statistical error of ±0.2–0.3% in the Compton profiles through the
reconstruction and Lock-Crisp-West folding. For clarity we only show errorbars for one curve, as they are very similar for all EONDs. The
gray solid line shows the profile through the calculated EOND for YbCo2Si2 after broadening with the experimental resolution.

zero. Having also established that YbCo2Si2 has an uncom-
pensated FS with a volume of one hole, we are only left with
an unknown FS volume of YbRh2Si2 at 300 K. The strong
resemblance of the YbRh2Si2 EOND at 300 K to YbCo2Si2

in Figs. 2 and 4(a) strongly indicates a close similarity of the
underlying Fermi surfaces and that the high-temperature FS
of YbRh2Si2 is no longer compensated. In Fig. 3 we therefore
show the experimental EOND of YbRh2Si2 at 300 K after
subtraction of a constant, k-independent offset chosen such
that the integral over the EOND, and thus the Fermi volume,
is equal to one hole, as in the case of YbCo2Si2 (see Sup-
plemental Material [55]). One can see immediately the good
quantitative agreement between the high-temperature EOND
of YbRh2Si2 and the EOND of YbCo2Si2. Moreover, the
EOND profile of YbRh2Si2 at 300 K in Fig. 4(b) reasonably
matches the profiles of YbCo2Si2 within the experimental
accuracy, which was already evident in the data referred to
the mean electron number in Fig. 4(a).

In essence, when moving from 300 to 14 K, the represen-
tation of the YbRh2Si2 EOND as shown in Figs. 2 and 4(a)
reveals a presumably even redistribution of electron density
mostly from the M points over the whole Brillouin zone. A
hand-waving argument might be that the formation of the
composite quasiparticles with the localized 4 f electrons ef-
fectively binds an itinerant conduction electron per unit cell
and suppresses its k dependence. This would naturally lead to
a change in the Fermi volume, and thus the integrated value
of the k-dependent EOND, upon entering the Kondo regime,
as shown in the data representation in Figs. 3 and 4(b). At
the same time, the integral of the total experimental EONDs
remains invariant [Figs. 2 and 4(a)], as the total number of
electrons in the system does not change. The difference be-
tween the two representations is that the EONDs in Figs. 3

and 4(b) reflect the carrier types contributing to the Fermi sur-
face. Figure 3 would thus illustrate a transition upon cooling
from a mostly holelike, small Fermi surface to a compensated,
large FS with equal electron- and holelike contributions as
indicated by renormalized band-structure calculations [47].

IV. DISCUSSION

To answer the question whether and how the FS of
YbRh2Si2 changes with temperature, we needed a reference of
a similar compound with well understood small FS. We have
obtained the electron occupation number density of YbCo2Si2

both by means of Compton scattering for low and room
temperature and DFT calculations and found a qualitatively
good agreement among all EONDs. The calculated EOND
originates from nearly the same band-structure calculation as
the one which already gave a nice agreement with an ARPES
mapping of the FS [39]. Our results confirm the existence of
the small FS in YbCo2Si2 and show no significant temperature
evolution between 14 and 300 K.

In contrast, the EOND of YbRh2Si2 shows a dramatically
different behavior. At 14 K, the YbRh2Si2 EOND consider-
ably deviates from that of YbCo2Si2 and shows a notable
redistribution of electron density from the BZ borders towards
the center. While the electron density increases around �, it
is depleted with increasing k vector around M and X , which
results in an overall flattening of the EOND. From previous
ARPES experiments it is known that the Fermi surface of
YbRh2Si2 is large at least below 100 K. These profound
differences between the low-temperature EOND of YbRh2Si2

and the EOND of YbCo2Si2, the small FS reference, can
therefore be attributed to signatures of the reconstructed, large
FS found in YbRh2Si2 at 14 K.
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FIG. 5. Directional Compton profiles of (a) YbCo2Si2 and (b) YbRh2Si2 for 14 K (left) and 300 K (right) after subtracting the average over
all five profiles for each compound and temperature. The five Compton profiles were taken along five evenly distributed directions between 0◦

and 45◦ relative to the [100] direction in the 2D kx- ky plane. (c),(d) Difference for each direction between the profiles taken at 300 and 14 K
for (c) YbCo2Si2 and (d) YbRh2Si2.

A detailed derivation of the large FS topology of YbRh2Si2

at low temperature from the CS data is limited by the con-
tribution of several overlapping FS sheets, the projection of
the EOND on a two-dimensional subspace, and the limited
momentum resolution of the method. It is therefore beyond
the scope of this work. Nevertheless, we would like to make
a few qualitative remarks to complement the insights ob-
tained from other experiments. What is quite evident is that
an enlargement of the D FS alone cannot explain the ob-
served changes in the experimental EONDs. The shape of the
D sheet in both the large and the small FS is well known
from ARPES studies [23,39]. In either case, this FS sheet
does not come close to the M points and therefore cannot
account for the strong EOND changes around the BZ corners.
The dramatic changes around the M point of the projected
BZ suggest a strong participation also of the more extended
J FS sheet in the FS reconstruction from small to large.
Interestingly, the jungle-gym at low temperature could not
clearly be traced in ARPES [23]. Similarly, quantum os-
cillation experiments could not observe frequencies of the
J sheet or attributed frequencies to J that strongly devi-
ated from LDA predictions [12,43,56]. Our band-structure
calculations have found that both FS sheets, D and J , are
composed of Si 3p and Rh 4d orbitals with similar ratios
in the high-temperature 4 f -localized phase. Therefore it is
reasonable to assume that both sheets are similarly prone to
f -d hybridization and the holelike J volume should simulta-
neously increase to D. As the J band crosses the Fermi level

already quite close to the projected BZ border, the electronlike
renormalized bands might be partly pushed above the Fermi
level in the k space projected onto the M points. Such a sce-
nario is schematically illustrated in the Supplemental Material
[57].

The central finding of this work is a strong change of the
YbRh2Si2 EOND upon heating from 14 to 300 K, in stark
contrast to a temperature-independent EOND in YbCo2Si2. A
strong temperature effect for YbRh2Si2 is likewise observable
already in the raw directional Compton profiles, as shown
in Fig. 5. The figure shows the Compton profiles for both
YbCo2Si2 and YbRh2Si2 at 14 and 300 K for the five direc-
tions of the scattering vector after subtraction of the average
over all profiles for each compound and temperature. From a
qualitative comparison of the Compton profiles between both
compounds and especially from the temperature-difference
profiles [panels (c) and (d)] it is immediately evident that
the Compton scattering response for YbRh2Si2 differs signif-
icantly stronger between 300 and 14 K than for YbCo2Si2. At
300 K, the directional profiles of YbRh2Si2 get much closer
to those of YbCo2Si2 than at 14 K. The difference profiles
with temperature for YbRh2Si2 show a strong anisotropy with
notable weight transfer even beyond the first Brillouin zone,
which cannot be directly attributed to changes in the coherent
band structure constituting the Fermi surface. This electronic
weight is inseparably connected to the formation of the com-
posite quasiparticles with increasing f -d hybridization at low
temperature. As discussed earlier, the entanglement of the
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conduction electrons with the localized f moments leads to
an effective localization of one electron per Yb site, which
in turn has to be drawn from the Fermi volume. This involves
extensive correlations in momentum space with an anisotropic
signature reflecting the anisotropic f -d hybridization, which
results in an increased anisotropy in the high-momentum con-
tributions to the electron momentum density and thus to an
increased anisotropy in the Compton profiles.

From a comparison of the reconstructed EMDs at 300
and 14 K in YbRh2Si2 we found a slight reduction in the
integrated electron density up to 0.8 a.u. of about 0.06 ± 0.04
electrons per formula unit at low temperature compared to the
high-temperature EMD. The upper bound of 0.8 a.u. equals
the distance between the first and second � points. As the
total number of electrons must remain constant, the missing
electron density has to be distributed over larger momenta.
However, as the valence electrons mainly contribute to small
momenta and localized electrons are spread in momentum
space over a broad range of larger momenta, this fraction
of electrons flowing from small to larger momenta roughly
points to a spatial localization of these electrons. In contrast,
we have found that the corresponding change in electron
density in YbCo2Si2 lies, as expected, within the range of the
statistical error.

These numbers have to be taken cautiously as (i) the
reconstructed two-dimensional EMDs still contain the inte-
grated contributions along the pz axis, and (ii) the upper
bound of 0.8 a.u. is certainly chosen somewhat arbitrarily.
Nevertheless, our result on YbRh2Si2 is in good agreement
with the valence change in YbRh2Si2 with temperature ob-
served by resonant x-ray emission spectroscopy [24], which
was found to be less than 0.05 per Yb ion between 300 and
1 K. It might seem surprising that the number of localizing
electrons—or equivalently delocalizing holes—in YbRh2Si2

is much smaller than one. However, our present findings are in
line with the notion that the huge change in the Fermi surface
volume is not rooted in valence fluctuations but rather in the
fulfillment of the Luttinger sum rule due to the onset of the
f -d hybridization, which requires the 4 f hole to be counted
in the Fermi surface, while it remains nearly localized even at
low temperatures [58].

From the qualitative analysis of the Compton profiles
and from the closeness of the high-temperature EOND of
YbRh2Si2 to the experimental and calculated EONDs of
YbCo2Si2, we conclude that the underlying FS of YbRh2Si2

at 300 K is comparable to the well-established, small FS of
YbCo2Si2 with well-localized f electrons. Going from 14 to
300 K the single-particle excitations in YbRh2Si2 therefore
seem to evolve as predicted by the Kondo lattice model, i.e.,
in line with the anticipated crossover from the large towards
the small FS topology.

The observation that the Fermi surface in YbRh2Si2 is
still the large one at a temperature T of 100 K [24], far
above the Kondo temperature of the ground-state doublet and
above the onset of coherence seen in the T dependence of
the resistivity, intensified the debate on the appropriate de-
scription of the emergence of coherence in Kondo lattices,
on the renormalization of the FS, and on the relevant tem-
perature scales. The recent pump-probe ARPES study on
YbRh2Si2 of Leuenberger et al. [28] provides clear evidence

that the dehybridization of the f electrons takes place in
the T range between 100 and at least 250 K. A similar
dehybridization temperature scale was also observed using
T -dependent ARPES in the Kondo lattice CeCoIn5 [21]. In
addition, Ref. [21] shows that such a large dehybridization T
scale is in good agreement with theoretical predictions from
DMFT calculations. However, neither [28] nor [21] could
specify in which way the FS was affected. The present results
clearly show that at 300 K the FS of YbRh2Si2 has largely
transformed to the small FS, i.e., to the dehybridized one.
Thus combining the present results with those of Refs. [24]
and [28], one can safely conclude that the dehybridization of
the 4 f electrons is connected with a change from the large
to the small FS. This change occurs in a continuous process
mostly in the T range 100 K < T < 300 K, in accordance
with general predictions of DMFT calculations [59].

The T scale 100 K < T < 300 K for the dehybridization
process implied by the present results and Refs. [21,28] is
larger than all temperature scales proposed as Kondo or coher-
ence scale derived from other types of measurements as, e.g.,
transport or specific heat. Specifically the present Compton
and recent ARPES results provide a clear indication that in
Kondo lattice systems the hybridization of the 4 f and valence
states starts very far above the onset of coherence observed
in the T dependence of the resistivity ρ(T ). Moreover, the
reconstruction of the large FS is almost completed at the onset
of this coherence. At first sight such a large difference in
“coherence” temperatures might look surprising and inconsis-
tent, but as we discuss in detail in the Supplemental Material
[60], this apparent inconsistency in energy scales is just a
consequence that the “coherence” effects seen in resistivity
and in ARPES and Compton measurements correspond to
different phenomena [24]: The formation of a larger FS as
seen in ARPES and Compton scattering relies on the 4 f ’s
spectral function acquiring momentum dependence due to
hybridization with dispersive conduction states. In contrast the
onset of coherence effects in ρ(T ) relies on the disappearance
of inelastic scattering connected with the lattice Kondo effect.
One expects the latter process to occur at temperatures below
the T scale of the former process. Similarly, further energy
scales deduced from other types of measurements also corre-
spond to distinct underlying mechanisms (see Supplemental
Material [60]).

In summary, we have obtained the electron occupation
number densities from high-resolution Compton profiles of
YbRh2Si2 at 14 K sufficiently below the single-ion Kondo
temperature TK and at room temperature. As a reference
for the small FS, we additionally measured the EOND of
YbCo2Si2 and compared it to the one obtained by band-
structure calculations. In comparison to the small FS reference
YbCo2Si2, the electron density in YbRh2Si2 shows drastic
signatures of reconstruction at low temperature upon cooling
below TK . These changes in the EOND may be attributed
to the emergence of heavy 4 f -derived bands due to the for-
mation of a coherent Kondo lattice. In stark contrast to the
EOND of YbCo2Si2, which remains nearly unchanged be-
tween 14 and 300 K, the EOND of YbRh2Si2 shows strong
modifications upon heating. At room temperature, the EOND
of YbRh2Si2, and thus its FS, strongly resemble the refer-
ence of a small FS established from YbCo2Si2. Our results
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show clear evidence of the long-sought Kondo crossover
in YbRh2Si2 from the itinerant 4 f moment at low tem-
peratures due to the emergence of coherence in the Kondo
lattice towards the localized 4 f moment far above TK . The
temperature scale of this crossover can be narrowed down to
about 100–300 K.
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