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Kondo lattice excitation observed using resonant inelastic x-ray scattering at the YbM; edge
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We present a study of the resonant inelastic scattering response of YbInCuy excited at the tender Yb M5 x-ray
edge. In the high-temperature, paramagnetic phase, we observe a multiplet structure which can be understood at
an ionic level. Upon cooling through the valence transition at 7, ~ 40 K, we observe a strong renormalization
of the low-energy spectra, indicating a sensitivity to the formation of an intermediate valence phase at low
temperatures. Similar spectrum renormalization has been observed in the optical conductivity, which suggests
that the low-energy electronic structure possesses both mixed conduction and localized character.
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I. INTRODUCTION

Materials which contain elements with intermediate valence
configurations have remained in the focus of intense research
for several decades now. They host a rich variety of physi-
cal phenomena including quantum critical phase transitions,
unconventional superconductivity and topologically protected
metallic behavior localized on sample boundaries. Years of
research have provided ample evidence that these phenomena
are driven by strong interactions between the predominately
localized electronic degrees of freedom and their admixture
with itinerant states. As such, the valence states available to
the localized species are crucial for low-energy behavior of
these correlated systems. Instabilities related to changes in
the electronic valence configurations occur across the f-filling
series of elements, and particularly simple limits are realized
in Ce- and Yb-based materials. In cerium materials, valence
fluctuations are realized between f° and f! states, differing
by a single f electron, while in Yb, fluctuations between f'3
and f'# valence states differ by one f hole.

For elemental cerium metal, the pressure-induced «-y
transition appears to be described by a collapse of valence states
fueled by the strong dependence of hybridization and volume
on valence state [1,2]. Although involving a strong change in
lattice volume, the transition appears isostructural, compelling
an explanation in purely electronic terms. This fascinating
situation has been the topic of recent research in correlated
systems, but is not an isolated case. YbInCuy, for example,
is a f-hole analog of this famous problem, featuring another
first-order valence transition driven by an experimentally
accessible temperature change at 7,, >~ 40 K. This transition
is also isostructural, with a large change in screening strength
quantified by an effective Kondo temperature Tx ~ 17 K at
T > T, and an order of magnitude higher Tx ~ 400 K at
T < T,. Unlike Ce, the valence transition in YbInCuy4 appears
at zero pressure, permitting a wider variety of tools to bear
on the phenomena of valence instability, including soft x-ray
scattering experiments.
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Theoretical modeling of related YbXCuy (X=Ag, Mg, Zn,
In) compounds has revealed the presence of a pseudogap in
the itinerant electronic band structure. In YbInCuy, however,
this significant reduction in the density of states occurs excep-
tionally near the Fermi level—a feature which was recently
observed experimentally using hard x-ray resonant inelastic
x-ray scattering (RIXS) at the Yb L3 edge [3]. It has been
long suggested [4] that the density of itinerant states pr in this
system is highly textured near the Fermi level, giving another
influence that can control the valence state in YbInCuy. In this
scenario, the high temperature, integer/trivalent, paramagnetic
state has a low pp and insufficient free carriers to screen the
J = 7/2 Yb moment. The transition is to a mixed valent state
with 0.8 f holes, requiring a lowering of the Fermi level into the
region of larger DOS which can effectively screen the moment
and release the corresponding magnetic entropy ~R In 8 [5].
YbInCuy then becomes an interesting case where the Kondo
scale and degree of screening is switched by temperature,
in contrast to single impurity results and archetypal heavy
fermion materials.

Here we use the peculiar Kondo-switching behavior of
YbInCuy to explore broadly the response of Kondo lattice
systems to the RIXS probe through its application at the
tender Yb-Ms x-ray edge. The benefits of studying the valence
transition in the Yb compounds are multifold. Figure 1(a)
shows the experimentally-obtained x-ray absorption spectrum
(XAS) through the energy of the Yb M5 edge. We observe a
single Lorentzian shape peak, free from sidebands and multi-
valence and spin-orbit resonances [Fig. 1(a)] [7]. In contrast,
elemental Ce shows many peaks in absorption, obfuscating
the resonance structure below the core level broadening
[Fig. 1(b)]. The Yb M edges are accessible in the new suite
of soft x-ray beamlines with improved energy resolution,
but remain completely unexplored to our knowledge. In this
pilot study of the RIXS response across a valence transition
in YbInCuy, we observe low-energy excitations identified
previously in infrared studies and assigned to a hybridization
gap [8-12]. Our observation constitutes a demonstration
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FIG. 1. (a) Total electron yield (TEY) and total fluorescence
yield (TFY) of YbInCu, at the Yb M5 resonance. The inset shows
schematically the density-of-states profile and corresponding elec-
tronic transition from the 3d 3 core electronic level to the unoccupied
portions of the 4 f manifold, which results in a single resonance for the
Yb filling factor. (b) shows in contrast that Ce-based compounds have
a far more complex resonance profile due to the largely unoccupied
4 f manifold. From Ref. [6].

of how the RIXS technique can be used to study the
momentum-space texture of spin and charge excitations on
the energy scales involved in the composite quasiparticles of
heavy fermion and related systems.

II. EXPERIMENTAL DETAILS

Single crystals were grown using the flux method and gave
a transition temperature width AT, < 1K soon after growth
[13,14]. Magnetometry reveals that over time, the transition
temperature reduced by 1 K, with slight rounding of the suscep-
tibility peak, Fig. 3(c). The RIXS experiment was performed
at the ADRESS beamline using the SAXES spectrometer
[15,16]. Combined, the incident beam and spectrometer gave
an overall energy resolution of 240 meV FWHM. At the energy
of the Yb M5 edge (3ds;, — 4 f transition), and 90° scattering

angle, the momentum transfer was 1.08 A_l, which is 125%
of the Brillouin zone width. Due to the well-studied effects
of polishing on the optical data [12], which mainly effects
how abruptly the midinfrared feature appears as temperature
is lowered, we cleaved the rock-hard crystals using a ball-pean
hammer and aluminum foil. Shiny facets were smooth and
nearly flat over the beam footprint area (4 x 55 pum). The
effectiveness of this procedure in reducing extrinsic surface
contributions can be verified by two methods of monitoring
XAS: Surface sensitive total electron yield (TEY) collected
as sample drain current and bulk-sensitive total fluorescence
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FIG. 2. (a) RIXS scans at different incident energies through
the Ms absorption peak of YbInCuy at room temperature and o
polarization. (b) Dependence of quasielastic and inelastic SO features
on incident energy. Marked departure of the integrated RIXS intensity
in both cases departs significantly from the Lorentzian line shape of
the absorption.

yield (TFY) collected via an energy integrating detector give
similar results [Fig. 1(a)].

Tender x-ray photons /iw;, ~ 1518 eV generated from the
third harmonic of the ADRESS undulator excite the crystal
via a Yb 3ds;, — 4 f dipole transition corresponding to the
M5 edge. Attempts to fit a Doniach-Sunjic lineshape returned
approximately the simpler Lorentzian limit of this function
(asymmetry 8 ~ 0.1). This is consistent with a high degree of
atomic character of the d° f* core-hole-containing absorption
final state. No M4 edge was observed at high temperature,
completely consistent with the Fermi blocking expected from
the nearly-full f state manifold inferred from the large Curie
moment.

III. MAIN RESULTS

RIXS spectra excited near the single resonance peak are
represented in Fig. 2, and each scan, taken at a different
incident energy, shows two main features: the quasielastic
peak at zero energy transfer and the smaller feature at 1.4 eV
loss arising from the RIXS-active excitation from the filled
Jj = 5/2 spin-orbit (SO) component of the 4 f manifold. This
type of excitation is strictly dipole forbidden and therefore
inaccessible via infrared spectroscopy. Figure 2(b) shows the
incident energy dependence of the integrated intensity for each
feature separately. These RIXS spectra at the M5 edge are ex-
ceptionally simple—one inelastic excitation clearly separated
from a quasielastic manifold contrasts most high resolution
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FIG. 3. (a) Five minute scans cooling through the valence tran-
sition in YbInCuy, where red lines indicate temperatures below
the transition and the blue lines above the transition. (b) Optical
conductivity at (red) 20 K and (blue) 250 K from [11]. (c) Intensity
integrated between the vertical dotted lines in (a). The step at
T, is clearly displayed. Solid blue trace shows the dc magnetic
susceptibility determined through magnetometry.

RIXS studies, and reveal that the inelastic signal intensity for
this process is not simply proportional to absorption. Below
we interpret this deviation as evidence of photon scattering via
the indirect RIXS process, wherein the core-hole interaction
with the valence system plays a significant role, shaking up
the low-lying excitations in the valence system [17-19]. We
note that to a very good approximation, it appears the inelastic
and elastic signals are proportional to each other, permitting us
to focus only on the incident energy which gives the highest
RIXS signal as a representative spectrum.

For incident energy tuned to the peak of the absorption,
Fig. 3(a) shows a series of five minute scans cooling across
the valence transition temperature and a clear signature of
inelastic excitation appears abruptly below T, as the system
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FIG. 4. Schematic representation of the quasiparticle spectral
functions of the periodic Anderson model projected onto states
of (left) conduction and (right) localized character. The optical
conductivity selectively probes momentum-conserving electron-hole
pair excitations, while the RIXS measurements are more heavily
influenced by the atomiclike transitions among localized orbitals.

enters the high-Tx, moment-screened state. To highlight this
electronic response to the transition, we show the integral of
the RIXS spectra in the energy band between 200 and 400 meV
along with the magnetic susceptibility in Fig. 3(c). A similar
abrupt change in the same energy window associated with the
valence transition was detected using infrared spectroscopy
[8,11,20,21] [Fig. 3(b)], and gave the first experimental indi-
cation [8] of the predicted infrared hybridization gap [22] in
heavy fermion and mixed-valent systems [9,10,23].! In addi-
tion to the clear temperature dependent changes, there exist ad-
ditional lineshape asymmetry which may represent additional
shake-up excitations of orbitals associated with the Yb ions.
The infrared hybridization gap appears to be a generic
feature of heavy fermion physics, and the relation between
the energy scale of this feature, the mass enhancement, and
the Kondo scale have been well established [8—12] in the
context of infrared measurements. While extremely high-
energy resolution is achievable with infrared spectroscopy,
one severe limitation to observing the momentum dependence
of the hybridization gap is the vanishingly small momen-
tum of infrared photons (c//iw) in comparison to a typical
zone-boundary electronic momentum (% /a), as illustrated
in Fig. 4. Momentum dependence can be seen indirectly in
the context of quasiparticle interference in local tunneling
microscopies, as has been demonstrated recently in heavy-
fermion URu,Si, [24,25], or directly for occupied states using
angle-resolved photoemission [26-29]. Furthermore, optical
probes indiscriminantly excite charged excitations, while the
RIXS probe is highly species, valence selective with full
momentum control, permitting assignment of this feature to the
f manifold of the valence-fluctuating Yb ions. In the present
work, our momentum control was limited by the fixed scat-

'Okamura et al. [12] have shown using infrared microscopy at a
synchrotron light source that the abruptness of the appearance of
the hybridization gap feature YbInCu, is strongly dependent on the
surface history of the sample. Mechanical polishing is a procedure
which is commonly used in infrared spectroscopy on complex oxides
and other systems but apparently gives rise to nonintrinsic effects in
systems with valence instabilities like YbInCuy [20] and SmS [39].
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tering angle determined by hardware on the sample chamber.
New developments in end-station instrumentation technology
however have overcome this limitation with continuously-
variable scattering geometry capable of navigating a single
point in momentum space [30,31], thereby enabling detailed
dispersion measurements of many-body excitation such as the
hybridization gap.

A spin-orbit feature at 1.3 eV was previously investigated
in a prior study using high-incident-energy inelastic neutron
scattering used a high-order polynomial background fitting to
determine that a SO feature stiffens by +50 + 30 meV in the
LT phase [32]. While in contrast to the INS data, M5 RIXS
has advantages in that it is statistically more significant and
largely background free, whereas the stability of the absolute
energy scale drifts over the acquisition time on the order of
this scale. Our measurements indicate a small but still positive
shift of order ~20 meV. Differences in the multiplet sensitivity
and momentum transfer in these two experiments may explain
the difference and presents a topic for future work. The
new generation of high-throughput, high-resolution, energy-
stabilized RIXS instruments enables routine observation of
spin-orbit satellite excitations in response to phase transitions
in correlated f-electron materials.

IV. POLARIZATION DEPENDENCE

To connect the results of our experiments with microscopic
quantities of interest in valence-fluctuating materials, we have
applied an Anderson impurity model (AIM) appropriate for
the free moment state and moment-screened states in two
polarization geometries where we have collected RIXS spectra,
as described in the appendix. Schematic drawings of the 7 and
o geometries are shown in Figs. 5(a) and 5(b), respectively.
Due to the necessarily transverse polarization of the free,
scattered photon and the 90° geometry, the = geometry does
not permit any projection of the incident on the final photon
polarization, hence this geometry is sometimes called the
“depolarized” geometry and o is referred as the “polarized”
geometry. Comparison of these geometries provides contrast
with respect to photon angular momentum without the need
to explicitly analyze the scattered photon polarization, a
feat which has been demonstrated [33,34], but requires vast
resource levels in terms of beamline access. In addition to the
RIXS selectivity of atomic species and valence state imbued by
the resonance condition, the conservation of angular momen-
tum enables further sensitivities to symmetry which are well
known in Raman scattering [35]. The polarization is switched
by the elliptically-polarizing undulator in the experiment and
fixed by the matrix elements and appropriate Clebsch-Gordan
coefficients in the AIM calculation (see Appendix).

Figures 5(c) and 5(d), respectively, show the RIXS spectra
in the low-temperature moment-screened phase in o and &
polarization along with a AIM calculation of the same using the
crystal field parameters of Severing et al. [36]. We find that the
AIM is capable of describing most of the spectral weight and in
particular its polarization dependence, with notable intensity
between the quasielastic and SO features which are clearly
beyond the AIM. The same exercise in the high-temperature,
free moment phase gives remarkable agreement as well. The
observation of significant RIXS scattering intensity beyond
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FIG. 5. (a) and (b) schematic of the scattering geometry for o
and m polarization conditions. (c) RIXS spectra collected at the
absorption peak at 18 K<42 K in the moment-screened phase and (c)
at high temperature. Shown in each case is the result of an Anderson
impurity model as discussed in the text. The residual RIXS scattering
is resultant from indirect RIXS transitions and originates from the
lattice system.

the AIM which is sensitive to the collective state of this Kondo
lattice system is a clear demonstration of the effectiveness of
the RIXS probe the low-energy physics of intermediate valence
materials constrain theories of correlated electronic behavior.
Note that the deviation between the AIM-based theory results
and experimental data in the spectral range of order 0.5 eV
cannot be due to the crystalline field of lattice excitations, as
they reside at the 10 meV energy scale. These are most likely
governed by the indirect scattering processes during which
the electron-electron interactions lead to the creation of the
particle-hole pairs which recombine with the excited electron.

V. DISCUSSION

The appearance of a RIXS-active inelastic feature simulta-
neously in the optical conductivity and M5 RIXS is strong
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evidence that this excitation consists of both itinerant and
localized character. In the RIXS probe, strong constraints
associated with the atomic transition and weak dipole matrix
elements between conduction electrons and the Yb 3d core
hole strongly favor f-orbital character final states. Conversely,
at high temperatures the optical conductivity is primarily
governed by the response of the conduction electrons since
predominantly localized f electrons have negligible contri-
bution to the optical conductivity. At low temperatures, the
conduction and f electrons are strongly hybridized so that the
clear distinction between the contributions from the ¢ and f
electrons cannot be made. This mixed character is expected
based on the predictions of the periodic Anderson model and
the local character of the incoherent band.

Although our theory fits based on a single impurity Kondo
model work fairly well, the approximations we used naturally
miss two possibly important physical aspects of the problem:
(i) the effects associated with the onset of the coherent
hybridization gap, which is a Kondo lattice phenomenon, and
(i) contributions from the indirect RIXS processes. Naturally,
the Kondo lattice coherence effects are expected to be pro-
nounced at low temperatures, 7 << T . The same is also true
for the indirect processes since the low-T phase has much
higher conductivity compared to its high-7" counterpart and,
therefore, may lead to a much larger contribution from the
particle-hole excitations than in the high-7 phase. Since in the
indirect RIXS process, the core-hole propagation is the main
source of the scattering, possible deviations from the direct
RIXS spectra signify the role played by the core hole potential.

Our results demonstrate the sensitivity of RIXS to the
hybridization gap in heavy fermion and mixed-valence com-
pounds, and a benchmark for the use of the RIXS tech-
nique in providing microscopic information on systems where
Coulomb correlated magnetic bands strongly mix with metallic
bands. Following the recent work of Kotani [37], we have
shown theoretically that this type of excitation could be
observed using Yb M edge RIXS in Yb intermetallics. In future
work, the promised ability of RIXS spectrometers to continu-
ously vary the scattering angle will provide the tools needed
to deliver detailed information on the momentum dependence
of the hybridization gap in Yb intermediate-valence systems.
With subsequent improvements in energy resolution, similar
detailed studies in early rare earth species like Ce will also
become accessible.

VI. SUMMARY

In summary, we have demonstrated the connection between
the RIXS technique and the elementary excitation of quasi-
particles in the heavy fermion class of materials. We will aid
to incentivize the development of inelastic x-ray scattering
instruments with higher energy resolution. In contrast to optical
probes, which mainly probe fast electron-hole pairs with
zero relative momentum, the RIXS technique is capable of
collecting momentum-dependent information regarding the
hybridization gap.
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APPENDIX: THEORY
1. Model parameters

Consider a trivalent Yb ion in the cubic crystal field, with
the 4 f electrons in the 4 f '3 valence configuration. The large
spin-orbit coupling splits the 4 f levels into the J = 7/2 and
J = 5/2 multiplets. Importantly, the difference between the
energies Ej_7 — Ej_s» = —1.4 eV, so we can completely
ignore the J = 5/2 multiplet all together in a calculation
of the low-energy RIXS spectra including crystal field and
hybridization gap features.

In a cubic crystalline field, the J = 7/2 multiplet splits
into two Kramers doublets |I'¢), |I'7) and a quartet |I'g). The
corresponding wave functions in |J, M) basis are

IFo(a=1,2))=\/7|i7/2 \/7|3F1/2
I'7a=1,2 —\/§i52 \/T 3/2
IT7(a = 1,2)) = /71 £5/2) =/ 71 3/2),
I'g(a=1,2 —\/T:I:72 \/? 1/2
IPsta =1,2)) =/ 51 £7/2) =/ 5| F1/2).
1 3
Il"s(a=3,4))=\/;|i5/2>+\/;|¢3/2)-

In YbInCuy the ground state multiplet is I's [36] with I'¢ and
I'; above it with the corresponding energies Er, — Er, = 3.2
meV and Er, — Er, = 3.8 meV.

(AD)

2. High-temperature regime, 7 > T,

At temperatures above the valence transition temperature
T, ~ 40 K the ytterbium f electrons can be approximated
as free ions, i.e., the hybridization between the f states and
conduction band is considered to be vanishingly small. This
view is also supported by the recent RIXS (Yb-Lj3 edge) ob-
servations of the band reconstruction and pronounced changes
in the electronic density of states [3]. Within the Kondo volume
collapse model, the high temperature regime corresponds to the
single ion Kondo temperature of T[({HT) ~25K.

We consider the RIXS process in which the Yb4 f hole is ex-
cited to the Yb 3d intermediate state by the incident photon and
a3d hole is de-excited to the Yb 4 f state by emitting a photon.
The general expression describing the RIXS intensity reads

(g|cs m)m|clr)|
Fmﬂz(wlva) == Z Z Eg j]wl — qu—:—l)/

J.g Im

X G(w; — wy — Efn + Ey), (A2)
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where ) is an energy of an incident photon with polarization
g1 =—1,0,1, w, is an energy of emitted photon with
polarization g, y is a lifetime broadening of the intermediate
state, C{" is the spherical tensor operator corresponding
to the electric dipole transition due to a linear coupling
between the electron’s momentum and electromagnetic vector
potential, and G(¢) is some function which accounts for the
experimental resolution and the states |g), |m), | f) are initial
(i.e., ground), intermediate, and final states correspondingly.

For the case when the single photon energy is tuned to the
resonance energy, which is the energy difference between the
single intermediate state and the final f-hole state:

E, = Eg + o1, (A3)

the RIXS spectrum is governed by the following expression

Y (4 f:Ty(@)|C13d: i)

Jz

1
Fy g (01, 02) = ﬁ Z

2
x (3d; j:|CSV 1415 Ti(e))

X Gloy —w, — E(Ty) + E('s)]. (A4)

In this expression it is assumed that the f electron is in I'g
multiplet. Summation is performed over the initial (o) and final
(') components of the 4 f multiplet. To compute the matrix
elements of the spherical operator, we write

72

(3d; j|CV1AfsTi()) = Y (5/2j: 1ql7/2m.)
m,=—17/2

x{1/2;m |4 f;Ti(a)), (AS)
where i =6,7,8. Here (5/2j,1q|7/2m;) are the
Clebsh-Gordan coefficients and the matrix elements
(7/2;m, 4 f;'()) are computed using the wave functions
(A1). Note that the Clebsh-Gordan coefficient to be nonzero
the following condition

J:+q=m; (A6)
must be met. The results of the calculation for various polar-
izations are summarized in Fig. 5.

3. Low-temperature regime, I’ < T,

At low temperatures, the ground state of the system is
the singlet state corresponding to the Kondo singlet bound
state. Since the magnetic correlations in YbInCuy seem to be
negligible, we follow the discussion in Ref. [37] and consider

the single-impurity Anderson model (SIAM):
J
A=Y hy+Hn,
v=—J

hy = er fi 1+ a] e+ VY @, fy +He)
k k
+Usy D FIF T, (A7)
V'#v
where the f states are represented in JJ coupling scheme

andv =—J,...,JwithJ =7/2, Uss > Ois the short-range
interaction between the f electrons, Hj, accounts for an

intermediate state with the d hole and filled f shell:

Hi = —Uc Y £l fiv(1 = d} dig)

ivo

(A8)

and U, is the local repulsion between the core d hole and
the f electrons. At zero temperature the ground state is the
superposition of 4 f14 and 4 f 3¢ electronic configurations.

In the limit Uy — oo one can employ the large de-
generacy of the f-electron multiplet to describe the ground
state properties qualitatively. For the calculation of the RIXS
spectra, however, one can employ the variational principle first
discussed by Varma and Yafet [38] which for the ground state
energy yields [37]:

Eg =€r— kpTx + Z €k.

k<kr

(A9)

Here Tk is the single ion Kondo temperature, € ~ —1 eV,
and the momentum summation is performed over the occupied
states in the conduction band (k¢ is the Fermi momentum). In
the case of the inelastic scattering, similarly to the above one
obtains the energy of the final state

Ey=E, +kpTx — kpTk, (A10)

where T is found by solving the following system of equations

kpTx —€p+ V'Y 0k —kr)a =0,
k

(kpTx + e —ep)ax +V = 0. (Al1)

Here, the momentum summation is limited to the width of
the conduction band, k € [-W/2, W/2] and the coefficients
ay depend on the value of kpTk. For the realistic values of
the model parameters, Tx < Tx. Our theoretical plot for the
intensity and two different polarizations are shown in Fig. 5.
Note, that our results show that even within the resolution R ~
240 meV, the spectroscopic features of the Kondo resonance
are visible thus providing yet another insight into the physics
of the isostructural valence transition.
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