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A comparison of bulk-sensitive spectroscopic probes of Yb valence in Kondo systems
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We exploited complementary synchrotron radiation spectroscopies to study the Yb 4 f electronic configuration
in three representative intermediate-valence materials: YbAlsz, YbInCuy, and YbCu2Si2. High-resolution x-ray
absorption (PFY-XAS), resonant inelastic x-ray scattering (RIXS) and hard x-ray photoemission (HAXPES)
data all show characteristic temperature-dependent changes of the Yb valence. For each material, the increments
measured from low (20 K) to high (300 K) temperature by the different probes are quite similar. The estimated
RIXS and XAS valences are consistently higher than the HAXPES values. We briefly discuss the possible origin

of this discrepancy.

PACS numbers: 71.28.+d, 78.70.En, 78.70.Dm, 79.60.-i

High-energy spectroscopies like photoemission (PES) or x-
ray absorption (XAS) provide unique insight in the dynamics
of the 4 f electrons that are at the origin of ‘Kondo’ phenom-
ena in intermediate valence (IV) materials, like many Ce or
Yb metallic compounds'=. The fractional occupancy ny of
these states reflects their hybridization with extended conduc-
tion band electrons. The Anderson Impurity Model (AIM),
that embodies the minimal theoretical description of this phe-
nomenon, predicts for ny a simple dependence on hybridiza-
tion and temperature®, via the single parameter (T/Tk). Tk is
the material-dependent Kondo temperature. It grows expo-
nentially with the 4 f-band hybridization, and sets the low-
energy scale of the problem. It is generally assumed that these
generic features of the AIM survive in the more elaborate and
applicable theoretical lattice schemes”.

Some aspects of a scaling behavior have been confirmed
qualitatively by conventional XAS®® and core level PES®
in Ce and Yb IV compounds, and even quantitatively by
more elaborate photon in - photon out experiments'®. Scaling
should be especially evident in valence band PES data, since
the intensity of the Kondo resonance (KR), the characteristic
many-body feature straddling the Fermi level®!!, directly re-
flects the configuration mixing in the ground state. PES data,
on the contrary, have been controversial, with results from
cleaved single crystals'>!3 failing to exhibit the T/Tx depen-
dence generally observed in polycrystalline samples>>!+13.
The issue is confused by the short probing depth (5-10 A)
of low-energy PES, and by the tendency of the Yb (Ce)
ions to adopt a surface electronic configuration different from
that of the bulk. More recent soft'2° and hard x-ray PES
(HAXPES)'®?! experiments with enhanced bulk sensitivity
generally support a Kondo scenario interpretation.

The purpose of the present paper is to compare in-
trinsically bulk-sensitive photon in - photon out spectro-

scopies like XAS and resonant inelastic x-ray spectroscopy
(RIXS) with HAXPES. We present data on three represen-
tative Yb IV compounds: YbAl;, YbInCuy, and YbCusSis.
YbCuySi; and YbAls are typical Kondo systems, with
Kondo temperatures 7' ~40-60 K and, respectively, Tx ~400
K'214 YbInCu, exhibits at Ty =42 K an isostructural first-
order transition that affects the electronic and magnetic prop-
erties. The valence suddenly increases from 2.83 to 2.96 for
T>Ty, while the Kondo temperature drops from 7, ~400 K
(T<Ty) to Trx~20 K (T>Ty )%,

We show that the different spectroscopies agree on two ma-
jor points. Firstly, they all indicate an increase of the Yb va-
lence (at 20 K) from YbAl3 to YbCusSis, in agreement with
the known properties of the three compounds. Secondly, they
reveal the expected increase of the Yb valence with tempera-
ture. The valence values extracted from the XAS/RIXS data
are closer to the estimates from non spectroscopic measure-
ments. Photoemission provides a more direct view of the Yb
4f states, but it remains, even at high energy, more sensitive
to the sample preparation procedure. In our experiment, the
perturbation produced by scraping the surface may well have
extended over a thickness comparable to - and possibly larger
than - the probing depth of HAXPES (~ 60A4). We conclude
that XAS/RIXS is the more consistent probe of the bulk Yb
electronic configuration.

We have used flux-grown single crystals characterized by
x-ray diffraction and magnetic susceptibility measurements.
All measurements were performed at the undulator beamline
ID16 of the ESRF (Grenoble) equipped with a Si(111) double
crystal monochromator. For partial fluorescence yield XAS
(PFY-XAS) and RIXS experiments, freshly scraped samples
were mounted on a He cryostat and measured in high (10~8
mbar) vacuum. We used a Rowland circle spectrometer based
on a spherically bent Si(620) crystal, and a Si avalanche pho-



T T T T I T T T T T T

Yb Lo
PFY-XAS

YbCu,Si,

Intensity

Yb,,MnSb,,

Yb,,MnSb,,

| L | L | L

8.94 8.95 8.96 -10 0 10
Incident energy (keV) Relative energy transfer (eV)

FIG. 1: a) PFY-XAS spectra of three IV compounds and of divalent
Yb14MnSb1; at 20 K and 300 K. b) RIXS spectra measured bewteen
20 K and 300 K, at hv;,,=8.941 keV, the maximum of the Yb?™ res-
onance profile.

todiode detector. The total energy resolution was ~1.5 eV. For
HAXPES the beamline was equipped with a Si(333) channel-
cut post-monochromator working in near backscattering con-
dition at hv=5934 eV. The samples were scraped by a dia-
mond file at 10~9 mbar, and measured by the VOLPE elec-
tron spectrometer?*. The combined (photons + electrons) en-
ergy resolution now attainable by this instrument is AE~70
meV, but for the present experiment we used a lower resolu-
tion AE~0.25 eV in a trade-off for intensity.

The PFY-XAS and RIXS results for the IV materials and
for the divalent reference compound Yb;4MnSb;; are sum-
marized in Fig. 1. The Yb Ls PFY-XAS spectra measure,
as a function of the incident photon energy, the intensity of
the Lay (3d — 2p) fluorescence (hig=7415 eV) emitted af-
ter the creation of an Yb 2p hole: 2p84 N — 2p°4fNed —
2p%3d°4fN. The intrinsic spectral line width is set by the
shallower 3d hole (AE~0.6 eV), rather than by the deep 2p
hole (AE~5.3 eV) as in conventional XAS. PFY-XAS is not
strictly equivalent to XAS with a reduced line width, but it
gives acces to finer spectral details>?’. The Yb La RIXS
spectra reproduce, for a given hv;,, the energy distribution of
the photons emitted in the same de-excitation channel. The
energy transfer (hv;, — hv,,) is the energy difference be-
tween the excited final state and the ground state.

In Yb IV materials, Ls (PFY-)XAS is a superposition of ab-
sorption spectra from the Yb?Tand Yb?tcomponents of the
hybrid ground state. The intensities of each contribution for
our analysis is assumed proportional to the weight of the cor-
responding initial state configurations®. The spectra of Fig.

la exhibit prominent Yb3+ features at 8948 eV, and smaller
Yb?Fsignals at ~7 eV lower energy. Spectral weight is trans-
ferred from the 2+ to the 34+ component at the higher temper-
ature in all the IV systems, following the increase of the Yb
valence predicted by a Kondo scenario*!°.

The RIXS spectra similarly exhibit Yb?* and Yb3+ com-
ponents, which can be selectively enhanced by an appro-
priate choice of the incident photon energy. The spectra
of Fig. 1b correspond to the maximum of the Yb?*XAS
(and RIXS) signal. This is a favorable condition because
small valence changes have a larger effect on the minority
Yb?t weight. Changes in the Yb?*tintensity reflect corre-
sponding relative changes of the Yb?tweight in the initial
state. Knowledge of the Yb valence at e.g. 300 K, either from
the XAS spectrum, or by a combined analysis of the Yb?* and
Yb3+ resonance profiles?’, yields the valence v(T) at all tem-
peratures. For YbAl3 and YbInCuy we also performed con-
tinuous measurements of the Yb?* RIXS intensity at a rate of
~1 K/minute. v(T) (Fig. 4) follows a smooth ‘Kondo’ depen-
dence in YbAIj3, and the overall valence increase is Av=0.05.
In YbInCuy the Yb valence exhibits a jump at Ty =42 K, and
no further evolution above Ty, as expected from 7' ~20 K in
the high-temperature phase. v(T) does not saturate to the low-
T value immediately below Ty, in contrast to the electrical
resistivity or the magnetic susceptibility?®>. The further low-
T evolution suggests a distribution of Ty ’s , possibly associ-
ated with disorder induced by scraping, and extending over a
distance comparable with the probing depth of RIXS (=100
A). This is much larger than the thickness of a proposed per-
turbed region under a cleaved surface, as estimated by PES?’.
Nonetheless, the RIXS data of Fig. 4 is clear spectroscopic
evidence of a first-order-like transition at Ty, .

The valence band (VB) and Yb 3d core level HAXPES re-
sults are shown in Fig. 2 and Fig. 3, after the usual subtrac-
tion of inelastic Shirley backgrounds. The VB spectra exhibit
the typical features of IV Yb compounds: the spin-orbit-split
Yb2* KR near Er, and an Yb3+ multiplet at 5-12 eV. Peaks
at ~4 eV in YbInCu, and YbCusSis are from Cu 3d states.
At this photon energy (hv=5935 eV) the contribution from the
topmost surface layer is small (~5%)%®, and the spectra are
free from the broad surface signal typical of low-energy PES.
The Yb3*intensity in YbInCuy is somewhat smaller than in
published HAXPES data?'. The (Yb2*/Yb3*) intensity ra-
tio at 300 K is largest for YbAl; and smallest for YbInCuy,
and in all compounds the intensity of the divalent doublet de-
creases at high temperature, with a corresponding growth of
the Yb?* multiplet. Notice that the simple thermal broadening
of the Fermi edge would not affect the integrated intensity of
a band feature. The VB HAXPES results are therefore consis-
tent with the RIXS data of Fig. 1, and with a Kondo scenario.

The Yb wvalence can be estimated from the
Yb*tand Yb3tVB PES intensities as: v=2  +
14-1(3+)/[14-1(3+)+13-1(2+)].  We have isolated the 4f
signal in YbInCuy by comparison with the spectrum of
LulnCuy, shown in Fig. 2 after removing the atomic-like
Lu 4f doublet centered at ~8 eV. Integrating the difference
spectrum over 2+ and 3+ energy windows, yields v(20
K)=(2.65+0.03) and v(300 K)=(2.77+0.03). For YbAl; and
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FIG. 2: HAXPES (hv=5935 eV) valence band spectra measured at
20 K (thin solid lines) and 300 K (thick (red) solid lines). The dashed
line is the spectrum of LulnCuy, after subtraction of the atomic-like
4f doublet. The dotted lines are phenomenological non-4 f back-
grounds (see text).

YbCusSiy the corresponding Lu compounds could not be
measured, and we used information from published soft x-ray
VB spectra'?. Assuming, as a first approximation, the same
photon energy dependences for the 4f/(non-4f) intensity
ratio as in YbInCuy, yields the values reported in Fig. 4.
In both cases the correction from the non-4f states is small
(Av~0.06).  Subtracting phenomenological backgrounds
from the spectra (dotted lines), yields similar results. The
error bars are large but acceptable, since our goal is to
compare the different probes, rather than to determine the Yb
valence with high accuracy.

The 3d core levels are good indicators of the electronic con-
figuration in 4 f materials. The Yb 3d lines are too deep for
standard Al Ka sources, but can be reached by HAXPES.
The j=3/2 and j=5/2 spin-orbit-split manifolds, separated by
~50 eV, are further split into a sharp 3d%4f'* (Yb?T) fi-
nal state and a 3d°4f3 (Yb3t) multiplet (Fig. 3). Broad
plasmon features are observed ~25 eV below the leading
peak®!. YbAIl; also exhibits, besides plasmon replicas, a very
intense Al 1s peak, with an associated strong satellite. We
have determined the Yb valence by integrating the intensity
of the j=5/2 manifolds within separate 2+ and 3+ energy win-
dows. The contribution of the overlapping plasmon satellite
in YbAl3 was removed by subtracting a scaled replica of the
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FIG. 3: Low-temperature spectra of the Yb 3d core levels.Each spin-
orbit manifold is split into 2+ and 3+ components. The arrows mark
strong plasmon satellites in YbAls. The asterisk marks a plasmon
replica of the strong Al 1s peak.

3+ line shape, from the YbCusSiy spectrum.

The experimental results are summarized in Fig. 4. The
RIXS valence is always largest, and consistent with previous
XAS data (Table I). The agreement with thermodynamic and
magnetic measurements is rather good. As already noted,
the RIXS temperature dependence displays, as expected, a
smooth variation in YbAlj3 and a step at Ty in YbInCuy. As
to photoemission, there is a considerable scattering in the lit-
erature (Table I), with low-energy PES results showing lower
valences than soft- and hard x-ray PES. Our core level results
are consistent with the latter, and smaller by 0.05 to 0.1 than
the RIXS values. The data points are too sparse to confirm the
sharp jump in YbInCuy, suggested by Ref. 21. At present, the
low signal forbids a continuous T-dependent HAXPES mea-
surement.

The VB spectra yield consistently lower values than the
3d core data. In YbAI3 it may point to an inadequate back-
ground removal procedure. This problem is especially del-
icate in HAXPES. For instance, the Yb(4f)/Al(3s) atomic
cross sections ratio decreases by one order of magnitude be-
tween 1000 eV and 6000 eV*. A comparison with Lu or La
sister compounds would therefore be desirable. The differ-
ence is smaller for YbCusSis and YbInCuy. In the latter the
valence transition is smeared over 50 K, which again suggests
the possible shortcomings of scraping the surface for HAX-
PES. Remarkably, the measured relative valence changes are
quite similar for all techniques. This suggests further system-
atic studies of the origin of the discrepancies, namely varying
the photon energy (probing depth) and comparing data from



TABLE I: Estimated Yb valence from high-energy spectroscopies

YbAls YbInCuy YbCusSia
PES (hv < 120 eV) 263" 2.57(20 K) - 2.86 (300 K)*° 2.63"
PES (hv > 500 eV) 2.77 (10 K)'*; 2.65 (20 K)" 2.67(20 K) - 2.83 (300 K)'82°
2.60(20 K) - 2.72 (70 K)*
Core level HAXPES 271 (180 K)"? 2.74(10 K) - 2.90 (220 K)*!
XAS 2.78 (20 K) - 2.83 (300 K)® 2.83(20 K) - 2.96 (300 K)*' 2.82(20 K) - 2.89 (300 K)®
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FIG. 4: Summary of the valence values determined by the vari-
ous spectroscopies. The solid lines refer to continuous temperature-
dependent RIXS measurements.

scraped and cleaved samples. From the thoretical side, first
principles calculations of the PES and XAS spectra, includ-
ing dynamical effects*?, would reduce the uncertainties of the
present analysis, and could reveal possible systematic differ-
ences between the two spectroscopic probes.

In summary, we have presented a comparison of photon in
- photon out and high-energy PES results in three represen-
tative IV materials. The data generally display a temperature
and Tx dependence consistent with a Kondo scenario, and
quite similar values for the relative valence changes. They
also show quantitative differences. RIXS and high-resolution
PFY-XAS show n; values more consistent with thermody-
namic models. HAXPES, albeit not totally free from the influ-
ence of surface disorder and surface preparation techniques, is
much more bulk sensitive than standard PES, and provides a
unique and direct view of the 4 f many-body spectral features.
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