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YbaSizsAl may be a prototype for exploring different aspects of the Shastry-Sutherland lattice,
formed by planes of orthogonally coupled Yb ions. Measurements of the magnetic susceptibility
find incoherently fluctuating Yb3T moments coexisting with a weakly correlated metallic state that
is confirmed by measurements of the electrical resistivity. Increasing signs of Kondo coherence are
found with decreasing temperature, including an enhanced Sommerfeld coefficient and Kadowaki-
Woods ratio that signal that the metallic state found at the lowest temperatures is a Fermi liquid
where correlations have become significantly stronger. A pronounced peak in the electronic and
magnetic specific heat indicates that the coupling of the Yb moments to the conduction electrons
leads to an effective Kondo temperature that is approximately 30 K. The valence of Yb2Siz Al has
been investigated with electron spectroscopy methods. YbaSizAl is found to be strongly intermediate
valent (vp =2.68(2) at 80 K). Taken together, these experimental data are consistent with a scenario
where a coherent Kondo lattice forms in Yb2SizAl from an incoherently fluctuating ensemble of Yb

moments with incomplete Kondo compensation, and strong intermediate valence character.

PACS numbers: 71.27.4a, 75.20.Hr, 78.70.Ck
I. INTRODUCTION

Quantum magnetism is one of the most dynamic fields
in condensed matter physics, and there is a particular fo-
cus on finding and exploring ground states where quan-
tum fluctuations are so strong that they overcome mag-
netic order.!* The ground state of these systems is a
quantum mechanical superposition of local states, such
as singlet pairs of local moments, leading to a ground
state wave function that is massively entangled. Unlike
a conventional phase transition, which is accompanied by
a broken symmetry, these systems instead host topolog-
ical phase transitions where there is a discontinuity in a
global topological invariant, such as the Chern number of
the energy bands, or the flux of an emergent field. Much
interest has focused on the novel excitations of these sys-
tems, as they can have fractional or anionic statistics
with pronounced topological properties.

So far, most of what we know about these systems
comes from experimental and theoretical results for in-
sulators where magnetic moments lie on a geometri-
cally frustrated lattice. Following Anderson’s initial pro-
posal > 7 that a frustrated and non-ordered magnetic
state, the “Resonant Valence Bond” state, could be
doped with mobile carriers to produce high tempera-
ture superconductivity, there has been great interest in
discovering metallic systems without long ranged mag-
netic order. The most direct approach is to introduce
charged impurities into the insulating host,”® however,

the associated carriers are almost always localized.%!?
An alternative approach is to seek intrinsically metal-
lic systems where magnetic moments lie on a geomet-
rically frustrated lattice. Perhaps the earliest report of
such a system was the allotrope 5-Mn, which has a py-
rochlore structure'™'2, and there is a more recent report
of ScsMn3Al;Sis, where Mn moments lie on a Kagome
lattice.!® There is an increasing number of systems where
rare earth moments lie on geometrically frustrated lat-
tices, such as pyrochlore PrylroO7,' and the Kagome
lattice systems CePdAl'%16 and YbAgGe.l”

We will focus here on a different frustrated lattice,
where rare earth moments form planes of orthogonal
dimers in the Shastry-Sutherland Lattice (SSL).!® One
of the earliest systems where an exact solution was iden-
tified, it is the interplay between the stability of local
spin singlets, enabled by the nearest-neighbor interac-
tion J, and the tendency towards long ranged order
that is driven by interdimer coupling J’ that leads to
a complex array of ordered and disordered states in the
SSL plane.'¥ The first SSL systems that were extensively
explored were the metallic RB, (R=Gd,Th,Dy,Ho,Er)
materials, however quantum fluctuations are apparently
very weak in these compounds, all having conventional
antiferromagnetic ground states.20-24 The discovery 2>27
that SSL physics is present in the Ry75X compounds
was a significant step forward, as this is an extensive
family 2829 with many compositional variations that de-
pend on the rare earth R and transition metal 7. De-
pending on the ratio of the distances between dimers



in the SSL plane and between SSL planes, the RyT5X
compounds can display either one or two dimensional
magnetic behaviors.?%26 Remarkably, the observation of
fractionalized excitations in YboPtoPb 30 is firm evidence
that this is a one-dimensional system where interchain
coupling is minimized by the orthogonality of the Yb
dimer wave functions, a last remnant of SSL physics.

There is considerable theoretical evidence that uncon-
ventional superconductivity is stable through much of
the SSL phase diagram, especially near the quantum
critical point (QCP) (J/J')gcp =1.43 where magnetic
order vanishes. Electronic correlations play a crucial
role in the nature of the superconducting pairing. If
the near-neighbor Coulomb repulsion is weak, the mo-
bile carriers will be localized on individual dimers, lead-
ing to s-wave superconductivity.?' If repulsion is strong,
then only one carrier resides on a dimer, and it is the
long-ranged correlations among dimers that leads to d-
wave superconductivity.3?33 Computations of the phase
diagram for rare earth moments on the SSL 3436 have
emphasized the important role of the hybridization J
between the conduction electrons and f-electron mo-
ments in enabling unconventional superconductivity on
the SSL.

The central question is whether the novel excitations
that are possible in one and two dimensional systems
based on the SSL persist as the hybridization [ increases,
perhaps leading to unconventional superconductivity, or
if it is the quenching of the rare earth moments that en-
ables superconductivity, as has been demonstrated in a
number of heavy fermion compounds. It is necessary to
identify a family of compounds where it is possible to
explore the impact of increasing J in a structural mo-
tif that has already been proven to host fractionalized
excitations.

We have selected the compound YbySis Al for this
study, since the hierarchy of length scales 37 suggests that
the intradimer interaction in the SSL plane would be
largest (near-neighbor spacing = 3.39 A), followed by the
interdimer interaction (spacing =3.52A) in the plane,
with the interdimer interaction between planes the weak-
est (spacing = 4.23 A.) This implies that the magnetism
in YbySis Al may be quasi-two dimensional, and perhaps
dominated by SSL physics. As desired, the reported
magnetic properties of YboSizAl suggest that the Yb
f-electron and conduction electron hybridization J is
stronger than in YbyPtyPb and that Yb is in an inter-
mediate valence state,® i.e. the ground state of each Yb
ion is a quantum mixture of the Yb3t (f!3) and Yb2?*
(f'*) configurations. While this previous work was car-
ried out on polycrystalline samples, we have been able to
synthesize high-quality single crystals. We find a mod-
est magnetic anisotropy, most likely due to the single
ion anisotropy of the Yb ions themselves. Electron spec-
troscopy and x-ray absorption measurements were used
to investigate the valence and ground state symmetry of
the Yb ions, confirming that the Yb ions in YbsSis Al are
strongly intermediate valent. The temperature depen-

dencies of the magnetic susceptibility and specific heat
indicate that YbsoSis Al displays Kondo lattice behavior,
with incoherently fluctuating Yb moments at high tem-
perature, where the onset of Kondo coherence among
these moments results in a heavy Fermi liquid ground
state that is evidenced in the large Sommerfeld coeffi-
cient and the enhanced Kadowaki-Woods ratio. In these
respects, YboSis Al is very similar to other Yb-lattice sys-
tems where the Yb ions are in an intermediate valence
state.

II. SAMPLE PREPARATION

Single crystals of YbsSisAl in a rodlike morphology
were grown from an Al self flux. X-ray diffraction
measurements were carried out on powder of YboSigAl
produced from these single crystals, confirming the
tetragonal MosFeBs structure type that was previously
reported.3”38 Single crystal x-ray diffraction experiments
showed that the (001) crystal axis is oriented parallel to
the long axis of the rod, perpendicular to facets that
define the (110) direction. Typical crystal dimensions
are ~0.5mm along (110) and several millimeters along
(001). Wavelength dispersive spectroscopy performed on
single crystals confirmed the nominal YbsSis Al composi-
tion, which showed no variation across the crystal surface
within the ~ 1% experimental uncertainty.

III. MACROSCOPIC CHARACTERIZATION
A. DMagnetization & Susceptibility

Measurements of the magnetization M were obtained
for temperatures 1.8 K < T < 300 K using a Quan-
tum Designs Magnetic Property Measurement System
(MPMS). The temperature dependence of the DC mag-
netic susceptibility x(7') = M/B was measured in a fixed
field of B = 0.1 T (Fig. 1(a)). The susceptibility x
varies by no more than 4% at any temperature when
the 0.1 T field is oriented within the ab-plane. However,
there is a pronounced and temperature dependent axial
anisotropy in YboSis Al since y is smaller when the field
is oriented along the (001) c-axis than along the (110)
direction in the basal plane at high temperatures, and
this anisotropy is reversed for temperatures T' < 45 K.
Overall, the temperature dependence of the susceptibil-
ity x(T) is relatively weak, although a strong upturn at
low temperatures is evident, particularly for fields per-
pendicular to the basal plane. There is no overt evidence
in x(7T) or its temperature derivative that would indicate
magnetic order above 1.8 K. Apart from the information
about the magnetic anisotropy, the overall temperature
dependence and magnitude of the susceptibility data are
qualitatively consistent with previous reported measure-
ments that were carried out on a powdered sample.®
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FIG. 1. (a) The temperature dependence of the DC magnetic
susceptibility x(7) = M/B, where the magnetization M is
measured in a fixed field B=0.1T that is oriented along the
(001) (blue) and (110) (red) directions. Black lines are fits
of the inverse susceptibility x ' to the Curie-Weiss law. (b)
The temperature dependencies of x ™! measured with a fixed
field B = 0.1 T along the (001) (blue) and (110) (red) direc-
tions. Black lines are fits of x ™' to the Curie-Weiss law for
T > 150 K. (c and d) The isothermal magnetization M (H)
is measured as functions of the magnetic fields H oriented
along the (001) direction (c) and (110) direction (d) at differ-
ent fixed temperatures 7' = 1.8 (red), 5 (black), 20 (blue),
100 (green), and 300K (gray).

Above ~100 K, the magnetic susceptibility in YboSis Al
is well fitted by the Curie-Weiss temperature dependence,
x(T) = C/(T + 0cw) (Fig. 1(a,b)). The Weiss temper-
atures Oow extracted from these fits are large and neg-
ative for fields in the basal plane and along the c-axis,
with 8cw =-397 £ 5K for BJ|(001) and —214 + 4 K for
B||(110). In an insulating magnet, this would suggest
the presence of substantial and anisotropic antiferromag-
netic interactions between the Yb magnetic moments,
and typically cw would be very small, due to the small
de Gennes factor for Yb. Thus, it seems more likely
that 0w in YboSis Al instead represents the effective ex-
change coupling between localized Yb moments and itin-
erant conduction electrons. The effective moments ex-
tracted from the Curie constant C are 4.27+0.02 up/Yb
for B||(110) and 4.63+0.02 up/Yb for B|[(001), compa-
rable to the 4.54 up/Yb that Hund’s rules give for the
ground state of Yb3T.

Below about ~ 150 K (B]|(110)) and ~ 80 K (B]|(001))
the temperature dependent part of the susceptibility no
longer follows the Curie-Weiss law, with this deviation
having a broad maximum in the basal plane susceptibil-
ity at ~ 100 K for B||(110) (Fig. 1(a)). A strong upturn
in the c-axis susceptibility, and a more moderate upturn
in the basal plane susceptibility are the dominant features

below 100 K. In principle, this upturn could be related
to the presence of trace amounts of YbsO3 in the sam-
ples, but the anisotropy in the susceptibility upturn in
YbySizAl (Fig. 1 (a)) suggests this is not a significant ef-
fect in our single crystal samples. As we will argue below,
it is more likely that the anisotropy corresponds largely
to the single ion anisotropy, reflecting the nature of the
doublet ground state and the occupation of the crystal-
electric field manifold for the Yb ions. The Curie-Weiss
fits to the susceptibility are not improved by the addition
of a temperature independent offset, indicating that the
Pauli susceptibility is small, as befits a simple metal with
weak electronic correlations.

The isothermal magnetization curves M (H)
(Fig.1(c,d)) are linear at all temperatures from
1.8-300K, and for fields as large as 6.8 T. Since there
is no evidence in YboSisAl for magnetic order at any
temperature below 300K, the magnetization isotherms
suggest instead that the magnetic moments are strongly
hybridized with the conduction electrons, so that non-
linear field dependencies would only become evident
when the Zeeman splitting approaches the characteristic
energy scale for the hybridization.3°

The breakdown of the Curie-Weiss temperature depen-
dence found at high temperatures, the broad maximum
in x(7T), and the linear field dependence of the magne-
tization, are all features that are typical of metallic sys-
tems where Yb has intermediate valent character.0-4!
Near and above room temperature, the Yb moments
in YbsoSis Al are significantly coupled to the conduction
electrons but in an incoherent manner, analagous to
Kondo impurities. With decreasing temperature, coher-
ence among the fluctuating Yb moments develops and
YhsSis Al evolves towards a Fermi liquid ground state,
where the Yb moments are substantially less magnetic
and the Fermi liquid becomes strongly correlated.*?43

B. Specific Heat

The temperature dependence of the zero field specific
heat, C, was measured in a Quantum Designs Phys-
ical Property Measurement System (PPMS) (Fig. 2).
In order to isolate the magnetic and electronic contri-
butions to the specific heat, a Debye model is used
to estimate the contribution to C), from phonons, Cpp.
As shown in Fig.2(a), C, is well fitted for 7> 100K
by the Debye interpolation integral (integrated numeri-
cally) with a linear in temperature electronic contribu-
tion ygrT.4* Our fits give Op=332+3K and vyr =
0.016 & 0.001 J/molYb - K?. The small values of vyt
and inferred Pauli susceptibility indicate that the metal-
lic background present at high temperatures is a weakly
correlated electronic fluid.

The electronic and magnetic specific heat AC'=C), -
Chp, is presented in Fig. 2 (a, inset). AC vanishes above
~ 100 K, but with reduced temperature there is a distinc-
tive peak centered at T ~ 40 K, indicating the presence
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FIG. 2. (a) The total specific heat per YbsSizAl formula
unit C) is measured as a function of temperatures between
1.8<T < 300K (red circles). A fit to the Debye model with
an electronic contribution yurT (see text) is shown (green
line) along with the Dulong-Petit limit of 3R per mole of each
atom, where R is the ideal gas constant (black dashed line).
(a, inset) The excess specific heat per Yb ion AC' =C),-Cpy,
divided by temperature AC/T as a function of temperature.
The peak in AC/T is fitted to a Schottky expression (black
line, see text). (b) The total specific heat divided by temper-
ature C,/T as a function of temperature squared, T2. A fit
to the function C,/T =~ +BT? over the range 16 <T <35K
is also shown (black line). (c) The excess specific heat per Yb
ion divided by temperature AC/T as a function of tempera-
ture (red circles, left axis) and the excess entropy S™% per
Yb ion as a function of temperature (black line, right axis)
(see text.) RIn2 of entropy is marked by the green dashed
line on the right axis. The Schottky fit from part a, inset is
also shown (blue line).

of a characteristic energy scale, which could refer either
to the Kondo temperature of the Yb ions, or to the co-
herence temperature of the lattice. The peak is fitted
to a Schottky expression, which gives a relative degener-
acy of three for the two states, which are separated by a
temperature scale of 107 2 K.

As T — 0, the plot of C,/T as a function of T2

0 100 200 300 0 2 4 6 8 10
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FIG. 3. (a) The electrical resistivity p as a function of tem-
perature of YbySizAl, p(T). (b) The electrical resistivity as
a function of temperature squared, T2 is compared to a fit of
p(T) in the low temperature region (10 K< T <150 K) to the
Fermi liquid expression p(T) = po + AT?(black line).

(Fig. 2b) is described by C,/T =~ +BT? showing that
the Sommerfeld coefficient of the T — 0 electronic spe-
cific heat v = 0.091 £ 0.003 J /mol Yb-K? has increased by
approximately a factor of six relative to the value vy
found at high temperature. The phonon coefficient in the
fit is 8 = 1.67 x 10~* J/mol Yb-K*. Plotting AC/T(T)
(Fig.2(c)) shows that AC/T ultimately saturates for
T < 8K, allowing a separate determination of the Som-
merfeld constant v=0.110J/mol Yb-K2. Both methods
for determining y are in reasonable agreement, indicating
that the isolation of AC is not overly influenced by the
procedures used to estimate Cpy. This is reinforced by
separately calculating © p from S, which gives ©p = 308
K, similar to our determination from the high tempera-
ture limit. The specific heat data show that a strongly
correlated Fermi liquid develops at the lowest temper-
atures in YboSigAl with a Sommerfeld constant « that
has a magnitude that is typical of other Yb Kondo lattice
compounds, 4245750

The magnetic susceptibility and specific heat mea-
surements are overall consistent with YboSis Al having
a substantial degree of hybridization 7 between the Yb
moments and the conduction electrons. At the high-
est temperatures, Yb3t atoms with the full Hund’s rule
moment exhibit single ion behavior within a metallic
background with minimal electronic correlations. Be-
low a characteristic temperature of ~15 K, these mo-
ments have been co-opted into a collective state, where
their interaction with the conduction electrons leads to a
strongly interacting electronic fluid that seems to coexist
with more localized states with excitations that suggest
an origin in the quenching of individual Yb moments
within the Kondo lattice. These observations are con-
sistent with those found in Yb-based intermediate va-
lence systems,*?%°50 suggesting that the hybridization
J is considerably stronger in YbsSizAl than in nearly
isostructural YboPtoPb. The subsequent electron spec-
troscopy and x-ray absorption measurements will give ev-
idence for the strong intermediate valent character of Yb
in Yb2812A1



C. Electrical Resistivity

The temperature dependence of the electrical resistiv-
ity p(T) was measured in a PPMS at temperatures be-
tween 300 and 2 K, with a 500 gA current parallel to (001)
(Fig.3a). p(T) shows metallic behavior at all tempera-
tures, with a bulge between 100 K-200K that is sug-
gestive of spin fluctuations. For temperatures 20 < T' <
100 K, the resistivity follows a quadratic temperature de-
pendence p(T) = po + AT? (Fig.3b). The small value of
po=28.384+0.04 uf2 - cm confirms the good quality of our
single crystal samples, while the relatively large value of
the coefficient A = 0.0027 u€2-cm-K~2 is consistent with
a correlated ground state. Combined with the specific
heat analysis, the resistivity results imply a Kadowaki-
Woods (KW) ratio® A/42=0.31 uQ-cm-(Ybmol-K/J)?.
This value of the Kadowaki-Woods ratio is consistent
with those found in other Yb compounds, but is more
than an order of magnitude lower than the values found in
many heavy fermion compounds?®°2. It has been noted
that this difference can be traced to the generally larger
degeneracy of the Yb moments, relative to those found
in heavy fermion Ce compounds.

For T < 20 K, the temperature dependence p(T) be-
comes weaker than T2, following a power law p(T) =
a+bT*, with x = 1.2+0.1. Anomalous power law resistiv-
ity has been observed in many heavy-fermion compounds
and indicates physics outside of the Fermi-liquid regime.
A possibility for this weakening of the the temperature
dependence is an unconventional phase transition, with
a nearby QCP being a likely candidate.

IV. YB VALENCE

The intermediate valent character of YbySis Al has
been established with hard x-ray (hv;, =6.47keV) va-
lence band and 3d core level photo electron spectroscopy
(HAXPES) and the temperature dependence has been
measured in detail with L-edge x-ray absorption in the
high resolution partial fluorescence yield (PFY-XAS)
and resonant x-ray emission (RXES) (hv;,~8.5keV).
Both methods are bulk sensitive due to the hard x-
rays. The methods are based on the presence of a core
hole that acts differently on the two valence configu-
rations that form the intermediate valent ground state
(c13f3 +c1aft).  Accordingly, spectral features (cf!?
and cf'%L with ¢ representing a core hole) appear in
the XAS or PES spectra. The intensities I(cf!3) and
I(cf1*L) (referred to as I(f'?) and I(f*) for simplic-
ity) of these structures can be related to the weights
(c35, 1) of the f states in the initial state. For Yb?3
final state effects are much smaller than, for example
Ce so that we omit an Anderson impurity model in
the formalism ®* of Gunnarson and Schénhammer.?® In-
stead we assume that the f13 and f'* related spectral
weights resemble the respective proportions in the ground
state with I(f'%)/[I(f'?)+I(f'*)]~ci3=n; with va-
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A. HAXPES: absolute values

The beamline and experimental set-up for the HAX-
PES experiment are described in the Appendix. Data of
the valence band (Fig. 4 (a)) and 3d core levels (Fig. 4 (b))
were taken at 80 (blue) and 300K (red). The respective
configurations and multiplet structures are marked in the
figures.

In the valence band data in Fig.4 (a) the multiplet
structures of both Yb configurations are visible, the Yb2*
4f7/2 and 4f5,5 peaks near the Fermi energy Er and at
1.5eV, and the Yb3* 4 f multiplet structure in the energy
range of 5 to 12eV. Hence the material has a valence be-
tween two and three. There is a small but distinct trans-
fer from Yb?* to Yb?* with rising temperature (compare
red and blue lines).

Fig. 4 (b) shows the Yb3ds,, and 3ds 5 core level spec-
tra and also here both Yb configurations are present;
single lines at 1520 and 1567eV for Yb?T and broad
multiplet structures that arise from Coulomb interaction
between the 3d and 4f holes in the electron configura-
tion of the 3d%4f'3 final states. Also here we find more
Yb3t intensity at 300 K with respect to 80 K (compare
red and blue lines). The pronounced humps at 1545 and
1592¢eV are attributed to plasmon intensities and have
to be assigned to all emission lines for a quantitative
analysis.?%5” The plasmon position and relative intensity
with respect to the main emission lines can be determined
from the Sils single emission line in Fig. 4 (c) that was
measured at the same sample.

The core level and valence band data resemble the
spectra of other intermediate valent Yb compounds. 73763
For a quantitative analysis of the present core level spec-
tra we have simulated the spectral shapes with a full
multiplet calculation using the XTLS 9.0 program %¢ af-
ter subtracting an integrated background % (black dotted
curve) and broadening in due consideration of the plas-
mon contributions.?®>” The resulting spectral weights
yield an Yb valence of vy =2.68(2) and 2.71(2) for T'=80
and 300 K, respectively.

B. High resolution L-edge XAS: temperature
dependence

The temperature dependence has been studied in
greater detail at the Yb L-edge with the PFY-XAS and
RXES. In the PFY mode the incident energy is scanned
and the L,; decay process is recorded. These spectra
benefit from a reduced spectral width with respect to
total fluorescent yield data since a decay from an in-
termediate state with longer life time is detected. For
RXES the incident energy is set resonantly to the en-
ergy of the Yb?T absorption line (here hv= 8938 eV) and
the energy transfer is scanned. This enhances strongly
the Yb%* contribution and is therefore ideal for studying
relative changes of the valence as function of an exter-
nal parameter like temperature, doping or pressure.56-70
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FIG. 5. (a) PFY-XAS La1 data of Yb2SizAl for T =25 (blue
dots) and 300K (red dots), and fit to 300 K data (black line)
(b) RXES data for at hv= 8938 eV incident energy for several
temperatures and empirical assignment of spectral weights.
Insets: regions of Yb?T and Yb3*t peak positions on extended
scales. (c) valence as function of temperature.

Experimental details are given in the Appendix.

In Fig.5(a) the PFY-XAS spectra of YbySisAl are
shown for 25 and 300 K. The data are analyzed by as-
signing identical lineshapes to the Yb%+ and Yb3t+ con-
tributions in the spectra, each with a tanh-type back-
ground and a background to account for the EXAFS
above 8960 eV. The PFY-XAS spectra clearly reflect the
intermediate valent character of YbsSisAl. The valence
at 300 K obtained from the spectral weights in the PFY-
XAS data differs slightly from the HAXPES analysis. We
find 2.66(2) at 300K instead of 2.71(2) as in HAXPES.
We ascribe the difference to the fact that the line shapes
of the spectral weights in the L-edge are given by the
empty 5d density of states and are therefore less well de-
fined. At 25K the PFY data yield a valence of 2.61(2).

RXES data were collected for several temperatures be-
tween 25 and 300 K. The spectra of some selected tem-
peratures are shown in Fig.5(b) and the insets show
the regions of the Yb?t and Yb3t peak positions on
a expanded scale. The decrease of the Yb?T and in-
crease of Yb3t spectral weight with increasing temper-
ature over the entire temperature range is clearly visi-
ble. The empirically assigned spectral weights give the
valence v¢(T') as function of T, however, due to the res-
onant enhancement of the Yb?T contribution these val-
ues have to be calibrated to the PFY-XAS values at 25
and 300 K. The valence as function of temperature is dis-
played in Fig.5(c). The valence changes from 2.61 at



25K to 2.66 at 300K, i.e. the overall change in the Yb
valence is small and comparable with e.g. strongly inter-
mediate valence YbaNija(P, As);.50

V. DISCUSSION

Our experiments are very clear that YbySis Al is an in-
termediate valence compound. The HAXPES data show
that both Yb%t and Yb3* multiplets are present at room
temperature. The Yb valence of YbySisAl is strongly
non-integer, 2.68(2) at 80K, and 2.71 at 300 K which
points towards strong valence fluctuations even at room
temperature. The Curie-Weiss temperature dependence
of the magnetic susceptibility is relatively insensitive to
the intermediate Yb valence, at least for temperatures
larger than ~ 100K so that we identify the coherence
temperature T to be of the order of ~100K, i.e. at
larger temperatures, the Yb moments exhibit single ion
behavior, below they approach a coherent state.

The low temperature Sommerfeld coefficient of the or-
der of 0.1J/mol Yb-K? in YbySipAl suggests a strongly
correlated ground state. The combination of substantial
valence fluctuations with strong correlations is a feature
of Yb Kondo lattice compounds. This result may initially
seem counterintuitive, since for Ce ions the f-electron
states are generally far from the Fermi level, and strong
departures from integer valence are only possible when
the hybridization is too strong to sustain Kondo physics.
For Yb ions, the f-levels are in general much closer to
the Fermi level, permitting substantial valence fluctua-
tions even when the hybridization is weak enough to en-
able Kondo physics. The strongly enhanced Fermi liquid
state and the substantial admixture of Yb?* states in the
Yb ground state wave function indicate that this picture
is appropriate for YboSigAl as it is for example in a-
and 3-YbAIB4,%2 YbFeyAlyo,”! YbCuAl ™ YbRh,Si,,??
YbCUQSi2,49 or ngNilg(P,AS)7.50

Further evidence for a temperature scale that could
be associated with Kondo compensation comes from the
temperature dependence of the electronic specific heat
AC/T. As indicated in Fig.2(a,c), there is a pro-
nounced peak in AC/T that is centered at T ~32K
that can be qualitatively described by the Bethe ansatz
expression for the Coqblin-Schrieffer model,?%" corre-
sponding to a Kondo temperature in the range of 15 K-
32K, depending on the effective angular momenta of
the Yb moments. The excess entropy S™? associated
with the onset of the strongly correlated electronic state
and the peak can be determined by integrating AC/T,
ie. Sm8 = [dTAC/T (Fig.2(c)). S™2 reaches the
value RIn2 at a temperature near 60K, and using the
Schotte criterion 7 S(Txk)=1/2R1n2, we estimate that
the Tk ~ 32K, the same temperature where AC/T dis-
plays a maximum.

Many of the comparable materials that we have dis-
cussed show evidence for non Fermi Liquid behavior at
low temperatures in their resistivity over some range

of magnetic field and applied pressure. Intriguingly,
YbRh,Sis " and other materials such as CeColns’® show
linear low temperature resistivity similar to YbsSisAl,
signaling a QCP associated with a transition into an
unconventional superconducting state. We observe no
superconductivity to temperatures as low as 1.8 K in
YboSis Al. We note that the observation of x = 1.2 indi-
cates that YbsSio Al is not naturally located precisely at
such a QCP where we would anticipate z = 1.7 We
also note that linear resistivity would be expected in the
case of a more conventional two dimensional spin density
wave antiferromagnetic QCP if the quantum critical spin
fluctuations were coupled to the conductions electrons.2°

The emerging picture is that with increasing temper-
ature, the collapse of the strongly correlated state and
the occupation of the excited state implied by the spe-
cific heat anomaly releases the entropy associated with
a Kramers doublet. The implication is that the Yb mo-
ments that lead to the Curie-Weiss susceptibility above
100 K are effectively in a doublet ground state, where the
other doublets that are created when the crystal field lifts
the 8-fold degeneracy of the Yb3* ions are presumed to
be at much higher energies. With reduced temperature
there are continuous modifications to the Yb valence, but
there is sufficient Yb3* content that the Kondo effect re-
mains energetically advantageous, even at temperatures
that are as low as ~30K.

VI. CONCLUSION

Our objective is to identify a stoichiometric and low-
dimensional RyT5X compound where the exchange cou-
pling J of the Yb-based f-electrons to the conduction
electrons is relatively large. It has been previously de-
duced that J can be varied continuously in the series
YbQ(deNil_x)QSn,81 and in ngPdg(Sannl_x),SQ’M
where the Sommerfeld coefficient increases as the sys-
tem passes from intermediate valence to Kondo, and then
drops with the advent of antiferromagnetic order. While
these systems provide the ability to tune the electronic
scales continuously, the disorder that inevitably accom-
panies doping may make interpretation of the measure-
ments problematic. In general, a stoichiometric com-
pound is preferred. Like these compounds, the hierar-
chy of interion distances indicate that YboSisAl is also
quasi-two dimensional, and in the absence of conduction
electron hybridization could also be expected to display
quantum mechanical excitations, particularly those asso-
ciated with the collapse of the various exotic magnetic
states that are predicted to occur in the SSL. The ex-
perimental results presented here show that the Yb mo-
ments in YbsSis Al are much more strongly coupled to
the conduction electrons than those in YbsPtoPb. The
crucial question, as yet unanswered, is whether fraction-
alized excitations are also present in YboSisAl and if
they are only slightly modified by coupling of the Yb
ions to the conduction electrons, as in YboPtoPb, or if



they are quenched, yielding conventional magnetic exci-
tations familiar to us from heavy fermion and intermedi-
ate valence compounds.?® Exciting new physics may be
expected near the crossover between these two regimes
and future measurements, including neutron scattering
will provide the means for placing YboSiz Al within this
range of possible behaviors.
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VII. APPENDIX

HAXPES: The HAXPES experiments with
hv=6.47 keV were performed at the Taiwan beam-
line BL12XU at SPring-8. The HAXPES spectra were

taken by using a hemispherical analyzer (MB Scientific
A-1 HE) and the overall energy resolution was set to
250meV for the Yb 3ds/s, 3dz/ and valence-band
spectra. Clean surfaces of the samples were obtained by
cleaving in-situ under the base pressure of 10~ mbar at
room temperature. The binding energy of the spectra
was calibrated by the Fermi edge of a gold film.

PFY-XAS and RXES: PFY-XAS and RXES,
as photon-in-photon-out techniques, provide probing
depths of the order of 10 pum, make them truly bulk-
sensitive. PFY-XAS and RXES experiments were per-
formed at the GALAXIES inelastic scattering end sta-
tion at the SOLEIL synchrotron in France.®¢ The syn-
chrotron radiation was monochromatized using a Si(111)
nitrogen-cooled fixed-exit double-crystal monochroma-
tor (AE/E ~ 1.4 x 107%), followed by a Pd-coated
spherical collimating mirror. The RIXS spectrometer
was equipped with a Si(620) analyzer (R = 1m) oper-
ated around 76.7° Bragg angle. Normalization was per-
formed using a monitor placed just before the sample
that recorded the scattered radiation from a Kapton foil
placed in the beam path. The flight path was filled with
helium gas to reduce the air scattering and the samples
were cooled in a helium cryostat.
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B. J. Powell and R. H. McKenzie, Reports on Progress in

Physics 74, 056501 (2011).

2 P. A. Lee, Journal of Physics:

012001 (2014).

L. Savary and L. Balents, Reports on Progress in Physics

80, 016502 (2017).

4Y. Zhou, K. Kanoda, and T.-K. Ng, Reviews of Modern
Physics 89, 025003 (2017).

® P. W. Anderson, Mat. Res. Bull. 8(2), 153 (1973).

6 P. W. Anderson, Science 235, 1196 (1987).

7 P. A. Lee, N. Nagaosa, and X.-G. Wen, Reviews of Modern
Physics 78, 17 (2006).

8 1.1. Mazin, H. O. Jeschke, F. Lechermann, H. Lee, M. Fink,
R. Thomale, and R. Valenti, Nat. Comm. 5, 4261 (2014).

9 H. A. Dabkowska, A. B. Dabkowski, G. M. Luke, S. R.
Dunsiger, S. Haravifard, M. Cecchinel, and B. D. Gaulin,
J. Cryst. Growth 306, 123 (2007).

107 A. Kelly, M. J. Gallagher, and T. M. McQueen, Phys.
Rev. X 6, 041007 (2016).

11 J. R. Stewart, B. D. Rainford, R. S. Eccleston, and R. Cy-
winski, Phys. Rev. Lett. 89, 186403 (2002).

123 A. M. Paddison, J. R. Stewart, P. Manuel, P. Courtois,
G. J. Mclntyre, B. D. Rainford, and A. L. Goodwin, Phys.
Rev. Lett. 110, 267207 (2013).

13 H. He, W. Miiller, and M. C. Aronson, Inorg. Chem.
53(17), 9115 (2014).

149, Nakatsuji, Y. Machida, Y. Maeno, T. Tayama, T. Sakak-

ibara, J. van Duijn, L. Balicas, J. N. Millican, R. T.

Macaluso, and J. Y. Chan, Phys. Rev. Lett. 96, 087204

(2006).

Conference Series 529,

15 V. Fritsch, S. Lucas, Z. Huesges, A. Sakai, W. Kit-
tler, C. Taubenheim, S. Woitschach, B. Pedersen,
K. Grube, B. Schmidt, P. Gegenwart, O. Stockert, and
H. v. Lohneysen, Journal of Physics: Conf. Series 807,
0320032017 (2017).

16§, Lucas, K. Grube, C.-L. Huang, A. Sakai, S. Wunder-
lich, E. L. Green, J. Wosnitza, V. Fritsch, P. Gegenwart,
O. Stockert, and H. v. Lohneysen, Physical Review Letters
118, 107204 (2017).

7Y, Tokiwa, M. Garst, P. Gegenwart, S. L. Bud’ko, and
P. C. Canfield, Phys. Rev. Lett. 111, 116401 (2013).

18 B. S. Shastry and B. Sutherland, Physica 108B, 1069
(1981).

19°S. Miyahara and K. Ueda, J. Phys.: Cond. Matt. 15, R327

(2003).

J. Etourneau, J. P. Mercurio, A. Berrada, P. Hagenmuller,

R. Georges, R. Bourezg, and J. C. Gianduzzo, Journal of

the Less Common Metals 67, 531 (1979).

21 7. Fisk, M. B. Maple, D. C. Johnston, and L. D. Woolf,
Solid State Commun. 39, 1189 (1981).

22 §. Michimura, A. Shikegawa, F. Iga, M. Sera, T. Taka-
batake, K. Ohoyama, and Y. Okabe, Physica B 378-380,
596 (2006).

28 F. Iga, A. Shigekawa, Y. Hasegawa, S. Michimura, T. Tak-
abatake, S. Yoshii, T. Yamamoto, M. Hagiwara, and
K. Kindo, J. Magn. And Magn. Mater. 310, e443 (2007).

24§, Mat’as, K. Siemensmeyer, E. Wheeler, E. Wulf,
R. Beyer, T. Hermannsdorfer, O. Ignatchik, M. Uhlarz,
K. Flachbart, S. Gabani, P. Priputen, A. Efdokimova, and
N. Shitsevalova, Journal of Physics: Conference Series 200,
032041 (2010).

%5 M. S. Kim, M. C. Bennett, , and M. C. Aronson, Phys.
Rev. B 77, 144425 (2008).

20



27

28

29

30

31

32

33

34

35

36
37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

M. S. Kim and M. C. Aronson, J. Phys.: Cond. Matt. 23,
164204 (2011).

M. S. Kim and M. C. Aronson, Phys. Rev. Lett. 110,
017201 (2013).

M. Lukachuk and R. Pé&ttgen, Z. Kristallogr. 218, 767
(2003).

U. C. Rodewald, B. Chevalier,
State Chem. 180, 1720 (2007).
L. S. Wu, W. J. Gannon, I. A. Zaliznyak, A. M. Tsvelik,
M. Brockmann, J.-S. Caux, M. S. Kim, Y. Qiu, J. R. Cop-
ley, G. Ehlers, A. Podlesnyak, and M. C. Aronson, Science
352, 1206 (2016).

B.-J. Yang, Y. B. Kim, J. Yu,
Review B 77, 104507 (2008).

B. S. Shastry and B. Kumar, Prog. Theor. Phys. Suppl.
145, 1 (2002).

C.-H. Chung and Y. B. Kim, Phys. Rev. Lett. 93, 207004
(2004).

B. H. Bernhard, B. Cogblin, and C. Lacroix, Phys. Rev.
B 83, 214427 (2011).

J. H. Pixley, R. Yu, and Q. M. Si, Phys. Rev. Lett. 113,
176402 (2014).

L. Su and P. Sengupta, Phys. Rev. B 92, 165431 (2015).
C. Kranenberg and A. Mewis, Z. Anorg. All. Chem. 626,
1448 (2000).

K. V. Shah, P. Ponville, P. Manfrinetti, F. Wrubl, and
S. K. Dhar, Journal of Physics:Condensed Matter 21,
176001 (2009).

A. C. Hewson, D. M. Newns, J. W. Rasul, and N. Read,
J. Magn. and Magn. Mater. 47-48, 354 (1985).

B. C. Sales and D. K. Wohlleben, Phys. Rev. Lett. 35,
1240 (1975).

J. C. P. Klaasse, F. R. de Boer,
Physica 106B, 178 (1981).

Z. Fisk, J. L. Sarrao, J. L. Smith, and J. D. Thompson,
Proc. Nat. Acad. Sci. 92, 6663 (1995).

and R. Pottgen, J. Solid

and K. Park, Physical

and P. F. de Chatel,

54
55

56

58

59

60

61

62

D. I. Khomskii, Basic Aspects of the Quantum Theory of Solids

(Cambridge University Press, 2010).

F. Reif, Fundamentals of Statistical and Thermal Physics
(McGraw-Hill Book Company, 1965).

A. Bleckwedel, A. Eichler, and R. Pott, Physica B+C 107,
93 (1981).

N. Tsujii, H. Kontani, and K. Yoshimura, Phys. Rev. Lett.
94, 057201 (2005).

S. Nakatsuji, K. Kuga, Y. Machida, T. Tayama, T. Sakak-
ibara, Y. Karaki, H. Ishimoto, S. Yonezawa, Y. Maeno,

E. Pearson, G. G. Lonzarich, L. Balicas, H. Lee, and
S. Fisk, Nature Physics 4, 603 (2008).
Y. Matsumoto, K. Kuga, T. Tomita, Y. Karaki, and

S. Nakatsuji, Phys. Rev. B 84, 125126 (2011).

A. Fernandez-Panella, V. Balédent, D. Braithwaite,
L. Paolasini, R. Verbeni, G. Lapertot, and J.-P. Rueff,
Physical Review B 86, 125104 (2012).

W. B. Jiang, L. Yang, C. Y. Guo, Z. Hu, J. M. Lee,
M. Smidman, Y. F. Wang, T. Shang, Z. W. Cheng, F. Gao,
H. Ishii, K. D. Tsuei, Y. F. Liao, X. Lu, L. H. Tjeng, J. M.
Chen, and H. Q. Yuan, Scientific Reports 5, 17608 (2015).
K. Kadowaki and S. B. Woods, Solid State Communica-
tions 58, 507 (1986).

N. Tsujii, K. Yoshimura, and N. Kosuge, Journal of
Physics: Condensed Matter 15, 1993 (2003).

K. Kummer, Y. Kucherenko, S. Danzenbacher, C. Krellner,
C. Geibel, M. G. Holder, L. V. Bekenov, T. Muro, Y. T.
Kato, Kinoshita, S. Huotari, L. Simonelli, S. L. Molodtsov,

63

64

66

67

68

69

70

C. Laubschat, and D. V. Vyalikh, Phys. Rev. B 84, 245114
(2011).

P. W. Anderson, Phys. Rev. 124, 41 (1961).

O. Gunnarsson and K. Schénhammer, Phys. Rev. B 28,
4315 (1983).

F. Strigari, M. Sundermann, Y. Muro, K. Yutani, T. Tak-
abatake, K.-D. Tsuei, Y. Liao, A. Tanaka, P. Thalmeier,
M. Haverkort, L. Tjeng, and A. Severing, J. Elec. Spec.
and Rel. Phen. 199, 56 (2015).

M. Sundermann, F. Strigari, T. Willers, J. Weinen,
Y. Liao, K.-D. Tsuei, N. Hiraoka, H. Ishii, H. Yamaoka,
J. Mizuki, Y. Zekko, E. Bauer, J. Sarrao, J. Thompson,
P. Lejay, Y. Muro, K. Yutani, T. Takabatake, A. Tanaka,
N. Hollmann, L. Tjeng, and A. Severing, J. Elec. Spec.
and Rel. Phen. 209, 1 (2016).

H. Sato, K. Shimada, M. Arita, K. Hiraoka, K. Ko-
jima, Y. Takeda, K. Yoshikawa, M. Sawada, M. Nakatake,
H. Namatame, M. Taniguchi, Y. Takata, E. Ikenaga,
S. Shin, K. Kobayashi, K. Tamasaku, Y. Nishino, D. Miwa,
M. Yabashi, and T. Ishikawa, Phys. Rev. Lett. 93, 246404
(2004).

S. Suga, A. Sekiyama, S. Imada, A. Shigemoto, A. Ya-
masaki, M. Tsunekawa, C. Dallera, L. Braicovich, T.-L.
Lee, O. Sakai, T. Ebihara, and Y. Onuki, Journal of the
Physical Society of Japan 74, 2880 (2005).

J. Yamaguchi, A. Sekiyama, S. Imada, H. Fujiwara,
M. Yano, T. Miyamachi, G. Funabashi, M. Obara, A. Hi-
gashiya, K. Tamasaku, M. Yabashi, T. Ishikawa, F. Iga,
T. Takabatake, and S. Suga, Phys. Rev. B 79, 125121
(2009).

S. Suga, A. Sekiyama, S. Imada, J. Yamaguchi,
A. Shigemoto, A. Irizawa, K. Yoshimura, M. Yabashi,
K. Tamasaku, A. Higashiya, and T. Ishikawa, J. Phys.
Soc. Jpn 78, 074704 (2009).

M. Okawa, M. Matsunami, K. Ishizaka, R. Eguchi,
M. Taguchi, A. Chainani, Y. Takata, M. Yabashi,
K. Tamasaku, Y. Nishino, T. Ishikawa, K. Kuga, N. Horie,
S. Nakatsuji, and S. Shin, Phys. Rev. Lett. 104, 247201
(2010).

Y. Utsumi, H. Sato, S. Ohara, T. Yamashita, K. Mimura,
S. Motonami, K. Shimada, S. Ueda, K. Kobayashi, H. Ya-
maoka, N. Tsujii, N. Hiraoka, H. Namatame, and
M. Taniguchi, Phys. Rev. B 86, 115114 (2012).

A. Tanaka and T. Jo, Journal of the Physical Society of
Japan 63, 2788 (1994).

D. A. Shirley, Phys. Rev. B 5, 4709 (1972).

C. Dallera, M. Grioni, A. Shukla, G. Vankd, J. L. Sarrao,
J. P. Rueff, and D. L. Cox, Phys. Rev. Lett. 88, 196403
(2002).

L. Moreschini, C. Dallera, J. J. Joyce, J. L. Sarrao, E. D.
Bauer, V. Fritsch, S. Bobev, E. Carpene, S. Huotari,
G. Vanké, G. Monaco, P. Lacovig, G. Panaccione, A. Fon-
dacaro, G. Paolicelli, P. Torelli, and M. Grioni, Phys. Rev.
B 75, 035113 (2007).

H. Yamaoka, I. Jarrige, N. Tsujii, N. Hiraoka, H. Ishii, and
K.-D. Tsuei, Phys. Rev. B 80, 035120 (2009).

J.-P. Rueft, S. Raymond, M. Taguchi, M. Sikora, J.-P. Itié,
F. Baudelet, D. Braithwaite, G. Knebel, and D. Jaccard,
Phys. Rev. Lett. 106, 186405 (2011).

H. Sato, H. Yamaoka, Y. Utsumi, H. Nagata, M. A.
Avila, R. A. Ribeiro, K. Umeo, T. Takabatake, Y. Zekko,
J. Mizuki, J.-F. Lin, N. Hiraoka, H. Ishii, K.-D. Tsueli,
H. Namatame, and M. Taniguchi, Phys. Rev. B 89, 045112
(2014).



71

72

P. Khuntia, P. Peratheepan, A. M. Strydom, Y. Utsumi,
K.-T. Ko, K.-D. Tsuei, L. H. Tjeng, F. Steglich, and
M. Baenitz, Phys. Rev. Lett. 113, 216403 (2014).

H. Yamaoka, N. Tsujii, Y. Utsumi, H. Sato, I. Jarrige,
Y. Yamamoto, J.-F. Lin, N. Hiraoka, H. Ishii, K.-D. Tsuei,
and J. Mizuki, Phys. Rev. B 87, 205120 (2013).

V. T. Rajan, Phys. Rev. Lett. 51, 308 (1983).

H.-U. Desgranges and K. D. Schotte, Phys. Letts. 91A,
240 (1982).

F. Steglich, H. Pfau, S. Lausberg, S. Hamann, P. Sun,
U. Stockert, M. Brando, S. Friedemann, C. Krellner,
C. Geibel, S. Wirth, S. Kirchner, E. Abrahams, and Q. Si,
Journal of the Physical Society of Japan 83, 061001 (2014).
V. A. Sidorov, M. Nicklas, P. G. Pagliuso, J. L. Sarrao,
Y. Bang, A. V. Balatsky, and J. D. Thompson, Physical
Review Letters 89, 157004 (2002).

P. Coleman and A. J. Schofield, Nature 433, 226 (2005).
Q. Si and F. Steglich, Science 329, 1161 (2010).

O. Stockert and F. Steglich, Annual Reviews of Condensed
Matter Physics 2, 79 (2011).

80

81

82

83

84

86

10

S. Sachdev, Quantum Phase Transitions (Cambridge Uni-
versity Press, 1999).

F. Kikuchi, K. Hara, E. Matsuoka, H. Onodera, S. Naka-
mura, T. Nojima, K. Katoh, and A. Ochiai, J. Phys. Soc.
Japan 78, 083708 (2009).

E. Bauer, G. Hilscher, H. Michor, C. Paul, Y. Aoki,
H. Sato, M. Giovannini, and A. Saccone, J. Magn. and
Magn. Mater. 272-276, 237 (2004).

E. Bauer, G. Hilscher, H. Mochor, C. Paul, Y. Aoki,
H. Sato, D. T. Adroja, J.-G. Park, P. Bonville, C. Go-
dart, J. Sereni, M. Giovannini, and A. Saccone, J. Phys. :
Cond. Matt. 17, S999 (2005).

E. Bauer, R. T. Khan, M. Giovannini, and C. Ritter, Phys.
Stat. Sol 247B, 717 (2010).

F. Fernandez-Alonso and D. L. Price, Experimental Meth-
ods in the Physical Sciences 48, 99 (2015).

J. P. Rueff, J. M. Ablett, D. Céolin, D. Prieur, T. Moreno,
V. Balédent, B. Lassalle-Kaiser, J. E. Rault, M. Simon,
and A. Shukla, Journal of Synchrotron Radiation 22, 175
(2015).




