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Dual Kondo effect charge ordering and zero
thermal expansion in a correlated intermetallic

Yen-Fa Liao', Bodry Tegomo Chiogoz, Thomas Clausse® 2, Thomas Mazet® 2, Ku-Ding Tsuei,
Daniel Malterre?®™ & Ashish Chainani@® 1™

The possibility that valency changes due to the Kondo effect induce a charge-density-wave
(CDW) transition and lead to zero-thermal-expansion by compensating the accompanying
structural changes is appealing from both a fundamental and applied physics perspective.
Theoretical studies have predicted CDW-order caused by the Kondo effect, whereby a
material would exhibit a temperature-dependent dual Kondo effect comprising of two sub-
lattices with different single-ion Kondo temperatures, but its experimental realization remains
elusive. Here, we show direct evidence of a dual Kondo effect providing the electronic energy
gain for a CDW accompanied by zero-thermal-expansion, in a strongly correlated f-electron
material. YbPd undergoes a cubic to tetragonal transition with an incommensurate-CDW
below T; =130 K, which becomes commensurate below T, =105 K. Bulk-sensitive spectro-
scopy reveals temperature-independent ytterbium single-site mixed-valence above T;, and a
clear temperature-dependent mixed-valence charge-disproportionation of two crystal-
lographic ytterbium sites in the CDW phases. Simplified single-impurity Anderson model
calculations prove existence of a dual Kondo mixed-valency coupled to the CDW changes
associated with the two ytterbium sites, and quantify site-dependent single-ion Kondo
temperatures. The dual Kondo temperatures track the evolution of lattice parameters,
resulting in a cell-volume compensated Kondo-CDW phase. The results provide a route to
develop room temperature intermetallic zero-thermal-expansion materials.
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any-body interactions often lead to unusual behavior
M due to an emergent low-energy scale, which is

responsible for the low-temperature (T) physical
properties of solids. Symmetry breaking and phase transitions are
spectacular effects originating in many body interactions.
Superconductivity! and charge-density-wave (CDW)-order? are
typical examples of collective broken symmetry ground states,
which can arise from electron-phonon interactions. Singular
physics can also emerge from a single orbital with strong on-site
Coulomb correlations hybridized with a conduction band, as in
the Kondo effect®4. The coexistence of CDW-order and super-
conductivity is known for many systems such as transition-metal
dichalcogenides™®, intermetallics, organic and inorganic
compounds’, including the high-Tc cuprates®?. In an early the-
oretical study of the 1D (dimensional) Kondo-lattice model with
strong on-site Kondo coupling J, a CDW-order was predicted at
quarter-filling!®. More recently, using single-site dynamical
mean-field theory (DMFT)!1, a bipartite Kondo lattice at quarter-
filling showed a pure ferromagnetic phase at low-T, a coexistence
regime of ferromagnetism and CDW-order at intermediate T, and
a paramagnetic insulating CDW phase at higher T. In another
study!? using cellular (C)-DMFT and variational Monte-Carlo
calculations in 2D, it was shown that an antiferromagnetic (AF)
insulating CDW phase at T=0 became a paramagnetic CDW-
metal at small 7. A CDW phase characterized by charge dis-
proportionation due to partial Kondo screening was also reported
for the periodic Anderson model on a 2D triangular lattice with
repulsive on-site Coulomb interactions even in the absence of
inter-site Coulomb interactions!3-1>. Surprisingly, in spite of
these theoretical predictions!?-1, there is no experimental evi-
dence of a material exhibiting CDW-order due to the Kondo
effect. In particular, while f-electron containing CDW systems
have been reported, spectroscopic studies showed that the CDW
was associated with non-f electrons!®17. A recent study!8 on
UPt,Si, suggested interplay between CDW-order and Kondo-
lattice behavior before AF-order sets in at Ty = 35K, but spec-
troscopic evidence of the role of U 5f electrons is awaited. Con-
sidering the more general case of Kondo effect modifying lattice
properties, a Kondo mixed-valence driven zero-thermal-
expansion (ZTE) was proposed!® to explain the properties of
YbGaGe because Yb>*t ions exhibit a larger crystal radius than
Yb3+t ions. However, later studies showed that it was due to
interstitial impurities and not mixed-valence?0-?2. Further, in the
anomalous thermal expansion square-net compounds RE,;MGeg
(RE=Yb, Gd, M =Cr-Ni, Ag), which showed CDW modula-
tions, the role of f-electron mixed-valence was ruled out by
comparing RE properties?>.

YbPd is a metal that exhibits two sharp transitions in the
specific heat at T; =130K and T,=105K, becoming more
metallic with steps in electrical resistivity at T; and T5, followed
by AF-ordering at Ty = 1.9 K arising from a competition between
Ruderman-Kittel-Kasuya-Yosida (RKKY) interaction and the
Kondo effect?4-28, The resistivity further reduces below Ty, and
YbPd remains metallic down to the lowest measured temperature
of 40 mK?28. YbPd lies between trivalent YbPd; and divalent
YbsPd in the Yd-Pd phase diagram?¥, corroborating the Yb
valence instability evidenced by experiments. 170Yb-Méssbauer
measurements at T=0.05K and 1.4K confirmed the AF-
ordering below Ty and mixed-valence indicating two Yb sites
with differing charge states, one magnetic and the other non-
magnetic2>. The Yb3T site showed a magnetic moment much
smaller than the free ion value, inconsistent with a I's symmetry
ground state inferred from inelastic neutron scattering®®, sug-
gesting a significant 4f-conduction band hybridization?®. Further,
the other non-magnetic YD site suggested a stronger hybridization
indicative of a dominant Kondo effect?>2°,

X-ray absorption spectroscopy (XAS) at the Yb-L; edge?8 and
low-energy photoemission?? showed mixed-valency with an
average Yb valence v,, ~2.8 at T=300K. While many studies
have shown that T-dependent high-energy spectroscopies are
powerful to analyze the mixed-valence of Ce and Yb compounds
and estimate the Kondo energy39-34, such an analysis of YbPd has
not been reported, although T-dependent valency changes were
reported?8. Recent X-ray diffraction studies revealed an incom-
mensurate (I)-CDW order below T; = 130 K with a wave vector
Q, = (+0.07 £0.07 1/2), which becomes a commensurate (C)-
CDW at T, = 105K, with wave vector Q, = (0 0 1/2)27:35, The
high-T cubic YbPd with lattice parameters a = b = ¢ and one Yb
crystallographic site, deforms into a tetragonal (T”) structure
below T; with a1 = by # ¢t [see Fig. 1(a), (b)] and a displacement
of Pd atoms along the c-axis. This leads to a unit-cell doubling
along the c-axis (2cr=cr) in the T“-phase with a trivalent
magnetic Yb;-site and a mixed-valent non-magnetic Yb,-site with
valency v ~ 2.6, consistent with the Mossbauer study?>.

A CDW transition is governed by a competition of elastic and
electronic energies since a structural distortion with positive
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Fig. 1 Schematic structure of YbPd across the CDW transition and
evolution of Yb mixed valence. Panels a and b show the schematic crystal
structure in the cubic and tetragonal phases of YbPd. The cubic phase has a
single crystallographic site, while the tetragonal phase has two distinct
crystallographic sites, Yb; and Yb,, respectively. Panel ¢ shows the
experimental Yb-3ds,, core-level HAXPES of YbPd between 20 K and
200 K. The solid black line is the Shirley background subtracted to estimate
the Yb-3ds,,-spectral weight. Below the CDW transition (T; =130 K), the
spectra exhibit a T-dependent valence change but are T-independent above
T;. The experimental and calculated difference spectra for the T=20 K and
T=15K obtained by subtracting the T= 200 K spectrum shows
consistent change in mixed valence as discussed in the text, while the
difference spectra for T=135K and T=160 K show negligible changes.
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energy gets compensated by a negative electronic energy. In the
classic 1D-Peierls transition, the electronic energy stabilization
occurs via electron-phonon coupling with a Kohn anomaly,
divergence in the electronic susceptibility, and Fermi surface
nesting (FSN), which opens a gap in electronic states2. For some
quasi-2D-systems like 2H-NbSe,, a more general momentum-
dependent electron-phonon coupling causes an [I-CDW with
maxima in the electronic susceptibility without FSN>®36:37 In an
alternative picture for 2H-NbSe,, and for Cr-metal, both of which
show continuous pressure-driven quantum-critical points3$, the
I-CDW/I-SDW (spin-density-wave) transitions were discussed as
itinerant density wave instabilities, rooted in long range electron-
electron correlations and exchange interactions®. Since YbPd is a
3-D cubic system at high-T, which becomes more metallic in the
CDW phase?3, it suggests absence of FSN. Band structure cal-
culations in the local density approximation with on-site Cou-
lomb interaction U (LDA + U) have not found FSN, but show
that YbPd is a strongly correlated metal with an enhanced qua-
siparticle effective mass factor of ~9, by comparing the calculated
specific heat y (69.99 mJ/(K?mol)) with the experimental value of
y (~600 mJ/(K?mol))28:40, However, since YbPd shows relatively
large CDW ordering temperatures (77 =130K, T,=105K)
compared to Ty =1.9K, it indicates strong charge fluctuations
compared to spin fluctuations, thereby ruling out Kondo coher-
ence properties in which charge fluctuations are generally con-
sidered unimportant?!.

In the following, we show that the strongly correlated f-elec-
trons of YbPd exhibit a dual Kondo effect CDW, which leads to
ZTE. From a single-impurity Anderson model (STAM) analysis of
the T-dependent mixed-valence observed in the Yb 3d core level
and YD 4 f valence band spectra, we obtain site- and T-dependent
single-ion Kondo temperatures (Tx) across the CDW transitions.
The site- and T-dependent Tk values follow the evolution of
lattice parameters in the CDW phase. The results show a direct
link of the dual Kondo effect with structural changes, leading to a
cell-volume compensated Kondo-CDW phase.

Results and discussions

Temperature-dependent mixed valence. T-dependent measure-
ments of well-characterized YbPd were carried out using bulk-
sensitive hard X-ray photoemission spectroscopy (HAXPES)*? to
study the Yb valence across the CDW transition. Figure 1(c)
shows the HAXPES Yb 3ds,, core-level spectra for several tem-
peratures between T =20 K-200 K. The spectra have been nor-
malized to the total integrated intensity. The T = 200 K spectrum
exhibits features consisting of a single peak due to 3d4f'* (Yb?T)
states at ~1520 eV binding energy(BE), and a structured feature
centered at 1530eV BE corresponding to the 3d4f13 (Yb3T)
multiplet states. The presence of Yb?* and Yb3* features arising
from a single crystallographic site indicates mixed-valent Yb ions.
Indeed, in many Yb compounds30-32.3443:44 the ground state is a
hybridized state with a non-integer 4 f number and the spectral
weight ratio of Yb2*+ and Yb3t features provides a measure of
mixed-valence. A reliable quantitative approach based on the
SIAM was developed by Gunnarsson and Schénhammer*> for
determining the 4f-valence from core-level PES, which showed
that on-site Coulomb energy Uy between f-electrons causes the
~10eV BE separation between Yb%*t and Yb3* features. More
importantly, Fig. 1(c) shows a clear T-dependent spectral-weight
transfer from Yb3+ to Yb%* upon cooling, consistent with earlier
work?® but in contrast to a constant average mixed-valency
claimed recently from L-edge XAS measurements®. The T-
dependence indicates a decrease in average Yb valence v,, with
decreasing T, which was also reproducible by T-cycling. The
change in valency upon cooling cannot be due to oxidation

because oxidation would lead to an increase in Yb3*at low-T, and
our results show the opposite with an increase in Yb2* content at
low-T. Two T-ranges can be identified: above T>135K, the
spectra show negligible changes, while from T=115K to 20K,
the spectra are T-dependent. In Fig. 1(c), we also plot the
experimental difference spectra for T=20K, 115K, 135K and
160 K with respect to the 200 K spectrum. Since the I-CDW sets
in at T} = 130K, it is understood that the spectra show changes
only below, and not above T;. We have also plotted the calculated
difference spectra for T=20K and 115K with respect to
T=200K, which show similar mixed-valence changes, and are
discussed in detail in the following. Interestingly, the peak energy
positions and peak widths of the Yb2+ and Yb3* features show
negligible T-dependence, in contrast to CDW transitions reported
for transition-metal dichalcogenides?®, hinting at an unusual
CDW in YbPd. This is likely due to the fact that for Yb2* (4f14)
states, the 4f shell is fully filled making it effectively insensitive to
changes in peak shape and position, while for Yb3* (4f13) states,
the core levels are dominated by multiplet effects spread over
much larger energies (~10eV) than typical CDW-induced
changes in peak widths and positions of ~0.2 eV (ref. 4°).

What could be the physical origin of this T-dependence? The
core-level and valence band PES, XAS, and resonant inelastic
X-ray scattering of Ce and Yb-based Kondo systems30-34 have
shown a T-dependent mixed-valence given by 4f electron
occupation number, nf for Ce-ions, or hole number nf =14 - nf
for Yb-ions (the Yb-valence, v =2 + nf). In the Anderson model,
a universal scaling law of (1 - nf) as a function of T is expected,
where Tk is the single-ion Kondo temperature3. A recent
extensive study?’ on many Yb compounds showed a similar
scaling law of (1 - nf) with Tx. The Kondo ground state is a non-
magnetic singlet state composed of mainly 4f13 (nf = 1) and 4f'4
(nf = 0) configurations. The first excited states at & = kT (kg is
the Boltzmann constant) are essentially composed of magnetic
4f13,, states corresponding to the singlet breakdown. This low-
energy scale explains the crossover from the low-T non-magnetic
Fermi liquid regime (mixed-valent state) to the high-T local-
moment regime (trivalent states)>*. A continuous T-dependence
of nf through T is expected, but in the present case, since the
spectra are T-independent above T'=130K, it suggests that the
T-dependence is associated only with the CDW phase.

Simplified SIAM calculations of core-level and valence band
spectra. In order to understand the T-dependent spectral beha-
vior, we have developed SIAM calculations for the 3d PES and 4f
valence band spectra in the simplified zero-bandwidth limit48, but
including orbital degeneracy of 4f states. This method simulates
the T-dependence of high-energy scale 4f multiplets and also
provides the emergent low- energy scale behavior via nf and Tx.
We use a direct diagonalization in a restricted basis consisting of
one f14-state, 14 f13-states (with the two spin-orbit manifolds) and
91 f12-states. The parameters of the SIAM are the energy of a 4f-
hole [er=E(f1%) — E(f13,,)], the Coulomb interaction (Uy)
between 2f-electrons/holes and the hybridization strength A of 4f
states with the conduction band, which couples different Yb
configurations. We include the spin-orbit energy &, =1.27 ¢V,
which has a negligible effect on core-level spectra, but is impor-
tant for valence band spectra. To simulate the 3d core-level
spectra and obtain a good match with a full atomic-multiplet
calculation required 4 energy levels, as detailed in Supplementary
Note 1 and Supplementary Fig. 1. A systematic evolution of the
3d PES spectral features was confirmed by changing only A, with
all other appropriate electronic parameters kept fixed (see Sup-
plementary Fig. 2 and Supplementary Note 2). With increasing A,
a systematic spectral-weight transfer from the 3d4f13 (Yb37) to

COMMUNICATIONS MATERIALS| (2022)3:23 | https://doi.org/10.1038/s43246-022-00243-5 | www.nature.com/commsmat 3


www.nature.com/commsmat
www.nature.com/commsmat

ARTICLE

COMMUNICATIONS MATERIALS | https://doi.org/10.1038/s43246-022-00243-5

the 3d4f14 (Yb21) feature is obtained with a decrease of Yb v,,.
Thus, we could simulate the high-T (T'= 135K, 160 K, and 200 K
spectra are nearly identical) experimental spectra with the fol-
lowing parameters: &= —0.2eV, Ugy=7eV, &,=127eV and
A =38meV. The good match of the experimental spectrum for
T'=200K with the calculation, as shown in Fig. 2(a), indicates
the important role of hybridization in the high-T phase, with an
average valence v,, = 2.84 (nf = 0.84) for the single Yb-site.

In the CDW phases below 130 K, the displacement of Pd atoms
results in two Yb-Pd interatomic distances, with a reduced
hybridization for one site and an enhanced hybridization for the
other site. As discussed above, at the lowest T, the CDW ordering
yields one nearly trivalent magnetic Yb;-site and a strongly
mixed-valent non-magnetic Yb,-site (v=2.6)3°. Hence, below
T=130K, each experimental spectrum is composed of two
contributions. The spectrum at T=20K for the nearly trivalent
site is mainly composed of the 3d4f'3 structure and can be
simulated with a very small hybridization. The nearly trivalent
state with a very small Tx (=Tk! for Yb,-site) is needed for the
magnetic-ordering below Ty?>?7. The contribution of the other
strongly mixed-valent site with a large Tx (=Tg? for Yb,-site) is
then calculated ensuring the sum of the two calculated
contributions matches with the experimental spectrum subject
to the condition |v,y — V1| = |Vay — ¥4/, i€., increase in valency for
site-1 matches the decrease in valency for site-2, for all T. The
results of this procedure are also plotted in Fig. 2(a) where we

HAXPES YbPd

O Expt. (a)
Yb 3ds),

G\ T-200K

Intensity (arb. units)

— 20K a

B 70K Yb Yb
105 K

— 115K

L — 200K

1530 1525 1520
Binding Energy (eV)

1540 1535 1515

Fig. 2 Comparison of single-impurity Anderson model calculations with
experiment. a Comparison of experimental spectra (symbols) at T= 200 K
and 20 K with simulated spectra (solid lines). The simulated spectrum for
T= 20K is composed of two contributions, one corresponding to the nearly
trivalent Yb, site (dashed lines) and the other one to the mixed-valent Yb,
site (dotted lines) of the tetragonal phase, while for T=200K, the two
sites become equivalent in the cubic phase. Panels b and ¢ show the
variation of the calculated spectra for Yb, site and Yb, site at temperatures
between 20 K and 200 K consistent with the systematic temperature-
dependent evolution of the mixed valency. The individual comparison with
experimental spectra for intermediate temperatures are shown in
Supplementary Fig. 3.

show the calculated spectra for the Yb;- and Yb,-sites, their sum
and the experimental spectrum at T=20K. A satisfactory
agreement is found with the nearly trivalent (very small mixed
valency) Yb;-site spectrum simulated with Al=11meV
(v=2.98, nfl =0.98) and the strongly mixed-valent Yb,-site
spectrum simulated with A2 =260 meV (v=2.60, nfz =0.60),
with v,, = 2.79. Similarly, we have calculated the spectra for all
measured temperatures in the tetragonal CDW phase, as shown
in Fig. 2(b), (c). A direct comparison between experimental and
calculated spectra for the intermediate-T are shown in Supple-
mentary Fig. 3. The reduction in v,, from 2.84 (T'= 135-200 K)
to 2.79 (at T=20K) indicates a charge transfer of 0.05 electrons/
Yb. Since the crystal radii of Yb sites depend on its valency (8-co-
ordinated Yb?t has a radius 1.28 A while 8-co-ordinated Yb3+
has a radius of 1.125 A, ref. 4), the valency change provides a
natural way for compensating the lattice-parameter changes with
temperature.

As an independent check of T-dependent changes, we
measured the HAXPES valence band of YbPd in the high-T
cubic phase (T=200K) and in the tetragonal IC-CDW
(T=115K) and C-CDW (T = 20 K) phases, as shown in Fig. 3(a).
We see a small but clear change in the Yb2+ features (at the Fermi
level and 1.7eV binding energy) and Yb3T features (spread
between 6 and 12 eV binding energies) while the Pd 4d states do
not change with T. We have also measured the Pd 3d core-level
spectra and they also do not change with T, as discussed in
Supplementary Note 3 (see Supplementary Fig. 4). Using the
same method as that for the core-level spectra with appropriate

— 200K
115K

[YbPd
-Valence band

| Calc,

@ | Yb;, — 20K (b)
5 115K
s 200 K
SS/ | Yb3+ Yb2+
>
K7
A
= J\JL
L Yb, — 20K (c)
15K
- — 200K

12 8 4

Binding Energy (eV)

Fig. 3 Confirmation of mixed-valence changes in 4f electronic structure.
Panel a shows T-dependent HAXPES valence band of YbPd after
background subtraction in the low-temperature tetragonal commensurate
CDW phase (T =20K), incommensurate CDW phase (T=115K) and in
the normal cubic phase (T =200 K). The experimental spectra are
compared with the SIAM calculations for describing the 4f spectral changes
in the valence band across the CDW transition. Panels b and ¢ show the
variation of the calculated spectra at T=20K, 115K, and 200 K for Yb, site
and Yb; site, respectively. The individual comparison with experimental
spectra are shown in Supplementary Fig. 5.
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Fig. 4 Coupling of CDW order, Kondo energy scales, and lattice parameters leading to zero-thermal expansion. a Below the CDW transition at
T1=130K, the two different Yb sites exhibit T-dependent valencies, whereas above T; the valency of the unique Yb site is constant up to 200 K. The
calculated local charge density, n(a) and n(b) (@ M) as a function of T/t, where T is temperature and t is the hopping integral (ref. 12). It shows a gradual
CDW formation indicating a second-order transition. b Comparison of T-dependent Kondo temperatures and lattice-parameters (refs. 27:35) across

the cubic-to-tetragonal CDW phase transition. The cubic lattice-parameter measured for present sample at T=300 K is shown as a red circle (O).

¢ T-dependence of the Kondo energy balance showing CDW order parameter follows the BCS model. d Plot of cubic unit-cell volume (>T;) with cell-volume
V =ar x by x ¢ (=half the tetragonal unit-cell volume (<T;), as a function of T. The solid and open symbols represent the tetragonal and cubic phases,
respectively. The cell-volume V shows ZTE within error bars in the low-T CDW phase; error bars based on data of lattice-parameters from Mitsuda et al.2”
and Takahashi et al.3°. The measured cell volume at T=300K for present sample is shown as red circle (0). The dashed line (----) is the average cell
volume below T;. For T>T,=105K, the cell-volume V for data from ref. 35 shows slightly larger deviation compared to ref. 27. Error bars represent

standard error (SE).

Table 1 Hybridization strength values, number of holes, and
Kondo temperatures.

T Al A2 nf! nf2 T' T2
[K] [meV] [meV] hole count hole count K] [K]
20 1 260 0.98 0.60 8 718
70 12 176 0.97 0.61 12 690
105 16 120 0.96 0.64 23 611
115 21 85 0.93 0.69 53 490
135 38 0.84 181

Table | shows list of obtained hybridization values A and A2, the calculated number of Yb holes
nf' and nf?, and the estimated Kondo temperatures Ty! and T2 for the Yb;-site and Yb,-site,
réspectively, as a function of temperature in the CDW tetragonal T-phase. The last row shows
corresponding values for the single Yb site in the high-T cubic phase, i.e., the values for Yb;-site
are the same as for Yb,-site. The error bar (SE) for the hole counts nf' and nf2 is 4/~ 0.01. Using
hole counts and the Ty scaling law, we calculate an error bar of +/-5K for T¢=8K, i.e.,

Tk =8K+/-5K. Similarly, since the scaling is a power law, the error bar systematically
increases with Ty and the largest Ty has an error bar of Ty =718 K+/-25K.

parameters for the Yb2+ (f13) and Yb3* (f12) multiplets, and all
other parameters fixed, we calculated the valence band spectra for
T=20K, 115K, and 200K (see Supplementary Note 4 for
details). We could obtain a good match between calculated and
experimental spectra as shown in Fig. 3(a), for the same values of
nf as for Yb 3d core-level spectra. The systematics for the
calculated spectra for the Yb;- and Yb,-sites are shown in
Fig. 3(b), (c), respectively. The comparison of individual

calculated spectra with experimental spectra are shown in
Supplementary Fig. 5.

Dual Kondo effect coupled charge ordering. The obtained
valencies for the two sites and v,, in the CDW phases, and for the
normal phase above T;=130K are plotted in Fig. 4(a), and
corresponding nf values are listed in Table 1. The results confirm
that all Yb sites are equivalent with the same nf in the high-T
cubic phase and undergo a systematic evolution to a dual Kondo
mixed-valence of crystallographically distinct Yb, and Yb, sites
with inequivalent nf' and nf? in the low-T tetragonal CDW
phase. Thus, since nf scales with Tx>*’, the evolution of Kondo
mixed-valence corresponds to a gradual transition with charge-
disproportionation and results in a bipartite lattice with two
distinct single-ion Kondo temperatures Ti! and T2 Two distinct
Tx values arising from inequivalent crystallographic sites was
originally discussed®® for the cubic heavy fermion system
Ce;Pd,(Sis. However, it was soon shown that Ce;Pd,(Sig exhibits
a quantum-critical transition coupled to destruction of the Kondo
effect at very low temperatures®!. These experimental results
motivated a theoretical study of a Kondo-lattice model consisting
of two local-moment sublattices with different Kondo
couplings®. While the possibility of CDW order was not inves-
tigated, it was shown that depending on the conduction band
filling n,, the two Kondo effects compete (for n. <%) or co-
operate (for n. > %) with each other, where n. = ¥ corresponds to
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the quarter-filled conduction band and is a special point. Subse-
quently, the quarter-filled Kondo-lattice model was studied using
C-DMFT and variational Monte-Carlo calculations!'? and it was
shown that the ground state is an antiferromagnetic insulating
CDW phase at T = 0, which becomes a paramagnetic CDW metal
on increasing T. This behavior is reminiscent of the low-
temperature properties of YbPd discussed in the introduction.
Further, in Fig. 4(a), we have compared the experimental valen-
cies for the two sites with the reported values of the change in the
site occupancies n(a) and n(b) as a function of T/t, where T is
temperature and ¢ is the hopping integral!2. In ref. 12, the authors
calculated n(a) and n(b) using a 2D Kondo-lattice model for a
two-site (a and b) C-DMFT for the CDW ordered phase!2. They
could show that charge-order (CO) appears in the intermediate
Kondo coupling region with 1.5<J/t<3.5 region (J is Kondo
coupling strength and ¢ is the hopping), accompanied by a col-
linear AF-order at the charge-poor sites. In contrast, the charge-
rich sites become non-magnetic. It is noted that a 2D Kondo-
lattice model does not allow a variation in the localized f-electron
charge density, but it allows an increase or decrease in conduction
band charge density on the localized f-electron sites due to Kondo
coupling. Accordingly, it was shown that the local Kondo singlet
at the non-magnetic site is necessary for stabilizing the CO. It is
also noted that YbPd is not a quarter-filled system but shows an
average valency of v,, =2.84 (T'=135-200K), which becomes
2.79 at T=20K. However, the comparison shows qualitatively
similar gradual behavior but the magnitude of the valence change,
n(a) - n(b), is roughly half of the experimental results. The small
difference in the high-T phase is attributed to the fact that YbPd
shows a mixed-valence evolution between high-T non-CDW and
low-T CDW phases, while the Kondo-lattice model!? has no
mixed-valence in the non-CDW phase. It is also important to
discuss the role of inter-site Coulomb interactions as an origin of
the CDW transition in YbPd. It was shown?3 that in the extended
Hubbard model, it is possible to obtain a metallic CDW due to
inter-site Coulomb interaction V' with changes in the band
density of states near the Fermi level. However, this phase occurs
only for small U/W, where U is the on-site Coulomb interaction
and W is the bandwidth, while for large values of U/W, one
obtains a metal to insulating CDW. However, YbPd exhibits a
very large on-site Coulomb energy (Ug~ 7 eV as estimated from
our calculations) and changes in the core levels and valence band
occur roughly over the same energy scale. Thus, although we
cannot totally rule out effects due to inter-site Coulomb inter-
actions on the experimental spectra, we feel the metallic CDW in
YbPd is not caused by inter-site Coulomb interactions.

Kondo mixed-valence, charge-ordering, and structural transi-
tion. What is the mechanism linking the mixed valency, CDW
and the structural transition in YbPd? Since FSN is unlikely in
YbPd, an Ising model with a ferro-coupling of nearest neighbors
and an AF-coupling of next-nearest neighbors was proposed,
which resulted in a phase diagram with I-CDW and C-CDW
regions>>. However, the very low Neel temperature, Ty = 1.9K
for AF-ordering and the high CDW ordering temperature,
T, =130 K suggests a different origin. Since our results evidence
an interplay between strong mixed-valence and the CDW, and
strong mixed-valency is a signature of high Ty, it naturally led us
to explore an alternative mechanism based on the Yb-site Kondo
energies in the two phases. The Kondo energy kyTy represents
the electronic energy gained by the formation of a singlet ground
state. It was recently shown by Kummer et al.47 that the scaling
between Tx and (1 — nf) obeys a power law (1 —nf) = ATg®
(with &« =2/3 and A =1/200) over 4 orders of magnitude of Ty
for many Yb compounds. We used this power law behavior to

estimate Ty from our experimentally determined #f. ... but a
qualitatively similar scaling of (1 - nf) with Tx is also known in
the non-crossing approximation3. In the cubic phase, Tk is esti-
mated to be Tx P = 181 K. Similarly, in the tetragonal phase at
T=20K, the estimated dual Kondo temperatures for the two
sites are Tx! =8 K and Tx? =718 K. This is in good agreement
with Tk values of ~30K and ~800 K estimated from a recent
point contact spectroscopy study®4. Tx! and T? for all measured
temperatures are plotted in Fig. 4(b) and listed in Table 1. In
Fig. 4(b), we have also overlaid the lattice-parameter values as a
function of temperature reported in the literature?’-3>. The Ty!
and Tg? values show a strong similarity with the T-dependent
lattice-parameter values reported by Mitsuda et al.?” within error
bars, thereby indicating a strong coupling to the lattice. It is also
consistent with the data of Takahashi et al.3>, if the data are
shifted along the y-axis. While we cannot provide a definitive
reason for small differences in the data of Takahashi et al., one
possibility is that small variations in Yb content can lead to small
variations in structural parameters, but nonetheless, the low-
temperature CDW phase is correctly observed in both the data
sets. If the Kondo coupling to the lattice represents the dominant
contribution to the CDW transition, it can be expected to define
the CDW order parameter. In order to check the relation of
Kondo energies with the CDW order, we plotted the quantity
W(T) = Tg! + T2 — 2T, which equals the electronic energy
gain due to the Kondo mechanism in the tetragonal low-
temperature phase with respect to the high-temperature cubic
phase. The T-dependence of V¥ is plotted in Fig. 4(c) and it is
compared with the mean-field Bardeen-Cooper-Schrieffer (BCS)-
type gap behavior for superconductivity!>>, which can also be
considered as a valid CDW order parameter®®°7. The details of
the fit to the BCS-type gap function are described in Supple-
mentary Note 5. The T-dependence of ¥ follows the BCS-type
gap behavior. The results thus indicate that the dual Kondo mixed
valency provides the CDW order parameter of YbPd, consistent
with theoretical results reported for the Kondo lattice!2, but
further theoretical studies are necessary for a better quantitative
description of the Kondo-CDW phase in terms of f-electron/hole
occupancy. It is noted that our overall results are consistent with
the Méssbauer results?®, thermodynamic properties with an
enhanced effective mass?840 due to 4f-electrons at the Fermi level
as well as the magnetic ordering at low temperatures?>28, as it is
expected that T! for the nearly trivalent magnetic Yb atoms will
decrease further and become comparable to Ty =1.9K.

Zero thermal expansion in CDW phase. Given that the T-
dependence of Ty! and Ty? follows the structural data shown in
Fig. 4(b), in order to compare with the cubic unit-cell volume
above the CDW transition, we calculated the T-dependent unit-
cell volume V=ar x by x or (this is actually half the tetragonal
unit-cell volume) as shown in Fig. 4(d), using the lattice-
parameter values reported in the literature?’-3>. The results
indicate a ZTE in the CDW phase, followed by a small gradual
positive thermal expansion in the cubic phase. This is consistent
with the mechanism we propose in terms of Kondo coupling
being responsible for generating the ZTE in the low-temperature
tetragonal phase, and it is not operative in the cubic phase. The
ZTE behavior of YbPd has not been discussed in earlier structural
studies of YbPd2%27-3>. Since materials normally expand on
heating, in order to obtain ZTE, it is necessary to consider a
mechanism to obtain negative thermal expansion (NTE). NTE
has been observed in several insulating oxides®8-%0 such as
CuScO,, Y,W;30,,, and ZrW,Og, where it was shown that if there
is a M-O-M’ (or O-M-O) linkage (M:metal atom; O:oxygen), then
a transverse vibration of the central atom O (or M) perpendicular
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to the M-O-M’ (or O-M-O) linkage results in a decrease of the
linkage length. Similarly, ZTE reported for the square-net com-
pounds RE;MGeg was explained on the basis of a square-
pyramidal configuration of the M-atom positioned above or
below a Ge square net, allowing for transverse vibrations of the M
atom perpendicular to the Ge square net?3. Since the structure of
YbPd involves Yb square-nets with a square-pyramidal arrange-
ment of Pd atoms, which get displaced from the body-centered
position in the tetragonal phase along the c-axis (see Fig. 1b), it is
considered that a mechanism involving transverse vibrations of
Pd atoms along the c-axis (perpendicular to the Yb square-nets) is
possible in YbPd. However, it is noted that a recent inelastic
X-ray scattering study hinted at the role of a lattice instability in
terms of a momentum (k)-dependent softening of phonons
around the X (L)-point in the Brillouin zone at room
temperature61. However, T-dependent measurements were car-
ried out only at the X (L) k-point and T-dependent phonon
softening directly implicating a CDW transition was not found.
Further work will shed light on the details of the Yb-Pd distances,
Yb-Pd-Yb bond angles and the role of phonons as a function of
temperature in YbPd. However, the remarkable similarity of T-
dependent variation of Tx! and Ty? values with the T-dependent
lattice-parameter values suggests that the Kondo mechanism
dominates the structural changes, and electronic energy changes
due to electron-phonon coupling are expected to be weak. A very
recent study showed a clear NTE in Y-doped SmS based on the
change of ionic radii coupled to mixed-valency, albeit in the
absence of a CDW®2. It is noted that the ZTE or NTE mechan-
isms discussed above are distinct from that in the first-known Fe-
Ni invar alloys, in which the ZTE behavior is derived from the

non-collinear alignment of spins®3.

Conclusions

The temperature-dependent mixed-valence observed in the Yb 3d
core-level and Yb 4f valence band spectra of YbPd could be
simulated by SIAM calculations, and provide a site-dependent
quantification of the single-ion Kondo temperatures across the
CDW transitions. The temperature-dependent dual Kondo tem-
peratures Tx! and T2 are shown to follow the changes in lattice
parameters in the CDW phase, thus linking the structural changes
with the Kondo effect. Further, since the crystal radius of Yb2t is
larger than that of Yb3*, it results in an electronic compensation
of structural changes leading to ZTE in the CDW phase. The
discovery of a dual Kondo mixed-valence coupled charge order-
ing that leads to ZTE in YbPd will hopefully motivate the search
for new intermetallic materials, which exhibit ZTE at room
temperature and above for useful applications.

Methods

Sample preparation. The YbPd compound was synthesized from high purity
elements with the Yb, o3 Pd starting composition to compensate for the Yb
vaporization at elevated temperature2’. The mixture of the elements was placed in a
Ta crucible, which was sealed by arc-welding under pure Ar atmosphere. The
crucible and its content were heated up to about 1550 °C in an induction furnace
for several minutes (the melting temperature of YbPd is reported to be 1460 °C).
The melted sample was single phasic with the CsCl structure and the unit-cell
parameter at room temperature, a = 3.446(3) A, in good agreement with reported
value?’.

Hard X-ray photoemission spectroscopy (HAXPES) experiments. HAXPES
was used to measure the Yb and Pd core levels and valence band of YbPd. The
HAXPES measurements were carried out at the Taiwan beamline BL12XU, SPring-
8 in Hyogo, Japan using a linearly polarized incident beam of photon energy
hv=6500 eV. We used a liquid He flow-type cryostat to cool the sample down to
T'=20K. The Fermi-edge (Ep) of a gold thin film was measured at T=20K to
obtain the energy resolution and calibrate the binding energy (BE) scale. The
estimated total energy resolution of HAXPES is 0.25 eV, obtained by fitting the
Fermi-edge of gold. The YbPd polycrystals were cleaved in an ultrahigh vacuum
preparation chamber at 1 x 10~ mbar, and immediately transferred to the main

chamber at 5 x 1071 mbar for the measurements. Temperature cycling was carried
out to confirm the T-dependence of the reported spectra in two different sets of
experiments. Thanks to the high photon energies used for the present measure-
ments, the valence band spectra did not show the Yb 4f surface states normally seen
in low-energy photoemission?>32. The Ols and C 1s spectral range were used to
monitor surface contamination and the surfaces were clean (<1% intensity for O 1s
and C Is signals) and stable for ~16 h after cleaving.

Data availability
The data sets generated/analyzed during the current study are available from the
corresponding author on reasonable request.
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