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Thermoelectric materials hold tremendous promise for advances in fundamental science and practical ap-
plications, particularly for robust electricity generation in extreme and remote environments. Despite this, for
most materials the energy conversion efficiency is limited by the proportionality between the electrical and
thermal conductivities and small values of the Seebeck coefficient for metals. It was previously reported that
the heavy-fermion compound Yblr,Zny, exhibits large Seebeck coefficient [E. Mun et al., Phys. Rev. B 86,
115110 (2012)] and thermoelectric figure of merit ZT at 35 K [K. Wei e al., Sci. Adv. 5, eaaw6183 (2019)].
This behavior is primarily associated with strong hybridization between the f- and conduction electron states.
Here, we seek to improve the thermoelectric properties through chemical substitution on the Yb site using Ce
and Sm. By surveying different levels of substitution, we find that the thermoelectric properties vary strongly
with the f-element ratio. This confirms that electronic hybridization dominates the thermoelectric properties and
clarifies directions for optimizing these materials for applications. We also investigate the impact of the disorder
on the thermal conductivity, where we find only weak variation with lanthanide content.
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I. INTRODUCTION

During the past several decades it has been recognized
that refrigerant fluids have substantial environmental im-
pacts [1], even as the demand for cooling operations (e.g.,
for electronics) has increased [2]. A possible solution is
found in thermoelectric materials, where electrical voltages
are transformed into temperature gradients (and vice versa),
but most such materials do not exhibit high efficiencies for
power conversion. This is due to the intrinsic limitations
of standard metals and semiconductors, where the electri-
cal (o) and thermal (x) conductivities are proportional to
each other [3]. A strategy to overcome this is offered by the
“phonon-glass electron-crystal” concept presented by Slack
[4]. Here, the crystal structure is optimized to suppress the
lattice component of the thermal conductivity (kz), while
the electronic properties are tuned to promote the electrical
conduction and conversion of temperature gradients to elec-
trical voltage [5-7]. Among such materials, it is especially
useful to find examples that also exhibit enhanced Seebeck co-
efficients (S = AV/AT), where strongly correlated electron
metals are promising candidates [8—10]. For these systems,
the hybridization between the f- and conduction electron
states results in Kondo-lattice hybridization, which renormal-
izes the Fermi surface such that there is a large and rapidly
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changing density of states near the Fermi energy [11-13].
This distinctive behavior not only produces enhanced See-
beck coefficients, but also is highly tunable using chemical
substitution, applied pressure, and magnetic fields [12]. Thus,
there is a long-standing interest in cagelike structures with un-
conventional phonon scattering (e.g., filled skutterudites) that
also host f-electron elements that encourage Kondo lattice
formation (e.g., Ce, Yb, and U) [11,14-17].

The compounds Yb7>Znyy (T = Co, Rh, Ir) have been
investigated in this context because they feature cagelike
structures with large unit cells and Kondo lattice physics
[8,9,18]. They form in cubic structures with large lattice
constants (¢ = 14.165 A for T = Ir) where the Yb ions are
separated at a distance of 6.14 A [19]. Measurements of
their bulk thermodynamic and electrical transport properties
reveal that the Yb ions adopt the 34 valence state and that
electronic hybridization produces mass enhanced charge car-
rier quasiparticles [9,14,19]. Among them, Yblr,Zn,y has
attracted close interest owing to its metamagnetic behavior
[18-20] and for having a large thermoelectric figure of merit
(ZT = S*0T/k = 0.07) at 35 K [9]. To our knowledge, this
is only second to Bi;_,Sb, at this temperature (ZT = 0.15)
[21,22]. This motivated us to continue the investigations of
this system by tuning the electronic state, the thermal conduc-
tivity, and the lattice anharmonicity through the substitution
of Yb with Ce or Sm. While Celr,Zn,, exhibits intermediate
valence behavior [23], the behavior of Smlr,Zn,( is unknown
but would be expected to resemble that of the weakly cor-
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TABLE I. Magnetization parameters from a Curie-Weiss fit, fitting parameters for C,, and C, /T curves, relevant characteristic temperatures,
and lattice parameters a of Yb,Ce,Sm_Ir,Zn, (x +y + z = 1), where pie; and piesr,tn have units in ug, B has units in mJ mol~' K™, ain A,

and all other variables shown in the table have units in degrees Kelvin.

Number Composition Ow et Meff,Th B o (43 T T a

1 Yblr,Zny —7.6 4.1 4.5 4.0 240 110 26.0 19.4 14.140
2 Yby cCep.alr,Zny —6.5 34 3.7 4.2 307.8 102.1 19.2 56.4 14.165
3 Yb0,87Ce0.035m0,051r22n20 —-32.4 4.0 4.2 3.7 291.6 97.1 19.8 50.2 14.162
4 Yby.77Cep21Smg g2 11 Znyg —12.6 3.6 4.0 4.2 276.8 93.8 22.5 73.7 14.292
5 Ybo,43Ceo,13$m0A44IrZZn20 —16.7 2.7 2.7 3.5 302.7 102.4 18.7 68.9 14.274
6 Ybo 33Ce0.44Smg 2311, Zny —18.2 1.8 1.7 3.6 300.2 102.9 14.5 443 14.276

related antiferromagnet SmRh;Znyy [24]. Also important is
that while YbIr,Zn,o features a Fermi surface that is net
electronlike [9], Celr,Zny is likely to be net holelike [23].
Thus, it can be anticipated that Yb — Ce chemical substi-
tution may simultaneously tune the charge carrier balance
and the hybridization strength while Yb — Sm would dilute
the Kondo lattice, weaken the hybridization, and introduce
magnetic fluctuations. The ability to tune between n and
p type opens up novel possibilities for these materials in
terms of applications, finding the p-type counterparts for n-
type Bi;_,Sby, for instance. In addition, the introduction of
multiple lanthanides with differing masses may suppress the
phonon contribution to the thermal conductivity. Finally, the
different size of Ce, Sm, and Yb allows us to explore the
effects of local lattice strain and deformation of the under-
lying framework of Zn atoms. In this study we synthesized
five different compositions of high-quality single crystals
of Yb,Ce,Sm_ IryZnyy (x +y+z=1), listed in Table I
(Nos. 2-6).

In Sec. IIT A, we survey the electrical transport and ther-
moelectric properties in this series to establish the impact of
f-block chemical substitution. In Sec. III B we examine the
impact of chemical substitution on the magnetic properties,
which provides insights into the f-electron valence and hy-
bridization between the f- and conduction electron states.
In Sec. I C we investigate the atomic structure using high-
energy x-ray diffraction (XRD) coupled to an atomic pair
distribution function (PDF) analysis. These measurements
collectively clarify the parameters that control the behavior
of Yblr,Znyy, and provide guidance for optimizing its ther-
moelectric properties.

II. EXPERIMENTAL METHODS

Single-crystal specimens were synthesized by the molten
metal flux technique using the growth protocols described by
Torikachvili et al. [14] and Jia et al. [25,26]. Elements with
purities >99.9% were loaded into 2-mL Canfield alumina cru-
cibles [27] with the molar ratio of 1(Ce, Yb) : 2(Ir) : 60(Zn)
and 1(Ce, Sm, Yb) : 2(Ir) : 60(Zn). The crucibles were sealed
under vacuum in 2-mm-thick quartz tubes (18 mm outer di-
ameter and 14 mm inner diameter), heated to 1050 °C at a rate
of 50°C/h, and held at that temperature for 72 h. The quartz
tubes were then cooled down to 700 °C at a rate of 2°C/h,
and held at that temperature for another 72 h. At 700 °C, the
excess flux was removed by centrifuging, after which crystals
with dimensions of several millimeters were collected.

Elemental analysis was done using an FEI NOVA 400
nanoSEM scanning electron microscope (SEM) with electron-
dispersive spectroscopy (EDS) capabilities using an Oxford
UltimMAX SDD (silicon drift detector). The structure and
unit cell parameters of the single crystals were charac-
terized by single-crystal x-ray diffraction (XRD) using an
Oxford-Diffraction Xcalibur2 CCD system with graphite
monochromated Mo K« radiation. High-energy XRD data
were collected using synchrotron x rays with an energy of 110
keV (L = 0.1126 A). Scattered intensities were collected with
a point detector (Ge solid state detector) coupled with a multi-
channel analyzer to remove unwanted background scattering.
Scattered intensities were collected to Q values of 30 A~ to
achieve high resolution in real space, where the wave vector
Q is defined as Q = 47 sin(f)A and 6 is the Bragg angle. The
intensities were converted into atomic pair distribution func-
tions (PDFs) which have proven useful in structure studies on
complex materials exhibiting local structural distortions.

Temperature-dependent magnetic susceptibility x (7)) and
isothermal magnetization M(H) measurements were done
for single crystals using a Quantum Design vibrating sam-
ple magnetometer (VSM) magnetic property measurement
system (MPMS). M (H) measurements were performed at a
constant temperature 7 = 1.8 K under applied magnetic fields
H from —7 to 7 T. x(T') measurements were done under a
constant magnetic field H = 0.1 T for a range of tempera-
tures from 1.8 to 300 K. For both cases, single crystals were
mounted such that the magnetic fields were parallel to the
(111) planes. Heat capacity (C,) was measured from 1.8 to
250 K using a Quantum Design physical property measure-
ment system (PPMS). The temperature-dependent Seebeck
coefficient S, thermal conductivity «, and electrical resistivity
p were measured using the PPMS thermal transport option
(TTO). For these measurements, single crystals were cut into
rectangular bars with a general dimension of 7 mm x 2 mm x
1 mm. All surfaces were polished in order to reduce surface
scattering. TTO measurements were performed from 3 to
400 K, obtaining p, x, and S simultaneously as a function of
T in order to assess both ZT and the power factor PF = S0
Both C,, and TTO measurements were performed under high
vacuum (*10~* Torr) with no magnetic field being applied to
the specimens.

III. RESULTS AND DISCUSSION

A. Electrical transport and thermoelectric properties

Figure 1(a) shows the temperature-dependent electrical re-
sistivities p(T') of all specimens of Yb,Ce,Sm_Ir,Znyy (x +
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FIG. 1. Temperature-dependent (a) electrical resistivity p(7),
and (b) Seebeck coefficient S(T') for Yb,CeySm_Ir,Znyy (x +y +
z=1).

y 4+ z = 1). Consistent with earlier reports [9,14,20], the par-
ent compound (Yblr,Znyy) exhibits metallic behavior at high
temperatures that is followed by a broad minimum near 50 K
and a broad maximum near 20 K that are due to hybridization
between the f- and conduction electron states [9,14]. The
introduction of even small amounts of Ce strongly modi-
fies this behavior, c.g., ,O(T) for Ybo_g7CeO_OSSm0_05IrZZn20
develops a shoulder that is centered around 50 K, which
is typical for Kondo lattice systems [28]. This behavior
persists for the other specimens where Ce is the main sub-
stituent, including for Ybg ¢Ceg 4Ir,Znyo, and resembles what
is seen for Celr,Znyy [23]. On the other hand, the pres-
ence of large amounts of Sm (e.g., Ybg 43Ce.13Smg 441, Znyg
and Yby 33Ceg44Smg 231r,Zn,g) suppresses the Kondo lattice
behavior and strongly drives the system to a more typical
metallic behavior [28]. Taken together, these data indicate
that increased Ce content tunes the Kondo hybridization tem-
perature towards higher values than those seen for the pure
Yb compound, while Sm substitution tends to weaken the
hybridization.

The temperature-dependent thermopower S(7°) is pre-
sented in Fig. 1(b). Similar to earlier reports [8,9], S(T')
for the parent compound decreases with decreasing T and
reaches a value of —64 uV /K at 7 ~ 20 K. This was earlier
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FIG. 2. (a) Total thermal conductivity « vs 7', and (b) lattice ther-
mal conductivity k. vs T for Yb,Ce,Sm_ Ir,Znyy (x +y +2z = 1).

interpreted as being due to Kondo lattice hybridization, where
the negative value shows that the charge carriers are mainly
electronlike. By introducing 8% Ce and 5% Sm on the Yb site,
the peak value is enhanced to —70 uV/K. A further increase
of Ce content reduces the magnitude of the negative peak and
produces a positive peak at 7' =~ 100 K, which is as a result
of Ce-dominated hybridization [29] and resembles what is
seen for Celr,Znyg [23]. Here, the evolution from positive to
negative values demonstrates that while Yb favors an elec-
tronlike Fermi surface, Ce produces a holelike Fermi surface.
Additional Sm substitution preserves the overall shape of the
Ce-substituted samples, but results in further fine tuning of S.
Taken together, these results indicate that the mixing of Yb
and Ce results in distinct hybridization for the separate sets of
f electrons, as well as competition between the electronlike
and holelike Fermi surfaces.

The total thermal conductivity «(7') for all the specimens
is presented in Fig. 2(a), which is a combination of a lattice
term «p and an electronic term «g. For k1, a correction for
radiation loss effects has been made following the procedure
described in Pope et al. [30]. Figure 2(b) shows « (T") after
the correction. kg was obtained through the Wiedemann-Franz
relation [31]

LoT
o(T)’

ke(T) = Ly =244 x 107 WQ/K2, (1)
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FIG. 3. Temperature-dependent (a) power factor PF and (b) di-
mensionless figure of merit ZT of Yb,Ce,Sm_Ir,Znyy (x +y +z =

1).

where L represents the Lorentz number. These results will be
discussed in detail in Sec. III C, but are presented here in order
to calculate the thermoelectric figure of merit Z7T .

Figure 3 shows the power factors, PF = S%/p, and the
thermoelectric figures of merit, ZT = SZT/ (pk), where S is
the Seebeck coefficient, p is the electrical resistivity, and «
is the thermal conductivity. The specimen that presents the
highest PF is Ybg g7Ceg.0sSmg oslr2Znyg, with a peak value
of 100.55 uW/(cmK?) at 16.8 K. This value represents an
improvement of approximately 35% as compared to the pre-
vious reported value for Yblr,Znyg [9]. This large PF and
small « value result in a large ZT value for this specimen
[Fig. 3(b)], with a peak value of 0.076 at 18.63 K. It can
also be observed that for several specimens the ZT peaks
are shifted to higher temperatures. Between 100 and 200 K,
the specimen Ybyg 33Ceq 44Smg 2311, Zny( presented the highest
ZT peak, with a value of 0.02 at 140.67 K. This specimen
also contains triple fillers (Yb, Ce, and Sm) with the highest
concentration of Ce among other specimens.

B. Magnetic and heat capacity properties

To better understand the effect of introducing Ce and Sm
on the Yb site, the temperature-dependent magnetization was
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FIG. 4. Temperature-dependent (a) magnetic susceptibility x ()
with an applied magnetic field H = 0.1 T, and (b) inverse of the mag-
netic susceptibility x ~!(T) for Yb,Ce,Sm_Ir;Zny (x +y +z=1).
The dashed lines represent the Curie-Weiss fits mentioned in the text.

measured, which provides insights into the f-electron valence
states and the hybridization strength [32-34]. Figure 4(a)
presents the temperature-dependent magnetic susceptibility
x (T) for all specimens, where paramagnetic behavior is ob-
served at elevated temperatures in all cases. Curie-Weiss fits
were performed at high temperatures (7 > 150 K) to the
inverse of the magnetic susceptibility [Fig. 4(b)] using the
expression [35]

x(T) + xo(T) = )

c
T — 6w’
where c is the Curie constant (calculated as a fitting param-
eter), and Oy is the Weiss temperature. In some cases, an
additional y term was needed to fit the data, which may
be due to a Van Vleck contribution that originates from
the Sm ions [36]. Table I shows 6w for all the specimens,
together with the experimental effective magnetic moment
Weft = 2.824/c/n, where n represents the number of magnetic
elements per formula unit [31]. These values are compared
to the theoretical effective magnetic moment for triva-
lent ions [35], tett, Th = X * Mett(Ce) + Y * Mefsm) T Z * [efi(Yb)>
where x + y + z = 1. The parent compound, Yblr,Zn;g, has
also been included for comparison. By comparing the theoret-
ical and experimental total effective magnetic moments of all
the specimens (Table I), it is seen that the values are in good
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FIG. 5. (a) C, vs T and (b) C,/T vs T? for Yb,Ce,Sm_Ir,Zny
x+y+z=1.

agreement, which indicates that the ions remain trivalent for
all substitutions.

Heat capacity measurements (Fig. 5) provide further in-
sights about the evolution of the electronic hybridization
and the lattice behavior. Starting with the parent compound
(Yblr,Znyy), it is seen that there is a Fermi-liquid dependence
[37]1 C,/T =y + BT? for 10K < T < 14K, where y and
B represent the electronic and lattice contributions to the
heat capacity. But this dependence is interrupted by a broad
hump at low temperatures [Fig. 5(b)], which indicates the
presence of additional electronic degrees of freedom at low
temperatures. Despite this, it can be seen that over this tem-
perature range chemical substitution has only a weak effect
on the electronic contribution to the heat capacity. However, a
stronger evolution is seen at lower temperatures. Focusing first
on the samples that primarily substitute Ce, it can be observed
that the low-temperature value is suppressed with increasing
Ce content, which is consistent with earlier results showing
that for Celr,Znyg there is simple Fermi-liquid behavior with
y = 87 mJmol~! K~2 [23]. The Sm case is potentially more
complex given that Smlr,Zny, exhibits a low-temperature
hump that originates from magnetic fluctuations of the Sm
ions that eventually resolves into an ordered magnetic state
[38]. The temperatures at which all these broad humps appear
agree with the magnetic ordering observed in x (7') [Fig. 4(a)].
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FIG. 6. (a) Experimental atomic PDFs reflecting the atomic ar-
rangement in the respective system. The data of each sample is offset
for a clear presentation. (b) Polyhedron representation of the unit
cell, where R is represented in black, Ir in red, Zn;, Zn,, and Zn;
in green, magenta, and blue respectively. (c) Fit (red line) to the
experimental (symbols) atomic PDF for Yblr,Znyg. In the fit on top,
anisotropic thermal factors are refined. In the bottom fit, the thermal
factors are kept isotropic. The residual difference (blue line) is shifted
by a constant factor for clarity. The goodness-of-fit indicators R,, are
given.

Therefore, we suspect these humps are associated with the
magnetic contribution due to the Yb, Ce, and Sm ions. How-
ever, we cannot rule out the possibility that the Schottky
anomaly also contributes to this behavior, as described by
Torikachvili et al. [14]. As a result, it is very challenging to
extract an accurate y from a low-temperature fit, so only S is
being reported for all samples (Table I). To better understand
the lattice dynamic, the full temperature range of the heat
capacity has been fitted using the combined Debye-Einstein
model, where C,(T") can be expressed as [39]

T 3 6p/T x4ex
D) [
) 0 (er—1)

o0/ T

+ G (9—E>2— 3)
E\7 (ee("E/T _ 1)2’

where x = hw/kpT, w is the Debye frequency, 6p and Og
are the Debye and Einstein temperatures, respectively, and Cp
and Cg are constants containing numbers of oscillators and
degrees of freedom. All calculated parameters are listed in Ta-
ble I, where 6 and 0 vary little for different concentrations.

C. High-energy XRD and atomic pair distribution function
(PDF) analysis

The atomic structure was studied by high-energy XRD
coupled to an atomic pair distribution function (PDF) analysis.
The technique has proven useful in studying materials ex-
hibiting lattice distortions, including thermoelectric materials
[40—42]. Experimental atomic PDFs are shown in Fig. 6(a).
The PDFs show a sequence of well-defined peaks. The area
under a peak is proportional to the number of atomic pairs
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FIG. 7. Projection of the refined unit cells of Yb,Ce,Sm_Ir,Zn;,
(x +y 4z = 1), where R is represented in black, Ir in red, and Zn,,
Zn,, and Znj in green, magenta, and blue, respectively. Mean-square
displacements for Zn atoms are much larger and anisotropic than
those for metal atoms.

separated by the particular interatomic vector [41]. In partic-
ular, the first PDF peak reflects the first coordination sphere
in studied materials. It splits into three compounds reflecting
distinct Zn-Zn, R-Zn, and T-Zn bonding distances, where R
and T are rare-earth and transition metal elements, respec-
tively. In the compounds, R atoms have 16 Zn neighbors
forming a Frank-Kasper polyhedron and 7 atoms have 12 first
neighbors, as shown in Fig. 6(b). On the other hand, Zn atoms
occupy three distinct positions, Zn; (Wyckoff position 96g),
Zn, (Wyckoff position 48 f), and Znz (Wyckoff position 16¢),
where Zn; and Zn, atoms are 12-fold coordinated and Znj3
atom is 14-fold coordinated. Hence, Zn3 may be expected to
exhibit large atomic displacements, where the displacements
of Zn; and Zn, would be smaller. In addition, because Zn;
has both Ir and lanthanides as first neighbors, its displace-
ments from the average position may be expected to vary
with changes in the lanthanide type. The atomic PDFs were
fit with a structural model based on the well-known crystal
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FIG. 8. (a) Lattice parameters and selected interatomic distances
derived from the PDF refined models, and (b) selected property data.
Specimen compositions are listed in Table I.

structure of R7,Zn;, compounds [18]. The fit parameters in-
cluded lattice parameters (Table I), coordinates of Zn; and
Zn, atoms, and mean-squared atomic displacements (MSD).
A model based on isotropic displacements, however, did not
fit well the first PDF peak as shown in Fig. 6(c). A model
based on anisotropic displacements performs much better (R
of 15% vs 19%).

Projections of the refined unit cells are shown in Fig. 7.
It can be observed that Zn atoms suffer large anisotropic
displacements, where the preferred direction of the dis-
placements and their magnitude are different for different
compounds. The observed anharmonicity of the atomic vibra-
tions of Zn atoms would lead to a diminished 1 . The decrease
would be different for different compounds, as illustrated in
Fig. 2. Note, as the small atomic displacements indicate, the
contribution of R and Ir atoms to the observed diminishing of
k would be limited.

Refined lattice parameters and selected interatomic dis-
tances derived from the PDF refined models are shown in
Fig. 8(a). It is seen that a partial replacement of Yb atoms by
Ce atoms expands the lattice parameter, Yb-Yb distances, and
coordination polyhedra of Yb and Ir atoms. This is because
Ce atoms are larger in size than Yb atoms. Distances between
nearby Zn atoms do not scale with Ce content, indicating
a uniform distortion of the Zn framework upon introduc-
ing Ce. Split positions for Zn atoms were considered but
proved to be nonrealistic. Increased MSD did a better job,
indicating that the Zn sublattice /framework is continuous and
just distorted/softened. The observed expansion of unit cell
volume and coordination polyhedra of R and Ir atoms, i.e.,
negative pressure, would affect significantly the electronic
properties of the studied compounds. In particular, negative
pressure and a coupled increase of the volume of the Yb cage
would reduce partially the valence state of magnetic Yb**
ions toward the nonmagnetic Yb>" state, resulting in dimin-
ished e as documented by our measurements (see Table I).
The enhanced degree of hybridization would increase the den-
sity of states at the Fermi level when compared to the limiting
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Yb** and Yb** states. This may explain the emergence of a
“negative” dip in S(7") at low temperatures [Fig. 1(b)]. The
combined effect of increased (negative) Seebeck coefficient
and diminished lattice conductivity would result in increased
PF and ZT, as observed in Fig. 3.

Selected property data are also shown in Fig. 8(b). In-
spection of the data indicates a strong correlation between
the thermoelectric (ZT, ki, and S) and structural properties
(lattice parameters and near-neighbor distances) of 100% Yb
and 87% YDb samples.

IV. CONCLUSIONS

We have investigated the effects on the magnetic, ther-
mal, and thermoelectric properties of 1-2-20 compounds when
introducing other rare-earth elements (Ce and Sm) in the com-
pound that motivated this study (Yblr,Znyg). The electrical
resistivity data suggest that by introducing Ce and Sm, a vari-
ation in the Kondo coherence temperature can be observed.
Heat capacity data show that chemical substitution has only
a weak effect on both the electronic contribution to the heat
capacity and the average lattice behavior. XRD data show

strong lattice anharmonicity (the Zn sublattice is “soft,” i.e.,
phonon glass, as indicated by the observed large MSD), which
typically reduces the lattice thermal conductivity. Overall, our
results indicate that it is possible to improve the thermoelec-
tric properties of 1-2-20 compounds by introducing multiple
rare-earth elements as cage fillers. The specimen that has
the largest ZT is Ybg g7Ceq.0sSmy gslroZnyy with an absolute
value of the Seebeck coefficient of 70 uV/K and a ZT of
0.076, at 20 K. Finally, having ZT peaks at higher temper-
atures (100-200 K) for the Ce-content specimens is also an
interesting result. It opens up opportunities for applications
under broader temperatures.
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