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Thermoelectricity is a direct conversion between heat energy and electrical power. Thermoelectric generators
provide a green approach to energy production but many materials that exhibit thermoelectric phenomena
are not efficient enough to compete with other forms of renewable energy. In recent years, the 1-2-20 class
of materials has displayed advanced thermoelectric properties, through large Seebeck coefficients and figures
of merit. In this study, different rare earth elements were substituted in an effort to enhance the overall
thermoelectric properties of these compounds. Using the molten metal flux growth technique, we synthesized
crystals of A,_ B, IryZn,, (A, B = Ce, Sm, Yb). We characterized the stoichiometry using energy-dispersive
x-ray spectroscopy and the structure using x-ray diffraction for each specimen. Detailed thermodynamic and

electrical transport properties are investigated in order to determine the effect of chemical substitution on the
rare earth site has on the thermoelectric properties.

1. Introduction

There is increasing demand for energy around the world. Hydroelec-
tric dams, solar panels, and wind turbines are among the considered
green approaches to energy production. One avenue for clean-energy
production that is far less popular is thermoelectric generators. The
phenomenon behind thermoelectricity is a direct conversion between
heat energy and electrical power. Therefore, the voltage is produced
due to a temperature differential. The source of the temperature differ-
ential would be a heat source. Many materials are inefficient at this
process and, because of this, they are not widely used for electrical
production. Through materials research, discovering and developing
efficient thermoelectric compounds is possible [1-5].

From a practical application standpoint, one would want to find
a composite system for which n-type and p-type characteristics were
comparable. This means that within the same temperature regime,
an n-type (electron-dominated) system and a p-type (hole-dominated)
system would achieve optimal efficiency. Chemical doping and or
chemical substitution studies have proven to be an instrumental aspect
in the evolution of devices such as those that utilize semiconductors.
Among the many examples, chemical doping studies have been demon-
strated to improve the efficiency of renewable energy sources such as
photovoltaics [6,7] and thermoelectrics [8,9]. For this reason, there
is a compelling motivation to use this strategy to enhance known
thermoelectric materials.
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An attractive group for such studies are the materials with the
generic formula XY,Z,, (X = lanthanide or actinide, ¥ = transition
metal, Z = Zn, Al, Cd), which are often referred to as 1-2-20 com-
pounds. This is because these compounds form in a cubic symmetry
cell setting in the Fd-3m space group, with the prototype compound
being CeCr,Al,,. The cubic unit cell provides a cage-like structure with
f-block elements and transition metal elements oftentimes surrounded
by a Zn, Cd, or Al framework [10]. This type of geometry has been
shown to cause a “rattling”-like effect from the element trapped inside
the cage, in turn reducing the thermal conductivity, this is illustrated
in Fig. 1(A) [11]. A schematic view of the crystal structure is shown
in Fig. 1(B), where a unit cell viewed along the a-axis is displayed.
Also, important is that they often exhibit strongly correlated electronic
states, from the heavy fermion properties associated with the f-element.
This prompts elevated specific heat values at low temperatures and
large Seebeck coefficients. Furthermore, these compounds generate
intriguing physical properties such as superconductivity [12], mag-
netism [13], the potential for thermoelectric applications [1], and
are highly tuneable (e.g., using applied pressure, magnetic fields, and
chemical substitution).

Various chemical substitution studies have been implemented
within the 1-2-20 group, on the rare earth site [14] and transition metal
site [1,15]. Each of these studies has generated results showing that
elemental substitution dramatically affects the thermoelectric proper-
ties. For example, work by Galeano-Cabral et al. on Yb,Ce,Sm,IryZny,
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Table 1
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Magnetic, lattice, and thermodynamic parameters of all specimens A,_ B Ir,Zn,, (A, B = Ce, Sm, Yb). y is the magnetic moment, 6, is the
Curie-Weiss temperature, C is the Curie constant, y, is a temperature-independent term to the magnetic susceptibility, a is the lattice constant,

0, is the Debye temperature, and 6;; is the Einstein temperature.

Sample Hegr (Up) Oy (K) C (cm® K/mol) Zo (cm?/mol) a A op (K) O (K)
Celr,Zn,, 2.99 171.64 1.125 0 14.273 283.59 97.27
Ceg.515Mg 4011, Z0g) 4.06 100.5 2.066 0 14.271 293.90 101.74
Smlr,Zn,, 0.93 88.5 0.109 0.00097 14.246 300.03 104.70
Yby ¢ Ceo 41t Zgg 35 7.51 1.539 0 14.191 307.88 102.16
Yby 57 SMyg 4311 ZN50 4.10 0.94 2.118 0 14.178 290.69 96.33
YbIr,Zny, 4.12 1.11 2.136 0 14.164 286.59 93.35

(x + y + z = 1) shows that by introducing Yb, Ce, and Sm, the
magnetic, thermal, and thermoelectric properties can be modified and
improved [14]. Motivated by these works, this study focuses on chem-
ical substitution performed on the rare earth element in A;_ B, IryZn,,
(A, B =Ce, Sm, Yb). A chemical survey across the lanthanide series was
performed by interchanging Ce, Sm, and Yb. We chose these elements
because they allowed for a broad consideration of the f-electron state
across the rare earth elements and because hybridization between
f-states and conduction electron states is often a feature of these
elements. Also, the differing number of f-electrons means that the types
of dominant charge carriers may be distinct. Combinations of Yb-Ce,
Yb-Sm, and Ce-Sm within the rare earth site were also performed. The
objective of this research study is to understand what role chemical sub-
stitution on the rare earth site has on the thermoelectric performance of
A,_B,Ir,Zn,y, (A, B = Ce, Sm, Yb). We present the characterization of
these materials through EDS, powder x-ray diffraction, electrical trans-
port, heat capacity, Seebeck coefficient, and magnetometry. Comparing
the physical properties of the single rare earth substitution with the
double rare earth compounds can give insight into what parameters
we are affecting with each substitution. Powder x-ray diffraction results
indicate a contraction in the lattice constant as the composition evolves
from Ce to Yb. Ce-containing compounds are primarily dominated by
hole charge carriers, while Yb-containing compounds are primarily
dominated by electron charge carriers. This result is demonstrated in
the Seebeck data. The maximum ZT values found for Yb-containing
compounds are located at low temperatures below 35 K, while Ce
compounds have a maximum ZT near 100 K. This finding demonstrates
the functionality of these materials over a broad range of temperatures.
Partial Sm substitution in YbIr,Zn,, resulted in an overall enhancement
in the maximum ZT value. The behavior of electronic correlations is
shown to be preserved in the Yb and Ce-containing compounds and
results in elevated Seebeck coefficients and ZT values.

The Mott theory for thermoelectric phenomena relates the Seebeck
coefficient to the density of states at the Fermi energy by the following

. 2042 T . -
relation S = 7[3—4‘*% [16]. Where S is the Seebeck coefficient

and N(Ep) is the density of states at the Fermi energy. In general, a
higher density of states at the Fermi energy corresponds to a larger
Seebeck coefficient, due to the proportionality between the two. Mate-
rials with large density of states near the Fermi energy are proposed
to host superior thermoelectric properties. The compounds studied
here exhibit strong hybridization between f-electrons and conduction
electron states, commonly referred to as the Kondo effect [1,17]. From
these correlations emerges a peak in the density of states in the electron
system near the Fermi energy [18]. Consequently, the presence of
hybridization propels thermoelectric performance in these compounds.

2. Experimental methods

Intermetallic crystals of A,_, B, Ir,Zn,, (A, B = Ce, Sm, Yb) were
synthesized using the molten metallic flux growth technique via a com-
position of Zinc self flux [19,20]. The starting elements were greater
than 99.9% purity. Elements were combined in the atomic ratios of (Yb,
Sm, Ce):Ir:Zn = 1:2:60, loaded into 2-ml alumina Canfield crucibles,
and sealed under vacuum in quartz tubes [21]. The ampules were

pumped and purged five times using argon gas and sealed at nearly
30 millitorr. The quartz tubes were placed in a resistive box furnace
and then heated to 1050 °C at a rate of 50 °C/h. Specimens were
held at 1050 °C for 72 h, cooled to 700 °C at a rate of 2 °C/hour,
and then held at 700 °C for 48 h. At this temperature, the quartz
tubes were removed from the furnace and centrifuged to separate the
remaining Zinc self flux from the precipitated crystals. The specific
process of centrifugation for each sample was a spin time exceeding
30 s at the maximum speed of the centrifuge, approximately 7000
revolutions per minute. Properties of YbIr,Znyy and Ybg ¢Ce 4Ir,Zngg
are from previous reports [1,14].

The crystallographic structure was characterized by powder x-ray
diffraction using a Rigaku SmartLab SE x-ray diffractometer with a
Cu Ka source. The details of the structural analysis are listed in
Table 1. Energy-dispersive x-ray spectroscopy (EDS) was performed
using an FEI NOVA 400 nanoSEM scanning electron microscope. The
Nova NanoSEM is an ultra-high-resolution Low-Vacuum Schottky Field-
Emission Scanning Electron Microscope (FEG-SEM). The system pro-
vides energy-dispersive x-ray spectroscopy (EDS or EDX) capabilities
using an Oxford 100 mm? UltimMax SDD (silicon drift detector) x-ray
detector elemental composition.

Magnetometry of all samples was gathered using Quantum De-
sign VSM Magnetic Property Measurement System (MPMS). Crystalline
samples were mounted to a quartz rod using GE varnish. Magnetic
susceptibility measurements were performed at a constant applied mag-
netic field of H = 0.1 T while sweeping temperatures from 1.8 K
to 300 K. Zero field-cooled and field-cooled measurements were con-
ducted. Magnetization measurements were performed at a constant
temperature of 1.8 K while sweeping the magnetic field between —7
Tand 7 T.

Thermal transport properties were measured using the 4He option
in the Quantum Design Physical Property Measurement System. The
Thermal Transport Option (TTO) was used to simultaneously measure
the sample’s thermal conductivity, Seebeck coefficient, and electrical
resistivity. The samples were prepared by cutting a crystalline specimen
into a bar shape using a wire saw. The sample was then polished using
5-micron diamond paper. Using silver epoxy, leads were adhered to the
sample and cured in a 150 °C furnace for a minimum of five minutes.
The measurements were carried out from T = 1.8 K to 400 K.

Heat capacity (C,) was performed using the 4He option in the
PPMS. The software-automated addenda measurement for background
subtraction was performed by applying a small amount of Apiezon N
grease to the HC puck. Then, the sample was placed on the Apiezon
N grease as an adhesive to thermally sync the sample to the sample
platform. The measurements were performed at a temperature range
from T = 1.8 K to 250 K in zero magnetic field.

3. Results and discussion

EDS was performed to determine the elemental composition. The
average EDS results over multiple spectra were used to determine the
labeled stoichiometry. From the average EDS results it was determined
that we produced YbIr,Zn,,, Celr,Znyy, Smir,Zny,, Ybgs;Smg 43lr,
Znyg, Ybg ¢Ceq 4Ir,Zny, and Ceg 51Smy 491, Znyg.
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Fig. 1. (A) Frank-Kasper polyhedron formed by RE (RE = Rare Earth) encapsulated
by Zn atoms. (B) a-axis directional view of the unit cell of REIr,Zn,,. (C) Powder x-ray
diffraction data for A,_ B,Ir,Zn,, (A, B = Ce, Sm, Yb). The diffraction patterns have
been intensity normalized and shifted vertically for transparency. (D) The elemental
composition is shown on the x-axis and the lattice constant in angstroms is shown on
the y-axis for all compounds.

Powder x-ray diffraction of the specimens was performed on A,_,B,
IryZny, (A, B = Ce, Sm, Yb). Fig. 1(A) is a comparison of the diffraction
patterns. It is apparent that all peaks align through the collected 26
regime, indicating that all samples are of the expected crystalline
structure. A Rietveld refinement was performed on each diffraction
pattern to determine the lattice constant of the individual specimens.
The lattice constant versus the elemental composition of all compounds
is plotted in Fig. 1(B). Based on the comparison, there is a systematic
reduction in the lattice constant from Ce to Yb. This is consistent with
a lanthanide contraction which is expected in a chemical substitution
series [22-26]. The lattice constant of each compound is listed in Table
1.

Temperature-dependent electrical resistivity p(T) for all samples
A,_B.IryZn,, (A, B = Ce, Sm, Yb) are shown in Fig. 2(A). In the
p(T) of YbIr,Zn,, at temperatures below 25 K there is an arch and
above 25 K there is a linear trend. The arch was previously discussed as
evidence for the Kondo lattice behavior [27]. Normal metallic behavior
with a slight curvature at lower temperatures is shown in Smlir,Zn,,
which agrees with former reports of this compound [28]. The overall
p(T) of this sample is much lower than the counterparts, indicating
simple, weakly correlated electron metallic behavior. The curvature of
the p(T) for Celr,Zn,, is much different in comparison to YbIr,Zn,,
and Smlr,Zn,,. At low temperatures, p(T) increases quadratically with
increasing temperature, then around 100 K there is an inflection point
where p(T) starts to saturate. Finally, a weak linear increase is seen
above 250 K. This shoulder-type feature resembles a Kondo lattice-
type signature, as shown in many Ce-containing intermetallics [29,30].
The comparison between the overall trend in p(T) from YbIr,Zn,, and
Yby 57Smy 431Ir,Zn,, show similar traits. The overall p(T) is about 25pQ-
cm smaller in Yb, 57Smg 43Ir,Zn,, and the low-temperature hump is
shifted to lower temperatures. The p(T) of Yby ¢Ce 4Ir,Zn, is slightly
quadratic at low temperatures and tapers off to linear with increasing
temperature. Ce( 5; Smg 49Ir,Zn,, has a very broad arch across the tem-
perature range that mimics an average over its two parent compounds,
Celr,Zn,, and Smlr,Zn,.

Temperature-dependent S(T) of all compounds A;_ B, Ir,Zn,, (A,
B = Ce, Sm, Yb) are summarized in Fig. 2(B). As previously reported,
YbIr,Zn,, has a large negative S(T) attributed to the primary charge
carriers being electrons with a maximum value near 25 K [1]. The large
values are associated with Kondo lattice hybridization. SmIr,Zn,, has
a low and broad positive S(T), that is negligible compared to its coun-
terparts. This is consistent with the electrical resistivity measurements
that indicate simple metallic behavior. The positive S(T) throughout
the measured temperature range is a reflection of the primary charge
carriers being holes in this compound. Celr,Zn,, has a sizable positive
value justified by hole charge carrier characteristics with a maximum
value close to 90 K, consistent with the observation of Kondo lattice
behavior in p(T). Although the curvature is consistent with previous
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Fig. 2. (A) Temperature-dependent electrical resistivity p(T) and (B) temperature-
dependent Seebeck coefficient S(T) for A,_ B,Ir,Zn,, (A, B = Ce, Sm, Yb).

xPx

reports, the maximum Seebeck we observe for Celr,Zn, is significantly
higher in contrast [31]. Comparing Yblr,Zn,, and Yb, 57Sm 431r,Zny,
both display negative S(T) with a maximum value close 25 K, but
there is a slight enhancement in the overall trend with the addition
of Sm. The Ybg¢Ceg 4Ir,Zn,, takes after the two parent compounds
YbIr,Zn,, and Celr,Zn,,, where the trend transitions from a negative
to a positive value with increasing temperature. This demonstrates a
competition between the dominant charge carriers in this compound.
There is a major resemblance between the Seebeck curves for Celr,Zn,,
and Ceg 5,Smg 49Ir,Zn,,. Both have a positive S(T) with a maximum
value near 90 K, although there is a significant reduction in the overall
trend with the addition of Sm.

The screening effect connected to the Kondo interaction between
local f-moments and conduction electrons has been established to cause
regions of non-linearity in electrical resistivity. The Kondo effect has
been shown to generate local maxima and logarithmic type decreases in
electrical resistivity verse temperature curves [17,27,32]. The p(T) for
all samples excluding Smlr,Zn,, contain a feature resembling the type
of curvature found in Kondo lattice systems. The scattering mechanisms
are different for the Yb-containing compounds compared to the Ce-
containing compounds, leading to the differing p(T) for the various
chemical substitutions studied here.

Comparing Fig. 2(A) and (B) it is clear that the Kondo coherence
temperature in the Ce and Yb-containing compounds are consistent.
Meaning that the curvature features shown in the resistivity correlate
with the maximum in Seebeck coefficient. While Smlr,Zn,, shows
metallic behavior in both resistivity and Seebeck. This advocates that
electronic correlations are the driving force for enhanced Seebeck
coefficients in the Ce and Yb-containing compounds.

Temperature-dependent magnetic susceptibility y(T) of all com-
pounds A,_ B Ir,Znyg (A, B = Ce, Sm, Yb) are shown in Fig. 3(A). All
x(T) data was collected in a constant magnetic field of 0.1 T. The x(T)
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Fig. 3. Temperature-dependent (A) magnetic susceptibility y(T), (B) field dependent
magnetization M(H), and (C) log,((x)(og,,(T)) for A,_ B Ir,Zny, (A, B = Ce, Sm, Yb).
All M(H) curves were collected at a temperature of 1.8 K and all y(T) data was
collected at 0.1 T.

of Yblr,Znyg and Ybg 5,Smg 431r,Zn,, are nearly identical at tempera-
tures above 5 K. There is a significant down turn for YbIr,Zn,, below
5 K, this is consistent with previous reports on this compound [1].
The addition of Sm in YbIr,Zn,, causes a significant upturn at 5 K
that indicates enhanced spin susceptibility. Similar behavior is seen
in Smlr,Zn,,, which has been proposed to exhibit Van Vleck param-
agnetism that originates from the Sm u-electron states. There is a
slight curvature over the measured temperature range, and near 50 K
there is an outstanding upturn. These features comply with past reports
of this compound [28]. Complex magnetic behaviors such as those
shown here are often seen in Samarium containing systems [33-35].
Celr,Zn,, has a weak overall moment compared to the other com-
pounds listed. A broad hump over the 25 K to 250 K temperature
regime and a subtle upturn near 5 K suggests a temperature-dependent
intermediate valence system. This behavior is consistent with previous
reports on this compound [31]. Curie-Weiss type behavior is shown
in Ybg ¢Ceq 4Ir,Zn,, above 25 K and has a rounded downturn below
25 K. This behavior demonstrates a mixture of the features shown by
its parent compounds. Cej 5;Smg 49Ir,Zn,, also takes after its parent
compounds; There is a slight curve above 25 K and a strong upturn at
low temperatures. The details of these features can be distinguished in
the inset of Fig. 3(C). A Curie-Weiss fit was applied to the magnetic
susceptibility data for each sample using the following equation [36]

_ C
T — Ocw

where C is the Curie constant, T is the temperature, y, is a temperature-
independent term, and 6.y is the Curie temperature. Fit results are

X — Xo- @
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summarized in Table 1. The most convenient method for fitting Curie—
Weiss to y(T) is by plotting 1/ vs. T. The linear regime correlates to
the paramagnetic state, the slope and intercepts of the linear regime
correspond to the 1/C and 6.y /C, respectively. The effective mag-
netic moment can be calculated using the following equation, u.; =

2.82 \/g . Ocy is calculated using the slope divided by C [36].

The results of the calculated effective magnetic moments (y¢) of
YbIr,Zn,, is 4.12 (up), this is comparable to the expected theoretical
value of Yb 3+ which is 4.53 (ug) [37]. The calculated ¢ of Celr,Zny,
is 2.99 (ug), compared to the expected theoretical value of Ce 3+
2.54 (up), the overestimation is attributed to the intermediate valence
behavior that persist below 100 K [37]. The intermediate valence
behavior established in this compound means that the oxidation state
is fluctuating between Ce 3+ and Ce 4+, this mixed state is dependent
upon temperature and results in a shift in equilibrium. This results in a
partially paramagnetic state in the measured temperature range which
leads to an approximated Curie-Weiss fit. Including an associated y,
term of 0.00097 (cm?/mol), the calculated g of SmiIr,Zny, is 0.93
(ug), compared to the theoretical value of Sm 3+ 0.85 (ug) [37].
For similar reasons as described for the valence of Ce, the Curie—
Weiss fit for Sm results in an over approximation for ug. The p.
from Ybg 5,Smg 431r,Zn,, is 4.10 (ug), meaning that the effective mo-
ment is primarily dominated by Yb magnetism in this compound.
Ybg 6Cep 4Ir,Zny has a pge of 3.5 (ug), which is approximately an
average over the y. . from the two parent compounds. The ¢ from
Ceg.515m 49Ir,Znyg is 4.06 (up), which signifies the magnetic intricacy
associated to the combination of Sm and Ce magnetism.

The Curie-Weiss temperature (0-y) of all compounds generally
follows a systematic trend. The 6y is smallest in Yb-containing com-
pounds and highest in Ce-containing compounds. This is evident based
on the shape of the magnetic susceptibility curves seen in the inset
of Fig. 3(C). The fact that the Ce-containing compounds results in
larger Oy compared to the Yb and Sm-containing compounds, indi-
cates that the correlation strength between ions is highest in the Ce
compounds. Oy of all compounds are positive indicating that there is
net ferromagnetic interactions between spins.

Field-dependent M(H) of all compounds A,_,B,Ir,Zn,, (A, B = Ce,
Sm, Yb) are displayed in Fig. 3(B). The M(H) for all compounds have a
positive linear relationship with increasing slope. Ybg 5,Smg 431r,Zny
has a subtle S-shaped curvature resembling a slight ferromagnet fea-
ture. The magnitude of M(H) depends on the substitution. Generally the
magnitude increases from Ce to Yb concentrations. This is consistent
with the y(T) data. There are no signs of saturation in the magnetic
moment for any sample in magnetic fields up to 7 T. This implies that
each sample exhibits a paramagnetic response across the measured field
range and temperature.

Temperature-dependent heat capacity data C,(T) for all samples
A_BIryZnyg (A, B = Ce, Sm, Yb) are presented in Fig. 4. As expected,
the curvature of all samples above 10 K is nearly identical, representing
the phonon contribution to C,(T). All samples were fit to the Debye
Einstein model using the following equation [38]

3 ,0p/T 4 2 05 /T

T D x“e Op %/
C(T)=Cp| — —d Cgz | = _ 2
o) D<‘9D> /0 (e¥ —1)? *r E<T> (e%/T —1)2 @

The Einstein temperature (6;) and the Debye temperature (6;,) were
extrapolated from the fit. This information is summarized in Table
1. Considering that there is practically no variation in the Debye
temperature across all samples, it is evident that the substitution of
the rare earth site has little effect on the lattice behavior. The slight
wiggling at temperatures above 200 K shown by some of the data is
attributed to the Apiezon N grease [39], but does not hinder the nature
of the sample data.

The overall trend of Cp/T(Tz) for Celr,Zn,, and Ybg Ce 41Ir,Zny,
are representative of a nonmagnetic metal. There is no evidence of a
first-order or second-order phase transition at low temperatures in these
samples. There is a low-temperature feature shown for the YbIr,Zn,,
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Fig. 5. (A) Temperature-dependent thermal conductivity «(T) and (B) temperature-
dependent thermoelectric figure of merit ZT for A,_ B,Ir,Zny, (A, B = Ce, Sm, Yb).

and Smlr,Zn,, data. All Sm-containing compounds possess a reveal-
ing low-temperature ascent. This characteristic indicates that there
is some additional entropy that could be associated with magnetic
entropy [33], crystal electric field splitting [40], etc. The elevated
low-temperature specific heat shown by all compounds gives some
insight as to why they exhibit enriched Seebeck coefficients. However,
the additional entropy discussed is assumed to be hiding the pure
electronic contribution to the specific heat. This is likely the reason
that there is not a systematic trend associated with the magnitude of
low-temperature specific heat and Seebeck coefficient values.
Temperature-dependent thermal conductivity x(T) is shown in
Fig. 5(A). Celr,Znyg, Smir,Zn,,, and Ceg 5;Smg 49Ir,Znyg has a strong
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elevation at low temperatures below 100 K. A broad arch at tem-
peratures blow 100 K is present in YbIr,Zn,,, Ybg ¢Ceq 41Ir,Zn,,, and
Yby 57Smg 43Ir,Zn,,. Above 100 K, all samples exhibit linearly increas-
ing «(T) with increasing temperature. Corrections were made to the
thermal conductivity to account for radiation loss. This correction was
performed following the method illustrated in Pope et al. [41].

Temperature-dependent thermoelectric figure of merit ZT for A,_,
B,IryZn,, (A, B = Ce, Sm, Yb) is shown in Fig. 5 (b). The overall ZT is
a reflection of the S(T) data. This is due to the fact that the dominant
term in the ZT is S(T). Ybg 5,Smy 431r,Znyg, Celr,Zn,,, and YbIr,Zn,,
have the highest ZT values, respectively. There are two peaks present
in Ybg ¢Ceq 4Ir,Zn,, one is located at a temperature near the max ZT
value of Celr,Zn,, and the other near the max value of YbIr,Zn,,.
The maximum ZT in Cey 5, Smy 49Ir,Zny, is reduced to roughly half of
the value of the pure Ce counterpart. Smlr,Zn,, has a negligible ZT
compared to these compounds. The addition of Ce in the rare earth site
of this group has been shown to push the maximal ZT value to higher
temperatures.

4. Conclusion

We have successfully produced single-crystalline samples of A,_ B,
IryZn,, (A, B = Ce, Sm, Yb) as a chemical substitution series on the rare
earth site. Our study of exchanging rare earth elements shows that the
physical properties can be modified accordingly. The addition of Sm
in YbIr,Zn,,, that being Ybg 57Sm 431Ir,Zn,g, leads to an enhancement
in the ZT by nearly 13%, the maximum ZT of Yb 5;Sm 431r,Zny is
0.078 at 23.4 K compared to 0.068 at 34.6 K for YbIr,Zn,,. There is a
dramatic difference in the behaviors of S(T) in YbIr,Zn,,, Smir,Zny,
and Celr,Zn,,. The Celr,Zn,, has a positive overall peak indicating
that the dominant charge carriers are holes. In contrast, for YbIr,Zn,,
the dominant charge carriers are electrons. Since both n-type and p-
type thermometric materials are needed to construct thermoelectric
modules, the fact that these two compounds are similar in compo-
sition could be a great advantage for improving the lifetime of the
modules. The maximal ZT value has a shift in temperature that de-
pends on the concentration of x in A,_,B,IryZny, (A, B = Ce, Sm,
Yb). This study demonstrates that rare earth substitution is a control
for the tunability of temperature efficiency, which is an important
consideration for device design. The S(T) of Smlr,Zn,, is primarily
negligible over the measured temperature range. We find that the S(T)
for Yb, ¢Ceg 41r,Zn,, and Ceg 51 Smy 491r,Zn, is nearly an average over
the two parent compounds. When substituting with Sm, for instance
in Ybg 57Smg 431Ir,Zn,, the S(T) values are enhanced. This finding is
quite remarkable since the S(T) of Smlr,Zn,, alone is insignificant. The
shape of the resistivity curves indicates that hybridization is preserved
when substituting the rare earth site with Yb and Ce. The hybridization
energy scale is consistent when comparing the p(T) and S(T) for all
compounds except for Smir,Zn,,, which displays a normal metallic be-
havior. These features indicate that appreciable hybridization strength
between the f-states and conduction electrons could be the driving
force behind the enhanced S(T).

One limitation that effectively restrains the ZT values in these
compounds is the high thermal conductivity. To further enhance the
thermoelectric properties in these compounds, one approach is to in-
crease grain boundary scatterings to reduce the lattice thermal conduc-
tivity. High density poly crystals comprised of these materials should
affect the thermal conductivity and result in an overall higher figure
of merit. Chemical substitutions using other rare earth elements or
additional combinations could be a useful avenue to further modulate
the thermoelectric properties in this group of compounds. Although, the
authors would like to mention that targeting a specific concentration of
any particular element can be challenging and is a limiting factor when
performing a substitution series study such as the one described here.
The motive of cryogen-free refrigeration in applications for materials



B. Schundelmier et al.

science and engineering is evident. Although, in general, thermoelec-
tric refrigeration has lower efficiency than conventional refrigeration
systems, its unique characteristics (for example, no moving parts, long
lifetime, and easily sizable) make it a strong candidate for this particu-
lar application. The materials reported here have a maximum efficiency
below the boiling point of liquid nitrogen, and therefore have the
potential to be implemented in a cryogen-free refrigeration device.
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