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Yb9Mn4.2Sb9 has been shown to have extremely low thermal conductivity and a high thermoelectric figure

of merit attributed to its complex crystal structure and disordered interstitial sites. Motivated by previous

work which shows that isoelectronic substitution of Mn by Zn leads to higher mobility by reducing spin

disorder scattering, this study investigates the thermoelectric properties of the solid solution,

Yb9Mn4.2�xZnxSb9 (x ¼ 0, 1, 2, 3 and 4.2). Measurements of the Hall mobility at high temperatures (up to

1000 K) show that the mobility can be increased by more than a factor of 3 by substituting Zn into Mn

sites. This increase is explained by the reduction of the valence band effective mass with increasing Zn,

leading to a slightly improved thermoelectric quality factor relative to Yb9Mn4.2Sb9. However, increasing

the Zn-content also increases the p-type carrier concentration, leading to metallic behavior with low

Seebeck coefficients and high electrical conductivity. Varying the filling of the interstitial site in

Yb9Zn4+ySb9 (y ¼ 0.2, 0.3, 0.4 and 0.5) was attempted, but the carrier concentration (�1021 cm�3 at

300 K) and Seebeck coefficients remained constant, suggesting that the phase width of Yb9Zn4+ySb9 is

quite narrow.

Introduction

Solid-state thermoelectric generators are an ideal clean and

reliable source of an energy harvesting system due to their

ability to generate electricity directly from waste heat. For the

purpose of widespread applications, it is necessary to improve

the efficiency of thermoelectric materials, quantied by the

thermoelectric gure of merit (zT ¼ a
2T/kr).1 A good thermo-

electric material must strike a balance between a large Seebeck

coefficient (a), low electrical resistivity (r), and low total thermal

conductivity (k), all of which are related via the free majority

carrier concentration (n).2 Here, the total thermal conductivity

is a combination of electronic thermal conductivity (kel) and

lattice thermal conductivity (kL).

Zintl compounds provide many of the characteristics

required for good thermoelectric materials.3,4 Zintl phases are

made up of electropositive cations that donate their electrons to

anions, which in turn must form covalent bonds to satisfy

valence.5,6 They oen have very low lattice thermal conductivity

due to their large unit cells, and it is possible to nely tune their

electronic properties by doping, providing a route to improved

zT. High thermoelectric efficiency has been demonstrated in a

number of different Zintl compounds7–17 including Yb14MnSb11
(ref. 16 and 18) and YbCd2�xZnxSb2, both of which have zT

values above unity at high temperatures.11,19–36

Recently, Yb9Mn4.2Sb9 was shown to have promising ther-

moelectric performance (zT ¼ 0.7 at 950 K) by Bux et al.17 The

structure of Yb9M4+xSb9 is shown in Fig. 1, where M can be

Fig. 1 The Yb9M4+xSb9 structure contains infinite M4Sb9 “ribbons”

made up of corner sharing MSb4 tetrahedra, where M is a 2+ transition

metal that can be either Mn, Cd or Zn.37,38 Partially occupied M-

interstitial sites (yellow spheres) link neighboring M4Sb9 ribbons into a

pseudo two-dimensional framework.
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either Mn2+, Cd2+ or Zn2+.37,38 Although this structure type was

originally discovered in the 1970's,39 the interstitial site was not

recognized until 2004 by Bobev et al.38 The structure contains

ribbons of MSb4 tetrahedra that are connected by partially

occupied interstitial M sites. The Yb9M4+xSb9 structure would be

charge balanced based on simple electron counting rules if the

interstitial M sites were 25% occupied, corresponding to x ¼
0.5. In practice, the Mn analogue, Yb9Mn4+xSb9, was found to

behave as a line compound with approximately 10% occupation

of the interstitial sites (x ¼ 0.2).17,37 In the Zn-containing

analogue, the exact composition is unclear, as the literature

reports four different stoichiometries (Yb9Zn4.18Sb9,

Yb9Zn4.23Sb9, Yb9Zn4.380Sb9 and Yb9Zn4.384Sb9) determined

from renement of single crystal X-ray diffraction data.37,38

The high zT reported for Yb9Mn4.2Sb9 stems from its low,

glass-like lattice thermal conductivity (kL x 0.5 W mK�1 at

room temperature) and optimized electronic properties.17 To

improve zT further, it is thus necessary to improve the inherent

electronic properties of this system by tuning either the band

structure or carrier scattering. One potential route is to increase

the carrier mobility by substituting Zn on the Mn site, as

demonstrated in the YbZn2�xMnxSb2 and Yb14Mn1�xZnxSb9
solid solutions.7,13 In YbZn2�xMnxSb2, the mobility of the Zn

end-member is much higher than that of the Mn end-member,

even though the effective mass remains unchanged. Similarly,

in Yb14Mn1�xZnxSb11, an increased Zn content leads to

improved mobility. In both cases, the substitution of Zn leads to

improved thermoelectric performance. These results motivate

the current investigation of the thermoelectric properties of the

Yb9Mn4.2�xZnxSb9 solid solution (x ¼ 0, 1, 2, 3 and 4.2).

Results and discussion
Synthesis and characterization

Yb9Mn4.2�xZnxSb9 (x¼ 0, 1, 2, 3 and 4.2) and Yb9Zn4+ySb9 (y¼ 2,

3, 4 and 5) samples were prepared by ball milling followed by

hot pressing (details are described in the Experimental section).

To characterize these samples, X-ray diffraction (XRD) was

performed on the polycrystalline slices at room temperature.

Fig. 2 shows the XRD results for all of the Yb9Mn4.2�xZnxSb9
samples (x ¼ 0, 1, 2, 3 and 4.2). For the x ¼ 4.2 sample, the

Rietveld t and residual are shown as red curves and blue curves

respectively. Table 1 shows lattice parameters for solid solu-

tions. As the amount of Zn increases, each lattice parameter

varies linearly, in agreement with previously reported

results.37,38 Scanning electron microscopy conrmed that the

phase purity of the Zn-containing samples is approximately

95% and revealed YbM2Sb2 (M ¼ Zn or Mn) as a secondary

phase.

Electronic transport properties

The electronic transport properties of Yb9Mn4.2�xZnxSb9 (x ¼ 0,

1, 2, 3 and 4.2) samples are shown in Fig. 3 and 4. The Mn

analogue, Yb9Mn4.2Sb9, is a line compound with an electron

decient composition, resulting in a carrier concentration of

Fig. 2 X-ray diffraction patterns for Yb9Mn4.2�xZnxSb9 (x ¼ 0, 1, 2, 3

and 4.2) samples exhibit no significant impurity phases. The Rietveld fit

and difference profiles are shown for the Zn end-member.

Table 1 Lattice parameters for Yb9Mn4.2�xZnxSb9 were calculated

from XRD results using Rietveld fits. As the amount of Zn increases,

each parameter changes linearly from the Mn end member side to the

Zn end member and this follows a reported trend37,38

Composition a (Å) b (Å) c (Å)

x ¼ 0 22.014 12.231 4.6079
x ¼ 1 21.834 12.327 4.5841

x ¼ 2 21.764 12.334 4.5664

x ¼ 3 21.711 12.343 4.5451

x ¼ 4.2 21.692 12.409 4.5278

Fig. 3 With increasing Zn content, x, the (a) Hall carrier concentration

of Yb9Mn4.2�xZnxSb9 samples increases and (b) the resistivity

decreases. (c) The Hall mobility decreases with temperature due to

acoustic phonon scattering. (d) As a function of x at 300 K, the mobility

decreases due to alloy scattering and then rises sharply with complete

substitution of Mn by Zn.

This journal is © The Royal Society of Chemistry 2014 J. Mater. Chem. A, 2014, 2, 7478–7483 | 7479
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4 � 1020 h+ cm�3 and degenerate semiconducting behavior.

Surprisingly, considering that Zn and Mn both have the same

valence state in this structure, substituting Zn on the Mn site

increases the carrier concentration (nH) sharply, as shown in

Fig. 3a. Using simple electron counting rules, a carrier

concentration of nH ¼ 0 h+ cm�3 corresponds to 25% occupa-

tion of the interstitial sites (Yb9M4.5Sb9), while completely

empty interstitial sites (Yb9M4.0Sb9) yield nH ¼ 1.66 � 1021 h+

cm�3. Thus, the higher nH in Zn-containing samples may

indicate that the solubility of Zn in the interstitial sites is lower

than that of Mn. Additionally, in the Zn containing samples, nH
decreases by nearly an order of magnitude as the temperature

increases. Both of these effects may be because introducing Zn

changes the defect chemistry by lowering the energy to form

accepter defects.35

The Hall mobility (mH) of Yb9Mn4.2�xZnxSb9 samples (Fig. 3c)

decreases with temperature as expected when acoustic phonons

are the primary scattering source. The change in mH as a func-

tion of the Zn content at 300 K is shown in Fig. 3d. The mobility

of the Zn end-member is increased by a factor of three relative to

the Mn analogue. The slight reduction at intermediate values of

x is due to the disorder on the transition metal site.40

An increase in mobility can arise from either increased

carrier relaxation time (s) or decreased effective mass (m*).

When acoustic phonon scattering controls the mobility, the

scattering rate 1/s(k) is determined by the acoustic deformation

potential (X), acoustic phonon velocity (vs), density (r), and the

density of states (g(E)).41

1

sðkÞ ¼
kBTX2

p

ħ

gðEÞ
vs2r

(1)

Substituting the density of states in three dimensions

g3DðEÞ ¼
1

2p2

�

2m*

h-2

�3=2
ffiffiffi

E
p

 !

into eqn (1), yields the following

relationship which shows that s is also dependent on effective

mass in this case.

sf

1

ðm*Þ3=2
: (2)

Inserting eqn (2) into the expression for mobility, the

following proportionality is acquired for mobility limited by

acoustic phonon scattering.

mf
s

m*
f

1

ðm*Þ5=2
: (3)

The Seebeck coefficients (a) of Yb9Mn4.2�xZnxSb9 (x¼ 0, 1, 2,

3 and 4.2) samples are shown as a function of temperature and

carrier concentration in Fig. 4a and b, respectively. The Seebeck

coefficients decrease as the amount of Zn, and thus the carrier

concentration, increases. However the decrease in a is much

greater than should be expected if m* is unchanged. From the

experimental Seebeck coefficients, the chemical potential (h) at

975 K is calculated within a single parabolic band (SPB)10 model

using eqn (4) with l ¼ 0 (acoustic-phonon scattering), where

Fj(h) is the Fermi integral given in eqn (6). The hole effective

masses for the pure Zn and pure Mn samples (0.65 me and

1.2 me, respectively), determined from eqn (5) using the exper-

imental nH, were used to generate the dashed curves shown in

Fig. 4b.

a ¼ k

e

�ð2þ lÞF1þlðhÞ
ð1þ lÞFlðhÞ

� h

�

(4)

n ¼ 4p

�

2m*kT

h2

�3=2

F1=2ðhÞ (5)

FjðhÞ ¼
ð

N

0

zjdz

1þ exp½z� h� (6)

From eqn (3), we can see that the observed difference in m*

can fully explain the difference in mobility between the Mn and

Zn analogues of the Yb9M4.2Sb9 structure. An increased s due to

reduced spin disorder scattering is thus not necessary to explain

the increased mobility in this case. This is in contrast to the

YbZn2�xMnxSb2 system, in which m* remained constant, and

s increased upon Zn substitution.

Thermal transport properties

As shown in Fig. 5a, the total thermal conductivity (ktotal) for

Yb9Mn4.2�xZnxSb9 samples was calculated from the measured

thermal diffusivity D using ktotal ¼ DdCp, where d is the

geometric density and Cp is the Dulong Petit heat capacity. In

Zn-containing samples, ktotal is higher than in the Mn end-

member due to the dominance of the electronic contribution.

The lattice component (kL) of the thermal conductivity was

obtained by subtracting the electronic component (kel), calcu-

lated via the Wiedemann–Flanz law from the total thermal

conductivity (kel ¼ LTs, where L and s are the Lorenz number

and electrical conductivity, respectively). Oen, L is calculated

as a function of temperature using an SPBmodel, thus falling in

between the non-degenerate and degenerate limits (1.5 and 2.4,

respectively). Using an SPB model yields a lattice thermal

conductivity (Fig. 5b) for Yb9Mn4.2Sb9 that is near the minimum

theoretical value (kmin), dened by eqn (7).

Fig. 4 (a) The Seebeck coefficients of Yb9Mn4.2�xZnxSb9 (x ¼ 0, 1, 2, 3

and 4.2) samples are consistent with degenerate semiconducting

behavior. (b) The dashed curves, calculated with an SPB model using

the parameters shown in Table 4, indicate that m* decreases as the

amount of Zn increases.

7480 | J. Mater. Chem. A, 2014, 2, 7478–7483 This journal is © The Royal Society of Chemistry 2014
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kmin ¼
1

2

�

p

6

�

1
3
kBV

�2
3ð2vT þ vLÞ (7)

here, V, vT, and vL are the average volume per atom, the trans-

verse speed of sound, and longitudinal speed of sound respec-

tively.17,42 Room temperature ultrasonic measurements of the

Zn end-member show that vT, and vL are comparable to the Mn

analogue, as shown in Table 2, suggesting that the Zn- and Mn-

based samples should have similar values of kL,
17 However, in

the Zn-containing samples, an SPB model yields unrealistically

high values of L, and thus underestimates kL. Thus, in Fig. 5b,

rather than using an SPB model for L in the Zn-containing

samples, we use L as a temperature-independent “tting

parameter” by setting kL ¼ kmin at 923 K. The resulting values of

L are given in Table 3. Note that the use of a temperature-

independent L for the Zn-containing samples leads to slightly

overestimated values of kL at lower temperatures.

Varying interstitial Zn content

Although the mobility of Yb9Zn4Sb9 is three times higher than

that of the Mn analogue, the carrier concentration is typically

higher than desired for thermoelectric applications. In an

attempt to control the carrier concentration by increasing the

interstitial Zn concentration, we synthesized Yb9Zn4+ySb9
samples with y ¼ 0.2, 0.3, 0.4 and 0.5. However, Hall measure-

ments indicate that the carrier concentration remains constant

(nH � 1021 h+ cm�3) as the amount of Zn added synthetically is

varied (Fig. 6a). The Seebeck coefficients, shown in Fig. 6b, also

remain nearly constant as a function of the Zn content, sug-

gesting that the composition range of Yb9Zn4+ySb9 may be quite

narrow, similar to that of the Mn analogue.

Figure of Merit

Fig. 7 shows the experimental zT of Yb9Mn4.2�xZnxSb9 solid

solution samples (x ¼ 0, 1, 2, 3, 4.2) as a function of carrier

concentration at 975 K. An SPB model was used to predict the

gure of merit as a function of n for the Yb9Mn4.2Sb9 and

Yb9Zn4.2Sb9 end-members (shown as dashed curves) using

the parameters in Table 4. The lower effective mass and

higher mobility in the Zn analogue shi the optimal carrier

Fig. 5 (a) The total thermal conductivity of Yb9Mn4.2�xZnxSb9 (x¼ 0, 1,

2, 3 and 4.2) increases with x. (b) The lattice thermal conductivity was

estimated for Zn-containing samples using the temperature inde-

pendent Lorenz numbers given in Table 3.

Table 2 Room temperature ultrasonic measurements: shows that the

longitudinal and transverse speeds of the sound Zn compound are

slightly higher than the Mn analogue

Speed of Sound Longitudinal Transverse

Yb9Zn4.2Sb9 3228 m s�1 1920 m s�1

Yb9Mn4.2Sb9 3070 m s�1 1730 m s�1

Table 3 Lorenz numbers were obtained by setting the minimum

experimental lattice thermal conductivities to the calculated theoret-

ical minimum. For the pure Mn sample, L was calculated using an SPB

model as shown in ref. 13

Composition Lorenz number (�10�8 W U K�2)

x ¼ 1 1.77
x ¼ 2 1.61

x ¼ 3 1.70

x ¼ 4.2 1.50

Fig. 6 (a) The carrier concentration remains unchanged in samples

with synthetic compositions of Yb9Zn4+ySb9 (y ¼ 2, 3, 4 and 5). (b) The

Seebeck coefficients are also unaffected by varying the synthetic Zn

content.

This journal is © The Royal Society of Chemistry 2014 J. Mater. Chem. A, 2014, 2, 7478–7483 | 7481
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concentration downwards relative to Yb9Mn4.2Sb9. The

predicted maximum gure of merit is somewhat higher

for the Zn analogue due to its higher weighted mobility

(m0(m*/me)
3/2) and dimensionless quality factor43,44

(B ¼
�

kB

e

�22eðkBTÞ3=2

ð2pÞ3=2h-3
m0ðm*=meÞ3=2

kL
T, where m0 is an intrinsic

mobility calculated by the following equation when charge

carriers are scattered by acoustic phonons: mH ¼ m0

F�1=2ðhÞ
2F0ðhÞ

).

However, the experimental zT of Zn containing samples is far

lower than that of the Mn end-member, due to their high

carrier concentrations. While the carrier concentration of

Yb9Mn4.2Sb9 is very close to the optimal value, samples with Zn

have carrier concentrations that are far too large. However, the

possibility of reducing the carrier concentration of Zn-con-

taining samples by doping with an n-type dopant,16,18 higher zT

than that of the Mn analogue could potentially be realized in

future work.

Conclusion

The Zintl compound Yb9Mn4.2Sb9 is a promising thermoelectric

material due to its low, glasslike lattice thermal conductivity,

which is essential for high zT. In this research, the effect of

substituting Zn on the Mn site in Yb9Mn4.2�xZnxSb9 was

investigated. Pursuing this strategy led to reduction by a factor

of two in the valence band mass, and thus increased carrier

mobility and decreased Seebeck coefficient. The thermoelectric

quality factor of the Yb9Mn4.2�xZnxSb9 system was found to be

somewhat higher in the Zn analogue due to its improved

mobility. However, the carrier concentration in Zn-containing

samples was too high, and varying the synthetic Zn content did

not lead to the desired carrier concentration control. In future

studies, n-type dopants may be used to reduce the carrier

concentration and achieve a higher gure of merit.

Experimental

Yb9Mn4.2�xZnxSb9 (x¼ 0, 1, 2, 3 and 4.2) and Yb9Zn4+ySb9 (y¼ 2,

3, 4 and 5) samples were prepared by ball milling followed by

hot pressing. The elements were loaded into stainless-steel vials

with stainless-steel balls inside the glove box lled with argon.

The materials were dry ball-milled for an hour using a SPEX

Sample Prep 8000 Series mixer/mill. The ne powder was hot-

pressed in high-density graphite dies using a pressure of

40 MPa on a 12 mm diameter surface. Samples were hot pressed

using a maximum temperature of 1073 K for 2 hours under

owing argon, followed by 2 hours of cooling. To determine the

phase purity of the products, X-ray diffraction was performed

aer polishing with a Philips X'Pert MPD diffractometer oper-

ating at 45 kV and 40 mA, and Rietveld analysis was performed

using Philips X'part plus soware. A Zeiss 1550 VP scanning

electron microscope was also used to investigate the phase

purity.

For measuring the thermoelectric properties, a Netzsch LFA

457 was used. Electronic resistivity and Hall coefficient were

determined using the 4-point probe Van der Pauw technique

with a 0.8 T eld under high vacuum.45 The Seebeck coefficient

was also measured using a light-pipe method with tungsten–

niobium thermocouples under high vacuum.46
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