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The layered Zintl compound SrZnSb2 is investigated using transmission electron microscopy

(TEM) to understand the low lattice thermal conductivity. The material displays out-of-phase

boundaries with a spacing from 100 down to 2 nm. Density functional theory calculations confirm

that the TEM-derived defect structure is energetically reasonable. The impact of these defects on

phonon scattering is analyzed within the Debye–Callaway model, which reveals a significant

reduction in the acoustic phonon mean free path. This enhancement in phonon scattering leads to

an �30% reduction in lattice thermal conductivity at 300 K. VC 2011 American Institute of Physics.

[doi:10.1063/1.3549821]

I. INTRODUCTION

Thermoelectric materials require the unusual combina-

tion of a high Seebeck coefficient (a) coupled with low elec-

trical resistivity (q) and low thermal conductivity (j).

Together, these properties are expressed in the material fig-

ure of merit1, zt¼ a2T/(qj). Zintl compounds have recently

attracted significant attention as thermoelectric materials due

to their low lattice thermal conductivity and valence precise

nature.2 Good thermoelectric performance has been realized

in a number of Zintl compounds, including Yb14, MnSb11,

CeCoFe3 Sb12, SrZn2Sb2, and CsBi4Te6.3–6

The latter two compounds are particularly intriguing;

these are layered compounds that show high charge carrier

mobility. Phonon transport in layered compounds can simi-

larly be attractive for thermoelectric materials. At the

extreme, layered materials with turbostratic disorder have

shown some of the lowest thermal conductivity values meas-

ured in a solid.7

In our pursuit of new Zintl compounds for thermoelec-

tric applications, we have previously investigated SrZnSb2.8

This compound crystallizes in the orthorhombic space group

Pnma, with unit cell axes a¼ 23.05 Å, b¼ 4.37 Å, and

c¼ 4.46 Å.9 The structure is formed by layers of Sr, Sb, and

Zn stacked along the a axis [Fig. 1(a)] with adjacent layers

of Sb and Zn atoms forming tetrahedra, see Fig. 2 of Ref. 9.

The structure and bonding of layered Zintl compounds are

extensively discussed by Burdett and Miller.10 Our prior

investigation of SrZnSb2 found the lattice thermal conductiv-

ity to be unusually low8 (1 W m�1 K�1 at 400 K). This value

is about half of what has been observed in, e.g., the filled

Skutterudite compounds.11 While this low lattice thermal

conductivity can largely be attributed to the complex unit

cell (26 atoms in the primitive cell), we also speculated

whether microstructural features such as twinning may be

present and contribute to the low lattice thermal conductivity.

In light of the small difference in the b and c lattice parame-

ters, twinning is certainly conceivable, and planar faults are

known to influence the lattice thermal conductivity through

phonon scattering.12

In the present study we perform transmission electron

microscopy (TEM) investigations of the SrZnSb2 compound.

We show that planar defects are present, but that these are

not due to twinning. Instead, the defects are out-of-phase

boundaries created by rigid shifts in the b–c plane of the ma-

terial. These defects are discussed in light of the similar

SrZnBi2 compound, and we report on calculations of the

energetics of the observed defects. Furthermore, the effect of

FIG. 1. (Color online) The crystal structure of (a) SrZnSb2 and (b) SrZnBi2.

The arrangement of Zn and Sb/Bi atoms is very similar in the two structures,

while the sequence of Sr atoms is different. A rigid shift of half the unit cell

by the vector [0 1=2 1=2] would give similar arrangement of Sr atoms, while

leaving the Zn and Sb/Bi arrangement virtually unchanged.
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the observed defects on the lattice thermal conductivity is

assessed using a Debye–Callaway model.

II. EXPERIMENTAL AND THEORETICAL TECHNIQUES

SrZnSb2 was prepared from stoichiometric amounts of

the elements (at least 99.9% metal basis purity) following

the method described in Ref. 8. The elements were combined

in a pyrolitic BN crucible, which was sealed in a quartz tube

evacuated to about 10�3 Pa, and kept at 1225 K for 30 min.

The resulting ingot was ball milled under argon for 15 min

in the high energy SPEX 8000 Series Mixer/Mill utilizing

stainless steel vial and balls. The fine grained, homogeneous

powder obtained from milling was hot pressed in a high-den-

sity graphite die (POCO) at 825 K, for approximately 3 h,

while roughly 1.4 metric tonnes of force was placed on a

12-mm-diam surface. Specimens for TEM were prepared by

standard mechanical grinding and ion milling techniques.

The specimens were studied in JEOL 2000FX and 2010F

transmission electron microscopes, both operated at 200 kV.

The energetics of the observed defects were calculated

within the framework of density functional theory as imple-

mented in the Vienna Ab-initio Simulation Package

(VASP).13,14 The calculations employed the Perdew–Burke–

Ernzerhof15 exchange-correlation functional in the general-

ized gradient approximation. An energy cutoff of 550 eV

and a C-centered k-point sampling of 3� 15� 15 were suffi-

cient to converge the total energies. Models of the observed

planar faults were generated, and the structure was relaxed

in cell shape, volume, and atomic positions using a residual

minimization, direct inversion in the iterative subspace

scheme.16 The resulting total energy was compared with the

total energies of pristine material based on both the experi-

mental and relaxed SrZnSb2 cell parameters and atomic

positions.

III. RESULTS AND DISCUSSION

A. The defect structure of SrZnSb2

The TEM studies revealed a universally present faulted

structure. Virtually all observed grains displayed planar

defects similar to those of Fig. 2. The distance between these

defects varied somewhat. The typical distance was somewhat

below 100 nm in width, while the smallest observed spacing

was only a couple of nanometers, which is close to the

unit cell size. In projections where the electron beam was

perpendicular to the a axis, the contrast from the defects dis-

appeared, only to reappear when the sample was slightly

tilted so that the electron beam was inclined relative to the

a axis. Figure 3 shows an example of this where we note the

absence of the defects contrast in the 01�1 projection (a),

while the contrast reappears when the sample is tilted about

the [011] axis (b).

These observations indicate that the planar defects lie in

the b–c plane of the crystal, and that the observed contrast is

mainly due to a phase shift of the electrons in regions where

the crystal on either side overlap.

Selected area electron diffraction tilt series revealed no

additional or split reflections, features that would be

expected in the case of twin domains. However, we observed

systematic streaks in the diffraction patterns, see figure 4.

This streaking is parallel to the a* axis and appears for

reflections with indices kþ l¼ 2nþ 1. Such features are typi-

cal for planar defects where the structure is shifted a vector r

across the boundary. In the presence of such defects, streak-

ing will appear17 if the phase shift (u) across the boundary

differs from an integer number of 2p, that is

u ¼ 2pg � r 6¼ 2pn: (1)

Thus, we see that the observations are consistent with

a shift vector r¼ [0 1=2 1=2], while shifts of, e.g., [0 1=2 0],

[0 0 1=2], or [0 1=4 1=4] would not explain the observations.

Comparing the structure of orthorhombic SrZnSb2

[Fig. 1(a)] with the tetragonal SrZnBi2 compound [Fig. 1(b)],

FIG. 3. (a) Bright field image of a grain in the 001�projection. Note the ab-

sence of domain contrast. (b) The same grain tilted about the [0 1 1]* axis so

that the electron beam was inclined to the a* axis. In this orientation the

domain’s overlap and contrast were observed.

FIG. 2. Bright field TEM micrograph showing the observed planar defects.
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we see that there are striking similarities. This is not surpris-

ing as Sb and Bi are chemically very similar elements. While

the Zn and Sb/Bi atoms occupy very similar positions in the

two structures, there are some obvious differences with

regard to the Sr atoms. In the SrZnSb2 system, the Sr atoms

form a zig-zag sequence along the long a axis, with each

layer shifted [0 1=2 1=2] relative to the previous. The sequence

of Sr atoms can be considered as a stacking of the form

ABAB. In comparison, the Sr atoms in the Bi system are

stacked head to head before a shift occurs, giving a stacking

of the form ABBA. Thus the main structural difference

between the materials is the configuration of the three layers

lying in the middle of the unit cell. In Fig. 5, an idealized

model of the SrZnSb2 system is shown, focusing on these

three layers. We see that a shift r¼ [0 1=2 1=2] in the Sr layer

will align the Sr atoms. Thus the stacking of Sr atoms in the

faulted material will be of the form ABBA, thereby changing

the structure locally to resemble the Bi-containing com-

pound, albeit with an orthorhombic distortion.

Calculations using density functional theory confirmed

that these defects are associated with a very small increase in

energy. Models with and without the defects were generated

consisting of 2� 1� 1 unit cells. For the defect model, the

atoms in the range x¼ [0.51, 1.49] were shifted by the

observed shift vector, giving a two-defect model. In Table I

we have listed the total energy of these models, calculated

both with and without a structural relaxation. From the cal-

culations that include a structural relaxation, we see that

the observed defects are associated with an energy of

20.6 mJ/m2. In comparison, the frequently appearing (111)

antiphase boundary in Ni3Al has an energy more than eight

times larger,18 at 180 mJ/m2. It should therefore be expected

that planar defects of the type proposed here could easily

arise in the SrZnSb2 system, for example due to thermal or

mechanical stresses.

B. Impact on the lattice thermal conductivity

Prior investigation of the lattice thermal conductivity

and speed of sound of SrZnSb2 found extremely low jL of

1.2 W m�1 K�1 and mm¼ 2270 m/s at room temperature.8 In

contrast, the chemically similar compound SrZn2Sb2 exhib-

ited almost twice the lattice thermal conductivity, despite

having a similar acoustic speed of sound. This prior work

attributed this difference to the difference in unit cell com-

plexity (5 and 16 atoms in the primitive unit cells of

SrZn2Sb2 and SrZnSb2, respectively). The optical modes are

assumed to carry minimal heat due to their frequent scatter-

ing and low group velocity. Note that the difference in mean

free path reported in Ref. 8 partially arises from the differ-

ence in high frequency cut-off for each acoustic branch.

With the TEM observations described here, it is intrigu-

ing to revisit the prior investigation of the lattice thermal

conductivity of SrZnSb2 and SrZn2Sb2, which are shown in

Fig. 5(a). A simple Callaway model for the lattice thermal

conductivity can be employed [Eq. (2)], consisting of fre-

quency dependent terms for the heat capacity C(x) and the

phonon relaxation time s(x) and a group velocity m set by

the speed of sound:

jL ¼
1

3
m2

ðxa

0

CðxÞsðxÞdx: (2)

For this Debye solid, the maximum frequency consid-

ered will be the maximum acoustic frequency xa, as the opti-

cal modes are considered only a minor source of heat

conduction. The effective phonon relaxation time will arise

from Umklapp (sU) and boundary (sB) scattering, as shown

in the following:

s�1 ¼ s�1
U þ s�1

B : (3)

In a polycrystalline material, the boundaries can be

approximated as the average grain diameter d, leading to a

sB¼ d/m. Developing an expression for sU is slightly more

involved. As summarized in Ref. 19, sU may be

TABLE I. Calculations of the total energy for models with and without the

observed defect. The calculations were performed both with the experimen-

tal lattice parameters and atomic positions as input, and for the relaxed struc-

ture. A 2� 1� 1 unit cell model was used, and for the defect calculations

the middle part was shifted by the experimentally observed shift vector

[0 1=2 1=2], giving two defects in the model.

Model Unrelaxed Relaxed

Defect free model �107.62 eV �107.71 eV

Two defect model �107.53 eV �107.66 eV

Energy per defect 0.0450 eV 0.0250 eV

37.0 mJ/m2 20.6 mJ/m2

FIG. 5. Sketch of the middle three layers of the SrZnSb2 structure (left).

The suggested shift (middle) places the top Sr layer above the bottom Sr

atoms, giving a structure which locally resembles that of the SrZnBi2 struc-

ture (right).

FIG. 4. Selected area electron diffraction patterns obtained by tilting about

the a* axis. (a) The 010 projection, (b) the 03�1 projection, (c) the 02�1 pro-

jection. The streaks appear for reflections kþ l¼ 2nþ 1, indicating a shift

r¼ [0 1=2 1=2]. The sample thickness causes multiple scattering, resulting in

some kinematically forbidden reflections appearing, e.g., the 001 reflection.

The inset in (c) shows a possible ordering of the domains.
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approximated using Eq. (4) with average atomic mass M,

Debye temperature hD, and Gruneisen parameter c:

s�1
U �

�hc2

Mm2hD
x2T expð�hD=3TÞ: (4)

We note that this expression typically invokes a prefac-

tor of order of unity and should be similar for related materi-

als. The prefactor in Eq. (4) is evaluated using the Callaway

model and the known experimental lattice thermal conduc-

tivity at 300 K of SrZn2Sb2. The boundary scattering in this

polycrystalline material is on the order of the grain size

(1 lm), as no nanoscale features were observed by TEM.

Assuming the sU prefactor is similar between SrZn2Sb2

and SrZnSb2, the frequency dependent sU for SrZnSb2 is cal-

culated and shown in Fig. 6(b). If polycrystalline SrZnSb2

did not possess any additional disorder at the nanoscale, a d
of 1 lm would be appropriate. Such parameters would over-

estimate jL of SrZnSb2, yielding 1.5 W/mK at 300 K.

Indeed, the work here suggests that d is less than 0.1 lm due

to the structural disorder inherent in SrZnSb2. The effective

s curves [Eq. (3)] are shown in Fig. 6(b) for these two sce-

narios. The model which includes the observed nanostructur-

ing (d¼ 0.1 lm) predicts a value of 1.1 W/mK, in agreement

with the experimental data. Within the accuracy of these

models, the nanostructures observed here yield an �30%

reduction in jL. The difference in thermal conductivity

between SrZnSb2 and SrZn2Sb2 thus arises from structural

complexity which increases the amount of heat trapped in

optical modes and from nanostructures which reduce the

phonon relaxation time.

The use of an energy-independent boundary scattering

model is clearly a major simplification, as long wavelength

phonons (those with wavelengths beyond the boundary

length) are unlikely to be scattered by these out-of-phase

boundaries. The effect of this scattering is quite small, how-

ever, as the lattice thermal conductivity contribution from

phonons with wavelength in excess of 100 nm is �1% of the

total lattice thermal conductivity calculated using an

Umklapp scattering-dominated Debye–Callaway model.

IV. SUMMARY AND FINAL DISCUSSIONS

In summary, the SrZnSb2 compound displays out-

of-phase boundaries corresponding to rigid shifts of the unit

cell in the b–c plane (shift vector r¼ [0 1=2 1=2]). These

defects are associated with a small increase in the total

energy of the system. Furthermore, the defects cause an

increased phonon scattering, which results in a reduction

in the acoustic phonon mean free path, thereby contributing

significantly to the low lattice thermal conductivity of this

material.

Scattering from out-of-phase boundaries is a rather in-

triguing method to develop thermoelectric materials. Charge

carriers passing through these boundaries encounter coherent

interfaces, presumably leading to minimal reduction in mo-

bility. Phonons encountering these interfaces likewise do not

encounter roughness or elastic contrast but do experience a

breakdown of periodicity, leading to scattering and a reduc-

tion in lattice thermal conductivity. Layered materials that

can accommodate such coherent extended defects may

thus be a “gentle” way to engineer high mobility, low lattice

thermal conductivity thermoelectric materials. Complex

materials, which offer more stacking options, should show a

greater propensity to form such defects compared to rela-

tively simple materials.
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