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Grain size and structure distortion characterization of α-MgAgSb
thermoelectric material by powder diffraction∗
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Nanostructuring, structure distortion, and/or disorder are the main manipulation techniques to reduce the lattice
thermal conductivity and improve the figure of merit of thermoelectric materials. A single-phase α-MgAgSb sample,
MgAg0.97Sb0.99, with high thermoelectric performance in near room temperature region was synthesized through a high-
energy ball milling with a hot-pressing method. Here, we report the average grain size of 24–28 nm and the accurate
structure distortion, which are characterized by high-resolution neutron diffraction and synchrotron x-ray diffraction with
Rietveld refinement data analysis. Both the small grain size and the structure distortion have a contribution to the low lattice
thermal conductivity in MgAg0.97Sb0.99.
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1. Introduction
Thermoelectric materials, which can be used for inter-

conversion of thermal energy and electrical energy based
on the thermoelectric effect, are widely studied in thermo-
electrical systems for cooling or heating, and regenerating
electricity.[1,2] The energy conversion efficiency (η) can be
calculated via[1]

η = ηCarnot

√
1+ZT−1√

1+ZT +TC/TH
, (1)

where ηCarnot is the Carnot cycle efficiency, TH and TC are
the temperatures at the hot junction and the surface being
cooled, and ZT is the figure of merit. ZT = [S2σ/(κlat +

κele)]T , where S, σ , κlat, κele, and T are the Seebeck co-
efficient, electronic conductivity, lattice thermal conductiv-
ity, electronic thermal conductivity, and absolute temperature,
respectively.[1] Thus, η is dominated by the ZT value in the
situation with a given temperature difference.

One of the main methods to improve ZT is the nano-
crystallization synthetic technique resulting in κlat suppres-
sion of phonon scattering from micro-nano scale bound-
aries and interfaces.[2–5] Poudel et al. developed a nanos-
tructuring approach which significantly improved the ZT
value of the thermoelectric material BiSbTe.[3] The sam-
ple was synthesized by a two-step ball milling and hot-
pressing method. With high-resolution transmission electron

microscopy (TEM), the grains of 2- to 10-nm-size with fuzzy
boundaries were reported.[3] The improvement of ZT in BiS-
bTe nano-crystallization material mainly comes from the low
κlat, caused by the phonon scattering from grain boundaries
and defects.[3] Here, using this method,[3] we synthesized
a single-phase MgAg0.97Sb0.99 sample,[6] a near room tem-
perature high-performance α-MgAgSb thermoelectric mate-
rial with low thermal conductivity.[6–10] Recently, the mecha-
nism of the transverse acoustic phonon suppressed by the local
structure distortion has been demonstrated by inelastic neu-
tron scattering and ab initio calculations in α-MgAgSb.[11]

Although it was believed to be a primary factor for the low
thermal conductivity, the small grain size was proposed as an-
other mechanism.[6,9] Our previous TEM results showed that
their grains are smaller than 20 nm.[6] In contrast to TEM as
a microscopical technique, the macroscopical characterization
of grain size remains elusive.

Another main method to improve ZT is structure manip-
ulation, such as structure disorder and/or distortion, including
both dynamic and static structure defects.[1,11–14] The mecha-
nisms of Ag atoms dynamic disorder induced low thermal con-
duction have been studied in superionic conductor MCr2Se2

(M = Cu, Ag) thermoelectric materials.[13,14] One of the most
famous thermoelectric materials, SnSe with ZT = 2.6 and ul-
tralow thermal conductivity of 0.23 W·m−1·K−1, mainly bene-
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fits from its 3D distorted NaCl structure.[12] The local structure
distortion in a Ni-doped sample of MgAg0.965Ni0.005Sb0.99 has
been studied by neutron total scattering with pair distribution
function (PDF) analysis.[11] An accurate characterization of
the structural distortion in MgAg0.97Sb0.99 remains elusive.

Here, we use high-resolution neutron diffraction and syn-
chrotron x-ray diffraction to study the average grain size and
the structure distortion in MgAg0.97Sb0.99 samples. By Ri-
etveld refinement using FullProf suite,[15] we report that the
average size of the grains in MgAg0.97Sb0.99 sample is 24–
28 nm, relatively larger than the microscopic measurements,
and the significant structure distortion of the Mg–Sb distorted
NaCl structure characterized by bond distances and bond an-
gles.

2. Experiments and methods
The sample synthesize method of MgAg0.97Sb0.99 has

been reported elsewhere.[6]

The high-resolution neutron diffraction measure-
ments were performed at room temperature (RT) using
ECHIDNA[16] at the ANSTO, Australia. A Ge (335)
monochromator was used to produce a monochromatic neu-
tron beam of wavelength 1.6215(1) Å. The synchrotron x-ray
diffraction measurements were carried out at RT at the 11-ID-
C station, Advanced Photon Source, Argonne National Labo-
ratory. High-energy x-rays with a wavelength of 0.117418 Å
were used in transmission geometry.

In diffraction experiments, the smaller grain size makes
diffraction Bragg peaks broader because of the broken of the
sample’s long-range periodicity.[17] Thus, the peak width con-
tains the information of grain size. FullProf suite provides a
method to calculate the average grain size for constant wave-
length mode.[15] The refined parameters are related to the peak
width. On another side, the refined bond distances and bond
angles can be used to characterize the static structure distor-
tion.

In FullProf suite,[15] Thompson–Cox–Hastings pseudo-
Voigt convoluted with axial divergence asymmetry function
(N pr = 7) is used for grain size refinement. The full width at
half maximum (FWHM) of the Gaussian (HG) and Lorentzian
(HL) components is calculated as

H2
G =

(
U +D2

ST
)

tan2
θ +V tanθ +W +

IG

cos2θ
, (2)

HL = X tanθ +
[Y +F(SZ)]

cosθ
, (3)

where U , V , W , X , and Y are the refinement parameters and θ

is half of the scattering angle 2θ .
The apparent grain size can be calculated by

Dh =
ηs +(1−ηs)

√
πIn2

Zs

(
360λ

π2

)
, (4)

where λ is the wavelength of neutron or x-ray and

Z5
s = I5/2

G +2.69269I2
GYL +2.42843I3/2

G Y 2
L +4.47163IGY 3

L

+0.07842I1/2
G Y 4

L +Y 5
L ,

ηs = 1.36603
YL

Zs
−0.47719

(
YL

Zs

)2

+0.11116
(

YL

Zs

)3

.

In the size effect refinement of FullProf suite, the grain size pa-
rameters GausSiz and LorSiz are used, which are correspond-
ing to IG = GausSiz and YL = Y +LorSiz in the above equa-
tions.

In the Rietveld refinement, we first deal with the scale fac-
tor, the diffractometer zero point factor, and the background
function factors, then with the lattice parameters, the profile
function parameters, the atomic coordinates, and the overall
isotropic displacement factor, and finally with the size param-
eters.

3. Results and discussion
Figure 1(a) shows the crystal structure of α-MgAgSb

(space group: I-4c2, No. 120), which is used as the origi-
nal structure model of the refinement.[18] Figure 1(b) shows
the raw high-resolution neutron and synchrotron x-ray diffrac-
tion patterns. Although the synchrotron x-ray diffraction has
a higher resolution than neutron diffraction, it suffers from the
form factor drop-off near the large Q side.[19]
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Fig. 1. (a) Crystalline structure of α-MgAgSb, the space group is I-4c2
(No. 120). (b) The neutron diffraction, and synchrotron x-ray diffrac-
tion data of MgAg0.97Sb0.99 measured at room temperature.
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Table 1. Refined parameters of MgAg0.97Sb0.99 measured by high resolu-
tion neutron diffraction and synchrotron x-ray diffraction, respectively.

Neutron diffraction X-ray diffraction

Cell parameters:
a, b/Å 9.1706(7) 9.1723(3)

c/Å 12.7082(9) 12.7100(4)
V /Å3 1068.8(2) 1069.1(2)

Atom parameters:
Mg x −0.0232(4) −0.030(2)

y 0.2837(4) 0.284(2)
z 0.1101(3) 0.1128(9)

Ag1 x 0 0
y 0 0
z 0.25 0.25

Ag2 x 0 0
y 0 0
z 0 0

Ag3 x 0.2239(3) 0.2243(4)
y 0.2239(3) 0.2243(4)
z 0.25 0.25

Sb x 0.2353(4) 0.2357(3)
y 0.4751(4) 0.4767(3)
z 0.1180(3) 0.1172(2)

Mg–Sb bond distances:
b1/Å 2.937(5) 2.97(2)
b2/Å 2.948(4) 2.90(2)
b3/Å 2.952(4) 3.02(2)
b4/Å 3.247(4) 3.21(2)
b5/Å 3.460(5) 3.44(2)
b6/Å 3.871(4) 3.90(2)

Mg-Sb bond angles:
b1–b2/(◦) 100.2(3) 99.9(3)
b1–b3/(◦) 87.0(2) 85.4(3)
b1–b4/(◦) 95.2(2) 94.8(3)
b1–b6/(◦) 83.1(2) 81.7(3)
b2–b3/(◦) 94.7(2) 94.6(3)
b2–b4/(◦) 95.6(2) 97.5(3)
b2–b5/(◦) 90.0(2) 91.8(3)
b3–b5/(◦) 90.0(2) 89.8(3)
b3–b6/(◦) 83.5(2) 82.1(3)
b4–b5/(◦) 86.0(2) 87.5(3)
b4–b6/(◦) 86.0(2) 85.8(3)
b5–b6/(◦) 86.6(2) 86.3(2)

X and Y parameters:
X/(◦) – 0.36431
Y/(◦) 0.184(6) 0.0012(2)

Size parameters:
GausSiz/(◦)2 0.008(2) 0.000617(3)
Grain size/nm 28(4) 24(1)

Reliability factorsa:
Rwp/% 10.8 9.94

χ2 1.98 10.2
aRwp, weighted profile factor; χ2, goodness of fit.

The refinement results of neutron diffraction data are
shown in Fig. 2 and Table 1. Figure 2(a) shows the refinement
pattern with the size parameter refined. Here, the refinement
result is good enough using one size parameter of GausSiz.
For comparison, the refinement result without the size param-
eter is shown in Fig. 2(b). With the size parameter refined, the

reliability factors are apparently improved, such as Rwp from
12.8% to 10.8% and χ2 from 2.53 to 1.98. As the size param-
eter changes the peak shape, the residual (blue lines in Fig. 2)
improvement can be apparently seen, such as at the sharpest
peak of Q∼ 2.75 Å−1 and another peak with a high scattering
angle of Q ∼ 6.5 Å−1. The calculated grain size from the re-
fined parameters is 28(4) nm, a little larger than our previous
measurements by TEM, where it was smaller than 20 nm.[6]

To further verify the results, the synchrotron x-ray diffrac-
tion measurements were performed. Here, the same grain size
refinement method with neutron diffraction data is used. The
refinement results are shown in Fig. 3 and Table 1. Figure 3(a)
shows the refinement pattern with the size parameter GausSiz
refined. For comparison, the refinement result without the size
parameter is shown in Fig. 3(b). After GausSiz is refined, the
reliability factors are improved, such as Rwp from 10.2% to
9.94% and χ2 from 10.7 to 10.2. Here, the calculated grain
size from the refined parameters is 24(1) nm, just between
the value of 28(4) nm by neutron diffraction and the value of
10–20 nm by TEM. We show that this macroscopical average
grain size characterization method is powerful since it is com-
plementary to the microscopical TEM measurements.
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Fig. 2. Rietveld refinement of MgAg0.97Sb0.99 neutron diffraction data
with size parameter refined (a), and without size parameter refined (b).
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The static structure distortion is further studied by the
analysis of the refined bond distances and bond angles. In
α-MgAgSb, the Mg and Sb atoms form a three-dimensional
distorted NaCl structure (Fig. 4). The refined nearest Mg–
Sb bond distances and bond angles from the high-resolution
neutron diffraction data and synchrotron x-ray diffraction data
are shown in Table 1. In a nondistorted NaCl structure, the
nearest bond distances should be equal and the correspond-
ing bond angles are 90◦. Here, the nearest Mg–Sb bond dis-
tances vary greatly, and the corresponding bond angles deviate
from 90◦ (some of them even as large as 10◦ such as the angle
of bonds b1–b2) which characterizes its heavy distortion fea-
ture. This structure distortion results in MgAg0.97Sb0.99 are
consistent with our recent studying results where the neutron
total scattering combined with PDF analysis was used to study
the local structure distortion in MgAg0.965Ni0.005Sb0.99.[11] By
PDF analysis, the bond length distribution information of the
Mg–Sb pairs was established.[11] There are three broad peaks
located at r ∼ 2.9 Å, 3.3 Å, and 3.8 Å, which are correspond-
ing to the Rietveld refinement averaged results of Mg–Sb bond
distances from 2.90(2) Å to 3.90(2) Å in this work (Table 1).
As demonstrated in our recent work,[11] the structure distor-
tion has a strong suppression on transverse phonons and re-
sults in ultralow lattice thermal conductivity in α-MgAgSb
materials. Besides that, the small grain size with more bound-
aries and interfaces is another phonon scattering mechanism
that leads to the ultralow thermal conductivity in α-MgAgSb
materials.
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Fig. 4. Static structure distortion in MgAg0.97Sb0.99. The refined bond
distances and bond angles of the nearest Mg–Sb bonds are shown in Ta-
ble 1. The refinement results show a significant distortion of this Mg–Sb
formed distorted NaCl structure.

4. Conclusion
The average grain size and static structure distortion of

MgAg0.97Sb0.99 sample have been studied by high-resolution
neutron diffraction and synchrotron x-ray diffraction with Ri-
etveld refinement using FullProf suite. The grain size is 24–
28 nm, comparatively larger than the upper value obtained by
the TEM measurements, i.e., 20 nm. Even so, this difference
is insignificant due to the difference between these two meth-
ods. The Mg–Sb atoms formed three-dimensional distorted
NaCl structure has been accurately characterized by their bond
distances and bond angles. The small grain size and struc-
ture distortion all contribute to the low thermal conductivity in
MgAg0.97Sb0.99.
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