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Development of high—performance n-type thermoelectric conversion
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(1) (Zr,Y)ALC, DERL & kit s

The SAED pattern was successfully
indexed with a hexagonal unit cell with
dimensions of a~ 0.33 nm and ¢~ 1.1 nm.
The corresponding lattice image strongly
suggests that the crystal structure is
built up from stacking combinations of two
basic sheets. The heavy atom ratios [Zr :
Y] were determined to be [0.72(3)
0.28(3)], where the numbers in parentheses
indicate standard deviations. Accordingly,
the chemical formula of the new carbide is
most probably [Zrg 1o Yo 08¢ JALC,.

The XRPD pattern showed the presence of
weak diffraction intensities peculiar to
(ZrC) (A1,C;),, (YC)ALLC, and YALO,. All of
the other diffraction peaks belonging to
the new carbide were successfully indexed
with the hexagonal unit cell. The
unit-cell parameters and integrated
intensities were selectively refined by
the Le Bail method. The refined unit-cell
dimensions were a = 0.333929(5) nm, ¢ =
1.09923(1) nm and V= 0.106152(4) nm’. The
integrated intensities were examined to
confirm the presence or absence of
reflections. There were no systematic
absences for hki/ reflections, implying
that the possible space groups are F3, P-3,
P321, P3ml, P3ml, P312, P31lm and P-31m

Structural parameters were subsequently
refined by the Rietveld method. A Legendre
polynomial was fitted to background
intensities with twelve adjustable
parameters. The split Pearson VII function
was used to fit the peak profile. The
isotropic atomic displacement parameters
of the C sites were constrained to have the
same value. Reliability indices for a
final result were &, = 9.36%, S=1.19 and
R =1.19%, R = 3.89% and & = 2.43%.

The crystal structure of the quaternary
carbide (Zry 7Yy 5sC)AL,C,  has  been
confirmed to be of a new one, consisting
of [Zry .,Y, 25C,] layers (thickness of 0.294
nm) separated by the Al,C,~type [Al,C,]
layers with 0.806 nm thickness. With
(YC)AL,C,, the C-C distance of the carbon
network at the interlayer boundary between
[YC,] and [A1,C,] is 0.3422 nm, which is
longer than those of (ZrC),(ALC,), (/=2
and 3, and m= 1 and 2) ranging from 0. 3318
to 0.3328 nm. Hence the incorporation of
Y component into the [ZrC,.,] layers would
increase the C—C distances. Actually, the



C-C distance in [Zr, 15Y, 2Co] slab is 0. 3340
nm, which is very close to that of Al,C,
crystal (0.3335 nm). Accordingly, the
replacement of Zr by 28 mol %Y in the [ZrC,]
layer would effectively reduce the misfit
degree at the interlayer boundary between
[(Zr,Y)C,] and [Al1,C,], leading to the
formation of the layered carbide with 7 =
1 and m = 1.

The new layered carbide has been found
to be a member of the homologous series,
the general formula of which is (MC) ,(T,C,),
(/=1, 2and 3, m=1and 2, M=7Zr, Y and
Hf, T=Al, Si and Ge). The formula requires
two integers / and m that can be changed
independently, and hence causes evolution
of the structure in two different
dimensions (Fig. 1). These layered carbides
can be regarded as the natural
superlattice quantum—well materials, thus
they have prospects for application of
thermoelectric power generators.
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Fig. 1 Crystal structures of (MC)(T4C3);,

(2) Zr,A1,Cs & Zr,Al,Co DAY & i i

The structural parameters were
individually refined by the Rietveld
method. The structure models of (ZrC),Al,C,
and ZrC were added into the refinement as
additional phases. A Legendre polynomial
was fitted to background intensities with
twelve adjustable parameters. The split
Pearson VII function was used to fit the
peak profile. The isotropic atomic
displacement parameters of the Al sites
were constrained to have the same value and
those of the C sites as well. The
reliability indices for the final result
of Zr,A1,C; were R, = 6.29%, S=1.45 R =
4.75%, £, = 0.83% and £ = 0.44% and those
of ZrsAl,Cq were R, = 7.94%, S=1.74, R =
5.69%, & = 0.90% and A&, = 0.44%. The new
carbides (ZrC),Al,C, and (ZrC),Al,C, has
been found to form a homologous series with
the general formula of (ZrC),AlL,C; (m=2 and
3). The crystal structures may be regarded

as intergrowth structures, which consist
of the NaCl-type [Zr,C,.,] layers (thickness
of 0.56 nm for m = 2 and 0.82 nm for m =
3) separated by the Al,C,~type [A1,C,]
layers with 0. 81 nm thickness . These two
types of layers share the two—dimensional
networks of carbon atoms at their
boundaries; the C—C distances are 0.3322
nm for m= 2 and 0. 3318 nm for m = 3. These
values are close to each other, and also
to the C-C distances of the networks in
(ZrC) AL,C,.

(3) ZT2A18C80)/EI\5£&%EIEE*%EHE:

The XRPD pattern showed the presence
of very weak diffraction intensities
peculiar to Zr,Al,C,. All of the other
diffraction peaks were successfully
indexed with a hexagonal unit cell. The
unit—-cell parameters and 1integrated
intensities of the unknown phase were
refined by the Le Bail method. The
unit—-cell dimensions determined by the
method were a = 0.332473(3) nm, ¢ =
2.19706(2) nm and ¥ = 0.210323(6) nm?,
which will be further refined by the
subsequent Rietveld method. The
integrated intensities were examined to
confirm the presence or absence of
reflections. There were no systematic
absences, implying that the possible space
groups are /3, F3,-F321, P3ml, P3ml, P312;
P3lm -P3lm Fo, P, PB/m 622, Fomm 6
2m, P6m2 and P8/ mmm.

All of the possible space groups were
tested using the EXP02004 package for
crystal structure determination. Although
the profile intensities in the range 20
< 5° were not quantitatively accurate,
the strong reflection at 20 = 4.00° was
essential for deriving the proper
structural model. A promising structural
model with the reliability index A& of
7.20% was successfully obtained for the
space group F3ml. There were 18
independent atoms in the unit cell; two Zr
atoms, eight Al atoms and eight C atoms.

The structural parameters as well as
the unit—cell dimensions were refined by
the Rietveld method in a 2 6§ range of
5.00° to 148.90° . A Legendre polynomial
was fitted to background intensities with
twelve adjustable parameters. The
pseudo—Voigt function was used to fit the
peak profile. The 1isotropic atomic
displacement parameters of the C sites
were constrained to have the same value.



The preferred orientation parameter of
March-Dollase function, 7, was refined to
be r = 0.8928(8) with the
preferred-orientation  vector [001],
suggesting that the crystal was fractured
along the cleavage planes parallel to
(001). Reliability indices for a final
result were R, =6.56%, S=1.58, £ =4.92%,
K, = 1.90% and & = 0.98%.

The crystal structure of ZrAl,C, can be
regarded as intergrowth structure, which
consists of the [Zr,C,] layers with
thickness of 0.557 nm separated by the
[A14C,] layers of 1.640 nm thickness. The
mean interatomic distances in ZrAl,C,
compare well with those of ZrC, Al,C,,
7Zr,Al1,C, and Zr,Al.C,.

(4) ZrAlC, DAL & i E

The XRPD pattern showed the presence of
weak diffraction intensities peculiar to
ZrA1,C,. All of the other diffraction peaks
were successfully indexed with a hexagonal
unit cell. The unit-cell parameters and
integrated intensities of the unknown
phase were exclusively refined by the Le
Bail method. The refined unit-cell
dimensions were a = 0.332854 nm and ¢ =
5.78215 nm. The integrated intensities
were examined to confirm the presence or
absence of reflections. There were
systematic absences A — k + [ # 3n for
hkil, —h + 1 #+ 3n for A1, 1 # 3n for
hh2hl and / #+ 3n for 000/, implying that
the possible space groups are A3, A3, /32,
fBm and A-3m.

All of the possible space groups were
tested using the EXP02004 package for
crystal structure determination. The
individual integrated intensities that
were refined by the Le Bail method were
used for the direct methods. A promising
structural model was successfully
obtained for the space group A-3m There
are 9 independent atoms in the unit cell;
one Zr atoms, four Al atoms and four C
atoms.

Structural parameters were refined by
the Rietveld method in a 2 6 range of
5.00° to 148.90° . A Legendre polynomial
was fitted to background intensities with
twelve adjustable parameters. The split
Pearson VII function was used to fit the
peak profile. The isotropic atomic
displacement parameters of the C sites
were constrained to have the same value
Reliability indices for a final result

were K, = 7.42% S=1.34, R =5.5%, &
= 1.93% and & = 1.23%.

The crystal structures of ZrAl,C, (space
group Mmand 7= 3) and ZrAl,C, (Pml and
7 = 2) can be regarded as intergrowth
structures consisting of the two types of
layers; one is composed of [Zr,C,,,] and the
other consists of [Al,C;]. The atom
arrangements in the [Al4C,] layers of
7ZrAl4C; and ZrAl,C, are, regardless of the
difference in space group for the crystal
structures, isomorphous with each other,
while the [Zr,C,.,] slabs are thicker for the
latter than for the former. Accordingly,
these two compounds form a homologous
series with the general formula (ZrC) Al.Cs,
where m = 1 (ZrAl,C;) and 2 (ZrAl,C,). The
C-C distances at the layer boundaries are
nearly equal to each other (0.3328 nm for
m =1 and 0.3325 nm for m = 2) and also
comparable to those of the ZrC and Al,C,
crystals, in accord with the principle of
the formation of layered carbides in the
Zr—-A1-C system.
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