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Boules of the most silicon-rich silicide of manganese, MnSi ~ 1.73, were grown by the 
Bridgman method in the composition range from 62.96 to 63.64 at % Si. There are 
plate-like MnSi precipitates parallel to the c-plane of MnlsSiz6 matrix in all boules except 
at their upper and lower ends. The amount of the MnSi precipitates was about 2 vol %. 
Measurements of electrical resistivity, Hall coefficient, and thermoelectric power of 
the boules were made in the temperature range from 77 to 1200 K. Thermoelectronic 
properties of Mn 15Si26 were estimated on the basis of the distribution state of MnSi 
precipitates in the boule by assuming that metallic MnSi and semiconducting MnlsSi26 
alternately crystallized in lamellae. Although the resistivities and thermoelectric powers 
measured in the c- and a-axis directions of MnlsSi26 showed anisotropy, the former 
were proportional to exp (4073/T) in the intrinsic region in both directions. The Hall 
coefficients showed isotropy over the whole temperature range. The degenerate hole- 
concentration of MnlsSi26 was determined to be 2.1 x 10 z7 m -3. Hall mobilities of 
MnasSi26 in both the c- and a-axis directions obey a T-3/2-1aw above 600 K. The Hall 
coefficient calculated from this relationship was in good agreement with the one found 
for MnlsSi26 in the intrinsic region. The effective-hole masses of Mn~sSi26 along the 
c- and a-axis were found to be, respectively, 15 and 11 times larger than those of a free 
electron. Assuming that acoustic lattice scattering is dominant and that carriers obey 
Fermi-Dirac statistics, the temperature dependence of the calculated thermoelectric 
power was in reasonable agreement with the one estimated for MnlsSiz6 in the tempera- 
ture range from 400 to 1200 K. 

1. Introduction 
The most silicon-rich silicide of manganese is 
interesting as a thermoelectric conversion element 
for use in higher temperature atmospheres because 
of its refractory [1-3]  and semiconducting 
properties [4-6] .  This silicide was first shown to 
be stoichiometric MnSi2 by Boren [7] and Hansen 
[8]. Since their work, many investigators [9-12]  
have examined Mn-Si alloys with silicon contents 

graphic, X-ray and thermal analysis, and thermo- 
electric measurements to confirm this composition. 
They have concluded that the most silicon-rich 
silicide of manganese is not the stoichiometric 
MnSi2 but is MnSi_ 1.73 with silicon composition 
in the range from 63.0 to 63.6 at %. 

The crystal structure of MnSi_ 1.73, which was 
deduced from the TiSi2-structure [13], was first 
reported by Schwomma etal. [14]. Mn-atoms 

between 60.6 and 70.5at% by means of metallo- occupy Ti-sites in the structure and form a sub- 
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lattice with tetragonal symmetry, while Si-atoms 
are arranged in a dumb-bell-like configuration in 
the c-axis direction of the sub-lattice. The unit cell 
is composed of 11 sub-lattices with 44 manganese 
and 76 silicon atoms. The silicide is represented 
by MnllSiw (MnSil.~7) with lattice parameters of 
a = 0 . 5 5 1 5 n m  and c = 4 . 8 1 3 6 n m .  Melt-grown 
single-crystals with compositions near MnSi_ 1.7a 
were analysed by X-ray techniques, showing 
Mn26Si4s [15], MnlsSi26 [16], Mn27Si47 [17], 
and Mn4Si7 [18], in the composition range from 
63.38 to 63.64at%Si.  Ivanova eta l .  [19] and 
Abrikosov e ta l .  [20], however, reported the 
presence of striations perpendicular to the c-axis 
in a MnSil.72 boule grown by the Czochralski 
method. Moreover, Levinson [21], Kojima eta l .  
[22, 23], and Kawasumi et  al. [24] have con- 
firmed the plate-like MnSi precipitates along the 
c-plane of the matrix in a MnSi _ 1.73 boule grown 
by the Bridgman method. 

There are many different reports of the thermo- 
electric properties of the most silicon-rich silicide 
of manganese because of the complexities of the 
silicon composition and the crystal structure. The 
electrical resistivity, p, thermoelectric power, ct, 
and energy gap, Eg of this silicide are 9 .4-62/~2 m, 
81-180~tVK -1, and 0.0064-0.0128aJ (0 .40-  
0.80eV), respectively [9, 10, 12, 19-21,  25-36].  
But, for the Mn-Si alloys with compositions 
between 60.6 and 70.5 at % Si, p, a, and the figure 
of merit, Z, at room temperature have maximum 
values of 3.0 x 10 -s ~2m, 120/aVK -1, and 3.0 x 
10 -s K -1 for silicon compositions near 63.4at% 
(MnSi~l.Ta), respectively [9, 12, 24, 26]. More- 
over, the p and a values for the boules grown by 
the Czochralski [19-20 ,27]  and/or Bridgman 
methods [21] show anisotropy between the c- and 
a-axis directions at room temperature. /9 and a 
values measured along the c-axis of a MnSi-1.73 
boule are about 5 and 1.5 times as large, respec- 
tively, as those measured along the a-axis. The 
temperature dependences of p and a of MnSil.72 
boules are already reported by Ivanova et  al. [19] 
and by Abrikosov et  al. [20], but the Hall coef- 
ficient has not been measured in detail. 

On the other hand, the thermoelectric proper- 
ties of semiconducting MnSi N 1.7a are considered 
to be influenced by the metallic MnSi [36, 37], 
which precipitates along the c-plane of MnSi~ 1.73- 
In fact, Levinson [21 ] has reported that the metallic 
MnSi precipitate degrades the figure of merit, Z, 
of  MnSi- 1.7a. In this work plate-like MnSi precipi- 

tates were found along the c-plane of the MnlsSi26 
matrix in the boules grown by the Bridgman 
method in the silicon composition range from 
63.17 to 63.64 at % [24]. 

In this study, MnSi_ i.73 boules were grown by 
the Bridgman method in the composition range 
between 62.96 and 63.64at% Si, and the proper- 
ties of the MnSi precipitates were examined by 
metallographic, X-ray, and electron microprobe 
X-ray analyser (EMX) techniques. Also, the elec- 
trical resistivity, thermoelectric power, and Hall 
coefficient of the boules were measured for a wide 
range of temperatures. The thermoelectric proper- 
ties of MnlsSi26 were estimated from the two- 
band model by assuming that metallic MnSi and 
semiconducting MnlsSi26 were alternately formed 
in lamellae. To clearly determine the conduction 
mechanism of MnlsSi26, the carrier concentration 
and the thermoelectric power were analysed on 
the simple two-band model and were compared 
with those estimated for MnlsSiz6. 

2. Experimental procedure 
2.1. Crystal growth 
Manganese flakes of purity 99.999% and n-type 
silicon single-crystal chips of a resistivity about 
1 ~2m at room-temperature were used as raw 
materials to grow MnSi- 1.73 boules. These materials 
were weighed-out in the atomic ratios Si/Mn from 
1.70 to 1.75 and then arc-melted directly in an 
argon atmosphere. The alloys obtained were rich 
in silicon compared with the desired compositions, 
because of vaporization of Mn-atoms [23]. Because 
of this, the MnSi single-crystals were first grown by 
the Bridgman method and then used as a starting 
material tO grow MnSi- 1.73 boules. 

MnSi alloy was prepared by arc-melting manga- 
nese flakes and silicon single-crystal chips, which 
were weighed in the atomic ratio of Si/Mn = 1.00, 
in an argon atmosphere. The alloy obtained was 
crashed in an agate mortar into particles of about 
1 mm in size and then put into a quartz tube 
with a pointed bottom, which was protected by 
a recrystallized A1203 crucible and A1203 powder 
of about 0.5 mm particle size. A MnSi boule was 
then grown in a Bridgman furnace in an argon 
atmosphere. The starting temperature, tempera- 
ture gradient in the vicinity of the liquid-solid 
phase boundary, and growth rate were 1573K, 
2000Kin -1 and 2.22~msec -1, respectively. The 
size of the MnSi boule obtained was about 15 mm 
in diameter and 150mm in length. From X-ray 
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and chemical analysis of the boule, it was found 
that the silicon content was 50.9(8) at %, which 
corresponds to a composition of MnSil.o4. 

Starting with the mixed powder, composed of 
MnSi and silicon single-crystals of 1 to 2mm 
particle size, as mentioned above, MnSi_l.73 
boules with Si/Mn atomic ratios of 1.70, 1.72 
and 1.75 were grown in the Bridgman furnace. 
The Bridgman furnace was first kept at 1573K 
for 3.6ksec in order to melt the mixed powder 
completely in the quartz tube. Then the tempera- 
ture of the furnace was reduced to 1473 K, and 
the MnSi_L~ 3 boules were grown at a rate of 
2.22~msec -1. Each boule, about 15ram in 
diameter and about 35 mm in length, was subjected 
to annealing at 1373 K for 720 ksec in an evacuated 
quartz tube. 

The boules were identified by an X-ray powder 
diffractome~er (Rigaku Denki Co. Ltd, RU-3SL), 
and lattice parameters of the matrix were calculated 
by an LC-3 program system [37], using all the 
back diffraction lines of CrKal and Ka2. The 
amounts of Mn and Si in the boule were deter- 
mined by chemical analysis and EMX. 

2.2. Measurements of thermoelectric 
properties 

In order to measure the thermoelectric properties 
of MnSi-l.73 boules under the conditions in 

which the electric field is parallel to the a- and 
c-axis directions of the matrix, respectively, a pair 
of paralMopiped samples of 0.3 x 4 x 8mm 3 
size were cut from the same boule using a wire 
saw. Their surfaces were lapped with A1203 
powder of particle size 0.3/~m before metallo- 
graphic observation. The orientations of crystal 
axes, electric current, and applied magnetic field 
for the sample are shown in Fig. 1. The electrical 
resistivity and Hall coefficient were measured by 
the d.c. method generally used [39]. Hall coef- 
ficient measurements were made in a magnetic 
field of 0.5 T. Thermoelectric power was measured 
by the method used by Sakata et al. [40]. While 
varying the temperature difference, AT, between 
the two edges of the sample in the range from 
0.5 to 3.0K, the thermoelectromotive force, E, 
and 2xT were measured using digital voltmeters. 
Thermoelectric power was determined from the 
gradient of the E - A T  function and is represented 
as an absolute value. 

3. Experimental results 
3.1. Characterization of MnSi_ 1.73 boules 
Results of X-ray identification and chemical 
analysis for MnSi-l.73 boules with Si/Mn atomic 
ratios of 1.70, 1.72 and 1.75 are listed in Table I. 
The lattice parameters of the MnxsSi26 matrix 
are also included. The (1 00) plane of the boule 

,I 

[001] [100] 

MnSi striation 

Mnls'Si26 matrix 
[Tool 

MnS i striation 

II I I p'Mn15Si 6 matrix 

~'~4."~ [010] H r_o o] H 

(a) (b) 
Figure l Relationships of the crystal axes directions, the electric current, 1, and the applied magnetic field, H, for 
samples cut from the same MnSi_~.73 boule. (a) to measure the values along the [0 0 l] direction; (b) to measure the 
values along the [1 00] direction. 
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T A B L E I Results of X-ray identification and chemical analysis of MnSi~~.Ta boules with nominal atomic ratios of 
silicon to manganese (Si/Mn) 

Kinds of boule Identified phases Compositions (at %) Si/Mn atomic ratio Lattice parameters (rim) 

Mn Si a c 

Si/Mn atomic ratio of 1.70 
upper end MnlsSi26 + MnSi (vw)* 36.8(5) 63.1(5) 1.71(4) 0.552(6) 
middle Mn~sSi2~ + MnSi (vw) 36.8(3) 63.1(7) 1.71(5) 0.552(3) 
lower end Mn~sSi26(w)* + MnSi 47.6(2) 52.3(8) 1.10(0) - 

Si]Mn atomic ratio of 1.72 
upper end MnlsSi26 + MnSi (vw) 36.8(3) 63.1(7) 1.71(5) 0.552(5) 
middle Mn~sSi26 + MnSi (vw) 36.8(2) 63.1(8) 1.71(5) 0.552(6) 
lower end Mnl~Si2~ + MnSi (vw) 36.8(5) 63.1(5) 1.71(4) 0.552(4) 

Si/Mn atomic ratio of 1.75 
upper end MnlsSi26 + Si + MnSi (vw) - - - 0.552(4) 
middle MnlsSi26 + MnSi (vw) 36.8(3) 63.1(7) 1.71(5) 0.552(3) 
lower end MnlsSi26 + MnSi (vw) 36.8(5) 63.1(5) 1.71(4) 0.552(5) 

6.54(1) 
6.54(5) 

6.54(2) 
6.54(1) 
6.54(3) 

6.54(3) 
6.54(1) 
6.54(2) 

*w and vw are weak and very weak diffraction intensities, respectively. 

with Si/Mn atomic ratio of  1172 is shown in Fig. 2 
as a typical polarized photograph. As can be seen 
in Table I, the amounts of  Mn and Si in the three 
portions of  the upper and lower ends and the 
middle o f  the boule with Si/Mn atomic ratio of  
1.72 are in good agreement with one another 
within chemical accuracy. From the results of  
X-ray analysis, it was determined that the boule 
was of  two phases, composed of  MntsSi:~ 6 matrix 
[16] and MnSi striation [7]. The main diffraction 
lines of Mn~sSi2~ and the very weak ones of  MnSi 
were identified for all the portions of  the boules. 
In the boule with Si/Mn atomic ratio of  1.70, 
MnSi crystal was grown up to about ten millimeters 
from the lower end. In the boule with Si/Mn 
atomic ratio of  1.75, free Si was formed down to 
a few millimeters from the upper end. These results 
are quite consistent with the characterization of  

Figure 2 The (100) plane of the boule with Si/Mn atomic 
ratio of 1,72. The black lines are the MnSi plate-like 
precipitates. 
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MnSi2_ x boules reported by Kawasumi et  al. [23]. 
As shown in Table I, the Si content and the lattice 
parameters of  MnlsSi26 are in good agreement 
with one another for the middle portions of the 
three boules. 

From the Laue diffraction photograph and 
from metallographic observation, the striations 
seen in Fig. 2 were observed, not in the c-plane, 
but in the planes parallel to the c-axis. This shows 
that these striations are plate-like precipitates 
parallel to the c-plane of  the MnlsSi26 matrix. The 
mean sizes of  the striations are 0.6~um in width 
and 175~m in length, and the mean distance 
between them is 3 0 g m  on the (1 00)p lane  of the 
boule. Fig. 3 shows the X-ray intensities produced 
from Mn and Si, obtained by EMX line-scanning 
perpendicular to the striations in the (10  0)plane 
of  the boule with Si/Mn atomic ratio of  1.72. As 
shown in Fig. 3, the intensities produced by Mn 
and Si in the striations are in good agreement with 
those produced for the MnSi single crystal used 

�9 as the standard sample(Fig. 3b). From the results 
of  the quantitative EMX analysis, the amounts of  
Si were 50.5 at% for the striations and 63.2at% 
for the matrix corresponding to MnSi and Mn ~sSi26 
(MnSil.733), respectively. Therefore, it was found 
that the black striations in Fig. 2 are the plate-like 
MnSi and that the volume-ratio of  MnSi striations 
to the MnlsSi26 matrix, f ,  is 0.02, which corre- 
sponds to the value obtained from the magnetic 
measurement [21]. In fact, using f = 0 . 0 2 ,  the 
calculated Si-content of  the boule is 63.1(7)at% 
(MnSil.71s) and so is in reasonable agreement with 
the result obtained by chemical analysis. 



-matrix - 

49.5 at*l, Mn 

63.2 at~ 5 i 

striation : matrix 

0.6 pm-  

49.0 at~ Mn 

51.0 at*l, Si 

(a) (b) 
Figure 3 X-ray intensities of Mn and Si obtained by EMX analysis for the boule with Si/Mn atomic ratio of 1.72 and 
for a MnSi single-crystal. (a) the boule with Si/Mn atomic ratio of 1.72; (b) a MnSi single-crystal as the standard sample. 

3.2. Thermoelectric properties of 
MnSi~ 1.73 boules 

Table II shows electrical resistivity, p, thermo- 
electric power, a,  and the Hall coefficient, R,  at 
room temperature for the samples, which were 

cut from the middle port ion of  each boule in 
Table I. No great difference was found in the 
values of  P, a, and R, shown in Table II, for the 
three boules and their values were found to be 
independent of  the compositions of  starting 
materials. Resistivity and thermoelectr ic power 
ratios of  the c- to a-axis directions, Pe/P~ and 
ae/aa, were about 5.1 and 1.3, respectively, and 
are in good agreement with those reported by 
Ivanova etal. [19] and Abrikosov etal. [20]. On 
the contrary,  the Hall coefficient ratio of  the c- 
to a-axis directions, Re/Ra, was found to be less 
than unity,  about 0.81. Fig. 4 shows the relation- 
ships between temperature and resistivities in 
the c- and a-axis directions of  the boule with 
Si/Mn atomic ratios o f  1.72 (open points). The 

temperature variat ion of  the boule resistivity in 
the c-axis direction, Pc, is similar to that  found 
for the a-axis, Pa, over the whole temperature 
range (broken lines in Fig. 4a and b). However, 
the ratio Pe/Pa increases with decreasing tempera- 
ture because the change in Pc is smaller than the 
change in Pa for the lower temperature range. The 
values of  Pe/Pa are 2.5, 2.6, and 7.7 at 1200K, 
770K,  and 77K,  respectively. Since Pc and p~ 
nearly satisfy the linear relationship of  log p = T -1 
for the higher temperature range, as shown in Fig. 4, 
they yield energy gap, Eg, values of  0 .010(8)aJ  
(0.67(3) eV) and 0.011(5) aJ (0.72(0) eV), 
respectively. 

The temperature dependence of  thermoelectric 

power and Hall coefficient for the boule with 
Si/Mn atomic ratio of  1.72 are shown in Figs 5 
and 6, respectively (as open points). As can be 
seen from the broken curves in Fig. 5, the curve 
of  thermoelectric power of  the boule in the c-axis 

direction, ae, is similar to that in the a-axis direc- 

TABLE II Resistivity, P, thermoelectric power a, and Hall coefficient, R, at room temperature measured for the 
middle portion of the MnSi~.73 boules 

Kinds of boule p (10 -s s2 m) c~ (~tV K -1) R (10 -9 m 3 C -1) 

Pe t Pa C~c C~a Re Ra 

Si/Mn = 1.70" 5.38 1.10 129.0 91.0 2.6 3.2 
Si/Mn = 1.72 5.48 1.08 125.0 94.2 2.5 3.1 
Si/Mn = 1.75 5.52 1.12 127.5 93.0 2.4 3.0 

*Si/Mn is nominal atomic ratio of silicon to manganese. 
tSuffixes a and c show the values along a- and e-axis, respectively. 
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Figure 4 Temperature variations of resistivities for the boule with Si/Mn atomic ratio of 1.72 and for MnlsSi26. (a) for 
the whole temperature range; (b)for  the temperature range near the intrinsic temperature region. Open and solid 
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is positive and corresponds with the sign of a over 
the whole temperature range. The ratio Rc]R a is 
found to be smaller than unity as temperature 
increases, and Hall coefficient is anisotropic above 
100K; below this temperature, anisotropy is not 
recognizable within experimental error. 

4. Discussion 
4.1. Thermoelectric properties 

of MnlsSi26 

Rl  = {1 +fpmlpll(1 

where f is the volume-ratio of MnSi in the boule. 
Also, the resistivity, p• the thermoelectric power, 
c~,L, and the Hall coefficient, R.L, in the [1 0 0] 
direction of Mn~sSi26 are represented by 

P,L = PaPm(1-Dl(p~, - - fp , ) ;  (4) 

oL,L = fp,L(OL.--am) + %pm(l  --D. ,  (5) 
Pro(1 - -D 

and 

RaRm {1 + PlI( 1 - - f ) / fPm} 
-D} ~RmPll (1 - - f ) / fPm --(Ra -- Rm)}' 

(6) 

The plate-like MnSi precipitates are distributed 
along the c-plane of the MnlsSi26 matrix in the 
Bridgman as-grown boules with Si-contents in the 
range from 63.0 to 63.6 at % and are stable even 
after annealing at 1373K for 720ksec. Since the 
existence of MnSi precipitates in the MnSi~L~ 
boule has been reported by many investigators 
[19-24], it was considered that MnSi precipitates 
are inherent in the melt-gr0wn boules, although 
such precipitates cannot be expected from the 
recent phase-diagram of the MnSi-Si system by 
Mager etal. [41]. 

On the other hand, MnSi has metallic properties 
[36, 37] ,  and its resistivity, Pro, thermoelectric 
power, am, and Hall coefficient, Rm, have values 
much smaller than those of degenerate semi- 
conducting MnSi ~ LTa [27, 31, 32]. Additionally, 
since MnSi belongs to the cubic system P213-T 4 
[1, 36] and since its thermoelectric properties 
are not practically anisotropic, the thermoelectric 
properties of the boule with MnSi-precipitates are 
considered to be smaller than those of the pure 
MnlsSi26 crystal. Then, thermoelectric properties 
of MnlsSi26 were evaluated from the model in 
which metallic MnSi and semiconducting MnlsSi26 
are formed alternately in layers, as shown in Fig. 1, 
reported by Levinson [21]. 

From this model, the resistivity, Oil, the thermo- 
electric power, all, and the Hall coefficient, RiI , in 
the [00 1] direction of MnlsSi26 are described, 
respectively, as follows: 

Pll = (Pe- - fPm) / (1 - - f ) ;  (1) 

&ll = (ae--fam)/(1--f) ;  (2) 

RII = {R e -  Rm } 
1 + Pm(1 --T)/TP• 

x {1 +fP• --f)}, (3) 

respectively. The effect of the interface between 
the MnSi and MnlsSi26 layers is ignored in these 
expressions because a three-dimensional transition- 
metal silicide has low mobility and so is predicted 
to show no practical boundary effects [19, 20, 
26-29, 37]. Using values of Pro, am and Rm 
obtained at various temperatures, as reported 
by Gel'd et al. [36], the p, a, and R values for 
MnlsSi26 obtained from Equations 1 and 6 are 
plotted in Figs 4 to 6 (solid points) respectively. 

As shown in Figs 4 to 6, the plots above 100K 
are larger than those experimentally observed for 
the boule (broken lines), thus indicating that 
thermoelectric properties measured for the boule 
are smaller than the values for MnlsSi26. The fact 
that the p• and 0~• values of MnlsSi26 are 28% 
larger than those of the boule, while the Pll and all 
values are larger by only 2%, at 700 K indicates 
that the resistivities and thermoelectric powers of 
MnlsSi~6 in the [1 0 0] direction are not practically 
influenced by the metallic MnSi. In the intrinsic 
temperature region, (as shown by solid lines in 
Fig. 4) temperature variations of Oil and p• behave 
as two linear functions, with the same gradient, 
according to the expression log p ~ T -1. The Eg 
value of MnisSi26 obtained from these functions 
is 0.0112 -+ 0.0001 aJ (0.702 -+ 0.005 eV). Conse- 
quently, the intrinsic resistivities of MnlsSi26 in 
[001] Pill and [1 00] Pi• directions are expressed 
by 

Pill ---- 1.09 x 10 .6 exp (4073/7) (7) 
and 

Psi = 4.42 x 10 .7 exp (4073/73, (8) 

expressed in gZ m, respectively. 
As shown in Fig. 6, RII and R l values for 

MnlsSi26 are in good agreement with each other 
over the whole temperature range and are in- 
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Figure 7Hall mobilities of MnlsSi26 in the [001] and 
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dependent of temperature below 670K. The 
degenerate hole concentration, ns, of  MnlsSi26 is 
2.1 x1027m -a, indicating that Mn15Si26 is a 
degenerate p-type semi-conductor, where holes 
are highly degenerate as compared with those in 
stoichiometric CrSi2 [39, 41-44]  having n s =  
(4.2-5.2) x 10 26 m -a.  The Eg value of Mn15Si26 , 
evaluated from the relationship log ( R T  3/2) o~ T -1 

above 900K, is 0.011 aJ (0.70eV) and is in good 
agreement with the value obtained from p-data of 
MnlsSi26. 

Fig. ") shows the Hall mobilities of MnlsSiz6 in 
[00 1] and [1 00] directions, Pll =RII/Pll and 
P.L = RL/p• as a function of reciprocal tempera- 
ture. Pll and /.z I decrease with increasing tem- 
perature and obey a T-a/Z-law above 600K and 
above 200K, respectively. In these temperature 
ranges, as shown in Fig. 7, it is found that acoustic 
lattice scattering is dominant. Then the hole 
mobilities of MnlsSi26 in the [001]  PPll and 
[ 1 0 0] Pp_L directions are represented by 

/lpl I = 0.62T -3/2 (9) 
and 

pp• = 1.2T -3/2, (10) 

expressed in m 2 V -1 sec -1, respectively. 

4.2.  Carrier  c o n c e n t r a t i o n  of  MnlsSi26 
The electron-to-hole mobility ratio, b, which is 
necessary to evaluate the temperature variation 
of carrier concentration in MnlsSi26, was deter- 
mined by using the method described by Hunter 
[46], in which b was estimated from the tempera- 
ture dependence of resistivity between the extrinsic 
and the intrinsic regions, b values obtained from 
Pll and from p• measurements shown in Fig. 4 are 
0.023 and 0.017, respectively, and the average 
value is in good agreement with b = 0.02 given 
by Nishida [32] for MnSi ~ 1.73 alloys. Electron 
concentration, n, hole concentration, p, and R in 
the p-type semi-conductor are described by 

n = P - n s ;  (11) 

( 1 + b n s ) / ( b  + 1), (12) P = eppp 
and 

p --rib 2 
R e(nb + p)2,  (13) 

respectively [47], where e is t h e  elementary 
electron charge. Using the experimental values 
for n s = 2 . 1  • -3 and b = 0 . 0 2 ,  values of 
p and n for MnlsSi26 are determined at various 
temperatures from Equations 9 to 12. The results 
are shown in Fig. 8 (solid curves) indicating that 
the theoretical curves fit the evaluated carrier con- 
centrations of Mn15Si26. Hall coefficients in the 
vicinity of the intrinsic region are calculated from 
Equation 13 by using the calculated carrier con- 
centrations. These are tabulated in Table III. Since 
MnlsSi26 is a highly degenerate semiconductor, as 
shown by Fig. 8, n is equal to p above 1000K, 
indicating that the intrinsic conduction of MnlsSiz6 
appears in the extremely-high temperature range. 
The results further explain why the temperature 
variation of resistivity for Mn]sSiz6 obeys a 
log p c~ T -1 relation above 100OK. 

4.3. Thermoelectric power of Mn~sSi26 
As shown in Fig. 6, the thermoelectric power, a, 
for Mn~sSi26 remains large and positive even at 
temperatures above 1000K, where the concen- 
trations of electrons and holes are taken to be 
comparable. This fact suggests that the hole 
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mobil i ty is much larger than the electron mobil i ty,  
and thus c~, in the intrinsic region, is dominated by 
the more mobile holes. In order to analyse the 
temperature variation of  thermoelectr ic power 
for MnlsSi26, the general expression, given by  

Ioffe [48], is used 

t dlo ] 
k / J 0  d(e*) l(e*)e*2 de* 

L'o d(o*) l(e*)e* de* (14) 

where e* is kinetic energy of the carrier in kT 
units, fo(e*)  is the thermal equilibrium distri- 
bution function, l(e*) is the mean free path of 
the carriers, p * =  p/kT is the reduced chemical 
potential  and k is the Boltzmann constant. Plus 
and minus signs correspond to holes and electrons, 
respectively. Assuming that acoustic lattice scatter- 

ing is dominant,  as described in Section 4.1, and 
that fo(e*) obeys Fe rmi -Di rac  statistics (MnlsSiz6 
is a degenerate semi-conductor) Equation 14 can 
be rewritten as 

c~ = + - -  2 rl* (15) 
e Fo07*) ' 

where F1 is derived from the F e n n i - D i r a c  in tegra l  
by  putt ing r = 1, and 

fo  e *r de* 
Fr(•*) =.  exp (e* --  r?*) - -  1 

is the well-known Fe rmi -Di rac  integral [49] and 
~* is the reduced Fermi energy of  either holes 
or electrons. On the other hand,  the hole con- 
centration, p ,  is given by the following expression 
[48], when a parabollic structure is assumed for 
the region near the top of  the valence band: 

T A B L E  I I I  Hall coefficient, R, and concentrations of electrons, n, and holes, p, for MntsSi26 in the [001] and 
[1 0 0] directions, near the intrinsic conduction region 

Crystal axis Temperature, T Concentration (1027 m -3) Hall coefficient (10 -9 m 3 C -1) 
(K) p t7 Rob s Real 

[ 0 0 1 ]  

[100  I 

1128 9.39 7.31 0.59 0.645 
1040 6.14 4.06 0.88 0.990 
964 4.03 1.96 1.4 1.52 

1219 17.3 15.2 0.30 0.349 
1174 13.3 11.2 0.38 0.454 
1020 6.92 4.84 0.88 0.878 
952 4.71 2.63 1.2 1.30 
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4rr( 2m~k T) a/2 
p - ha Fa/=(n~) , (16) 

* is the hole effec- where h is Plank's constant, mp 
tive mass, and r/~, is the reduced Fermi energy of  
the holes. 

As :mentioned in Section4.1,  #oil and /ap• 
values for MnlsSi26 in the degenerate state obey 
a T-a/2-1aw in the temperature regions from 600 
to 700K and from 200 to 700K, respectively. Hole 
effective masses for MnlsSi26 in [00 1] mll I and 
[1 00]  m~• directions were then evaluated from 
Equations 15 and 16 by using values of  c~[i and ~• 
in the vicinity of  600K and ns = 2.1 x 1027 m -a. 

This gives tool I = 15too and rap_ t = 11 too, where 
mo is the effective mass of  a free electron. 

Thermoelectric power in the intrinsic region is 
given by 

oe = O{(ap/po ) + (~n/Pn)}, (17) 

where the suffixes p and n refer to holes and elec- 
trons, respectively. Using the relation (rl~ + r2*) = 
- -Eg/kT,  where r2~* is the reduced Fermi energy of  
electrons, Equation 17 is reduced to 

k [ fi 2p g l (~p )  nb OL z - -  

e n t~Tp)  go(rl~) nb + p  

• 2 Fo(- 7; - E 2 )  
0s) 

where E ~ = E g / k T .  Putting rap[[ = 15m o and 
using the calculated values of  p and n at various 
temperatures, the values of  ~7~ were estimated 
from Equation 16, and these values were then used 
in Equation 18 to calculate the temperature 
variation of  cqi. The experimentally determined 
values of  b = 0.02 and Eg = 0.0112aJ (0.?02eV) 
were also used in the calculations. The same calcu- 
lations were carried out for ct• using mpj_ ~- 1 ] m 0. 
These results are shown by the solid curves in 
Fig. 5. Plots o f  c~ll and c~• in Fig. 5 shown as solid 
marks fit the theoretical curves above 400 and 
200K, respectively. In the lower temperature 
range, the values of  cxil and ct• shift to values larger 
than the theoretically calculated values because 
acoustic lattice scattering is no longer the dominant 
scattering mechanism, as shown in Fig. 7. The 
scattering mechanism of  carriers at low tempera- 
tures is not clear at the present time. 

5. Conclusions 
Boules in which the atomic composition ratios 
o f  silicon to manganese are 1.70, 172, and 1.75 

were grown by the Bridgman method, in order to 
investigate crystalline and thermoelectric proper- 
ties for the most silicon-rich silicide of  manganese. 
In all the boules, except in the upper and lower 
ends of  some boules, it was found that plate-like 
MnSi Precipitates were distributed along the c- 
plane of  Mn,sSi26 matrix and remained stable 
after annealing at 1373K for 720ksec, and that 
the volume-ratio of  MnSi to MnlsSi26 was 0.02. 
Using this ratio, the Si-content of  the boule was 
evaluated to be 63.1(7)at% (MnSil.Tas), a value 
in reasonable agreement with the value determined 
by chemical analysis. 

In order to analyse the semiconducting behav- 
iour of  MnlsSi26, the electrical resistivities, Hall 
coefficients, and thermoelectric powers of  the 
boules in the [ 0 0 1 ]  and [ 1 0 0 ]  directions were 
measured over the temperature range from 77 to 
1200K. On the basis of  the distribution state of  
MnSi precipitates in the boules, thermoelectric 
properties of  MnlsSi26 were  estimated using the 
assumption that metallic MnSi and semiconducting 
MnlsSi26 were formed in alternate layers. It was 
found that resistivities and thermoelectric powers 
in the [00 1] and [1 00]  directions of  MnlsSi26 
show an anisotropy, although the Hall coefficient 
is isotropic over the whole temperature range. 
Hole effective masses of MnasSi26 in the [0 0 I] 
and [1 00]  directions were found to be 15 a n d l l  
times as large as the free electron mass, respectively. 
Putting roll I = 15mo and mp• = 11 m0, the calcu- 
lated thermo-electric powers in the [00  1 ]  and 
[1 00]  directions were in reasonable agreement 
with those powers estimated for MnlsSiz6 above 
400 and above 200 K, respectively. 
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