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Abstract

Electrical resistivity, Hall coefficient, thermoelectric power and crystal structure were measured for the pseudo-binary system
Co Ru Sb . By the results of X-ray analysis, the monoclinic distortion from the orthorhombic marcasite structure decreases gradually12x x 2

and disappears at about x50.14. The electrical measurements show that Co Ru Sb (0#x#1) are all semiconductive, in spite of the12x x 2

gradual change of valence electron number, by substituting Ru atom for Co. It was found that log r of the samples for 0.1#x#0.9 exhibit
21 / 4 21 / 2T and T temperature dependence in the lower temperature range. These temperature changes of r are the same as those of the

variable range hopping (VRH) conduction in the impurity conduction range of the usual semiconductors.  2001 Elsevier Science B.V.
All rights reserved.
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1. Introduction 2. Experimental

Transition metal dipnictide RuSb crystallizes in the Appropriate amounts of Co (4N pure), Ru (3N pure) and2

orthorhombic marcasite structure (Fig. 1) [1,2] and CoSb Sb (5N pure) powders (High Purity Chemicals, Japan)2

in the monoclinic arsenopyrite type, slightly distorted from
the marcasite structure [3,4]. These compounds are
semiconductive and non-magnetic [5–8]. There have been
many studies on some physical properties and the elec-
tronic structure of CoSb [9–12]. The semiconductive2

property of CoSb has been understood by the band model,2

that is, the cation e orbitals and the anion s and p orbitalsg

form bonding s and antibonding s* bands; the cation t2g

orbitals form narrow non-bonding bands located in the gap
between s and s* [11]. The five 3d electrons fill the
non-bonding bands split by the monoclinic distortion. For
RuSb it can be considered that the four 4d electrons fill2

the non-bonding d-bands split by the orthorhombic sym-
metry similar to FeSb in Ref. [12].2

The purpose of the present investigation is to examine
the complete mutual solubility between CoSb and RuSb2 2

and the transition from the monoclinic structure to the
orthorhombic one, in order to ascertain the electrical
properties of the pseudo binary system Co Ru Sb .12x x 2

*Corresponding author. Fax: 181-22-368-7070.
E-mail address: tharada@tjcc.tohoku-gakuin.ac.jp (T. Harada). Fig. 1. Crystal structure of the orthorhombic marcasite-type.
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Fig. 2. Composition (x) dependence of lattice parameters a, b, c, position parameters u and v and volume of unit cell (V ) for Co Ru Sb (0#x#1) at12x x 2

room temperature.
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Table 1
Lattice parameters of Co Ru Sb (0#x#1.0)12x x 2

a a b˚Composition Lattice parameter (A) V b u v M–R
˚ ˚x (A) (A)

a b c

0 5.5788 6.3925 3.3711 120.12 89.65 0.196 0.359 2.542
0.1 5.6251 6.4223 3.3488 121.05 89.84 0.194 0.357 2.545
0.2 5.6820 6.4481 3.3162 121.74 90.00 0.193 0.359 2.561
0.3 5.7320 6.4967 3.2982 122.57 90.00 0.192 0.358 2.573
0.4 5.7665 6.5079 3.2677 122.75 90.00 0.190 0.359 2.580
0.5 5.8035 6.5578 3.2493 123.66 90.00 0.189 0.358 2.591
0.6 5.8439 6.5863 3.2335 124.46 90.00 0.188 0.359 2.607
0.7 5.8727 6.6058 3.2146 124.70 90.00 0.186 0.358 2.605
0.8 5.8968 6.6278 3.2023 125.15 90.00 0.184 0.359 2.615
0.9 5.9289 6.6530 3.1912 125.88 90.00 0.183 0.359 2.623
1.0 5.9540 6.6756 3.1805 126.41 90.00 0.181 0.359 2.628

a u and v, position parameters in the orthorhombic unit cell.
b M–R, nearest distance between metal and metalloid.

were mixed in desired compositions and were sealed in
evacuated silica tubes. Then, they were heated up to
700–8008C for about 7 days. After, the ingots were
pulverized, mixed, sealed again in evacuated silica tubes
and heated at 7008C for 5 days and slowly cooled. The
heat treatment was repeated for each sample until it
exhibited a single phase.

Powder X-ray diffraction measurements were carried out
using Cu Ka radiation. All diffraction lines for the
prepared samples were indexed according to the ortho-
rhombic marcasite structure and related monoclinic distor-
tion. An extra line showing the existence of impurity phase
in X-ray patterns was not observed.

The samples for electrical measurements were prepared
by heating at 6508C after pressing powders into a disk and
then by cutting into a bar of 13237 mm. Electrical
resistivity was measured by an ordinary four-probe tech-
nique using mechanical positional point contacts. Hall
coefficient was measured under magnetic fields of 5 kOe
and 10 kOe. Thermoelectric measurements were carried
out with Copper-Constantan thermocouples in direct con-
tact with the samples. The temperature difference across a
sample was 3–78C. Details of experimental procedure are
given in Ref. [13].

3. Results and discussion

Fig. 2 shows the lattice parameters a, b, c, position
parameters u and v and volume of unit cell V as a function
of the Ru content x, respectively. The values of a, b, c, V,
u, v and b are given in Table 1. In the figures and the
table, the lattice parameters are expressed with the ortho- Fig. 3. Composition (x) dependence of nearest atomic distance of metal
rhombic setting. The lattice parameters of CoSb and (M)–metalloid (R) and the b angle of the marcasite-type structure for2

Co Ru Sb (0#x#1) at room temperature; (a) M–R and (b) b.RuSb in the table are identical to that for CoSb reported 12x x 22 2
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Fig. 4. Temperature dependence of resistivity (r) of Co Ru Sb (0#12x x 2

x#1).

˚ ˚ ˚by Terzief [8] (a55.5789 A, b56.387 A, c53.376 A) and
˚for RuSb reported by Holseth [14] (a55.9524 A, b52

˚ ˚6.6737 A, c53.1803 A). As shown in Fig. 2, a and b
decrease with increasing x. However, c (the nearest atomic
metal distance (M–M)) decreases more sharply than those
of a and b, with increasing x. V decreases linearly with x.
The parameter u decreases slightly with x, but the v-
parameter does not change with x. Fig. 3a and b show the
composition dependence of nearest atomic distance be-
tween metal and metalloid (M–R) and the b angle,
respectively, which is equal to 908 for the orthorhombic
unit cell and smaller than 908 for the monoclinically

Table 2
Electrical properties of Co Ru Sb (0#x#1)12x x 2

bComp- r S R m EH g
aosition (300 K) (300 K) (80 K) (80 K) (eV)

3 2x (V cm) (mV/K) (cm /C) (cm /V s)
210 0.0015 126 11.8310 h 70 0.15
230.1 0.0049 13 16.0310 h 0.54 0.17
23 230.2 0.0052 213 21.5310 e 8.9310 0.14
23 230.3 0.016 213 22.5310 e 2.6310 0.14
23 240.4 0.028 214 13.8310 h 2.9310 0.13
23 220.5 0.015 219 16.2310 h 6.4310 –
23 220.6 0.024 235 27.5310 e 2.2310 0.18
22 220.7 0.12 272 27.6310 e 2.2310 0.22

220.8 0.23 2138 20.61 e 3.0310 0.19
0.9 0.22 2233 25.8 e 0.25 0.29

Fig. 5. Temperature dependence of Hall coefficient (R ) of Co Ru Sb1.0 0.63 2274 21.3 e 6.1 0.39 H 12x x 2

(0#x#1); (a) for (0#x#0.4) and (b) for (0.5#x#1.0). Open symbolsa
m, mobility; e, electron; h, hole. are positive and closed symbols are negative.b E , intrinsic energy gap.g
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2distorted cell. As shown in Fig. 3b, the monoclinic for the positive hole in CoSb and m 56.1 cm /V s for the2

distortion from the orthorhombic marcasite structure de- electron in RuSb . The composition dependence of the m2

creases gradually and disappears at about x50.14. The obtained at 80 K is shown in Table 2. The value of m for
22 2M–M distance (;c) decreases about 6% and M–R dis- 0.2#x#0.8 is very small (|10 cm /V s) compared with

tance increases about 3% from x50 to x51. those for x50 (CoSb ) and x51 (RuSb ).2 2

Fig. 4 shows the resistivities of the examined Fig. 6 shows the thermoelectric power (S) of the
Co Ru Sb (0#x#1) samples as a function of tempera- Co Ru Sb (0#x#1) samples as a function of tempera-12x x 2 12x x 2

ture. All log r –1/T curves show semiconductive tempera- ture. The S value for CoSb varies from positive to2

ture variation. In the high temperature region, log r negative with increasing temperature. As seen in the figure,
decreases steeply and linearly with 1/T. Using log r | DE / S for 0#x#0.6 has a small negative value in the whole
2kT for intrinsic conduction, we derive a gap DE 5 0.15 temperature region. The value of S for 0.7#x#1.0 varies
eV for CoSb and DE 5 0.40 eV for RuSb . The com- largely with increasing temperature.2 2

position dependence of the energy gaps calculated for It should be noticed that all prepared samples are
Co Ru Sb is shown in Table 2 with some other semiconductive in spite of changing the valence electrons,12x x 2

electrical properties. The band gaps are almost constant for gradually, by substituting Ru for Co, as mentioned above.
x,0.5 and increase sharply for x.0.5. These experimental results cannot be understood on the

Fig. 5a and b show R vs. 1 /T curves. As it can be seen,H

R at 77 K is positive (p) for x50, 0.4, 0.5 and negativeH

(n) for other compositions; the absolute value of RH

decreases for 0#x#0.4 and increases for 0.5#x#1.0. RH

changes its sign with increasing temperature in the ex-
amined range of measurements as follows; n for x50;
n→p for x50.1, 0.2; n for x50.3; p→n for x50.4, 0.5; n
for x50.6, 0.7, 0.8, 0.9; p→n for x51.0. It can be noted
that n-type conduction for 0.6#x#0.9 is due to excess
electrons by substituting Co for Ru in RuSb . Moreover, it2

can be seen that the value of log uR u for x50.1, 0.2, 0.4H

increases linearly with 1/T in the high temperature range.
The value of the mobility (m) at 80 K was calculated by

2using the relation m 5 uR u /r. We obtained m 570 cm /V sH

21 / 4 21 / 2Fig. 6. Temperature dependence of thermoelectric power (S) of Fig. 7. Log r vs. T and log r vs. T curves of Co Ru Sb12x x 2

Co Ru Sb (0#x#1). (0.1#x#0.9); (a) for (0.1#x#0.4) and (b) for (0.5#x#0.9).12x x 2
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