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The arsenopyrite—marcasite-type transformation of CoAs, and CoSb, has been studied by magnetic,

electrical, and calorimetric measurements. The

transition is clearly detectable on the differential

scanning and susceptibility curves whereas the resistivity curves show only a smeared transition which
does not lead to a distinctly metallic type. The room-temperature structure of CoSb, has been refined

on single crystals. © 1986 Academic Press, Inc.

1. Introduction

Quite a series of papers have been pub-
lished on the chemical bonding in arsenopy-
rites and marcasites (/-78). The mono-
clinic arsenopyrite (FeAsS) structure is met
as the room-temperature modification of
transition-element pnictides TX; where the
transition element T has a formal d° elec-
tron configuration. TX; pnictides as well as
some chalcogenides with a d¢ configuration
crystallize in the normal marcasite FeS,
structure which is characterized by axial ra-
tios c/a = 0.73 - - - 0.75 and ¢/b = 0.61
-+ - 0.63. The TX, pnictides of the loel-
lingite branch with formal configuration d*
or d? crystallize in a compressed marcasite
version (¢/a = 0.53 -+ - - 0.57 and ¢/b =
0.47 - - - 0.50). These structures can be de-
rived by small atomic displacements from a
hypothetical (M)X, defect NiAs-type
structure with ordered vacancies () be-
tween all X layers. From this archetype na-
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ture also derived the rutile TiO,, the CaCl,,
and the MnO(OH) structures.

The c-axis is rather short in the loellingite
branch (it corresponds to the c-axis in
rutile) suggesting M-chain formation. In the
arsenopyrites the monoclinic deformation
of the marcasite cell is accompanied by the
formation of M~M ‘‘pairs,’’ i.e., short and
long distances alternate within the metal
chains. Since the cations are crystallo-
graphically equivalent we cannot think of a
mixture of d* and d° cations although the
arsenopyrite structure can be composed of
alternating layers of marcasite and loel-
lingite type (14). The lowered symmetry in-
duces a doubling of the unit cell and a split-
ting of the singly occupied d-subband. The
resulting lower band is filled with the two
lone d-electrons per pair. According to
more sophisticated modern views it is pri-
marily the different deformation of the
[MXgp] octahedra of these chains that in-
duces the appropriate splitting of the sub-
bands, but not the M—~M interaction. What-
ever the reason for this band splitting is, a
transition from the arsenopyrite to the mar-
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casite structure is expected to induce a
semiconductor-metal transition, reminis-
cent of a Peierls transition and analogous to
the transition in VO, and NbQ,. It was our
goal to verify this change in the electronic
character of CoAs, and CoSb,. In fact we
even intended to verify the charge-density
wave transitions predicted by Tosati (19)
to occur in doped or alloyed phases like Co
Sb,_,Te, at much lower temperatures than
in the pure pnictides. However, we had to
abandon this project as we did not succeed
in growing appropriate single crystals.

I1. Experimental

Small single crystals of CoAs; and CoSb,
with well-defined faces have been prepared
by a transport reaction below the peritectic
temperature. We used a closed silica tube
as container and chlorine or iodine as trans-
port agents. We started either from sintered
material or directly from the elements. The
size of the crystals obtained was well ap-
propriate for crystallographic measure-
ments but at the lower limit for four-probe
resistivity measurements. The electrical
measurements were carried out in an open
vacuum of 10~° Torr which reduces the reli-
ability of the measurements somewhat due
to partial dissociation or contamination of
the crystals at high temperatures. For the
current leads and the voltage probes we
used molybdenum wires pressed onto the
sample. The chromel-alumel thermocouple
for the temperature control was in loose
contact with the sample.

The magnetic susceptibility was mea-
sured between room temperature and about
1000 K with a Faraday balance in an exter-
nal field of 4.5 kOe. Several nonoriented
single crystals were sealed in a thin-walled
quartz ampoule. The empty quartz con-
tainer was measured afterwards in the same
temperature range. The Pt/Pt-Rh thermo-
couple was mounted directly below the am-
poule. HgCo(SCN), was used for calibra-
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Fi1G. 1. Temperature dependence of the magnetic
susceptibility of CoAs, and CoSb, (several non-
oriented single crystals of batch 3 and 28, respec-
tively). Dots: rising temperature; crosses: decreasing
temperature.

tion. The temperature range was limited by
the reaction of cobalt with silica, which
leads to strongly paramagnetic blue sili-
cates.

The phase transition was studied by dif-
ferential scanning calorimetry. The experi-
ments were carried out under an inert atmo-
sphere with a Perkin-Elmer DSC-2C
calorimeter at scanning rates of 5 and 10
deg/min, using crystals of 4—5 mg weight
sealed under argon in gold containers.
Three runs were made in each direction on
one sample of CoAs; and two different sam-
ples of CoSh,.

III. Results of the Physical Measurements

The most satisfactory results were ob-
tained from the magnetic measurements.
The temperature variation of the suscepti-
bility of CoAs; and CoSb; is shown in Fig.
1. The curves are reminiscent of those for
AB'(T) (14), where AB’ is the deviation
from 90° of the monoclinic angle in the
pseudomarcasite cell (A8’ = 0 above the
transition; see below). The character of the
curves points to a second-order transition.
No jump is detectable within our experi-
mental resolution.
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FiG. 2. Temperature dependence of the resistivity of
three different CoAs; single crystals of unknown ori-
entation. Arbitrary R units, since the geometrical fac-
tor remained undetermined.

The thermal-scanning experiments, on
the other hand, revealed a rather sharp
peak at least in the case of CoAs,. The ther-
mal effect is restricted to a temperature
range of 3-5 K. The enthalpy change —AH
amounts to about 800 J/mol for CoAs, and
is roughly an order of magnitude smaller in
CoSb; (~100 J/mol). From the different
runs we derive the following transition tem-
peratures and entropy changes:

CoAs;: Ty, = 800 + 2 K (heating),
797 = 2 K (cooling)

AS = 1J/mol - K

CoSb,: T, = 644 = 2 K (heating and cool-
ing)
AS = 0.17 J/mol - K

Our transition temperature for CoSb; is in
fair agreement with the value 650 K re-
ported by Kjekshus and Rakke (/4).

As was to be expected for semiconduct-
ing material not especially purified, the re-
sistivity data obtained for CoAs, and CoSb,
are much less satisfactory. Since only a few
of our crystals were large enough for the
four-probe measurements we had little
chance to evaluate the intrinsic properties,
particularly in the case of CoSb, where the
influence of the diminishing distortions on

the energy gap is expected to be noticeable
above 450 K. Some of our measurements
are reproduced in Figs. 2 and 3. Assuming a
temperature dependence log p ~ AE/2kT,
we derive a gap AE = 0.3 eV for CoAs,.
The increase of the slope of log p above 500
K may already be due to the nonlinear de-
crease of the gap as a consequence of the
gradual transition to the marcasite struc-
ture. From the resistivity curves we esti-
mate a transition temperature 7,, = 804 + 4
K for both CoAs, crystals measured. The
resistivity jump extrapolated from 500 K
amounts only to a factor of about 2, but
what is even more intriguing, the resistivity
behavior of the marcasite phase is far from
being distinctly metallic. The situation is
even worse in the case of CoSb,. Unfortu-
nately most of our CoSb, crystals were ob-
viously so impure or off-stoichiometric that
they showed impurity-band conduction up
to the transition temperature. The three
crystals which revealed a semiconductor-
like behavior unfortunately decomposed at
high temperatures before we were able to
confirm the upward curve on cooling. We
deduce a gap AE = (.17 eV in the tempera-
ture range 450-600 K which compares with
0.2 eV derived by Dudkin and Abrikosov
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F16. 3. Temperature dependence of the resistivity of
various CoSb, single crystals of unknown orientation.
Arbitrary R units; roughly m{} cm units for samples 27
and 28.
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(20) from 550 to 800 K, i.e., across the arse-
nopyrite—marcasite transition.

It is noteworthy that all our arsenide
samples (crystals and sintered material) as
well as sintered CoAsSb, were of n-type
with room-temperature Seebeck coeffi-
cients of about —200 and —180 xV/K, re-
spectively, whereas all CoSb, samples were
of p-type (S = 40 uV/K). As expected a
polycrystalline sample of CoSb, sTe, ; again
showed n-type conduction (§ = —80
mV/K).

IV. Discussion of the Physical
Measurements

Whereas our experimental findings do
not show much relation to VO, the similar-
ity with NbOQ, is evident. NbO, has a larger
energy gap than the cobalt dipnictides as
well as a higher transition temperature
(~1080 K) but several of the published re-
sistivity curves (21-25) are rather similar to
ours, i.e., they simulate a semiconductor
behavior also in the high-symmetry modifi-
cation. Other authors (26, 27), however,
detected a distinct semiconductor—metal
transition, whereby Bélanger et al. (27) on
single crystals found metallic conductivity
only along the c-axis of the rutile phase, but
semiconductivity perpendicular to it.

A similarity between NbQO,, CoAs;, and
CoSh, is met also in the magnetic suscepti-
bility (above 700 K for NbQO,). The suscep-
tibility of NbO, also increases almost lin-
early above the transition (21). This slight
increase above Ty, proves the band-like be-
havior. For a marcasite-type phase with a
localized d° configuration (~13,) we would
expect a decrease according to a Curie—
Weiss dependence.

The specific-heat anomaly of NbO,, on
the other hand, is much more pronounced
and extends over about 100 K, as is ex-
pected for a second-order transition. Since
in CoAs,; and CoSb, the main thermal effect
occurs within a few degrees, it well might

be that the last step of the transition is dis-
continuous in the pnictides. The fact that
the transition in CoSb, is even less pro-
nounced than in CoAs, may be explained
by structural arguments. In the structure of
CoAs; the equal distance between the Co
atoms of 3.126 A splits into the two values
of 2.78 and 3.476 A. In the case of CoSb,,
the corresponding values are 3.377 A for
the equal, 3.03 and 3.73 A for the short and
the long distance, respectively. If we as-
sume that the overlap of the d-wave func-
tions determines the strength of the phase
transition, then a much larger effect is in-
deed expected for the arsenide.

V. The Crystal Structure of CoSh;
at 295 K

The single crystal chosen for the struc-
ture determination had an irregular pris-
matic shape of approximate dimensions
0.25 x 0.10 x 0.16 mm3. Precession pat-
terns proved the diffraction symmetry to be
2/m, and the systematic absences led to
space group P2;/c in agreement with litera-
ture data (1/4). The lattice constants given
in Table I were calculated from 25 reflec-
tions measured on a Guinier-Jagodzinski
camera with CuKe; radiation and silicon (a
= 5.43047 A) as internal standard. The in-
tensities for the structure determination
were collected on a SYNTEX P2; auto-
matic four-circle diffractometer with mono-
chromatized MoKa radiation (Amoxs =
0.71069 A). The intensities were measured
by the & — 26 scan method. A number of
2291 reflections was collected in the range
sin 9/A = 0.8 289 = 70°) yielding 1152 inde-
pendent reflections of which 1087 were
greater than 3o. The intensities were cor-
rected for absorption (uyox. = 300 cm™') by
the Gaussian integration method. The
shape of the crystal was approximated by
11 faces measured with a high-resolution
telescope on the diffractometer. All calcu-
lations were carried out with the XRAY-
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TABLE I

STRUCTURAL DATA FOR CoSb; AT 295 K: ARSENOPYRITE STRUCTURE, SPACE GROUP P2,/c (No. 14),
PEARSON SYMBOL mP 12. a = 6.5051(6), b = 6.3833(5), ¢ = 6.5410(6) A, B = 117.65(1)°%;
V = 240.59 A%, d, = 8.353 g/cm’e

X y Z Uy Uy Us Up Un Uz
Co 0.27013)  —0.0005(3)  0.2817(3) 1.62(8)  2.19(8) 1.71(8) 0.5(5) 0.69(6) 0.06(6)
Sb(1)  0.3466(2) 0.3569(2)  0.1675(2)  1.67(5)  2.15(5) 1.79(5) —0.083) 0.74(3) 0.05(3)
Sb(2) 0.1489(2) 0.6393(2) 0.3671(2) 1.63(5) 2.18(5) 1.78(5) —0.03(3) 0.68(3) 0.04(3)

@ All atoms in 4(c): £(x,y, z;x, 5 — y, 5 + 2).

System 72 (28). As starting parameters for
the refinement we used the data given by
Zhdanov and Kuz’'min (29). For the full-
matrix least-squares refinement 865 reflec-
tions in the range 0.5 = sin 9/ = 0.8 were
used, which led to an R-value of 0.078. A
further isotropic extinction correction re-
duced the final R-value to 0.054.

The results of our structure determina-
tion are collected in Tables I and I1. Table I
shows the structural and thermal parame-
ters while the interatomic distances and an-
gles are listed in Table II. The distortions of
the octahedral coordination of the cobalt at-
oms and of the tetrahedral coordination of
the antimony atoms are evident from the

TABLE II

INTERATOMIC DISTANCES (IN A UNITS) UP TO 3.47 AND 4.0 A FOR Sb AND Co, RESPECTIVELY,
AND BOND ANGLES (IN DEGREES) IN CoSb,

Co®—Sb(1)® 2.508(4) Sb(1)@—Co™ 2.508(4) Sb(2)®_Cot" 2.575(3)
Sb(1)® 2.521(3) Co® 2.521(3) Cot1 2.591(7)
Sb(1)® 2.527(3) Co® 2.527(3) Co® 2.603(5)
Sb2)® 2.5753) Sb(2)® 2.858(4) Sb(1)© 2.858(4)
Sb)h - 2.591(7) Sb2)™  3.28(2) Sh()®  3.28(2)
Sb)™ 2.603(5)

Co® 3.03(2)
Co® 3.73Q2)
Sb(1)@—Co®-Sb(2)®  174.198)  Co®-Sb(1)®-Co'™  130.898)  Co'’-Sb(2)¥—Co'® 123.707)
Sb(1)®  92.67(9) Co®  127.26(8) Co'®  126.93(7)
Sb2)"  90318)  Co™-Sb(1)®—_Co® 73.96(7)  Co®—Sb(2)®_Cot0 91.80(8)
Sb(1)®  89.61(7)  Sb2)@-Sb(1)®-Co® 109.78(7)  Sb(1)¥—Sb2)®—-Co®  103.25(7)
Sb2)™  83.97(7) Co™  107.93(7) Co®  106.16(7)
Co® 91.90(7) Co™  104.06(8) Co'™  102.48(8)
Co 86.03(6)
Sb(1)¢—Co™-Sb(2)”  174.46(9) where the symmetry operations are:
(9) {
ggg;un 1(8)2(2)47128 © X, ¥, 2 (l)x, 1 +vy,2 @ x, —b+y,z &2 l—-x,1=-y,1-2
Sb2)P-Co®-sb2) ™ 882060 Pk 31—z oy Oy 14,
(9) .
Co“-Co®—Co® 175569 1Oy aeya-MD 0 yay o,

Note. The uncertainty of the last digit is added in parentheses.
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FiG. 4. The monoclinic arsenopyrite structure of
CoSby(r) projected onto the (a,c) plane. The frame of
the orthorhombic marcasite cell of the high-tempera-
ture modification is indicated below. The numbers
given refer to the symmetry operations defined in Ta-
ble 1I.

deviations of the angles from 90° (180°) and
109.48°, respectively (compare Fig. 4. The
numbers given refer to the symmetry oper-
ations defined in Table II). An ideal octahe-
dral and tetrahedral coordination is not pos-
sible in the marcasite structure either, but
the distortions in the monoclinic form are
enhanced by the pair formation in the Co
chains, or by the asymmetry of the Co-Sb
bonds (the Co-Sb(l) distances are dis-
tinctly shorter than the Co-Sb(2) dis-
tances!).

Comparing the positional parameters
given by Zhdanov and Kuz’min (29) with
our data, we notice only one major differ-
ence: our value for the x position of Sb(2) is
0.1489(2) instead of their value 0.162(3).
This leads to a more even distribution of the
distances between the atoms.

V1. Crystal-Chemical Reflections

The distortions in the arsenopyrite struc-
ture require a doubling of the original mar-
casite unit cell. The standard monoclinic ar-
senopyrite cell evolves from the

orthorhombic marcasite cell by the trans-
formation

Qmon = Gorth t Corth
Bmon = borh

Cmon = —dorth T Cortn

and a shift of the origin by (0, 0, —3%). If we
describe the orthorhombic marcasites in the
twice as large arsenopyrite cell, then the
monoclinic angle 8 is 106.6 - - - 106.9° for
the ordinary marcasites with d% configura-
tion (NiAs, and NiSb,), near 118° for the
“d*/d® mixtures’> FeNiAs, and FeNiSb,,
and between 120.45° (OsP,) and 123.77°
(RuSb,) for the loellingites with ‘“‘d*” and
d? configuration, compared to 8 = 111 - - -
114° for the ternary arsenopyrites and 111.5
- - - 118° for the binary arsenopyrites.
Vice versa a marcasite-related arsenopy-
rite cell can be defined as in Ref. (14) with
B’ = 90 + AB’, where AB’ is a measure of
the distortion. The deformation AB’ of the
pseudomarcasite cell (for CoSb, A’ =
0.356°) is obviously larger the higher the
transition temperature is (/4). Since almost
no structure refinements were performed
on ternary arsenopyrites we tried to corre-
late the pair formation with the cell distor-
tion, which is known. In Fig. 5 we have
plotted in a logarithmic scale the ratio of the
long (T - - - T) to the short (T-T) cation
distance as a function of (¢ — a)/(a + ¢). A
similar dependence is obtained if we use
log(AB’) as the argument instead of log(c —
a)/(a + c) since in a good approximation

AB'(°) = 0.1235 (¢ — a)/(a + ¢),

although the exact relation between AB’
and 4, ¢, B is given by

sin(AB") = (¢ — a?)
[(@® + ¢?)? — 4d2c? cos? B]~12.
As one of the referees pointed out the

somewhat poor linear relationship is not
very exciting. Nevertheless it visualizes
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Fi16. 5. The ratio of the long to the short metal-metal
distance vs (¢ — a)/(a + ¢) of the monoclinic unit ceil
of the binary arsenopyrite-type pnictides. Logarithmic
scales; data from literature (30); two sets for CoP, and
CoSb, from different source.

how in the binary arsenopyrite representa-
tives the distortion decreases on replacing
the anion in the sequence P — As — Sb—
Bi, as well as in the cation sequence 5d —
4d — 3d. In the ternary arsenopyrites this
regularity is not observed. This surprising
fact may partly be due to deviations from
the exact 1:1 anton stoichiometry. From
published unit-cell data (30) we conclude
that the strongest distortions do not occur
in OsPS but in OsAsSe and FeAsSe, while
for FePS, FeSbS, FeAsTe, and RuSbS
the distortions are very weak. As a con-
sequence the monoclinic—orthorhombic
transformation should take place at very
low temperatures in these latter com-
pounds. In FePS, however, no transition
was detectable up to ~780 K (31) while a
transition temperature of about 550 K is de-
duced from the diagram given by Kjekshus
and Rakke (I/4) for the binary pnictides.
Based on the cell distortion the transition in
FeAsSe might be expected near 1500 K, so

that it is not surprising that resistivity mea-
surements revealed no anomaly up to 830 K
(31). FeAsS too must remain monoclinic to
well above 720 K (37), and on a sintered
sample of RuSbSe, for which the room-
temperature deformation suggests a transi-
tion near 800 K, we did not detect any
anomaly up to 700 K. Thus it is obvious
that the arsenopyrite family still offers quite
a series of problems to be solved.
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