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Abstract. The C36 Laves phase Nb;_,Co,, has been re-
investigated in order to study phase stability and structure.
Constitutional data have been obtained by investigating
homogenized single- and two-phase samples and from dif-
fusion couples. The C36 phase Nb;_,Co,,, crystallizes
with hexagonal MgNi, structure type (Z = 8, space group
P6s/mme, a=4.74144) A and c¢=15458(1)A at
x = 0.265(4)). The homogeneity range extends from 24.6(2)
to 25.3(5) at% Nb. The temperature range of the phase field
is limited by a eutectoid (C36 Nb;_,Cos,, = Nb,Coy +
C15 NbCoy) and a peritectic (L. + C15 NbCo, = C36
Nb;_,Coy4,) reaction at ~1050 °C and 1264 °C, respec-
tively. In addition, the title phase is involved in the peritec-
toid reaction Co(Nb) + C36 Nb;_,Co,., = NbyCo; at
1086 °C and in the eutectic reaction L = Co(Nb) + C36
Nb;_Coy., at 1239 °C. The C36 and C15 Laves phases of
the Nb—Co system are separated by an extremely small
two-phase field (<0.5 at%). The crystal structure exhibits
pronounced deviations from ideal parameters obtained from
a hard sphere model. The Co network displays a type of
distortion known from many hexagonal Laves phases. Ka-
gomé layers display an elongation of the Co—Co edges of
the basal triangles of Cos trigonal bipyramids and a contrac-
tion of Co—Co edges of the uncapped triangles. The Nb
atoms are also displaced from their idealized sites. In the
crystal structure of C36 Nb;_,Co,,, excess Co atoms ran-
domly substitute Nb atoms — (Nb;_,Co,)Co,. The excess
Co atoms occupy preferentially the Nb2 site approximately
twice as much as Nbl. These positions differ mainly in the
conformation of the corresponding NbgNb, fragments
(Nb1—Nbl eclipsed and Nb2—-Nb2 staggered). In addition,
Co atoms are displaced from the original Nb positions. The
distortion of the Co and the Nb network is a consequence of
the bonding situation of the defect-free crystal structure.
The preferential site occupation of excess Co atoms is trig-
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gered by interactions with atoms beyond the first coordina-
tion shell. The C36 phase Nb;_,Co,,, exhibits Pauli-para-
magnetic behavior (yp = +1.31-1073 emumol~!). The
temperature dependent part of the electrical resistivity
0(300 K) — g is only 17 u€ cm whereas the residual resis-
tivity is very large with oo = 140 nQ2 cm indicating strong
structural disorder.

Introduction

Laves phases have the ideal composition AB, and form
one of the largest groups of intermetallic compounds with
more than 1400 known examples. The assignment of an
intermetallic compound to the class of Laves phases is
based only on geometrical principles of the corresponding
crystal structure. Laves phases crystallize in three structure
types: cubic MgCu, (C15), hexagonal MgZn, (C14) and
hexagonal MgNi, (C36). In the first half of the last cen-
tury it was shown in the pioneering works of J.B. Friauf
[1,2], E Laves [3,4], G. E. R. Schulze [5], F. C. Frank
and J. S. Kasper [6, 7], that the Laves phases can be re-
garded as tetrahedrally close packed (t.c.p) structures of
components A and B with tetrahedral interstices only. The
ideal ratio of the radii based on a hard-sphere model is

ra/rg = 1/ (h) with two kinds of coordination type poly-
hedra. The Frank-Kasper polyhedron Z16 surrounding the
A atoms has 4 six-fold A vertices and 12 five-fold B ver-
tices, whereas the icosahedron surrounding the B atoms
has 6 five-fold A and B vertices. The structure types C15,
Cl14 and C36 can be regarded as polytypes with c3, hy,
and (ch), stacking sequences in Jagodzinski-Wyckoff nota-
tion [8] of one common slab composed of tetrahedra and
truncated tetrahedra [9]. The Laves phases as a subset of
the Frank-Kasper phases can also be described by a stack-
ing of hexagon-triangle layers and triangular layers paral-
lel (001) planes or by a stacking of pentagon-triangle and
triangular layers parallel (110) planes of the hexagonal
unit cell [6, 7]. Alternatively, a description based on three-
dimensional networks is frequently used. The A network
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forms a four-connected network interpenetrated by a six-
connected network of the B atoms. Approximately 25% of
the binary Laves phases exhibit considerable homogeneity
ranges [10] giving rise to structural defects.

Laves phases have been studied intensely to understand
the fundamental aspects of phase stability. However, sim-
ple factors governing the crystal structure type of geo-
metric (r4/rg) and electronic (valence electron concentra-
tion vec and electronegativity difference y, — yz) nature
have proven to be helpful in predicting the occurrence and
stability of the Laves phases only in strictly limited cases
[11, 12]. The origin of the homogeneity ranges and the
corresponding structural defects are in most cases still puz-
zling and reflect fundamental problems in the chemistry of
intermetallic compounds: The incomplete understanding of
the complex chemical bonding situation for intermetallic
phases, the tendency to form considerable homogeneity
ranges and the influence of small amounts of impurities
on stability and properties. To address these problems stud-
ies on a number of alloy systems with A =Nb and
B = Cr, Mn, Fe, Co are in progress with experimental and
theoretical methods. The goal of the study is to achieve an
understanding of the interplay between chemical bonding
and phase stability for the Laves phases based on accurate
experimental data.

The binary system Nb—Co is particularly suitable to
throw light on the stability of the polytypes due to the coex-
istence of the C15, C14 and C36 Laves phases. The Nb—Co
phase diagram has been studied in a number of investiga-
tions [13—21]. According to the latest assessment [21], the
homogeneity range of the C15 Laves phase extends from
27.1 to 33.4 at% Nb, asymmetrically enclosing the compo-
sition NbCo,. The phase is stable up to 1475 °C where it
melts congruently. The C14 Laves phase forms off-stoichio-
metrically on the Nb-rich side and has a narrow homogene-
ity range, the shape of which is virtually unknown. It is a
high-temperature phase which is reported to be stable be-
tween 1212 °C and 1428 °C. Finally, a phase with C36
structure type is reported to be another high-temperature
phase stable from 1005 °C to 1249 °C close to the composi-
tion NbCos, i.e., strongly off-stoichiometric [14, 15]. For
both the C14 and the C36 Laves phases no exact informa-
tion on the homogeneity range is available. In addition to
the Laves phases and the two terminal solid solutions
Co(Nb) and Nb(Co), a u-phase NbsCo7 and a phase close to
the composition Nb,Co; with hitherto unknown crystal
structure have been reported. The homogeneity range of the
congruently melting phase NbsCo; extends from 50.4 to
53.3 at% Nb. Nb,Co; forms in a peritectoid reaction from
Co(Nb) and NbCoj3 at 1040 °C [21].

Here, we report results of a detailed investigation on
the phase stability, structural defects, and chemical bond-
ing of the C36 Laves phase in the Nb—Co system.

Experimental section

Synthesis and chemical analysis

To check the starting materials for impurities, chemical
analysis was performed using the carrier gas hot extraction

or the combustion technique for non-metal impurities (H:
Leco RH-402; N, O: Leco TC-436 DR; C: Leco C-200
CHLH) and for metal impurities by Inductively Coupled
Plasma Mass Spectrometry (ICP-MS, Varian). Si (300 ppm),
Fe (33 ppm), and Zn (7 ppm) have been determined as the
main impurities in case of the Co-foil and Ta (290 ppm),
K (210 ppm), and W (50 ppm) in case of the Nb-granules.
The concentration of other metallic elements turned out
to be below the respective limit of detection (LOD). The
oxygen content of the starting materials was below the
respective LOD for Co (0.05 wt%) and Nb (0.025 wt%).

Samples of Nb and Co with nominal composition of
23.0, 24.0, 25.0, 25.2, 25.5, 26.0, 27.0, and 28.0 at% Nb,
each of approx. 2 g mass, were prepared by arc-melting
(Centorr Series 5BJ, Centorr Vacuum Industries) from the
elements (Nb, H. C. Starck, granules, 99.9%; Co, Chem-
pur, foil, 99.995%) on a water-cooled copper hearth in
argon atmosphere.

Prior to the preparation the argon atmosphere inside the
arc-melter has been purified by melting an ingot of tita-
nium several times in an adjacent recess of the copper
hearth. To assure homogeneity all samples have been
turned over and remelted several times. The weight loss
after arc-melting was smaller than 0.1 wt%. Finally, the
reguli were enclosed in weld-sealed niobium ampoules
(Plansee AG, & = 10 mm) which were encapsulated in
fused silica tubes filled with argon (=250 mbar). After an-
nealing at 1100 °C for one month, the samples were
quenched in cold water.

For the investigation of the sample composition, atomic
emission spectrometry with plasma excitation (ICP-OES,
Varian, Vista RL) was used. For each analysis ~20 mg of
the material were dissolved in a mixture of hydrofluoric
and nitric acid. Furthermore, to exclude any possibility of
contamination during the preparation each specimen was
analyzed for H, N, O, and C impurities as explained
above. All non-metallic impurities after preparation were
below their respective LOD.

Phase analysis

For metallographic examination, pieces of about 5 mm
diameter were embedded in epoxy resin. Grinding was
performed using fixed abrasive papers (500 and 1000-grit
silicon carbide) and water as lubricant. Polishing was done
using a slurry of 9 and 3 um diamond powders in water
and a mixture of 80% ethyl alcohol, 10% propyl alcohol
and 10% ethylene glycol as lubricant. For the final polish-
ing step, colloidal silica (=0.05 um) in water has been
used. After each step the specimens were cleaned with
water. The microstructures were examined optically and
with a scanning electron microscope (Zeiss Axioplan 2
and Philips SL30, respectively). The compositions of the
observed phases were analyzed by EDXS (Philips XL30)
and WDXS (Cameca SX 100) using elemental Nb and Co
as standards.

The unit cell parameters at room temperature were de-
termined from X-ray powder diffraction data employing a
Huber G670 Guinier-camera equipped with a Ge mono-
chromator and CokK,, radiation (A = 1.78897 A). Silicon
(National Institute of Standards & Technology (NIST)
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SRM 640c, a = 5.43119(1) A) or LaBs (NIST SRM 660a,
a=4.15692(1) A) were used as internal standards. The
unit cell parameters were refined by least-squares fits of
the diffraction angles in the range 20° < 26 < 100° where
20 is the diffraction angle using the program PPLP of the
NRCVAX suite [22]. Powder diffraction intensities were
calculated using the program WINXPOW [23].

DTA/DSC measurements (STA 449 C, thermocouple
type S; HT-DSC 404 C, Netzsch and SETSYS16/18, Se-
taram) were carried out on powdered samples with nom-
inal compositions Nb;5Cogs, Nbyy2Co77.8, and NbyyCozg in
alumina crucibles in the temperature range from 250 °C to
1500 °C to obtain the temperatures of the invariant reac-
tions. A heating/cooling rate of 10 K/min has been ap-
plied. For temperature calibration the melting points of
five pure metals have been used.

Diffusion couples were prepared from slices of pure Co
and pure Nb or of pure Co and the C15 NbCo, Laves
phase. The contact faces were ground and polished down
to 1 um. The contacted pieces were put into a small
closed alumina crucible which was wrapped with Nb foil.
The crucible was inserted upside down into a larger alumi-
na crucible and the space between the two crucibles was
filled with fine pieces of titanium as getter material. Heat
treatments were performed at temperatures between
1020 °C and 1230°C for 72 to 40 h in an argon atmo-
sphere.

The resulting concentration profiles were analyzed by
electron-probe microanalysis. Phase analysis was per-
formed in a high-resolution field emission scanning elec-
tron microscope (JEOL JSM 6500 F) equipped with a
high-speed electron back-scatter diffraction (EBSD) sys-
tem by TSL.

Magnetism and electrical resistivity

The magnetization was measured in external magnetic
fields of 3.5 and 7T in a SQUID magnetometer (MPMS
XL-7, Quantum Design) in the temperature range 1.8—
400 K for single-phase samples of nominal composition
Nbys0Co7s0 and Nbys,Cozss (no. 3 and no. 4, respec-
tively, in Table 1). The electrical resistivity of single-phase
Nbys59Co750 (no. 3 in Table 1, prismatic shape, 0.39 mm
0.37 mm x 2.2 mm) was measured by a standard dc four
point method in the temperature range 4—320 K.

X-ray structure analysis

A single crystal of irregular shape and metallic luster was
selected from a crushed specimen of the nominal composi-
tion Nby4Co7¢ (no. 2 in Table 1), mounted onto a Linde-
mann glass fibre, and checked with Laue photographs.
The single crystal data collection was carried out with a
Rigaku AFC7 diffractometer equipped with a Mercury
CCD detector with MoK, radiation (1 = 0.71073 A). Laue
symmetry (6/mmm) and extinction class (P—c) reveal the
possible space groups P63/mmc (no. 194), P62c (no. 190)
and P6szmc (no. 186). Lorentz-polarization and numerical
absorption correction were done using the program Crys-
talClear [24]. For averaging of symmetrically equivalent

reflections and full-matrix-block least-squares refinements
on F? the program SHELXL97 [25] and for calculations
of the Fourier maps the Windows version of the CSD [26]
program package and JANA2000 [27] have been applied.
The averaging procedure in 6/mmm yielded 226 unique
reflections with Rj, = 0.029, among them 218 observed
with 7 > 20(D).

Computational methods

Electronic structure and phase stability of the Nb;_,Coo.,
phase with the C36 structure type are studied by the all-
electron, full-potential local orbital (FPLO) [28] minimum
basis method within the local density approximation [29]
to density functional theory [30]. The basis functions in
the FPLO method are nonorthogonal and they are ob-
tained numerically by solving a Schrédinger equation
which includes a confining potential [31] for states treated
as valence. The confining potential compresses the valence
functions in order to make them local. In our calculations
the basis orbital set for Nb consisted of 4s, 4p, Ss, 5p, 4d,
4f states while for Co the states 3s, 3p, 4s, 4p, 3d were
used. The semicore states 4s, 4p of Nb and 3s, 3p of Co
together with the polarization state 4f of Nb were calcu-
lated with fixed compression. For the remaining states the
compression parameters were optimized during the self-
consistency cycles. The Perdew-Wang [32] parameteriza-
tion of the exchange-correlation functional was used. The
Brillouin zone integrations were carried out by the tetrahe-
dron method.

We also used the Stuttgart tight-binding linear muffin-
tin-orbital method in the atomic sphere approximation
(TB-LMTO-ASA) [33] in order to study the reasons for
the observed distortions and site occupancies. In TB-
LMTO-ASA calculations combined-correction terms were
included and the sphere radii were determined automati-
cally by the program.

Results and discussion

Phase analysis

Table 1 gives a summary of the results of the phase analy-
sis. A schematic section of the Nb—Co phase diagram
based on compositional and thermal data of this study is
shown in Fig. 1. The C36 Laves phase Nb;_,Co,, forms
in a narrow homogeneity range close to x ~ 0.25 (NbCos3).
Alloys with nominal compositions of 24 at% Nb and be-
low annealed at 1100 °C show mixtures of Co(Nb) + C36
Laves phase, alloys with 25.5 and 26 at% Nb are two-
phase alloys C36 + C15. At Nb contents above 26 at%,
single-phase alloys with C15 structure type were obtained.
The lattice parameters a and ¢ of the hexagonal unit cell
are plotted versus the nominal composition in Fig. 2. Due
to the extremely narrow homogeneity range of the C36
Laves phase and the small two-phase field C36 + C15,
only a small number of data points are available. An extra-
polation of the single-phase and two-phase portions of the
curves in Fig.2 to their points of intersection gives the
compositions at the C36 phase boundaries as 24.9(5) and
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Table 1. Summary of phase analysis for Nb—Co alloys after annealing at 1100 °C and subsequent quenching.

phase field are 24.6, 24.6, 24.5, and 24.5 at% Nb at 1150,

No. Phases Nb content (at.%) Unit cell parameters a, ¢

Nominal ICP-OES WDXS of the C36 phase (A)
1 Co(Nb) + C36 23.0 - - 4.7415(8), 15.459(3)
2 Co(Nb) + C36 24.0 24.3(3) C36: 25.14(5) 4.7414(4), 15.458(1)
3 C36 + traces of Co(Nb) 25.0 25.0(2) C36: 25.9(1) 4.743(1), 15.462(4)
4 C36 25.2 24.9(4) - 4.745(1), 15.471(4)
5 C15 + C36 25.5 — —
6 C15 + C36 26.0 - C15: 26.7(1) 4.747(2), 15.484(7)
7 C15 + traces of C36 27.0 — —
8 Cl5 28.0 27.12) C15: 28.3(1)
25.5(5) at% Nb, which corresponds to a homogeneity P
range of 0.6 at%. 38 Nb,,Coy,,

For a more detailed investigation of the C36 phase T=1100°C
field and the C15 + C36 two-phase region, several diffu- Al =
sion couples, composed of the cubic NbCo, Laves phase %]
of stoichiometric composition together with pure Co or of avie. - 15.47
pure Nb together with pure Co, were annealed at tempera-
tures between 1150 and 1230 °C. A respective concentra- 4746 1 ] _c | 15.46
tion profile (Fig. 3) shows the steep concentration step be- T | =
tween the Co(Nb) solid solution and the Laves phase with o A7
a composition typical for the C36 polytype. Concentra- 4742 1 ] . a
tions obtained for this Co-rich boundary of the Laves I * :
4.740 - - - — — - - —
0.230 0.235 0.240 0245 0.250 0.255 0.260

1205, 1215, and 1230 °C, respectively. However, no con-
centration step is visible which would indicate the transi-
tion from the C36 to the C15 phase. The two-phase field
must be too narrow to be detected in the concentration
profile, i.e., the step is too small (<0.5 at%) or C36 sim-
ply is not present in the diffusion couples. It is well-
known that the formation of equilibrium phases may be
hindered in diffusion couples due to kinetic reasons [34].
In order to solve this problem, the phases in the C15
NbCo,/Co diffusion couple were analyzed by EBSD. A
complete phase mapping across the phase boundaries in a
strip 30 um wide was obtained by measuring with a step
width of 300 nm. Figure 4 shows an image quality map
reflecting the microstructure and color-coded EBSD map-
pings of the phases and their crystallographic orientations.
Four characteristic Kikuchi patterns measured in the differ-

\ L /
\/ 1264
Co(Nb) 2
fce 1239
s/
'S C36~a C15
~ /
0
1086
/ Nb2007ﬁ+ 1050 /
5 1l 20 22 24 26 28 30

at. % Nb

Fig. 1. Schematic drawing of the phase equilibria in the Nb—Co
phase diagram (3—30 at% Nb).

X, (nominal Nb Co, )

Fig. 2. Unit cell parameters a and c¢ of the hexagonal C36 Nb;_,Cos,
phase vs. the nominal composition. Phase boundaries at the annealing
temperature 1100 °C are given by dashed lines.

ent phase fields are also shown. The diffraction bands
were indexed using the Hough transformation method. It
can be clearly seen that the hexagonal C36 Laves phase
has formed in a zone about 20 um wide between the C15
Laves phase and the fcc Co(Nb) solid solution. On the
Co-rich side, both the fcc and the hcp Co(Nb) solid solu-
tion are observed. At 1150 °C, the complete region of the
Co(Nb) solid solution consists of the fcc polymorph. How-
ever, during cooling to room temperature the transforma-
tion to the hcp Co polymorph, which is the stable variant
at room temperature, can not be suppressed in the Nb-
poor regions, whereas the regions with the higher Nb con-

100

NbCo, / Co

95" = .. -Co
1 (1150°C for 50h)
90

85

at.% Co

80
] NbCo,
754 e

————
-50 0 50 100
distance in um

-150 -100

Fig. 3. The concentration profile obtained from a C15 NbCo,/Co dif-
fusion couple (50 h at 1150 °C) by EPMA.
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tents metastably remain in the high-temperature fcc state.
The occurrence of the C36 Laves phase in the diffusion
couple confirms that C36 Nb;_,Co,,, is an equilibrium
phase of the Nb—Co system as had been found in the
investigation of heat-treated alloys of respective composi-
tions, and it can be concluded that the extension of the
two-phase field between the C15 and C36 Laves phase
polytypes is below 0.5 at%. According to the results ob-
tained from the diffusion couple, the C36 phase field ex-
tends from 24.6(2) to 25.3(5) at% at 1150 °C. The width
of 0.7(2) at% at 1150 °C excellently fits the value 0.6 at%
obtained by extrapolating the unit cell parameters of sam-
ples annealed at 1100 °C. The results from the EPMA
measurements are more reliable since both values have
been obtained from a large number of measurements. In
addition, the maximal concentration of Nb for the C36
phase has been determined to be 24.5(4) at% by single
crystal structure refinement (see section structure refine-
ment). The invariant reactions involving the C36 phase are
as follows:

a) L + C15 = C36 peritectic reaction at 1264(2) °C

b) L = Co(Nb) + C36 eutectic reaction at 1239(2) °C

¢) CoNb) + C36 = NbyCo; peritectoid reaction at

1086(2) °C
d) C36 = Nb,Co; 4+ C15 eutectoid reaction between
1000 and 1100 °C (=1050 °C)

The eutectoid decomposition of C36 is too slow to be
fixed in the DTA/DSC measurements. However, as an al-
loy with 24 at% Nb is two-phase (C15 + Nb,Co;) after
annealing at 1000 °C but consists of C36 + Co(Nb) after
annealing at 1100 °C, the eutectoid reaction must occur
within this temperature interval.

Fig. 4. Results of EBSD investigations of a
C15 NbCoy/Co diffusion couple, 50h at
1150 °C (from top to bottom): image qual-
ity map reflecting the microstructure, char-
acteristic Kikuchi patterns of the four
phases, color-coded EBSD mappings of the
phases and the crystallographic orientations
of the grains.

m

1010

cub.

2110 001 101

Structure refinement

As starting parameters the fractional coordinates of the
idealized crystal structure of C36 NbCo, according to the
hard sphere model in a standardized description [35] have
been used (Table 2).

Least-squares refinement of the positional, occupa-
tional, and displacement parameters indicates a partial oc-
cupation of the two crystallographically independent Nbl
and Nb2 sites with excess Co atoms. A more detailed ana-
lysis of Fourier maps close to the Nb positions reveals a
non-spherical electron density distribution which is charac-
teristic for split atom positions (Fig. 5). In case of the Nbl
position (4f) the maximum difference density is located on
the threefold axis and its occupation corresponds to 0.84
Nb. The additional maxima are displaced from the three-
fold axis at the Wyckoff position 12k and their occupation
corresponds to ®!6/3 Co. Close to the Nb2 position the
inspection of the difference electron density also reveals

Table 2. Ideal atomic parameters for a crystal structure of C36
NbCo, according to the hard sphere model. The ideal c/a ratio is
24/ (8/3) ~ 3.266. For each crystallographic site layer stacking sym-
bols are given in the last column.

Atom Site X y z Symbol”
Col 61 Yo s a B. v
Co2 6g 1 0 0 o

Co3 af 5 s b, ¢
Nbl 4f s 2y Ay, B, C
Nb2 4de 0 0 3/ 32 A

a: see section crystal chemistry
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0.00 &l

Fig. 5. Difference electron density maps around the M2 (a) and M1 (b) sites. Position and alignment for both maps are indicated by the
rectangle, bordered by a dashed line, in the drawing of the respective coordination polyhedron. A cross marks the idealized position of Nb.

two maxima. The first is assigned to 0.63 Nb and the sec-
ond to 0.37 Co, 0.116 A away. In the final cycles of the
refinements the split atom positions, hereinafter called
M1 = Mla(Nb) + M1b(Co) and M2 = M2a(Nb) +
M2b(Co), were constrained to a total of 4 M1 and 4 M2
per unit cell. The thermal parameters of the M1la and M1b
positions have been constrained to be equal and the M2
position restricted to isotropic refinement. Reliability fac-
tors of the refinement converged to R;(F?)=0.037,
WRy(F?) = 0.083 for all reflections. Crystallographic data
and details on data collection and structure refinement,
atomic coordinates and isotropic and anisotropic displace-
ment parameters are listed in Tables 3, 4 and 5, respectively.
Selected interatomic distances are presented in Table 6.

Crystal chemistry

C36 Nb;_,Coy,, crystallizes with hexagonal translational
symmetry and 24 atoms per unit cell. The crystal structure
reveals two prominent features: distortions of the Nb and
the Co network as well as local atomic displacements of
the excess Co atoms.

C36 NbCo, with an idealized crystal structure may be
described as a three-dimensional space filling arrangement
of empty regular tetrahedra Cos and truncated tetrahedra
Coy, filled with Nb (see Fig. 7). The packing ratio of the
two different types of polyhedra is 1:1. The interatomic
distance of adjacent atoms occupying nodes of the six-
connected Co network is d(Co—Co) = 0.5a. (Co3);(Co2);
tetrahedra are connected to four tetrahedra by corner
sharing (3 x (Co03);(Co2); + 1 x (Co3);(Col)s). Two
(Co3)1(Col); tetrahedra form trigonal bipyramids (tbps).
The axial Co3 atoms of the tbps share corners with
(C03)1(Co2); tetrahedra whereas the equatorial Co atoms
are linked with neighboring tbps. The larger Nb atoms
occupy the centers of the truncated Coj, tetrahedra and
form a four-connected Nb network with d(Nb—Nb) ~
0.6124a. The distance center-to-vertex of the truncated tet-
rahedron is d(Nb—Co) ~ 0.5863a.

The coordination type polyhedra of Nb and Co are
shown in Fig. 6 for C36 NbCo, with idealized parameters
taken from Table 2. The Co atoms are icosahedrally coor-
dinated by 6 Co and 6 Nb atoms as nearest neighbors.
Col has a boat-like, Co2 a chair-like and Co3 an octahe-

dron-like arrangement of the six Nb neighbors. The coor-
dination type polyhedra of Nbl and Nb2 are Frank-Kasper
polyhedra of coordination number 16 (Z16). They are de-
rived from the Coy, truncated tetrahedron by capping each
hexagon with Nb.

Another convenient way to describe the C36 structure
type is to use a layer description, i.e., by stacking Kagomé
and triangular layers along [001]. A Kagomé layer is a
hexagon-triangle layer where two triangles and two hexa-
gons meet at each vertex with vertex configuration (3.6.3.6)
whereas the triangular layer consists of six triangles meeting
at each vertex (3°). The position of the atoms of the layers
relative to the origin of the hexagonal unit cell can be de-
scribed by the following notation: A, a=(0,0,z); B,
b= (/3 /3, 2); C, ¢ = (15, /5, 2) for the triangular layers
and o= ('/2,0,2); B=C/s"/3.2: v=Ce */3,2) for the
Kagomé layers. The capital letters A, B, C denote large Nb
atoms and small letters a, b, ¢, «, B, y small Co atoms. Each
greek and latin letter in a sequence denotes 3 and 1 atoms
per unit cell, respectively. A similar notation was first intro-
duced by Allen [36]. The layer stacking symbols for the
crystallographically different atoms are given in the last col-
umn of Table 1. The sequence of layers in a unit cell of the
hexagonal C36 structure along [001] is then as follows, with
| as symbol denoting the unit cell boundary.

laAcBBBcAaAbCyChb Al (see also Fig. 7)

Nb1 E% Nb2 E%

Fig. 6. The coordination type polyhedra of the crystal structure of
C36 NbCo, with idealized parameters as listed in Table 1. Each label
denotes the atom type at the center of the respective polyhedron.
Large and small spheres represent Nb and Co atoms, respectively.
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Table 3. Crystallographic data and details on data collection and
structure refinement for Nb;_,Co,., at x = 0.265(4)".

Crystal data
Refined composition

Nby.735C02.265(4),
24.5(4) at% Nb

VA 8

Formula mass (g - mol~") 201.77

F(000) 730.5

Crystal system hexagonal

Space group P63/mmc (no. 194)
a (A 4.7414(4)

c (A 15.458(1)

Volume (A% 300.96(4)

Ocate (g-cm™3) 8.900

Crystal color
Crystal size (mm?®)

Data collection

metallic luster
0.041 x 0.057 x 0.064

Diffractometer system Rigaku AFC7
Mercury CCD

Radiation type, wave length (A) MoK, 4 =0.71073

Monochromator graphite

Temperature (K) 293(2)

Scan type @,

Number of images 400, 100

20-range 5.28 < 65.54°

h,k,l range —-6<h<6
~6<k<6,
-11<1<21

Absorption correction numerical

Absrption coefficient, & (mm™!) 29.490

Tinax, Tmax 0.561, 0.473

Measured reflections 2361

Unique reflections 226

Observed reflections (I > 20(I)) 218

Rint 0.029

Refinement

Refinement on F?

Number of parameters 24

Ri/wRy (I >20(I))" 0.036/0.082

R /wR; (all data)” 0.037/0.083

Goodness-of-fit on F? 1.257

Extinction coefficient k9 0.0058(9)

Min., max. residual peaks (e - A~3) —1.871,1.467

a: Further details of the crystal structure investigation are available
from the Fachinformationszentrum Karlsruhe, D-76344 Eggenstein-
Leopoldshafen, Germany (fax: +49-7247-808-666; e-mail: crysda-
ta@fiz-karlsruhe.de) on quoting the depository number CSD-415720,
the name of the author, and the citation of the paper.

b: From calibrated powder diffraction data.

¢ Ry = X ||Fol — [Fell/3 |Fols wRy = 3 (w(F2 — F2)?/
(C(FHH2, w=1/[0*(F2) + (0.0347 - P)* +2.6669 - P,

P = (max(F2,0) + 2F?)/3.

d: F, is multiplied by k[1 4 0.001 - F2 - 2% /sin (26)]"/*

The sequence lo. p o yl denotes Kagomé Co layers at
z2=0, Y4, '/5, 3/4, lc ¢ b bl triangular Co layers at z = !/,
3/, 3/3, /g and IA B B A A C C Al triangular Nb layers
atz= 3/32, 5/32, 11/32, 13/32, 19/32, 21/32, 27/32, and 29/32-

Table24. Atomic coordinates and equivalent displacement parameters
(in A% for Nb;_Copyy, x =0.265(4); Ueq is defined as one third of
the trace of the orthogonalized Uj tensor; E.s.d.’s are given in par-
entheses.

Atom Site x y z Uey/Usso Occupancy
Col 6h 0.1634(1) 2x Y, 0.0080(2) 1

Co2 6g '/ 0 0 0.0088(2) 1

Co3 4 4 Y, 0.12576(8) 0.0091(3) 1

Mla 4f /3 Y, 0.6551(2) 0.0112(4)* 0.84(1) Nb
Milb 12k 0.311(2) 1 -x 0.652(2) 0.0112¢ 0.053(4) Co
M2a 4e O 0 0.0927(2)  0.0130(7)° 0.63(1)’ Nb
M2b 4e O 0 0.0852(4) 0.008(1)° 0.37 Co”

a: U,,(Mla) = U,/(Mlb)
b: s.o.f. (M2a) + s.o.f. (M2b) =1
C: Uig()

It has been shown by Samson [9] that two Kagomé
layers as top and bottom layers with three intermediate
triangular layers, e.g. the sequence {a A ¢ B B}, represent
a thick slab of fused Co4 and Coj, polyhedra, the latter
centered by Nb atoms. The structure of the C36 polytype
is then described as an intergrowth of one common slab
with chch stacking sequence per unit cell (in short ch, see
Fig. 7) in Jagodzinski-Wyckoff notation. The symbol % (c)
is assigned to each slab where the two neighboring slabs
are displaced sidewise in the same (opposite) direction and
for the same distance. There are four slabs per unit cell.
However, due to the space group symmetry of P6s/mmc
the unit cell contains only one symmetrically independent
slab. The crystal structures of cubic C15 and hexagonal
C14 have stacking sequences c3 (in short ¢) and h, (in
short %), respectively.

The crystal structure of the title compound is shown in
Fig. 7. Nbl and Nb2 sites are labeled M1 and M2, respec-
tively, to take into account the randomly mixed occupation
of these positions by Nb and Co atoms.

The crystal structure of the title compound reveals a
distinct distortion of the Co network as shown in Fig. 8.

c [id
A
b
Cc
h y
C
b
A
c
[
A
c
B
h ,
> B
B
c
c B .
g

Fig. 7. The crystal structure of C36 Nb;_,Cos;,, x=0.265. The
stacking sequence of the slabs composed of fused Co4 and Coj, poly-
hedra and that of the Kagomé and triangular layers is given in Jagod-
zinski-Wyckoff and “ABC” notation. Local displacements of Nb and
Co at M1 or M2 are not displayed.
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Table 5. Anisotropic displacement parameters (in AZ) for Nb;_,Coy4,, x = 0.265(4); the general expression of the atomic displacement parameter
is exp [-2m2 - (Uyy - W2 -a*® + Un - k2 -b¥2 + Usz - P - c*¥> 4 Uy -h-k-a* -b*+ Uz -h-1-a* - ¢* + Up -k-1-b% - c*)]; Es.d’s are given in

parentheses.

Atom Up Un Us; Ux Uiz U
Col 0.0090(3) 0.0072(5) 0.0072(4) 0 0 Un/2
Co2 0.0100(4) 0.0078(5) 0.0080(4) 0.0006(4) 0.0003(2) U2
Co3 0.0105(4) Ui 0.0064(6) 0 0 Unl2
Mla, M1b 0.0118(5) Un 0.0099(5) 0 0 Un/2
M2a, M2b“ — — — — — —

a: isotropic refinement

The (Co03);(Co2); tetrahedra form a stack of three layers
with cubic sequence c¢ (Fig. 8a). The corresponding three
layer stacks are {b @ ¢} or {c a b}. The interatomic dis-
tances d(Co—Co) in the slab are nearly equal, 2.371 A
and 2.378 A. The (Co3);(Col)s tetrahedra form a stack of
three layers with hexagonal sequence h, i.e., {¢ B ¢} or
{b vy b} (Fig. 8c).

The interatomic distances d(Co—Co) in the cubic slabs
are in good agreement with the value of 2.369 A expected
for a crystal structure with ideal structural parameters.

Table 6. Interatomic distances (in A) d < 3.10A for Nb;_Coo4y,
x =0.265(4). E.s.d.’s are given in parentheses. Mla and M2a denote
the Nb atoms, while M1b and M2b refer to the excess Co atoms.

Col-2 Col 2.324(2) Mlb-2 Col 2.68(2)
2 Col 2417(2) 2 Col 2.82(1)

2 Co3 2.374(1) 2 Col 2.95(2)
Mla 2.788(1) 2 Co2 2.68(2)

{Mlb 2.68(2)/2.82(1)/2.95(2) 1 Co2 2.82(2)

M2a 2.778(2) 2 Co3 2.68(1)

{M2b 2.880(6) 1 Co3 2.9502)

| {Mla 2.99(2)

Co2—4 Co2 23707(2) MIb 3.03(5)/3.04(5)
2 Co3 2.378(1) | {MZa 2.7102)
Mla 2.760(2) M2b 2.75(2)
{Mlb 2.68(2)/2.82(2) M2a 2.98(1)
M2a 2.770(1) {MZb 3.02(1)
{M2b 2.7123)
M2a-6 Col 2.778(2)
Co3—3 Col 2.374(1) 3 Co2 2.770(1)
3 Co2 2.378(1) 3 Co3 2.7848(5)
3{M1a 2.7747(5) {Mla 2.902(1)
MIb 2.68(1)/2.95(2) MIb 2.71(2)/2.98(1)
; {M2a 2.7848(5) 1 {M2a 2.865(5)
M2b 2.809(1) M2b 2.749(4)
Mla-3 Col 2.788(1) M2b-3 Col 2.880(6)
6 Co2 2.760(2) 6 Co2 2.7123)
3 Co3 2.7747(5) 3 Co3 2.809(1)
Mla 2.935(5) Mla 2.943(2)
{Mlb 2.99(2) {Mlb 2.75(2)/3.02(1)
{M2a 2.9024(9) | {MZa 2.749(4)
M2b 2.943(2) M2b 2.63(1)

d <230 A: dMla — M1b) = 0.193(1) A,
d(M2a — M2b) = 0.116(1) A

This value is obtained from d(Co—Co)= v/V / (2 \/Z)
where V is the unit cell volume of the title compound. The
Co—Co distances in the hexagonal slabs are 2.324 A and
2417 A for adjacent atoms of the Kagomé layers and
2.374 A for adjacent atoms of the Kagomé and neighbor-
ing triangular layers. The distortion of the Co network is
mainly caused by the distortion of the Kagomé layers (f§
or vy) in the hexagonal slabs. The distortion may be de-
scribed as an elongation of the edges of the basal triangles
of the tbps and a contraction of the edges of the uncapped
triangles (Fig. 8c).

In the crystal structure of C36 NbCo, based on idea-
lized parameters (Table 1) the Nb atoms form a four-con-
nected network with the same topology as found in the
crystal structures of 4H—ZnS or carborundum III (SiC)
(Fig. 9). The expected distance d(Nb—Nb) based on the
unit cell volume of the title compound is 2.902 A. The Nb
network may be described as a sequence of double layers
{A A}—{B B}—{A A}—{C C} in which one Nb atom is
vertically above another, ie, {Nb2 Nb2}—{Nbl
Nbl}—{Nb2 Nb2}—{Nbl Nbl}. Here, labels Nbl, Nb2
denote the two crystallographically independent Nb sites
in the idealized crystal structure. The conformation of
ethane-like fragments Nb3Nb—NbNb; is either staggered
(Nb2—Nb2, Nb2—-Nbl) or eclipsed (Nb1—Nbl).

In the crystal structure of the title compound the Nb
atoms are displaced from their idealized sites Nbl and
Nb2 to Mla and M2a, respectively. Upon distortion three
different interatomic distances d(Mla—Mla) = 2.935 A,
d(M2a—M2a) =2.865 A, and d(Mla—M2a)=2.902 A
are obtained. The distance d(Mla—Mla) is longer,
d(M2a—M2a) shorter and d(Mla—M?2a) unchanged in
comparison to the idealized distance. A snapshot of the
distortion of the Nb network is displayed in Fig. 10a.

Excess Co randomly substitutes Nb at both crystallo-
graphic sites with a preferred occupation of the Nb2 site
(s.0.f.(Co@M2) : s.0.f.(Co@M1) =~ 2 : 1). No superstruc-
ture describing any kind of an ordered arrangement has
been observed by X-ray diffraction and there is no evi-
dence of an order-disorder transition to be seen in thermal
analysis measurements. Moreover, TEM investigations in-
cluding HREM, SAED, and CBED techniques on samples
of the present study [37] exclude a superstructure. The
substitution of the Nb atoms by the smaller Co atoms trig-
gers a local displacement of the excess Co to the M1b and
M2b positions (Fig. 10b).

Random substitution, preferred occupation of M2 by
Co, and local displacements of Co relative to Nb make the
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Nb2-Nb2

Nb2-Nb1

T[om]

Fig. 9. Part of the Nb network of the crystal structure C36 NbCo,
based on idealized parameters as listed in Table 1. The Nb net may be
described as a sequence of double layers {A A}—{B B}—{A A}—
{C C} with Nbl at B, C and Nb2 at A. The four-connected net
contains ethane-like fragments Nbs;Nb—NbNbs in either staggered
(Nb2—Nb2, Nb2—Nbl) or eclipsed (Nb1—Nb1) conformation.

real structure extremely complicated. The probability dis-
tribution for fragments composed of five atoms,
M1(M1M23) and M2(M2M13), of the A network of C36
Nb;_Coy44, x =0.265 is shown in Fig. 11. The probabil-
ity for a specific unit is calculated as the product of the
probabilities to find a Co or Nb atom, corresponding to
the respective s.o.f., at each of the five sites. E.g., the
probability for the top left unit in Fig. 11a is calculated to
be s.o.f(Mla)® x s.0.f(M2a)® = 0.18. Thirty-two different
variants of polyhedra for each M1 and M2 are possible
ignoring the threefold M1b splitting. In the figure, symme-
trically equivalent units are only shown once, but for the
calculation of probabilities, all possible units have been
considered. The sum of probabilities for each set of units
(centered by M1 or M2) is normalized to unity.
Probability distributions p of nearest interatomic dis-
tances dM1—-M1), dM2—M2), dM1—-M?2) are listed in

2.935

-_f_\
-— —
L

T 2.865
) O
Nb@M1a

202 Nb@MZaCP
@

Fig. 8. The Co network of C36 Nb;_,Coy.,, x =0.265. (a)
cubic ¢ arrangement of three sequential layers ({b @ ¢} or
{c a b}). (b) part of the Co network including three Kagomé
and four triangular layers. (¢) hexagonal A arrangement of
three sequential layers ({¢ ¢} or {b ¥ b}). Arrows indicate
the distortions relative to ideal atomic positions.

Table 7. Probability distributions for nearest interatomic distances.
The probability distributions p give the probabilities for the intera-
tomic distances d with respect to M1-M1, M2—M2, M1—-M2, and
M—M contacts, respectively.

Type PMI-MI  PM-M d @A)

Mla—Mla Nb—Nb 0.71 0.08875 2.935

Mla—MIlb Nb—Co 0.27 0.03375 2.99

Ml1b—Mlb Co—Co 0.007 0.00083 3.03
0.013 0.00167 3.04
=1 > =0.125

Pm2-m2

M2a—M2a Nb—Nb 0.40 0.0500 2.865

M2a—M2b Nb—Co 0.46 0.0575 2.749

M2b—M2b Co—Co 0.14 0.0175 2.63
SS=1 Y =0125

PM1-m2

Mla—M2a Nb—Nb 0.53 0.3975 2.902

Mla—M2b Nb—Co 0.31 0.2325 2.943

M2a—MIlb Nb—Co 0.03 0.0225 2.71
0.07 0.0525 2.98

M1b—M2b Co—Co 0.02 0.0150 2.75
0.04 0.0300 3.02
=1 > =0.75

Table 7. They are calculated by multiplying the s.o.f. of the
respective positions, this time accounting for M1b splitting,
and normalizing to the number of M1-M1 (2), M2—M2
(2), M1—M2 (12) contacts per unit cell, respectively. In ad-
dition a probability distribution py_y is given which is nor-

Fig. 10. Distortion of the A network of C36 Nb;_,Copy,,
x =0.265. The distortions are indicated by arrows and inter-
atomic distances are given in A. (a): Nb@MIla and Nb@M2a
are Nbl and Nb2 atoms displaced from the idealized crystallo-
graphic sites. (b) Nb atoms replaced by Co atoms with
Co@MI1b and Co@M2b displaced from the idealized crystal-
lographic Nb sites. (¢) Schematic representation of M1(M2)3
fragment with the threefold split position Co@M1b.
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Ma Mia Mi1a Mia

0.18 0.31 0.18 0.04
Mia M1a Mia Mia
M2a nza M8 Mzb  Mza M2a M2b  pMzp M2a M2b  pzp M2D
0.03 M1b 0.06 M1k M1b 0.01 Mib
’ Mia ) Mia 0 03 Mia Mia
M2a Mz M2a M2b  Mza M2a M2t pzp M22 M2b  pgp M2b
M1a
M Mia Mia
0.03[* 0.06 0.03 0.01
Mib Mib M1b Mib
M2a Mz2a M2a Mzb M2a M2a M2k Mzp M2a M2b Mzp M2b
Mib Mib Mib M1b
0.01 0.01 0.01 0.00
M1k Mib Wb Mib

M2a M2a

0 0.00
M2k Mzb
Mib Mib  Mia Mib M MP
M2b Mzb M2b
0.08 0.01 0.00
M2b M2b Mzb
Mia Mia Mia Mib Mib  Mia Mib Win Mib

Fig. 11. Probability distributions (a) for M1(M1M23) and (b) for
M2(M2M13;) fragments of the A network of C36 Nb;_,Copyy,
x = 0.265. For each M1 and M2 sixteen symmetrically distinct poly-
hedra are possible without accounting for the M1b splitting. The
numbers give the probability for each fragment.

malized to the sum (16) of the contacts. The probability to
randomize a Co—Co, Nb—Co, and Nb—Nb pair of the A
network is 0.065, 0.3988 and 0.5362, respectively.

Electronic structure calculations

The experimental data have shown that the C36 polytype of
the Nb—Co system is stable at high temperatures in a small
homogeneity range close to the composition NbCos. Struc-
tural distortions of A and B networks and the partial substi-
tution of Nb by Co atoms have turned out to be essential
features for the phase stability of C36 Nb;_,Co,,. The ex-
perimental findings give rise to fundamental questions con-
cerning the nature of the C36 polytype:

(i) What drives the A and B network distortion?

(i) Why is there a non-uniform distribution of the Co
atoms among the different crystallographic Nb sites and
what determines the observed ratio of ~ 2 : 1.

To gain insight into the origin of the structural distor-
tions and the non-uniform distribution of excess Co atoms
on Nb sites quantum mechanical calculations have been
performed.

Structural distortions

Structural distortions of the B network, i.e., deviations
from the ideal structural parameters obtained on the basis
of the hard sphere model have been frequently encoun-
tered for hexagonal Laves phases, whose atomic positions
have been refined [38]. It was shown that the distortion of
the B network is present even for phases of ideal stoichio-
metry AB,, e.g., MgZn,. Since the distortion of the hexa-
gonal slabs in the crystal structure of C36 Nb;_,Cos,,
resembles that of many hexagonal Laves phases, one may
reason by analogy that this kind of distortion is an inher-
ent structural feature.

According to the present phase diagram, stoichiometric
C36 NbCo; is unstable with respect to C15 NbCo,. How-
ever, the stability of C36 NbCo, with respect to deviations
from the idealized crystal structure may be studied by full-
potential total-energy calculations. Four atomic coordi-
nates, x(Col), z(Co3), z(Nbl), z(Nb2), and the unit cell
parameters, a and c, are variable. The total energy of C36
NbCo, has been minimized using the FPLO package [29]
by varying the atomic coordinates at the unit cell volume
at constant (ideal) value c¢/a ~ 3.266 and composition
NbCo,. The starting parameters of the calculation are giv-
en in Table 1. The total energy of the best optimized struc-
ture is ~84 J/mol NbCo, below the energy of the ideal
crystal structure. The interatomic distances d < 3.20 A for
C36 NbCo, are listed in Table 8 in comparison with those
obtained on the basis of the hard sphere model. The fol-
lowing short notation analogous to that described in [38]
has been used. The symbols B; and A; denote contacts
between neighbors ij in the B and A network, respectively
and superscripts u and c distinguish between capped and
uncapped triangles of the Kagomé layers. The assignment
of the labels B;; and A; for the respective contacts is illu-
strated in Fig. 12 for the C36 polytype.

In most cases, the optimization changed the distances
towards the experimentally observed values, however, the
experimental values were not fully reached. The Kagomé
layers of hexagonal slabs display an elongation of the
edges (B1:°) of the basal triangles of the tbps and a con-
traction of the edges of the uncapped triangles (B;;"). In
addition, the bond length order B;;" < Bj3 < Byi€ is in
agreement with those reported for the hexagonal Laves
phases with refined atomic positions. The optimized value
By3 is also in good agreement with the observed value.
However, B3 is calculated to be more or less equal to the
ideal value, whereas in the crystal structure it is slightly
stretched (0.005 A). Please note that, the B, value is kept
constant due to the applied symmetry restrictions. The in-
teratomic distance Ap; is noticeably contracted. The behav-
ior of Ay, is in agreement with the observation, however
the change of Aj; is too small. By introducing the c/a
ratio as an additional optimization parameter, one may ex-
pect slightly stronger distortions. However, due to the
small difference of 0.006 between the ideal and the ob-
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Fig. 12. A short notation for interatomic contacts of the A (a) and B
(b) network of the C36 Laves phase.

served c/a ratio it is unlikely that full optimization would
yield much better values. The large differences between
optimized and experimentally observed values show that
the substitution may play an important role. Nevertheless,
the calculation indicates a tendency of distortion of both
the A and B networks in the crystal structure of hypotheti-
cal C36 NbCo,. This conclusion is supported by the ob-
servation of a similar distortion in the crystal structure of
C36 NbZn, [39], the latter crystallizing with stoichio-
metric composition.

In order to study the distortion of the A and the B net-
work in terms of a local bonding scheme, an analysis of
the crystal orbital Hamilton population (COHP) [40] has
been done based on LMTO-ASA calculations [33, 41]. In
[38], distortions of the B network of Cl4-type Laves
phases are analyzed analogously, utilizing the crystal orbi-
tal overlap population (COOP) method based on extended
Hiickel calculations. The total density of states of C36
NbCo, with idealized parameters and the unit cell volume
of the title phase has been calculated using FPLO and
LMTO-ASA methods.

The DOS (Fig. 13) obtained by the LMTO-ASA calcu-
lation matches the FPLO results quite well, especially in
the range —1.5 to 2eV for E — Er However, the Fermi
energy is located on top of a peak in the FPLO-DOS,
whereas in the DOS from the LMTO-ASA calculation the
peak is shifted slightly below Er In the region below
—1.5 eV, the LMTO-ASA curve is shifted to slightly low-
er energies compared to the DOS from FPLO.

Since the LMTO-ASA and full potential calculations
are sufficiently in agreement, the bonding situation has

Table 8. Interatomic distances d < 3.20 A for C36 NbCo, obtained
on the basis of the hard sphere model (ideal), from total energy calcu-
lations (optimized) and for C36 Nb;_,Co;, x = 0.265 (observed). 4
is the relative deviation 100%[(d/digea;) — 1]. Negative and positive
values correspond to a contraction and an elongation, respectively.

Type ideal optimized observed
d/A d/A Aope/%  dJA Aops. /%

Bi" 2.369 2357 -0.51 2324 -1.90
B¢ 2.369 2.381 0.51 2.417 2.03
By, 2.369 2.369 0.00 2.371 0.08
B3 2.369 2368 —0.04 2.374 0.21
B3 2.369 2.374 0.21 2.378 0.38
Ay 2.902 2.905 0.10 2.935 1.14
Ap 2.902 2.905 0.10 2.902 0.00
Ay 2.902 2877 —0.86 2865 —1.27

2 FPLO

100l = LMTO-ASA

80

60

DOS (1/eV cell)

40 t

20

LA

-8 -6 -4 -2 0 2 4
E-E.(eV)

Fig. 13. The total density of states (DOS) calculated for C36 NbCo,
with idealized parameters and the unit cell volume of the title com-
pound by FPLO and LMTO-ASA methods.

been analysed on the basis of COHP calculated by LMTO-
ASA results. Three different models have been considered
to describe the hypothetical C36 NbCo, structure:

(1) idealized C36 crystal structure (atomic coordinates
from Table 2, ideal ¢/a ratio) and a unit cell vol-
ume (311.33 A) calculated from that of C15
NbC02

(i) idealized C36 crystal structure, unit cell volume
(300.96 A) of the title compound

(iii) atomic coordinates and unit cell parameters of the
title compound.

The same atomic sphere radii for Nb and Co have been
used in the calculations (ii) and (iii). Selected values of
the integrated COHP (-ICOHP(EF)) are given in Table 9.

Assuming the —ICOHP(Ef) as a measure of the bond
strength, the non-uniform bond strength distribution may
be interpreted in all models — based on the results of the
total energy calculations and the experimental work — as a
tendency towards distortion. Model (i) is in agreement
with the bond length order for B;; (Co—Co) obtained from
total energy calculations and from experimental work:
Bi1" < Bj3 < B¢ and By, =~ B3 = B,3. In contrast to the
total energy calculations and the experimental work the
model (i) indicates A;; > A2 = A. The interatomic dis-
tances in model (ii) are slightly shorter due to the smaller
unit cell volume induced by the substitution of large Nb
atoms by smaller Co atoms. Since values of A; compared
to that of model (i) do not change much, the volume de-
crease has no serious impact on the bond strengths in the
A network. It may be concluded, that the contraction of
the interatomic distances in the A network due to the de-
crease in unit cell volume is insufficient to enhance both
bond strength and distortion. However, there is an increase
of the bond strength of the B network.

The effect in the B network in (iii) is much more pro-
nounced due to the distortion of the structure in this mod-
el. In addition, the —ICOHP(EE) indicate now the same
bond length order for the A;; as observed by experimental
work: Ay < Ay < Aj;. No data on —ICOHP for Nb—Co
bonds have been listed in Table 9 since their change is
marginal.
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Table 9. -ICOHP(Ef) in eV per cell and bond for nearest-neighbor
contacts in C36 NbCo, calculated on the basis of three different mod-
els. For a detailed explanation refer to the main text body.

Table 10. Total energies of C36 NbgCo,Coj¢ for various ordered
models. The energies are listed in units of meV per atom. The total
energy of model IITA is taken as the origin of the energy scale.

Type observed —ICOHP(EF)
d/A Model (i) Model (ii) Model (iii)
B" 2.324 1.67 1.77 1.91
B¢ 2417 1.51 1.61 1.50
Ba 2.371 1.57 1.68 1.69
Bi3 2.374 1.59 1.69 1.68
B 2.378 1.60 1.70 1.68
Ay 2.935 1.22 1.22 1.20
Al 2.902 1.26 1.27 1.26
Az 2.865 1.25 1.26 1.30

Substitutional disorder

Different approaches for the understanding of site prefer-
ences have been discussed in the literature. A simple ap-
proach is to correlate the volume of a crystallographic site
with the observed site occupation. Smaller atoms substi-
tute in general the smaller and lower coordinated site.
Voronoi polyhedra (Dirichlet domains) are in general a
good measure of the volume of a crystallographic site in
intermetallic compounds. However, in NbCo, with ideal
structural parameters the Voronoi polyhedra for both crys-
tallographic Nb sites are equal in volume. Moreover as
shown above, both coordination polyhedra for Nbl and
Nb2 are equal.

To gain insight into the origin of the non-uniform dis-
tribution of excess Co atoms on Nb sites quantum me-
chanical calculations have been performed by an all-elec-
tron, full-potential method. However, random substitution
of Nb atoms by Co atoms prevents a straightforward cal-
culation due to the loss of translational symmetry. Periodi-
city as required by the Bloch ansatz may be regained by
using ordered models as a first approximation to the disor-
dered crystal structure. At least a superstructure with a
unit cell of six times the volume of the title compound
(v3a x v/3a x 2¢) and 144 atoms is required to approx-
imate to some extent the disordered structure. All-electron,
full-potential calculations are computationally very de-
manding in general, and they are not well suited for unit
cells containing more than 100 atoms. Therefore, this
study has been restricted to a simpler case. Since C36
Nb;_,Coy,, forms close to the composition NbCos, two
Co atoms occupy on average two of the eight Nb posi-
tions per unit cell (NbgCo,Coy6). There are two subgroups
of P63y/mmc which allow for such an ordered arrangement.
The 4f (M1) and 4e (M2) sites of the space group P63/
mmc split into sites of multiplicity 2 in P6ymc (f — b?,
e — a*> and P6m2 (f — ih, e — g*). Models have been
calculated using parameters of the idealized and of the
refined crystal structure. In the former case Co atoms sub-
stitute the Nb atoms at M1 or M2 positions. In the latter
case, the Co atoms have been placed at the Mla or the
M2a sites. A full treatment of the M1b/M2b sites needs at
least the above mentioned supercell. However, the distor-
tion pattern of Mla and M2a is — neglecting the threefold
split position — similar to that of the M1b and M2b (see
the pattern of arrows in Fig. 10).

Co site No. P63mc No. P6m2
Co@M1 1 11.50 1I 38.28
Co@M2 1 4.35 v 8.76
Co@Mla 1A 15.26 1TIA 40.37
Co@M2a IIIA 0 IVA 5.23

The results of the total energy calculation for idealized (I
to IV) and for refined parameters (IA to IVA) are listed in
Table 10. The lowest total energy (IITA) has been taken as
the arbitrary origin of the energy scale. Schematic drawings
of the respective ordered models as a projection of the Nb
network onto the (110) plane are shown in Fig. 14.

The total energy calculations for Co atoms at the M1
or the M2 site reveal the following order of E in meV/
atom and E™ as arbitrary origin:

E"(0) < EV(4.41) < EX(7.16) < E'(33.93).

The total energies of the structures III, IV and I are
well below the energy of model II. Obviously, the ex-
change of Nb—Nb with Co—Co contacts (see Fig. 14) is
energetically unfavorable. The distance 2.902 A for
Co—Co pairs occupying Nb sites is 22.5% longer than the
nearest neighbor distance of Co atoms in the B network.
In case of Nb—Co pairs the increase is only 4.5% com-
pared to Nb—Co contacts in NbCo,. Therefore, a high
concentration of Co—Co contacts should destabilize the
crystal structure due to loss of binding energy. A more
detailed analysis is presented in Table 11. Here, the distri-
butions of interatomic distances per unit cell with d <
6.70 A for the A network of models I to IV are listed. It is
shown that only model II exhibits Co—Co contacts in the
A network, whereas the distance distributions for models
I, IV and I are equal for nearest and second-nearest
neighbors. This explains the small differences in energy
between III, IV and 1. However, without information on

NbCo,

peme | | I11

/
t2
\/tz Co@M1a

Co@M2a

0,0,-1/4
a II v
N

NbCo,
P6./mmec
NbCo,
PEmM2

Fig. 14. Projections of the A network of C36 NbgCo,Co6 with differ-
ent ordered arrangements of two Co atoms at Nb positions per unit
cell. Co atoms are drawn as small, black circles.
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Table 11. The distribution of interatomic distances A—A per unit cell with d < 6.70 A for model I to IV (NbgC0,Co1¢). The corresponding
distribution for NbCo, with 108 Nb—Nb pairs per unit cell is: 16 x 2.902 A + 48 x 4739 A + 2 x 4.836 A + 42 x 5.557 A.

Model 1
P63mc, Co@M1

~ Model I
P6m2, Co@M1

_ Model IV
P6m2, Co@M2

Model III
P63mc, Co@M2

d ) Nb—Nb Nb—Co Co—Co Nb—Nb Nb—Co Co—Co Nb—Nb Nb—Co Co—Co Nb—Nb Nb—Co Co—Co
2.902 8 8 0 9 6 1 8 8 0 8 8 0
4.739 30 12 6 30 12 6 30 12 6 30 12 6
4.836 2 0 0 2 0 0 0 2 0 1 0 1
5.557 18 24 0 24 12 6 24 18 0 24 18 0

pair potentials the order of energy for the latter models
cannot be rationalized in terms of pair interactions. The
total energy calculations for Co atoms at the Mla or the
M2a site reveal the same order of energies with E in meV/
atom and EMA as arbitrary origin:

EIIIA(O) < EIVA(5.23) < EIA(1526) < EHA(40.37).

The energy of EMA is 4.35 meV below that of E' indi-
cating that displacements of Co atoms at the Nb sites are
favorable in energy. There is evidence to suggest a preferred
substitution of Nb by Co at M2 sites since for all treated
models those ordered structures with Co@M?2 are lower in
energy than those with Co@M1. A crucial point is that near-
est-neighbor interactions cannot explain the effect of the
preferential occupation of the M2 site. M1 and M2 are
equal with respect to nearest and next-nearest neighbor in-
teractions in case of C36 NbCo, with ideal structural para-
meters. However, third- and fourth-nearest interactions are
different due to the staggered and eclipsed conformation of
MI1-M1 and M2-M2 pairs as shown in Fig. 15. A distance
of 4.836 A only occurs between two M2 sites.

The element Co should be the more electronegative ele-
ment in intermetallic Nb—Co compounds according to the
Allred-Rochow atom electronegativity: y(Nb) = 1.23 and
%(Co) =1.70. In order to quantify the amount of charge
transfer in C36 NbCo, with idealized structural parameters
the atoms-in-molecules concept of Bader [42] has been
applied on the basis of the charge density computed by
the FPLO method. For the topological analysis of the
charge density the program Basin [43] has been used. The
atomic basins of Co and Nb atoms contain 27.5 and 40.0
electrons, respectively. The corresponding ionic formula is
Nbl+COO‘57.

2

Phase stability of C36 Nb;_,Co;.,

According to first principles total-energy calculations, the
three polytype structures at stoichiometric composition
NbCo, have almost the same total energy. The calculated
ground state energy of C36 NbCo, is lower than that of
C15 NbCo; by only 0.5 meV per atom. The present phase
diagram corroborates older investigations that C15 NbCo,
is stable at the stoichiometric composition up to the melt-
ing point. This result is still puzzling and emphasizes the
need for further theoretical and experimental investigation
concerning the C15 and C14 phases with full optimiza-
tion. For the calculation of phase equilibria it is necessary
to minimize the total Gibbs energy, G, of all the phases
that take part in this equilibrium. For a detailed discussion
of the phase stabilities including the minimization of the

Fig. 15. Staggered and eclipsed conformations of ethane-like (a)
M2;M1-M1M2;3;, (b) MI13M2-M2M13, and (¢) (MIM2,)M1-
M2(M1,M2) units in the crystal structure of C36 NbCo, with ideal
structural parameters. Examples of first-, second-, third-, and fourth-
nearest M—M pair distances in A are indicated.

Gibbs energy reliable experimental data on the homogene-
ity ranges of C15 and C14 as well as thermodynamic data
obtained from calorimetric and thermal analysis techniques
are a prerequisite. The discussion here is restricted to a
rough estimate of the phase stability of C36 in relation to
the binary stoichiometric phase C36 NbCo,. The following
chemical reaction describes the formation of Co-rich C36
Nb;_,Coy. (=NbCo3) from C36 NbCo,:

(NbgCoie)cze + 2Copne, — (NbgCo18)c3s + 2 Nbpee.

The enthalpy of reaction AH at 0 K equals the alge-
braic sum of the ground state energies of products minus
the sum of reactants. The ground state energy at the com-
position NbCos; has been calculated for the orderly ar-
rangement of model IITA. For the elements the same set of
basis functions and the same exchange-correlation func-
tional have been used in the calculations.

AH has been estimated to be 3.2eV per unit cell
(308.8 kJ/mol NbgCoys). Since the Gibbs energy AG at
0 K is equal to the enthalpy of reaction AH the chemical
reaction above is not spontaneous. However, at non-zero
temperatures entropy may counteract the positive enthalpy.
A rough estimate for the entropy change is derived by the
following equation describing the Gibbs energy of ideal
mixing with the gas constant R, the total number of sites
of the sublattice where mixing takes place N°, and the site
fractions y;:

Goit! = TS = RT SN Sy,

4
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For ideal mixing of 2 Co atoms onto the 8 Nb sites per
unit cell at 1200 K G4 = —44.9 kJ/mol.

Therefore, the configurational part of the entropy alone
is not sufficient to stabilize C36 NbCos; (model IIIA) with
respect to C36 NbCo,. Effects associated with the vibra-
tional part of the entropy and stacking faults (which are
readily seen in HREM images [37]) may be important in
the stabilization of the title compound with respect to C36
NbCo,. However, the rough calculation above indicates
that the C36 Nb;_,Co,, phase is stable only at high tem-
peratures.

Physical properties

The sample of composition Nb,s,Co748 shows no field de-
pendence of the magnetic susceptibility y = M(T)/H at all
for high temperatures and is thus free from ferromagnetic
impurities. There are also some paramagnetic moments Vvisi-
ble in a Curie-type contribution at low temperatures. ¥(7) of
Nbys,Coz4s is well described by C/T+ yo with
C=0.0032 emug 'K and o=+ 6.7-107% emug™!
for 7>150K. The Pauli-paramagnetic contribution
after subtraction of the small diamagnetic core contri-
butions (yp = X0 — Xecore) can be estimated to be
+1.31-102 emumol~! (M =202.5 g mol™}).

The magnetic susceptibility x(7) of the NbysoCo7s0
sample is dependent on field in the whole temperature
range investigated due to the presence of a minor Co(Nb)
phase impurity in the sample (Fig. 16). Traces of the
strongly ferromagnetic Co(Nb) phase were also detected in
the sample by metallographic examination of the micro-
structure. An extrapolation of y(1/H) to 1/H — 0 yields
the corrected curve in Fig. 16. As expected, the curve al-
most coincides with that of the pure C36 sample.

The electrical resistivity o(7) of NbysoCo7so (Fig. 17)
is very high for a binary Laves phase. While the tempera-
ture dependent part 0(300 K) — go is only 17 u€2 cm the
residual resistivity oo = 140 uQ cm is very large confirm-
ing a structural (frozen) disorder in the material. For com-
parison, the residual resistivity of C15 NbCo, is only

140 LB s s S S B S p s e e e S w
1
ook | C36 Nb,_,Co,,,
. 100 |
[=2]
2 L
E 80k i
o
o L
o 60 .
: *+ r:“5’25.060?5.-:}
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20 e T, i
- o H=70k0e o H=35k0e
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Fig. 16. Magnetic susceptibility y(7) of C36 Nb;_,Co,, samples.
For Nbys,Co7ss the curves for two external magnetic fields and a
Curie-type fit (line, see text) and its extrapolation to lower T (dashed
line) is shown. For Nbys(Co7s the extrapolated data (see text) are
displayed.
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Fig. 17. Electrical resistivity of C36 Nb;_,Coy1, (Nbys¢Co7s0 sam-
ple).

4 uQ cm. Interestingly, for temperatures between 5 K and
150 K the temperature dependence o(7) is almost linear,
in contrast to simple metals where power laws o(7) — T*
with a > 1 are usually observed.

Conclusion

A Laves phase with C36 type of structure forms in the
Nb-Co system close to the composition NbCos as a high
temperature phase with a narrow homogeneity range of
maximal 0.7(2) at%. The temperature range of the phase
field is limited by an eutectoid (C36 = Nb,Co; + CI15)
and a peritectic (L + C15 = C36) reaction at ~1050 °C
and 1264 °C, respectively. The width of the two-phase
field C36 + C15 is smaller than 0.5 at%. From the experi-
mental work of the present study it can be concluded that
the C36 Laves phase is an equilibrium phase of the binary
system with an off-stoichiometric composition. Structural
investigations reveal excess Co atoms substituting the Nb
positions in the crystal structure. This substitution is the
origin of the deviation from the stoichiometric composi-
tion. Vacancies at Nb sites as well as interstitial atoms
were not found.

The crystal structure exhibits pronounced deviations
from the ideal structural parameters taken from the hard
sphere model. The Kagomé layers of hexagonal slabs dis-
play an elongation of the edges (B;,“) of the basal trian-
gles of the Cos trigonal bipyramids and a contraction of
the edges of the uncapped triangles (B;;"). The distortion
pattern is in agreement with those found for the majority
of Cl14 and C36 Laves phases whose atomic positions
have been refined. Based on quantum mechanical calcula-
tions it was shown that the distortion crystal structure is a
consequence of the bonding situation of the defect-free
crystal structure. The full potential calculations reveal a
tendency for a distortion of the idealized crystal structure.

The local ordering and atomic displacements were de-
tected by single crystal structure refinements. From total
energy calculations it can be concluded that the local dis-
placements in combination with entropy effects are very
important to stabilize the crystal structure of the C36 type
with respect to stoichiometric C36 and C15 NbCos.
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The Co atoms substitute Nb atoms randomly. No super-
structure describing any kind of an ordered arrangement
has been observed. Co atoms exhibit a site preference for
the M2 positions. Here, approximately twice as much Co
substitutes Nb compared to the M1 site. Due to the tiny
homogeneity range the same conclusion still holds for Co
or Nb saturated C36 phases. The full potential calculations
corroborate the assumption that the tendency for the pre-
ferential site occupation is an inherent feature of the C36
structure type in the Nb—Co system. Since both crystallo-
graphic Nb sites in stoichiometric NbCo, are equivalent
with respect to nearest-neighbor interactions the difference
must be due to interactions with atoms beyond the first
and second coordination shells. However, distortions and
local displacements may have an influence on the magni-
tude of the effect. The C36 phase Nb;_,Coy,, is a Pauli-
paramagnetic metal with a high residual resistivity.
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