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Small single crystals of the SmsGey4-type (space group Pnma) germanides RE,;NbzGey (RE = Sc,
Y, Gd-Er, Lu) and Sc,TazGe4 were synthesized by arc-melting of the respective elements. The sam-
ples were characterized by powder and single-crystal X-ray diffraction. In all structures, except for
Sc2.04Nby 96Geyq and Scy 19Tay g1 Gey, the rare earth and niobium atoms show full ordering on the
three crystallographically independent samarium sites of the SmsGe, type. Two sites with coordi-
nation number 6 are occupied by niobium, while the slightly larger site with coordination number 7
is filled with the rare earth element. Small homogeneity ranges with RE/Nb and RE/Ta mixing can
be expected for all compounds. The ordered substitution of two rare earth sites by niobium or tanta-
lum has drastic effects on the coordination number and chemical bonding. This was studied for the
pair Y5Gey4/Y,Nb3Gey. Electronic structure calculations show larger charge transfer from yttrium
to germanium for Y5Gey, contrary to Y,NbzGe4 which shows stronger covalent bonding due to the

presence of Nb replacing Y at two sites.
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Introduction

Rare earth-based intermetallic compounds with or-
thorhombic SmsGey-type structure have attracted con-
siderable interest among solid state physicists and
chemists, when the giant magnetocaloric effect was
discovered in GdsSipyGe, [1-7, and refs. therein].
These materials have intensively been investigated
with respect to solid solutions on both the rare earth
and the p-element sites in order to improve the mag-
netocaloric properties. Depending on composition and
temperature, samples of these solid solutions show
substantial structural distortions.

The SmsGey structure [8, 9] has three crystallo-
graphically independent samarium sites, 84 (2x) and
4¢, with different coordination numbers (CN). The
4c and one of the 8d sites have distorted octahe-
dral germanium coordination (CN 6) while the other
8d site has CN 7 in slightly distorted pentagonal bi-

pyramidal coordination. These different coordination
motifs imply that an ordered substitution with larger
and smaller atoms should be possible. This was first
realized for Ce;Sc3Sis [10, 11] and later for a series
of compounds with an ordering of larger and smaller
(mainly scandium) rare earth atoms [12—21]. Isotypic
compounds are also formed with the electron-poor
transition metals Ti [22-24], Nb and Ta [25-31],
as well as Mo and W [32-38]. Most of these com-
pounds were characterized only on the basis of pow-
der X-ray diffraction. In many cases, even long an-
nealing sequences did not yield sufficiently large crys-
tals. Some of these ordered compounds exhibit inter-
esting magnetic properties. UoNb3Gey and U, TazGey
are ferromagnets with comparatively high Curie tem-
peratures of 130 and 105 K, respectively [27], while
Tb,Nb3Siy and Ho,Nb3;Gey are ordered antiferro-
magnetically at much lower Néel temperatures of 19
and 25 K [28].

© 2013 Verlag der Zeitschrift fiir Naturforschung, Tiibingen - http://znaturforsch.com
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Well-shaped single crystals of the RE;Nb3Ge, ger-
manides have been obtained in our group during
synthesis attempts for RE4Zns;Geg and REsZns_Geg
samples [39] through drastic attack of the niobium
ampoules. Subsequently we obtained suitable single
crystals of these compounds from a targeted synthe-
sis through repeated arc-melting sequences. The crys-
tal chemical details of these germanides are reported
herein.

Experimental
Synthesis

Starting materials for the synthesis of the germanides
RE)Nb3Gey (RE=Sc, Y, Gd, Tb, Dy, Ho, Er) and
ScyTazGey were ingots of the rare earth metals (Johnson
Matthey and smart elements), niobium and tantalum pow-
der (Strem Chemicals) and lumps of germanium (Wacker),
all with a stated purity better than 99.9 %. The rare earth
metal pieces, the germanium lumps and the niobium (tan-
talum) powder were weighed in the 2 : 3 : 4 atomic ratios.
The germanium lumps were first ground to a fine powder,
mixed with the niobium (tantalum) powder and pressed to
a pellet. Then the rare earth metal pieces and the pellets were
arc-melted in a water cooled copper crucible [40] under an
argon atmosphere of about 700 mbar. The argon was puri-
fied over titanium sponge (900 K), silica gel, and molecular
sieves. The resulting pellet was re-melted several times from
each side to ensure homogeneity. Subsequently the product
pellets were ground to a homogeneous powder, pressed again
to pellets and arc-welded from each side.

Crystals of columnar shape grew on the surface of the
product buttons. They could easily be separated mechani-
cally from the carefully crushed buttons. No reaction with
the crucible material could be detected. The silvery polycrys-
talline samples are stable in air over months.

EDX data

Polished micro-sections of each sample as well as the
measured crystals were analyzed using a Zeiss EVO MA10
scanning electron microscope with Y, Nb, Ta, Ge, and the
rare earth trifluorides as standards. No impurity elements
heavier than sodium (detection limit of the instrument) were
observed. Both the polished micro-sections and the crystals
showed nearly identical compositions which were in good
agreement with the ideal ones.

X-Ray diffraction

The polycrystalline samples were characterized by
Guinier patterns (imaging plate detector, Fujifilm BAS-
1800) with CuKjy; radiation and o-quartz (a=491.30,

¢=540.45 pm) as an internal standard. Correct indexing of
the patterns was ensured through intensity calculations [41]
using the single crystal data. The orthorhombic lattice param-
eters (Table 1) were refined by least-squares calculations.

Single crystals of high quality with a columnar shape were
selected from the carefully crushed symples. For quality con-
trol every crystal was first checked by Laue photographs on
a Buerger camera with white Mo radiation. The intensity data
sets were collected at room temperature using a Stoe [PDS-II
imaging plate diffractometer in oscillation mode (graphite-
monochromatized MoK, radiation) and a Stoe StadiVari
equipped with a Mo microfocus source and a Pilatus 100 K
Detector with a hybrid-pixel sensor. Numerical absorption
corrections were applied to all data sets. Details about the
data collections and the crystallographic parameters are sum-
marized in Tables 2 and 3.

Structure refinements

The data sets of the nine crystals showed primitive or-
thorhombic lattices, and the systematic extinctions were
compatible with space group Pnma. The standardized atomic
parameters of Ce;Sc3Siy [10] were taken as starting values
and the structures were refined with the JANA2006 pack-
age [42, 43] or SHELXL-97 [44, 45] with anisotropic atomic
displacement parameters for all atoms. The data sets of the
scandium compounds showed small deviations from the ideal
composition, a consequence of Sc/Nb respectively Sc/Ta
mixing on the three crystallographically independent samar-
ium sites of the SmsGey type [9]. The mixed occupancies
were refined as least-squares variables in the final cycles,
leading to the compositions listed in Tables 2 and 3 for the
investigated crystals. The final difference Fourier syntheses
revealed no significant residual peaks. The refined atomic po-
sitions, displacement parameters, and interatomic distances
(exemplarily for GdyNb3Ge,) are given in Tables 4 and 5.

Further details of the crystal structure investigation
may be obtained from Fachinformationszentrum Karlsruhe,
76344 Eggenstein-Leopoldshafen, Germany (fax: +49-7247-
808-666; e-mail: crysdata@fiz-karlsruhe.de, http://www.fiz-
karlsruhe.de/request_for_deposited_data.html) on quoting the
deposition numbers CSD-425795 (Sc,.04Nbs 96Ges), CSD-
425790 (YoNbzGey), CSD-425794 (Gdp;Nb3Gey), CSD-
425793 (TbyNb3Gey), CSD-425792 (Dy,Nb3Gey), CSD-
425789 (HopNb3Geys), CSD-425791 (Er,NbzGey), CSD-
425788 (Lusz3Ge4), and CSD-425796 (Sc2,19Ta2‘81Ge4).

Computational details

For the investigations of the electronic structures and the
properties of bonding we considered binary YsGey [6] and
Y,Nb3Gey as representative of the title compounds. The in-
put parameters are those of the experimental crystal structure
parameters.
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Compound a (pm) b (pm) ¢ (pm) V (nm?) Reference
ScyTazGey 681.61(7) 1323.0(1) 697.27(8) 0.6288 this work
ScyTazGey 682.3(7) 1318(1) 697.7(7) 0.6274 [37]
U, TazGey 701.5(2) 1345.4(3) 713.9(2) 0.6738 [27]
ScoNbsGey 686.0(7) 1339(1) 716.0(8) 0.6577 [25]
ScoNbsGey 681.9(1) 1325.6(1) 699.0(1) 0.6318 this work
Y;Nb3Gey 696.4(8) 1357.2(13) 718.2(4) 0.6788 [28]
Y,Nb3Gey 701.13(6) 1355.1(1) 717.46(5) 0.6817 this work
Zr;Nb3Gey 686.1(3) 1336.3(4) 700.3(2) 0.6421 [33]
Gd;Nb3Gey 699.8(2) 1355.2(5) 718.4(3) 0.6813 [28]
GdyNb3Gey 700.98(8) 1353.6(1) 717.87(8) 0.6811 this work
TbyNb3Gey 698.1(4) 1351.5(6) 715.6(6) 0.6752 [28]
TbyNb3Gey 698.75(7) 1353.1(1) 716.49(8) 0.6774 this work
Dy, Nb3Gey 697.5(4) 1351.0(11) 715.4(4) 0.6741 [28]
Dy,;Nb3Gey 697.49(9) 1349.8(2) 714.8(1) 0.6730 this work
HoyNb3Gey 695.6(3) 1347.9(4) 713.1(4) 0.6686 [28]
Ho,Nb3Gey 696.18(6) 1348.9(1) 713.42(8) 0.6700 this work
Er,Nb3Gey 692.7(4) 1346.5(7) 711.6(5) 0.6637 [28]
Er;Nbs;Gey 693.81(5) 1345.20(7) 711.21(3) 0.6638 this work
TmyNb3Gey 691.7(4) 1341.6(4) 709.2(4) 0.6581 [28]
YbyNb3Gey 693.7(1) 1344.9(4) 710.9(2) 0.6632 [28]
LuyNb3Gey 689.5(3) 1339.2(5) 707.1(4) 0.6529 [28]
LuyNb3Gey 690.7(1) 1339.1(1) 708.2(1) 0.6550 this work
Hf,Nb3Gey 686.3(4) 1336.1(5) 700.6(4) 0.6424 [26]
U, Nb3Gey 701.78(6) 1347.3(2) 715.00(7) 0.6760 [27]

Table 1. Lattice parameters of the
ternary germanides RE,TazGey and

REsz3Ge4 .

Table 2. Crystal data and structure refinements for Scy 04Nbs 96Gey, Yo NbszGey, GdyNb3zGey, and TbyNb3Gey, structure type
Ce,Sc3Siy, space group Pnma, Z = 4, Pearson symbol oP36. Note the different sigma cut-offs of n = 2 for the SHELXL and
n = 3 for the JANA calculations.

Empirical formula
Formula weight, g mol~!

Unit cell dimensions (Guinier powder data)

a, pm
b, pm

¢, pm

Cell volume V, nm?
Calculated density, gcm™>
Crystal size, um?
Transmission ratio (max / min)
Diffractometer

Detector distance, mm
Exposure time, min

 range; increment, deg
Integr. param. A; B; EMS
Absorption coefficient, mm™
F(000), e

6 range for data collection, deg
Range in hkl

Program system

Total no. of reflections
Independent reflections / Ry,
Reflections with I > no(I)/Rs
Data / ref. parameters
Goodness-of-fit on F?

R/ wR for I > no(I)

R/ wR for for all data
Extinction coefficient

Largest diff. peak / hole, e A3

1

Sc.04Nbj 96Gey
659.0

681.9(1)
1325.6(1)
699.0(1)
0.6318

6.93

20 x 20 x 120
0.74/0.42
IPDS-1I

80

5

0-180; 1.0
12.8;2.2;0.012
25.8

1169

3.1-31.9

+10, +£19, 10
JANA

7347

1124 70.0288
844/0.0244
1124 /49

0.53

0.0096 / 0.0094
0.0184/0.0103
83(8)

0.66 /-0.86

Yz Nb3 Ge4
746.91

701.13(6)
1355.1(1)
717.46(5)
0.6817

7.28

10 x 20 x 40
0.75/0.34
IPDS-II

60

40

0-180; 1.0
12.8;2.5; 0.012
38.9

1316

3.0-35.0

+11, £21, £11
SHELXL

8294
1541/0.1725
416/0.3717
1541/ 46

0.51

0.0418 /0.0892
0.1788 /0.1095

1.83/-1.52

GdszgGe4
883.6

700.98(8)
1353.6(1)
717.87(8)
0.6811

8.61

20 x 20 x 60
0.77/0.18
IPDS-II

60

6

0-180; 1.0
12.9;3.1; 0.012
41.5

1516

3.0-35.1

+11, £21, £11
JANA

8734
1541/0.0405
1029 /0.0397
1541 /47

1.01

0.0218 /0.0225
0.0437/0.0242
11509)
3.02/-2.40

szNb3G64
886.9

698.75(7)
1353.1(1)
716.49(8)
0.6774

8.69

15 x20 % 90
0.62/0.18
IPDS-II

80

6

0-180; 1.0
12.6; -4.2; 0.012
42.8

1524

3.0-32.0

+10, £20, =10
JANA

7151

1207/ 0.0346
895/0.0216
1207 / 47

1.27

0.0207 / 0.0240
0.0293/0.0243
133(13)
1.39/-1.31
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Table 3. Crystal data and structure refinements for Dy,Nb3Ges, HooNb3Gey, ErpNb3Gey, LuyNb3Gey and Scp 19Tap 31Gey,
structure type Ce;Sc3Siy, space group Pnma, Z = 4, Pearson symbol oP36. Note the different sigma cut-offs of n = 2 for the
SHELXL and n = 3 for the JANA calculations.

Empirical formula DyszgGe4 HOsz3G€4 Eerb3G64 Lusz3Ge4 SCz,]gT&iz,g]G€4
Formula weight, g mol~! 894.1 898.95 903.6 919.03 923.1

Unit cell dimensions (Guinier powder data)

a, pm 697.49(9) 696.18(6) 693.81(3) 690.7(1) 681.61(7)

b, pm 1349.8(2) 1348.9(1) 1345.20(7) 1339.1(1) 1323.0(1)

¢, pm 714.8(1) 713.42(8) 711.21(3) 708.2(1) 697.27(8)

Cell volume V, nm? 0.6730 0.6670 0.6638 0.6550 0.6288
Calculated density, gcm™> 8.82 8.91 9.04 9.32 9.75

Crystal size, um> 20 x 20 x 100 20 x 50 x 120 20 x 30 x 80 20 x 40 x 50 20 x 30 x 50
Transmission ratio (max / min) 0.47/0.08 0.41/0.11 0.57/0.13 0.68/0.31 0.38/0.13
Diffractometer StadiVari IPDS-II IPDS-II IPDS-II StadiVari
Detector distance, mm 80 70 80 80 60

Exposure time, s 35 600 480 300 14

 range; increment, deg — 0.2 0-180; 1.0 0-180; 1.0 0-180; 1.0 — 03

Integr. Param. A; B; EMS 9.6, -7.8;0.012 13.1;2.8; 0.012 13.0;2.8;0.012 14.0; 2.0; 0.03 8.3;-6.5;0.013
Absorption coefficient, mm ™! 44.3 45.8 48.2 52.8 72.8

F(000), e 1532 1540 1548 1572 1517

6 range for data collection, deg 4.4-33.8 3.0-34.8 3.0-32.0 3.0-32.0 3.1-32.6
Program system JANA SHELXL JANA SHELXL JANA

Range in hkl +10, £21, +11 +11, £21, +£11 +10, £19, £10 +10, £19, £10 49, £19, £10
Total no. of reflections 8959 8747 7112 7952 7964
Independent reflections / Ry 1381/0.0269 1499 /0.0584 1181/0.0410 1186 /0.0639 1146/ 0.0429
Reflections with I > no(I) / R 1126/0.0149 1334 /0.0317 926/0.0187 838/0.0700 673/0.0813
Data / ref. parameters 1381 /47 1499 / 47 1181747 1186 /47 1140/49
Goodness-of-fit on F2 0.99 0.97 1.65 0.88 0.32
R/wRforl>no(I) 0.0134/0.0165 0.0276 / 0.0657 0.0224 /0.0295 0.0349/0.0437 0.0112/0.0112
R/ wR for for all data 0.0193/0.0172 0.0329/0.0677 0.0320/0.0302 0.0728 / 0.0501 0.0258/0.0122
Extinction coefficient 136(9) 0.0020(2) 108(15) 0.0004(1) 38(3)

Largest diff. peak / hole, e A=3 1.21/-1.05 3.17/-3.23 2.24/-2.28 2.36/-2.28 0.17/-0.18

All-electron calculations were carried out for a full de-
scription of the atom-resolved electronic structures and the
properties of chemical bonding. They were performed us-
ing the full-potential scalar-relativistic augmented spheri-
cal wave (ASW) method [46, 47] built within the well-
established quantum theoretical framework of the density
functional theory (DFT) [48, 49] with the generalized gra-
dient approximation (GGA) functional for the effects of ex-
change and correlation following the scheme of Perdew et
al. [50]. In the ASW method, the wave function is expanded
in atom-centered augmented spherical waves, which are

107 eV, respectively. The Brillouin zone integrations were
performed using the linear tetrahedron method within the ir-
reducible wedge [47]. The calculations were carried out as-
suming spin degenerate configuration.

Besides the site projected density of states (PDOS), we
discuss qualitatively the pair interactions based on the over-
lap population analysis with the crystal orbital overlap popu-
lation (COOP) [51]. In the plots, positive, negative, and zero
COOP magnitudes indicate bonding, anti-bonding, and non-
bonding interactions, respectively.

Hankel functions and numerical solutions of Schrédinger’s  Discussion

equation, respectively, outside and inside the so-called aug-

mentation spheres. In the minimal ASW basis set, we chose .
Crystal chemistry

the outermost shells to represent the valence states, and the
matrix elements were constructed using partial waves up to
Imax +1 =3 for Y and Nb and /;;,,x + 1 = 2 for Ge. For the lat-
ter, at low energy lying filled 3d'° states were considered as
core states, i. e. not considered in the valence basis set. Self-
consistency was achieved when charge transfers and energy
changes between two successive cycles were below 1078 and

Single crystals of the germanides RE;Nb3zGey4 and
RE,;TazGey can be grown by repeated arc-melting of
samples of the ideal starting compositions. These ger-
manides crystallize with the orthorhombic Ce,Sc3Siy
structure [10, 11], space group Pnma, a ternary ordered
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Table 4. Atomzic coordinates and isotropic displacement pa-  Table 4. Continued.
rameters (pm-~) for RE,;NbsGe4 (RE = Sc, Y, Gd-Er, Lu) -
and ScyTazGey. Ueq is defined as one third of the trace of the Atom Site al 2 £ Ueq
orthogonalized U;; tensor. LuyNb;Gey
Atom Site x ¥ z Ueq Lu 8d —0.00473(8) 0.59445(3) 0.17500(5) 63(1)
Scy 0aNb» or Ge Nbl 4c  0.1663(2) 1/4 0.4894(2) 44(2)
204702967554 Nb2 84 03411(1) 0.12583(6) 0.1712(1) 34(1)
Sc*a 8d —0.00721(6) 0.59410(2) 0.17666(4) 69(1) Gel dc  0.3060(2) 1/4 0.8585(2)  53(3)
Nbl 4c  0.16758(4) 1/4 0.49100(3)  46(1) Ge2 dc 0.0410(2) 1/4 0.1178(2)  47(3)
Nb2*® 8d 0.34267(3) 0.12583(1) 0.17102(2) 52(1) Ge3 84 0.1769(2) 0.04126(8) 0.4632(1) 64(2)
Gel 4c  0.30767(3) 1/4 0.85241(4) 57(1)
Ge2 4c 0.04233(5)  1/4  0.111834) s58(1)  Sc219TaasiGey
Ge3 8d 0.18185(4) 0.04020(2) 0.46588(3) 64(1) Sc*¢ 8d —0.0094(1) 0.59415(6) 0.1764(1) 71(2)
Y,NbsGes Tal 4c 0.16895(5) 1/4 0.49079(4)  47(1)
Ta2*d 84 0.34398(3) 0.1260(1) 0.17081(3) 53(1)
Y 84 -0.0027(3) 0.5948(1) 0.17362) 2213) o s 031081)  1/4  08510() 56(2)
Nbl 4c  0.1647(4) 1/4 0.4887(3) 206(4) Ge2 4c 0.0439(1) 1/4 0.1118(1)  54(2)
Nb2 8d 03399(2)  0.1265(1)  0.1716@2) = 216(3) g3 84 0.18356(8) 0.04037(4) 0.46582(7) 63(1)
Gel 4c  0.3046(4) 1/4 0.8630(3) 227(5)
Ge2 4c¢ 0.0403(4) 1/4 0.1215(3) 216(5) * These sites show mixed occupancies:
Ge3 84 0.1739(3) 0.0416(1) 0.4610(2) 229(4) a) 0.942(2) Sc + 0.058(2) Nb
b) 0.924(2) Nb + 0.076(2) Sc
Gd2Nb3Gey ¢) 0.977(2) Sc + 0.023(2) Ta
Gd 8d -0.00202(5) 0.5950(1) 0.17268(4) 56(1) d) 0.884(2) Ta + 0.116(2) Sc
Nbl 4c  0.1645(1) 1/4 0.48783(9) 46(2)
Nb2 8d 0.33924(8) 0.12668(4) 0.17171(7) 50(1)
Gel 4c 0.3045(1) 1/4 0.8656(1)  52(2) version of the SmsGe4 type [8, 9]. Only the two scan-
g‘% ;‘2 gfl);??(}) o 0412/ 145 S &162033258) 2’2/(? dium compounds show Sc/Nb respectively Sc/Ta mix-
© A7) 0. 5 0. ® M ing. This could have been expected. Scandium is the
TbyNbsGey smallest rare earth element and closer in size to nio-
Tb 84 -0.00229(5) 0.5950(1) 0.17318(4) 89(1) bium and tantalum. Nevertheless, small homogeneity
Nbl 4c  0.1649(1) 1/4 0.4885(1)  75(2) b ted fi 11 of th d
Nb2 84 0.3397(1) 0.126494) 0.17150(7) 75(1)  Tangees can be expected for all ol these compounds.
Gel de 0.3047(1) 1/4 0.8638(1)  88(2) Although the magnetic data of these niobium and
Ge2 4c 0.0394(1) 1/4 0.1222(1)  83(2) tantalum compounds have been reported [28], a de-
Ge3 84 0.1727(1) 0.04194(6) 0.46101(8) 95(2)  tajled crystal chemical discussion has not been per-
Dy, Nb3Gey formed, since precise single-crystal data were not
Dy 84 —0.00229(2) 0.59498(1) 0.17350(2) 64(1) available. In the following discussion we exemplarily
Nbl 4c 0.16472(6) 1/4 0.48836(6) 52(1) focus on the structure of Gd,Nb;Gey.
Nb2 8d 0.34009(4) 0.12659(2) 0.17172(4) 50(1) . . . .
Gel 4 0.30408(7) 14 0.86237(7)  66(1) The cation sites 8d (2.><.) and 4c are occupied in an
Ge2 4c 0.03969(7) 1/4 0.12068(7)  63(1) ordered manner by gadohmum (8d), Nbl (8d) and Nb2
Ge3 8d 0.17313(5) 0.04172(3) 0.46128(5) 73(1) (4¢) atoms. In going from Gds;Gey [6] to GdaNb3Gey,
Ho,Nb3Gey we observe a drastic decrease of the lattice param-
Ho 84 -0.00317(3) 0.59459(2) 0.17380(3) 61(1)  eters: a=769.84pm — 700.98 pm, b= 1483.72 pm
Nbl 4c  0.16531(8) 1/4 0.48879(7)  46(1) — 1353.6 pm, c=778.72pm — 717.87 pm. This is
Nb2 84 0.34011(6) 0.12629(3) 0.17136(5) 50(1) 3 direct consequence of the difference in the atomic
gz ii 8(3)(3)3253 i?j 8?%8383 ;6‘8; radii [52] between gadolinium (180 pm) and nio-
Ge3 8d 0.17453(7) 0.04141(4) 0.46157(7) 61(1) bium (125 pm) The Shrinking of the unit cell has di-
EryNb:G rect consequences on the metal coordination. While
P he th tallographically independent gadolin
Er 8d —0.00363(5) 0.50456(2) 0.17409(4) eocy ~ ne three crystaliographically independent gadolin-
Nbl 4¢ 0.1659(1) 1/4 0.4890(1) 51(2) ium sites 1n GdSGe4 all have CN6 (299—325 pm
Nb2 8d  0.3404(1) 0.12615(5) 0.17130(9) 53(2) for Gdl1, 289-308 pm for Gd2 and 299-317 pm for
Gel 4c 0.3053(2) 1?4 0.8605(1)  63(3) Gd3), we observe differences in Gd;Nb3Gey. Nbl
Ge2 4c 0.0405(2) 1/4 0.1195(2) 53(3) _ _ .
Ges 80 0.1753(11) 0.04134(7) 04622(1) 65(2) (273 -288 pm) and Nb2 (263 — 277 pm) still have CN6,

but the gadolinium atoms have CN7 with Gd-Ge
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Table 5. Interatomic distances (pm) of GdyNbzGe, calcu-
lated with the powder lattice parameters. All distances within
the first coordination spheres are listed. Standard deviations
are all equal or less than 0.1 pm.

Gd: 1 Ge3 2863 Nb2:1 Ge2 263.0 Gel: 1 Ge2 262.3
1 Gel 287.0 1 Ge3 2643 1 Nbl 273.4
1 Ge3 297.7 1 Ge2 270.8 2 Nb2 277.1
1 Gel 299.6 1 Ge3 2744 2 Gd 2870
1 Ge2 299.7 1 Ge3 2764 1 Nbl 288.4
1 Ge3 303.2 1 Gel 277.1 2 Gd 299.6
1 Ge3 309.7 1 Nbl 3049 Ge2: 1 Gel 2623
1 Nb2 3389 1 Nbl 307.2 2 Nb2 263.0
1 Nbl 3412 1 Nb2 3339 2 Nb2 270.8
1 Nbl 3429 1 Gd 3389 1 Nbl 2745
1 Nb2 3447 1 Gd 3447 1 Nbl 276.1
1 Gd 3572 2 Nb2 368.1 2 Gd 299.7
2 Gd 3677 1 Gd 3784 Ge3: 1 Nb2 264.3
1 Nb2 3784 1 Gd 379.7 1 Ge3 2724
1 Nb2 379.7 1 Gd 3837 1 Nb2 2744
1 Nb2 383.7 1 Nb2 276.4
1 Gd 419.7 1 Nbl 282.1

Nbl: 1 Gel 2734 1 Gd 286.3
1 Ge2 2745 1 Gd 2977
1 Ge2 276.1 1 Gd 3032
2 Ge3 282.1 1 Gd 309.7
1 Gel 2884
2 Nb2 3049
2 Nb2 307.2
2 Gd 3412
2 Gd 3429

Table 6. Calculated charges (Q) for YsGe4 and Y,Nb3Gey.

Compound Y5Gey Y,Nb3Gey
QY1) +1.41 +1.42
Q) +1.31(Y) +0.57(Nb)
Q@3) +1.32(Y) +0.63(Nb)
Q(Gel) —1.59 —1.17
Q(Ge2) —1.74 —1.03
Q(Ge3) —1.71 —1.24

distances ranging from 286 to 310 pm. In view of
these differences in coordination number, Gds;Gey
and GdyNb3Gey are, strictly speaking, rather iso-
pointal [53, 54] than isotypic.

The Nb-Ge distances for the two crystallographi-
cally independent niobium atoms in Gd,Nb3Ge, range
from 263 to 288 pm, slightly longer than the sum of the
covalent radii of 256 pm [52]. Similar Nb—Ge distances
have been observed in the A15 superconductor Nb3Ge
(287 pm) [55] and in NbGe; (269-290 pm) [56]. We
can thus assume a considerable degree of covalent Nb—
Ge bonding in Gd;NbzGey.

Fig. 1 gives a view of the Gd;Nb3Gey structure ap-
proximately along the z axis. The Nb2 atoms lie on

Fig.1. View of the RE;Nb3Ge,4 structure approximately
along the c¢ axis. Rare earth, niobium and germanium
atoms are drawn as medium grey, black filled and open
circles, respectively. The network of corner-sharing Nb2Geg
octahedra is emphasized.

the mirror planes at y = 1/4 and y = 3/4 and have
almost regular octahedral germanium coordination.
These Nb2Geg octahedra are condensed via common
corners within the mirror planes (Fig. 2). In order to
keep sufficient Nb—Ge bonding for these octahedra (as
compared to GdsGey), the unit cell is shrinking in b di-
rection (vide supra). This further influences the Ge-Ge
interactions. Ge, dumbbells and isolated atoms (i. e. no
Ge—Ge bonding) in GdsGey, but weak inter-layer Ge—
Ge bonding (272 pm Ge3-Ge3) in GdyNb3Gey.

The connectivity of the two NbGeg and the GdGe;
building units is shown in Fig. 2. The Nb1Geg and
GdGe; units are connected via common edges lead-
ing to strands that extend in x direction. Both of these
strands condense with the network of Nb2Geg octa-
hedra via common faces, forming the densely packed
structure.

Finally we draw back to the germanium substruc-
tures in GdsGe4 and GdyNbsGey. To a first approxima-
tion one can consider the isolated Ge*~ units (no inter-
layer Ge-Ge bonding) and Ge,~ dumbbells (269 pm
Ge—Ge) for the anionic part of the structure that is op-
posed to five Gd>* cations. This would result in a Zintl-
precise formulation (5Gd3+)(2Ge4’)(Geg*)'e’. Con-
sidering that the Ge—Ge bonds are longer than in ele-
mental germanium (245 pm) [57], the excess electron
can also be counted at the germanium dumbbell, weak-
ening its bond. Such a simple electron count is not
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Fig.2. Projection of the RE;Nb3Gey structure along the b
axis. Rare earth, niobium and germanium atoms are drawn
as medium grey, black filled and open circles, respectively.
The network of condensed metal-germanium polyhedra is
emphasized. The three types of polyhedra are shown at the
right-hand part in slightly different orientation.

possible for Gd,Nb3Gey: (i) the niobium atoms deliver
more valence electrons and (ii) the inter-layer Ge-Ge
distances become much shorter (272 pm). These dif-
ferences in chemical bonding are addressed in more
detail in the following paragraph using the crystallo-
graphic data of Y5Gey [6] and Y,NbsGes. The use of
the yttrium compounds facilitates the electronic struc-
ture calculations (no f-electron contribution).

Electronic structure charge trends and chemical
bonding

The site projected density of states PDOS is shown
in Fig. 3. The energy reference along the x axis is with
respect to the Fermi level (Ep). From their electronic
configurations already at the atomic state, Y ({Kr},
4d', 552), the Y(d) PDOS is found centered above Ep
within the (empty) conduction band. Below Er within
the valence band (VB) the similar PDOS shapes be-
tween the different constituents signal quantum mixing
between the valence states, especially the itinerant part
of Y(d) with Ge(p) in the energy windows —4 eV to Ef.

2(] T T _ T T T ! T T
15
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Fig. 3 (color online). Site projected density of states (PDOS)
in Ys5Gey (top) and Y,Nb3Gey (bottom).

At lower energy, between —10 and —7 eV, less mixing
between Y and Ge PDOS signals less s-like bonding
at low energies (cf. Fig. 4). The lower panel illustrat-
ing the PDOS for the ternary compound shows differ-
ences due to the presence of Nb which brings two more
electrons, Nb ({Kr}, 4d*, 5s'). The result is a broader
and more structured PDOS zone extending 5 eV below
the top of VB. Ef crosses larger PDOS arising from
niobium (Nb2) whereas a deep minimum at Er was
observed for the binary compound. The lower part of
the VB shows similar features as in the above panel
but with less sharp and broader PDOS. These features
point to a more covalently bonded ternary compound.
This is illustrated from the total COOP for the chem-
ical bonding within the crystal studied comparatively
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Fig. 4 (color online). Relative magnitudes of chemical bonding from TOTAL COOP in Y5Ge4 (top) and Y,Nb3Gey (bottom).
The panels at the right hand side show the VB bonding zone (below Ef) with X values indicating the statistics on the total
COOP within VB, the bond strength being larger in the ternary compound.

for the two compounds in Fig. 4. As suggested by the
DOS analysis, the bonding is mainly in the energy zone
below Ef with the same extension as in the DOS, i. e.
4 eV in the binary compound and 5 €V in the ternary
compound with larger intensity. The whole range of the
VB is of bonding nature (positive COOP magnitudes).
From visual inspection the bonding in the ternary com-
pound is stronger. Since the bonding occurs where the
electrons are, i.e. within the VB, we further quan-
tify this observation by establishing statistics on the
COOP intensities. On the right hand side panels, the
COOPs are reproduced for the VB only. The inserts
show the summations with the X values which are such
that a stronger overall bonding can clearly be identified
for Yo,Nb3Gey.

These results can be further quantified by assess-
ing the partial charges on each atomic constituent after
self-consistent convergence. The analysis is based on
Bader’s ‘Atom in Molecule’ theory [58]. Typically in
chemical systems, the charge density reaches a min-

imum between atoms, and this is a natural region
to separate them from each other. Such an analysis
does not constitute a tool for evaluating absolute ion-
izations but allows establishing trends between simi-
lar compounds. The values obtained for YsGes and
Y,NbsGey are listed in Table 6. The charge transfers
are from Y to Ge in Ys5Geys and from Y/Nb to Ge
in Y,Nb3Gey. In the ‘cationic’ substructure the ma-
jor effect is brought about by Nb which releases less
charge due to its higher electronegativity (¥ = 1.60)
with respect to Y () = 1.22). Focusing on the germa-
nium substructures, there is a lower charge transfer in
Y,NbsGe,. The charge analyses confirm the trend of
stronger covalent bonding upon partial substitution of
Y by Nb.
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