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After crystals of CuNd,Ge, Oy are grown using CuQ as self
flux, the crystal structure is determined by single-crystal X-ray
diffraction in the space group Cm (No. 8) to an R value of
5.1%. It is monoclinic, with @ = 9.846(2)A, b = 15.335(5) A,
¢ = 8.336(1) A, B = 148.48(2)°, V = 657.9(5) A}, Z = 4, and
D, = 6.31 g cm~?, CuNd,Ge;O; shows a novel tridimensional
structure type with chains of very distorted CuQ; octahedra,
two kinds of coordinations for germanium (GeQs trigonal bipyr-
amids and rather regular GeO, tetrahedra), and NdO, triangu-
lated dodecahedra. Above 100 K the reciprocal of the dc mag-
netic susceptibility of CuNd;Ge, 0 follows the Curie~Weiss law

X' = 162(1YT + 5971(93) g Qefemu, with a Weiss constant of
= 36.8(7) K and a correlation factor R = 0.99997. Infrared
spectra in the range 1000-100 cm™ are related to those of
comparable species. The absorption spectrum at reom tempera-

ture in the 350-700 nm region is also given.  © 1995 Academic Press, inc.
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1. INTRODUCTION

The combination of 3d transition metals, T, and rare
earths, R, gives rise to a large number of T-R compounds:
either binary T—R intermetailics, or species like T-R
borides, carbides, nitrides, and oxides among others, in
which both metals can be thought of as embedded into a
matrix formed by atoms or anions of various p elements.
Because of their interesting physical properties a good
number of T-R compounds have recently raised a high
degree of attention. At present some of them find applica-
tions as superconductors, as piezoelectric materials or per-
manent magnets, in magneto-optical recording, or as lasers.
The authors have been recently aware of the lack of avail-
able information on germanates containing copper and a
rare earth. As far as we know, none of these compounds
have been prepared in the form of single crystals. For this
reason we have tried to grow crystals of Cu-R germanates,
in order to determine their crystal structure and some of -
their physical properties. This paper includes the results
that we have obtained for CuNd,Ge,0s.

1I. EXPERIMENTAL DETAILS

Crystal growth. A good number of our attempts at
growing crystals of the title compeound showed that the
method to grow such ciystals has to take into account the
high viscosity of the melts containing GeO;. In conse-
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STRUCTURE AND PROPERTIES OF CuNd;Ge,Oy

quence, nominal compositions near CuR,Ge,Oy have to
be avoided because they lead to a massive nucleation and
to agglomerates of microcrystals showing an aplitic struc-
ture. Mixtures with relatively high contents of CuQ acting
as self flux give single crystals of several millimeters in
size. Crystals of CuNd,Ge,Oy used for this work were
grown from mixtures of reagent-grade CuQO, Nd,O;, and
GeO, at molar ratios Cu:Nd:Ge = 4:1:3 in platinum
crucibles. These mixtures were heated to 1260°C, soaked
for 30 min, cooled to 1000°C at the rate of 4°C h™!, and
subsequently cooled to room temperature after turning the
power off. After completely removing the excess of flux
with dilute nitric acid, the resulting mass was filtered, dried,
and identified as a mixture of CulNd,Ge,Oy single-crystals,
with some crystals of CuO and CuGeQ;. All these crystals
were characterized by energy dispersive X-ray analysis and
X-ray powder diffraction as indicated elsewhere (1}. Crys-
tals identified (2, 3) as CuNd,Ge; 04 could be isolated using
30% HC1, which dissolves CuQ and CuGeO, and does not
attack CuNd,Ge, Oy crystals.

Magnetic measurements.  SQUID (Quantum Design)
and Vibrating Sample (DMS-1660) magnetometers, op-
erating from 300 to 4 K under zero-field cooling conditions
at various fields between 0 and 1000 Oe were used to
perform the dc magnetic measurements in single crystals of
CuNd,Ge;Oy and a polyerystalline sample of CuY,GexOg.
Diamagnetic corrections (4) for magnetic susceptibilities
were taken into account. The polycrystalline sample of
CuY,Ge,0; was prepared by heating stoichiometric
amounts of reagent-grade CuQ), Y,0,, and GeQ; to 925°C
during 1 week.

Spectroscopic studies. A FT-IR Nicolet SX60 spec-
trometer was used in the range 4000-100 cm™! with pow-
dered samples dispersed either in KBr or in polyethylene
pellets. The absorption spectrum was recorded at room
temperature in the wavelength region between 350 and
700 nm using a Kontron Uvikon 820 spectrophotometer.
The lower limit corresponds to the absorption edge of the
matrix. At higher energies the strong matrix absorption
overlapped with the 4f-4f transitions of the Nd*", pre-
venfing the observation of the high-energy part of the
spectrum.

X-ray structure determinations. A blue crystal showing
well defined faces was mounted in a kappa diffractometer.
A summary of its fundamental data is given in Table 1.
The cell dimensions were refined by least-squares fitting
the fvalues of 25 reflections. The intensities were corrected
for Lorentz and polarization effects. Scattering factors for
neutral atoms and anomalous dispersion corrections for
Cu, Ge, and Nd were taken from the “International Tables
for X-Ray Crystallography™ (5). The structure was solved
by Multan and Fourier methods in two space groups,
C2/m and Cm. In fact, most of the atoms occupied centro-
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TABLE 1
Crystal and Refinement Data

Formula CuNd,Ge, Oy
Formula wi 625.2
Crystal system monoclinic
Space group Cri (No. 8)
Cell dimensions

a, A 9.846(2)

b, A 15.335(5)

o, A 8.336(1)

B.° 148.48(2)
V4 4
v, A} 657.9(5)
Deateg, g cm™ 631
F(O00) 1108
Temp, °C 2
Diffractometer Enraf-Nonius
Radiation graphite-menochromated

MoKa (A = 0.71069 A)

uw(MoKa), cm™! 277
Crystal dimensions, mi 02 x 01 x 405
f range, ° 1-30
Scan technique wl28
Scan speed range, ° cm™! 0.98-16.48

Data collected
Unique data

(—13, 0, 0) ta (13, 21, 11)
997

Observed reflections ! > 2a(f) 946
Decay =1%
Rim, 0/0 49
Standard reflections 3/90

R = Z |AFiZ |F,| 5.1

R. = [Zw AR/ 2w JF 72 5.7
Average shift/error 0.03
Absorplion correction range 1.55-0.77

symmetric positions, with the exception of two oxygens,
O(5) and O(10), which broke the centrosymmetric C2/m
group. Because of this the acentric Cm group was chosen.
An empirical absorption correction (6) was applied at the
end of the isotropic refinements. Mixed fuli-matrix least-
squares refinements minimizing 2 w(JF,| — |FJ)* with
weights w = wiw,, where w; = 1/(a + b|Fy|)* and w, =
L/[e + d(sin 6/A}] and coefficients given in Table 2, led to
the R value of 0.051. Final difference synthesis showed no
significant electron density. Most of the calculations were
carried out with the X-ray 76 system (7).

TABLE 2
Coefficients for the Weighting Scheme
a b ¢ d
|F,| < 40 7.42 —-0.11
40 < |F,| < 590 1.24 0.04
Sin /A < 0.41 6.23 —13.27
0.4 < Sin /A < 0.1 0.53 0.25
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TABLE 3
Atomic Parameters for CuNd.Ge,0,

Atom xia vib zle U
Ndl 0.4700( 0) 0.1205(0}) 0.2300( 0) 6(1)
Nd2 0.4616( 3) 0.1198(0) 0.7181( 3) 6(1)
Gel 0.4185( 8) 0.5000(0) 0.4235(10) 4(4)
Ge2 0.5090( 9) 0.5000(0) 1.0106(11) 5(3)
Ge3 ¢4791( 3) 0.2904(1) 04970( T 7(2)
Cul 0.A4761( 5) 0.292%(2) 0.9482( 7) 10(3)
01 0.2131(35) 0.5000(0) 0.0472(43) 6(3)
Q2 0.2166(37) 0.0000(0) 0.3852(46) 93
03 0.2236(36) 0.0000(0) 0.0613(43) 7(3)
04 0.2114(38) 0.5000(0) (.3806(46) 10(3)
Q5 0.1304(26) 0.0928(N 0.6342(31) 10(3)
06 0.1532(24) 0.3269(8) 0.1576(30) 8(2)
Q7 0.3078(26) 0.4072(9) 0.8044(30) 2(2)
Q8 0.3222(23) 0.1731(8) 0.3318(28) 6(2)
09 0.1799(22) 0.2405(8) 0.5303{26) 8(2)
o110 0.1550(23) 0.2336(8) 0.8479(27) 10(2)

U, = 1/3 3,5, UyaFata; - a; - 1(¥

i

IIL. RESULTS

CuNd;Ge,0; crystals had sizes of up to 3 mm and ap-
peared as elongated prisms bounded by a pinacoidal face.
All of them were blue, refringent, and showed a vitreous
brilliance. Their unit-cell dimensions are given in Table 1.
Atomic position coordinates and thermal parameters, as
well as main interatomic distances and angles, are included
in Tables 3 and 4.

Ge atoms in CuNd,Ge,Qjg exhibit two different coordi-
nation polyhedra. Both Ge(1) and Ge(2) show the usual
tetrahedral coordination, with distances and angles quite
similar to those found (8, 9) in CuGeQ; and GesOiy
NMe,OH. On the other hand, Ge(3) atoms form GeOs
trigonal bipyramids with two apical oxygens at average
distances of 1.95 A, longer than the average of the three
equatorial ones, 1.77 A, and in the same manner of the
Ge(; inclusion compound mentioned (9) in which these
average distances are 1.91 and 1.78 A. Cu atoms form
Cu(; octahedra which are elongated but not to such an
extent as those present (8) in CuGeO; since Cu~O apical
distances in CuNd,Ge, s are 2.65(3) and 2.55(3) A against
277 A in CuGeOs;. CuOg octahedra are very deformed
because they show not only a very large Jahn—Teller distor-
iion and a rhomboidal equatorial plane, but also different
distances from Cu to the apical oxygens and an O(10)-Cu-
O(10°) angle of 144.7(1)".

Nd(1) and Nd(2) atoms coordinate to eight oxygens giv-
ing rise to similar NdO; polyhedra. As can be seen in Fig.
1, both are situated between two almost paraliel planes,
P1 and P2, of which P1 is formed by [Q(8), O(7), Q(5),
0O(4)] for Nd(1) and by [O(9}, O(6), O(8), O(7)] for Nd(2);
P2 is formed by [O(9), O(6), O(10)] for Nd(1) and by
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[O(5), O2), O(1)] for Nd(2). In both cases the eighth
oxygen is outside of the planes, in such a way that the
eighth Nd-O direction is nearly perpendicular to both
planes. It can be concluded that the NdOg polyhedra are
triangulated dodecahedra, one of the most stable for octa-
coordination. The results of the planarity study around Nd
atoms are shown in Table 5.

The structure of CulNd,Ge,O5 can be described as con-
taining chains of CuQOg octahedra which share O(10) apical
vertices in the a direction. Chains of Cu( octahedra are
linked in the & direction through Ge(2)Q, tetrahedra with
which they share vertices forming layers like those repre-
sented in Fig. 2. These alternate with other lavers like
those of Fig. 3, formed by the association Ge(3)Os—
Ge(1)0,—Ge(3)0s, consisting of two GeQs triangular bi-
pyramids and one GeQ, tetrahedron which share vertices
in the b direction. Layers of both kinds are mutually con-
nected in the ¢ direction (Fig. 4) through the Ge(3)Os
bipyramids that have one common face with the CuOyq

TABLE 4

Interatomic Distances (A) and Angles (*)
NdI-03 234 Nd2-01 233
Ndi-04 235 Nd2-QO2 234
NdI-O5 278 Nd2-05 272
Ndl-06 247 Nd2-06 2.42
Ndi-07 265 Nd2-07 285
NdI-O8 2.37 Nd2-08 232
NdI-09 2.50 Nd2-09 248
Ndi-010 2.43 Nd2-010¢ 252
Gel-01 1.76 Ge2-02 1.75
Gel-04 1.74 Ge2-03 1.77
Gel-05 179 X 2 Ge2-07 176 X 2
Ge3-05 1.96 Cu-06 2.07
Ge3-06 1.77 Cu-07 1.97
Ge3-08 197 Cu-08 1.88
Ge3-09 1.81 Cu~-0O9 1.99
Ge3-010 1.75 Cu-010 2.63
Cu-OLy 255
01-Gel-04 105.5 02-Ge2-03 103.5
01-Gel-05 1107 % 2 02-Ge2-07 1120 %2
04-Gel-03 1125 x 2 03-Ge2-07 1107 x 2
05-Gel-05 105.0 07-Ge2-07 107.9
05-Ge3-06 94.8 06-Ge3-09 1256
05-Ge3-08 174.5 06-Ge3-010 127.0
05-Ge3-09 87.8 08-Ge3-09 88.4
05-Ge3-010 923 08-Ge3-010 926
O6-Ge3-08 84.2 09-Ge3-010 107.1
06-Cu-Q7 166.6 07-Cu-010 1136
0O6-Cu-08 790 OT7-Cu-010' 874
06-Cu-09 92.4 08-Cu-010 81.1
07-Cu-08 98.8 08-Cu-010 1253
07-Cn-09 94.4 Q9-Co-010 746
O8-Cu-09 156.3 O9-Cu-010 75.6
06--Cu-010 79.3 O10-Cu-010 1447
06-Cu-O10 832

Note. Average e5.d.’s 0.02 (A) and 0.9 (°).
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FIG. 1.
areas correspond to the calculated planes given in Table 5.

NdO; coordination polyhedra in CuNd,Ge;0;. Shadowed

octahedra giving rise to the mentioned deformation. In
this way a 3D structure results as Fig, 5 illustrates. Nd(1)Og
and Nd(2)Og polyhedra occupy rather large holes of the
whole structure.

In CuNd,;Ge;0;3 every four NdQOg dodecahedra are asso-
ciated by sharing edges forming tetrameric units (Fig, 6).
From the point of view of the NdQOg-polyhedra packing,
the resulting structure can be conceived as an alternate
association of these tetrameric units which share vertices
and edges in the ¢ and a directions, respectively. This sort
of packing gives rise to three different kind of interstices:
tetrahedra at the center of each unit, in which Ge(1) and
Ge(2) are lying, and octahedra and trigonal bipyramids,
formed in the unions between different units which are
occupied by Cu and Ge(3) atoms, respectively.

The reciprocal dc magnetic susceptibility of CuNd,
Ge,04 follows a Curie—Weiss law above nearly 100 K,
x 1 =162(1)T + 5971(93) g Oe/emu, with a Weiss constant
of 6 = 36.8(7) K and a correlation factor R = 0.99997 (Fig.
7). From the magnetization value at room temperature and
considering Nd** as the only contributing ion, a magnetic

TABLE 5
Angles (°) between Principal Planes and Lines in
NdQ; Polyhedra
Nd1 Nd 2
P1 O7-08-05'-04 07-08-09-06
P2 010-09'-06’' 02-05-01
L Ndi-03 Nd2-01¢/
PL(Nd1) A P2(Nd1) 156.4(5)
P1(Nd2) A P2(Nd2) 161.3(7)
P1{Nd1) A P1(Nd2) 167.8(4)
P1(Nd1) A P2(Nd2) 165.3(7)
P2(Nd1) A P2(Nd2) 154,1(5)
P2(Nd1) A P2(Nd2) 171.1(7)
P1(Nd1) A L(Nd1) 86.4(4)
P1(Nd2) A L(Nd2) 72.6(6)
L(Nd1) /\ L{Ndz2} 169.0(8)

257

FIG. 2. Layers formed in the b direction of CuNd,Ge;0g by chains
of CuQyg octahedra linked by common vertices of GeO, tetrahedra.

moment of 3.72(9) ug per atom is obtained. But if the
effective moment for Nd*' is assumed to be that observed
in the absence of interactions, 3.5 ugp, another magnetic
species with 1.78(7) pp must be included. This could be
the Cu®* cation, although its frec-ion moment is a little

<)

o
o a o ) o o
D, . &
N
V%I/[
o o a o
HL’
b
FIG. 3. Layers resulting in CuNdyGe, Qg from the association in the

b direction of two GeQs trigonal bipyraids and one GeQ, tetrahedron
through common vertices.
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FIG. 4. Projection in the ab plane of alternating layers of CuNd;
Ge- Qg like those of Figs. 2 and 3.

bit smaller than that measured, 1.9 up. Effectively, the
measurements performed in CuY,Ge,Og that contains
Cu?* as the only magnetic cation lead to a correlation
factor of 0.9992 and to 1.80 ug at 296 K. On the other hand,
the deviation from linearity observed at low temperature in
the inverse susceptibility vs T plot (Fig. 7) could be related
to a magnetic coupling between Cu and Nd moments,
although more frequently it is attributed (10) to the split-
ting of the free-ion ground state under the influence of the
crystal field. The Weiss constant could be then entirely

FIG. 5. Layers in CuNd,Ge;0; like those of Figs. 2 and 3 connected
in the ¢ direction by GeQj; bipyramids that have one commeon face with
CuOy octahedra. Projection in the cb plane.

CAMPA ET AL,

FIG. 6. Association of tetrameric (NdQOjg), units in CuNd,(Ge,0s.
Small circles represent Cu ions and large circles Ge atoms. Nd(1)(Qg and
Nd(2)O; are shown by white and shadowed polyhedra, respectively.

due to the crystal field. Such deviation is also present in
CuY,GeQyg, favoring, therefore, the second hypothesis.
The characteristic IR absorptions are shown in Fig. 8.
It is not possible to make even an approximate assignment
of these very complex spectra, but it is evident that most
of the bands in the spectral range 800~400 cm™! are related
to vibrations of the GeQy and GeQs groups. This supposi-
tion is reinforced by the fact that recently in some novel
GeQ; incluston compounds (9, 11), and especially in those
better characterized like GesOy, - NMe,OH, whose frame-
work consists of GeQy, tetrahedra and GeQs trigonal bipyr-
amids, the observed absorption bands at 837 and 567/521
em™! were assigned to the Ge-O-Ge stretching vibrations;
the former to the asymmeirical stretching and the latter
to the symmetrical. The shoulder band found (12} at 790
cm™! when Ge was introduced in the spinel lithium ferrite

I/'M (g/emu)

ILFIJ\

L! [

0 lIIlrIlILIII\I!I
\ ] | ! |
150 200 250 300
T(K)

FIG.7. Reciprocal of the dc magnetic susceptibility of CuNd,Ge,Og
as a function of the temperature.
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FIG. 8. [Infrared spectrum of CuNd,Ge,0,.
can be related in the same way to the stretching vibrational ACKNOWLEDGMENTS

modes of GeQ, tetrahedra. On the other hand, in tetrahe-
dral GeF, the observed (13) bands at 795 and 270 cm™!
are assigned to the active modes v; and vy, in agreement
with literature spectra (14). However, to our knowledge,
the IR vibrations of a trigonal-bipyramidal GeQs network
has never been reported. Only a few IR studies concerning
the similar GeFs anions are known (15). The three bands
at 679, 696, and 730 em™ are assigned (14) to Ge-F stretch-
ing vibrations, because, although a strict Dy, geometry will
give rise to only two IR-active Ge-F streiching modes,
probably an effective lower symmetry for GeFs is present,
A pood number of the remaining vibrations correspond
probably not only to the Nd—O bond stretching coordinates
(16, 17), but also to the Cu-polyhedra stretching, as indi-
cated (18) for a series of mixed rare-earth copper oxides,
CuNdRQO, (R = La, Nd, Sm, Gd, Dy). Finally, the lower
wavenumbers, below 300 cm ™!, can be due to the remaining
bending and more complex vibrations of the different
bonds present in CuNd,Ge,Og.

Although the absorption spectrum in the region 350-700
nm was taken at room temperature, where all the Stark
components of the *Iy;, ground state manifold for both
Nd(1)** and Nd(2)** are thermally populated, the recorded
spectrum shows the characteristic groups of transitions for
a Nd-containing matrix, the more intense being *Iy, —
P12 (430-439 nm); Ly, — Gy, 2Kz, ‘G (512542
nm); and *Iy; — *Gsa, *Gy2, Gy (571-608 nm). In order
to establish a complete energy-level scheme for both Nd3*
in that structure and to determine the phenomenological
crystal-field parameter sets, a careful study of the absorp-
tion spectra at liguid-helium temperature has been now un-
dertaken.
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