FULL PAPER

DOI: 10.1002/ejic.200501020

Fe;GeTe, and Ni3;GeTe, — Two New Layered Transition-Metal Compounds:
Crystal Structures, HRTEM Investigations, and Magnetic and Electrical
Properties

Hans-Jorg Deiseroth,*!#l Krasimir Aleksandrov,/#! Christof Reiner,!*! Lorenz Kienle,”! and
Reinhard K. Kremer!”!

Dedicated to Prof. Dr. Hanskarl Miiller-Buschbaum on the occasion of his 75th birthday

Keywords: Layered compounds / Crystal structures / Iron germanium telluride / Magnetism / Electron microscopy /

Conductivity

Fe;GeTe, and Niz;GeTe, are two new air-stable, black-met-
allic solids. They were characterized by single-crystal X-ray
crystallography, high resolution transmission electron micro-
scopy (HRTEM), and preliminary magnetic measurements.
Both compounds crystallize in the hexagonal system [P63/
mmec, Z = 2; FezGeTe,: a = 399.1(1) pm, ¢ = 1633(3) pm;
Niz;GeTe,: a = 391.1(1) pm, ¢ = 1602.0(3) pm], and represent
a new structure type with a pronounced macroscopic and mi-
croscopic layer character. They show close structural rela-
tionships to iron/nickel germanium alloys. Each layer in the
title compounds represents a sandwich structure with two
layers of tellurium atoms covering a triple-layer Fe;Ge
(NizGe) substructure on both sides. Assuming full occupanc-
ies for the Fe and Ni sites, a mixed-valence formulation for
the transition-metal atoms according to (M2?*)(M3*),(Ge*)-

(Te*), (M = Fe, Ni) may be concluded. A slightly reduced
occupancy for one Fe/Ni position, however, indicates a more
complicated local structural situation. This is confirmed by
weak residual electron density in the van der Waals gap and
by the results of detailed HRTEM and electron-diffraction ex-
periments for NizGeTe,. The latter results show variations in
the arrangement of Ni atoms, as well as vacancies and a mis-
fit of in-plane disordered hexagonal layers. Fe;GeTe, shows
Curie-Weiss behavior above and ferromagnetism below
230 K, while NisGeTe, exhibits temperature-independent
paramagnetism in the measured temperature range and a
metallic behavior of the electrical resistance.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

Introduction

The title compounds represent two unexpected new sol-
ids. They were obtained from a series of experiments aimed
at the syntheses of new mixed-valence compounds with
transition metals related to those compounds with main
group elements investigated in our group.!!-?!

Fe;GeTe, is possibly identical to a solid obtained ear-
lier®! that could not, however, be structurally characterized.
Niz;GeTe, has not been reported previously. The crystal
structures of both compounds exhibit a pronounced layer
character with layered Fe;Ge (Ni;Ge) substructures sand-
wiched by two layers of Te atoms and a van der Waals gap
between adjacent Te layers. The Fe;Ge and NisGe substruc-
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tures are closely related to layered sections of the structures
of alloys with the compositions Fe; ¢;Gel* and Ni, ¢;Ge.P!
From a general topological viewpoint, a close relationship
with respect to the sandwich character is also obvious to a
group of layered metal-rich Nb, Ta, and Hf chalcogenides
and to PdsAll, characterized earlier by different au-
thors.[®%1 The latter solid is the earliest example to fit into
this group of unconventional layer structures. In all these
solids, at least three layers of metal atoms (or mixed-metal
and semimetal atoms) are sandwiched between two layers
of chalcogen (or halogen) atoms.

For both compounds there seems to be a simple mixed-
valence formulation like M3GeTe, = (M?*)(M3*),(Ge*)-
(Te?*"),, which is strongly supported by the crystallographic
multiplicity of the respective atomic sites. However, disorder
phenomena and structural inhomogeneity, in combination
with the general properties of the new solids, make a simple
formulation as type 1 mixed-valence solids!'®! with clearly
distinguishable oxidation states most unlikely, and compli-
cate a concise description of these new compounds.
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Table 1. Summary of the data collection and refinement details for Fe;GeTe, and Ni;GeTe,.

Triiron germanide ditelluride

Trinickel germanide ditelluride

Name

Chemical formula Fe;GeTe,
Molecular mass [g/mol] 495.34
Temperature [K] 293(2)

Wavelength [pm]
Crystal system, space group
Cell dimensions [pm]

Volume [10° pm?] 225.34(9)
Z, X-ray crystal density [g/cm?] 2,7.3
Absorption coefficient [mm™] 28.552
F(000) 428
Diffractometer IPDS (Stoe)
Scan type

o
Crystal size [mm] 0.15%0.15%0.01

Measured range (6) [°] 2.49-25.79
Index ranges 4<=h=<=4
4=k=4
20=171=20
Measured reflections; unique; 1566; 113; 112
significant
Rims Ra 00535, 0.0225
Completeness to (0) [°] 93.8% (25.79)
Tmin.= Tmax 00048, 0.5039

Structure solution direct methods?!

Structure refinement

Data/restraints/parameter 113/0/15
S(F) 1.547
Absorption correction numericall®!

Ry, WR [I > 20(1)]
Ry, WR, (all data)
Extinction coefficient

0.0328, 0.0731
0.0330, 0.0731
0.069(7)

-1.9(5), 1.6(5)

Pmins Pmax

Mo-K,, 4 = 71.073
hexagonal, P6s/mmc (No. 194)
a =399.1(1), ¢ = 1633(3)

full-matrix least-squares on F? [l

Ni3G€T€2

503.9

293(2)

Mo-K,, 4 = 71.073
hexagonal, P6s/mmc (No. 194)
a =391.1(1), ¢ = 1602.0(3)
212.10(9)

2,7.89

33.389

440

IPDS (Stoe)

[

0.08 x0.08x0.03
6.02-30.31

4 =h=5
S=k=5
=[l=17
1182; 156; 120

0.0484, 0.0239
91.1% (30.31)
0.029, 0.073
direct methods!?!
full-matrix least-squares on F2 [l
156/0/16

1.061
numericall®
0.0282, 0.0608
0.0396, 0.0628
0.007(1)

~1.5(4), 1.5(4)

[a] G. M. Sheldrick, SHELXS-97, Program for the Solution of Crystal Structures, University of Gottingen, 1997. [b] G. M. Sheldrick,
SHELXL-97, Program for Structure Refinement, University of Go6ttingen, Germany, 1997. [c] STOE & CIE, X-SHAPE 1.06, Darmstadt,

1999.

Here we present information about the preparation con-
ditions and the crystal structures obtained by X-ray single-
crystal and powder diffraction studies. Detailed discussions
of the real structure based on results from HRTEM and
SAED (Selected Area Electron Diffraction) studies of Nis-
GeTe, are also provided. In addition, preliminary tempera-
ture-dependent measurements of the magnetic susceptibility
for powder samples of both compounds are presented.

Results and Discussion

Tables 1, 2, and 3 contain the relevant crystallographic
and crystal chemical results for the title compounds.

Fe;GeTe,

Figure 1 shows a projection of the crystal structure of
Fe;GeTe,, emphasizing that layers of Te atoms sandwich
2D structural sections built from Fe and Ge atoms. The
shortest distance d(Te—Te) between adjacent layers amounts
to 374 pm. In order to illustrate the Fe/Ge substructure in
more detail, the three atomic layers consisting of Fe, Fe/Ge,
and Fe atoms are projected along [001] in part b of Fig-
ure 1. A comparison with structural data given in the litera-
ture for Fe, ¢;Ge (see earlier) reveals that this alloy contains
1562
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Table 2. Atomic coordinates, Wyckoff notations, site occupation
factors, and equivalent isotropic displacement parameters Ugq
[10* pm?] for Fe;GeTe, and Ni;GeTe, (printed in ifalics). Uy is
defined as one-third of the trace of the orthogonalized Uj; tensor.

Atom Wyckoff x y z Ugq s.o.f
Fel  4e 0 0 0.6718(1) 0.0086(7)  1.0(1)
Nil ~ 4e 0 0 0.6670(1)  0.0097(5) 1

Fe2  2c 0.6667 0.3333  0.75 0.0077(2)  0.83(2)
N2  2c 0.6667 0.3333  0.75 0.007(1)  0.70(1)
Ni3  2a 0 0 0.5 0.010(3)  0.25(1)
Ge 2d 0.3333 0.6667  0.75 0.021(1) 0.99(2)
Ge 2d 0.3333 0.6667  0.75 0.0218(6) 1

Te af 0.6667 0.3333  0.59018(6)  0.0096(7) 1

Te 4 0.6667  0.3333  0.58852(6) 0.0079(4) 1

similar hexagonal layers of Fe and Fe/Ge atoms, however,
it forms a compact, isotropic 3D structure without any
macroscopic layer character. It should be noted that the
chemical composition as obtained by refinement of the
crystallographic occupational parameters based on single-
crystal X-ray data gives Fe, g3GeTe, instead of Fe;GeTe,
(Table 2). This minor but significant difference was repeat-
edly found for different crystals. It stems from an occu-
pational deficiency of the Fe2 site (forming a common layer
with Ge), however, it differs from results obtained by ana-
lytical scanning electron microscopy for a variety of crys-
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Table 3. Selected interatomic distances d [pm] for Fe;GeTe, and
Ni;GeTe,.

Fe;GeTe, Ni;GeTe,
Ge —Fe2/Ni2 (3%) 230.42(6) 225.74(6)
—Fel/Nil (6x) 263.4(1) 261.9(1)
Fel/Nil —~Fel/Nil 255.4(4) 265.6(4)
—Fe2/Ni2 (3%) 263.4(1) 261.9(1)
~Ge (3%) 263.4(1) 261.9(1)
~Te (3%) 266.2(1) 258.5(1)
~Ni3 - 267.7(2)
Fe2/Ni2 -Ge (3%) 230.42(6) 225.74(6)
~Te (2%) 261.1(1) 266.59(7)
—Fel/Nil (6x) 263.4(1) 261.9(1)
Ni3 ~Te (6%) - 266.59(7)
~Nil (2%) - 267.7(2)

tals. These strongly support the composition Fe;GeTe, for
the series of tested crystals. A possible solution for this con-
tradiction assumes a marginal fraction of 0.17 Fe atoms
(per formula unit) statistically distributed over atomic posi-
tions in the van der Waals gap. This problem is even more
pronounced for the corresponding Ni atoms in Ni;GeTe,,
and is therefore discussed together with the character of the
coordination polyhedra and further structural details later.

(b)

Figure 1. (a) Projection of the crystal structure of Fe;GeTe, along
[010]. (b) [001] projections of the single Te, Fe, and mixed Fe/Ge
layers of the upper layer package.

Ni3GeT62

Figure 2 (a) shows a projection of the crystal structure
of Ni3GeTe, along [010], which is basically isotypic to
Fe;GeTe,. Even more pronounced than for Fe;GeTe,, a sig-
nificant residual electron density in the van der Waals gap
is observed in the refinement of the single-crystal X-ray dif-
fraction data. The reliability factor of the refinement signifi-
cantly improves if we assume partial occupancy (0.25) of
the Ni3 site located in the van der Waals gap between adja-
cent Te layers.
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(b)

Figure 2. (a) Projection of the crystal structure of Ni;GeTe, along
[010]. (b) The octahedral coordination polyhedron for Ni3 (this Ni-
position is located in the van der Waals gap with an approximate
occupancy of 0.25).

In Figure 2 (b), the coordination polyhedron for Ni3 is
displayed. It is similar to the coordination polyhedron
found, for example, for Ni in NiTe, (Cdl, type!'!l). This
Ni3-Te partial structure can be treated as a 2D section of
a Ni-deficient NiTe, structure. Together with the reduced
occupancy of Ni2 (Table 2), the occupancy of Ni3 com-
pletes the chemical composition to give (Ni3)g,5(Ni2)g 7-
(Nil)zGCTCz = Ni2.95GCT62.

From the inspection of SEM images (Figure 3), it is most
likely that the presence of Ni3 in the van der Waals gap
causes a stronger cohesion between adjacent layers, and
may be responsible for the more compact and less pro-
nounced layer character of the NisGeTe, sample in com-
parison with Fe;GeTe,.

Figure 3. A comparison between SEM images of (a) Fe;GeTe, and
(b) Ni;GeTe, showing the hexagonal platelets which are character-
istic for both compounds. The platelets formed by the Ni com-
pound are thicker and more compact.

Further Crystal Chemical Aspects

The individual coordination polyhedra shown in Fig-
ure 4 for Fe;GeTe, clearly demonstrate that there is no typi-
cal coordination geometry (for example, tetrahedral)
around the germanium atoms that would formally allow a
+4 oxidation number to be ascribed to the Ge atoms. In-
1563
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stead, the germanium atoms are surrounded by iron atoms
exclusively in their first coordination sphere, whereas tel-
lurium atoms are typical constituents of the second coordi-
nation sphere [the shortest d(Ge-Te) = 348 pm in compari-
son with the shortest d(Ge-Fe) = 230 pm]. On the other
hand, both types of iron atoms (Fel and Fe2) are coordi-
nated by Ge, Fe, and Te atoms in their first coordination
sphere (Figure 4), suggesting in particular significant Fe-Fe
interactions [the shortest d(Fe—Fe) = 255 pm in comparison
to d(Fe-Fe) = 250 pm in alpha-Fe]. At first glance, these
structural details partly seem to support the earlier men-
tioned simple ionic description of Fe;GeTe, as (Fe’")-
(Fe’)y(Ge* )(Te? ),

Figure 4. Coordination polyhedra around Fel, Fe2, and Ge in
Fe;GeTe,.

If we omit the enclosing Te atom layers and the Ni atoms
located in the van der Waals gap, we can clearly see from
Figure 5 that the Fe/Ge and Ni/Ge atoms form a 2D system
of trigonal prisms GeFe(2)s/3 interconnected by additional
Fe(1) atoms, or alternatively as a system of trigonal prisms
Fe(1)Fe(2)¢/3 interconnected by Ge atoms. The first view
is reminiscent of the aspect that the 2D partial structure
represented in this way can be interpreted as a stuffed 2D
NiAs structure.

Figure 5. The 2D Fe;Ge (NizGe) partial structure of Fe;GeTe,
(Ni;GeTe,) visualized as a 2D arrangement of trigonal prismatic
GeFeg/; units interconnected by Fe atoms or as a 2D system of
trigonal prismatic FeFeq; units interconnected by Ge atoms.

A comparison of Fe;GeTe, and Ni;GeTe, based on the
statements given earlier shows that the most important dif-
ference between their crystal structures concerns the par-
tially occupied atomic position Ni3 (0.25 Ni per formula
unit) located in the van der Waals gap. In the case of the
iron compound this position does not show any significant
residual electron density. A supporting argument comes
1564
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from the experimental observation that NiTe, crystallizes in
the CdI, structure type!!?! with Ni in a similar coordination
as Ni3 in Ni;GeTe,. FeTe, on the other hand does not crys-
tallize in this structure type. Instead, only a marcasite modi-
fication of FeTe, is known.!'?l Thus, the crystal structure of
Ni3GeTe, can actually be treated as an intergrowth species
between the two Ni-deficient constituting phases Ni, Te,
and Ni,_Ni,GeTe, with x = 0.25.

In order to clarify the structural situation, it must be
mentioned at this point that a completely ordered distribu-
tion of Ni3 (hypothetical Fe3) would require multiple
lengths of @ and b (not ¢). A fully (or partially) ordered
distribution of Ni3 on the other hand would result in ad-
ditional (diffuse) superstructure reflections. It was found
that more detailed information on this subtle problem could
only be derived from HRTEM and SAED investigations
with NisGeTe, (see later), and not from the X-ray structure
analyses.

HRTEM and SAED Investigations of NizGeTe,

Our study was specifically focused on the degree of struc-
tural disorder on the nanometer scale, and in particular on
the examination of the Ni and Ge atomic disorder. Disorder
phenomena resulting from X-ray analyses in many cases
have been artificially generated by a superposition of or-
dered real structure components, like domains or stacks of
layers with ordered structure. In fact, some peculiarities of
the morphology could be addressed to layered components:
see the well-defined microstructure in the bright field
images of Figure 6 (part a, zone axis [001] and part b). Elec-
tron-diffraction patterns along zone axes [uv0] demonstrate
that all stacks are strictly parallel to (001). Figure 6 (b) was
recorded along zone axis [100], and hence displays the (001)
stacks edge on. The lower limit of their thickness is in the
range of several nanometers. The stacks separate at the out-
ermost rims of the crystals, while they match perfectly at
coherent boundaries in thicker areas. HRTEM proves that
the stacks are not significantly shifted to each other; there-
fore, they are not part of a classical polytypic structure.
EDX linescans indicate no noticeable changes in the
average composition of adjacent stacks, particularly not of
the Ni/Ge ratio. At first glance, SAED patterns (tilting ex-
periments) are in good agreement with patterns simulated
on the basis of the average structure. However, closer in-
spection reveals two kinds of intensities in addition to the
main structure reflections. Both phenomena indicate mar-
ginal deviations of the real structure from the disordered
average structure.

The first one includes weak diffuse rods parallel to [001]*
intersecting all positions “/5"/30 and ?/;?/50 of the recipro-
cal space which are equivalent for the hexagonal system.
The rods are shown as diffuse lines in patterns containing
[001]* (see for instance zone axis [210] in Figure 6, c), while
they are cut into intersection points in [001] patterns (Fig-
ure 6, d). The diffuse intensity observed in different areas
of the same crystallite is variable, as demonstrated by the

Eur. J. Inorg. Chem. 2006, 1561-1567
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Figure 6. Bright field images of compact crystals, (a) zone axis [001]
and (b) zone axis [100]. Electron-diffraction patterns with diffuse
intensities, (¢) for [210], and intersection points, (d) [001]. Pattern
(e) was recorded on another selected area of the same crystal as

().

existence or absence of intersection points, cf. Figure 6
(parts d and e). In some cases, we observed [001] patterns
without any diffuse scattering in the precise zone axis orien-
tation, however, when tilting the diffuse intensities became
significant (see later).

Taking into account the high sensitivity of electron-dif-
fraction experiments and the exceptionally weak diffuse in-
tensity observed, the lack of such intensities in X-ray dif-
fraction patterns can be rationalized. It was challenging to
image the deviation from the average structure, especially
because of the beam sensitivity of the sample under the
conditions of HRTEM. However, with selection of low dose
modes, we were at least able to record [001] micrographs
with significant intersection points in the Fourier trans-
forms. An interpretation of the scattering phenomena in
real space is complicated as a result of moiré effects (see
later). However, a basic interpretation is straightforward,
that is, the existence of diffuse rods in reciprocal space cor-
relates with the evolution of structural order within layers
of direct space. For the modeling of such in-plane ordering,
ordered arrangements of Ni atoms and vacancies in the Ni
and (Ni, Ge) layers were introduced. Additionally, the occu-
pancy factors were fixed to the average values. Prototypes
for such ordering can be derived from the structures of (Ni,
Ge) intermetallics. Those compounds show related disorder
phenomena to those observed for Ni;GeTe,. A top view of
a mixed (Ni, Ge) layer of NisGes!'3! is characterized by an
ordered vacancy distribution (see Figure 7).

° o 0, °, 9,9,

“e? %o 22%e%,

‘.‘.0 ="‘: '...".
(@) (b)

Figure 7. (a) Top view of the ordered (Ni, Ge) layer of NisGes.
(b) Top view of the disordered (Ni, Ge) layer in Ni;GeTe,.
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The composition of this layer is the same as that of the
mixed and disordered (Ni2, Ge) layer in Ni3GeTe,. The or-
dered vacancies can be introduced in large supercells, which
serve for simulation. The simulated [001] SAED pattern
shows, like the experimental patterns, intensities in addition
to the main structure reflections on all positions */5"/50 and
2h1:211,0. The occurrence of diffuse scattering in the experi-
mental patterns could be interconnected with a nonperiodic
sequence of the ordered layers, for example by applying ro-
tations of adjacent layers. In the case of disorder, the inten-
sity distribution within the diffuse rods depends on the de-
gree of structural order within the analyzed area. If the
structure appears to be randomly arranged along [001], for
instance by assuming equal numbers of ordered layers with
0°, £60°, and *+120° rotation (rotation axis [001]), we expect
no intersection points in the zero-order Laue zone of [001]
patterns. However, diffuse intensity should be present in
layers slightly above (001)*; hence, the formation of inter-
section points by tilting slightly from precise [001] zone axis
orientation is rationalized. As shown by simulated micro-
graphs, the significance of ordered vacancies in HRTEM
micrographs is marginal, in particular for real structures
containing a disorder of layers. Therefore, future projects
are focusing on HRTEM on long-term annealed samples
which may be long-range ordered crystals.

The second type of diffracted intensity, in addition to the
main structure reflections, can be assigned to moiré effects
based on a misfit of hexagonal layers (see later). In this
case, no diffuse intensities were observed as evidence of an
in-plane disordered arrangement of Ni atoms and vacan-
cies. Along [001], the misfit produces characteristic patterns
of double diffraction (see Figure 8).

o e
o s

a Wi #
- « £ * e g
« M & %W
= E -
.. . >
(@) (b)

Figure 8. Double diffraction patterns in [001], (a) typical example
and (b) enlarged sections of patterns, displaying distinct difference
vectors (Ad, see arrows).

No multiple twinning (triplets) of stacks with a lower
symmetry than hexagonal (for example, orthorhombic C) is
shown. All [001] patterns as well as Fourier transforms of
HRTEM images show perfect hexagonal symmetry and no
splitting of the main structure reflections. As a rule, a trans-
lational moiré effect is observed, which is based on hexago-
nal layers with parallel orientation of all lattice vectors but
with significant variations of the in-plane (a) lattice param-
eter. The changes of the lattice could be interconnected with
strain, for example because of in-plane aggregation of Ni
atoms on Ni2 and Ni3 positions within adjacent (001)
stacks. The lattice mismatch varies from crystal to crystal:
see the arrows in Figure 8 (b) which highlight the distinct
1565
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difference vectors of both lattices. Slight variations of the
mismatch are also evident within the same crystallite. The
in-plane aggregation could be interconnected with varia-
tions in the density of the Ni atoms in consecutive (001)
layers containing Ni2 and Ni3 positions. To check for such
real structures, the average density of the Ni atoms was split
in terms of more or less occupied Ni2 and Ni3 positions
within consecutive (001) layers. The significance of such
separation in HRTEM micrographs is demonstrated for
[100] in Figure 9 (a). The simulations were calculated close
to Scherzer defocus. The black contrasts correspond to
atoms (high projected potential), and the white contrasts
correspond to cavities (low projected potential), with both
superimposed in rows along [100]. The black and gray ar-
rows highlight the layers containing Ni2 and Ni3 positions
edge on. Starting from a ratio of occupied positions Ni2/
Ni3 = 100:0, the average occupation of Ni2 layers was de-
creased while that of Ni3 was increased in steps of the same
value. The series of simulations clearly demonstrates that
the significance of HRTEM is limited to full separation
which has never been experimentally observed, not even by
selection of different focusing conditions (see Figure 9, b).
On the contrary, all experimental images are in good agree-
ment with the simulated images based on the average struc-
ture. The occupation of the position Ni3, for example, is in
accordance to the average structure low, and a separation
in layers with full and nonoccupied positions Ni3 can be
excluded. Hence, the mismatch must be based on in-plane
aggregations of Ni atoms without significant changes to the
average occupancy factors.

At = -1 nm

Figure 9. (a) Simulated micrographs for Scherzer defocus (zone axis
[100]) with different densities on positions Ni2, Ni3; see text. (b)
Defocus series with inserted simulations ([100], thickness: 3.2 nm).
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To conclude, the ordering of Ni atoms and vacancies in
the real structure is never complete. Two scattering phe-
nomena demonstrate variations in the arrangement of Ni
atoms and vacancies. The first one (diffuse intensities) indi-
cates in-plane ordering, while the second one (double dif-
fraction) is characterized by a misfit of in-plane disordered
hexagonal layers.

Magnetism of Fe;GeTe, and Ni;GeTe, and Electrical
Conductivity of Fe;GeTe,

Preliminary measurements of the temperature depen-
dence of the magnetic susceptibility reveal a spontaneous
magnetization below 230 K, indicating ferro- or ferrimag-
netic behavior of Fe;GeTe, (Figure 10, a). The splitting of
the zero-field cooled (zfc) and field-cooled (fc) susceptibility
measured in an external field of 0.1 T below about 200 K
closes for larger external fields (1 and 5 T). We ascribe the
splitting of the fc-zfc susceptibilities to irreversible effects
due to domain ordering. The inset in Figure 10a displays
the magnetization of Fe;GeTe, at 10 K. Saturation is ob-
served for external fields above 5 T with a moment of about
1.2 uponr per Fe atom, about half of the saturated moment
of elementary iron.

Ni3;GeTe, shows no indication of spontaneous magne-
tization. Rather, a weak temperature-independent suscep-
tibility is observed above 100 K (Figure 10, b). The increase
of the susceptibilities below 50 K can be understood as
caused by traces of a paramagnetic impurity, and the field
dependence of the susceptibilities as caused by traces of a
ferromagnetic impurity.

4

¥ (CM/mO)

cm’/mol)

10 ——t:

()
200 300 400
T(K

Figure 10. (a) Magnetic susceptibility for Fe;GeTe, as a function
of temperature and magnetic field. The inset displays the magnetic
moment per Fe atom at 10 K. (b) Magnetic susceptibility for Nis-
GeTe, as a function of temperature and magnetic field. The solid
line represents a fit of a modified Curie law (see text) to the suscep-
tibility of Ni3GeTe, measured in a field of 0.1 T. The increase in the
susceptibility at low temperatures can be ascribed to a temperature-
dependent paramagnetic impurity with a concentration of about
0.2% assuming S = !/, entities with an effective moment of 1.73 .
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The observed field dependence of the magnetic suscep-
tibilities follows if the sample (m = 135 mg) is assumed to
contain about 400 ug of elementary ferromagnetic Ni (satu-
ration magnetization 0.62 pgon ).

The magnitude and temperature dependence of the elec-
trical resistance (Figure 11) prove Fe;GeTe, is a metal. The
magnetic transition shows up as a kinklike anomaly at
about 225 K (see inset in Figure 11) because of spin-flip
scattering.

18
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Figure 11. Temperature dependence of the in-plane electrical resis-
tance of a small crystal (approximately 1x1x0.05 mm?) of Fes-
GeTe,. The inset displays the derivative of the in-plane resistance
with respect to temperature. A clear maximum of the derivative is
seen at the magnetic ordering temperature.

In order to clarify the earlier mentioned valence prob-
lems of iron, more detailed magnetic measurements to-
gether with Moessbauer investigations are currently in pro-
gress.

Experimental Section

Fe;GeTe, was prepared by a direct solid-state reaction starting
from an intimate mixture of the pure elements in the molar ratio
3:1:2 (Fe: 99.9%, powder, Heraeus; Ge: 99.99%, powder 250 pm,
Chempur; Te: 99.999%, pieces, Chempur). The mixture of the
starting materials was filled into a dry quartz glass ampoule, which
was evacuated and sealed, heated up to 625 °C, and kept at this
temp. for two weeks. The homogeneous gray, air-stable product did
not show any impurities in standard X-ray diagrams, melted incon-
gruently at 837 °C, and formed crystals with the shape of small
hexagonal plates suitable for X-ray single-crystal experiments. Poly-
crystalline Ni;GeTe, was prepared in an analogous way (Ni:
99.9%, powder, Heraeus). Bulk material and crystals, viewed under
a light microscope, looked very similar to Fe;GeTe,, and melted
incongruently at 879 °C. However, a more compact and less pro-
nounced layer character of small crystals of the nickel compound
became obvious in the scanning electron microscope. Standard
powder X-ray diagrams for Ni;GeTe, did not show any contami-
nations. Further details of the crystal structure investigation for
Fe;GeTe, and NisGeTe, may be obtained from the Fachinforma-
tionszentrum Karlsruhe, 76344 Eggenstein-Leopoldshafen (Ger-
many), on quoting the depository numbers CSD 415616 or CSD
415617, respectively.

For the HRTEM investigations, crystals of Niz;GeTe, were crushed
and suspended in n-butanol (HRTEM measurements of Fe;GeTe,
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were not possible because of unexpectedly emerging ferromagnet-
ism already at ambient temp.). One drop of the n-butanol suspen-
sion was transferred to a perforated carbon/copper net which
served as support of the crystallites after drying. HRTEM and
SAED investigations were performed with a Philips CM30ST
(300 kV, LaBg cathode, Cg = 1.15 mm). Computer simulations of
the HRTEM images (multislice formalism) and SAED patterns (ki-
nematical approximation) were carried out with the EMS program
packagel' (spread of defocus: 70 A, illumination semiangle:
1.2 mrad). All images were collected with a Multiscan CCD Cam-
era [software Digital Micrograph 3.6.1 (Gatan)]. EDX spectroscopy
was performed in the scanning- and nanoprobe mode of CM30ST
with a Si/Li-EDX detector (Noran, Vantage System).

Magnetic measurements for both compounds were carried out with
the SQUID magnetometer (MPMS, Quantum Design, Dan Diego,
USA) of the Max-Planck-Institut fiir Festkorperforschung (Stutt-
gart). The in-plane electrical resistance of Fe;GeTe, was measured
on a platelet-shaped crystal with dimensions =~1x1x0.05 mm? in
the temp. range 50-300 K. Electrical contacts were made by four
parallel Cr/Au stripe contacts which had been evaporated on a
(110) face of the crystal.
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