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The new compound YbsNisGe;o was obtained as single crys-
tals in high yield from reactions run in liquid indium. Single-
crystal X-ray diffraction data showed that it crystallizes in the
ScsCo,Siyg structure type in the tetragonal space group P4/
mbm. The structure is a three-dimensional framework of
[NiyGeqo] atoms with voids filled by Yb atoms. The Ni and
Ge atoms form pentagons, hexagons, and octagons along the
ab one-dimensional plane, which are interconnected along

the ¢ axis via Ni-Ge-Ni zigzag chains. Magnetic measure-
ments reveal that YbsNiyGe;o crystals show paramagnetic
behavior with a lack of long-range magnetic ordering down
to 2 K. The magnetic susceptibility deviates from the Curie—
Weiss law below 100 K, presumably because of crystal field
effects from Yb®* ions. In specific heat measurements, the
compound exhibits non-Fermi-liquid-like behavior at low
temperatures.

Introduction

Ternary intermetallic compounds REsT4X,o (RE = rare
earth, T = Co, Rh, Ir, Os, X = Si, Ge, Sn) crystallize in
the tetragonal ScsCo,4Si;, type structure,!'! in which the rare
earth atoms occupy three non-equivalent crystallographic
positions. These compounds exhibit unusual magnetic and
superconducting properties with a charge density wave
(CDW) transition.”) REsRh,Sn;o (RE = Ce, Pr, Nd) show
magnetic ordering at 4.3, 5.6, and 7.3 K for Ce, Pr, and
Nd analogs, respectively.’] Magnetic and specific heat data
indicate that REsRh4Ge;( (RE = Gd, Tb, Dy, Ho, Er, Tm)
are antiferromagnetic with Néel temperatures equal to 11.5
(RE = Tb), 6.2 (RE = Dy), 6.3 (RE = Ho), 5.6 (RE = Er),
and 6.9 K (RE = Tm).! The REsT,X,o (RE = Sc, Y, and
Lu; T = Co, Rh, Ir, and Os; X = Si and Ge) compounds
were reported as superconductors at low temperatures.[>-6]

Among the trivalent rare earth compounds, the Yb-
based intermetallics, which are considered as the hole coun-
terparts to the isostructural cerium compounds (i.e. '3 vs.
f! systems), have received considerable attention for the past
few years. This interest originates from the ability of Yb
to exhibit various peculiar properties such as intermediate-
valence, heavy fermion, or Kondo behavior and unusual
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magnetism.l”*) These properties are generally believed to
arise from the strong hybridization (interaction) between
the localized 4f electrons and the delocalized s, p, d conduc-
tion electrons.'®!l So far, several ytterbium compounds,
YbsT4X;o (T = Co, Rh, Ir and X = Si, Ge) within the
ScsCo,Si type structure have been reported.['>!3] Mag-
netic and transport studies on YbsT,Ge;o (T = Co, Rh, Ir)
show that they are paramagnetic metals.['”) Coexistence of
magnetic ordering (antiferromagnetic at 50 K) and a charge
density wave was observed in Ybslr,Si;o.[1%

Within the ScsCo4Si o type, no compounds have been re-
ported with Ni as the transition element. One motivation
for the work described here is the continued development
of the intermetallic chemistry of Ybl!'42!l and the deeper
understanding of the ability of Yb to adopt different or
mixed oxidation states. There are a few compounds re-
ported within the Yb-Ni-Ge system. The first compound
discovered was YbNi,Ge,, a ThCr,Si, type reported in
1959 by Rieger et al.l??l Later, the crystal structure and
magnetic properties of YbNiGe, a TiNiSi type structure,
was studied by Gorelenko et al.?*l In 1983, Dzyanyi et al.
reported a series of compounds, YbNiy4Gegg, YbNigos-
Gel.75, YbNiGez, YbNiGe3, YbNi5G63, Yb2Ni15_1Gel_9,
Yb,NiGeg, and YbsNi;;Gey, and they proposed the phase
diagram of the Yb-Ni-Ge system for the first time.?* Yb-
NisGe; orders antiferromagnetically at 2.7 K.[?5] Magnetic
and transport properties of Yb,NiGes and YbNiGe; were
studied in detail 228 Recently, we reported the synthesis
of YbNiGe, using In as a metallic flux.?) YbNiGe, crys-
tallizes in the orthorhombic Immm space group and pos-
sesses the YIrGe, structure type.
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During our phase investigations of the Yb-Ni-Ge sys-
tem, we used liquid indium as flux medium as a convenient
and powerful tool in exploring new phases.[*” In this paper,
we report the new compound YbsNiyGe;q, with the
ScsCo4S1;, type structure. The synthesis and crystal struc-
ture as well as magnetization and heat capacity data for
YbsNiyGe;q are presented.

Results and Discussion

Reaction Chemistry

YbsNiyGe, was obtained from Yb/Ni/Ge reactions in
liquid In, from which the new tetragonal phase was isolated
in high yield (>95%). The light gray rod-shaped single crys-
tals up to 5 mm in length were stable in air, and no decom-
position was observed even after several months. SEM
images of typical rod-like crystals of YbsNiyGe;, as grown
from the flux synthesis are shown in Figure 1. Other syn-
thetic techniques such as arc melting, high-frequency induc-
tion heating, or direct heating in resistive furnaces were not
successful in producing the title compound.

S$3400 25.0 kV 10.0 mm X 120 SE

Figure 1. SEM image of two overlapping typical single crystals of
Yb5Ni4Gelo.

Crystal Chemistry

A projection of the YbsNiyGe,q structure is shown in
Figure 2A. YbsNiyGe, crystallizes in a primitive tetragonal
lattice (P4/mbm) of ScsCo4Siyy type structure. The Ybs-
Ni,Ge;y compound is composed of a complex [NiyGe,o]*~
polyanion network with three types of one-dimensional
channels, propagating along the ¢ axis, in which the ytter-
bium ions are embedded.

The pentagonal channels are formed by [Ni,Ges] five-
membered rings, which are interconnected along the ¢ axis
by Ni-Ge3-Ni zigzag chains. Yb2 atoms are sandwiched
between the pentagonal rings. The second tunnel is based
on planar [Ni,Ge,] hexagonal rings. In these, Gel-Gel and
Ge2-Ge2 dimers are interconnected by two Ni atoms to
form hexagonal rings that are stacked and bridged by Ge3
atoms along the c¢ axis (Figure 2B). Similar to the Yb2
atoms in the pentagonal tunnels, Yb3 atoms are also sand-
wiched between the hexagonal rings. The widest channels
3964
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Figure 2. (A) The structure of YbsNiyGej, as viewed along the ¢
axis; the unit cell is outlined. (B) (i) Projection of hexagonal and
pentagonal rings along the ab plane, and (ii) their propagation
along the ¢ axis through Ni-Ge-Ni zigzag chains. (C) Coordination
environment for all three Yb atoms in YbsNiyGe;o. No atoms are
shown that have bond lengths longer than 3.5 A.

in the structure are built from stacked alternating planar
octagonal and square rings interconnected through Ni-Ge2
and Ge3-Ge3 bonds, in which the octagons are composed
of alternating four Ni and four Ge2 atoms, and the square
rings are composed of four Ge3 atoms. Ybl atoms sit in
the center of the octagonal rings. The Ge3-Ge3 distance
in the square ring can be considered as a weak bonding
interaction, because of the large interatomic distance of
2.9162(3) A. The large Ge-Ge distances were observed in
YbsT,Geo (T = Co, Rh, Ir) compounds as well.[Z]

The interlayer Ni-Ge distances [2.3397(4) A] are shorter
and stronger than the intralayer Ni-Ge distance
[2.4308(3) A and 2.3806(3) A], and all Ni-Ge distances are
shorter than the sum of the covalent radii of 2.77 A3
which indicates strong Ni-Ge interactions. The Ni-Ge
interlayer distances are comparable to 2.327 A in Yb-
NiGe,,””! and the Ni-Ge intralayer distances are compar-
able to 2.428 A in YbNiGe,242.404 A in YbNi,Ge,,** and
2421 A YbsNi;;Ge,2Y The Gel-Gel [2.466(3) A] dis-
tances are similar to those in the diamond modification of
germanium (2.45 A).34
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Crystallographically, there are three different Yb sites in
YbsNiyGe;y, and the coordination environment around
each (Figure 2C) is significantly different. The Ybl atom,
located at the hexagonal tunnel, is in contact with four Ni
atoms and 10 Ge atoms. The Yb2 atom has a coordination
with eight Ge and four Ni atoms, whereas the Yb3 atom is
surrounded by ten Ge atoms and four Ni atoms. Because
of the different size of Yb coordination environment, a wide
range for the Yb-Ni distances [2.8470(3)-3.2270(4) A] and
Yb-Ge [2.9820(3)-3.2919(3) A] is observed. The average
distance obtained for Yb3-Ge, 3.1824 A, is longer than the
corresponding distance for Ybl-Ge and Yb2-Ge with
3.0227 and 2.955 A, respectively. Similarly, the average dis-
tance obtained for Yb3-Ni, 3.2919 A, is also longer than
the corresponding distance for Ybl-Ni and Yb2-Ni with
3.1086 and 2.9820 A, respectively. Considering the possibil-
ity of mixed-valent behavior of the ytterbium atoms, as it
is evident from the magnetic susceptibility measurements
(discussed below), the Ybl and Yb2 sites appear to be occu-
pied with smaller Yb3* and the Yb3 site with larger Yb?*
atoms.

Magnetism

The magnetic susceptibility measurements on Ybs-
NiyGeo samples indicate a paramagnetic substance, which
reveals the presence of Yb3* species in the structure. In Fig-
ure 3 the molar magnetic susceptibility (y,, = M/H) mea-
sured in a field of 5 kOe is shown. No long-range magnetic
order could be observed down to 2 K. The susceptibility
rises with decreasing temperature as observed for paramag-
nets. However, the inverse susceptibility (y,, '), plotted on
the right axis of the Figure 3, shows significant deviation
from linearity below 100 K. From the linear region (200—
300 K), the calculated value for the paramagnetic Curie
temperature (6,,) is —73.6 K. The relatively large and nega-
tive ¢, value indicates predominantly antiferromagnetic
coupling between the Yb moments. Another point to notice
is the effective Bohr magneton number (u.rr) observed from
the linear fit. The observed value of p.g is 8.1 pg per for-
mula unit, which corresponds to 3.6 pug/Yb ion. The calcu-
lated value of magnetic moment for a free trivalent ytter-
bium (4f'3) ion is 4.55 pg (for g = 8/7, J = 7/2, L = 3 and
S = 1/2). However, in light of the crystal chemistry dis-
cussed above, which suggests 2/3 of the Yb per formula is
trivalent and the rest is divalent, we can consider only three
Yb3* ions per formula. In this scenario, the moment value
calculated is 4.6 pg/YDb ion, which is closer to the expected
free ion Yb*" moment. We have also measured the low-field
magnetic susceptibility of YbsNiyGe,, under zero-field-co-
oled and field-cooled conditions of the sample by applying
a field of 100 Oe. The data is plotted as an inset to Figure 3.
The absence of any anomaly in y,,(7) and ZFC-FC bifur-
cation rules out any long-range magnetic ordering in this
compound as well as any magnetic frustration. In Figure 4,
magnetization measured at 7 = 2 and 300 K is plotted as a
function of field. At 300 K, M varies linearly with H, indi-
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cating a complete paramagnetic state. The low-temperature
data also supports the persistent paramagnetic state of the
compound, as the data can be fitted to the Brillouin func-
tion for Yb** (¢ = 8/7 and J = 7/2).
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Figure 3. Molar magnetic susceptibility (y = M/H) for YbsNi,Gej
measured in a field of 5 kOe. The inverse susceptibility (') is also
plotted. The straight line passing through the data points is the
linear fit of the Curie—Weiss law. The paramagnetic Curie tempera-
ture (0,) and the effective Bohr magneton number (pg), calculated
from the slope of the Curie—Weiss fit are also shown in the figure
The inset shows the low-field (H = 100 Oe) susceptibility measure-
ment in the zero-field-cooled (ZFC) and field-cooled (FC) states of
the sample.
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Figure 4. Magnetization (M) measured as a function of field (H)
at 7= 2 and 300 K.

Specific Heat

The absence of long-range magnetic ordering in Ybs-
NiyGe;, was already observed from the magnetic suscep-
tibility measurements. Further evidence for this can be
found in the plot of specific heat, (C) shown in Figure 5. C
decreases as the temperature is lowered. C(7) does not exhi-
bit any anomaly, thus ruling out any type of long-range
phase transitions. C(7) has been shown in different forms
3965
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as insets in Figure 5. The observed specific heat at low tem-
peratures can be described by the equation C = yT + BT°,
which describes that the total specific heat of the sample
comprises the contributions from the electronic part (coefti-
cient of electronic specific heat, ) and the lattice part (f).
Thus, at low temperatures C should vary as a function of
T?, that is, the plot of C/T vs. T? should be a straight line.[>]
Such a plot is convenient for calculating the values of both
y and f.

200 :
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Figure 5. Specific heat (C) measured as a function of temperature
for YbsNiyGe;o. The insets exhibit the variation of C/T as a func-
tion of T (left-top inset, data plotted on log scale) and 72 (right-
bottom inset). A straight line is drawn through the data points in
the left-top inset to highlight the linear variation of C/T with re-
spect to T at temperatures below 5 K, to show the possibility of
non-Fermi-liquid-like behavior in YbsNiyGey.

However, it is quite intriguing to observe that C/T does
not vary linearly with 72, and at low temperatures (below
5 K) there is a clear upturn. On a log-scale, there is a linear
variation of this upturn as a function of 7 as shown by the
straight line passing through the data points in the top inset
in Figure 5. This observation along with the absence of a
long-range magnetic order in magnetic susceptibility fulfills
two of the three signatures for a non-Fermi-liquid-like be-
havior in this compound below 5 K.[3¢] Another interesting
point to observe is the behavior of C(7) at temperatures
between 5 and 10 K. In this region, the heat capacity nei-
ther varies linearly with 7 nor does it decrease as a function
of T. It appears as if the system enters the non-Fermi-liquid
state via an intermediate state. More calorimetric, trans-
port, and structural experiments are required to probe this
interesting behavior of YbsNiyGe, in detail.

Concluding Remarks

The new compound YbsNiyGe;, was obtained from re-
actions in molten In over a broad range of synthetic condi-
tions. The flux method proves to be an excellent tool for
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discovering new intermetallic compounds with complex
crystal  structures. The room-temperature structure
(ScsCo4Si type) was refined from single-crystal X-ray dif-
fraction data. The magnetization data exhibits absence of
long-range magnetic interaction; however, short-range mag-
netic correlations do exist in the system. The specific heat
measurements exhibit signatures of a non-Fermi-liquid-like
behavior below 5 K. It is expected that band-structure cal-
culations on this compound might yield important infor-
mation regarding the electronic structure and its influence
on the physical properties. Systematic temperature and
magnetic-field-dependent structural, thermal, transport,
and magnetic measurements of YbsNiyGe,q will bring out
the underlying physical phenomenon.

Experimental Section

Reagents: The following reagents were used as purchased without
further purification: Yb (in the form of powder ground from the
metal lump, 99.99% HEFA Rare Earth Canada Co. Ltd), Ni (ca.
200 mesh, 99.95% Cerac, Milwaukee, WI), Ge (ca. 100 mesh,
99.999% Cerac, Milwaukee, WI), and In (tear drops 99.99% Plas-
materials, Livermore, CA).

Synthesis: YbsNiyGe,, was obtained by combining ytterbium metal
(0.3 g, Smmol), nickel (0.08 g, 4 mmol), germanium (0.26 g,
10 mmol), and indium (1.79 g, 45 mmol) in an alumina crucible
under an inert nitrogen atmosphere inside a glove box. The crucible
was placed in a 13 mm fused silica tube, which was flame-sealed
under a vacuum of 10~ Torr, to prevent oxidation during heating.
The reactants were then heated to 1000 °C over 10 h, maintained
at that temperature for 5 h to allow proper homogenization, then
cooled to 850 °C in 2 h and kept at this temperature for 48 h. Fi-
nally, the sample was allowed to slowly cool to 50 °C over 48 h.
The reaction product was isolated from the excess indium flux by
heating at 350 °C and subsequently centrifuging through a coarse
frit. Any remaining flux was removed by immersion and sonication
in glacial acetic acid for 48 h. The final crystalline product was
rinsed with water and dried with acetone. This method produced
the target compound with ca. 99% purity and in a yield more than
95% on the basis of the initial amount of Yb metal used in the
reaction. Main side products were very small amounts of recrys-
tallized Ge and residual In metal flux. Rod-shaped crystals, often
aggregated in bundles, of YbsNiyGe,o, which grow as metallic sil-
very rods, were carefully selected for elemental analysis, structure
characterization, and physical property measurements.

Elemental Analysis: Semi-quantitative microprobe analyses of the
samples were performed with a Hitachi S-3400 scanning electron
microscope (SEM) equipped with a PGT energy dispersive X-ray
analyzer. Data were acquired with an accelerating voltage of 20 kV
and in 60 s accumulation time. The EDS analysis performed on
visibly clean surfaces of the samples indicated that the atomic com-
position was close to 5:4:10.

Powder X-ray Diffraction: Phase identity and purity of the Ybs-
NiyGejo sample was determined by powder XRD experiments that
were carried out with an Inel diffractometer by using Cu-K,, radia-
tion. The experimental powder pattern was compared to patterns
calculated from the single-crystal X-ray structure refinement.

Single-Crystal X-ray Diffraction: The X-ray intensity data of Ybs-
NiyGeyo were collected at room temperature by using a STOE
IPDS 2T (with additional capability of 26 swing of the detector)
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diffractometer with graphite-monochromatized Mo-K, (4 =
0.71073 A) radiation. The X-AREA (X-RED and X-SHAPE
within) package suite®!l was used for the data extraction and inte-
gration and to apply numerical absorption corrections. Details of
the crystallographic data are given in Table 1.

Table 1. Crystal data and structure refinement for YbsNiyGe.

Empirical formula YbsNiy,Gey

Formula weight 1826.06

Temperature (K) 293(2)

Wavelength (A) 0.71073

Crystal system Tetragonal

Space group P4lmbm

Unit cell dimensions

a(A) 12.6716(18)

b (A) 12.6716(18)

¢ (A) 4.1598(8)

a (°) 90.00

£ 90.00

7 (°) 90.00

Volume (A?) 667.94(19)

Z 2

Calculated density (g/cm?) 9.079

Absorption coefficient (mm™) 62.156

F(000) 1563

Crystal size (mm?) 0.12X0.08 X 0.08

0 range for data collection (°) 3.22 to 29.14

Index ranges 17T=h=17,
-17=k=17,
S=I=5

Reflections collected 5926

Independent reflections 542 [Riy = 0.0668]

Completeness to ¢ = 29.14° 99.8%

Refinement method Full-matrix least-squares on /2

Data/restraints/parameters 542/0/34

Goodness-of-fit 1.279

Final R indices [> 26(/)] Rops = 0.0302, wRy,s = 0.0430
R indices [all data] Ry = 0.0365, wRy; = 0.0441
Extinction coefficient 0.0075(2)

Largest diff. peak and hole (eA3) 1.764 and —1.782

[a] R = Z||Fy| — [FVEIF, wR = {Z[w(Fo* — [FLYYZIw(FoH]}
and caled. w = 1/[c%(F,?) + (0.0095P)*> + 8.8012P] where P = (F,?
+ 2F.2)/3.

The room-temperature data set of YbsNi,Ge;, was compatible with
space group P4/mbm. The atomic parameters of ScsCo4Sijy were
then taken as starting values, and the structure was refined with
SHELXL-97 (full-matrix least-squares on F?)13?l with anisotropic
atomic displacement parameters for all atoms. Refinement of the
occupancy parameters showed full occupancy within two standard

Table 2. Atomic coordinates (X 10%) and equivalent isotropic dis-
placement parameters (A2 X 10%) for YbsNiyGe;, at 293(2) K with
estimated standard deviations in parentheses.

Wyckoff

Occu-

Label site ’ Y - pancy Ueg'™
Ybl 4h 0 0 0 1 4(1)
Yb2 4h 3227(1) 8227 (1) 5000 1 4(1)
Yb3 2a 3902(1) 1098(1) 5000 1 5(1)
Ni 8i 2437(1) 9717(1) 0 1 4(1)
Gel 4g 4312(1) 9312(1) 0 1 4(1)
Ge2 8i 2008(1) 1546(1) 0 1 7(1)
Ge3 8/ 5040(1) 3373(1) 5000 1 7(1)

[a] Uq is defined as one third of the trace of the orthogonalized
Ujj tensor.
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deviations. The final difference electron-density synthesis was flat.
The results of the structure refinement are summarized in Table 1.
The atomic coordinates and the anisotropic displacement param-
eters are listed in Tables 2 and 3. Group bond lengths with esti-
mated standard deviations are listed in Table 4.

Table 3. Anisotropic displacement parameters (A2X 10%) for
YbsNiyGeyp at 293(2) K with estimated standard deviations in
parentheses.[!

Label Un Ux Us; Ui, Uiz Ux
Ybl 4(1) 4(1) 5(1) 0 0 0
Yb2 4(1) 4(1) 4(1) ~1(1) 0 0
Yb3 5(1) 5(1) (1) 0(1) 0 0
Ni 3(1) 2(1) 5(1) 0(1) 0 0
Gel 2(1) 2(1) (1) ~1(1) 0 0
Ge2 4(1) 2(1) 14(1) 1(1) 0 0
Ge3 14(1) 4(1) 4(1) 3(1) 0 0

[a] The anisotropic displacement factor exponent takes the form:
721'[2[112&*2(]11 +... + 2hka*b* U]z].

Table 4. Grouped bond lengths (A) for YbsNiyGe;o at 293(2) K
with estimated standard deviations in parentheses.

Label Distance Label Distance
Ybl-Ge3 X8 2.9287(8) Yb3-Nil X2 3.2916(11)
Ybl-Ni X4 3.1087(13) Ni-Ge3 X2 2.3398(8)
Yb2-Gel X2 2.8470(11) Ni-Ge2 2.3802(17)
Yb2-Ni X4 2.9822(10) Ni-Gel 2.4308(15)
Yb2-Ge3 X2 2.9888(12) Ni-Ge2 2.4599(17)
Yb2-Ge2 X4 2.9921(9) Gel-Gel 2.466(3)
Yb3-Gel X4 3.1171(8) Ge2-Ge2 2.593(2)
Yb3-Ge3 X2 3.2241(12) Ge2-Ge3 X2 2.9323(12)
Yb3-Ge2 X4 3.2269(10) Ge3-Ge3 X2 2.9159(16)

Further details of the crystal structure investigations may be ob-
tained from the Fachinformationszentrum Karlsruhe, 76344 Egg-
enstein-Leopoldshafen, Germany [Fax: (+49)7247-808-666; E-mail:
crysdata@fiz-karlsruhe.de] on quoting the depository number
CSD-422876 for YbsNiyGeo.

Magnetization and Specific Heat Measurements

Magnetic measurements of YbsNiyGejq as a function of tempera-
ture (magnetic susceptibility) and field (magnetization) were carried
out with a Quantum Design made MPMS-SQUID magnetometer
at TIFR-Mumbai, India.

Heat capacity was measured with a Quantum Design Physical
Properties Measurement System (PPMS). An addendum was first
collected on the sample puck containing a small amount of Apie-
zon N grease from 50-2 K for background subtraction. Several sin-
gle crystals of YbsNiyGeo (4.6 mg) were then mounted and mea-
sured under zero applied field within the same temperature range.
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