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a b s t r a c t

Yb3Ga7Ge3 and YbGa4Ge2 were obtained from reactions of Yb and Ge in excess liquid gallium. The

crystal structure of Yb3Ga7Ge3 was refined using X-ray and neutron diffraction data on selected single

crystals. Yb3Ga7Ge3 crystallizes in the monoclinic space group C2/c with lattice constants

a¼12.2261(20) Å, b¼10.7447(20) Å, c¼8.4754(17) Å and b¼110.288(30)1 (neutron diffraction data).

The crystal structure of Yb3Ga7Ge3 is an intergrowth of planar layers of YbGaxGey and puckered layers

of (Ge)n. YbGa4Ge2 crystallizes in a modified PuGa6 structure type in the tetragonal polar space group

I4cm with lattice constants a¼b¼5.9874(6) Å and c¼15.1178(19) Å. The structure of YbGa4Ge2 is an

intergrowth of puckered Ga layers and puckered GaxGey layers with Yb atoms residing within the

channels formed by the connection of the two layers. Physical properties, resistivity (r), magnetic

susceptibility (w) and specific heat (C) were measured for Yb3Ga7Ge3. No magnetic ordering was

observed. It was found that at low temperatures, r varied as T2 and CpT, indicating Fermi-liquid

regime in Yb3Ga7Ge3 at low temperatures.

& 2012 Elsevier Inc. All rights reserved.
1. Introduction

In recent years the use of molten fluxes as reactive solvents for
the discovery synthesis of intermetallic compounds has proven to be
an excellent approach and has produced many novel ternary and
quaternary intermetallic phases [1–9]. Several new pollygallides
with an impressive set of diverse structures and compositions have
been synthesized using Ga as solvent [10–27]. Examples include
Yb2Ga4Ge6 [11], Yb3Ga4Ge6 [11], Eu3Ga4Ge6 [11], Sm2NiGa12 [12],
RERu2Ga8 [15], RE2Ru3Ga10 [15], RE3Ga9Ge (RE¼Y, Ce, Sm, Gd, Yb)
[20], RE2Ru3Ga9 [21], RE1.34Pt4Ga10 [16], RE2NiGa10 (RE¼La, Ce) [17],
RE3NiGa10 (RE¼Ce, Pr, Nd) [18] and Ce3Ni2Ga15 [19] and quaternary
compounds RE4FeGa12�xGex (x¼2.5) [23], RE0.67M2Ga5þn�xGex

(n¼0, 1; x¼0.67; RE¼Sm, Gd-Tm) [24], REMGa3Ge (RE¼Y, Sm, Tb,
Gd, Er, Tm; M¼Ni, Co) [26], RE3Ni3Ga8Ge3 (RE¼Sm, Gd) [26] and
YCo0.88Ga3Ge [27]. Among rare earths, the Yb-containing com-
pounds have particular scientific interest because they can exhibit
two energetically similar electronic configurations: the magnetic
ll rights reserved.
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Yb3þ (4f13) and the nonmagnetic Yb2þ (4f 14) one. Due to this
feature Yb is usually considered as the ‘‘f-hole’’ analog of Ce. In this
case, the roles of the 4f electron and 4f hole can be interchanged, and
many phenomena, such as intermediate valence, Kondo effect or
heavy-fermion behavior, are observed in Ce and Yb analogs [28–30].

Four compounds have been reported in the Yb–Ga–Ge system.
The equiatomic compound YbGaGe [31], when doped [32],
exhibits anomalous thermal expansion properties and crystallizes
in the hexagonal P63/mmc space group. Yb3Ga9Ge [20] adopts the
Ce3Ga9Ge type structure with an open Ga framework containing
straight parallel tunnels. Yb2Ga4Ge6 crystallizes in the polar
orthorhombic Cmc21 space group while Yb3Ga4Ge6 adopts the
monoclinic C2/m space group [11]. Both structures were
described on the basis of the Zintl concept of bonding, in which
the three-dimensional [Ga4Ge6]n� framework serves as a host
and electron sink for the electropositive Yb atoms. One challenge
in these types of compounds is the difficulty in distinguishing
between the Ga and Ge atoms using X-ray diffraction data
because of the very small difference in scattering power. In some
cases it is possible to do so on the basis of reasonable bond
lengths coupled with elemental analysis results. In other cases
neutron diffraction (ND) analysis can help because of the small
but significant difference in scattering length between Ga and Ge.
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Here, we describe Yb3Ga7Ge3 and YbGa4Ge2, two new mem-
bers of the Yb/Ga/Ge family. The crystal structure of Yb3Ga7Ge3

was refined using X-ray single crystal data and the Ga/Ge atomic
site differentiation was investigated with single crystal neutron
diffraction measurements on a large single crystal. A structural
comparison between Yb3Ga7Ge3 and other related compounds
within the Yb–Ga–Ge system is presented. YbGa4Ge2 crystallizes
in a modified PuGa6 structure type adopting the rare polar space
group I4cm. Magnetic susceptibility studies on Yb3Ga7Ge3 show
that it is an intermediate/mixed Yb valent compound exhibiting a
magnetic transition associated with a Yb2þ to Yb3þ valence
change. Resistivity and heat capacity measurements for
Yb3Ga7Ge3 indicate Fermi liquid metallic behavior and there are
indications of valence fluctuations of Yb atoms.
2. Experimental

2.1. Synthesis

Compounds Yb3Ga7Ge3 and YbGa4Ge2 were discovered in
reactions containing Pd. Molten Ga was used as a solvent for
the synthesis of both compounds. Yb (in the form of powder
ground from metal chunks, 99.9%, Chinese Rare Earth Information
Center, Inner Mongolia, China), Pd pieces (99.99%, American
elements, CA), Ga (3 mm shots 99.999%, CERAC Inc.) and germa-
nium pieces (99.999%, Plasmaterials, Livermore, CA) were used as
obtained.

Yb3Ga7Ge3 and YbGa4Ge2 were obtained by combining ytter-
bium, palladium, gallium and germanium in the 3:2:30:6 atomic
ratio. An amount of 300 mg of Yb, 123 mg of Pd, 1.208 g of Ga and
251.8 mg of Ge were used as starting materials. The starting
elements were loaded into alumina crucibles in a nitrogen filled
glove-box. The crucibles were placed into fused silica tubes and
evacuated to approximately 7�10�4 Torr. The tubes were then
placed in a furnace and treated with the following heating profile:
the temperature was raised to 1273 K at 100 K/h and held at
1273 K for 5 h to ensure a proper melt, the furnace was then
cooled to 1123 K in 2 h and kept isothermally at 1123 K for 48 h,
and then cooled to 373 K at 100 K/min. Excess Ga was removed in
a two-step process: first by hot-temperature spin-filtration, for-
cing liquid Ga through specially designed screen filters by
centrifuging at high speed (4300 rpm) for approximately 30 s,
and second by treating the product with a �3 M solution of I2 in
dimethylformamide (DMF) for 12–24 h. The product was subse-
quently rinsed with DMF, hot water, and dried with acetone and
ether. The product mixture contains large (2–3 mm length)
Yb3Ga7Ge3 single crystals as the major phase, a few small single
crystals of YbGa4Ge2 and recrystallized Ge. The resultant crystal-
line products possessed needle to bar-like morphology and
typical metallic luster. In some cases aggregation of needles into
bundles was observed.

The specific synthesis conditions under which YbGa4Ge2 was
discovered appear to be essential for its stabilization. Several
direct attempts made to synthesize YbGa4Ge2 in bulk by varying
the starting composition (including galliumþ indium flux) and
using various techniques such as arc-melting and high frequency
induction heating were unsuccessful. The main products observed
from these experiments (Powder XRD pattern is available in
supporting information) were the more thermodynamically
stable YbGaGe [31] and YbGa2 [33].

2.2. Powder X-ray diffraction

Phase identity and purity of the Yb3Ga7Ge3 sample was
determined by powder XRD experiments that were carried out
on an Inel diffractometer using CuKa radiation. The experimental
powder pattern was compared to patterns calculated from the
single crystal structure refinement.

2.3. Elemental analysis

Quantitative microprobe analyses of the compounds 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 a
60 s accumulation time. The EDS analyses taken on visibly clean
surfaces of Yb3Ga7Ge3 crystals gave the atomic composition of
23(71)% Yb, 54(71)% Ga and 23(71)% Ge, which is in very good
agreement with the results derived from the single crystal X-ray
and neutron diffraction refinements. For YbGa4Ge2 single crystals,
the EDS analysis gave the atomic composition of 14(71)% Yb,
57(71)% Ga and 29(71)% Ge is fairly good agreement with the
single crystal X-ray diffraction results gave atomic compositions
in good agreement. EDS data were acquired using 1 min exposure
time. The presence of Pd in both compounds was ruled out by
increasing the exposure time of the beam to more than 5 min.

2.4. Single crystal X-ray diffraction

The X-ray intensity data of Yb3Ga7Ge3 and YbGa4Ge2 were
collected at room temperature using a STOE IPDS 2 T diffract-
ometer with graphite-monochromatized MoKa (l¼0.71073 Å)
radiation. The X-AREA (X-RED and X-SHAPE within) package suite
[34] was used for the data extraction, integration and application
of analytical absorption corrections. The structures of Yb3Ga7Ge3

and YbGa4Ge2 were solved by direct methods and refined using
JANA2006 [35] with anisotropic displacement parameters for
all atoms.

Initial indexing of the X-ray diffraction data of Yb3Ga7Ge3

provided the lattice constants a¼12.219(1) Å, b¼10.737(1) Å,
c¼8.4708(8) Å, b¼1101 with a monoclinic Cc space group. The
refinement converged to the residuals R1¼0.068 and wR2¼0.128.
However, the presence of a center of symmetry observed in the
structure and the experimental [E2

�1] value (0.899) close to the
theoretical centrosymmetric value (0.968) pointed towards a
centrosymmetric space group. In the next step, we considered
the C2/c space group and refined the crystal structure success-
fully. The asymmetric unit of Yb3Ga7Ge3 contains a total of eight
atomic positions. Two Yb atoms reside at 4e and 8f positions and
the other six positions (two 4e and four 8f) are shared by Ga and
Ge atoms. The refinement converged to the residuals R1¼0.0508
and wR2¼0.1235. Due to the very small difference in X-ray
scattering it is difficult to distinguish between the Ga and Ge
atoms. Another attempt to distinguish Ga and Ge was done on the
basis of bond distances but was inconclusive. Except for Yb-(Ge/
Ga)(2) (3.202(2) Å), all other Yb-(Ge/Ga) bond distances are
within a small range (3.0494(13)–3.1038(15) Å). The final refine-
ment of Yb3Ga7Ge3 was done on the basis of the available single
crystal neutron diffraction.

Successful refinement for YbGa4Ge2 was accomplished only in
the polar tetragonal space group I4cm. ND data could not be
obtained to differentiate the Ga and Ge atoms due to the small
size of the single crystals. Structure refinement, however, was
successfully done on the basis of bond lengths and consistency
with EDS elemental analysis, as done in previous works [11,20].
The shortest bond to Yb in YbGa4Ge2 is 3.052(6) Å and was
assigned as Yb–Ge because Ge has a smaller covalent radius
(1.22 Å) compared to Ga (1.26 Å). A total of five atomic positions
were observed in the asymmetric unit of YbGa4Ge2. The Yb atom
resides at the 4b position, the three Ga atoms occupy 4a and 8c

sites, and the Ge atom is found at 8c. The refinement of Ge and
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Ga(1) positions resulted in slightly enlarged isotropic displace-
ment parameters (Ueq is 20(1)�10�3 and 21(1)�10�3 Å2 for Ge
and Ga(1), respectively) but the refinement converged to the
acceptable residuals of R1¼0.0469 and wR2¼0.1255. An attempt
to mix the Ga and Ge positions did not help lower the isotropic
displacement parameters for Ga(1) and Ge atoms. The details of
the data collection and crystallographic refinement of YbGa4Ge2

are given in Table 1. A list of atomic positions, isotropic displace-
ment parameters and bond distances are shown in Tables 2 and 3.
The anisotropic displacement parameters of YbGa4Ge2 are avail-
able in supporting information.
Table 1
Crystal data and details of structure refinement for YbGa4Ge2 and Yb3Ga7Ge3.

Further details on the structure refinements are availablea.

Molecular formula YbGa4Ge2 Yb3Ga7Ge3

Diffraction method X-ray Neutron

Formula weight 597.1 1227.48

Temperature 293(5) 298 K

Space group I4cm C2/c

a (Å) 5.9874(6) 12.2261(20)

b (Å) 5.9874(6) 10.7447(20)

c (Å) 15.1178(19) 8.4754(17)

b (deg) 90 110.288(30)

V (Å3) 541.96(10) 1044.3(4)

Z 4 4

r (g cm�3) 7.3156 7.868

Data collection technique time-of-flight Laue

m 47.428 mm�1 0.565þ0.275 l cm�1

Reflections collected 1642 896

Parameters 23 84

R1
b [I42s(I)], wR2

c 0.0476, 0.1395

R indices Rw(F2)d, R(F2)e 0.096, 0.149

R indices Rw(F)f, R(F)g 0.047, 0.089

a Details may be obtained from: Fachinformationszentrum Karlsruhe,

D-76344 Eggenstein-Leopoldshafen (Germany), by quoting the Registry No’s.

CSD– 423995 (Yb3Ga7Ge3) and CSD– 423996 (YbGa4Ge2).
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Table 2
Atomic coordinates (�104) and equivalent isotropic displacement parameters

(Å2
�103) for YbGa4Ge2 at 293(5) K with estimated standard deviations in

parentheses.

Label Wyckoff site x y z Occupancy Ueq
a

Yb 4b 5000 0 5823.15 1 6(1)

Ge 8c 3383(4) 8383(4) 4018(5) 1 22(1)

Ga(1) 8c 2121(5) 7121(5) 2539(4) 1 19(1)

Ga(2) 4a 0 0 9953(4) 1 9(2)

Ga(3) 4a 0 0 1586(5) 1 10(2)

a Ueq is defined as one-third of the trace of the orthogonalized Uij tensor.

Table 3

Selected bond lengths (Å) for YbGa4Ge2 at 298 K with estimated standard

deviations in parentheses.

Atoms Distance (Å) Atoms Distance (Å)

Yb–Ge�2 3.054(7) Ge–Ga(1) 2.478(9)

Yb–Ga(1)�2 3.155(5) Ge–Ga(1)�2 3.178(7)

Yb–Ga(2)�4 3.270(2) Ge–Ga(2)�2 2.653(6)

Yb–Ga(3)�4 3.208(3) Ga(1)–Ga(1)�4 3.028(5)

Ge-Ge 2.738(4) Ga(1)–Ga(3)�2 2.581(6)
2.5. Single crystal neutron diffraction

ND data on Yb3Ga7Ge3 were obtained at the Lujan Neutron
Scattering Center at Los Alamos National Laboratory using the
time-of-flight Laue single-crystal diffractometer (SCD) [36]. The
description of the instrument [36] and details of the data collec-
tion and analysis procedures have been published previously [37].
Refinement of the neutron structure confirmed our original X-ray
refinement model (including bond distances).

At the Lujan Neutron Scattering Center, pulses of protons are
accelerated into a tungsten target at a frequency of 20 Hz to
produce pulses of neutrons by means of the spallation process.
The SCD on FP6 views a room temperature water moderator with
a moderator-to-sample distance of 755 cm. Exploiting the pulsed
nature of the source, neutron wavelengths are determined by
time-of-flight based on the de Broglie equation l¼(h/m)(t/l),
where h is Planck’s constant, m is the neutron mass and t is the
time-of-flight for a flight path l, so that the entire thermal
spectrum of neutrons can be employed. Using position-sensitive
area detectors and a range of neutron wavelengths, a solid volume
of reciprocal space is sampled with each stationary orientation of
the sample and the detectors. The SCD has two 6Li-glass scintilla-
tion position-sensitive area detectors, each with an active area of
15�15 cm2 and a spatial resolution of 1.5 mm. The detectors are
centered at scattering angles of 751 and 1201 and with crystal-to-
detector distances of 23 and 18 cm, respectively.

A crystal of Yb3Ga7Ge3, with an approximate volume of
0.55 mm3, was glued to an aluminum pin that was mounted on
the SCD diffractometer. For each setting of the diffractometer w
and j angles, data were stored in three-dimensional histogram
form with coordinates x, y, t corresponding to horizontal and
vertical detector positions and the time-of-flight, respectively.
Data were analyzed using the ISAW software package in addition
to other local SCD programs [38]. Bragg peaks in the recorded
histograms were integrated about their predicted locations and
were corrected for the Lorentz factor, the incident spectrum and
the detector efficiency. A wavelength-dependent spherical
absorption correction was applied using cross-sections from Sears
[39] (m(cm–1)¼0.565þ0.275l). Symmetry-related reflections
were not averaged since different extinction factors are applicable
to reflections measured at different wavelengths.

The GSAS software package was used for structural analysis
[40]. The atomic positions of the X-ray diffraction structure were
used as a starting point in the refinement. The refinement was
based on F2 reflections with a minimum d-spacing of 0.7 Å for the
neutron data. Weights were assigned as w(Fo

2)¼1/[(s(Fo
2)]2 where

s2(Fo
2) is the variance based on counting statistics. Data collection

for the neutron diffraction data is summarized in Table 1. The
refinement parameters and the selected bond distances are given
in Tables 4 and 5. The anisotropic displacement parameters are
available in supporting information.
Table 4
Atomic coordinates (�104) for Yb3Ga7Ge3 obtained from the single crystal

neutron diffraction refinement. The mixed sites of Ga and Ge are represented as

Ge sites (Ge(1), Ge(2) and Ge(3)) because Ge is the strong scatterer in neutron

diffraction. Occupancy of mixed sites corresponds to the gallium atoms.

Atom Wyckoff site x y z Occupancy

Yb1 8f 1914(3) 1(2) 956(2) 1

Yb2 4e 0 7130(3) 2500 1

Ga1 8f 56(5) 1940(3) 930(4) 1

Ga2 4e 0 4151(4) 2500 1

Ge1 8f 1140(4) 5003(3) 574(4) 0.911(16)

Ge2 8f 2038(4) 2888(3) 1050(4) 0.903(15)

Ge3 8f 1951(4) 7147(3) 945(4) 0.975(15)

Ge4 4e 5000 4957(3) 2500 1



Table 5

Selected bond lengths (Å) for Yb3Ga7Ge3 at 298 K with estimated standard

deviations in parentheses as obtained from the single crystal neutron diffraction

refinement.

Atoms Distance (Å) Atoms Distance (Å)

Yb(1)–Ga(1) 3.077(5) Yb(2)–Ge(2) 3.172(4)

Yb(1)–Ga(1) 3.168(5) Yb(2)–Ge(2) 3.494(5)

Yb(1)–Ga(2) 3.6544(32) Yb(2)–Ge(3) 3.100(4)

Yb(1)–Ge(1) 3.075(5) Yb(2)–Ge(4) 3.038(5)

Yb(1)–Ge(2) 3.1050(33) Ga(1)–Ga(1) 2.713(6)

Yb(1)–Ge(2) 3.314(4) Ga(1)–Ga(2) 2.735(5)

Yb(1)–Ge(2) 3.3446(34) Ga(1)–Ge(2) 2.597(7)

Yb(1)–Ge(3) 3.0671(32) Ga(1)–Ge(3) 2.609(7)

Yb(1)–Ge(3) 3.407(4) Ga(1)–Ge(4) 2.525(4)

Yb(1)–Ge(3) 3.3760(34) Ga(2)–Ge(1) 2.650(4)

Yb(1)–Ge(4) 3.0525(25) Ge(1)–Ge(1) 2.614(9)

Yb(1)–Ge(4) 3.0506(27) Ge(1)–Ge(2) 2.495(4)

Yb(2)–Ga(1) 3.0519(32) Ge(1)–Ge(3) 2.485(4)

Yb(2)–Ga(2) 3.201(5) Ge(2)–Ge(2) 2.556(6)

Yb(2)–Ge(1) 3.377(4) Ge(2)–Ge(3) 2.543(4)

Yb(2)–Ge(1) 3.3857(35) Ge(3)–Ge(3) 2.537(6)
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ND data refinements show that Yb(1), Yb(2), Ga(1), Ga(2) and
Ge(4) are fully occupied. The mixed sites of Ga and Ge are
represented as Ge sites (Ge(1), Ge(2) and Ge(3)) because Ge is
the strong scatterer in neutron diffraction. The composition
obtained from the ND refinement is in good agreement with the
composition indicated by the EDS analysis. In order to evaluate
the Ga/Ge ratio on the 6 sites assigned to these atoms, the atom
type for all 6 sites was set to Ge (the stronger scatterer) and the
fractional occupancy of each site was refined. The scattering
lengths for Ga and Ge are bGa¼7.288 and bGe¼8.185 fm. The
product of the ‘‘fractional occupancy,’’ FRAC, times the scattering
length, bGe, is the observed scattering length, bobs, for that site,
assuming the site is fully occupied. Then,

bobs ¼ xbGaþð1�xÞbGe and x¼ ðbGe�bobsÞ=ðbGe�bGaÞ

Refinement of independent occupancies resulted in a range of
0.868(21)–1.028(25), where a value of 0.890 is a fully occupied Ga
site and 1.0 is a full occupied Ge site. Atoms Ga(1) and Ga(2) were
close to fully occupied Ga and Ge(4) was close to fully occupied
Ge, and were set to these values and their occupancies were not
refined. The occupancies of atoms Ge(1), Ge(2) and Ge(3) were
refined in the final model. From the above equations, the overall
stoichiometry is Yb:Ga:Ge¼3:6.85(20):3.15(9), or Yb3Ga7Ge3

rounded off to the nearest integers.
2.6. Magnetism

Magnetization measurements for Yb3Ga7Ge3 were conducted
on selected single crystals using a Quantum Design MPMS SQUID
magnetometer. Temperature dependence data were collected for
both zero field cooled (ZFC) and field cooled mode (FC) between
2 and 300 K, with applied fields of 1 kG. The field-dependent
magnetic measurements, conducted at 5 K, were carried out in
fields up to 755 kG. A diamagnetic correction was applied to the
data to account for the core diamagnetism.
Fig. 1. SEM image of typical Ga flux grown crystals of (a) Yb3Ga7Ge3 and

(b) YbGa4Ge2.
2.7. Electrical resistivity

Electrical resistivity on selected crystals of Yb3Ga7Ge3 was
measured over the temperature range of 2–300 K using a four-
probe dc technique with contacts made with silver paste. The
measurements were conducted using a Quantum Design PPMS
magnetometer.
2.8. Heat capacity

Heat capacity (Cp) measurements were performed on several
single crystals of Yb3Ga7Ge3 by the relaxation method using a QD-
PPMS. The sample was adhered to a calibrated HC-puck using
Apiezon N grease. Cp was measured in the 2–50 K range with no
applied magnetic fields (H). The electronic and phonon contribu-
tions to the heat capacity were derived by fitting the Cp/T vs.
T plot using the Debye function [41] within the temperature range
2–50 K.
3. Results and discussion

3.1. Reaction chemistry

The compounds Yb3Ga7Ge3 and YbGa4Ge2 were obtained from
reactions of Yb/Pd/Ge in liquid Ga. The new monoclinic phase of
Yb3Ga7Ge3 was isolated in high yield (490%), whereas the
tetragonal phase YbGa4Ge2 was present in minor quantities.
Powder XRD of ground single crystals of Yb3Ga7Ge3 compared
with simulated powder pattern obtained from the single crystal
refinement is available in the supporting information. Attempts to
synthesize Yb3Ga7Ge3 starting from the ideal composition and in
the absence of Pd favored the formation of the previously
reported compound Yb3Ga4Ge6 [11]. We did not observe crystals
of Yb3Ga7Ge3 from similar reactions with other transition metals
such as Ru, Rh and Ag. We speculate that palladium could act as a
nucleating agent for the formation of Yb3Ga7Ge3 and YbGa4Ge2.
The unreacted Pd was observed in the chunk left over after
manually separating single crystals from the reaction mixture. A
similar behavior was reported in the case of Yb5Al2Sb6 [42] and
YbGe2.83 [43]. Other synthetic techniques such as arc melting,
high frequency induction heating, and direct stoichiometric reac-
tion in resistive furnaces also failed to produce the title com-
pounds (Supporting information).

The single crystals of Yb3Ga7Ge3 grow as metallic silver rods
and appear to be stable in air indefinitely. SEM images of typical
crystals of Yb3Ga7Ge3 and YbGa4Ge2 as grown from the flux
synthesis are shown in Fig. 1. Reaction byproducts were recrys-
tallized germanium, PdGa5 and a few polygonal-shaped crystals
of YbGa4Ge2, which could be easily distinguished and removed
when necessary. Fig. 1b depicts a SEM image of a typical single
crystal of YbGa4Ge2.

3.2. Crystal structure

3.2.1. Yb3Ga7Ge3

The structure of Yb3Ga7Ge3 is closely related to that of
Yb3Ga9Ge (Ce3Ga9Ge type), see Fig. 2a. Yb3Ga7Ge3 crystallizes in
the monoclinic C2/c space group (a¼12.2261(20) Å,
b¼10.7447(20) Å, c¼8.4754(17) Å and b¼110.288(30)1), which
derives from the reduced orthorhombic cell of Yb3Ga9Ge



Fig. 2. (a) Projection of the structure of Yb3Ga7Ge3 along the c-axis. Ge(1), Ge(2) and Ge(3) are Ga/Ge mixed positions and represented as Ge. (b) The two-dimensional

puckered layer and (c) the Yb–Ga–Ge plane viewed along the a-axis.

Fig. 3. Comparison of the three structures of Yb3Ga9Ge1, Yb3Ga7Ge3 and Yb3Ga4Ge6. Ge(1), Ge(2) and Ge(3) in Yb3Ga7Ge3 are Ga/Ge mixed positions and marked as Ge.

Fig. 4. (a) Column of Ga and Ge atoms from the structures of Yb3Ga7Ge3 and

Yb3Ga9Ge1. (b) The ribbons are extended along the a-axis as zig-zag chains and

coordinated to other ribbons.
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(a¼8.5037(18) Å, b¼23.007(4) Å, c¼10.7860(3) Å) (Fig. 3a). The
crystal structure of Yb3Ga7Ge3 is complex featuring a three-
dimensional (3D) framework of [Ga7Ge3]n� with Yb atoms filling
the voids. For the sake of simplicity it is worthwhile to sub-divide
the structure into 2 two-dimensional (2D) units: a puckered (Ge)n

layer (Fig. 2b) and a planar Yb(2)(GaGe)n layer (Fig. 2c). These 2D
motifs alternate along the a-axis and the Yb(1) atoms are inserted
in the remaining voids. The puckered layer is made of 8-mem-
bered boat-shaped rings condensed into a 2D puckered layer by
sharing all eight sides with adjacent rings. The planar layers are
made up of Ga3Ge1 rhombic units interconnected with
Yb(2) atoms. This planar layer is made of ribbons separated along
the b-axis with Yb(2)–Ga(2) distances of 3.2021(6) Å. Alterna-
tively, in both Yb3Ga9Ge and Yb3Ga7Ge3 structures (Figs. 3a and
3b, respectively) the Ge atoms form puckered fragments, as
shown in Fig. 4, which are connected side by side with other
(GaGe)n fragments to form the 3D framework structure.

It is interesting to further compare the crystal structure of
Yb3Ga7Ge3 with Yb3Ga4Ge6 [11] (Fig. 3). Yb3Ga7Ge3 and
Yb3Ga4Ge6 have different Ga/Ge frameworks (Fig. 3b and c,
respectively). In Yb3Ga4Ge6, the framework forms different types
of tunnels that are filled with Yb atoms except for the smaller
five-membered tunnels. The average Ga–Ge distance of 2.623 Å in
Yb3Ga7Ge3 is slightly longer than those in Yb3Ga9Ge (2.57 Å) [20]
and in Yb3Ga4Ge6 (2.54 Å) [11].

The local coordination environments of the Yb atoms within a
radius of 3.5 Å and of Ga and Ge atoms within 3.0 Å are presented
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in supporting information. Both Yb atoms are coordinated with
12 Ga and Ge atoms, but the nature of the coordination spheres is
different. Yb(1) has almost a spherical coordination sphere and
Yb(2) has a butterfly-shaped coordination environment. The
average Yb–Ga and Yb–Ge distances in the coordination environ-
ment for Yb(1) is 3.1737 Å and for Yb(2) is 3.245 Å. Considering
the sum of single bonded metallic radii [44] for Yb (1.94 Å) and Ga
(1.26 Å) these interactions could be regarded as fairly strong. The
atoms within 3.0 Å of Ga and Ge result in irregular coordination
that includes 2–6 other atoms. Ga(1) and Ga(2) have a penta-
coordinated sphere. The mixed sites, Ge(1), Ge(2) and Ge(3) have
a tetra-coordinated environment of Ga and Ge atoms and
Ge(4) has only two Ga(1) atoms surrounding it.
3.2.2. YbGa4Ge2

The crystal structure of YbGa4Ge2 is closely related to that of
YbGa6 (tetragonal, P4/nbm) [45], which crystallizes in the PuGa6

type structure. The c-axis is doubled in YbGa4Ge2 and the
symmetry is lowered to the rare polar space group, I4cm

(Fig. 5). A projection of the YbGa4Ge2 structure onto the ac plane
is presented in Fig. 5a. Bonds to the Yb atoms have been omitted
to emphasize the 3D [Ga4Ge2] framework and its channels. The
polar axis coincides with the crystallographic c-axis. In YbGa4Ge2,
all Yb, Ga and Ge atoms are grouped separately in alternating
layers stacked along the c-axis in the sequence: Yb–Ga(2)–Ge–
Ga(1)–Ga(3). The structure can also be described as an alternating
stacking of puckered Ga layers (Fig. 5b) and puckered mixed Ga/
Ge layers (Fig. 5c). The Yb atoms reside within the channels
formed by the connection of the two layers.

In the puckered Ga layer, Ga(3) is coordinated with four
Ga(1) atoms to form a distorted 2D sheet that extends in the
ab-plane (Fig. 5b). The diatomic layer, on the other hand, is
composed of Ga(2) and Ge atoms. In this layer, Ga(2) is coordi-
nated to four Ge atoms and Ge is connected trigonally to two
Ga(2) atoms and one Ge atom, respectively. The two layers,
described above, are bridged by the Ga(2) and Ga(3) atoms along
the c-axis thus building the 3D [Ga4Ge2] open framework. The
connection of the two layers via Ga(2)–Ga(1) bonds makes a
5 coordinate (4 Ge and 1 Ga(3)) distorted square pyramidal
geometry for the Ga(2) atoms, and a 5 coordinate (4 Ga(1) and
Fig. 5. (a) The non-centrosymmetric structure of YbGa4Ge2 viewed down the

b-axis. (b) The puckered Ga layer forms a distorted two-dimensional quadratic

sheet that extends in the ab-plane. (c) The Ga and Ge layer is defined by fused

5-membered rings along the ab plane.
1 Ga(2)) distorted square pyramidal geometry arrangement for
the Ga(3) atoms.

The local coordination polyhedral of Yb (within 3.5 Å) and Ga
and Ge atoms (within 3.0 Å) are shown in supporting information.
Bonds to the Yb atoms have been omitted to emphasize the three-
dimensional framework and its channels. The Yb atom is located
in the center of a cage consisting of twelve Ga and two Ge atoms.
The Yb–Ga bond lengths in YbGa4Ge2 vary from 3.155(15) to
3.270(2) Å. Similar Yb–Ga bonding interactions were observed for
other compounds in the Yb–Ga–Ge system [11,20].

The Ga(1) atom is found in a three-coordinate trigonal geo-
metry. The Ga(2) and Ga(3) atoms are 5-coordinate and have
square pyramidal geometry. Ge is found in a tetrahedral geome-
try. The shortest interatomic distance is between Ge and Ga(1),
which is 2.478(4) Å and is equal to the sum of the covalent radii of
Ga and Ge (2.48 Å) [46]. This value is similar to Ga–Ge distances
in other compounds such as CaGaGe (2.502 Å), EuGa2Ge4

(2.489 Å) and Yb3Ga4Ge6 (2.504 Å). However, the shortest Ge–
Ge distance, 2.738(4) Å, is much larger than the sum of the
covalent radii for two Ge atoms (2.44 Å) [46] and the Ge–Ge
distances found in elemental Ge (2.45 Å) [44], Yb2Ga4Ge6

(2.505 Å) and Yb3Ga4Ge6 (2.489 Å) [11].

3.3. Physical properties

The molar magnetic susceptibility (w) as a function of tem-
perature (T) is shown in Fig. 6. w(T) increases with decreasing
temperature and does not exhibit any magnetic transition in the
entire temperature range from 2 to 300 K. The plot of inverse
susceptibility (w-1 vs. T) is continuously changing and does not
exhibit any linear region. This indicates the strong influence of
crystal field effect on the ground state. The susceptibility data was
fitted to the modified Curie–Weiss law, given as

w¼ w0þ
C

ðT�ypÞ

where w0 is the temperature independent Pauli contribution, C is
the Curie constant and yp is the paramagnetic Curie temperature.
From the value of C, the effective Bohr magneton number, meff,
calculated is 1 mB/fu, which corresponds to 0.57 mB/Yb ion. The
inset in Fig. 6 exhibits the magnetization measured as a function
of fields up to 50 kOe. Two noticeable observations from this
figure are (a) the non-linear behavior of M(H) and (b) the low
values of moment and non-saturation of M(H) up to 50 kOe. These
observations indicate degenerate ground state due to crystalline
electric field effect (CEF).

In Fig. 7, resistivity (r) measured in zero field is shown as a
function of temperature. The metallic nature of Yb3Ga7Ge3 is
clearly evident from the feature of r(T). Resistivity is continuously
decreasing with decreasing temperature. At low temperatures,
the r(T) data can be fitted to the power-law function, r¼r0þAT n,
where r0 is the residual resistivity expressed in units of mO cm,
A and n are the fitting parameters. The values obtained from the
fit are shown in Fig. 7. According to the Fermi-liquid theory, at
low temperatures, the resistivity varies as r¼r0þAT2. Experi-
mentally it has been observed that when electron–electron
scattering dominates over electron–phonon scattering, rpT2.
The value obtained from the fit of power-law is close to 2, which
is the case for systems exhibiting Fermi liquid state [47]. In order
to verify this for Yb3Ga7Ge3, the resistivity data is plotted as (r–

r0) vs. T2 as inset to Fig. 7. The linearity of the data shows that the
compound Yb3Ga7Ge3 shows Fermi-liquid behavior at low
temperatures.

The specific heat of Yb3Ga7Ge3 is shown in Fig. 8. C(T) does not
exhibit any anomaly and decreases with decreasing temperature.
The plot of C/T vs. T2 is shown as an inset in Fig. 8. The electronic



Fig. 7. Resistivity (r) measured as a function of temperature. The low temperature

data has been fitted to the power law, r¼r0þATn. The values obtained from the

fit are shown in the figure. In order to verify the Fermi liquid behavior in

Yb3Ga7Ge3 the plot of r–r0 vs. T2 is shown as an inset. The blue line passing

through the data points in the inset figure is drawn as a guide to the eye only, to

show the linearity of the data. (For interpretation of the references to color in this

figure legend, the reader is referred to the web version of this article.)

Fig. 8. Specific heat is plotted as a function of temperature for Yb3Ga7Ge3. The

data is plotted as C/T vs. T2 as inset, to determine the values of electronic

coefficient of specific heat, g and b which is the lattice contribution to C, in the

temperature range of 5–14 K. The Debye temperature (YD) calculated from the b
value is also shown in the figure.

Fig. 6. Magnetic susceptibility (w¼M/H) of Yb3Ga7Ge3 measured in a field of 1 kOe

is plotted as a function of temperature (on log scale). The magnetization as a

function of field measured at T¼5 K is shown in the inset. The arrows indicate the

direction of the field. A dashed line is drawn to show the non-linearity of the

M(H) curve.
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coefficient of specific heat, also known as the Sommerfeld
coefficient (g) obtained in the temperature range 5–14 K, from
the fit of the form, C/T¼gþbT2 yields the value of g¼6.85 mJ/
mol K2 and the lattice contribution to the specific heat,
b¼1.44 mJ/mol K4, correspondingly the Debye temperature,
YD¼(12p4Rn/5b)1/3

¼110 K, where R is the gas constant, and n

is the number of atoms in the formula unit. The low value of g
rules out any heavy fermion behavior in Yb3Ga7Ge3.
4. Concluding remarks

The centrosymmetric Yb3Ga7Ge3 and polar YbGa4Ge2 were
obtained from reactions in molten Ga over a relatively broad
range of synthetic conditions. The flux method proves to be an
excellent tool for discovering new intermetallic compounds with
complex crystal structures. The single crystal neutron diffraction
studies performed on Yb3Ga7Ge3 showed that two Ga and one Ge
atoms are fully occupied and three sites are partially occupied
with Ge atoms. The close structural relationship of Yb3Ga7Ge3 and
Yb3Ga9Ge suggests they are two members of the same family
with different structure type within a broad stoichiometric width
of Yb3Ga10�xGex and therefore more compositions with similar or
new structure types are expected as a function of x. The physical
properties of Yb3Ga7Ge3 point to a Fermi-liquid regime at low
temperature as rpT2. However, it should be cautioned here that
our assessment of Yb3Ga7Ge3 is based on our experiments in a
limited temperature range of 2–300 K. Therefore it is necessary to
study this compound in great detail using various experimental
tools such as neutron scattering, 170Yb Mössbauer spectroscopy.
Carrying out specific heat, resistivity measurements under
applied magnetic field and also down to sufficiently low tem-
perature (milli-Kelvin range) would yield wealth of information
in understanding the actual ground state of this compound and
also to elucidate the role of valence fluctuation or degeneracy
with regard to Fermi-liquid regime in Yb3Ga7Ge3.
Supporting information available

Anisotropic displacement parameters, local coordination of
atoms, powder diffraction patterns and crystal structure of
Yb3Ga7Ge3 in the ac plane. This material is available free of charge
via the Internet at http://pubs.acs.org.
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