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Indium Flux-Growth of Eu2AuGe3: A New Germanide with an AlB2 Superstructure

C. Peter Sebastian,† Christos D. Malliakas,† Maria Chondroudi,‡ Inga Schellenberg,§ Sudhindra Rayaprol,||

Rolf-Dieter Hoffmann,§ Rainer P€ottgen,*,§ and Mercouri G. Kanatzidis*,†,‡

†Department of Chemistry, Northwestern University, 2145 N. Sheridan Road, Evanston, Illinois 60208-3113,
‡Materials Science Division, Argonne National Laboratory, Argonne, Illinois 60439, §Institut f€ur Anorganische
und Analytische Chemie and NRWGraduate School of Chemistry,Westf€alischeWilhelms-Universit€atM€unster,
Corrensstrasse 30, 48149 M€unster, Germany, and ||UGC-DAE Consortium for Scientific Research,
Mumbai Centre, BARC, R-5 Shed, Trombay, Mumbai-400085, India

Received July 5, 2010

The germanide Eu2AuGe3 was obtained as large single crystals in high yield from a reaction of the elements in liquid
indium. At room temperature Eu2AuGe3 crystallizes with the Ca2AgSi3 type, space group Fmmm, an ordered variant
of the AlB2 type: a = 857.7(4), b = 1485.5(10), c = 900.2(4) pm. The gold and germanium atoms build up slightly
distorted graphite-like layers which consist of Ge6 and Au2Ge4 hexagons, leading to two different hexagonal-prismatic
coordination environments for the europium atoms. Magnetic susceptibility data showed Curie-Weiss law behavior
above 50 K and antiferromagnetic ordering at 11 K. The experimentally measured magnetic moment indicates divalent
europium. The compound exhibits a distinct magnetic anisotropy based on single crystal measurements and at 5 K it
shows a metamagnetic transition at ∼10 kOe. Electrical conductivity measurements show metallic behavior. The
structural transition at 130 K observed in the single crystal data was very well supported by the conductivity
measurements. 151Eu M€ossbauer spectroscopic data show an isomer shift of -11.24 mm/s at 77 K, supporting the
divalent character of europium. In the magnetically ordered regime one observes superposition of two signals with
hyperfine fields of 26.0 (89%) and 3.5 (11%) T, respectively, indicating differently ordered domains.

Introduction

Rare earth (RE) based intermetallic compounds have
remarkably diverse crystal structures as well as magnetic
and electronic properties.1-3 Among them europium is special

because it can adopt different oxidation states, (i) divalent
magnetic (Eu2þ),4-8 (ii) trivalent nonmagnetic (Eu3þ)9 and/
or (iii) even the mixed-valent state.6,10-14 Generally, such
intermetallic compounds are prepared by arc-melting tech-
niques, but because europium is volatile at high temperatures
(boiling point 1597 �C) it is difficult to use this technique
for their synthesis. The metal flux technique is an excellent
tool for exploring novel intermetallic compounds.15-25
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In comparison tomany other metal fluxes, indium is remark-
ably good in dissolving Si, Ge, rare earth elements, and
transition metals and can yield well shaped crystals of new
materials. One example is the kinetic and thermodynamic
R and β forms of RENiGe2

19 with YIrGe2 and CeNiSi2 type
structure, respectively, obtained from reactions run in liquid
indium as flux medium. Several compounds such as CeTIn5
(T=Rh, Ir),26,27 Ce2TIn8 (T=Rh, Ir),28 CeNiIn2,

29

Tb6Pt12In23,
30 and Dy2Pt7In16

30 were grown as large single
crystals in indium fluxes by recrystallizing arc melted sam-
ples. The synthesis of YbTIn5 (T=Co, Rh, Ir),31,32 used an
excess of indium already in the starting composition. Gener-
ally, liquid indium has been little exploited as a synthetic flux
compared to Al33-41 and Ga;15,22,23,38-40,42-46 however,
interest in this powerful flux has been increasing.16,20,47-50

During our systematic phase analytical investigations
usingmetal fluxes, we have now investigated theEu-Au-Ge
system using liquid indium as flux medium, to overcome the
synthetic difficulties of the arc-melting technique. So far only
the AlB2 type solid solution EuAu0.54Ge1.46 (P6/mmm),51 the
equiatomic germanide EuAuGe,52,53 an ordered super-
structure of the KHg2 type (space group Imm2), and
ThCr2Si2 typeEuAu2Ge2

54-56 have been reported.Hereinwe
report the structure and properties of the new germanide
Eu2AuGe3 grown from the reaction of Eu, Au, and Ge in an
indium metal flux. We discovered that Eu2AuGe3 undergoes
a structural phase transition at 130 K that is accompanied
with a change to an orthorhombic space group as well as
antiferromagnetic transitions at lower temperatures.

Experimental Section

Reagents. The following reagents were used as purchased
without further purification: Eu (metal chunk, 99.9%, Chinese
Rare Earth Information Center, Inner Mongolia, China), Au
(pieces, 99.9% Alfa Aesar, Ward Hill, MA), Ge (ground from
2-5 mm pieces 99.999% Plasmaterials, Livermore, CA) and In
(tear drops 99.99% Cerac, Milwauke, WI).

Synthesis-Method 1. Eu2AuGe3 was obtained by combining
3 mmol of europium metal, 2 mmol of gold, 6 mmol of
germanium, and 45 mmol of indium in an alumina crucible
under an inert nitrogen atmosphere inside a glovebox. The
crucible was placed in a 13 mm fused silica tube, which was
flame-sealed under vacuum of 10-4 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, followed by cooling to 850 �C in 2 h and held
there for 48 h. Finally, the sample was allowed to slowly cool to
50 �C in 48 h. The reaction product was isolated from the excess
indium flux by heating at 350 �C and subsequent centrifugation
through a coarse frit. Any remaining flux was removed by immer-
sion and sonication in glacial acetic acid for 48 h. The final
crystalline product was rinsed with water and dried with acetone.
Several crystals of Eu2AuGe3, which grow as metallic silvery rods
were carefully selected for elemental analysis, structure character-
ization, and physical property measurements. The other products
observed from the synthesis are EuGe2 and AuIn. The light gray
rod shaped single crystals of Eu2AuGe3 up to 4mm in length were
stable in air, and nodecompositionwas observed even after several
months. Single crystals have metallic luster.

Synthesis-Method 2. Europium, gold, and germanium were
mixed in the ideal 2:1:3 atomic ratio and sealed in a tantalum
ampule under an argon atmosphere in an arc-melting apparatus.
The tantalum ampulewas subsequently placed in awater-cooled
sample chamber of an induction furnace (EasyHeat induction
heating system,Model 7590), first rapidly heated to about 1250 K
and kept at that temperature for 10 min. Finally the tempera-
ture was lowered to 1000 K and the sample was annealed at
that temperature for another 30 min, followed by quenching by
switching off the power supply. The brittle product could easily
be separated from the tantalum tube. No reaction with the
container was observed. The obtained compound is pure up to
the level of powder X-ray diffraction.

Elemental Analysis. Quantitative microprobe analyses of the
samples were performed with a Hitachi S-3400 scanning electron
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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 energy dispersive
spectroscopy (EDS) analysis taken on visibly clean surfaces of
the samples gave the atomic composition close to 2:1:3.

X-ray Powder and Single Crystal Data. X-ray powder data
were collected on an Inel diffractometer using CuKR1 radiation
and Si as standard. The orthorhombic lattice parameters (Table 1)
were refined through a least-squares routine. Proper indexing
was ensured through an intensity calculation57 using the data of
the refined subcell structure (vide infra). Small crystal fragments
were isolated from crushed larger flux grown crystals and
mounted on quartz fibers using bees wax. The crystals were
investigated on a Buerger precession camera (white Mo radia-
tion, Fujifilm imaging plate) to check the quality for intensity
data collection. The data set was collected at room temperature
by use of an IPDS II diffractometer (graphitemonochromatized
Mo KR radiation; oscillation mode). A numerical absorption
correction was applied to the data set. Details on the crystallo-
graphic data are given in Table 1.

Structure Refinement. The room temperature data set of
Eu2AuGe3 was compatible with space group Fmmm, in agree-
ment with earlier work on Ca2AgSi3.

58 The atomic parameters
of the calcium compoundwere then taken as starting values, and
the Eu2AuGe3 structure was refined with SHELXL-97 (full-
matrix least-squares onF2)59with anisotropic atomic displacement

parameters for all atoms. Refinement of the occupancy para-
meters showed full occupancy within two standard deviations.
In contrast to Ca2AgSi3,

58 where all sites showed almost iso-
tropic displacements, the gold and especially the two germanium
atoms in Eu2AuGe3 exhibit largerU33 values. Careful investiga-
tion of the reciprocal space of the room temperature data set
(calculation of the 3D file with the BuildSpace routine of the
Stoe IPDS X-Area package) gave no hint for superstructure
reflections or diffuse scattering.

The final difference electron-density synthesis was flat. The
results of the structure refinement are summarized in Table 1.
The atomic coordinates and the interatomic distances are listed
in Tables 2 and 3. Further information on the structure refine-
ment is available from Fachinformationszentrum Karlsruhe,
D-76344 Eggenstein-Leopoldshafen (Germany), by quoting the
Registry No. CSD-421876.

Subsequent low-temperature data collections showed super-
structure formation (puckering of the [AuGe3] networks); however,
the key to find the correct space group is hampered by non-space
group specific extinctions, twinning, and satellite reflections.
Detailed work on the low-temperature modification of Eu2AuGe3
is still going on and will be reported in a forthcoming paper.

Magnetic Measurements. Magnetic susceptibility measure-
ments were carried out with a QuantumDesignMPMS SQUID
magnetometer. Single crystals of Eu2AuGe3 were loaded at
random orientations into a gelatin capsule, mounted in a plastic
straw and affixed to the end of a carbon fiber rod. Temperature
dependent data were collected for both the zero field cooled
(ZFC) and the field cooled mode (FC) between 2 and 300 K,
with an applied field of 1 kG. Field dependent magnetic
measurements were acquired at 5 K with field sweeping from
-50 kGup to 50 kG. The raw datawere corrected for the sample
holder (straw) contribution.

Electrical Resistivity. The resistivity measurements were per-
formed on a selected single crystal of around 1mm in length and
500 μm thickness with a conventional AC four probe setup. Four
very thin copper wires were glued to the pellet using a strongly
conducting silver epoxy paste. The data were collected between
4.2 and 300 K using a PPMS. The results were reproducible for
several crystals.

SpecificHeat.Heatcapacity (Cp)measurementswereperformed
on selected single crystals of Eu2AuGe3, by a relaxation method
using aQD-PPMS.The samplewas glued to a calibratedHC-puck
using Apiezon N grease. C was measured in the 3-50 K range
without applied fields (H).

151Eu M€ossbauer Spectroscopy. The 21.53 keV transition of
151Eu with an activity of 130 MBq (2% of the total activity of a
151Sm:EuF3 source) was used for the M€ossbauer spectroscopic
experiments, which were conducted in the usual transmission
geometry. The measurements were performed with a commer-
cial helium-bath cryostat. The temperature of the absorber was
varied between 4.2 K and room temperature, while the source
was kept at room temperature. The temperature was controlled
by a resistance thermometer ((0.5 K accuracy). The sample was
enclosed in a small PVC container at a thickness corresponding
to about 10 mg Eu/cm2.

Results and Discussion

Crystal Chemistry.Eu2AuGe3 crystallizes with a super-
structure of the well-known AlB2 family.60 Within this
family of superstructures, two main different coloring
schemes of the honeycomb like networks are possible for
ternary intermetallic compounds. The two simplest super-
structures are presented in Figure 1. The 1:1 coloring on
the hexagonal network leads to the SrPtSb61 type structure,

Table 1. Crystal Data and Structure Refinement for the Room Temperature
Structure of Eu2AuGe3

refined composition Eu2AuGe3
temperature 295 K
formula mass (g mol-1) 718.66
space group Fmmm (No. 69)
formula units/cell, Z 8
unit cell dimensions (pm) a = 857.7(4)
(Guinier powder data) b = 1485.5(10)

c = 900.2(4)
cell volume (nm3) V = 1.1470
calculated density (g cm-3) 8.32
crystal dimensions (μm) 20 � 40 � 60
range in θ 2-27�
detector distance (mm) 120
exposure time (min) 5
ω-range; Δω 0-180�; 1�
φ-positions 76�; 106�; 136�; 166�
integr. param. A, B, EMS 14.0; 2.0; 0.030
transm. ratio (max/min) 0.442/0.116
absorption coeff. (mm-1) 62.4
F(000) 2408
range in hkl -10 e h e 10

-18 e k e 18
-11 e l e 11

total no. of reflections 2324
independent reflections 361 (Rint = 0.0622)
reflections with I>2σ(I) 261 (Rσ = 0.0721)
data/parameter 361/23
goodness-of-fit on F2 0.659
final R indicesa R1 = 0.0283
[I>2σ(I)] wR2 = 0.0320
final R indices (all data)a R1 = 0.0421

wR2 = 0.0345
extinction parameter 0.00085(3)
largest diff. peak/hole 3.26/-3.50 e Å-3

aR=
P

||Fo| - |Fc||/
P

|Fo|, wR={
P

w(Fo
2 - Fc

2)2/
P

w(|Fo|
4)}1/2

and w=1/(σ2(I) þ 0.0016I2).

(57) Yvon, K.; Jeitschko, W.; Parth�e, E. J. Appl. Crystallogr. 1977, 10,
73–74.

(58) Cardoso Gil, R.; Carrillo-Cabrera, W.; Schultheiss, M.; Peters, K.;
von Schnering, H. G.; Grin, Yu. Z. Anorg. Allg. Chem. 1999, 625, 285–293.

(59) Sheldrick, G. M. SHELXL-97, Program for Crystal Structure
Refinement; University of G€ottingen: G€ottingen, Germany, 1997.

(60) Hoffmann, R.-D.; P€ottgen, R. Z. Kristallogr. 2001, 216, 127–145.
(61) Wenski, G.; Mewis, A. Z. Anorg. Allg. Chem. 1986, 535, 110–122.



Article Inorganic Chemistry, Vol. 49, No. 20, 2010 9577

where the platinum and antimony atoms show trigonal
planar coordination. Later on, several more complicated
superstructures with differently tilted T3X3 hexagons have
been observed.60,62-69 With a higher p element content,
ordered arrangements within the hexagonal networks are
possible for compositions 2:1:3, and the simplest order-
ing variants are U2RuSi3 (Figure 1),70 Ce2CoSi3,

71 and
Eu2PdSi3.

72 Depending on the valence electron concentra-
tion and geometrical restraints, such compounds show
different ordering patterns73 and stacking sequences.58,74-77

The germanide Eu2AuGe3 is isotypic with Ca2AgSi3
58

and shows the coloring pattern of the second type with
slightly orthorhombically distorted Ge6 and Au2Ge4 hexa-
gons. A view of the Eu2AuGe3 structure approximately
along thea-axis is presented inFigure 2.As is readily evident
from this drawing, the substantial displacements of the two
crystallographically independent germanium atoms off the
mirror planes (i.e., along the c-axis) call for further symme-
try reduction at low temperature. Preliminary investigations
near liquid nitrogen temperature indeed show super-
structure reflections which point to a modulated phase. The
unit cell changes to a=854.25(18) pm, b=1789.7(3) pm, and
c=854.25(17) pmandβ changes to119.98�.Detailed studies
on the low-temperature structural behavior are in progress.
At this point it is worthwhile to note that the Ca2AgSi3

58

type is a “stuffed” variant of the polyphosphide R-K4P6.
78

Recent solid stateNMRdataon theheavier analoguesRb4P6
and Cs4P6

79 showed non-aromaticity for the P6
4- anions.

Table 2. Refined Atomic Positions and Displacement Parameters of the Room-Temperature Modification of Eu2AuGe3, Space Group Fmmm

atom Wyckoff pos. x y z U11 U22 U33 U12 Ueq
a

Eu1 8i 0 0 0.24852(15) 93(7) 90(7) 64(6) 0 82(3)
Eu2 8f 1/4 1/4 1/4 86(7) 101(7) 70(6) 0 86(3)
Au 8h 0 0.66662(9) 0 69(6) 81(5) 139(5) 0 96(3)
Ge1 8h 0 0.1647(3) 0 63(15) 95(13) 399(17) 0 186(7)
Ge2 16o 0.2482(4) 0.08234(16) 0 64(10) 82(9) 354(12) -3(8) 167(4)

aUeq is defined as one-third of the derivative of the orthogonalized Uij-tensor. The exponent of the anisotropic displacement parameters is defined
through exp{-2π2(U11h

2a*2 þ ... þ U12hka*b*)}. U13=U23=0.

Table 3. Interatomic Distances (pm) in the Room-Temperature Structure
of Eu2AuGe3

a

Eu1: 2 Ge1 331.5(4) Au: 2 Ge2 249.6(3)
4 Ge2 332.2(3) 1 Ge1 250.6(4)
2 Au 335.4(2) 4 Eu2 334.6(1)
4 Ge2 335.9(3) 2 Eu1 335.4(2)
4 Eu2 428.8(2) Ge1: 2 Ge2 245.5(4)
2 Eu1 428.9(2) 1 Au 250.6(4)
1 Eu1 447.4(3) 2 Eu1 331.5(4)
1 Eu1 452.8(3) 4 Eu2 335.7(2)

Eu2: 4 Au 334.6(1) Ge2: 1 Ge2 244.6(5)
4 Ge1 335.7(2) 1 Ge1 245.5(4)
4 Ge2 335.7(2) 1 Au 249.7(3)
4 Eu1 428.8(2) 2 Eu1 332.2(3)
2 Eu2 428.9(2) 2 Eu2 335.7(2)
2 Eu2 450.1(2) 2 Eu1 335.9(3)

aAll distances of the first coordination spheres are listed. Standard
deviations are given in parentheses.

Figure 1. Coloring of honeycomb-like networks for compositions TX
and TX3, exemplarily shown for SrPtSb61 and U2RuSi3.

70 Strontium
(uranium), transition metal, and antimony (silicon) atoms are drawn as
medium gray, black filled, and open circles, respectively. The [PtSb] and
[RuSi3] networks are emphasized. The H€uckel arene-like [Si6]

10- units in
U2RuSi3 are shaded.
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Thus, onemight expect also slightly distorted variants of the
binaries at low temperature.
The shortest interatomic distances in the Eu2AuGe3

structure occur between the gold and germanium atoms
(250-251 pm). They are slightly shorter than the sum of
the covalent radii80 of 256 pm. The Ge1-Ge2 (246 pm)
andGe2-Ge2 (245 pm) distances are similar to the diamond
modification of germanium (245 pm).81We can thus assume
strong covalent Au-Ge and Ge-Ge bonding within the
two-dimensional [AuGe3] networks. The Au-Ge distances
in Eu2AuGe3 are remarkably short, when compared to
267-271 pm in EuAuGe52 and 258-275 pm in ScAuGe82

which are both also ordered AlB2 superstructures, however,
with strongly puckered Au3Ge3 hexagons.
Both europium sites have a slightly distorted hexagonal

prismatic coordination, Eu1 with one Au2Ge4 and one
Ge6 and Eu2 with two Au2Ge4 hexagons. Because of the
small distortions within the hexagons, we observe a
narrow range for the Eu-Au (335) and Eu-Ge (332-
336pm) distances.The europiumatomshave eight europium
neighbors at Eu-Eu distances ranging from 429 to 453 pm.
In viewof the divalent nature of europium (vide infra) and
the already shorter Eu-Eudistances of 397 pm in elemental
bcc europium,81 Eu-Eu bonding can safely be neglected
in Eu2AuGe3.
Finally we turn back to the superstructure formation.

The puckering of the T3X3 hexagons in the various AlB2

superstructure variants depends on tiny external para-
meters, basically tiny differences in the radii of the con-
stituents. To give an example, the equiatomic stannides
CaAuSn,64 SrAuSn,68 EuAuSn,62 and YbAuSn67 all
crystallizewith pronouncedKHg2 type subcells; however,
they built up different superstructures, a consequence of
the difference in size between divalent Ca, Sr, Eu, andYb.
This driving force for superstructure formation will now
be examined in detail also for the potential R2AuGe3
phases with strontium and ytterbium. Besides the differ-
ence in the radii, temperature also plays an important role
as is indeed the case for Eu2AuGe3.
A further difference between the 1:1:1 and 2:1:3 AlB2

superstructures concerns the interlayer bonding. Several

of the 1:1:1 gold containing compounds show a variety of
Au-Au contacts. Such attractive d10-d10 interactions
are also a driving force for puckering of the T3X3 hexa-
gons. Increasing the germanium content leads to a dilu-
tion of the transition metal content, and in the 2:1:3
known so far we observe no Au-Au contacts.

Magnetization. (a). Single Crystals. The magnetic sus-
ceptibility, χ, of a single crystal has been measured in two
orientations, one being parallel to the appliedmagnetic field
(marked asH || c-axis) and other being perpendicular to the
field (marked as H ^ c-axis). In both the measurements,
χ increases gradually with increasing temperature and under-
goes magnetic ordering (TN) around 11 K. The χ falls
rapidly above 11 K with increasing temperature up to
200 K and above 200 K decreases marginally.
The anisotropy between the perpendicular and the paral-

lel directions of the single crystal is clearly evident from the
inset of Figure 3. Below 11 K, it is seen that the behavior of
χ(T) for both directions is slightly different in terms of the
value of χ at the lowest temperature. For H ^ c, χ tends to
saturate whereas for H || c χ tends to increase as Tf 0.
Another evidence for the anisotropy between the two

crystallographic orientations of Eu2AuGe3 can also be
seen from the magnetization as a function of field in
the magnetically ordered state, that is, T<TN. Figure 4
shows the magnetization of the sample while varying the
magnetic fieldwith field appliedparallel andperpendicular to
the c-axis of the single crystal. Strong anisotropy effects

Figure 2. View of the Eu2AuGe3 structure approximately along the
a-axis. Europium, gold, and germanium atoms are drawn as medium
gray, black filled, andopen circles, respectively. The two-dimensional [AuGe3]
networks, atom labels and relevant interatomic distances are highlighted.

Figure 3. Magnetic susceptibility measured for a single crystal of Eu2-
AuGe3 in twodifferent orientations,magnetic field along the c-axis (H || c)
andmagnetic field perpendicular to the c-axis (H^ c). The measurements
were done in both zero field cooled (ZFC) and field cooled (FC) states of
the crystal. The ZFC data are shown as open symbols, whereas the FC
data is shown as continuous line. The inset shows the low temperature
antiferromagnetic peak around 11 K seen in both orientations. The inset
also highlights the magnetic anisotropy between the two orientations.

Figure 4. M(H) loops for a single crystal of Eu2AuGe3 measured with
applied magnetic field perpendicular and parallel to c axis.

(80) Emsley, J. The Elements; Clarendon Press: Oxford, 1989.
(81) Donohue, J. The Structures of the Elements; Wiley: New York, 1974.
(82) P€ottgen, R.; Borrmann, H.; Felser, C.; Jepsen, O.; Henn, R.; Kremer,
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are observed in Eu2AuGe3. In the measurement done with
magnetic field perpendicular to the c-axis (H^ c), the system
exhibits metamagnetism around 10 kOe, and tends to satu-
rate at fields above 20 kOe. No hysteresis has been observed.
For the H || c measurement, the moment increases non-
linearly with increasing field, with no trace of saturation until
higher fields. Therefore one can attribute the magnetization
of this compound tomagnetic ionspresenton thebasalplane.

(b). Bulk Sample in Powder Form. The molar magnetic
susceptibility of a bulk sample of Eu2AuGe3 measured in a
field of 1 kOe, (Figure 5), also exhibits a sharp peak around
11 K indicating transition to the antiferromagnetic state in
agreementwith the single crystalmeasurement.Qualitatively,
the data of the bulk sample is similar to data measured on a
single crystalwith fieldperpendicular to the c-axis.Below11K,
in themagnetically ordered state, the system exhibits com-
plex magnetism. Above TN, the χ(T) falls rather sharply
and decreases with increasing temperature.
The plot of inverse susceptibility (χ-1) as a function of

temperature deviates from linearity (the Curie-Weiss
behavior) below 200 K. Though there is no abrupt
anomaly, there is a definite change in slope around this
temperature. The fit to the Curie-Weiss law in the
temperature range of 250-300 K, gives the value of
paramagnetic Curie temperature (θp) of 80 K and an
effective Bohr magneton number (μeff) of 5.89 μB/Eu
ions. As discussed above, the title compound undergoes
a structural transition around 130 K, the deviation of
χ-1(T) below 200 K can be taken as an indication of this
transition. As there is no corresponding anomaly in χ(T),
the structural transition can be of the second order. The fit to
theCurie-Weiss law in the temperature rangeof100-220K,
gives the value of the paramagneticCurie temperature (θp) of
7.5KandaneffectiveBohrmagnetonnumber (μeff) of7.13μB/
Eu ion. The value of μeff is slightly lower than the expected
free ion moment of Eu2þ=7.94 μB, and can be attributed
to factors such as crystal field effects.

Specific Heat Data. The specific heat of Eu2AuGe3 is
shown in Figure 6. The data clearly exhibit a Λ-shaped
peak at 11 K, exhibiting long-range antiferromagnetic
ordering in the system. However, the peak close to 24 K
raises an interesting question regarding the origin of such
a distinctive Λ-like peak at this temperature. The events
responsible for these two peaks in the specific heat are
corroborated by corresponding resistivity data presented

below. A close inspection of χ(T) (Figure 3) shows that
χ rises sharply below 25K, reminiscent of a ferromagnetic
like ordering. This is further evidenced by the positive
θp values, which indicates ferromagnetic correlations.
Therefore, considering the specific heat measurements,
the peak at ∼24 K could be due to ferromagnetic cluster
formation. On further cooling, the system undergoes
antiferromagnetic ordering ∼11 K; however, as the sys-
tem is not completely in the antiferromagnetic state, the
moment values do not fall to zero as T f 0.
Within theDebye theory, the low temperature approxi-

mation of the measured specific heat is given as Cp=
γT þ βT3 or Cp/T = γþ βT2 where γ is the contribu-
tion from the conduction electrons and β is the lattice
contribution.83 We have fitted the linear region of the
Cp/T versus T plot (T<11 K), and observed that the
electronic and lattice contributions are 300 mJ/mol K2

and 1 mJ/mol K4, respectively.
Electrical Resistivity. The temperature dependence of

the resistivity of single crystal samples of Eu2AuGe3 is
plotted in Figure 7a. The resistivity decreases with decreasing
temperaturewhich is typical for ametallic conductor. The
data also confirms two magnetic orderings in this com-
pound. Figure 7b exhibits F(T) on an expanded scale,
which shows the peaks at 11 and 23K respectively in good

Figure 5. Magnetic susceptibility (χ=M/H) as a function of tempera-
ture for a Eu2AuGe3 (polycrystalline) sample measured in a dc field of
1 kOe. Inversemagnetic susceptibility is also shown in the figure. The blue
line passing through the data points is the fit to the Curie-Weiss law.

Figure 6. Heat capacity (Cp) for Eu2AuGe3 measured as a function of
temperature (T) at zero applied fields.

Figure 7. (a) Temperature dependence of the electrical resistivity of
Eu2AuGe3 with zero applied magnetic field. The arrow shown at 130 K
is the structural transformation. (b) Low temperature resistivity data on
an expanded scale showing the peaks at 11 and 23Kwhich correspond to
antiferromagnetic ordering and possible ferromagnetic cluster formation,
respectively. (c) First derivative of F(T). The dotted line exhibits the
temperature of structural transition.

(83) Gopal, E. S. R. Specific heat at low temperatures; Plenum: New York,
1966.
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agreement with the magnetic and heat capacity data. The
linear dependence of the resistivity of Eu2AuGe3 at
temperatures below and above 130 K can be attributed
to electron-phonon scattering. This is more clearly seen
in the plot of dF/dT shown in Figure 7c. In the systems
undergoing second order structural transitions, the effect
of spin-fluctuations in the paramagnetic region becomes
important, and this can be clearly seen as a peak in the
plot of dF/dT versus T.84,85 Therefore, the anomaly
around 130 K in the plot of F(T) can be attributed to
the change in the crystal structure.

151Eu M€ossbauer Spectroscopy. The 151Eu M€ossbauer
spectra of the Eu2AuGe3 sample at 298, 77, and 4.2 K are
presented in Figure 8 together with transmission integral fits.
The corresponding fitting parameters are summarized in
Table 4. At 298 and 77 K, well above the magnetic ordering
temperature the spectra could be fitted with a single signal at
an isomer shift close to11mm/s, indicative forpurelydivalent
europium, in agreement with the susceptibility measure-
ments. The experimental line width is slightly increased with
respect to the typical value of ∼2.3 mm/s observed for
intermetallic compounds. This can be attributed to the two
crystallographically independent europium sites which show
superposition in the experimental spectrum.

At 4.2 K, in the magnetically ordered regime we
observe magnetic hyperfine field splitting. The spectrum
could be well reproduced by a superposition of two
spectral components. The main component with 89%
contribution at δ=-10.88(4) mm/s shows a magnetic
hyperfine field of 26.0(1) T, typically observed for
europium intermetallics.86 This signal is superimposed by
a second contribution with 11% intensity at δ=-11.7(1)
mm/s and a small hyperfine field of only 3.5(8) T. This
behavior can be explained with a domain structure within
our sample. The major part of the sample shows full
magnetic order, while a small degree of the domains
shows no magnetic long-range ordering. This can be
due to small deviations from the ideal compositions, that
is, domains Eu2Au1(xGe3(x. This is likely to occur in
such a complex superstructure with eight crystallographi-
cally independent europium sites. This may also explain
the clustering behavior discussed above.
The isomer shift in Eu2AuGe3 at 77K (-11.24mm/s) is

slightly smaller than in equiatomicEuAuGe (-10.30mm/s).52

This is in agreement with a slightly higher ionicity (smaller s
electron density) in Eu2AuGe3.

Concluding Remarks

Eu2AuGe3 is anAlB2 structure variantwhich shows tempera-
ture dependent polymorphism. The room temperature structure
(Ca2AgSi3 type) was refined from single crystal diffractometer
data. Magnetic susceptibility and 151Eu M€ossbauer spectro-
scopic data show exclusively divalent europium. Eu2AuGe3
orders antiferromagnetically at 11K and shows ametamagnetic
transition at 10 kOe. The compound undergoes a structure
change below 130 K as determined by X-ray diffraction and
supported by resistivity and magnetic susceptibility measure-
ments. Understanding the reasons for the phase transitions will
require theoretical electronic structure calculations and the study
of nonmagnetic isostructural analogues such as Ca2AuGe3. Our
experimental work indicates that the isostructural compounds
Ca2AuGe3 and Sr2AuGe3 are also stable.
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Figure 8. Experimental and simulated 151Eu M€ossbauer spectra of
Eu2AuGe3 at various temperatures.

Table 4. Fitting Parameters of 151Eu M€ossbauer Spectroscopic Measurements
of Eu2AuGe3

a

T/K δ/mm 3 s
-1 Γ/mm 3 s

-1 ΔEQ/mm 3 s
-1 BHf/T ratio

298 -10.93(4) 2.50(9) 0.0*
77 -11.24(1) 2.82(3) 0.0*
4.2 -10.88(4) 2.27(11) 0.0* 26.0(1) 89%
4.2 -11.7(1) 2.8* 0.0* 3.5(8) 11%

aNumbers in parentheses represent the statistical errors in the last
digit. (δ), isomer shift; (Γ), experimental line width: (ΔEQ) electric
quadrupole splitting; (BHf) magnetic hyperfine field. Numbers marked
with an asterisk were fixed during the fitting procedure.
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