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ABSTRACT: A new intermetallic compound Eu,AgGe; has been
synthesized using high-frequency induction heating method. Single-
crystal X-ray diffraction data showed that Eu,AgGe; crystallizes in the
orthorhombic Ba,LiSi; structure type, with Fddd space group and
lattice parameters a = 8.7069(17) A, b = 15.011(3) A, ¢ = 17.761(4)
A. Eu,AgGe, is composed of infinite arrays of hexagonal [Ag;Ge;]
units stacked along the [001] direction, and the Eu sites are
sandwiched between these parallel hexagonal networks. Temperature-
dependent powder XRD data and DTA hint toward a structural phase
transition from orthorhombic to hexagonal above 477 K and an
unusual reversible transition to the original phase, i.e., orthorhombic
phase at around 718 K. Magnetic measurements on Eu,AgGe; sample
show paramagnetic behavior above 100 K and weak ferromagnetic
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interactions below 80 K. Mossbauer spectroscopy and X-ray absorption near-edge spectroscopic (XANES) studies reveal that Eu

atoms in Eu,AgGe; exist in the divalent oxidation state.

1. INTRODUCTION

Rare-earth-based intermetallic compounds show a wide range
of fascinating and anomalous physical properties due to the
interplay of various kinds of interactions between the localized
4f (or 5f) electrons of the rare-earth atoms and the delocalized
conduction electrons.'™* These interactions can be modulated
(or sometimes altered) by introducing chemical changes, such
as doping,® substitution of atoms,® applying external pressure
and/or temperature,” and magnetic field.* These modulations/
alterations can also give rise to diverse crystal structures
(sometimes new structures) and phase transitions in these
types of compounds.

In this context, it should be mentioned that many of the
compounds with general formula RE,TX; (where, RE =
lanthanide and actinides; T = transition metal series; X = p-
block elements) are ordered superstructures of the AlB,
structure type and have been studied extensively for last two
decades for their structural diversity and interesting physical
properties.””"® Hoffmann et al.” discussed the group—subgroup
relations in the AIB, family on the basis of the Bérnighausen
formalism."**® The ordering of the transition metal atoms and
main group elements at the boron positions in the planar
hexagonal ring of AIB, type may result in loss of the basic
hexagonal symmetry, as described by Hoffmann et al’
Depending on the extent of tilting and distortions of the
hexagonal rings, these compounds may crystallize in the
hexagonal, orthorhombic, and monoclinic structures. There
are numerous compounds reported”*' ~** in the RE,TX, family
crystallizing in various superstructures of the AIB, type. The
dimension of the supercell and puckering of the hexagonal
network occur depending on the size of the atoms, valence
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electron count (VEC), and nature of bonding (ie., extent of
ionicity, aromaticity in the hexagonal ring, etc.).

Rare-earth (RE) elements occupying the aluminum site also
play a crucial role in tilting and distorting the hexagons,
especially when they can exhibit valence fluctuations or mixed
valence behaviors. Ce, Eu, and Yb are of particular interest in
this regard. These three elements can show variable valencies,
Ce**/*, Eu*"/*, and Yb**/**** which may give rise to many
1nterest1n§ properties like heavy fermion behavior,”**” Kondo
effect,® valence fluctuation, as well as structural transi-
tion.26’27’31 -37

Motivated by the fact that Au forms a stable phase with Eu in
the RE,TGe, family.*’we anticipated that Ag might be a valid
candidate to form the same phase; indeed, we discovered a new
compound Eu,AgGe; using high-frequency induction heating
method. Here, we report the crystal structure of Eu,AgGe;
using X-ray diffraction on single crystals. Temperature-depend-
ent powder XRD and DTA reveal reversible phase transitions
which are rare in intermetallics, and we explained this using a
displacive transition mechanism of the Ag and Ge atoms at the
hexagonal rings. Magnetic measurements, X-ray absorption
near-edge spectroscopy (XANES), and M&ssbauer spectrosco-
py on Eu,AgGe; showed that Eu atoms are in the divalent state.

2. EXPERIMENTAL SECTION

2.1. Synthesis. The following reagents were used as purchased
without further purification: Eu (ingots 99.99%, ESPI metals), Ag
(ingots, 99.99%, Alfa-Aesar), and Ge (metal pieces 99.999%, Alfa
Aesar). Europium, silver, and germanium metals were taken in ideal
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2:1:3 atomic ratios and sealed in tantalum ampules in an arc-melting
apparatus (Edmund Biithler Gmbh, compact arc melter MAM-1)
under argon atmosphere. The sealed tantalum ampules were then
placed in a water-cooled sample chamber of an induction furnace
(EasyHeat induction heating system, model 7590), first rapidly heated
to ca. 1250 K and kept at that temperature for 10 min. Then the
sample was cooled to ca. 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 with metallic luster could
easily be separated from the tantalum tube. No reaction with the
container was observed up to the detection limit of powder X-ray
diffraction. The compound is stable in air for several months. Irregular-
shaped single crystals were hand picked under a laboratory microscope
and used for X-ray diffraction studies. The same batch was used for all
other characterization and physical property studies.

Our previous work on crystal growth of Eu,AuGe; and Yb,AuGe;
using metal flux techniques in excess indium®**” motivated us to
synthesize Eu,AgGe; in indium and gallium flux with different
temperature profiles and different initial element stoichiometry, but
our attempts were unsuccessful perhaps due to the low diffusion rate
or immiscibility of Ag. In all cases, unreacted Ag and Ge were found in
the sample and EuGe, was obtained as the major phase.

2.2. Powder X-ray Diffraction. The phase identity and purity of
the Eu,AgGe; compound were confirmed by powder XRD experi-
ments carried out with a Bruker D8 Discover diffractometer using Cu
Ka radiation (4 = 1.54187 A). The experimental powder pattern of
Eu,AgGe; was compared to the pattern simulated from single-crystal
X-ray structure refinement within the Fddd space group and found to
be in good agreement. The stronger reflections could easily be indexed
on the basis of the orthorhombic unit cell, Ca,AgSi; structure type,
Fmmm space group. When weak reflections (shown in Supporting
Information, Figure S1) observed in the powder diffraction pattern
were included, refinement resulted in the superstructure of Eu,AgGe;,
Ba,LiSi; structure type (Fddd space group) with lattice parameters of a
= 8.7069(17) A, b = 15.011(3) A, and ¢ = 17.761(4) A.

Powder XRD data were collected in the temperature range 303—
973 K using the same instrument under vacuum condition (10~ Torr
pressure) on a platinum plate.

2.3. Differential Thermal Analysis. Differential thermal analysis
(DTA) was performed using a differential scanning calorimeter
(METTLER-TOLEDO DSC1) at the Indian Institute of Science,
Bangalore facility. The sample (19.56 mg) was taken in an alumina
crucible and heated from 303 to 823 K at a rate of S K/min in an inert
N, atmosphere followed by cooling at the same rate to 303 K.

2.4. Single-Crystal X-ray Diffraction. A carefully selected single
crystal of Eu,AgGe; was mounted on a thin glass fiber. X-ray single-
crystal structural data of Eu,AgGe; were collected on a STOE IPDS
2T diffractometer with graphite monochromatic Mo Ka radiation (4 =
0.71073 A) operatin§ at 50 kV and 30 mA. The X-AREA (X-RED and
X-SHAPE within)*® package suite was used for data extraction,
integration and to apply numerical absorption corrections. The
structure was solved by SHELXS 97°° and refined by a full matrix
least-squares method using SHELXL.** The compound was found to
crystallize in Fddd space group with lattice parameters a = 8.7069(17)
A, b = 15.011(3) A, ¢ = 17.761(4) A. The model obtained from
refinement using the Fddd space group was used for Rietveld
refinement of the PXRD data using the program FullProf.*' Fitting
was quite satisfactory with a chi squared value of 3.16 (Figure S2,
Supporting Information), whereas the strong substructure peaks
matched very well with the simulated data obtained from P6/mmm
space group with hexagonal structure (Figure S3, Supporting
Information).

2.5. Structure Refinement. Single-crystal data of Eu,AgGe;
showed an orthorhombic cell. The lattice was established as face-
centered orthorhombic based on absences of odd h + k, h + I, and k + |
reflections and compatible with space groups Fmmm, Fmm2, and F222.
In the first refinement step, all weak superstructure reflections have
been neglected and only the subcell intensities have been integrated
with lattice parameters a = 8.7069(17) A, b = 15.011(3) A, and ¢ =
8.8803(18) A. Since the powder XRD of Eu,AgGe, is similar to the
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pattern of Eu,AuGe;*” and Yb,AuGe,* compounds (Ca,AgSi; type,”
space group Fmmmy), the atomic coordinates of Eu,AuGe; were taken
as starting values and the structure was refined with anisotropic
displacement parameters for all atoms with SHELXL-97 (full-matrix
least-squares on F,2).** As a check for the correct composition, the
occupancy parameters were refined in a separate series of least-squares
cycles. Initially, there were five crystallographically different positions
in the Eu,AgGe; compound: two for each Eu and Ge atom and one for
the Ag atom. During isotropic refinement it was observed that the
anisotropic displacement parameters of the silver and germanium
atoms were anomalously large. Furthermore, refinement was largely
unsatisfactory, giving relatively high residuals (R, > 10%) and large
electron density residuals (15—20 e A7) around the silver and
germanium atoms. Anisotropic refinement did not improve these
parameters and also resulted in abnormal cigar-shaped silver and
germanium thermal ellipsoids (U,, = 0.080 A?). Similar problems were
also faced while refining the crystal structure of the Yb,AuGe;
compound as well.** The anomalous thermal parameter could not
be resolved by subsequent refinement of the occupancy parameters.
All these observations indicated a crystallographic disorder associated
with the Ge and Ag atoms similar to the Yb,AuGe; compound.
Consequently, refinement was performed by allowing mixed Ag/Ge
occupancy of both the “Ge” and the “Ag” positions, subject to the
constraint that the summed occupancies of both sites were full. This
makes the compound slightly off different stoichiometry. At this point,
it must be mentioned that mixing of silver and germanium was also
reported in the equiatomic compound EuAgGe.*”** Though the
residual R, reduced substantially to 5.6% and electron density residuals
are behaving properly (2.9 and —1.8 e A7), the thermal ellipsoid U,
for M3 (Ge3 + Ag3) atoms was significantly larger (0.064 A%).
Nevertheless, when we attempted to remove the mirror plane along
the ¢ axis and refine the crystal structure in Fmm?2 space group, larger
residuals and thermal displacement parameters resulted. F222 is
another space group used, but all refinement parameters were similar
to refinement in the Fmmm space group.

The weak superstructure reflections observed in the PXRD (shown
in the Supporting Information, Figure S1) have been considered in the
second step. Additional reflections suggested doubling of the ¢ axis and
resulted in lattice parameters a = 8.7069(17) A, b = 15.011(3) A, and ¢
= 17.761(4) A. Superstructure reflections were already evident from
the powder X-ray diffraction data and indicate that the structure is
compatible with the Ba,LiSi;-type structure. Atomic parameters of
Ba,LiSi; were taken as starting parameters, and the structure was
refined using SHELXL-97 (full-matrix least-squares on F)* with
anisotropic atomic displacement parameters for all atoms. Refinement
within the Ba,LiSij-type structure also resulted with 5 atomic
positions: two europium atoms and three mixed position of silver
and germanium. Resulting anisotropic displacement parameters of
mixed position became well behaved, and final difference maps showed
residuals that were reasonably acceptable. Owing to many weak
reflections and doubling of the unit cell, the quality of the refinement
did not satisfy criteria of a high-quality structure refinement. Relatively
large displacement parameters of M2 and M3 positions (i.e., along the
¢ axis) indicated a further symmetry reduction at low temperature
similar to our previous report on Eu,AuGe;.*” Final refinement gives
an atomic ratio of Eu,Ag; 1(2)Ge; 79(2). Data collection and refinement
parameters are summarized in Table 1. Atomic coordinates, equivalent
displacement parameters, anisotropic displacement parameters, and
important bond lengths are listed in Tables S1, S2, and S3, respectively
(Supporting Information).

2.6. Elemental Analysis. Semiquantitative microanalyses were
performed on the irregular-shaped single crystals obtained from the
ingots after induction furnace heating using a scanning Leica 220i
electron microscope equipped with a Bruker 129 eV energy-dispersive
X-ray analyzer. Data were acquired using standardless analysis with an
accelerating voltage of 20 kV and in 90 s accumulation time. EDS
analyses taken on visibly clean surfaces of Eu,AgGe; crystals gave an
atomic composition of 32(£1)% Eu, 20(£1)% Ag, and 46(£2)% Ge,
which is in good agreement with the composition obtained from the
single-crystal X-ray diffraction data. No traces of Ta (from the
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Table 1. Crystal Data and Structure Refinement for
Eu,AgGe, at 293(2) K

fw
wavelength
cryst syst
space group

unit cell dimens

volume

V4

density (calcd)
abs coeff
F(000)

cryst size

6 range for data
collection

index ranges

no. of reflns
collected

no. of independent
reflns

completeness to
0 = 34.26°

refinement method

data/restraints/
params

goodness-of-fit

final R indices
[>20(1)]

R indices [all data]

extinction
coefficient

largest diff. peak
and hole

63622

0.71073 A
orthorhombic
Fmmm

a =87069(17) A
b=15011(3) A
c = 8.8803(18) A
1160.66(4) A’

8

7.282 g/cm?
39.427 mm™!
2181

0.12 X 0.10 X 0.08 mm®
2.71-29.16°

—11<h<1l,-12<k<
11, —18 <1< 20

2671
445 [R;,, = 0.0906]
98.0%

full-matrix least-squares on
F2

353/0/26

1.274

R, = 0.0560, wR,, =
0.1602

Ry = 0.0649, wRy =
0.1564

0.00052(11)

2.923 and —1.851 e-A™?

636.22

0.71073 A
orthorhombic
Fddd

a = 8.7069(17) A
b =15.011(3) A
c=17.761(4) A
2321.33(8) A3

16

7.296 g/cm3
39.319 mm™!
4362

0.12 X 0.10 X 0.08 mm?>
2.9-29.14°

“11<h<11,-20<k<
20, 24 <1<23

4583

769 [Ry, = 0.0921]

98.1%

full-matrix least-squares on
FZ

769/0/34

1.424

R = 0.0769, wRyp,s =
0.1720

Ry = 0.0909, wRy; = 0.179

0.000125(2)

2.442 and —1.655 e-A™3

R = S||E) — IE|I/ZIE,, wR = {Z[w(IE2 — IE2)2)/S[w(IE, 9]},
and caled w = 1/[6*(F,2) + (0.0306P)? + 142.9431P], where P = (F,?

+ 2F2)/3.

crucible) were found in the data. The EDS spectrum is shown in
Figure S4, Supporting Information.

2.7. Magnetic Measurements. Magnetic measurements on
powder samples of Eu,AgGe; were carried out with a Quantum

Design Magnetic Property Measurement System, Superconducting
Quantum Interference Device (MPMS-SQUID) dc magnetometer.
Temperature-dependent magnetization data were collected in the
field-cooled mode (FC) in a temperature range from 2 to 300 K at an
applied magnetic field of 1000 Oe. Magnetization data were also
collected for Eu,AgGe; at three different temperatures, viz. S, 18, and
300 K, with field sweeping from —S5 to SS kOe (Figure SS,
Supporting Information).

2.8. X-ray Absorption Near-Edge Spectroscopy (XANES). X-
ray absorption near-edge spectroscopy (XANES) experiments were
performed at PETRA III, P06 beamline of DESY, Germany.
Measurements at the Eu Lj; edge and ambient pressure were
performed in transmission mode using gas ionization chambers to
monitor the incident and transmitted X-ray intensities. Monochro-
matic X-rays were obtained using a Si(111) double-crystal
monochromator which was calibrated by defining the inflection
point (first derivative maxima) of Cu foil as 8980.5 eV. The beam was
focused employing a Kirkpatrick—Baez (K—B) mirror optic. A
rhodium-coated X-ray mirror was utilized to suppress higher order
harmonics. A CCD detector was used to record the transmitted
signals. Sample was prepared by mixing an appropriate amount of
finely ground powder with cellulose and cold pressing them to a pellet.

2.9. >TEu Méssbauer Spectroscopy. '*'Eu Mossbauer measure-
ments were carried out in the transmission geometry using a standard
PC-based spectrometer in the temperature range of 30—300 K using
15ISmF, as the source in the experiment and Eu,O, as the reference
sample.

3. RESULTS AND DISCUSSION

3.1. Crystal Structure. The crystal structure of Eu,AgGe;
along the b and ¢ axes is shown in Figure 1. Eu,AgGe;
crystallizes in the Ba,LiSi; structure type, an ordered super-
structure of the hexagonal AIB, type with Fddd space group,
and lattice parameters are a = 8.7069(17) A, b = 15.011(3) A,
and ¢ = 17.761(4) A.

In analogy to Ba,LiSi; and other related compounds, the
crystal structure of Eu,AgGe; can also be described as a “filled
variation” of orthorhombic 5-K,P structure,* which is another
symmetry-reduced variant of the AlB, prototype. The crystal
structure of Eu,AgGe; consists of an infinitely extended
hexagonal network of three nonequivalent crystallographic
sites, namely, M1, M2, and M3, all of them are the mixed
positions of Ag and Ge atoms with varied occupancy levels
(Table 1).*** These layers are stacked parallel along the [001]
direction (considering the ¢ axis as the pseudohexagonal axis)
with two crystallographically different Eu atoms sandwiched

(a) r‘O‘QQ@_—C}O@O— Q@"_{j?@-rl (b)“

D}T@Wﬁf{]

Eu
m M1
u M2
= M3

Figure 1. Crystal structures of Eu,AgGe; in Fddd space group viewed approximately along (2) [100] and (b) [001] directions are shown here in the
ellipsoid model (Eu sites are kept in spherical model for the sake of simplicity). Unit cell is marked by dashed blue lines. Three different [AgGe]
mixed sites (marked by M1, M2, and M3) are shown in three different color codes. Hexagonal layers are stacked along the ¢ axis in ABCD, ABCD
sequence. Two hexagons (Hex a and b) are joined by M2 sites along the [010] direction.
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between these layers. At this point, it is worthwhile to compare
the crystallographic features of Eu,AgGe; (Ba,LiSi; structure
type) and Euw,AuGe; (Ca,AgSi; structure type). Hexagonal
rings in Eu,AgGe; are slightly more puckered owing to the
higher degree of ordering between Ag and Ge in comparison to
Au and Ge in Eu,AuGe; (Fmmm), which has basically planar
[Geg] and [Au,Ge,] hexagons. Layers consisting of Eu atoms
are also distorted, and they align in a zigzag fashion which we
assume is an effect of puckering in the hexagonal ring.'”
Hexagonal layers in Eu,AgGe; are stacked in the sequence
ABCD, ABCD along the [001] axis, whereas for Eu,AuGe, the
stacking sequence of the hexagonal layers is AB, AB along the
same axis. Another noticeable difference lies in the ordering of
the transition metal and Ge atoms in the hexagonal network
itself. In Eu,AuGe; the [Gey] and [Au,Ge,] hexagons are
linked by Au atoms with no mixed sites between Au and Ge
positions; on the contrary, all positions in the hexagonal
network in Eu,AgGe; consist of Ag and Ge mixed sites.

The distance between two parallel hexagonal layers is in the
range 4.3699—4.5396 A. The intralayer distance between two
adjacent Eu atoms ranges from 4.3086 to 4.3129 A and are
slightly shorter than the interlayer distances 4.4135—4.4689 A.
These values suggest the possible presence of divalent Eu atoms
in Eu,AgGe; as they are close to the values in other already
reported intermetallic compounds consisting of purely divalent
Eu, such as Eu,AuGe;,”” EuCu,Siy,**® EuGe,,"” etc., whereas
the Eu—Eu distance in EuPd; with purely trivalent Eu is 4.10
A*® which is comparatively smaller than the values observed in
divalent Eu-containing intermetallics. Later, these observations
were confirmed by magnetic, XANES, and Mossbauer
spectroscopic studies. The smallest bond distances between
different mixed positions within the hexagonal network are
2.5618(16), 2.547(3), and 2.4596(18) A for M1—M2, M1—MS3,
and M2—M3, respectively. The first two bond distances are
very close to the sum of the covalent radii of Ag and Ge (2.56
A),* whereas the last one is similar to the Ge—Ge bond
distance (2.45 A) in elemental Ge,> indicating almost
negligible bonding contribution from the Ag atom for M3. A
further band structure calculation study will help to understand
the role of bonding (both ¢ and 7 electrons) features in the
hexagonal network toward superstructure formation in this
compound.

The coordination environments of Eul, Eu2, and the [Ag +
Ge] mixed sites are shown in Figure 2. Both Eu sites are in a
slightly distorted hexagonal prismatic coordination environ-
ment built up by 12 [AgGe] mixed sites. Each Eu atom has
eight nearest Eu neighbors: a hexagonal arrangement of six Eu
atoms along with two other Eu atoms perpendicular to this
plane. The [AgGe] mixed sites have tricapped trigonal
prismatic coordination. The trigonal prism consists of six Eu
atoms with the three faces capped with three [AgGe] mixed
sites (M;Eug). Though both Eul and Eu2 reside in a similar
coordination environment, the distances between Eul—M1/
M2/M3 (3.3527(9), 3.2716(18), and 3.3081(19) A, respec-
tively) are slightly different from Eu2—M1/M2/M3
(3.3393(14), 3.3275(18), and 3.3759(11) A, respectively).
This kind of versatility in bond distances can directly affect the
hybridization between the rare-earth f orbital and the d orbital
of the transition metal and in turn may give rise to anomalies in
the magnetic and electronic properties of the intermetallic
compound.’"*

Finally, we compare EuzAgGe3 with the equiatomic
compound EuAgGe (P6/mmm)>> Though both compounds
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(a)

Figure 2. Coordination environment of different atoms: (a) pseudo-
Frank—Kasper-type coordination for Eul; (b) pseudo-Frank—Kasper-
type coordination for Eu2; (c) tricapped trigonal prism-type
coordination for the mixed positions of Ag and Ge atoms.

contain [Ag + Ge] mixed sites, the former is comprised of
puckered hexagonal rings whereas the latter contains
completely flat rings. This hints toward the fact that d'°—d"
interactions (which are considered to be important for
puckering of hexagonal rings)37 between the interlayer Ag
atoms are dissimilar in these two compounds. Hence, with an
increase in Ge content from EuAgGe to Eu,AgGe;, d'°—d" (if
any) is somewhat modulated.

3.2. Reversible Phase Transition. One can anticipate that
the puckered hexagonal rings and valence instability of Eu
atoms can influence the structural phase transition in these
compounds. In order to find this, we performed temperature-
dependent powder XRD. A comparison of powder XRD
patterns at temperatures of 303, 523, 723, and 773 K is shown
in Figure 3. The initial (303 K) pattern corresponds to the

— 303K
— 523K
— 723K

773K

Intensity (a.u.)

40

26 (degree)
Figure 3. Temperature-dependent powder XRD pattern measured at
303, 523, 723, and 773 K. (Inset) Expanded ranges of the
superstructure peaks observed in the orthorhombic crystal structure
and hkl of four superstructure peaks are marked.

orthorhombic superstructure of Eu,AgGe; (Fddd space group)
followed by a phase transition to a higher symmetrical
hexagonal above 473 K, which was stable up to 723 K. The
initial orthorhombic phase reappears at 773 K, which is unusual
as with an enhancement in temperature the symmetry of the
system is supposed to be increased. To further prove the
hexagonal symmetry, the orthorhombic superstructure reflec-
tions were removed in the single-crystal data and refined the
structure in the hexagonal P6/mmm space group (cif file in the
Supporting Information). Our simulated PXRD pattern from
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the refinement data in hexagonal space group is in good
agreement with the data collected above 477 K and below 723
K (Figure S3, Supporting Information).

Later, differential thermal analysis (DTA) was performed on
the powdered sample of Eu,AgGe; to ascertain the occurrence
and exact transition temperature of the phase transitions as
observed in the temperature-dependent PXRD data. The
change in heat flow (in W/g unit) against temperature during
the heating and cooling processes is shown in Figure 4. The

0562 1 A
EuzAgGea 0.560 ||'
Y 0558 /
2 0.556 / (b)
E 0.067 T8 718
3 4]"]:4 K
E ooe ||II"\
= 049065 |
m .
£ 0064 / — Heating
il — Cooling
0.0 7 T T T T
300 400 500 600 700 800
T (K)

Figure 4. Differential scanning calorimetric analysis data plotted as
heat change vs temperature in both heating and cooling mode. (Inset
a) First transition at 477 K, and (inset b) second broad transition at
718 K.

heating curve shows two consecutive phase transitions at 477
and 718 K: the first one corresponds to orthorhombic to
hexagonal phase and the second one is from hexagonal to
orthorhombic phase as observed from the temperature-
dependent powdered XRD data (shown as an inset of Figure
4), whereas there is no hint of other phase transitions during
the cooling process, indicating that the second phase
(orthorhombic) at higher temperature was stable and
irreversible in nature.

We propose a displacive transition mechanism (Figure S) for
this unusual reversible phase transition observed in temper-
ature-dependent XRD and DTA studies. At 303 K the
hexagonal rings, which are made up of Ag and Ge atoms, are
puckered as boat shaped and resulted in the orthorhombic
crystal system. The extent of puckering is much more at the M2
site (32h Wyckoff site) compared to other atoms and remained
above and below the plane. The two adjacent boat-shaped
hexagonal rings (Hex-a and Hex-b) are joined by M2—M2
bonds. At higher temperature (above 473 K), the M2 atoms
move alternatively up and down along the ¢ axis and the
hexagonal rings become flattened, giving rise to planar
hexagonal rings. Though the thermal ellipsoids along the ¢
axis (Us;) for M2 and M3 are reasonably large and similar in
the Fddd refinement (0.043(2) and 0.049(2) A?, respectively),
the higher Uy, value of M2 in Fmmm (0.065(2) A*) compared
to M3 (0.033(2) A?) suggests that M2 sites are more unstable
compared to M3. It was also noticed that M2—M2 bonds (2.46
A) are comparatively more strained than M2—M3 bonds (2.56
A). This gives an additional indication that the displacive
mechanism majorly involves movement of M2 sites along the ¢
axis, keeping M1 and M3 sites intact at their positions. This
resulted in addition of symmetries and transformed into a more
symmetrical hexagonal system (AIB, structure type and P6/
mmm space group). As the temperature increased further, the
alternate M2 positions move further opposite to each other
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s :
ex-a Y~ _
A \ / =+ Hex-b

b

Hex-a

Hex-a

718K “477 K

Hex-a Hex-a

Figure 5. Schematic representation of the temperature-dependent
displacive mechanism for the reversible phase transition in Eu,AgGes.
(A) Two hexagon rings in the orthorhombic structure of Eu,AgGe; are
viewed along the ¢ axis. (B) Cartoon representation of these two
hexagon rings along the a axis is shown with a probability of 90%
ellipsoid atomic model. Up and down motion of two adjacent
hexagonal rings through the M2—M2 bond along the ¢ axis at 303 K
(B), between 477 and 718 K (C), and above 718 K (D) are marked as
red arrows. Tilting of the two rings is marked as dashed lines between
the M2 atoms.

along the ¢ direction or go back to the original positions as
shown in Figure SD/SB, resulting in another puckered
arrangement of the hexagonal rings which gives rise to second
phase transition around 723 K corresponding to the initial
orthorhombic phase. This kind of reversible displacive phase
transition was never reported in the family of intermetallics;
nevertheless, it was reported in Ti—Ni-based binary>*>* as well
as ternary alloy such as TigNi,Cu (ref 56 and references
therein).

3.3. Magnetic Properties. The temperature-dependent
molar magnetic susceptibility of a polycrystalline sample of
Eu,AgGe; at an applied field of 1 kOe is shown in Figure 6. The
inverse susceptibility (y™') is plotted as a function of
temperature, shown in Figure 6. The inverse susceptibility
curve obeys a modified Curie—Weiss law, y = C/(T — HP),
above 80 K and deviates from linearity below this temperature.

2.0
Eu,AgGe, 220
1.64 1kQCe
L1575
5 1.2 E
-g g ueﬂ =7.94 by 10%
£ 0.8 0 =18K " %
£2 A T -
0.4 B -5
o 1yvs. T
_.—-—""'-FFH‘
0.0 . =lo
0 100 200 300
T(K)

Figure 6. Temperature dependence of the molar magnetic
susceptibility of Eu,AgGe; at 1000 Oe applied magnetic field plotted
against the X axis on the left-hand side. Plot on the right-hand side
shows the temperature dependence of the molar inverse magnetic
susceptibility of Eu,AgGe;, and solid red line is the Curie—Weiss
fitting in the temperature range 80—325 K.
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A linear fit with the Curie—Weiss law in the temperature range
of 80—325 K gives a value of the paramagnetic Curie
temperature (‘99) of 1.8 K and an effective magnetic moment
(eir) of 7.94 pp/Eu ion. The positive sign of 0, indicates an
overall ferromagnetic interaction between adjacent Eu centers,
but the extent of this interaction is very low as evident from the
low value of ;. The calculated effective magnetic moment/Eu
is exactly the same as the spin-only value for a divalent Eu (7.94
up) in the higher temperature range (80—325 K). This is also
supported by the adjacent Eu—FEu distance (4.3086—4.5396 A)
as already discussed in the Crystal Structure section.

3.4. Valence State of Europium. X-ray absorption near-
edge spectroscopy (XANES) is a strong experimental tool in
order to firmly establish the valence state of an element in a
compound. This prompted us to investigate the Eu valence
state by XANES at the Eu Ly;; edge. A sharp signal at 6973 eV
was observed in the Eu-Ly; X-ray absorption spectrum of
Eu,AgGe, (Figure 7). This value is characteristic of the 4f’

—Eu,AgGe,

Normalized Absorption (a.u.)

6960 6965 6970 6975 6980 6985
Energy (eV)

Figure 7. Eu Ly; absorption edge spectra of Eu in Eu,AgGe; at 300 K.

(Eu**) configuration and arises due to a 2p;, to S5d
transition.””® The main signal observed for the reference
Eu,0; (electronic configuration 4f%, Eu**) is approximately
located around 6984 eV.*>® The absence of any broad
shoulder around this value eliminates the possibility of mixed or
intermediate valency for Eu, and thus, Eu,AgGe; solely contains
Eu®" as an active valence state.

To further support the magnetic susceptibility and XANES
data and get an idea about the local environment of the Eu
atoms in our compound, we performed “'Eu Mdossbauer
spectroscopy on Eu,AgGe; samples at 30, 50, 100, and 300 K
(Figure 8). Data was fitted using a Lorentzian model (area
equal method),’" and fitting parameters are given in Table 2.
The average isomer shift at 303 K in Eu,AgGe; (—10.34
mms ") is slightly higher than Eu,AuGe; (—10.93 mms™') and
EuAgGe (—10.63 mms™'),%" indicating slightly lower iconicity
(i, higher s electron density). At all measured temperatures
the spectra had a single signal around —10 mm/s, indicating the
presence of pure divalent Eu, further confirming the magnetic
measurements data. A fit to this signal shows the presence of
two equivalent Eu®* atoms in a 1:1 ratio, clearly confirming our
crystallographic studies. A slightly higher experimental line
width (2.67 mms™') compared to the typical value of 2.3
mms ™' can be explained on the basis of the presence of two
crystallographically different Eu sites showing superposition in
the experimental spectrum.”” At this point it is worthwhile to
mention that the isomer shift values for Eul and Eu2 are not
the same, which corroborate with the different coordination
environment of Eu atoms observed in the crystal structure
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Figure 8. Experimental and simulated '>'Eu MGossbauer spectra of
Eu,AgGe; in the temperature range 30—300 K.

Table 2. Fitting Parameters of '>'Eu Mossbauer
Spectroscopic Measurements of Eu,AgGe;

temp (K)  isomer shift (mm/s) fwhm (mm/s) area (%) Ve

300 —10.8 + 0.06 247 £ 0.17 S0 0.80
—9.87 £ 0.05 2.06 + 0.08 S0

100 —10.74 + 0.0S 2.63 + 0.14 S0 1.09
—9.68 + 0.05 2.39 £ 0.10 S0

NY —10.44 + 0.30 3.20 + 0.54 S0 0.89
—9.56 + 0.07 2.39 £ 0.16 NY

30 —10.8 + 0.06 247 + 0.17 S0 0.90
—=9.90 + 0.31 3.22 + 045 S0

obtained from single-crystal XRD and also suggests that the
local electronic density around Eul and Eu2 is different.

4. CONCLUDING REMARKS

A new compound, Eu,AgGe; has been discovered in the family
of AIB, type. Due to the different puckering behavior of the
Ag;Ge; layer, Eu,AgGe; crystallizes in the Ba,LiSi; structure
type with Fddd space group. Temperature-dependent PXRD
suggest a reversible crystal structure transition which was very
well supported by DTA. Eu,AgGe; is in fact the first
intermetallic compound that shows reversible phase transitions,
which have been explained by the displacive transition
mechanism of Ag and Ge atoms in the hexagon layers. Our
observations open up the possibility to study the phase
transition in all compounds crystallizing in the AIB, family. A
rare high-temperature reversible structural transition in
Eu,AgGe; will be interesting for researchers to study in the
field of material chemistry and condensed matter physics.
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