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GdAgGe, GdAuGe, GdAu0.44(1)In1.56(1) , and GdAuIn were pre-
pared as single-phase materials from the elements by arc-
melting and subsequent annealing at 970 K. The indium com-
pounds were investigated by X-ray diffraction on both powders as
well as single crystals. GdAu0.44(1)In1.56(1) adopts the CaIn2 struc-
ture, a puckered version of the AlB2 type: P63/mmc, a 5
478.9(1) pm, c 5 740.3(1) pm, V 5 0.1470(1) nm3, Z 5 2, wR2 5
0.0278, for 149 F2 values, and 8 variables. GdAuIn crystallizes
with a ternary ordered variant of the Fe2P type: P61 2m, a 5
769.8(3) pm, c 5 397.8(2) pm, V 5 0.2042(1) nm3, Z 5 3, wR2 5
0.0562, for 505 F2 values, and 14 variables. GdAgGe crystallizes
with the same structure, and GdAuGe adopts the NdPtSb type,
a ternary ordered version of the CaIn2 structure. Chemical bond-
ing in GdAuIn was investigated by semiempirical band structure
calculations. The strongest bonding interactions are found for the
Au–In contacts, followed by Gd–Au and Gd–In, while the
Gd–Gd interactions are much weaker. The four gadolinium
compounds are antiferromagnets with Néel temperatures of
13.0, 16.9, 21.0, and 12.5 K for GdAgGe, GdAuGe, GdAu0.44(1)

In1.56(1) , and GdAuIn, respectively. No field-induced magnetic
transitions are evident from the low-temperature magnetization
data. The magnetic hyperfine interactions in these intermetallics
were studied in detail by 155Gd Mössbauer spectroscopy. ( 1998
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INTRODUCTION

The ternary systems rare earth metal (RE)—silver/
gold—germanium/indium have been thoroughly examined
in the past (1—5); however, the majority of these studies
focused on phase analytical investigations. The Heusler-
type phases REAg

2
In and REAu

2
In are the most intensively

investigated compounds within these systems since they
exhibit interesting physical properties (6). In contrast, little
is known about the physical properties of the corresponding
equiatomic compounds. Some remarkable examples of
these compounds are the antiferromagnets CeAgGe (7) and
CeAuIn (8) with Néel temperatures of 4.8 and 5.7 K, respec-
tively, and the mixed-valence compound YbAuIn (9).

We have recently started a more systematic investigation
on the crystal structures, the physical properties, and the
chemical bonding of the REAgGe and REAuGe series
(10—14). The most remarkable germanide herein is the
10.0 K ferromagnet CeAuGe (10, 11, 13). In the present
study, we focus on the physical properties of the equiatomic
gadolinium compounds GdAgGe, GdAuGe, and GdAuIn.
The latter had only been characterized on the basis of X-ray
powder data (1, 2). In addition, we report on the new com-
pound GdAu

0.44(1)
In

1.56(1)
which adopts the CaIn

2
-type

structure. The central topic of the present investigation is
the study of the magnetic hyperfine interactions by magnetic



0.44(1) 1.56(1)
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susceptibility and 155Gd Mössbauer spectroscopic
measurements. Preliminary results of this work have been
presented at a conference (15).

EXPERIMENTAL

Syntheses

Starting materials for the preparation of GdAgGe,
GdAuGe, GdAu

0.44(1)
In

1.56(1)
, and GdAuIn were ingots

of gadolinium (Johnson Matthey), silver wire (2 mm, De-
gussa), gold wire (1 mm, Degussa), germanium lumps
(Wacker), and indium tear drops (Johnson Matthey), all
with stated purities better than 99.9%. The large gadolin-
ium ingots were cut into small pieces and kept under argon
prior to the reactions. In a first reaction step, small gadolin-
ium pieces were arc-melted under argon (about 600 mbar)
in order to obtain compact buttons (about 400 mg). This
preliminary melting process prevents a splashing of the
ingots in the final reaction step. The argon had been puri-
fied before over molecular sieves, titanium sponge (900 K),
and an oxisorb catalyst (16). In a second step, the elemen-
tal components were weighted in the ideal atomic ratio
and placed into a water-cooled copper crucible. The ele-
ments were then reacted in an arc-furnace, and the result-
ing buttons were melted three times on each side to ensure
homogeneity. The weight losses were smaller than 0.2%
for each reaction. The products were subsequently sealed
in evacuated quartz glass ampoules and annealed at 970 K
for 20 days. Powders of GdAgGe, GdAuGe, GdAu

0.44(1)
In

1.56(1)
, and GdAuIn are dark gray, while single crystals

(irregularly shaped; up to a size of 100 lm) are silvery
with metallic lustre. The four compounds are stable in
air over months. No decomposition, whatsoever, was
observed.

X-Ray Investigations

Guinier powder patterns of the samples were recorded
with CuKa

1
radiation. 5N silicon (a"543.07 pm) was

taken as an internal standard for the GdAu
0.44(1)

In
1.56(1)

sample, while a-quartz (a"491.30 pm, c"540.46 pm) was
taken for GdAgGe, GdAuGe, and GdAuIn. The powder
TABL
Lattice Constants of the Hexagonal Compounds G

Compound Str. type a (pm)

GdAgGe ZrNiAl 715.4(2)
GdAuGe NdPtSb 442.64(2)
GdAuIn ZrNiAl 769.8(3)
GdAuIn ZrNiAl 770.0
GdAuIn ZrNiAl 769.3(2)
GdAu

0.44(1)
In

1.56(1)
CaIn

2
478.9(1)
patterns could easily be indexed on the basis of small hexa-
gonal unit cells with those lattice constants listed in Table 1.
No parasitic phases were observed on the Guinier patterns.
To ensure correct indexing, the observed patterns were
compared with calculated patterns (17) generated from the
atomic positions of the structure refinements.

Single-crystal intensity data were collected by use of
a four-circle diffractometer (CAD4) with graphite mono-
chromatized AgKa and MoKa radiation for GdAu

0.44(1)
In

1.56(1)
and GdAuIn, respectively, and a scintillation

counter with pulse height discrimination.

Electronic Structure Calculations

A three-dimensional band structure calculation for
GdAuIn was based on an extended Hückel Hamiltonian
(18, 19), whereas off-site matrix elements were evaluated
according to the weighted Wolfsberg—Helmholtz formula
(20), minimizing counterintuitive orbital mixing.

The minimal orbital basis set was composed of Slater
orbitals that had been fitted to j-averaged values of numer-
ical Dirac—Fock functions. On-site Hamiltonian matrix ele-
ments were approximated by atomic orbital energies from
the same source (21, 22). The values for the Gd 6p orbital are
our estimates based on a number of atomic calculations for
excited states of gadolinium. In detail, the exchange inte-
grals (m orbital exponents in parentheses) were Gd 6s,
!5.44 eV (1.52); Gd 6p, !3.84 (1.52); Gd 5d, !6.06 (2.03);
Au 6s, !7.94 (2.12); Au 6p, !3.52 eV (1.53); In 5s, !10.79
eV (2.02), and In 5p, !5.35 (1.47). For obtaining greater
accuracy, the Au 5d atomic wave functions (average orbital
energy !12.55 eV) was approximated by a double-zeta
function with exponents m

1
"4.20, m

2
"1.86 and weighting

coefficients c
1
"0.814, c

2
"0.336 (23). The eigenvalue

problem was solved in reciprocal space at 80 k points within
the irreducible wedge of the Brillouin zone by using a modi-
fied EHMACC code (24).

Physical Properties

The magnetic susceptibilities of polycrystalline pieces of
GdAu In and GdAuIn were determined with
E 1
dAgGe, GdAuGe, GdAuIn, and GdAu0.44(1)In1.56(1)

c (pm) c/a » (nm3 ) Ref.

423.7(1) 0.592 0.1878(1) 12
742.11(4) 1.677 0.12592(5) 13
397.8(2) 0.517 0.2042(1) This work
398.0 0.517 0.2044 1
399.1(1) 0.519 0.2046(1) 2
740.3(1) 1.546 0.1470(1) This work
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a MPMS SQUID magnetometer (Quantum Design, Inc.)
from 4.2 to 300 K with magnetic flux densities up to 5.5 T.

The conventional constant acceleration spectrometer was
used to perform Mössbauer absorption measurements for
the 86.5 keV c-transition of the 155Gd isotope in the temper-
ature range 4.2 to 30 K. The source was in the chemical form
of (155Eu)SmPd

3
, and the quoted values of the isomer shifts

are given relative to this material. The absorber thickness
was optimized with respect to the best conditions for the
signal to noise ratio. The theoretical shapes of the spectra
were obtained as a set of Lorentzian lines whose positions
and relative intensities resulted from diagonalization of the
hyperfine Hamiltonian H

)&
. The variable parameters of

H
)&

were the isomer shift, d
IS
, the coupling energy E

Q
of the

nuclear quadrupole moment eQ to the electric field gradient
»
;;

, the magnetic hyperfine field B
)&

, the angle h between the
z axis of the electric field gradient and Bo

)&
as well as the

asymmetry parameter g and the azimuthal angle u.

RESULTS AND DISCUSSION

Structure Refinements

Single crystals of GdAu
0.44(1)

In
1.56(1)

and GdAuIn were
isolated from the annealed samples by mechanical frag-
mentation and were examined by Buerger precession photo-
TABL
Crystal Data and Structure Refineme

Empirical formula GdAu
0.44(1)

In
1.56(1)

Formula weight 423.45 g/mol
Temperature 293(2) K
Wavelength 56.086 pm (AgKa)
Crystal system hexagonal
Space group P6

3
/mmc (No. 194)

Unit-cell dimensions Table 1
Formula units per cell Z"2
Calculated density 9.56 g/cm3

Crystal size 35]35]55 lm3

Absorption correction from t-scan data
Transmission ratio (max/min) 1.52
Absorption coefficient 30.2 mm~1

F(000) 351
h range for data collection 2° to 27°
Scan type u/h
Range in hkl 04h47, !74k46,!
Total number of reflections 1202
Independent reflections 149 (R

*/5
"0.0595)

Reflections with I'2p(I) 149 (R
4*'.!

"0.0266)
Refinement method full-matrix least-squares o
Data/restraints/parameters 127/0/8
Goodness-of-fit on F2 1.289
Final R indices [I'2p(I)] R1"0.0169, wR2"0.023
R indices (all data) R1"0.0272, wR2"0.027
Extinction coefficient 0.0059(9)
Largest diff. peak and hole 1956 and !1812 e/nm3

Absolute structure parameter —
graphs in order to establish both symmetry and suitability
for intensity data collection.

The needle-shaped crystal of GdAuIn was oriented with
the needle axis perpendicular to the X-ray beam, and the
axis turned out to be the short one, as is usually the case.
The precession photographs (reciprocal layers h0l and h1l)
indicated hexagonal symmetry and showed no systematic
extinctions. The structure refinements confirmed the non-
centrosymmetric space group P61 2m, which is in agreement
with previous investigations on isotypic compounds (12).
The single crystals of GdAu

0.44(1)
In

1.56(1)
were irregularly

shaped. The reciprocal layers h0l and h1l indicated hexag-
onal symmetry. The systematic extinctions (hhl only ob-
served with l"2n) led to the space groups P6

3
/mmc and

P6
3
mc, of which the centrosymmetric group P6

3
/mmc was

found to be correct during the structure refinement. All
relevant crystallographic data and experimental details for
the data collections are listed in Table 2.

The starting atomic parameters for both refinements were
taken from an automatic interpretation of direct methods
using SHELX-86 (25). The structures were then sucessfully
refined using SHELXL-93 (26) with anisotropic atomic dis-
placement parameters for all atoms. The 4f position of the
CaIn

2
structure of GdAu

0.44(1)
In

1.56(1)
was refined with

a mixed occupancy by gold and indium atoms. In a separate
E 2
nt for GdAu0.44(1)In1.56(1) and GdAuIn

GdAuIn
469.04 g/mol
293(2) K
71.073 pm (MoKa)
hexagonal
P61 2m (No.189)
Table 1
Z"3
11.45 g/cm3

60]60]200 lm3

from t-scan data and DIFABS (27)
3.85
85.9 mm~1

576
2° to 40°
u/2h

114l411 $13, $13, $7
2802
505 (R

*/5
"0.0778)

503 (R
4*'.!

"0.0439)
n F2 full-matrix least-squares on F2

505/0/14
1.252

9 R1"0.0253,wR2"0.0560
8 R1"0.0255,wR2"0.0562

0.0200(8)
3082 and !3728 e/nm3
0.01(2)



TABLE 3
Atomic Coordinates and Isotropic Displacement Parameters

(pm2) for GdAu0.44(1)In1.56(1) and GdAuIn

Atom Wyckoff site x y z º
%2

GdAu
0.44(1)

In
1.56(1)

, space group P6
3
/mmc

Gd 2b 0 0 1/4 99(2)
M 4f 1/3 2/3 0.04291(6) 138(1)

GdAuIn, space group P61 2m
Gd 3f 0.59365(9) 0 0 72(1)
Au1 1a 0 0 0 89(2)
Au2 2d 1/3 2/3 1/2 72(1)
In 3g 0.2589(1) 0 1/2 73(2)

Note. ºeq is defined as one third of the trace of the orthogonalized
ºij tensor. M denotes Au0.88In3.12.

TABLE 4
Selected Interatomic Distances (pm) in the Structures

of GdAu0.44(1)In1.56(1) and GdAuIn

GdAu
0.44(1)

In
1.56(1)

GdAuIn

Gd: 6 M 316.2 Gd: 4 Au2 306.8
6 M 351.4 1 Au1 312.8
2 Gd 370.1 2 In 325.5

4 In 338.8
M: 3 M 283.7 2 Gd 397.8

1 M 306.6 4 Gd 404.6
3 Gd 316.2
3 Gd 351.4 Au1: 6 In 281.6

3 Gd 312.8

Au2: 3 In 289.5
6 Gd 306.8

In: 2 Au1 281.6
2 Au2 289.5
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series of least-squares cycles, the occupancy parameters for
GdAuIn were varied along with the displacement para-
meters. No deviations from the ideal occupancies were ob-
served. The anisotropic displacement parameters for
GdAuIn, however, were extremly anisotropic with small
º
11

and º
22

values and much larger º
33

values. This anom-
aly was judged to be due to the needle-like shape of the
crystal and strong absorption. The structure was then re-
fined with isotropic displacement parameters, followed by
a DIFABS absorption correction (27). The final refinement
cycles were again carried out with anisotropic displacement
parameters. The refined positional parameters before and
after the DIFABS procedure were identical within less than
one standard deviation. Final difference Fourier synthesis
revealed no significant residual peaks for both refinements.
The positional parameters, isotropic displacement para-
meters, and interatomic distances are listed in Tables 3
and 4. Further details on the structure refinements are
available.1

Crystal Chemistry and Chemical Bonding

The new ternary alloy GdAu
0.44(1)

In
1.56(1)

was obtained
from a sample of the intended composition Gd : Au : In
"2 : 1 : 3 when searching for new intermetallic compounds
with ordered structures derived from the simple AlB

2
type,

such as Er
2
RhSi

3
(28, 29) or U

2
RuSi

3
(30, 31). The latter

structures consist of slightly puckered Rh
2
Si

4
and Ru

2
Si

4
hexagons. Up to now, such ordered AlB

2
variants of the

composition RE
2
¹X

3
have only been observed for silicides

(28—31) and gallides (32, 33). These superstructures are the
result of klassengleiche symmetry reductions (34), and give
rise to additional reflections in the Guinier powder patterns.
Our samples around the 2 : 1 : 3 composition revealed no
superstructure reflections at all. GdAu

0.44(1)
In

1.56(1)
crystal-

lizes with the CaIn
2

structure, with the gadolinium atoms
on the calcium position and a mixed occupancy of the gold
and indium atoms on the indium position. Nevertheless, we
would predict a large degree of short-range order in
GdAu

0.44(1)
In

1.56(1)
. The structure of GdAu

0.44(1)
In

1.56(1)
is shown in Fig. 1. The gold and indium atoms form strongly
puckered hexagons with average Au—In distances of
284 pm. This value compares well with the sum of Pauling’s
single-bond radii (35) of 283 pm for gold and indium. The
average Au—In distances of 307 pm between the layers are
much longer. We therefore assume stronger intralayer
bonding and much weaker interlayer bonding within the
three-dimensional [Au

0.44(1)
In

1.56(1)
] polyanion. The

puckering of the hexagons in GdAu
0.44(1)

In
1.56(1)

is much
1Details may be obtained from Fachinformationszentrum Karlsruhe,
D-76344 Eggenstein-Leopoldshafen (Germany), by quoting the Registry
Nos. CSD-410063 (GdAu

0.44(1)
In

1.56(1)
) and CSD-410064 (GdAuIn).
more pronounced than within the structures of Er
2
RhSi

3
(29) or U

2
RuSi

3
(30).

At this point it is interesting to note that binary com-
pounds with a CaIn

2
type structure are reported only for

divalent cations like Ca, Sr, Eu, and Yb (36). A binary
compound of the composition GdIn

2
is not known; how-

ever, the CaIn
2

type structure is realized for GdAu
0.44(1)

In
1.56(1)

. Since the gold atoms are the most electronegative
(assuming the Pauling scale) component in this compound
we thus assume that the excess charge of trivalent gadolin-
ium (as compared to divalent cations) is compensated by the
electronegative gold atoms. The CaIn

2
type for GdAu

x
In

2~x
occurs if about 10% of the indium atoms are substituted by
2 Gd 325.5
4 Gd 338.8
2 In 345.2

Note. Standard deviations are all equal or less than 0.1 pm. M denotes
Au

0.22
In

0.78
.



FIG. 1. Crystal structures of GdAu
0.44(1)

In
1.56(1)

, GdAuGe, GdAgGe, and GdAuIn. The structures of GdAgGe and GdAuIn are projected onto the
xy plane, with all atoms on mirror planes at z"0 and z"1/2, indicated by thin and thick lines, respectively. The trigonal prisms around the germanium
and gold atoms are outlined.
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gold atoms. Arc-melted and annealed samples GdAu
x
In

2~x
with a lower gold content producted at Gd

3
In

5
(36), GdIn

3
(36), and Au on the Guinier powder diagrams.

A completely ordered version of the CaIn
2
type is realized

for GdAuGe (Fig. 1). The structure consists of puckered
[Au

3
Ge

3
] layers with strong covalent Au—Ge intralayer

bonding and much weaker Au—Ge interlayer bonding. The
gadolinium atoms are located within the polyanionic net-
work. A detailed description of the crystal and electronic
structures of REAuGe intermetallics was recently given in
(11) and (14).

Both GdAgGe and GdAuIn adopt the ZrNiAl-type struc-
ture, a ternary ordered version of Fe

2
P (Figs. 1 and 2). These

structures are also built up from two types of centered
trigonal prisms, however, showing a different arrangement.
In GdAgGe one type of these prisms is formed by the
gadolinium atoms while the other type is formed by the
silver atoms. Both prism types are centered by the smaller
germanium atoms. A detailed discussion of the REAgGe
structures is given in (12). In GdAuIn, the prisms around the
origin of the unit cell are formed by the indium atoms and
centered by the smaller gold atoms. Thus, the positions of
the transition metal and the p element are exchanged if
compared to GdAgGe. In general, the trigonal prisms in
Fe

2
P-type compounds are always centered by the smaller

atoms. The rectangular faces of the gold-centered indium
prisms in GdAuIn are capped by three gadolinium atoms,
while those of the gold-centered gadolinium prisms are
capped by indium atoms, resulting in coordination number
9 (CN 9) for the gold atoms. Such a nearest neighbor
environment with CN 9 is typically observed for transition-
metal atoms in these intermetallic compounds.

The corresponding density-of-states (DOS) of GdAuIn in
the valence region is presented in Fig. 3, indicating that the
valence levels are heavily dominated by gadolinium d func-
tions. The indium levels contribute to some degree at
around !14 eV. The levels extending from !12 to!14 eV
are mainly of Au d character.



FIG. 2. Perspective views of the EuAuIn and GdAuIn structures along
the x axis and the z axis, respectively, emphasizing the edge- and corner-
sharing InAu

4
tetrahedra. Cutouts of smaller tetrahedral units are shown

on the right-hand part. The shaded prisms in the drawing for GdAuIn
correspond to the cutout presented at the upper right-hand part.
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Chemical bonding in GdAuIn was investigated with the
help of crystal orbital overlap populations (COOP) as pre-
sented in Fig. 4. The gold atoms form slightly distorted
tetrahedra around the indium atoms with Au1—In and
Au2—In distances of 282 and 290 pm, respectively, so that
they agree excellently with the sum of Pauling’s single-bond
radii of 283 pm for gold and indium (35). The overlap
population analysis (37) presented in Fig. 4 indeed confirms
FIG. 3. Density-of-states (DOS) of GdAuIn with the gadolinium con-
tributions emphasized in black.
these Au—In contacts to carry strong bonding character,
with the highest overlap population of #0.288 in the
GdAuIn structure. The Au—In bonding is seemingly opti-
mized for the 17 valence electrons of GdAuIn with respect to
the position of the Fermi level.

Short Au—In distances (283 to 288 pm) have also been
observed recently for the InAu

4
tetrahedra in EuAuIn (38),

adopting the TiNiSi-type structure. Although both com-
pounds have a similar composition and tetrahedral InAu

4
units, there is a significant difference in structure and prop-
erties. There are always three tetrahedra in GdAuIn (or-
dered Fe

2
P type) sharing common edges (Fig. 2) such that

there results a propeller-like unit. These triple units are
stacked onto each other along the z axis by sharing a com-
mon corner and forming one-dimensional infinite columns.
The latter are condensed via common corners forming
a three-dimensionally infinite [AuIn] polyanion in which
the trivalent gadolinium atoms are embedded. Thus, each
InAu

4
tetrahedron is condensed via one edge and all of its

corners. In metamagnetic EuAuIn (38) the europium atoms
are divalent and the InAu

4
tetrahedra have a higher degree

of condensation: two common edges and all corners, as
emphasized in Fig. 2. It is obvious that the structure of the
[AuIn] polyanion strongly depends on the number of val-
ence electrons transferred from the rare-earth element.

These structural features are nicely reflected by the recent
results obtained for dimorphic YbPdSn (39). Here, the low-
temperature modification (a-YbPdSn) contains trivalent yt-
terbium and adopts the ordered Fe

2
P structure as does

GdAuIn, while the high-temperature modification (b-
YbPdSn) contains divalent ytterbium and crystallizes with
the TiNiSi-type structure as does EuAuIn. Considering
these findings one might assume a phase transition for
EuAuIn: HT-EuAuIn (divalent europium, TiNiSi type)
might possibly transform to LT-EuAuIn (trivalent euro-
pium, Fe

2
P type). Such investigations are now in progress.

The shortest Gd—Gd distances in GdAuIn amount to
398 pm (equal to the length of the z axis), significantly
longer than in hcp gadolinium (40), where each gadolinium
atom has 12 nearest gadolinium neighbors with an average
Gd—Gd distance of 360 pm. In a typical cluster compound
like Gd

2
Cl

3
(41, 42), where the gadolinium atoms form

parallel chains of trans edge sharing Gd
6

octahedra, the
Gd—Gd distances of 337 pm within the joined edges are
much shorter. Such Gd—Gd interactions are strongly bond-
ing. The very weak bonding character of the Gd—Gd inter-
actions in GdAuIn is supported by the small Gd—Gd
overlap population (#0.080, see also Fig. 4). Also, if the
Gd—Gd interactions were of structural significance, one
might have expected a slightly higher Fermi level (total
electron count).

The five gold and six indium neighbors to gadolinium
give rise to average Gd—Au and Gd—In distances of 308 and
334 pm, respectively, shorter than the sums of the metallic



FIG. 4. Chemical bonding in GdAuIn from various crystal orbital overlap populations (COOP).
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radii for CN 12 (43) of 324 pm (Gd—Au) and 347 pm (Gd—In).
It is reasonable to assume mediate bonding interactions,
which is in accordance with the overlap populations of
#0.223 and#0.217, see also Fig. 4. Both Gd—Au and Gd—In
interactions have significant contributions at the Fermi level.

Finally, it is worthwhile to note that the Fermi energy
would touch the first Gd—Au antibonding levels within
a rigid band model if additional electrons were inserted
(Fig. 4), causing a structural destabilization. The removal of
one electron, in contrast, should not significantly affect the
stability of such an atomic arrangement. The validity of this
rigid band model is nicely reflected by the existence of
isotypic GdPtIn (44) with one electron less compared to
GdAuIn and isoelectronic GdPtSn (45, 46). Both GdAuSn
(1) and GdPtSb (46, 47), however, have one surplus electron
and crystallize with the NdPtSb- and MgAgAs-type struc-
ture, respectively.

Magnetic Properties

The magnetic properties of GdAgGe and GdAuGe have
been discussed in (12) and (13). Both germanides follow the
FIG. 5. Temperature dependence of the reciprocal magnetic suscepti-
bility of GdAu

0.44(1)
In

1.56(1)
. The low temperature behavior is shown in the

inset.
Curie—Weiss law above 50 K. GdAgGe orders antiferro-
magnetically at 13.0(2) K and exhibits an experimental mag-
netic moment of k

%91
"7.70 k

B
and a Weiss constant of

!23(1) K. The gold compound orders antiferromagneti-
cally at 16.9(2) K but with a reduced moment (compared to
the free ion value of 7.94 k

B
) of k

%91
"7.40 k

B
in the para-

magnetic range. The Curie temperature is !2(1) K.
The temperature dependences of the inverse magnetic

susceptibilities of GdAuIn and GdAu
0.44(1)

In
1.56(1)

are
shown in Figs. 5 and 6. Both compounds show Curie—Weiss
behavior above 50 K, with experimental magnetic moments
of k

%91
"8.2(1) k

B
and k

%91
"7.8(1) k

B
for GdAuIn and

GdAu
0.44(1)

In
1.56(1)

, respectively. The paramagnetic Curie
temperatures (Weiss constants) of !17(1) K for GdAuIn
and !30(1) K for GdAu

0.44(1)
In

1.56(1)
were obtained by

linear extrapolations of the high-temperature parts of the
1/s vs T plots to 1/s"0. While the experimental magnetic
moment for GdAu

0.44(1)
In

1.56(1)
is slightly smaller than the

free ion value of 7.94 k
B

for Gd3`, the moment for GdAuIn
is slightly enhanced, as is frequently observed for such
equiatomic gadolinium compounds (6).

Antiferromagnetic ordering is observed at 12.5(5) K for
GdAuIn and at 21.0(5) K for GdAu

0.44(1)
In

1.56(1)
(insets of
FIG. 6. Temperature dependence of the reciprocal magnetic suscepti-
bility of GdAuIn. The low-temperature behavior is shown in the inset.



FIG. 7. Magnetization vs external magnetic flux density, B
%95

, for
GdAu

0.44(1)
In

1.56(1)
and GdAuIn.
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Figs. 5 and 6). The dependence of the magnetization vs
the external magnetic flux density is shown in Fig. 7: they
were evaluated at 4.2K for GdAuIn and at 5K for
GdAu In . Both magnetization curves are more or
0.44(1) 1.56(1)

FIG. 8. Experimental and simulated 155Gd Mössbauer spectra of
GdAgGe at different temperatures.
less linear, as is expected for antiferromagnets. There is no
hint of a field-induced magnetic transition. The magnetic
moments at the highest obtainable external field strength of
5.5 T are 2.0(1) k

B
/Gd for GdAuIn and 2.6(1) k

B
/Gd for

GdAu
0.44(1)

In
1.56(1)

, much smaller than the possible satura-
tion value of 7.0 k

B
/Gd.

155Gd Mössbauer Spectroscopy

Figures 8 through 11 show the experimental spectra as
dots while the solid lines represent the least-squares fitted
theoretical curves. The isomer shift is bound to the differ-
ence in electron density at the site of nucleus between the
source and the absorber: d

IS
&*SR2

N
T ( Dt

A
D2!Dt

S
D2). The

temperature variations of the isomer shifts seem to be stat-
istically insignificant for all studied compounds (Fig. 12).
Therefore, we have used the values averaged over the mea-
sured temperature range in order to characterize the sam-
ples. The isomer shift of 155Gd in GdAuIn is distinctly
smaller than for the remaining compounds under study.
Since the quantity *SR2

N
T (denoting the difference of the

mean-squared radii of excited and ground nuclear states) is
FIG. 9. Experimental and simulated 155Gd Mössbauer spectra of
GdAuGe at different temperatures.



FIG. 10. Experimental and simulated 155Gd Mössbauer spectra of
GdAuIn at different temperatures.

FIG. 11. Experimental and simulated 155Gd Mössbauer spectra of
GdAu

0.44(1)
In

1.56(1)
at different temperatures.
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negative for 155Gd the electronic density Dt
A
D2 at the gado-

linium nucleus site must be higher in GdAuIn. The magnetic
ordering temperatures that were determined from magnetic
susceptibility and 155Gd Mössbauer spectroscopic measure-
ments (Table 5) agree rather well.

The important difference between the isomer shifts in the
isostructural compounds GdAuIn and GdAgGe (Table 5)
stems from a degree of s and d electrons rearrangement and
may be derived from the details of gadolinium atom coord-
ination in the two compounds. The gadolinium atom at the
3f Wyckoff position in GdAuIn (space group PM 62m) is sur-
rounded by a tetragonal pyramid of five gold atoms, the
vertices of which are not all equivalent. The rectangular
base of the pyramid is formed by four Au2 atoms at a dis-
tance of 307 pm from the central gadolinium atom (Table 4)
while the ‘‘top’’ Au1 atom is 313 pm away (Fig. 1). The
inversed occupation of the crystallographic sites between
the transition metal and p element in GdAgGe (same or-
dered Fe

2
P type structure) causes the new pyramid to be

built of four basal Ge1 atoms with Ge2 at the apex (Fig. 1).
The distances to the pyramid-centering gadolinium atom
are 302 and 298 pm (12).
The results of the COOP calculations presented above
supply a theoretical basis for the semiempirical model of
Miedema and van der Woude (48) proposed for the inter-
pretation of isomer shifts in binary intermetallic A

x
B
y

systems. This model uses the electronegativity difference
*/*,/*

B
!/*

A
and the difference in electron densities

taken at the boundaries of the Wigner—Seitz cells of pure
metals *n

WS
,nB

WS
!nA

WS
as the basic physical properties

determining the Mössbauer isomer shifts dA
IS

of element A in
A

x
B
y

relative to that of pure A (47): dA
IS
,f A

B
[P@*/*#

Q@*n
WS

/nA
WS

].
The coordination fraction f A

B
accounts for the complete-

ness of the surrounding of A and B atoms, and it propor-
tionally reduces the maximum isomer shift which would
have been observed in the case of infinite dilution of A in B.
The f A

B
fraction depends on the concentration of A in B,

their relative atomic sizes, and the coordination geometry.
The constants P@ and Q@ are obtained by optimizing an
agreement between the isomer shifts calculated from the
above formula and those measured for a series of compounds.
The approach was also applied for the analysis of 155Gd
isomer shifts (49) as well as adapted to ternary gadolinium



FIG. 12. Temperature dependencies of the isomer shifts and the angle h (between the z axis of the electric field gradient and Bo
)&

) for GdAgGe,
GdAuGe, GdAuIn, and GdAu

0.44(1)
In

1.56(1)
.
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compounds (50). For 155Gd the values P@"0.27 mm/s and
Q@"!0.11 mm/s were determined from measurements for
a series of gadolinium-transition metal compounds (49).

The strong d electron transfer from the gadolinium to the
gold sites considerably decreases the shielding of gadolin-
ium s character electrons, thus increasing their density at the
gadolinium nuclei. The high Gd—Au overlap population of
#0.223 in GdAuIn confirms the bonding interactions. As
TABL
155Gd Mössbauer Parameters for GdAgGe,

Compound d
IS
a (mm/s) E

Q
b (mm/s)

GdAgGe 0.443(4) !0.841(3)
GdAuGe 0.484(3) !0.110(40)
GdAuIn 0.355(4) !0.707(4)
GdAu

0.44(1)
In

1.56(1)
0.452(10) !0.842(4)

aThe average value in a measured temperature range.
bElectric quadrupole coupling E

Q
,1/4eQ»

zz
of the nuclear moment eQ wit

The sign was inferred from magnetically split spectra. For the 86.5 keV Mö
cSaturation value resulting from the fitted molecular field S"7/2 depend
dThe value measured at 4.2 K.
eThe value linearly extrapolated from the B

)&
vs ¹ dependence.

fThe magnetic ordering temperatures ¹
.!'

as determined from susceptibi
indicated above, the average Gd—Au distance is shorter than
the sum of their metallic radii. The average Gd—Ge distance
in GdAgGe (300 pm) (12) is also smaller than the sum of the
respective metallic radii (317 pm); however, taking into ac-
count a considerably smaller difference in electronegativities
between the latter elements than in the case of Gd—Au one
might expect a much smaller d electron transfer away from
the gadolinium site.
E 5
GdAuGe, GdAuIn, and GdAu0.44(1)In1.56(1)

h (deg) B
)&

(0)c (T) ¹
03$

(K) ¹
.!'

f (K)

52(5) 26.8(2) 14.8(2) 13.0(2)
58(5) 26.6(1) 16.0(2) 16.9(2)
61(5) 18.4(2) 12.2(2) 12.5(5)
59(3) 19.8(1)d 24.5(5)e 21.0(5)

h a field gradient »
zz

. The values were obtained from the spectra above ¹
03$

.
ssbauer transition in 155Gd, 1 mm/s corresponds to 69.803 MHz.
ence.

lity measurements are listed for comparison.



FIG. 13. Temperature dependence of the internal magnetic hyperfine
fields B

)&
of GdAgGe, GdAuGe, and GdAuIn.

362 PO® TTGEN ET AL.
The nuclear electric quadrupole energy E
Q

results from
the coupling of the nuclear moment eQ to nonspherical
charge distributions described by the electric field gradient
(EFG) tensor (of main z-component »

zz
): E

Q
,1/4eQ»

zz
.

For the S-state ion Gd3` the otherwise (¸O0) dominant 4f
contribution is absent and the EFG tensor is determined by
the charge arrangement in the crystal lattice modified by
screening effects of core, valence, and conduction electrons.
In all cases, the quadrupole coupling constant, E

Q
, is nega-

tive. The absolute value was somewhat lower for GdAuIn
and distinctly lower for GdAuGe than for the remaining
compounds, as may readily be seen from the spectra
(Figs. 8—11). The asymmetry parameter g, as defined by the
main components of the electric field gradient tensor g,
(»

yy
!»

xx
)/»

zz
with the convention D»

zz
D5D»

yy
D5D»

xx
D was

determined from the low-temperature spectra of GdAuIn
to lie around 0.6(1). This may be expected for gadolin-
ium occupying the 3f site of mm site symmetry in the ordered
Fe

2
P-type structure. For reasons of symmetry, one may

assume that the main z axis of a local system diagonal-
izing the electric field gradient tensors at the gadolin-
ium nuclei remains in the basal plane (oc), pointing
toward the Au1 pyramidal apex. For other samples pra-
ctically no deviation from the axial symmetry of EFG
was observed, i.e., g"0.0(1). The parameters »

zz
and g ob-

tained from 155Gd Mössbauer spectra are useful in that they
can provide estimates for the quadrupolar terms B0

2
and

B2
2

in the Stevens expansion &Bm
n
Om

n
of a crystal field; for

a rare-earth 4f shell with nonzero orbital angular mo-
mentum, an appropriate Stevens factors a

J
(51) and an

expectation value of the squared 4f radius Sr2T
4f

(52) one
arrives at

B0
2
"!a

j
) Sr2T

4f
)
e (1!p

2
)

4(1!c
=
)
»
zz

and B2
2
"g )B0

2
,

where p
2

and c
=

account for screening effects. The values of
these shielding factors are difficult to determine reliably in
particular for metallic systems but information about the
sign of B0

2
may usually be gained. The value presently

accepted as a reasonable estimate of the screening factors
ratio [(1!p

2
)/(1!c

=
)]~1 for the rare earth is 200 (53).

Another source of quantitative uncertainty is connected
with the value of the ground state 155Gd quadrupole mo-
ment Q; it is needed in order to calculate the electric field
gradient »

zz
component from the measured quadrupole

coupling energy E
Q

defined above. The most reliable value
of Q seems to be 1.30(2) as measured in the muonic X-ray
experiment (54). Summarizing, the practical formula, to
estimate the B0

2
coefficient (expressed in [K]) from the

nuclear quadrupole coupling constant E
Q

(given in [mm/s]
of the 86.5 keV transition in 155Gd (Table 5)) reads: B0

2
[K]

"!a
J ·

Sr2T
4f · 361 ·E

Q
. The numerical factor corres-
ponds to Sr2T
4f

values expressed in squared atomic units
a2
0

as given in (52).
The main contributions to the magnetic hyperfine field

B
)&

at the gadolinium nucleus arise from s-electron polariza-
tion (both core and conduction) by the spin magnetic mo-
ment of the Gd3` ion itself as well as by the neighboring
lattice moments (transferred field, RKKY-type mechanism).
The core-polarization component of the local field amounts
to !34(2) T (negative since it is opposite to the direction of
the local 4f moment) and it is almost independent from the
environment of the gadolinium atoms. In compounds where
only gadolinium carries a magnetic moment, B

)&
is propor-

tional to the expectation value SS
z
T. In the present cases, the

temperature dependencies of B
)&

were found to conform
with the Brillouin function S"7/2 behavior (Fig. 13). The
higher net electronic density at the gadolinium nuclear site
in GdAuIn deduced from the isomer shift values may ac-
count for the smaller absolute value of the saturation hyper-
fine field, B

)&
, encountered there (Table 5, Figs. 11 and 13).

This is accomplished by an increased positive transfered
field which adds to the negative core contribution. A rather
unusual and very interesting temperature dependence of
DB

)&
D in GdAu

0.44(1)
In

1.56(1)
(Fig. 14) may arise from the

specific way of a percolative demagnetization process at
intermediate temperatures, magnetically ordered and dis-
ordered (or differently ordered) regions coexist in temper-
ature-dependent proportions. However, the spectrum could
still be described with a single hyperfine pattern such that
an effective averaging over the different local magnetic
surroundings of the gadolinium nuclei exists. In fact,
the strongly enhanced experimental line width (!

%91
"

1.20 mm/s, the other investigated phases are close to
0.85 mm/s) indicates an inequivalence of gadolinium sites
with respect to hyperfine interactions. The described behav-
ior is also consistent with a situation in which the magnetic



FIG. 14. Temperature dependence of the magnetic hyperfine field
B
)&

and the angle h (between the z axis of the electric field gradient and
Bo
)&
) for GdAu

0.44(1)
In

1.56(1)
.
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ordering has a spin-glass character (55). Extreme low-field
magnetic susceptibility measurements may shed light on the
problem. In higher magnetic fields, the GdAu

0.44(1)
In

1.56(1)
sample exhibits regular antiferromagnetic properties (Figs.
5 and 7). The random distribution of gold and indium atoms
over the indium site of this CaIn

2
type compound may favor

such a behavior.
The angle h between the direction of the hyperfine field

(and thus of the gadolinium magnetic moment) and the
principal axis of the electric field gradient (EFG) tensor does
not differ significantly among the compounds, and it is close
to 1 rd (57°) (Table 5). If the orientation of the EFG principle
axis were known, it would be possible to determine the
direction of the easy magnetic axis.

CONCLUSIONS

The antiferromagnets GdAgGe, GdAuGe, GdAu
0.44(1)

In
1.56(1)

, and GdAuIn have been prepared as single-phase
materials and their structures have been investigated by
X-ray diffraction techniques. GdAu

0.44(1)
In

1.56(1)
adopts

the CaIn
2

structure, GdAgGe and GdAuIn crystallize with
a ternary ordered variant of the Fe

2
P type, and GdAuGe

adopts the NdPtSb type. Chemical bonding in GdAuIn was
investigated by semiempirical band structure calculations.
The strongest bonding interactions are found for the Au—In
contacts, followed by Gd—Au and Gd—In. The four gadolin-
ium compounds are antiferromagnets with Néel temper-
atures of 13.0, 16.9, 21.0, and 12.5 K for GdAgGe, GdAuGe,
GdAu

0.44(1)
In

1.56(1)
, and GdAuIn, respectively. No field-

induced magnetic transitions are evident from the low-tem-
perature magnetization data. The magnetic hyperfine inter-
actions in these intermetallics were studied in detail by
155Gd Mössbauer spectroscopy.
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30. R. Pöttgen, P. Gravereau, B. Darriet, B. Chevalier, E. Hickey, and
J. Etourneau, J. Mater. Chem. 4, 463 (1995).
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