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The title compounds were investigated by magnetic suscepti-
bility measurements and *'Eu Mossbauer spectroscopy. EuZnIn
and EuPtIn show Curie-Weiss behavior above 60 K with experi-
mental magnetic moments of 7.80(5) and 8.0(1) ug/Eu, respec-
tively, indicating divalent europium. The zinc compound orders
antiferromagnetically at 7, =8.0(5) K and no field induced
transition is observed. EuPtIn orders antiferromagnetically in
small external fields at 16.0(5) K and two metamagnetic
transitions are detected at the critical field strengths
B, =1.1(1) T and B, =2.6(2) T. At 5K the saturation mag-
netic moment amounts to 7.0(1) u,/ Eu, suggesting a full parallel
spin alignment. EuPdIn and EuAuln order antiferromagnetically
at 13.0(5) and 21.0(5) K in low external magnetic fields, respec-
tively. The four compounds are metallic conductors. The
Mossbauer measurements of the EuZIn compounds show '*'Eu
isomer shifts typical of divalent europium. The isomer shifts are
found to be linearly correlated with the closest Eu—Eu distance in
the structure. Based on the Mossbauer data the onset of magnetic
order is observed at 7 (EuZnln)=9.5(5)K, 7 (EuPdIn)=
155(5) K, Ty (EuAuln)=20.05)K, and 7 (EuPtln)=
20.0(5) K, respectively. The magnetically split spectrum of Eu-
Znln reveals evidence of Eu site inequivalence. © 1998 Academic Press

Key Words: “'Eu Mossbauer spectroscopy, intermetallic
europium compounds

INTRODUCTION

We have recently investigated a whole series of equi-
atomic intermetallic EuT X compounds (T = post transi-
tion metal; X = Ge, In, Sn) which exhibit a large variety of
magnetic properties (1-3 and Refs. therein). Most of these
intermetallics crystallize with the KHg, type structure (4) or
ternary ordered derivatives like the TiNiSi type (5), the
EuAuGe type (1, 6) or the EuAuSn type (3). In our previous
studies on the indium compounds we mainly focused on the

1To whom correspondence should be addressed.

crystal chemistry of these fascinating materials (2,7). We
have now extended these investigations with respect to
the physical properties. Herein we report about '3!Eu
Mossbauer spectroscopic measurements of EuZnln,
EuPdIn, EuPtIn, and EuAuln. Additionally we investigated
the magnetic and electrical properties of EuZnln and
EuPtIn. Susceptibility and resistivity data for EuPdIn and
EuAuln are reported in Ref. (7).

EXPERIMENTAL

Starting materials for the preparation of EuZnln,
EuPdIn, EuPtln, and EuAuln were ingots of europium
(Johnson, Matthey), zinc granules (Merck), palladium pow-
der (200 mesh, Degussa), platinum powder (200 mesh, De-
gussa), gold wire (J 2 mm, Degussa), and indium tear
drops (Johnson Matthey), all with purities better than
99.9%. Pure samples of the four compounds were syn-
thesized in sealed tantalum tubes under inert conditions as
described earlier (2, 7).

The purity of the samples was checked by Guinier powder
patterns using CuKo; radiation and o-quartz (a =
491.30 pm, ¢ = 540.46 pm) as an internal standard. A com-
parison of the experimentally obtained powder diagrams
with the calculated ones (8) assuming the lattice constants
and atomic parameters of the previous crystallo-
graphic investigations (2,7) showed only the Bragg reflec-
tions of the EuTIn compounds; no impurity lines were
observed.

The 21.53 keV transition of 'Eu with an activity of
130 MBq (2% of the total activity of a *>'Sm: EuF; source)
was used for the Mossbauer spectroscopic experiments. The
measurements were performed with a commercial helium
bath cryostat. The temperature of the absorber could be
varied from 4.2 to 300 K and was measured with a metallic
resistance thermometer with an accuracy better than
+ 0.5 K. The source was kept at room temperature. For all
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four compounds the material for the Mossbauer spectro-
scopic measurements was the same as for the susceptibility
and resistivity measurements. The samples were placed in
thin-walled PVC containers at a thickness corresponding to
about 10 mg Eu/cm?.

Magnetic susceptibility measurements were performed on
polycrystalline samples by use of a SQUID magnetometer
(Quantum Design, Inc.) at temperatures between 4.2 and
300 K with magnetic flux densities up to 5.5 T.

Electrical resistivities were measured with a conventional
four-point setup according to the van der Pauw technique
(9) between 4.2 and 300 K. For EuPtIn, a small block
(0.8 x 1.2 x 1.8 mm?) was cut from a larger polycrystalline
piece. Since the EuZnln sample was extremely brittle, these
resistivity data were measured on an irregular piece of about
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FIG. 1.
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1 x1x1mm?. Cooling and heating curves were identical
within error limits for both compounds, also for different
samples.

RESULTS AND DISCUSSION
Crystal Chemistry

The crystal structures of the EuTIn compounds are all
derived from the KHg, type (4). EuZnln adopts the
KHg, type with a statistical distribution of the zinc and
indium atoms on the mercury position. EuPdIn, EuPtln,
and EuAuln crystallize with the TiNiSi structure (5), a ter-
nary ordered version of the KHg, type. The structures of
EuZnln (7) and EuPtln (7) are presented as examples in
Fig. 1.

EuPtin (Pnma)

y= 14 34
Eu O O
Pt O o

m O O

EuPtin

Crystal structures of EuZnln and EuPtIn. In the upper part of the drawing we present projections of both structures along the short axis. All

atoms lie on mirror planes perpendicular to the projection direction. The trigonal double prisms in EuZnIn and the platinum-centered [Eu,In,] prisms in
EuPtlIn are outlined. In the lower part the two-dimensionally infinite [ZnIn] and three-dimensionally infinite [PtIn] polyanions are emphasized in

perspective drawings along the same direction.
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TABLE 1
Crystallographic and Magnetic Data of Eu7In (7 = Zn, Pd, Pt, Au)

Compound T (K) T, (K) By (T) Bc (T) Hsm(exp) (HB)
(Str. type) Eu-Eu (pm) Eu-T(pm) Eu-In (pm) g (us) ®p(K) (Magn) (**'EuMB) (**'Eu MB) at 5K (at 5.5T)
EuZnln 2x395.3 333.0-351.7  333.0-351.7 7.80(5) 6(2) 8.0(5) 9.5(5) 20.1 — 4.8(1)
(KHg,) 2% 4263

EuPdIn 2x3794  3137-3232  3386-3582  7.6(1)  13(1)  13.0(5) 15.5(5) 22 3.1(1) 59(1)
(TiNiSi) 2% 394.4

EuPtIn 2x376.1 311.2-322.3  337.8-353.1 8.0(1) 20(2) 16.0(5) 20.0(5) 23.1 1.1(1) and 7.0(1)
(TiNiSi) 2x393.2 26(2)

EuAuln 2x3902  317.1-3341 33653516  7.5(1)  22(1)  21.0(5) 20.0(5) 215 0.25(2) 59(1)
(TiNiSi) 2% 394.1

Note: The magnetic data of EuPdIn and EuAuln were taken from Ref. (7) for comparison. The shortest Eu-Eu and the varying Eu-T and Eu-In

distances in the four structures are listed.

Uexp: €Xperimental magnetic moment in the Curie-Weiss region; ©p: paramagnetic Curie temperature; T: Néel temperature; Ty: onset of the ordering
temperature determined by '*!Eu M&ssbauer spectroscopy; Bye: magnetic hyperfine field determined by '*'Eu Méssbauer spectroscopy; Bc: critical

magnetic field; g exp): €Xperimental saturation magnetic moment at 5.5 T.

The europium atoms form zigzag chains running along
the y axis (EuZnln) and the x axis (EuPtIn). The intrachain
Eu-Eu distances are always slightly smaller than the inter-
chain Eu—Eu distances (see Table 1). From a geometrical
point of view the europium zigzag chains form transition
metal centered trigonal prisms with the indium atoms, as
outlined in the upper part of Fig. 1. The trigonal prisms
[PtEuyln,] in EuPtln point alternatingly to the +z and
—z direction, while there is a statistical arrangement in
EuZnln with KHg, type structure. We have therefore out-
lined the double prisms in Fig. 1.

The strongest bonding interactions in the four com-
pounds certainly occur between the transition metal and
indium atoms, which are arranged in the form of strongly
puckered [T3In;] hexagons (lower part of Fig. 1). In the
case of the EuZnln structure, these hexagons are statist-
ically occupied by zinc and indium atoms. The [Znln]
polyanion in EuZnln is essentially two-dimensional, while
a three-dimensional network of corner-sharing Ptln, tetra-
hedra is present in EuPtIn. A more detailed description of
the crystal chemistry of these compounds is given in Ref. (2).

Magnetic and Electrical Properties

Susceptibility, magnetization, and electrical resistivity
data for EuPdIn and EuAuln have already been reported in
Ref. (7). Both compounds are metamagnets. The relevant
magnetic data for EuPdIn and EuAuln are listed in Table 1
for comparison.

Plots of the inverse magnetic susceptibility of EuZnIn and
EuPtIn are shown in Fig. 2. EuPtIn shows Curie-Weiss
behavior above 60 K. The experimental magnetic moment
of pexp = 8.0(1) ug/Eu was obtained from a fit of the 1/y vs
T plot (data above 60 K) according to the modified

Curie-Weiss law y = yo + C/(T — ®). This magnetic mo-
ment is close to the free ion value of yer = 7.94 ug for Eu? ™.
The paramagnetic Curie temperature (Weiss constant)
amounts to ® = 20(2) K and the temperature independent
contribution was y, = 11(1) x 10~° m3/mol. EuPtIn orders
antiferromagnetically at 16.0(5) K when measured with an
external magnetic flux density of 0.5 T (inset of Fig. 2).
A second, small anomaly is observed at 10.0(5) K. The
magnetization vs external magnetic field behavior of
EuPtln is presented in Fig. 3. At 50 K the magnetization curve
is almost linear as is usual for a paramagnetic compound. At
5K and low flux densities the magnetization increases
monotonically as expected for an antiferromagnet. A first
metamagnetic transition (antiferromagnetic-to-ferromagnetic
spin alignment) is observed at a critical field strength of
1.1(1) T, followed by a second transition at 2.6(2) T. EuPtIn
may therefore be characterized as a two-step metamagnet.
At the highest obtainable field strength of 5.5 T the satura-
tion magnetic moment amounts to fsmexp) = 7-0(1) up/Eu,
in agreement with the calculated value of figmcare) =
7.0 up/EBu according to psmcaley = &% J pp (10). Thus all
magnetic moments are ordered parallel at 5K and 5.5 T.
The data at 14 K show only one transition at about 1.0(1) T
and a saturation magnetic moment Of fimexp) =
5.9(1) ug/Eu at 5.5 T. The second step observed in the 5 K
data most likely arises from the 10 K anomaly. All other
EuTX (T = Cu, Zn, Pd, Ag, Pt, Au; X = Ge, In, Sn) com-
pounds show only single-step magnetization behavior
(7,11,12).

The 1/y vs T plot for EuZnln (Fig. 2) shows a slight
curvature. A fit of the data above 60 K according to
1 = xo + C/(T — ®) resulted in a temperature independent
contribution yo = 24(1) x 10"2 m3/mol, a paramagnetic
Curie temperature of @ = 6(2) K, and a magnetic moment
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FIG. 2. Temperature dependence of the inverse magnetic susceptibility
of EuZnln and EuPtln measured at varying flux densities.

of pexp = 7.80(5) ug/Eu, indicating divalent europium. The
temperature independent term y, includes, among other
things, the Pauli contribution of the conduction electrons.
EuZnln orders antiferromagnetically at 8.0(5) K (inset of
Fig. 2). No field induced transition is evident from the
magnetization vs external field plot (Fig. 3). The magnetiz-
ation increases monotonically with increasing magnetic
field. At 5.5 T the magnetic moment amounts to LU exp) =
4.8(1) ug/Eu.

The temperature dependence of the electrical resistivity
of EuZnln and EuPtIn is shown in Fig. 4. Absolute values
for plotted for EuPtln, while only the resistance ratio
R/R(300 K) is plotted for EuZnlIn. The polycrystalline bro-
ken pieces of the EuZnln sample were too brittle to be cut
into regular shaped blocks of defined dimensions. The res-
istance of both compounds decreases more or less mono-
tonically from 300 to 40K as is typical for metallic
conductors. The specific resistivity of EuPtln at room
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FIG. 3. Magnetization vs external magnetic flux density for EuZnln
and EuPtln at various temperatures.

temperature amounts to 490 pQcm. In both plots anomalies
are observed at low temperatures. Below about 9 K
(EuZnln) and 23 K (EuPtln), the resistivity plots show
a slightly different slope, most likely due to freezing of
spin-disorder scattering in the magnetically ordered state.
These transition temperatures are in good agreement with
the magnetic data discussed above.

Y51Eu Méossbauer Spectroscopy

In Figs. 5-8 the Mossbauer spectra are shown at 78 K,
at a temperature just below Ty, and at 4.2 K, together
with transmission integral fits. The fitting parameters
and the results at some additional temperatures are
listed in Table 2. In all spectra an impurity of Eu(III),
which is included in the fits by a simple Lorentzian
component but not reported in the tables, can be located
near 5 & 1 mms~'. The fractional area of this component
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FIG. 4. Temperature dependence of the electrical resistivities of
EuZnlIn and EuPtIn.

just above Ty is 7% for EuZnln and 5% for the other
compounds.

Above Ty the main spectral components of all com-
pounds are well reproduced by a single Eu(II) site subjected
to an axially symmetric electrical field gradient (5 = 0).
However, the isomer shifts reveal large differences over
a range of 1.5 mms ™ !. Figure 9 shows that the isomer shift
for the three isostructural compounds EuPdIn, EuPtIn, and
EuAuln can be linearly correlated with the shortest Eu—Eu
distance in the structure. The correlation even includes the
compound EuZnln despite the Zn/In disorder in the latter.

For all compounds the onset of antiferromagnetic order-
ing is reflected in the appearance of magnetic hyperfine
splitting. The Néel temperatures observed in the Mdssbauer
spectra are close to those extracted from the magnetic
susceptibility measurements. Like the isomer shift, the satu-
ration value of the magnetic flux density represented by its
value at 4.2 K can also be almost linearly correlated with the
shortest Eu—FEu distance (see Fig. 9).

Asymmetry in the observed magnetically split spectra
reveals the necessity to include the nuclear electrical

MULLMANN ET AL.

100.0

96.7 |
100.0 |

T W]

92.2
100.0 |

T T

relative transmission [%]

96.1

+20
v [mm/s]

FIG. 5. Experimental and simulated '!Eu Méossbauer spectra of
EuZnln.

quadrupole interaction in the Hamiltonians. In EuPdlIn,
AE, changes from 10 to —2 mms~' when magnetic order
is established. This can be attributed to an angle of about
60° between the axis of the principal component V,, of the
electric field gradient and the magnetic flux density. In the
other compounds the principal axis of the EFG is parallel to
the magnetic flux density.

100.0

A\CT

—
o
e
(=)
T

T\ T

relative transmission [%]
©
>
N
LY

971 -

FIG. 6. Experimental and simulated '’!Eu Mossbauer spectra of
EuPdIn.



TERNARY EQUIATOMIC EUROPIUM COMPOUNDS EuTIn (T = Zn, Pd, Pt, Au)

100.0

93.2 |
100.0

LI

95.7
100.0

AL}

relative transmission [%]

96.8 -

EuPtin

+20 +40

v [mm/s]

FIG. 7. Experimental and simulated '!Eu Mdssbauer spectra of
EuPtIn.

The hyperfine split spectra could be fitted to individual
Lorentzian components of 2.3 mms~! width. This width is
close to the natural linewidth of *3!Eu, indicating the pres-
ence of single Mossbauer sites. The only exception of Eu-
Znln, in which below Ty an increased Lorentzian linewidth
of 3.8 mm s~ ! had to be used to obtain satisfactory fits. This
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FIG.8. Experimental and simulated !*!Eu Mdssbauer spectra of
EuAuln.
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TABLE 2
5IEu Mossbauer Fitting Parameters for Eu71In
(T = Zn, Pd, Pt, Au) as a Function of Temperature

T (K) o (mm/s) W (mm/s) AEq (mm/s) |B| (T)
EuZnln
300 —10.4(1) 2.0(4) 6(2)
78.0 —10.25(4) 2.2(2) 6(1)
11.0 —10.26(7) 2.3(3) 5(2)
10.0 —10.25(4) 2.3(1) 5
9.0 —10.2(1) 3.8 5 4.4(4)
42 —10.27(9) 3.8(3) 5 20.1(3)
EuPdIn
300 —9.4(1) 2.3(2) 10(1)
78.0 —9.0(1) 2.3(1) 10(1)
16.0 —9.0(1) 2.3 10
15.0 —9.0(1) 4.1(3) -2 1.8(6)
14.0 —-9.002) 4.709) -2 4.509)
10.0 —8.8(2) 2.9(2) -2 18.2(2)
42 —8.8(1) 2.4(1) —2(1) 22.2(1)
EuAuln
300 —10.2(1) 2.3(3) 10(1)
78.0 —9.9(1) 2.2(7) 10(1)
35.0 —9.7(1) 2.3(4) 9(2)
30.0 —-9.7(1) 2.3(4) 9(2)
20.0 —9.8(1) 2.3 9 2.5(7)
19.0 —9.8(1) 2.3 9 4.2(4)
15.0 —-9.7(1) 2.3 9 19.7(4)
10.0 —9.8(1) 2.3 9(1) 20.1(2)
42 —9.7(4) 2.3 8(1) 21.5(2)
EuPtIn
300 — 8.86(8) 2.3(3) 10(1)
78.0 —8.75(8) 2.3 10(1)
21.0 — 8.64(8) 2.3(2) 10
20.0 —8.6(1) 2.3 10 2.2(7)
19.0 —8.6(1) 2.3 10 59(3)
15.0 — 8.63(7) 2.3 10 19.2(2)
10.0 — 8.62(7) 2.3 9(1) 21.8(2)
42 — 8.66(7) 2.3 10(1) 23.1(2)

Note: The numbers in parentheses give the statistical errors in the last
digit. Values without parentheses were kept fixed by the fitting program.

o, isomer shift with respect to EuF;; W, experimental linewidth; AEq,
electric quadrupole interaction; B, static magnetic flux density.

effect is also apparent from visual inspection of Fig. 5. The
excess linewidth can be attributed to a distribution of the
magnetic field orientation and/or magnitude. Site distribu-
tion effects are indeed expected to be present in EuZnln
from its crystal structure, where Zn and In atoms are dis-
tributed statistically around the Eu positions. Evidently, the
isomer shift and the nuclear electric quadrupolar interaction
are too similar to resolve the different sites by '>!Eu-
Maossbauer spectroscopy in the spectra above Ty. Thus it
appears that in these compounds the magnetically hyperfine
splitting patterns are the most sensitive indicators of site
inequivalence.



180

80 235
230
7 ¥ 25
£ ] _
= no Z
© 90 | -
£ 215 —
[
£ 95 210
[e]
R
205
100 200
I 195

375 380 385 3|90 3|95
Eu-Eu distance [pm]

FIG. 9. Correlation between the shortest Eu—Eu distance and the
isomer shift § at 78 K (M) and the magnetic flux density | B| at 4.2 K (@) for
EuZnln, EuPdIn, EuPtln, and EuAuln, respectively.
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