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Abstract

The ternary aluminides R2Rh3Al9 (R=Y, La–Nd, Sm, Gd–Tm, Lu), R2Ir3Al9 (R=Y, La–Nd, Sm, Gd–Lu), and R2Pd3Al9 (R=Y,

Gd–Tm) have been prepared by arc melting of the elemental components with an excess of aluminum and dissolving the aluminum-

rich matrix in hydrochloric acid. They crystallize with Y2Co3Ga9-type structure: Cmcm, Z=4. The crystal structures of Ho2Rh3Al9
and Er2Ir3Al9 have been refined from single-crystal X-ray data; Ho2Rh3Al9: a ¼ 1316:8ð3Þpm, b ¼ 760:2ð2Þ pm, c ¼ 933:7ð2Þpm,

R ¼ 0:044 for 255 structure factors and 27 variables; Er2Ir3Al9: a ¼ 1313:8ð2Þ pm, b ¼ 758:5ð1Þ pm, c ¼ 933:8ð2Þpm, R ¼ 0:057

(392 F values, 27 variables). The structure may be viewed as consisting of atomic layers of the compositions A=R2Al3 and B=T3Al6
which alternate in the sequence ABAB along the z direction. Approximately 33% and 27% of the A layers were found to be

misplaced in the crystals investigated for Ho2Rh3Al9 and Er2Ir3Al9, respectively. The magnetic properties of most iridium-

containing compounds have been determined with a superconducting quantum interference device magnetometer. The yttrium and

the lanthanum compounds show Pauli paramagnetism, others reflect the magnetic behavior of the rare-earth components. The

magnetic ordering temperatures are all lower than 20K.

r 2004 Elsevier Inc. All rights reserved.
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1. Introduction

In recent years we have synthesized a large number of
ternary rare-earth (R) transition metal (T) aluminides
using an excess of aluminum as a flux. Frequently,
single-phase materials are obtained after the flux has
been dissolved in hydrochloric acid or in aqueous
solutions of sodium hydroxide. With the platinum
metals as transition metal components, we have already
reported on the series of compounds RT2Al10 (T=Ru,
Os) [1], the series R4T9Al24 (T=Pd, Pt) [2], R3T4Al12

(T=Ru, Os) [3], R2Pt6Al15 [4], R7+xOs12Al61+y [5], and
on the compound NdRh4Al15.37 [6]. We now have
included rhodium and iridium as transition metal
components and we report here on three series of rare-
earth compounds R2T3Al9 (T=Rh, Ir, Pd) crystallizing
with a structure which has first been established for
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Y2Co3Ga9 [7]. Other aluminides with this structure type,
including several compounds with rhodium and iridium,
have been synthesized by other research groups:
Y2Co3Al9 [8], Gd2Ir3Al9 [9], A2Rh3Al9 (A=La, Ce, U)
[10–12], A2Ir3Al9 (A=Ce, U) [10–12], and Yb2T3Al9
(T=Rh, Ir) [12,13]. Most of these compounds were
synthesized in order to investigate their physical proper-
ties. Such compounds, especially those containing rare-
earth elements, may occur in aluminum alloys as
undesired impurities. However, they may also improve
their mechanical properties [14–16]. Some results
reported here have briefly been presented at a conference
[17].
2. Sample preparation and lattice constants

Starting materials were the elemental components, all
with nominal purities 499.9%. Aluminum and the
platinum metals were used in the form of powders, the
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Table 1

Lattice constants of ternary aluminides with Y2Co3Ga9-type structurea

Compound a (pm) b (pm) c (pm) V (nm3) Reference

Y2Rh3Al9 1308.2(2) 755.4(1) 942.7(1) 0.9315 This work

La2Rh3Al9 1339.3(1) 773.2(1) 954.0(1) 0.9879 This work

La2Rh3Al9 1317 773 967 0.984 [10]

Ce2Rh3Al9 1330.9(2) 768.3(1) 948.8(1) 0.9702 This work

Ce2Rh3Al9 1314.5(5) 768.8(3) 955.9(4) 0.9659 [10]

Pr2Rh3Al9 1336.5(2) 771.6(1) 946.1(1) 0.9757 This work

Nd2Rh3Al9 1331.8(2) 768.9(1) 949.2(1) 0.9720 This work

Sm2Rh3Al9 1331.1(1) 768.5(1) 939.9(1) 0.9615 This work

Gd2Rh3Al9 1327.4(1) 766.4(1) 939.0(1) 0.9552 This work

Tb2Rh3Al9 1324.1(2) 764.4(1) 936.9(1) 0.9482 This work

Dy2Rh3Al9 1322.0(2) 763.2(1) 935.1(1) 0.9435 This work

Ho2Rh3Al9 1318.4(2) 761.1(1) 934.7(1) 0.9380 This work

Er2Rh3Al9 1315.7(2) 759.6(1) 933.6(1) 0.9331 This work

Tm2Rh3Al9 1312.0(2) 757.5(1) 933.8(1) 0.9280 This work

Yb2Rh3Al9 1290.6 754.2 938.1 0.9131 [13]

Lu2Rh3Al9 1304.4(1) 753.2(1) 936.1(1) 0.9197 This work

U2Rh3Al9 1305 761 938 0.932 [10]

Y2Ir3Al9 1311.0(2) 750.7(1) 942.2(2) 0.9272 This work

La2Ir3Al9 1332.7(1) 769.4(1) 954.0(1) 0.9783 This work

Ce2Ir3Al9 1324.3(1) 764.6(1) 947.9(1) 0.9598 This work

Ce2Ir3Al9 1305 759 953 0.944 [10]

Pr2Ir3Al9 1329.2(2) 767.4(1) 946.3(1) 0.9653 This work

Nd2Ir3Al9 1327.0(2) 766.1(1) 945.0(1) 0.9607 This work

Sm2Ir3Al9 1326.1(1) 765.6(1) 938.5(1) 0.9529 This work

Gd2Ir3Al9 1321.3(3) 763.1(2) 938.8(2) 0.9467 This work

Gd2Ir3Al9
� 1326.9(5) 766.0(2) 936.4(2) 0.9518 This work

Gd2Ir3Al9 1300.7(2) 759.3(1) 946.6(2) 0.9349 [9]

Tb2Ir3Al9 1315.2(2) 756.3(1) 941.4(1) 0.9401 This work

Tb2Ir3Al9
� 1317.0(4) 760.3(2) 938.5(2) 0.9398 This work

Dy2Ir3Al9 1313.7(2) 753.2(2) 941.0(2) 0.9311 This work

Dy2Ir3Al9
� 1313.9(8) 756.0(4) 938.2(3) 0.9318 This work

Ho2Ir3Al9 1313.5(2) 752.5(1) 939.7(1) 0.9287 This work

Ho2Ir3Al9
� 1314.2(2) 755.6(4) 935.8(2) 0.9293 This work

Er2Ir3Al9 1309.4(2) 751.1(1) 938.9(2) 0.9233 This work

Er2Ir3Al9
� 1312.7(5) 753.2(3) 938.0(4) 0.9274 This work

Tm2Ir3Al9 1308.6(3) 749.0(2) 936.3(2) 0.9177 This work

Tm2Ir3Al9
� 1308.9(6) 749.3(3) 935.3(3) 0.9173 This work

Yb2Ir3Al9 1305.6(2) 753.7(1) 935.7(2) 0.9208 This work

Yb2Ir3Al9
� 1311.7(4) 753.4(2) 935.3(2) 0.9243 This work

Yb2Ir3Al9 1292.7 748.3 936.7 0.9061 [13]

Lu2Ir3Al9 1291.4(1) 753.0(1) 935.2(1) 0.9094 This work

U2Ir3Al9 1313 758 934 0.930 [10]

Y2Pd3Al9 1315.9(1) 766.7(1) 939.9(1) 0.9482 This work

Gd2Pd3Al9 1316.6(1) 766.5(1) 943.4(1) 0.9521 This work

Tb2Pd3Al9 1315.0(2) 766.4(1) 940.3(1) 0.9477 This work

Dy2Pd3Al9 1312.7(2) 764.2(1) 938.0(2) 0.9410 This work

Ho2Pd3Al9 1313.7(2) 763.5(1) 935.8(2) 0.9386 This work

Er2Pd3Al9 1312.1(2) 762.1(1) 935.2(1) 0.9351 This work

Tm2Pd3Al9 1309.9(1) 763.5(1) 934.5(1) 0.9346 This work

aLattice constants of this work were generally determined from

samples with the overall composition 2:3:15. For some iridium-

containing compounds lattice constants were also determined from

samples with the overall composition 1:1:18; those are marked with

asterisks.

Ln2 3 9Rh Al

Ln2 3 9Ir Al

Y La Ce Pr Nd Pm Sm Eu Gd Dy Ho Er Tm Yb Lu

Ln2 3 9Pd Al

0.99

0.98

0.97

0.96

0.95

0.94

0.93

0.92

0.91

0.93

0.93

0.94

0.95

0.92

0.91

0.99

0.98

0.97

0.96

0.95

0.94

0.93

0.92

0.91

0.93

0.93

0.94

0.95

0.92

0.91

Fig. 1. Cell volumes of aluminides with Y2Co3Ga9-type structure. Cell

volumes (nm3) determined from samples with the overall composition

2:3:15 are indicated by filled circles. Cell volumes of certain iridium-

containing compounds were determined from samples with the overall

composition 1:1:18; these are plotted with asterisks.
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rare-earth elements were purchased as ingots. Filings of
lanthanum and the light lanthanoids were prepared
under dry (Na) paraffin oil, which was washed away by
dry hexane. Adhering iron particles were removed by a
magnet.
Most of the samples were prepared in the atomic ratio
R:T :Al=2:3:15 by arc melting of cold-pressed pellets.
Some iridium-containing samples (Table 1) were also
synthesized in the atomic ratio 1:1:18 in alumina
crucibles, which were sealed in silica tubes under an
argon atmosphere (1 bar at 400 K). These samples were
heated to 850�C at a rate of 50�C/h, held at that
temperature for 500 h, and subsequently cooled to room
temperature at a rate of 5�C/h. The excess of aluminum
and rare-earth aluminides were dissolved in diluted
hydrochloric acid, which attacks the crystals of the
ternary compounds at a much slower rate.

All of these ternary aluminides are stable in air and
show metallic luster. The energy-dispersive X-ray
fluorescence analyses of the crystals in a scanning
electron microscope showed no impurities of elements
with atomic numbers equal to or greater than sodium.

The samples were characterized by their Guinier
powder patterns using CuKa1 radiation with a-quartz
(a ¼ 491:30 pm, c ¼ 540:46 pm) as an internal standard.
The lattice constants were refined by least-squares fits.
Some of the iridium-containing compounds were
isolated from samples with differing overall composi-
tions, resulting in slightly differing lattice constants
(Table 1). The plot of the cell volumes (Fig. 1) reflects
the expected lanthanoid contraction and indicates mixed
or intermediate valence for the cerium and ytterbium
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compounds, as is well known for many other inter-
metallics of cerium, europium, and ytterbium.
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Fig. 2. Temperature dependence of the magnetic susceptibilities of

Y2Ir3Al9 and La2Ir3Al9 recorded with magnetic flux densities of 0.1

and 3T.
3. Magnetic properties

The magnetic susceptibilities of the iridium-contain-
ing aluminides R2Ir3Al9 (R=Y, La–Nd, Sm, Dy–Tm)
were determined with a superconducting quantum
interference device (SQUID) magnetometer (Quantum
Design, Inc.) between 2 and 300 K with magnetic flux
densities of up to 5.5 T. Generally, between 10 and
30 mg of each compound were filled into a silica tube
(outer diameter 2 mm) and held in place by a cotton
plug. The samples were cooled in zero field and the
susceptibilities were recorded continuously on heating.
To check for ferromagnetic impurities, the field depen-
dence of each sample was determined at 300 K. Only
very minor amounts of such impurities were detected.
The magnetic properties of all compounds are summa-
rized in Table 2.

The magnetic susceptibilities of Y2Ir3Al9 and
La2Ir3Al9; where the rare-earth elements are not
expected to carry magnetic moments, are very small.
They show some field dependence indicating some
ferromagnetic impurities. However, the susceptibilities
at 3 and 5T were practically the same. Thus, no
extrapolation to infinite magnetic flux density was
necessary. From the data measured with 3 T we
obtained the room-temperature susceptibility values of
1.0(70.5)� 10�9 m3/mol of the formula unit (f.u.) and
2.6(70.5)� 10�9 m3/f.u., respectively. They are almost
temperature independent (Fig. 2), indicating Pauli
paramagnetism. The upturns of the magnetic suscep-
tibilities at low temperature can be ascribed to minor
Table 2

Magnetic data for the aluminides R2Ir3Al9 (R=Y, La–Nd, Sm, Dy–Tm)a

Compound Magnetic behavior mexp (mB=R3þ) meff (mB=R3þ)

Y2Ir3Al9 Pauli paramagnetic — —

La2Ir3Al9 Pauli paramagnetic — —

Ce2Ir3Al9 Mixed valence [1.83(2)] 2.54

Pr2Ir3Al9 Antiferromagnetic 3.21(2) 3.58

Nd2Ir3Al9 Antiferromagnetic 3.15(2) 3.62

Sm2Ir3Al9 Van Vleck behavior 1.46(2) 1.55

Dy2Ir3Al9 Metamagnetic (?) 10.16(2) 10.65

Ho2Ir3Al9 Antiferromagnetic (?) 9.97(2) 10.61

Er2Ir3Al9 Antiferromagnetic (?) 9.28(2) 9.58

Tm2Ir3Al9 Antiferromagnetic (?) 7.27(2) 7.56

aThe experimentally determined effective magnetic moments mexp were cal

values of C were obtained by fits of the data to the modified Curie–Weiss law

meff ; calculated from the relation meff ¼ gðJðJ þ 1ÞÞ1=2 mB: The paramagnetic

temperatures TN and TC are listed. The theoretical magnetic moment meff fo

s ¼ 33 with the formula by Van Vleck [18]. The last but one column con

magnetic flux density of 5.5 T. These values are compared to the theoretic

Estimated error limits in the place values of the last listed digits are given in
amounts of paramagnetic impurities or to paramagnetic
surface states. The fact that Y2Ir3Al9 and La2Ir3Al9 do
not show any strong magnetic moments shows that the
iridium atoms in these compounds are magnetically
saturated, and this can also be assumed for the other
aluminides of this series.

The magnetic properties of the other rare-earth
iridium aluminides Ln2Ir3Al9 are dominated by the
magnetism of the rare-earth components (Figs. 3–5).
The reciprocal susceptibilitiy of the compound
Ce2Ir3Al9 deviates from the Curie–Weiss law as is
frequently observed for cerium compounds, indicating
mixed or intermediate valent Ce3+/4+. Applying the
Curie–Weiss law to the nearly straight portion of this
reciprocal susceptibility plot at high temperatures results
Y (K) TN=TC (K) msmðexpÞ (mB=R3þ) msmðcalcÞ (mB=R3þ)

— — — —

— — — —

[–220(5)] — 0.16(1) 2.14

–18(2) o3 0.47(1) 3.20

–18(2) o3 0.81(1) 3.27

— — — —

–10(2) 4(2) 6.10(4) 10

–9(2) 4(2) 6.19(4) 10

–10(2) 3(2) 7.50(4) 9

–8(2) 3(2) 5.37(4) 7

culated from the relation mexp ¼ 2:83 � C1=2=ð4p� 10�6Þ mB; where the

w ¼ w0 þ C=ðT �YÞ: They are compared with the theoretical moments

Curie temperatures (Weiss constants) Y as well as the Néel and Curie

r the samarium compound was calculated with the screening constant

tains the ‘‘saturation’’ magnetization msmðexpÞ; obtained at 2 K with a

al saturation moments as calculated from the relation msmðcalcÞ ¼ gJ:

parentheses for all magnetic data of this paper.
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Fig. 4. Magnetic behavior of the samarium compound Sm2Ir3Al9. The

main diagram shows the temperature dependence of the reciprocal

susceptibility, inset is the magnetization measured at 2 and 50K.
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in a magnetic moment of mexp ¼ 1:83ð2Þ mB=Ce; con-
siderably lower than the theoretical moment of
meff ¼ 2:54 mB=Ce3þ; the corresponding Weiss constant
is strongly negative: Y ¼ �220 K. The reciprocal
susceptibility of the cerium compound shows consider-
able dependence on the magnetic field. This might be
ascribed to an (unknown) ferromagnetic impurity.
However, since the reciprocal susceptibilities of most
other compounds Ln2Ir3Al9 investigated by us show
considerably less field dependence, it might also be an
intrinsic property of the cerium compound. In any case,
the Guinier powder pattern of our sample did not show
any impurity lines. The reciprocal susceptibility of
Ce2Ir3Al9 has already been measured earlier [10,11] with
the same magnetic flux density of 0.1 T as applied by us.
Our data agree rather well with the earlier results at
room temperature, but do not show the maximum
observed at ca. 50 K. There is agreement in assigning a
mixed-valent character to this compound.

The reciprocal susceptibilities of Pr2Ir3Al9 and
Nd2Ir3Al9 show Curie–Weiss behavior with experimen-
tal effective moments of mexp ¼ 3:21ð2Þ and 3:15ð2Þ
mB=Ln3þ; respectively, almost reaching the theoretical
effective moments of meff ¼ 3:58 and 3:62 mB=Ln3þ: The
difference might be ascribed to crystal field effects. The
Weiss constants Y are negative (Table 2) suggesting
antiferromagnetic order at low temperatures. The
magnetization curves for these two compounds (not
shown) recorded at 2 K show linear field dependence
without any hystereses, reaching at 5.5 T approximately
15% and 25%, respectively, of the theoretical saturation
moments msmðcalcÞ of 3.20 and 3.27 mB=Ln3þ:

The temperature dependence of the reciprocal sus-
ceptibility of Sm2Ir3Al9 is plotted in Fig. 4. It shows a
behavior which is typical for Sm3+ compounds as
described by Van Vleck. A magnetic moment of mexp ¼
1:46ð2Þ mB=Sm3þ was calculated from the magnetic
susceptibility measured at T ¼ 300 K with a flux density
of 3 T using the equation mexp ¼ 2:83ðTw=2Þ1=2ð4p�
10�6Þ1=2 mB: This value compares reasonably well with
the theoretical value of meff ¼ 1:55 mB calculated by
the Van Vleck formula with the screening constant
s ¼ 33 [18].

All of the other iridium-containing aluminides show
Curie–Weiss behavior above 50 K (Fig. 5). The recipro-
cal susceptibilities of these compounds Ln2Ir3Al9
(Ln=Dy–Tm) were all slightly dependent on the applied
magnetic field, indicating ferromagnetic impurities.
However, in all cases we obtained practically the same
susceptibility values at 3 and 5T. Thus, we did not
extrapolate to infinite magnetic flux densities and
extracted our reciprocal susceptibility results from the
data recorded at 3T. As can be seen from the results
summarized in Table 2, the effective magnetic moments
mexp; calculated from the straight portions of the 1=w vs.
T plots above 100 K, are all in reasonable agreement
with the theoretical effective magnetic moments meff ;
calculated for the free Ln3+ ions from the relation
meff ¼ g½JðJ þ 1Þ
1=2 mB; where g is the Landé factor and
J is the total angular momentum number. The small
differences between the experimental and the theoretical
effective moments mexp and meff can again be ascribed to
crystal field effects. The Weiss constants Y of these
compounds are all slightly negative, varying between
�8(2) and �10(2) K, indicating antiferromagnetic cou-
pling of the magnetic moments. The magnetic ordering
temperatures of the compounds Ln2Ir3Al9 (Ln=Dy–
Tm) are all low, at temperatures of 4K or lower. Thus,
the magnetization curves of these four compounds,
measured at 2 K (insets of Fig. 5), do not allow to draw
any firm conclusions about the magnetic order below
the ordering temperatures. Metamagnetism seems to be
indicated for the dysprosium compound. No saturation
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Fig. 5. Magnetic properties of the four rare-earth iridium aluminides Ln2Ir3Al9 (Ln=Dy–Tm). The main plots show the temperature dependence of

the reciprocal susceptibilities 1=w measured in magnetic fields of 0.1 and 3 T. The insets show the magnetization as a function of the magnetic flux

density B recorded at temperatures of 2 and 50K.
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is reached at 5.5 T (the highest magnetic flux density
obtainable with our SQUID magnetometer) for
Dy2Ir3Al9 and Ho2Ir3Al9. The experimentally obtained
magnetizations msmðexpÞ at this magnetic field strength for
our samples of Er2Ir3Al9 and Tm2Ir3Al9 amount to ca.
80% of the theoretical values msmðcalcÞ (Fig. 5, Table 2).
4. Structure refinements

Single crystals of Ho2Rh3Al9 and Er2Ir3Al9 were
isolated from crushed samples. They were investigated
with a Buerger precession camera to establish their
suitability for the intensity data collection. These data
were measured using an Enraf Nonius CAD4 diffrac-
tometer with graphite-monochromated MoKa radiation
and a scintillation counter with pulse-height discrimina-
tion. The scans were along the Laue streaks (y=2y) with
background counts at both ends of each scan. Absorp-
tion corrections were applied from psi scan data.
Further details of the data collection and some results
of the structure refinements are summarized in Table 3.

The structures were refined with a full-matrix least-
squares program of the program package SHELX-97
[19] using atomic scattering factors, corrected for
anomalous dispersion as provided by the program.
The weighting schemes accounted for the counting
statistics and a parameter correcting for secondary
extinction was optimized as a least-squares variable.

It must be mentioned that both structure determina-
tions and refinements were not straightforward. For
both single crystals, the software of the four-circle
diffractometer found a small hexagonal cell which
turned out to correspond to a subcell of the real
structure. The hexagonal subcell is indicated with
dashed lines in the atomic layers of the structure shown
at the right-hand side of Fig. 6. The orthorhombic cell
dimensions ao, bo, and co are related to the hexagonal
subcell with the translation periods ah and ch as follows:
ao ¼ 3ah; bo ¼ ah

ffiffiffi

3
p

; and co ¼ ch: The corresponding
hexagonal structure belongs to the space group P63mc

(No. 186), has only five atomic positions, only seven
variable positional parameters, and could be refined for
Er2Ir3Al9 to a conventional residual of RðFÞ ¼ 0:011
with reasonable thermal parameters. The only drawback
is that not all atomic positions are fully occupied and
that there are some too short interatomic distances. An
ordered model for the structure was then postulated
with a larger C centered orthorhombic cell. Subse-
quently, the corresponding superstructure reflections
were found also on the four-circle diffractometer, and
the intensity data were again collected for this six times



ARTICLE IN PRESS

Table 3

Single-crystal data of Ho2Rh3Al9 and Er2Ir3Al9

Ideal composition Ho2Rh3Al9 Er2Ir3Al9
Sample composition 2:3:15 1:1:18

Space group Cmcm (No. 63) Cmcm (No. 63)

Lattice constants

a (pm) 1316.8(3) 1313.8(2)

b (pm) 760.2(2) 758.5(1)

c (pm) 933.7(2) 933.8(2)

V (nm3) 0.9346 0.9305
Formula units/cell, Z Z=4 Z=4

Formula mass 881.41 1154.01

Calculated density, r (g/cm3) 6.26 8.24

Crystal size (mm) 33� 22� 44 22� 22� 44

Scans up to 2y (deg) 66 70

Range in h k l 718,711,714 721,711, 0–13

Total number of reflections 3982 2943

Unique reflections 822 775

Internal residual, Ri (all F2
o ) 0.117 0.033

Reflections with Fo42sðFoÞ 255 392

Highest/lowest transmission 1.14 1.07

Number of variables 27 27

Conventional residual, RðF42sÞ 0.044 0.057

Weighted residual, Rw (all F2) 0.084 0.109

Highest/lowest residual

electron density (e/Å3)

5.0/�5.9 4.4/�6.5
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larger cell for both compounds. The orthorhombic
distortion of the hexagonal subcell manifests itself also
in the Guinier powder diagrams. It results in a splitting
of the strong subcell reflections, which is clearly visible,
especially for reflections at high 2y values. In addition,
on close inspection, the rather weak superstructure
reflections corresponding to the larger orthorhombic cell
were observed in almost all powder diagrams.

For the orthorhombic cell the computer software
evaluating the single-crystal data [20] suggested the
space group Cmcm (No. 63). The positions of the heavy
atoms were then located by the Patterson method and
the other positions by difference Fourier syntheses.
Eventually the structure was recognized to essentially be
isotypic with that of Y2Co3Ga9 [7]. However, if only
atomic positions corresponding to those of Y2Co3Ga9

were refined, the difference Fourier syntheses revealed
residual electron densities which were recognized to be
due to misplaced atomic layers of the type A shown in
Fig. 6. For each correctly positioned atomic layer A;
there are two additional possibilities for misplaced
atomic layers of the same type, as is shown at the lower
left-hand side of Fig. 6. It can be seen, that the main
(correctly placed) layer and the two additional (mis-
placed) layers differ by one- and two-thirds, respectively,
of the translation period a: We then thought of how to
include the misplaced layers in the least-squares refine-
ments. In principle, these two misplaced layers do not
need to occur in equal amounts. However, if the
refinement is to be carried out in the space group Cmcm
they necessarily obtain equal occupancies. We then
calculated the atomic positions for the two symmetry-
related misplaced layers and refined constrained occu-
pancies for the main and the misplaced layers together
with the atomic parameters of main layer A and layer B:
Subsequently, the positional parameters of the mis-
placed layers were again adjusted to the just obtained
positional parameters of the main layers. The final
occupancy parameters of the main layer and the
misplaced layers were found by iteration, looking for a
minimum in the weighted residuals Rw: For the structure
of Ho2Rh3Al9 we obtained an occupancy of 66.5(1)%
for the main layer; for the structure of Er2Ir3Al9 the
corresponding value is 73.0(1)%. The misplaced layers
are designated with the atomic symbols Ho(a)/Er(a),
Al(3a), Al(3b), and Al(4a) in Table 4. The highest
residual electron densities in the final difference Fourier
syntheses amounted to the relatively low values of 5.0
and 4.4 e/Å3 for the structures of Ho2Rh3Al9 and
Er2Ir3Al9, respecvtively, thus indicating that the mis-
placed layers were essentially correctly positioned in the
final refinements. The atomic parameters of the mis-
placed layers are listed without standard deviations in
Table 4, since they were not varied independently of the
main layers.
5. Discussion

We have prepared 29 new rare-earth rhodium,
iridium, or palladium-containing aluminides with
Y2Co3Ga9-type structure. Altogether there are now
some 90 compounds with this structure type, including
the aluminides listed above, which in addition to
platinum metals, may also contain cobalt as transition
metal component [8–13]. Corresponding gallium com-
pounds R2T3Ga9 are known with T=Co [7], Rh [21],
and Ir [21] as well as with ruthenium as transition metal
[22]. The lattice constants of the new aluminides are
listed in Table 1. We have isolated several of the iridium-
containing compounds from samples with differing
overall compositions (R:Ir:Al=2:3:15 or 1:1:18). On
careful inspections, the corresponding Guinier powder
patterns showed noticeable differences. The evaluation
of these patterns resulted in systematic differences of up
to 0.5% for the lattice constants of corresponding
compositions. Thus, these compounds show homogene-
ity ranges.

The Y2Co3Ga9-type structure has been discussed as
being built up of two kinds of slabs cut from the CsCl-
and Th3Pd5-type structures [8]. Recently, it became
more appropriate to describe this structure as consisting
of two kinds of layers which we have emphasized in
Fig. 6 with Ho2Rh3Al9 as example. The layers of the
type A contain the holmium atoms and additional
aluminum atoms in the ratio Ho:Al=2:3. These layers
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Fig. 6. The crystal structure of Ho2Rh3Al9. In the upper left-hand corner the whole structure is projected along the y-axis. Four atomic layers of this

projection are shown at the right-hand side in projections along the z-axis. All atomic positions as found during the structure refinements are shown.

In the layers of type A; atomic positions found with an occupancy of 66.5%, are connected by lines in the right-hand side of the figure. In the lower

left-hand part, the other atomic positions are connected. They belong to two misplaced A layers and are found—because of the space group

symmetry—with the same occupancy of 16.75%. Single-digit numbers and letters ‘‘a’’ and ‘‘b’’ correspond to the atom designations. In the layers

shown at the right-hand side, the small hexagonal subcell discussed in the text is indicated with dashed lines.
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correspond to mirror planes and consequently they are
perfectly planar. The layers of the type B consist of
rhodium atoms and aluminum atoms in the ratio
Rh:Al=1:2. These layers are hexagonal close packed,
however not planar, but slightly puckered. The pucker-
ing is such that the positions of the six aluminum atoms
surrounding a rhodium atom within one layer B

correspond to those of a very compressed octahedron.
In the perfect Y2Co3Ga9-type structure these layers
alternate in the sequence ABA0B0; ABA0B0 [2,22,23].
Layers B and B0 look very similar when viewed along the
stacking direction; however, they differ in the kind of
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Table 4

Atom parameters of Ho2Rh3Al9 and Er2Ir3Al9
a

Atom Cmcm Occupancy x y z B

Ho2Rh3Al9
Ho 8g 0.665(1) 0.3331(3) 0.3336(1) 1/4 0.81(1)

Rh(1) 8e 1 0.3332(4) 0 0 0.23(1)

Rh(2) 4a 1 0 0 0 0.27(3)

Al(1) 16h 1 0.1677(9) 0.1663(3) 0.0754(2) 0.31(2)

Al(2) 8f 1 0 0.3324(7) 0.5461(4) 0.31

Al(3) 8g 0.665 0.1049(6) 0.437(1) 1/4 1.36(7)

Al(4) 4c 0.665 0 0.134(1) 1/4 1.36

Ho(a) 4c 0.670 0 0.3336 1/4 0.81

Al(3a) 8g 0.1675 0.4382 0.437 1/4 1.36

Al(3b) 8g 0.1675 0.2284 0.437 1/4 1.36

Al(4a) 8g 0.1675 0.3333 0.134 1/4 1.36

Er2Ir3Al9
Er 8g 0.730(1) 0.3342(1) 0.3336(1) 1/4 1.02(1)

Ir(1) 8e 1 0.3317(1) 0 0 0.41(1)

Ir(2) 4a 1 0 0 0 0.53(1)

Al(1) 16h 1 0.1669(3) 0.1652(4) 0.0714(3) 0.70(3)

Al(2) 8f 1 0 0.3305(8) 0.5526(5) 0.70

Al(3) 8g 0.730 0.1023(6) 0.439(1) 1/4 1.9(1)

Al(4) 4c 0.730 0 0.123(1) 1/4 1.9

Er(a) 4c 0.540 0 0.3336 1/4 1.02

Al(3a) 8g 0.135 0.4356 0.439 1/4 1.9

Al(3b) 8g 0.135 0.2310 0.439 1/4 1.9

Al(4a) 8g 0.135 0.3333 0.123 1/4 1.9

aBoth structures contain misplaced atomic layers consisting of the atoms Ho(a), Er(a), Al(3a), Al(3b), and Al(4a). Concerning the refinement of

the atomic parameters of these misplaced layers see text. The last column contains the isotropic displacement parameters (� 104 pm2) of the

aluminum atoms and the equivalent isotropic displacement parameters of the other atoms. Parameters listed without standard deviations were

refined constrained to corresponding parameters listed with standard deviations.
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puckering. A layers A between a layer B and a layer B0

corresponds to a mirror plane. Thus, the puckered layers
B and B0 are mirror images of each other. The difference
between layers A and A0 is readily recognized when the
orientations of the small triangles, formed by one Al(4)
and two adjacent Al(3) atoms, is considered. In layer A

(shown on the right-hand side of Fig. 6), the Al(4) atoms
of such a triangle point upwards while they point
downwards in layer A0:

Our structure refinements of Ho2Rh3Al9 and Er2Ir3-

Al9 showed that 33.5(1)% and 27.0(1)%, respectively, of
the A layers in their Y2Co3Ga9-type structure are
misplaced. These misplaced layers seem to substitute
for regularly placed layers in a more or less irregular
way. At least we have not observed any superstructure
reflections which would result if layers A would have
long-range order with a more complicated stacking
sequence. Nevertheless, it seems possible that corre-
sponding more complicated structures may still be
discovered in samples annealed for long time at
relatively low temperatures. However, the correspond-
ing superstructure reflections would be rather weak,
because they would result from the order of only a small
fraction of the total scattering power.

In the lower right-hand part of Fig. 6, we have
outlined a small hexagonal subcell for layer A0: This
subcell contains three aluminum atoms—Al(3), Al(3),
and Al(4)—which may be substituted by a holmium
atom—Ho(a). Actually, during the structure refinements
of Ho2Rh3Al9 and Er2Ir3Al9 we have considered such
random substitutions to account for the disorder
found in the layers of the type A and A0: It was
possible to refine our single-crystal data with such a
substitution model, in contrast to the shift model finally
considered to be correct. This substitution model
resulted in the compositions Ho1.83(1)Rh3Al9.65(2) and
Er1:78ð1ÞIr3Al9:59ð3Þ with relatively low residuals of
R ¼ 0:022 (233 F values, 49 variables) and R ¼ 0:029
(411 F values, 51 variables), respectively. However, for
steric reasons this substitution model cannot possibly be
correct, because the substitution of a rare-earth atom by
three aluminum atoms results in too short Al–Al
distances for aluminum atoms belonging to neighboring
subcells. In contrast, the inverse substitution (three
aluminum atoms of a subcell are replaced by a rare-
earth atom) is sterically possible.

The structure of Er4Pt9Al24 has been described as a
stacking variant of Y2Co3Ga9 [2]. The composition of
the two compounds differs, because in the structure of
the erbium compound two layers of the type B

are adjacent to each other, corresponding to the
stacking sequence ABBAB; ABBAB: Other structures
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Table 5

Interatomic distances in Ho2Rh3Al9 and Er2Ir3Al9
a

Ho/Er 2Al(1) 300.0/304.0
2Al(1) 300.8/301.8
2Al(1) 303.8/300.1
1Al(3) 310.5/315.0
1Al(3) 312.7/310.7
2Al(2) 317.0/311.4
1Al(4) 317.0/309.3
2Rh/Ir(1) 344.1/343.4
2Rh/Ir(2) 344.7/343.3
2Rh/Ir(1) 344.7/344.3

Rh/Ir(1) 2Al(3) 251.9/253.3
2Al(2) 257.5/260.5
2Al(1) 261.1/258.8
2Al(1) 263.3/262.5
2Ho/Er 344.1/343.4
2Ho/Er 344.7/344.3

Rh/Ir(2) 2Al(4) 254.7/251.5
2Al(2) 256.5/255.3
4Al(1) 264.4/261.2
4Ho/Er 344.7/343.3

Al(1) 1Rh/Ir(1) 261.1/258.8
1Rh/Ir(1) 263.3/262.5
1Rh/Ir(2) 264.4/261.2
1Al(3) 275.3/279.6
1Al(4) 276.0/277.3
1Al(2) 279.0/277.7
1Al(1) 287.4/286.4
1Al(1) 289.2/283.9
1Ho/Er 300.0/304.0
1Ho/Er 300.8/301.8
1Ho/Er 303.8/300.1
1Al(1) 326.2/333.6

Al(2) 1Rh/Ir(2) 256.6/255.3
2Rh/Ir(1) 257.5/260.5
1Al(2) 268.8/275.4
2Al(1) 279.0/277.7
2Al(3) 293.4/287.6
1Al(4) 315.0/323.7
2Ho/Er 317.0/311.4
2Al(3) 319.1/323.4

Al(3) 2Rh/Ir(1) 251.9/253.3
1Al(4) 268.2/274.7
2Al(1) 275.3/279.6
1Al(3) 276.2/268.8
2Al(2) 293.4/287.6
1Ho/Er 310.5/315.0
1Ho/Er 312.7/310.7
2Al(2) 319.1/323.5

Al(4) 2Rh/Ir(2) 254.7/251.5
2Al(3) 268.2/274.7
4Al(1) 276.0/277.3
2Al(2) 315.0/323.2
2Ho/Er 317.0/309.4

aThese distances were calculated with the lattice constants as

determined from the single-crystal data. The standard deviations are

all equal to or smaller than 0.9 pm. All distances smaller than 420 pm

(Ho/Er–Ho/Er, Ho/Er–Rh/Ir, Ho/Er–Al, Rh/Ir–Rh/Ir, Rh/Ir–Al) and

370 pm (Al–Al), respectively, are listed. Only distances between atomic

sites belonging to atomic layers with high populations are listed.

Interatomic distances for the sites Ho(a), Er(a), Al(3a), Al(3b), and

Al(4a) are similar to those of the corresponding atoms in the main

layers.
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of intermetallics with a high content of aluminum or
gallium consisting of various stackings of layers of the
type A (containing a loose arrangement of the rare-earth
atoms with aluminum or gallium atoms) and B

(containing the transition metal atoms with aluminum
or gallium in hexagonal close packed arrangement)
are LuRe2Al10 and YbFe2Al10 [24], TbRe2Al10 [23],
CeOsGa4 [25], Gd3Ru4Al12 [3,26], Ho3Ru4Ga15 [27],
Sc1.2Fe4Si9.8 [4,28], and Y7.28Re12Al61.38 [5,29]. In this
context we must emphasize that for topological reasons
the description of these structures as consisting of layers
is very convenient and convincing. However, one has to
be aware that the mechanical properties of these
compounds do not reflect the layered topology. For
example, it is well known that the layers in graphite or in
various transition metal disulfides (e.g., MoS2) can
easily be shifted relative to each other by directional
external pressure. In contrast, in the structures of the
aluminides and gallides enumerated above, chemical
bonding within and between the layers is of similar
strength. Thus, grinding of the samples in a mortar
results in grains of approximately uniform dimensions.

Table 5 lists the interatomic distances between the
atomic positions with high populations (disregarding
atomic positions of misplaced layers of the type A) for
the structures of Ho2Rh3Al9 and Er2Ir3Al9. It can be
expected that the corresponding distances are of similar
lengths in the two structures, since the metallic radii
[30,31] for the corresponding atoms are very similar:
holmium (r ¼ 176:6 pm) is slightly larger than erbium
(175.7 pm), and rhodium (134.5 pm) is slightly smaller
than iridium (135.7 pm). The differences between
corresponding interatomic distances are much larger
than those of the lattice constants. The latter differ by
1% or less. In contrast, the interatomic distances in the
two compounds differ by up to 3.0% (10s) in both
directions. For instance the (only very weakly bonding)
Al(1)–Al(1) distance of 326.2 pm in Ho2Rh3Al9 is
considerably smaller than the corresponding distance
of 333.6 pm in Er2Ir3Al9. In contrast, the Ho–Al(4)
distance of 317.0 pm is considerably larger than the
Er–Al(4) distance of 309.3 pm. Nevertheless, these
largest differences are possibly partially due to unfortu-
nate combinations of errors.

The Y2Co3Ga9-type structure and its near-neighbor
coordinations have been described and discussed earlier
for the prototype [7] as well as for the isotypic aluminide
Y2Co3Al9 [8]. The near-neighbor environments have
been discussed recently also for Dy2Ru3Ga9 [22],
and—as could be expected—those of the aliminides
are very similar to those of the gallides. The rare-earth
atoms of this structure are well separated from each
other with the shortest distances Ho–Ho and Er–Er, of
the aluminides presented here, amounting to 439 and
435 pm, respectively. Since the transition metal atoms do
not carry magnetic moments, the magnetic order is
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likely to be established via the conduction electrons
(RKKY theory). The large separation of the rare-earth
atoms correlates with the low magnetic ordering
temperatures of these compounds.
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