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Abstract: Two new quaternary aluminum silicides, Al 40Sig(AlxSii2—x) (X ~ 4; RE= Pr, Sm), have

been synthesized from Sm (or 8M), Pr, Ru, and Si in molten aluminum between 800 and 1@ sealed

fused silica tubes. Both compounds form black shiny crystals that are stable in air and NaOH. The Nd analog
is also stable. The compounds crystallize in a new structural type. The structure, determined by single-crystal
X-ray diffraction, is cubic, space gropm3mwith Z = 1, and has lattice parametersaot= 11.510(1) A for
SMER U A 46Sig(Al,Siro—y) anda = 11.553(2) A for PgRU-Al46Sig(Al,Sito—y) (X ~ 4). The structure consists

of octahedral units of AlSgj at the cell center, SRwAlg clusters, at each face center, SiAlubes, at the
middle of the cell edges, and unique (Al;3Buboctohedral clusters, at the cell corners. These different structural
units are connected to each other either by shared atom#\lAlonds, or AHRu bonds. The rare earth metal
atoms fill the space between various structural units. The Al/Si distribution was verified by single-crystal
neutron diffraction studies conducted orgfRun Al 49Sig(AlxSiio—x). SMERU1AI 46Sig(AlxSiio—x) and PgRuU;,-

Al 49Sig(AlxSii2-,) show ferromagnetic ordering & ~10 and~20 K, respectively. A charge of43 can be
assigned to the rare earth atoms while the Ru atoms are diamagnetic.

Introduction single crystal growth. Silicides are usually synthesized by direct

Transition metal silicides are well-known as both refractory reaction of the e'e”?e”ts In a vacuum orin an inert atmosphere;
this normally requires reaction temperatures over 1400

materials and electronic materials. The former are characterized datina th f Id induction f
by high hardness, good chemical stability, and high melting mandating the use of an arc-weider or nduction furnace.
Although annealing or quenching can sometimes yield single

points! Transition metal silicides find applications as Si- al d I v obtained f th
compatible electrodes for electronfcshermoelectric energy crystals, powder sampies aré usually obtained irom these
traditional methods. Other preparative methods exist for silicides

conversior? and infrared detectotrsamong other uses.’ h lectrochemical thésiad chemical q .
Although binary silicides have been well studied, the ternary ;ucg as electrochemical synth€sand chémical vapor-aeposi-
tion® but are scarcely used. While metal flux methods have not

and multinary systems are much less extensively studied duegenerally been applied in the synthesis of silicides, sporadic
to th lexity of Itiph f ti the difficulty of . . !
0 the complexity of multiphase formation and the difficulty o reports do exist. Examples include the lead-flux growth of ¥Cr

:go Whtom ctorr(];:‘sg(')]nde_n;:e sho;l%betaddfress;:ed.d ol Material Si;1% and the zinc-flux growth of YbZsBi,.11
epartment O emistry an enter 1or Fundamenta aterials . P . . . .
Research, Michigan State University. Aluminum containing multinary intermetallics are also im-
¥ Argonne National Laboratory. portant phases found in many advanced structural alloys such
§D gorthvgestetmf%?:ve,rsﬂy- 4 Center for Fund ol Materials R N as aluminum matrix composité3These systems contain a large
epariment of hysics and Lenterfor Fundamental Mateniais Research.y ariety of elements including silicon and form ternary and
Michigan State University. Yy . g ; . ry .
#Dgeceased. Y quaternary compounds within the Al matrix either during
(1) Shah, D. M.; Berczik, D.; Anton, D. L.; Hecht, Rlater. Sci. Eng., preparation or over time. These phases are mainly responsible

A 1992 155 45-57. . .
(2) (a) Maex, K Mater. Sci. Eng., Fl993 11, 53-153. (b) Murarka, S. for the beneficial properties of these alloys but they can also

P. Silicides for VLS| Applicationscademic Press: New York, 1983, and P& critical in many failure mechanisms in certain cases.

references therein. Therefore, detailed knowledge of the chemistry and phase
(3) CRC Handbook of Thermoelectrid®owe, D. M., Ed.; CRC Press:

Boca Raton, FL, 1995. (8) Shapoval, V. I.; Malyshev, V. V.; Novoselova, I. A.; Kushkhov, K.
(4) Aronsson, B.; Lundstra, T.; Rundqvist, SBorides, Silicides and B. Russ. Appl. Chenl994 67, 828-833.

PhosphidesMethuen & Co. Ltd.: London, 1965. (9) Madar, R.; Thomas, N.; Bernard, ®later. Sci. Eng., BL993 17,
(5) (a) Schlesinger, M. EChem. Re. 199Q 90, 607—628. (b) Chart, T. 118-125 and references therein.
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Cubic Aluminum Silicides RR U 2Al19Sb(AlxSh2-x)

formation in an aluminum matrix could be important in
understanding and further developing aluminum matrix com-
posites.

Recently, we introduced a new synthetic approach for silicides
using molten Al as a solvent while using metal oxides or
elemental metals as reactaht$Ve find that crystals of various
metal aluminum silicides grow in liquid Al below 100C, and

J. Am. Chem. Soc., Vol. 123, No. 29, 2000D41

fused silica tube under high vacuuns10* Torr). The sample was
heated to 810C, kept at that temperature for 8 days, then cooled to
300°C in 4 days, and finally cooled to room temperature quickly. This
method was later repeated using stoichiometric amounts to yield pure
product.Method 2 In a N-filled drybox, Sm (Alfa Aesar;-40 mesh,
99.9%), Ru, and Si were mixed in stoichiometric molar ratios with
excess Al metal and transferred into an alumina tube that was then
sealed in a quartz tube as described above. The sample was first heated

we have discovered a large number of members of this class ofto 1000°C for 15 h, then cooled to 86T in 10 h, kept at 866C for

silicides. Al fluxes have been used in the past to prepare
borided* at very high temperature-(1400°C) as well as ternary
aluminides in the absence of Si or'BBecause molten Al
dissolves Si without forming a binary compodfdt is a
convenient solvent for the delivery of reactive Si atoms in a

reaction system. This approach has already been shown to Wo”ﬁar

well when using first row transition metals. In fact, those
compounds with transition metals are particularly attractive since

4 days, and finally cooled to 26TC in 3 days. In both methods, 5 M
aqueous NaOH solution was used to remove excess Al flux from the
product. The single crystals used for electrical conductivity, thermo-
power measurements, and magnetic properties were selected from the
product of method 2.

PrgRu12Al 40Sig(AlxShiz—x) (X ~ 4). Method 1 In a N-filled drybox,

(Alfa Aesar, 40 mesh, 99.9%), Ru, Si, and Al were mixed in a molar
ratio of Pr:Ru:Al:Si= 6.5:10:100:8 and transferred into an alumina
tube, which was sealed in a fused silica tube as above. The sample

they constitute a separate and interesting class in which theyas first heated to 100¢C for 15 h, then cooled to 86%C in 10 h,

transition metals find themselves in the curious situation where

kept at 86C°C for 4 days, and finally cooled to 50C in 3 days. 5 M

in fact they are the most electronegative atoms in the structure.aqueous NaOH solution was then used to remove excess Al flux in the
These circumstances are likely to lead to unusual behavior. Fromproduct.Method 2 Though method 1 produced many crystals, these
a chemical point of view there are some interesting issues thatwere too small for the neutron analysis (see below) and grew together
may arise when considering aluminum intermetallic compounds forming polycrystalline ingots. Large single crystals, suitable for neutron
with transition metals. These include magnetism, structural diffraction, were obtained with a different heating profile than that used

stability and first-row/second-row similarities. The structural
type varies strikingly as one moves across the first row of
transition metals forming novel compounds, such agNm
(Si1—xNi,)Al 4Sis 1" RENIAI4Ge (RE = Sm, Th, Y8 SmyFey -
A|7_xSig,lg LaNi1+xA|4Si2_x,20 and Sr\g(CLM.ZGSiSJAOAlSSiZZl
under otherwise similar synthetic conditions. In an attempt to

above. The reaction mixture was heated to 1060and maintained
there for 15 h, followed by cooling to 50 in 96 h, slightly longer
than the original elemental synthesis. From this procedure, an impure
product was obtained but large single crystals @RBRAl 10Sig(AlxSiiz—x)

(x ~ 4) were present, with the largest ones exhibiting dimensions of
about 2 mm per side. The major impurity phase found in this synthesis
was large crystals of PrR@l0.2® The samples used for magnetic

probe whether a second row element such as Ru would produceneasurements were selected from the product of method 1.
an isostructural compound to Fe we discovered two quaternary  The purity of the final products was confirmed through comparison

rare earth ruthenium aluminum silicides in a novel structure

of the experimental X-ray diffraction powder patterns of the bulk

type. Here we report the synthesis, structure, electrical, and product to theoretical patterns calculated from the refined single-crystal

magnetic properties of the novel cubic intermetallic compounds
REgRU12A|498i9(A|XSi12_X) (X ~ 4; RE = Pr, Nd, Sm) that
crystallize from liquid aluminum. A surprising fragment in the
structure is the (Al,Si» cuboctahedral cluster that has an
analogue only in solid-state boron chemistry (e.g.,2#B, but
even in this case the clusters are rare.

Experimental Section

Synthesis. SraRU12Al 46Sig(AlxSiiz—x) (X ~ 4). Method 1 SmO3
(Rhone-Poulenc Inc. 99.99%), Ru (Cerae325 mesh, 99.95%), Si
(Cerac,—325 mesh, 99.96%), and Al metal (Fisher, 20 mesh granular)
were initially mixed in a molar ratio of Sm:Ru:Al:SF 2:1:40:8 and

data. Pure RERU12AI46Sis(AlLSii—x) (X ~ 4; RE = Sm, Pr) were
obtained with all methods (except method 2 fafRRE2Al 10Sis(AlxSii2—)

(x ~ 4)). The Nd analog was also prepared but was not studied in
detail.

EDS Analysis.Quantitative microprobe analysis of the compound
was performed with a JEOL JSM-35C scanning electron microscope
equipped with a Noran Vantage energy dispersive spectroscopy (EDS)
detector. Data were acquired by using an accelerating voltage of 25
kV and 100 s accumulation time. Crystals selected from the different
synthetic methods were each measured showing no significant differ-
ences in their final elemental ratios. The EDS analysis however
consistently yielded low values for Al and Si as seen in the past with
other compound¥. To compensate for this, a standard was used to
derive an appropriate correction factor, which was then used to obtain

placed into an alumina container, which was then flame sealed in a the Al/Si ratio. These analyses, after calibration and averaging yielded

(13) (a) Chen, X. Z.; Sieve, B.; Henning, R.; Schultz, A. J.; Brazis, P.;
Kannewurf, C. R.; Cowen, J. A.; Crosby R.; Kanatzidis, M. gew.
Chem., Int. Ed1999, 38, 693-696.

(14) Okada, S.; Yu, Y.; Lundstrmo, T.; Kudou, K.; Tanaka TJpn. J.
Appl. Phys 1996 35, 4718-4723.

(15) (a) Niemann, S.; Jeitschko, \A/.Solid State Chem 995 114, 337—
341. (b) Niemann, S.; Jeitschko, \&. Kristallogr. 1995 210, 338-341.

(c) Niemann, S.; Jeitschko, W. Solid State Chen1995 116, 131-135.
(d) Niemann, S.; Jeitschko, W. Alloys Compd1995 221, 235-239.

(16) Binary Alloy Phase DiagramsMassalski, T. B., Ed.; American
Society for Metals: Metals Park, OH, 1986.

(17) Chen, X. Z.; Sportouch, S.; Sieve, B.; Brazis, P.; Kannewurf, C.
R.; Cowen, J. A.; Patschke, R.; Kanatzidis, M.@em. Mater1998 10,
3202-3211.

(18) Sieve, B.; Chen, X. Z.; Cowen, J. A.; Larson, P.; Mahanti, S. D.;
Kanatzidis, M. G.Chem Mater. 1999 11, 2451-2455.

(19) Sieve, B.; Sportouch, S.; Chen, X. Z.; Cowen, J. A.; Brazis, P.;
Kannewurf, C. R.; Papaefthymiou, V.; Kanatzidis, M. Ghem. Mater.
2001, 13, 272-283.

(20) Sieve, B.; Kanatzidis, M. G. To be submitted for publication.

(21) Sieve, B.; Chen, X. Z.; Kanatzidis, M. G. Manuscript in preparation.

(22) Kennard, C. H. L.; Davis, LJ. Solid State Chen1983 47, 103—
106.

a consistent elemental ratio of “BEw3Al ¢0Sh7” for both compounds.
Typical uncertainties associated with this technique-ade-5%.
Single-Crystal X-ray Crystallography. Single-crystal X-ray dif-
fraction data of RERu12Al 46Sie(AlSiiz—x) (RE= Sm, Pr) were collected
at room temperature using a Rigaku 4 circle diffractometer with Mo
Ko (A = 0.71073 A) radiation. An empirical absorption correction based
on W scans was applied to the data. The structure was solved by direct
methods (SHELXS-88) within the TEXSANS crystallographic soft-
ware package. The structure was then further refined with the
SHELXL?% package of programs. The crystallographic and refinement
data are listed in Table 1. The fractional atomic positions, displacement

(23) Thiede, V. M. T.; Ebel, T.; Jeitschko, W. Mater. Chem1998§ 8,
125-130.

(24) Sheldrick, G. M. InCrystallographic Computing;3Sheldrick, G.
M., Kruger, C. C., Doddard, R., Eds.; Oxford University Press: Oxford,
UK, 1985; pp 175-189.

(25) TEXSAN TEXRAY Structure Analysis Package; Molecular Struc-
ture Corporation: The Woodlands, TX, 1992.

(26) Sheldrick, G. M.SHELXL, Structure Determination Programs,
Version 5.0; Siemens Analytical X-ray Instruments Inc.: Madison, WI,
1995.
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Table 1. Crystallographic Data for RiRU; Al 46Sig(AlSiio—x) (X ~ 4; RE= Sm, Pr)

vSiet al.

empirical formula

SR ULAl53Sih7

PrsRu Al 53Si7

P rgR U12A| 53Si17

radiation Mo Ko (1 = 0.71069 A) Mo Koo neutrono. (A= 0.7-4.2 A)

formula weight 4324 4247.7 4247.7

crystal system Cubic Cubic Cubic

space group PnmBm (No. 221) Pm3m Pn8m

crystal size (mm) 0.1& 0.14x 0.30 0.20x 0.20x 0.16 1.5x 1.5%x 2.0

a(h) 11.510(1) 11.553(2) 11.553(1)

V(A 1524.9(3) 1541.9(4) 1541.9(4)

z 1 1 1

deac(g cn® 4.708 4574 4.574

6 range (deg) 1.77 t0 29.98 1.76 t0 29.99 NA

diffractometer Rigaku AFC6S Rigaku AFC6S SCD at IPNS

temp (K) 298 298 298

w (mm2) 11.518 10.094 0.013% 0.0054

index ranges —-16<h=<16 —16<h=<16 -14<h=<7
—-11<k=<11 -11=<k=<11 -19<k=<5
—-9=<1=9 —9=<1=9 —-5=<1=<18

no. of reflcns collected 3561 3588 1398

no. of unique reflcns 56&(int) = 0.031] 511 R(int) = 0.052] 325

goodness of fit 1.666 1.379 1.96

Rindices R1=0.035wR2 = 0.083 R1=0.0178wR2 = 0.0402
Rindiceg (all data) R1=0.045wR2 =0.124 R1=0.0282wR2 = 0.1115

max peak and hole 1.949 ane?.036 /A3 0.762 and-0.939 /A3

ARL = 3 ||Fo| — |Foll/Z|Fol, WR2 = [3(IFo? — FZ) 3 (WFo)FM2, andl > 20(l) for X-ray data.R(F) = 3 ||Fo| — |Fell/X|Fol, Ru(F) = [X(IFo —
Fe)/3 (WFo)]¥2, andl > 3o(l) for neutron data.

R(F) = 0.086,R,(F) = 0.062

parameters values), and selected bond distances and angles are givenTable 2. Atomic Positions and Equivalent Isotropic Displacement
in the Supporting Information. Parameters (A for REgRULAI46Sio(Al,Sizo—) (X ~ 4; RE= Sm,

As in any Al- and Si-containing compound, these two elements are Pr) in Space Groupm3n?
difficult to dis_tinguish by X_-ray diffraction _alone due to their similar atom position X y 7 Ueqp
X-ray scattering cross sections. However, in most cases the assignment
can be made on the basis of bond lengths around Al and Si. Our %3;222111((11)) %33222111((11)) %%222111((11)) 2((11))
assignment produced reasonable bond distances consistent with thosg 0.3213(2) 0.3213(2) 03213(2) 4.8(6)

r (X-ray)
r (neutron)

in the literature except for the Si(3AI(3) distances of 2.789(3) and
2.828(2) A for M= Sm and Pr, respectively, in the AlSictahedra Ru 12 838228; 8 ggggggg gg;
(see below structural description) which are also reasonable fer Al 0:3055(9) 0 0:3055(9) 5.2(6)
Al bonds. The Si(13-Sm distance (2.9894(9) A), however, suggests M(1)° 12 0.1571(2) 0 0.1571(2) 15(1)
that the assignment of Si is correct since the-8m distance should 0.1568(1) 0 0.1568(1) 13(1)
be slightly longer at 3.25 to 3.32 &27The final X-ray structure gave 0.1570(2) O 0.1570(2) 16.1(1)
the lowestR values and the best temperature factors. Nevertheless, Si(1) & 0.5 0.2577(3) 0.5 8(1)
ambiguity still remained in this part of the structure so a single crystal 0.5 0.2552(2) 0.5 6(1)
neutron diffraction study was used to resolve it since the neutron 0.5 0.2554(4) 0.5 6.7(2)
scattering lengths of aluminum and silicon differ sufficiently to allow ~ Si(2) d o0 0 0.5 9(1)
accurate identification of each eleméht. 8 8 82 ;(%22)
Neutron Diffraction. A single crystal (1.5x 1.5 x 2 mn?) of : :

PrsRu2Al 46Sig(AlxSii2—x) was mounted on an aluminum pin and placed AlL) 24 82 8'%‘;’?(2) 0.3223(1)  9(1)

) . . (1) 0.3216(1) 7(1)
on the SCD diffractometer at the Intense Pulsed Neutron Source (IPNS) 05 0.1122(2) 0.3220(2) 7.2(1)

at Argonne National Laboratory. A position-sensitive area detector was Al(2) 24m
used to obtain time-of-flight Laue diffraction data with a wavelength
range of 0.74.2 A at room temperature for 18 settings of the crystal,

0.1277(1) 0.3618(2) 0.1277(1) 10(1)
0.1270(1) 0.3615(1) 0.1270(1) 9(1)
0.1269(1) 0.3611(2) 0.1269(1) 7.67(9)

which covered at least one octant of reciprocal sga&dde details of Al(3) 1b 0.5 0.5 0.5 7(1)
the data collection and analysis procedures have been described 0.5 0.5 0.5 13(1)
previously° An autoindexing routine was used to obtain an orientation 0.5 0.5 0.5 8.6(3)

matrix®* and integrated intensities were corrected for the Lorentz factor — Note: Each first line is for M= Sm (X-ray). Each second line is
and the_ incident speqtrum. A wavelength-dependent sphencal absorptlonror M = Pr (X-ray). Each third line is for Pr (neutrorjU(eq) is defined
correction was appli€d but symmetry-related reflections were not 45 gne-third of the trace of the orthogonalized&hsor.c In the Neutron
averaged because extinction is strongly wavelength dependent. Therefinement the occupancy of this position is refined to 37/63(7) Al/Si.
structural refinement was then performed using the GSAS progfam. All other positions are fixed to 100% occupancy.
The initial ordering as determined from the X-ray analysis (taken
from Table 2 but with all positions fully occupied) provided a starting model for the neutron data. The only possible indications of error were
seen in the thermal parameters for the Si(2) and M(1) positions. The
Si(2) position had anisotropic thermal parameters that were slightly
149 237241, larger than expected but still reasonable. The thermal parameters for
(28) International Tables of Crystallographywilson, A. J. C., Ed.; g Xp - o nal p
Kluwer Academic Publishers: Dordrecht, The Netherlands, 1995; Vol. C. the M(1) position were strongly distorted with the, direction close
(29) Schultz, A. JTrans. Am. Crystallogr. Asso&987, 23, 61. to 0. Attempts to improve the refinement by exchanging Si for Al or
(30) Schultz, A. J.; Srinivasan, K.; Teller, R. G.; Williams, J. M.;  vice versa led to unacceptable thermal parameters (negative or extremely
LUI((?e,;leta'c%b’:ld\r]{ gmAJCt]Aepn;;i %C;S‘sgtgﬁoé??g%%gig 083 large) for each of these six positions confirming the original X-ray
(32) Howard, J A K:; Johﬁson, O, Séhultz, A.’ J.; étringer, A.M. a.SSIQnmer:‘ts' Thel pojsblb'mﬁ/ Of. mIXI"ngfbr?thf Si gnd IAI on the §ame%
Appl. Crystallogr.1987, 20, 120. site was then explored by allowing all of the fractional occupancies o
the Al/Si positions to refine. All positions refined to full occupancy of

(33) Larson, A. C.; Von Dreele, R. BESAS General Structure Analysis
System; Los Alamos National Laboratory: Los Alamos, NM, 1994. either Si or Al (within 10) except for the Si(2) and M(1) positions.

(27) Schier, W.; Will, G.; Gal, J.; Suskiw. J. Less-Common Mét989
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The refinement of the Si(2) position suggested approximately 34(15)%
occupancy by Al. Since the standard deviation was quite large, however,
this position was fixed to be fully occupied by Si in the final refinement.
The refinement of the fractional occupancy of the M(1) position yielded
an Al/Si occupancy of 37/63(7)% but with a much smaller standard
deviation as compared to the Si(2) position. This improved the thermal
parameters of the M(1) position although some unusual anisotropy was
still observed. Fourier plots of this site did not reveal any splitting and
all attempts to model the atoms as disordered over two distinct sites
failed. The nonspherical nature of this site was also observed in the
X-ray refinement and is currently believed to be an inherent property
of this structure.

If no mixing of Al/Si occurs in any position then the final Al:Si
ratio would be 6.78:1 for the entire unit cell. If mixing on the M(1) is
considered then the Al:Si ratio drops to 3.23, which is in fair agreement
with the EDS result of 3.47. Although the Si(2) position was fixed to
full occupancy in this refinement, an Al:Si ratio of 3.58 would be
obtained if some Al were included in this site. It should also be noted
that the samarium analogue yielded a similar Al'Si ratio from EDS Figyre 1. SEM image of a crystal of BRUi2Al1sSis(Al,Sizz ) with
measurements which further supports the mixed occupancy disordertypical morphology.
model. Data collection parameters, atomic positions, and bond distance
and angle information is provided in Tables 1, 2, and 3, respectively.

Electrical and Magnetic Properties.DC electrical conductivity and
thermopower measurements were completed on selected single crystals.
Conductivity measurements were performed with the conventional four-
probe techniqué& Thermopower measurements were made using a slow
AC technique as described elsewh&re.

Magnetic susceptibility for RERU12Al 16Sig(AlShio—y) (X ~ 4; RE=
Sm, Pr) was measured as a function of both temperature and field using
a MPMS Quantum Design SQUID magnetometer. An initial study of
field dependence was conducted to find a field suitable for the
temperature-dependence studies. Temperature-dependence measure
ments on polycrystalline samples were then conducted under increasing
temperature within a 500 G field. Field-dependent measurements were
conducted &5 K in fields betweent55 000 G.

Results and Discussion

Synthesis with Liquid Aluminum. Molten aluminum is an
excellent medium for the synthesis of multinary aluminum
containing silicides. The combination of rare earth elements,
transition metals, and silicon in excess liquid Al conveniently
gives large crystals of ternary and quaternary compounds, often
exhibiting interesting new structural arrangements. Due to the
eutectic nature of the Si/Al interacti&ha large amount of Si
can be dissolved while remaining highly reactive in liquid Al.
The presence of dissolved Si creates excellent reaction condi-
tions with other elements, even if they are only present in small
percentages or are only partially dissolved. In this work, both
compounds were grown as well formed shiny black crystals
with a cuboctahedral shape, see Figure 1. The compounds ar
stable in air, water, and aqueous NaOH solution; however, the

decompose instantaneously in dilute aqueous HCI. of the cell edges, and (#i12-4) clusters at the cell corners.

The. Al f|u>_< also permits the use of metal oxide Starting e4ch of these individual building blocks and their position in
materials which decreases costs and allows reactant handllnqhe unit cell are shown in Figure 3

in ambient atmosphere. When a metal oxide precursor is used, The AlSi octahedron, at the cell center, contains an Al(3)

the Al acts as a reducing agent converting the metal oxides into atom that is coordinated by six Si(1) atoms at distances of 2.789-

dispersed fine particles of reactive metal. The reaction temper- (3) A (see Figures 3A and 4). The AlSoctahedron is ideal
ature can then be lower since the metals formed in situ are more, 4 shares its six corners wifh SixBiuAls clusters, which

reactive. A powerful force in the process is the formation of 5o ocateq at the face center position of the cubic cell, Figure

Q‘]Izot; Wh'.(t:h d”V(i.S ;El_srr:edl#ctlonlln a mannetr't.remw}lsAclent of 4. The SjRwAlg cluster consists of an aluminum square prism
€ thermite reacliort. Therelore, farger quantties o are capped with four Ru and two Si(1) atoms, Figure 3B. While

Figure 2. Structure of RERU12Al46Sig(Al«Siiz—x) (RE = Pr, Sm) (one
unit cell shown).

Structure Description. The compounds RiRu2Al 46Sis-
(AlSi12—x) (X ~ 4; RE= Pr, Sm) adopt a new, rather elaborate
structure type wittPmBm symmetry, see Figure 2. Because the
corresponding distances in both compounds are similar only
those in the Sm analogue will be mentioned, unless specifically
indicated. This complex three-dimensional assembly of atoms
can be more easily understood, if it is conceptually separated
into different parts based on the structural features and location
§n the cell. These include an octahedron Al&ithe cell center,
ySizRu4AI8 clusters at each face center, Sidlbes at the middle

recommended to compensate for the formation GfOAl the Al(1)~Al(1) bond distances are 2.601(4) A in SR>
(34) Lyding, J. W.; Marcy, H. O.; Marks, T. J.; Kannewurf, C.IEEE Al 4gSig(AlSiro—) (x ~ 4), the Ru-Al(1) and Si(1)}-Al(1) bond

Trans. Meas1988 37, 76—80. distances are 2.596(1) and 2.638(3) A. This type of moiety has
(35) Marcy, H. O.; Marks, T. J.; Kannewurf, C. FEEE Trans Instrum. . heen seen in several other compounds recently discovered, using

Meas.199Q 39, 756-760. . K .
(36) Nebergall, W.; Schmidt, F.; Holtzclaw, H., Beneral Chemistry molten Al as a flux, as a merged unit forming Ni&i; layers!’

D. C. Health and Company: Lexington, 1972; p 845. However, in the previous compounds the unit is fused with other
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(A)

P B)

Al3

Si3

® © ®
Ru Sl Al

Figure 3. Structural units of RERU12Al 49Sig(AlxSiio-x) (X ~ 4; RE= Pr, Sm): (A) AlSk unit at the body center position, (B) BAlgSi, units
found at the center of cell faces (two units of RWSi, were removed for clarity), (C) SiAlunits at the center of cell edges, and (D) theHhb-»)
(X ~ 4) units at the cell corners.

such units by sharing faces to form slabs and consequently is5.671 A with Li—Al and Al—Al bond distances of 2.836(3) A.
hard to recognize. In RIRu;2Al 49Sig(AlSiio—) it is found as a The M unit in REsRu2Al49Sig(AlSiio—x) has an inside
discrete cluster. While sharing Si sites with two separategAlSi diameter of 5.114 A (RE= Sm), which appears too small to
octahedra along one axis, theRiyAlg cluster also connects,  allow interstitial atoms inside. The considerably shorter M
along the perpendicular plane, four SiAlubes comprised of  bonds of 2.56 A in M, compared to those in LiAlare consistent
Si(2) and eight Al(2) atoms, which occupy the middle of each with the substantial occupation of the M(1) site with silicon. A

of the 12 cell edges, Figure 3C. The SiAube and the %i boron analogue exists in the form of the;Bubooctahedron in
RwAlg cluster bonding is facilitated by Al(2)Al(1) and Al(2)— ZrB1,. The By, cluster found in AIB,*8 is different as it exhibits
Ru bonds, see Figure 5A. an icosahedral geometry. The (8h,—) clusters in RE-

The SiAk units also link to two M2 (AlxSii2—y) clusters along Rup2Al 10Sig(AlSiio—) are easily recognized because they are
thea-axis, Figure 5B. The ¥ clusters comprised of the mixed enveloped in a cavity of Ru atoms, see Figure 6. The-Ru
Al/Si site (see the neutron refinement section above), are locatedbond distance is 2.416(3) A (in Sm analog). Other important
at the corners of the cubic cell to complete the basic three- distances associated with this fragment are given in Table 3.
dimensional structure. The M(&M(1) bond distances in the The rare earth atoms occupy the space between the building
M1 cluster are 2.557(3) A for SgRU12AI 46Sig(AlxSiz2»). units described above in a 12-coordinate bonding arrangement

The My type of arrangement is found in Li4a#” where Li : :
atoms are surrounded by 12 Al atoms in a cuboctahedral 19%7)25\(055‘5'33’“6" T.. Hasebe, K.; Mannami, M.-Bi. Phys. Soc. Jpn.
geometry. However, we note that there are no discernible " (3g) Higashi, I.; Sakurai, T.: Atoda. T. Solid State Cheni977, 20,
cuboctahedral Ab clusters in LiAk. The inside diameter is 67—77.
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Table 3. Selected Bond Distances (A) and Angles (deg) for
REgRU2Al 46Sis(AlSiio—) (X ~ 4; RE= Sm, Pr) Bond
Distances (A)

M =Sm M= Pr (X-ray) M= Pr (neutron)

RE-Si(1) 2.9894(9) 3.0206(8) 3.018(2)
RE-AI(1) 3.160(2) 3.178(1) 3.177(2)
RE-AI(2) 3.197(2) 3.206(1) 3.209(3)
Ru—Al(1) 2.596(1) 2.6010(8) 2.602(2)
Ru—Al(2) 2.6021(6) 2.6120(6) 2.611(1)
Ru-M(1) 2.416(3) 2.429(2) 2.426(4)
Si(1)-Al(1)  2.638(3) 2.642(2) 2.639(4)
Si(1)-Al(3)  2.789(3) 2.828(2) 2.826(4)
Si(2-Al(2)  2.617(2) 2.620(1) 2.622(2)
Al(1)—Al(1)  2.601(4) 2.591(2) 2.593(5)
Al(1)—-AI(2)  2.752(2) 2.765(2) 2.772(3)
Al(2-M(1)  2.798(2) 2.805(2) 2.798(3)
M(1)-M(1)  2.557(3) 2.561(2) 2.565(4)

Figure 4. View of the AlSi octahedron at the cell center sharing Si
atoms with the RzAlgSi, clusters at the face centers.

Si(2)

Figure 7. Local coordination environments of the various atoms in
the unit cell of REBRuW Al 40Sig(AlSiz—), with labeling.

M) cluster The pure Al positions in the structure exhibit environments

Figure 5. (A) The SiAly cube and the RilsSi, clusters bonding varying from a simple octahedron to a highly distorted bicapped

through A-Al and Al—Ru bonds (B) and a SiAlcube linked to a  trigonal pyramidal arrangement. Al(1) exhibits the distorted
M. cluster through A+AIl bonds. bicapped trigonal pyramidal environment shown in Figure 7E,

with bonding to two Ru atoms, two Al(2) atoms, an Al(1) atom,
and a Si(1) atom. The Al(2) environment, Figure 7F, has a
similar arrangement bonding to two Ru atoms, two Al(1) atoms,
two M(1) atoms, and a Si(2) atom. At a distance of 2.940 A
from Al(2) we find two additional Al(2) atoms which are not
shown in the figure. Finally Al(3) exhibits octahedral bonding
to six Si(1) atoms, see Figures 3A.

Charge Transport Properties. Electrical conductivity mea-
surements on single crystals of gRuh Al 46Sig(AlxSiio—x) show
metallic properties with a moderate room temperature value of
about 4000 S/cm at room temperature, see Figure 8A, which
rises as the temperature decreases. This behavior is in agreement
with the metallic character shown by the thermopower measure-
ments.

Thermopower measurements on single crystals of-Sm

d RupAl 46Sio(AlxShio—x) Were carried out over a temperature range
of 50—300 K while the electrical conductivity measurements
were conducted between 5 and 300 K. The thermopower values
are small, with a value of about4 xV/K at room temperature
(see Figure 8B), which is indicative of the expected metallic
behavior of these compounds. The decrease in thermopower as
the temperature approaches zero is consistent with this expecta-

Figure 6. The cuboctahedral (4$i1.-x) cluster surrounded by a
“coating” of Ru atoms shown to 2.5 A from the M atom.

of a distorted anticuboctahedréhFigure 7A. The Ru atoms
in the structure are surrounded by nine atoms in a distorte
monocapped cube arrangement, bonding to four Al(1) atoms,
four Al(2) atoms, and an M(1) atom, Figure 7B. Si(1) exhibits
a square pyramidal environment (omitting bonds to RE) and
bonding to four Al(1) atoms and an Al(3) atom (Figure 7C),
while Si(2) exhibits as a cube bonding to eight Al(2) atoms
(Figures 3C). The mixed Al/Si disorder position M(1) exhibits

tion.
a monocapped cube arrangement seen in Figure 7D. . . . .
PP g 9 Magnetic Properties. SMuRUizAl 16Sis(AlSinz—) (X ~ 4)
(39) Parthe, EElements of Inorganic Structural Chemistiy. Sutter exhibits a ferromagnetic transition witiy of 10 K, Figure 9A,

Parthe: Switzerland, 1996; p 15. and does not follow CurieWeiss behavior. This is typical for
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Figure 8. (A) Thermopower of a single crystal of SRULAl Field (Gauss)

Sig(Al;Shz—) (x ~ 4). Values shown have been corrected for the Figyre 10. The magnetization vs field curves for (A) SRu>
contribution of the Au electrodes used to make contacts to the samples.A| ,,Sig(Al,Siz2_,) and (B) PsRUAl1sSis(Al,Sirz ) at 5 K.
(B) Electrical conductivity data from a single crystal of §o.Al 4¢-

Sie(Al,Shz-) as a function of temperature. close to the theoretical value of 3.58(1) B.M. for &'Pion.3°
A) Temperature (K) The gogd agreement suggests digmagnetic behavior for all other
0.8° 510 190 1§o 290 2|50 390 359000 atoms in the structure, h|gh|_|ght|ng the absence of magnetic
ok : ~ moment on the'Ru atqms..Thls appears to be acommon fgature
50'6 ] 18003 of many alumlnum-rlc_h _|ntermetaII|cs c_(_)ntalnlng transmc_m
Wy 0'5 i . e t g metals. For exe.\mple, similar Iagk of transition mgtal magnetism
cw .o 1600m o was observed in SireAl7—4Sig,® SpNi(Siz—xNiy)Al4Sig 17
=8 g': ] ) st 1400 gax LaNii+xAl 4Sir—y, ReFeAl 1o, and RERBAI 122 and arises from
é 0:2 7{‘ ) g a complete filling of the d-orbital manifold and strong hybrid-
S . ,_l 1200 ization with the surrounding Al and Si orbitals.
o0& . X 0 The diamagnetism of Ru can also be understood if we
1$emperature (K; 00 consider that it is one of the most electronegative elements in
the structure (2.2 Pauling scale), even more so than Si (1.8). At
B) Temperature (K) least based on electronegativity arguments, elgqtrons in the
0.5° 100 200 300 structure should flow from Sm and #Alto Ru filling the
- — d-orbital shell. This is very much in accord with the results of
8 0.4l . R " 1200 c3_> extended Huokel band structure calculations, which show that
s t > the Ru d orbitals are concentrated in a very narrow set of bands
ez 03f . 1 [_)".35 that are completely filled and substantially energetically stabi-
Eooat 11002 lized (~5 eV below the Fermi level¥ It is also in agreement
g § with other calculations on intermetallic compounds which
R T . E suggest similar behavidf.
0 it - . "'1'66'-44---- 0 Th(_e magnetizati(_)n vs field cur\(eﬁK for the Sm c_ompound
Temperature (K) exhibits a hysteresis with a coercive field of approximently 6500

Figure 9. Magnetic susceptibility vs temperature for (A) &Ron- G, F'gufe 1.0A' The r.]onrever.SIbmty between increasing and

AlsSia(Al,Sizz_). The data do not follow CurieWeiss behaviox 150 decreasing fields is evident until 5000 G when the curves merge.

K. (B) PrsRupAl 46Sis(Al,Sizz ), applied field 500 G. The magnetization then continues to increase slowly with field
out to the maximum measured value of 55 000 G with no sign

many Smi* systemsff configuration) where the spacing of the ~ ©f full magnetic saturation. The field-dependent magnetization
multiplet energy levels above the ground state is small comparedof PsRU2Al49Sig(AlLSh2-x), Figure 10B, exhibits a change in

to kT causing thermal population of excited magnetic st4tes. slope at 2000 G but no significant coercive field. After the
The Pr analogue also exhibits a ferromagnetic transition with change in slope the magnetization increases linearly as a function
T. of 20 K but it does follow Curie-Weiss behavior above 30  of field, as seen in the Sm analogue, with no sign of magnetic
K with a Weiss constarfl of 8 K, Figure 9B. From the dataa  Saturation.

uess Of 3.40(1) B.M. can be obtained per Pr atom, which is very

(41) Of course, electronelectron interaction and exchange interactions
(40) Bourdreaux, E. A.; Mulay, L. N. ImTheory and Applications of could affect this hypothesis or at least render it more qualitative.
Molecular ParamagnetismJohn Wiley and Sons: New York, 1976. (42) Sieve, B.; Sportouch, S. P.; Kanatzidis, M. G. Unpublished results.
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Concluding Remarks electron acceptors in aluminum intermetallics is revealing and
can lead to new avenues of experimentation that may not
otherwise have been followed. It would be interesting to

determine how far to the left in the transition series we have to
go to observe a change in this behavior.

Liquid Al is a convenient and effective medium for explor-
atory synthesis of intermetallic aluminum silicides. The ferro-
magnetic cubic compounds, B Al 40Sig(AlSiio—x) (X ~ 4;

RE = Pr, Nd, Sm) form in aluminum solutions containing Sm,
SmyO3 or Pr, Ru, and Si between 1000 and 8@ in sealed
silica tubes. The three-dimensional structure includes the notable
cuboctahedral (ABi12-x)12 clusters. The RE atoms are in &3
oxidation state while the Ru atoms are diamagnetic. The
dramatic difference observed between the chemistry of Fe and
Ru in these intermetallic systems is particularly noteworthy as
can be seen from the different phases obtained fofFBE«-

Al7-,Slg (RE = Ce, Pr, Nd, Sm) and RRuizAl4sSio(Al,- Supporting Information Available: Tables of crystal data

Sha—) (RE = Pr, Nd, Sm). In both systems, however, the and structure refinement details, atomic coordinates, anisotropic
absence of magnetic moment on the transition metal suggests ' ’ P

that this is a recurring theme in this chemistry in which the g:zfallﬁgg?g;ttr?: ;?:Egttjrrz (ch?:l; ?ﬁg‘ fﬁaiggaf)izn:vgl?blfesfrzgd
transition metals (unlike in more conventional compounds) are . .
. o of charge via the Internet at http://pubs.acs.org.
now the most electronegative species in the structure. The
recognition that the later transition metals can in fact act as JA010135K
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